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Foreword

The 18th edition of the Vulcano workshop: Frontier objects in Astro-physics
and Particle Physics was organized jointly by the National Institute for Nu-
clear Physics (INFN) and the National Institute for Astrophysics (INAF). The
workshop was held in the Conference Room of the Hotel del Golfo (Elba Island,
Toscana, Italy) from September 25th to October 1st and was attended by more
than 80 scientists world wide. We were particularly glad to have been able to
organize this edition of the workshop in presence after that the previous edition
2020 was cancelled for Covid. This edition was held in Elba Island and not in
the Vulcano Island for several reasons. One of these is because of the increased
activity of the volcano in the Vulcano Island. This workshop is certainly one
of the first that since 1986 has the aim to gather people from High Energy As-
trophysics and Particle Physics to discuss the most recent highlights in these
fields. Since the 80s the Universe has been regarded as a great particle accel-
erator to test the Grand Unified Theories ideas. Of course a machine hard to
use because most the experiments happened only once, a long time ago. Today,
the astro-particle connection is probed everyday by underground accelerators
and spacecrafts. As never before, these two fields of knowledge complement and
integrate each other. The discovery of new particles may unveil some cosmic
mysteries, conversely, astrophysical observations may give new information on
the infinitely small. In the last years, several observations have triggered a fruit-
ful collaboration between scientists from particle physics and astrophysics: in
August 2017 gravitational waves have been detected by LIGO and VIRGO due
to Neutron Stars coalescence accompanied for the first time by electromagnetic
emission. These observations are considered the act of birth of a new era for
astrophysics, the multimessenger astronomy. Then IceCube observed a high en-
ergy neutrino in coincidence with a flaring blazar and accompanied by gamma
rays emission, and other events likely associated to supernovae. These detec-
tions are considered the beginning of the neutrino astronomy thereby enlarging
the field of the multimessenger astronomy. These two windows will help us to
deepen further our knowledge of the universe, In the next decades this new sea-
son for physics and astrophysics with simultaneous observations with the most
advanced astronomical instruments and particle detectors will bring us to many
discoveries that we can barely imagine now, and that we hope to discuss in the
next editions of the Vulcano workshop. The final scientific program was selected
by the Scientific Organizing Committee, chaired by Antonella Antonelli (INFN)
and Roberto Fusco-Femiano (INAF), and composed by: Simone DellAgnello
(INFN), Pino Di Sciascio (INFN), Nicola Menci (INAF), Aldo Morselli (INFN),
Luigi Piro (INAF), Marco Ricci (INFN), Gian Carlo Trinchero (INAF), and
Francesco Vissani (INFN). The Local Organizing Committee was composed by
Antonella Antonelli, Maria Cristina DAmato (INFN), Roberto Fusco-Femiano,
and Lia Sabatini (INFN) with the precious help of Alessio Gorgi (INAF). A
special thank to Maria Cristina DAmato and Lia Sabatini to whom a large part
of the compliments received from the participants are due, for the precious work
done in the preparatory phase, during and after the conclusion of the eighteenth
edition of the workshop.

Antonella Antonelli and Roberto Fusco-Femiano
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GRAVITATIONAL WAVES WITH THE INTERFEROMETER
DETECTORS ON THE EARTH

Fulvio Ricci
Sapienza Università di Roma, INFN Sezione di Roma, Roma, Italy

on behalf of the LIGO-Virgo-KAGRA collaborations

Abstract

We present the plans for upgrading the Gravitational Wave detectors on the
Earth in view of the next observation run O4 planned to start in 2023. Then,
we highlight the main results obtained during the previous three observation
runs. We conclude focusing on the future evolution of these detectors in the
next decades.

1 Introduction

To detect gravitational waves emitted by stellar compact objects, large-scale

laser interferometers are organised to compose a global network of advanced

detectors. Two LIGO interferometers in USA are located, the first in Living-

stone (Louisiana) and the second in Hanford (Washington state); Virgo is in

Cascina, near Pisa in Italy and KAGRA is the new Japanese detector, which
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started to be operative in 2015. KAGRA is installed in two orthogonal gal-

leries, 3 km long, excavated near Kamioka in the Gifu prefecture. The KAGRA

location is near the caverns hosting the neutrino detectors Super-Kamiokande

and Hyper-Kamiokande, the first in operation in the Kamioka mine and the

second under construction in the Tochibora mine.

The network of GW interferometers has the advantages to better define

the location of the sources emitting transient GW signal, to disentangle the po-

larisation components of the GW signal and increase further the event detection

rate by improving the network duty cycle. In 2015, the first gravitational-wave

signals were detected by the two US Advanced LIGO instruments, and two

years later the network LIGO-Virgo permitted to pinpoint in the sky the bi-

nary neutron star coalescence, then observed across the whole electromagnetic

spectrum by a impressive numbers of astronomical detectors on the Earth and

in the space, opening the era of the multi-messenger astronomy.At present, the

catalog of events detected by the network accounts for 90 signals that, as we

will see in the next section, have already a significant impact on several fronts

in fundamental physics and astrophysics. The advanced GW interferometers

alternate periods of time devoted to observation to upgrade phases for improv-

ing the detector sensitivity. A gain of a factor 2 on the minimum detectable

value of GW strain expands the explored volume of the Universe of a factor

8, and as consequence, increases the detection rate of the GW signals. At the

time of writing this article, all the detectors are preparing the new observation

run O4 that will start in 2023 and in the following section we highlight the most

significant changes of the experimental set-ups for LIGO, Virgo and KAGRA .

2 LIGO, Virgo and KAGRA Upgrades

In general, the planned hardware changes are different for LIGO, Virgo and KA-

GRA. However, some strategic choices are in common as the injection through

the output port of the interferometer an electromagnetic (e.m.) vacuum with a

frequency dependent squeezing. During the last run O3 ended in 2020, a phase

quadrature squeezed vacuum was successfully utilised in LIGO and Virgo, al-

lowing for a 3 dB quantum noise reduction above ∼ 100 Hz. However, at

the same time, the low frequency quantum noise originating from amplitude

quadrature vacuum fluctuation was increased due to the Heisenberg uncertainty

principle, potentially spoiling the limit of the low frequency noise budget. To
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have a reduction of the optical noise on the entire detection bandwidth, the use

of frequency dependent squeezed vacuum is required. It will allow to preserve

the low-frequency sensitivity even when the light power stored in the cavity will

be increased, a standard approach to gain in sensitivity at high frequencies (see

fig 1). Preserving the low-frequency sensitivity will guarantee the possibility

to observe binary black holes (BBHs) with higher masses and collect signals

emitted in the far Universe.

The frequency dependency is obtained by reflecting the squeezed vacuum (gen-

erated outside the main GW interferometer) from a Fabry-Perot filter cavity

having low optical losses. The rotation of the ellipse representing the combined

phase and amplitude fluctuations of e.m. field in the quadrature space, was

obtained for the first time in the MHz region in 2005 1) and then it has been

observed in the kHz region in the LIGO laboratory of the Massachusetts In-

stitute of Technology 2). At present both LIGO and Virgo are implementing

this technique in their detectors. The task is not simple: the interface between

the squeezing system and the interferometer requires optical junction benches,

both to inject the beam into the cavity and send it to the bench hosting the

detection photodiodes. Losses and stray light in the filter cavity as in the whole

optical set-up must be limited.

Moreover, the list of the other planned upgrades upgrades for all the

detectors is long: here we will present for each detector just an incomplete list.

2.1 LIGO

LIGO has set for O4 the sensitivity goal for the two US interferometer to

achieve an horizon range of 160 to 190 Mpc for the detection 1.4-1.4 coalescent

binary neutron stars (BNS). To fulfil this goal it is needed to:

- reduce or even eliminate inhomogeneous coating absorption in the mirrors

acting as test masses, by replacing one of them in the interferometer

installed in Hanford and all the test masses in Louisiana;

- change the pre-stabilised lasers in the two LIGO detectors. The new light

sources will provide 140 W output into the interferometer;

- achieve a value of 400 kW for the light power stored in the arm cavities;

- deploy many baffles to minimise stray light;
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Figure 1: Comparison of the sensitivity gain of the interferometer in the
three configurations: without squeezing (red curves), with frequency indepen-
dent squeezing (blue curve) and with an optimised frequency dependent squeez-
ing (green curve).

- install a new Faraday isolator for reducing the optical loss at the output

port of the interferometer;

- implement adjustably deformable mirrors in the output port to tune up

and maximise the matching of the beams in the output mode cleaner and

in the filter cavity of the squeezing system.

The installation of the new hardware is completed; the following step is

the commissioning of the detector and the noise hunting.

2.2 Virgo

The Virgo sensitivity goal is to achieve a horizon range of 80 - 110 Mpc, for the

detection 1.4-1.4 coalescent binary neutron stars (BNS). The main innovation

for Virgo is the installation of the signal recycling at the interferometer output.

This is a significant change in the optical configuration: it implies a deep review

of the control strategy of the whole interferometer. The signal recycling allows
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the resonance of the whole interferometer to boost the detector sensitivity in

the desired frequency interval. The reflectivity chosen for the signal recycling

mirror determines the sharpness of the tuning: the present choice concerns the

detection of signals from coalescing BBH and BNS. As for LIGO, the list of

the other upgrades is long and here we report just few of them:

- a new output mode clear is installed with reduced optical loss;

- the payload of the input mode is new and it is equipped with instrumented

baffles to mitigate and monitor the stray light;

- the thermal compensation system has been reviewed and upgraded;

- an array of several velocimeters has been deployed close to the vacuum

chambers hosting the end test masses of the interferometer. The scien-

tific target is to develop a method to subtract the Newtonian noise aris-

ing from terrestrial gravity fluctuations from the interferometer data.The

newtonian noise is affecting the detector bandwidth below 20 Hz. The

success of this method will increase the chance to detect the continuous

GW signals emitted by rotating NS and to increase the detection rate of

BBH at higher masses.

2.3 KAGRA

The O4 goal is less ambitious than LIGO and Virgo: KAGRA started the first

operation in 2015 and it is improving progressively the detector sensitivity. The

detector has been designed to include new technological features: KAGRA is

located in an underground environment to reduce the seismic noise and it makes

use of cryogenic techniques to cool the mirrors in the range of 20 K. They have

installed a 30 W laser at the input of the interferometer and they plan to start

the run having replaced the signal recycling mirror and with the Fabry-Perot

mirrors (acting as test masse of the space-time metric) at room temperature.

In the second part of the run they plan to cool down the mirrors to improve the

sensitivity in the low frequency region and even increase the power laser. As

for LIGO and Virgo, KAGRA has a dedicate plan for deploying several baffles

to minimise the stray light.
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Table 1: Table 1: Estimated ranges of the merge rates for BBH, NSBH and

BNS 4)

.

BBH 17.9 − 44 Gpc−3 yr−1

NSBH 7.8 − 140 Gpc−3 yr−1

BNS 10 − 1700 Gpc−3 yr−1

3 The Gravitational Wave Observations

The GW events detected in the previous run of the network are collected in

the catalog GWTC-3 3). It contains a total of 90 signals: 11 events from the

first and second observing runs (O1 and O2), 44 from the first part of O3 and

35 from the second part. It includes BBH events plus two BNS events, 3 coa-

lescences of neutron star - black hole (NSBH) and 1 event with the companion

mass to be classified in between neutron star (NS) and black hole (BH). These

observations are used to predict both the extrinsic and intrinsic properties of

the GW sources. Extrinsic properties describe how we observed the event from

Earth, i.e. the location of the source on the sky, its distance from the Earth, and

the orientation of the plane in which the two compact objects orbit around one

another. The extrinsic parameters and the intrinsic ones (as masses, spins and

deformability of the compact objects), are derived on statistical basis (mainly

via a Bayesian approach) by defining the 90% region where the inferred values

of the source parameters are compatible with the data. In the following sub-

sections, we will highlight some of the results obtained by analysing these data.

They are related to studies on the population of compact objects, fundamental

physics and search for primordial black holes.

3.1 Populations Studies

In the table 1 we report the merger rates for the three categories of compact

objects as derived on the base of the actual observations reported in the catalog

GWTC-3 and published in 4). The intervals of the BNS and NSBH merger

rates are estimated with a large uncertainty because of the poor number of

events available: here it was assumed a constant rate density versus co-moving

volume and it was taken the union of 90% credible intervals for all the methods
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used in this analysis. For the BBH merger, the rate interval is computed at a

redshift z = 0.2, accounting for the evolution of the merger rate to with redshift

z, while it changes slightly as ∼ (1 + z)2.7.

A large fraction of the BBH events are related to binary systems with mass ratio

q near 1. Indeed, two events, GW190412 and GW190814, have = 0.28+0.12
0.06 and

q = 0.112+0.008
−0.009 respectively. In addition, the secondary mass of the system

emitting the GW198014 results to be M2 = 2.59+0.08
−0.09 M⊙: a BH mass value is

much lower than those of the galactic X-ray binary population or a NS mass

too high asking for a significantly high spin to be compatible with the NS

hypothesis.

The study of the spin distribution should help to discriminate among the var-

ious formation scenarios of these binary systems. For example, the dynamical

formation of BBHs requires a dense stellar environments where the original

binary system interacts with a third body, which replaces one of the binary

components. Simulations show that the dynamical exchange involved in this

process, is compatible with a random distribution of the spin directions for the

final states. The BBH formation in isolation, a scenario complicated by several

different processes occurring during the evolution of the system, pushes toward

the observation of binary systems with spins well aligned to the orbital angular

momentum and nearly zero orbital eccentricity.

The spin distribution of the BBH population is obtained by marginalising (in

a statical sense) over the joint estimate of the mass and spin distribution

P (m1,m2, χ1, χ2), where mi, i = 1, 2 are the masses and χi, i = 1, 2 the

adimensional spins of the two compact objects. We have to note also that the

inference of the spin population is affected by a selection bias, because BBHs

with high, aligned spins can be observed at greater distances (at fixed distance

and equal masses, the spin aligned events can be detected at higher signal to

noise ratio). What we can conclude on the base of the present data, is that the

spin distribution seems to advocate for a multiple formation scenario.

3.2 Fundamental Physics

Another interesting aspect one can probe are GW polarisations. In GR, there

are only two tensor polarisation modes, which are typically decomposed as plus

and cross modes (see fig. 2).

In theories beyond GR, two scalar polarisation modes (breathing and longi-
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Figure 2: General Relativity predicts the existence of two fundamental states of
polarisation, the tensor modes h+ and h×. Other theories of gravitation include

four extra modes, scalar and vector ones 5).

tudinal) and two vector modes can exist in addition. Examples of breathing

modes are reported in blue in the fig. 2. The LVC has used GW170817 and

carried out a model selection analysis among three different models: tensor

only, vector only, and scalar only models. It was found 6) that a fully tensor

wave was significantly preferred from the data over the other two hypothesis,

consistent with the GR prediction. KAGRA has recently joined the collabo-

ration and started its operation. This additional detector will help to further

test additional polarisations. For example, one will be able to compare the

tensor-only model against tensor + scalar model, the most popular hypothesis

among the alternative theories of gravity.

The speed of gravitational waves in the general theory of relativity is equal

to c, the light speed in a vacuum. In alternative theories of gravity often the

dispersion relation is not as simple and a difference between c and the GW
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propagation velocity vGW should appear at some orders of the measurement

accuracy.

In August 2017, the LIGO and Virgo detectors received the GW170817 signal.

Data have been interpreted as due to the coalescence of two neutron stars

located at a distance between 26 to 49 Mpc from Earth. Later the location was

confirmed in the shell of the elliptical galaxy NGC 4993. The chirp mass of

the system was extracted from the data resulting to be 1.188+0.004
−0.002 M⊙. The

masses of the component stars have greater uncertainty. The larger ( has a 90%

chance of being between 1.36 and 2.26 M⊙, and the smaller has a 90% chance

of being between 0.86 and 1.36 M⊙. 1.7 seconds after the GW merger signal, a

short ( 2 seconds duration) gamma-ray burst, designated GRB 170817A, was

detected by the Fermi and INTEGRAL spacecrafts: the gamma ray detection

confirmed roughly that the e.m. burst was coming from the same patch of the

sky pointed by the LIGO-Virgo network.

The delay between the e.m. and GW signals and the large distance between

the Earth and the galaxy NGC 4993, provided the strong limit on the difference

between the speed of light and that of gravity:

−3 · 10−15 <
vGW − c

c
< +7 · 10−16

Later , this results was revisited 7) to give the upper limit on the graviton

mass:

mg < 1.76 · 10−23

3.3 Primordial Black Holes

Apparently there is no mechanism for the formation of ultracompact objects

with masses < 1 M⊙ within the standard model of particle physics and the

ΛCDM cosmological model or at least this is a controversial point. A possibility

to have black holes with masses accessible to ground based interferometers is

that they could have formed deep in the radiation era of the Universe from

the prompt collapse of large primordial over-densities on the scale of the early

time Hubble volume 9) 10). In addition, it has been argued, on the base

of micro-lensing observations, that the primordial black holes (PBH) outside

the mass range of 0.05 M⊙ ≲M ≲ 0.45 M⊙ cannot contribute significantly to

explain the dark matter mystery 8). Other constraints have been set on the

PBH existence. PBHs lighter than ∼ 1015 g , which have not evaporated yet
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or are in the final state of evaporation by the Hawking radiation, leave some

signals from which an upper limit on their PBH abundance can be placed.

They can change the abundance of the light elements produced by the big bang

nucleosynthesis (109 g < MPBH < 1013 g), extragalactic photon background

(1014 g < MPBH < 1015 g), and damping of the CMB temperature anisotropies

on small scales by modifying the cosmic ionisation history (1013 g < MPBH <

1014 g). By comparing these effects with observations, upper limits on the PBH

fraction for various PBH mass can be obtained (under specific assumptions of

their mass function) 11), 12). Except for the constraints from the entropy

production and the primordial helium abundance, these limits are severe in the

sense that they allow only a tiny fraction of PBHs in dark matter at any cosmic

time before the PBHs evaporate.

Nevertheless, the search of PBH as dark matter contributors gained atten-

tion 14) and, since the detections of gravitational waves is a novel tool to

observationally search for PBHs complementary to the electromagnetic waves,

we expect to make significant progresses even on this domain (for a compre-

hensive review of this topic see 13)). The existence of sub-solar-mass black

holes would be considered to be a definitive proof that they were produced in

the primordial Universe, as stellar evolution cannot produce black holes below

about 3 M⊙.

To date, searches have been performed for sub-solar-mass black holes, but no

detection has been made so far, leading to some of the best upper limits on

the fraction of dark matter in black holes of mass 0.2 - 1.0 M⊙ 15). In 15),

assuming a particular primordial black hole (PBH) formation model, it has

concluded that a population of merging 0.2 M⊙ black holes can account for less

than 16% of the dark matter density and a population of merging 1.0 Modot

BHs can account for less than 2% of the dark matter density.

4 Future plans

Using as figure of merit the horizon of standard coalescent BNS events at a

signal to noise ratio equal to 8, the final goal is to go from 60 Mpc achieved

in O3 to 260 Mpc target for O5. Moreover, we must say that the present

GW facilities have the potentiality to get a further increase in sensitivity for

an extra factor 2 in amplitude. The instrumental set-up in a post O5 run

can include larger light beams impinging on the Fabry-Perot mirrors acting as
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test masses of the space-time geometry. These mirror will have heavier masses

with monolithic suspensions and better low-loss coatings. The combination of

this actions, with a robust campaign to reduced the technical noises mainly

affecting the sensitivity at low frequency, will permit to reduce the intrinsic

limit due to the thermal noise. In addition higher light power can be stored

in the arm cavities and improvements can be implemented on the readout

scheme, detection benches seismically isolated and under vacuum. Newtonian

noise subtraction will be implemented, improving further the low frequency

region.

This sensitivity increment will permit to discovery and characterise thousands

of BBH events per year such to increase our understanding of the black hole

population in the Universe and achieve new fundamental physics results.

Despite the amount of scientific results produced with GW170817, this event

remains the only conclusive multimessenger observation with GWs to date. The

increase in the detector sensitivity will multiply the chance to observe this cat-

egory of events, enhancing our understanding of the inner core of neutron stars.

Another class of multimessenger observation, reach of physics information, will

be the detection of GWs in connection with e.m. and neutrino emissions from

a core collapse supernova. Although the event rate is low for an observation

limited to the local group of galaxies, even the joint detection of one event, will

be a huge boost in our understanding of the explosion mechanism. In fact, de-

spite the huge theoretical effort done in the simulation domain, the supernova

explosion is far to be fully understood: the only direct measurement, guiding

in a sense the simulation efforts of the core engine of the explosion, comes from

SN 1987A. Neutrinos and GWs leave the core around the time of collapse and

a joint detection of the two messengers will probe directly the inner dynamics

of the SN process: neutrinos will allow us to probe mainly the thermodynamics

of the collapse and from the GW data we will infer the matter dynamics.

The post-O5 plans are under preparation: they are conceived for extending the

life of the network of the advanced detectors at least up to 2040. At that time

the network will included also the LIGO-India detector, which is now under

construction. The GW observations of the Earth based interferometers will

continue to produce results, paving the way of the future detectors as Einstein

Telescope and Cosmic Explorer, able to explore the whole Universe.
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Abstract

A defining characteristic of gamma-ray bursts (GRBs) is the presence of jetted
outflows. These jets are shaped by their launching mechanism and interactions
with the environment (both close and further distant) of the GRB, as revealed
to us when the jets decelerate from the ultra-relativistic to the non-relativistic.
Due to its close proximity and off-axis orientation, multi-messenger event GRB
170817A has been particularly informative in this regard. In this talk I will
review the characteristics of GRB jets, paying special attention to recent de-
velopments in the field prompted by observation and numerical study of the
afterglow of short GRBs from neutron star mergers.

1 Introduction

Gamma-ray bursts (GRBs) have long been associated with neutron stars. A

well-established dichotomy exists between long GRBS from collapsing mas-
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sive stars (“collapsars”), lasting more than about two seconds in the observer

frame, and short GRBs that last less than two seconds 21). It is the latter

category that has been linked to the merging of two neutron stars 33, 10). For

both categories the brief or permanent creation of a highly magnetic neutron

star (“magnetar”) has been a persistent alternative in the literature to the di-

rect formation of a black hole. The connection between short GRBs and the

merging of neutron stars has been confirmed directly by the recent detection of

gravitational waves from a merger pair along with a short GRB in GW170817 /

GRB 170817A 1), but the evidence for possible neutron star remnants remains

indirect.

GRBs are produced by non-thermal emission from relativistic flows. Over

the years, evidence has accumulated that these flows are collimated in the form

of jets, even if this has to be inferred indirectly in close to all events. Due to

strong relativistic beaming, the emission from a GRB jet is dominated by a

small area of surface where the balance happens to be optimal between beam-

ing angle and intrinsic strength of emission at the time of the departure of the

radiation. At first, the geometry of the outflow is therefore not apparent to

the observer, but the large luminosity of the source renders it unlikely that its

emission was released in all directions (relativistic beaming that emphasises the

observer direction notwithstanding). Following the prompt GRB emission in

gamma rays, bursts normally produce a fading afterglow peaking at progres-

sively longer wavelengths from X-rays to radio. A second indication of jetted

emission therefore can be found in the light curves of the afterglows, which at

some point (the “jet break”) fade faster than they would have for spherical

outflows (this is both because there is no more material available at larger an-

gle to enter into the line of sight and because jetted outflow will at some point

begin to spread sideways and dissipate faster than purely radial flow would).

Finally, and again involving GRB 170817A, very large baseline interferometry

(VLBI) observations have been able to reveal motion of the centroid of emission

consistent with outflow with at least some degree of collimation 29, 13).

In these proceedings I briefly review some developments in GRB jets from

neutron star-neutron star (NS-NS) mergers associated with short GRBs.
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2 How solid is the short-long divide?

Given the clearly different formation channels between short and long bursts

referred to above, one would expect that long GRBs are unrelated to neutron

stars at least as far as their progenitor systems are concerned. Nevertheless, in

the past years a surprisingly large number of events have been reported that

appear to blur the divide.

Normally, the bulk characteristics of the populations are as follows. The

short bursts are spectrally harder in their prompt emission, have less tem-

poral lag between soft and hard gamma ray arrival times (hard gamma rays

are often delayed relative to soft gamma rays for both burst types) and have

shorter timescales in their variability. Long bursts are spectrally softer, have

larger temporal lag and variability timescales (the latter two are indicative

of a larger emission radius). Long bursts release significantly more isotropic

equivalent energy Eγ,iso (which relates to the jetted energy Eγ according to

Eγ = (2Ω/4π)Eγ,iso for a bi-polar jet of solid opening angle Ω per jet; the

isotropic equivalent energy does not require knowledge of Ω to determine).

Both long and short bursts obey a relation between their prompt emission

peak energy and total prompt energy release (the “Amati” relation and vari-

ations thereof 5)) where a higher frequency peak corresponds to a larger total

energy release, but both relationships are calibrated differently. The long bursts

population peaks around redshift z ∼ 2, comparable to the peak of star forma-

tion, as expected for a phenomenon associated with short-lived massive stars.

Being intrinsically fainter, short bursts are detected at smaller redshifts and

often at an offset from their host galaxy (not unexpected for an event produced

by a binary pair of neutron stars that previously experienced two supernova

explosions that will have imparted a net momentum to the pair). The most

utterly unambiguous determinant of the origin of a given long burst remains

the observation of a supernova (of broad-lined type Ic, in practice) spatially

coincident with the burst. For short bursts, a detection of gravitational waves

and/or a kilonova would be similarly unambiguous.

And yet, as said, the odd cases appear to pile up (they are of course of

interest from the perspective of aiming for a high-profile publication, so there

is some selection bias at play here). Among them are the following, to name

a few with publication titles that speak for themselves. No supernovae associ-

ated with two long-duration γ-ray bursts (GRB 060505, GRB 060614) 12), The
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second-closest gamma-ray burst: sub-luminous GRB 111005A with no super-

nova in a super-solar metallicity environment 27), Discovery and confirmation

of the shortest gamma-ray burst from a collapsar 2) and A peculiarly short-

duration gamma-ray burst from massive star core collapse 52) (GRB 200826A).

A particularly promising recent case is A nearby long gamma-ray burst from a

merger of compact objects 45), A long-duration gamma-ray burst with a pecu-

liar origin 49), A kilonova following a long-duration gamma-ray burst at 350

Mpc 37) and The case for a minute-long merger-driven gamma-ray burst from

fast-cooling synchrotron emission 15) (all GRB 211211A). This burst is un-

ambiguously of long duration (lasting over 50 seconds), most likely associated

with a host galaxy at 350 Mpc but lacking a supernova that at this distance

really should have been detected. Instead, a kilonova of similar properties

as the well-studied kilonova AT 2017gfo associated with GRB 170817A ap-

pears to stand out among the afterglow emission. Its temporal lag, minimum

variability timescale and placement on the Amati relation calibration are also

consistent with the neutron star merger population rather than the collapsar

population. What makes this event so promising is that it therefore poten-

tially signals a population of bursts directly detectable in gravitational waves

in forthcoming runs 36) that was previously not recognized as such. Given that

we currently still have only one solid multi-messenger detection in GW170817

/ GRB 170817A, this additional neutron star connection is a quite appealing

prospect.

3 Basic jet features since 170817

Certainly at the toy model level, the jet model of GRB outflows scales straight-

forwardly between bursts from neutron star mergers and from collapsars. On

the one hand, collapsar jets are presumed to be more energetic (at least in the

isotropic equivalent sense, the general distribution of opening angles of short

GRBs is not well enough constrained to make too strong statements on how

their jet energies relate). On the other hand, happening on the outskirts of

galaxies, short bursts are presumed to occur in a more dilute environment than

their long counterparts. Because jet (isotropic equivalent) energy and circum-

burst density ρ always occur in the form of a ratio Eiso/ρ in expressions for

characteristic times and radii of the jet model, such as jet break times and the

transition point to non-relativistic flow, in these aspects the differences between
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short and long burst jet are maybe less then one would expect from considering

the different density and energy scales separately. The reason for this ratio,

by the way, is to eliminate the mass dimension of both variables in expressions

that only carry dimensions of time and/or distance.

A big reveal of GRB 170817A has been the observability of the lateral

energy distribution of the jetted outflow, which is of interest in that it carries

the fingerprints of jet launching and propagation. Being cosmologically dis-

tant sources, a strong observational bias exists for GRBs to be seen on-axis.

Relativistic beaming strongly depends on angle, so jets not directed towards ob-

servers are significantly less likely to trigger a gamma-ray detector. When seen

on-axis, afterglow emission from near the centre of the jet will dominate the

received flux, while emission from higher latitudes gradually comes into view.

As a consequence, subtleties in the lateral distribution of energy that set apart

a “top-hat” jet (constant energy up to a truncation angle) from structured jets

(e.g. a Gaussian, power law or other more gradual decrease in energy with

angle), have little noticeable impact on the light curve temporal slope other

than a slight modification of the temporal curvature around the jet break 23).

If a GRB jet is observed at an angle, the imprint of lateral jet structure

is more stark 38, 39). Jets observed at a slight angle (i.e. within the opening

angle θ0 of a top-hat flow, or the characteristic width θc of a Gaussian energy

distribution, reflect their orientation angle θobs in their temporal slope and

delayed jet break 47, 38, 51) (the far angle is now θ0 + θobs, rather than θ0).

If the jet is observed further off-axis, like GRB 170817A was, then an earlier

rising stage of the light curve exists whose slope directly constrains 39) θobs/θc.

The fact that the afterglow light curves in radio and X-rays for this event rose

gradually for the length of time that they did, immediately rules out top-hat

jets that would have appeared into view far more abruptly. At the gradually

rising light curve stage, a quasi-spherical outflow fits the data equally well,

perhaps produced by a “choked jet” or outflow dominated by a cocoon of

energy dissipated during the early propagation stages of the jet through the

NS merger debris 22, 30, 24). However, such a scenario would not be able to

produce the later decay stage slope of GRB 170817A 42, 43, 44) in the manner

a Gaussian structured jet model can.

The jet structure need not be exactly Gaussian, though, and such a struc-

ture is mostly introduced as a convenient means to capture a potentially more
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complicated profile inferred from more detailed physical models (mostly de-

tailed relativistic magnetohydrodynamics simulations). In fact, observations

can be used to constrain the jet profile more generally and the local rising light

curve slope of a GRB 170817-like event can be inverted to infer a local energy

distribution slope 41).

4 Simulating jets from neutron star mergers

The conditions of formation and propagation of afterglow jets of GRBs have

been simulated numerically for decades by now, including seminal papers on

long and short GRBs 25, 3, 50, 4). Jetted flow from a neutron star remnant

has been studied in depth 7, 8), but many works in the literature concentrate

on black holes as the central jet engine. There are various research questions

of interest accessible through high-resolution jet simulations. The launching

mechanism of relativistic jets remains an open question. There is no clear con-

sensus on the degree of collimation of afterglow jets, neither from observations

nor from simulations and it is not known whether there is naturally a broad

or narrow range of collimation angles to be expected. The discovery of GRB

170817A and its implication for jet structure have provided new impetus for the

simulation of jets from short GRBs. For example, broad wings of low energy

relative to the jet tip can indicate the presence surrounding the jet of a lot of

material produced by the neutron star merger.

Power-law and Gaussian lateral energy distributions can be seen to map

well onto a diversity in simulation results (see e.g. 39), comparing to simula-

tions from 4, 28, 9, 24, 26)). A few things should be kept in mind however

when doing so. Obviously, actual jets will have a radial fluid profile as well

as an angular fluid profile, but the assumption of a homogeneous shell can be

quite effective when predicting broadband afterglow emission. GRB jets differ

from jets from, for example, active galactic nuclei in that the engine powering

the jet is only active briefly relative to the lifetime of the jet. After the engine

switches off, at a timescale comparable to the duration of the prompt burst,

the jet will evolve towards a blast wave shell.

It is only when the energy powering the flow along a given radial line has

on balance been conferred to swept-up circumburst medium that the energy

profile alone fully capture the large-scale flow dynamics. At earlier time, the

velocity of the original ejecta still shapes the outflow Lorentz profile. The
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Lorentz factor might well differ in its angular distribution from the energy

distribution, and thus provide more freedom to model to prompt emission if

it is extracted from the same jetted flow. All afterglow observations of GRB

170817 are following the deceleration of the ejecta and thus of a shock-wave in

the external medium.

Another thing to keep in mind is that the simulation inspiring a simplified

energy profile might not represent the end stage of “sculpting” of the jet. There

might be more strong interactions with the burster environment that are not

accounted for in the modelling, or beyond the range of the computational grid

during a simulation run. This aspect has received a lot of attention in recent

years. Focusing on neutron star merger simulations, the major players are the

accretion disc 11), the dynamical ejecta from the mergers 18) and the neutrino-

driven wind from the disc 35). General relativistic magnetohydrodynamics

simulations of the jet-accretion disc interaction 20) already produce a jet with

lateral energy structure. This is not unexpected, given that, really, a top-hat

jet is as unrealistic as it is simplistic; top-hat models ignore the presence of

structure under the assumption that it is of minor importance for jet dynamics

and emission predictions, which is not the same as asserting the structure does

not exist.

However, recent simulations show examples of how a subsequent en-

counter of the jet with a neutrino-drive wind effectively resets and replaces

the launch structure by the imprint of this later interaction 32). For these

particular simulations, which inject the jet into a detailed simulation including

neutrino leakage scheme of neutrino-driven winds 34), the emerging profile re-

veals a slight energy spike at the tip on a central plateau, flanked by a drop in

energy that holds an intermediate between a sharp top-hat distribution and a

gradual Gaussian jet profile.

The question of whether jets end up choked or not by the presence of

merger debris is likewise of interest for jet simulations. Recent work 16) ex-

plores whether a jet, sculpted by neutrino-driven wind interaction, manages to

get past the ejecta. According to this study, the ejecta interaction is not as

key to shaping the lateral energy profile as the wind, but might indeed end up

choking the jet, leading to a mildly relativistic cocoon emerging rather than a

highly relativistic and tightly collimated jet.

Finally, these simulation outputs can be used to predict the afterglow
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light curve. However, in most cases it is not possible to simply continue the

simulation up to the relevant radii and times, since the jet evolves over many

orders of magnitude (from < 107 cm to the parsec scale and well beyond), unless

specialized moving mesh techniques are deployed 48, 6). When not starting

from a simplified shell model or analytical description of the jet lateral profile,

the afterglow stage dynamics therefore need to be modelled by extrapolating

simulations. This extrapolation needs to properly account for jet spreading

dynamics though, because when not included this would result in an artificially

shallow late-time lightcurve slope 31). When spreading dynamics are included

when extrapolating from a simulation (e.g. as in 32)), the late time slope

steepens on account of the faster dissipation relative to non-spreading flow.

5 Jet models and neutron star merger afterglow emission modelling

The issue raised about jet simulations and afterglow modelling in the previous

section is of interest in view of the long-term observations of GRB 170817A,

the one nearby off-axis multi-messenger event that we have data for. Data from

last year potentially suggested the emergence of an additional component in the

X-ray emission, still visible at 3.3 years following the merger. This component

could have been emission from another blast wave, this time associated with the

kilonova, and thus constrain the kilonova physics. The evidence for this extra

component, however, is not statistically strong 17, 46), and where based on a

tension with jet model predictions, subject to caveats such as the uncertainty in

long-term jet spreading behaviour mentioned above. Other aspects also impact

the late time slope of the afterglow light curve and can help alleviate a tension

between model and data (assuming one would actually emerge). These include

the details of the emission modelling, which, like long-term jet evolution across

many scales, is underresolved if no special mesh techniques are deployed 6) and

which might need a reparametrization in the non-relativistic regime 40, 17, 6).

Which data and which priors and weights are attached to these data also

matters in modelling. As always when comparing models to a diverse data

set, it remains a challenge to find the most appropriate approach to weighing

data points from separate sources (e.g. gravitational waves versus broadband

afterglow versus centroid position) and to deciding how strongly to penalize or

reward features from a model that ultimately remains an idealized approxima-

tion of an actual jet (no matter how elaborate the simulation underpinning the
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model). There are by now multiple efforts to combine multi-messenger data,

VLBI, gravitational waves and broadband afterglow altogether, within a single

framework (e.g. 19)). Future analysis is likely to include a full joint-fit of these

data, for GRB 170817A or upcoming NS-mergers, rather than a “pipeline” ap-

proach (as was done first by 42)) where the posterior from the one analysis

enters the other in the form of a prior. This ensures that all information is used

even when constraining parameters that are not shared by models of different

facets of the merger 14). A joint fit of gravitational wave data and afterglow,

for example, means fitting a merger model of gravitational wave emission (i.e.

templates for the latter) that shares system orientation with an afterglow jet

model, but does not share e.g. neutron star spin on the gravitational wave side

or synchrotron emission efficiency on the afterglow side.
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Abstract

Standard sirens are a central paradigm in gravitational-wave (GW) cosmology.
From the GW signature detected from compact binary mergers, it is possible
to directly measure the luminosity distance of the source, and if additional
information on the source redshift is provided, a measurement of the cosmo-
logical expansion can be performed. In this article, I will provide an intuitive
introduction to current analysis methods for GW standard siren cosmology. I
will also present the most recent results on cosmology using the latest LIGO-
Virgo-KAGRA GW events.

1 Introduction

The LIGO, Virgo and KAGRA detectors 1, 2, 3, 4) have recently presented

their third gravitational wave transient catalog (GWTC–3) 5). The catalog
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presents almost 100 GWs detected from the coalescence of Binary Black Holes

(BBHs), Binary Neutron stars (BNSs) 6) and neutron star black hole (NSBH)
7) binaries. These observations allowed us to shed light on possible formation

mechanisms of compact binaries 8, 9, 10), as well as tests General Relativity

(GR) on cosmological scales 11).

Among the various implications, GWs can also be used to probe cos-

mology. Although the cosmological expansion has been studied in detail using

Supernovae in the “local” Universe 12) and the Cosmic Microwave Background

(CMB) 13), the Standard cosmological model still suffers theoretical and ob-

servational difficulties. From the theoretical point of view, we observe that 70%

of the energy content Universe is dominated by a form of Energy, Dark Energy,

that is causing an accelerated expansion. From the observational point of view,

there is a discrepancy in the value of the expansion rate of the Universe today,

the Hubble constant (H0), between measures from Supernovae and the CMB.

The tension is at the level of 4.2σ the value inferred from the CMB 13)

H0 = 67.8 ± 0.9km s−1 Mpc−1, (1)

and the value inferred from Supernovae 12)

H0 = 73.0 ± 1.4km s−1 Mpc−1. (2)

GW sources provide an independent new channel to probe this tension and it

has been argued that can potentially shed light on the 20-year-long issue of the

H0 tension 14).

In this paper, I review the most recent results on cosmology using GW

observations. I will focus on the three methods for GW cosmology that have

been applied so far in literature: the bright, dark, and spectral siren methods.

In Sec. 2, I will provide a pedagogic and intuitive introduction to current meth-

ods for GW cosmology. In Sec. 3, I will discuss the most updated results on

the measurement of the Hubble constant. Finally in Sec.4 I will conclude with

a discussion on future prospects for this field.

2 Basics of standard sirens

Compact binary coalescences at cosmological distances are the only known,

and observed, type of source for which it is possible to directly measure the
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luminosity distance (dL) 15). In analogy to Type Ia Supernovae, often referred

to as standard candles, GW sources are referred to as standard sirens. In order

to probe cosmology, however, we should be provided also with the redshift

of the source, i.e. the recessional velocity of the source with respect to the

observer due to the Universe expansion. Once a redshift is provided, we can

infer the parameters of a cosmological model by fitting the dL− z relation. For

a flat Universe with Dark Energy and Dark matter components, the luminosity

distance is linked to the redshift by

dL =
c(1 + z)

H0

∫ z

0

dz′√
Ωm(1 + z′)3 + ΩΛ

, (3)

where Ωm is the dark matter energy density, ΩΛ = 1 − Ωm the Dark Energy

density and c the speed of light. Another relevant aspect, peculiar to GW

sources, is that from the GW waveform it is possible to measure the redshift

masses md of the compact objects. These are related to the intrinsic masses

ms by

md = m(1 + z). (4)

GW techniques for cosmology are classified according to the method used

to obtain the redshift. In the following, I will give a pedagogical and intuitive

introduction to these techniques, for more details on their derivation and im-

plementation I defer the reader to 16) and the literature referenced in the next

sections. Although in this review I focus on measures of H0 using the standard

cosmological model, the methods discussed can also be applied to probe GR

deviations on cosmological scales 17, 18, 19, 20).

A central aspect of inferential techniques involving standard sirens is the

correction of selection biases. Selection biases arise when a given experiment

(in our case GW detectors), is not able to detect all the compact binary co-

alescences in the Universe. This might cause a lack of GW events, e.g. after

a given luminosity distance, that might introduce a bias in the estimation of

the H0. In order to correct for selection biases, it is crucial to have an astro-

physical population model for the GW sources as well as a robust knowledge

of the selection biases involved in each detection process. For a more in-depth

discussion and derivation of selection bias correction is provided in 21). In

this review, I will only give an intuitive introduction to the selection biases

involved in each standard siren method and I defer the reader to the literature

referenced in the following sections.
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Figure 1: An Hubble diagram adapted to the case of GW170817 and its EM
counterpart. The redshift is reported on the horizontal axis and the luminosity
distance is on the vertical axis. The blue scatter indicates the observed values
for GW170817 and the orange contour is the 68% credible interval contour for

the inferred H0
22).

2.1 Bright sirens method

The bright sirens method assigns the redshift to the GW events by using the

observations of an observed associated electromagnetic (EM) counterpart. Typ-

ically, we expect EM counterparts for BNS mergers 22), and possibly some

NSBH, consisting in short γ-ray burst(GRB) and kilonovae. Indeed, these two

types of EM emissions were observed from the BNS merger GW170817. The

EM counterparts might allow us to identify the host galaxy of the GW events

and therefore their redshift.

Once we measure the luminosity distance and redshift of the source, we

can construct a Hubble diagram (a diagram that relates luminosity distance to

redshift). Fig. 1 shows an example of a Hubble diagram for the bright siren

GW170817 (more details are provided Sec. 3). The figure reports the measure

of the luminosity distance from the GW waveform and the measure of the

redshift from the identification of its hosting galaxy. The figure also reports

(orange contours) a fit for H0 using Eq. 3.

Bright standard sirens are the optimal sources to probe cosmology as the

30



Figure 2: Illustration of the impact of a selection bias on the luminosity distance
on the Hubble diagram. The plot reports GW sources detected (blue points)
and not detected (orange points) in presence of a selection cut on luminosity
distance at 75 Mpc. The dashed line indicates the dL−z relation for simulated
cosmology.

source redshift is accurately determined. Currently, the precision on the H0

measure is dominated by the large uncertainties on the luminosity distance on

the GW side 23). The uncertainty on the dL can be improved by exploiting

the afterglow light curve of the EM counterpart that carries information on the

binary viewing angle 24). Another bottleneck of this method is the rareness

of this type of observation. This is due to the fact that the detection of EM

counterparts is really challenging, in particular when the GW sky localization

is not precise enough 25). Indeed, so far the only bright siren observed out of

∼ 100 GW events is GW170817.

Even for bright sirens, it is crucial to correct selection effects. Fig. 2

shows an example, generated with a toy model to illustrate the impact of a

selection bias on the source luminosity distance for the H0 estimation. In the

toy model, GWs are not detected if their measured (it includes noise fluctua-

tions) luminosity distance exceeds a detection threshold of 75 Mpc. The Figure

displays multiple detected GW events with distance and redshift estimates as

well as the signals which are missed. Close to the detection threshold, we are

missing some GW events. This lack of GW events introduces a bias in the
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fitting process for H0 that must be corrected.

2.2 Dark sirens method

The first method that has been proposed using GW for cosmology even in

absence of EM counterparts is the Dark Sirens method 26). The idea behind

this method is to identify possible GW host galaxies by making use of galaxy

surveys. In fact, GWs will provide a sky localization in which potential host

galaxies can be extracted from the galaxy catalog. The galaxy catalog will

provide a list of potential host galaxies for the GW event that can be used to

infer H0.

The dark sirens method is particularly efficient for GW events that are

well localized. In Fig. 3 I report the localization skymap for GW190814 27),

one of the best localized GW events. The 90% credible interval covers an area

of ∼ 20 deg2 28). The skymap can be used to select possible host galaxies

Figure 3: The skymap shows the posterior probability density distribution for
the localization in right ascension and declination of GW190814. The pixel size
of the map is ∼ 3.5 deg2. The 90% credible interval covers an area of ∼ 20
deg2.

from a galaxy survey. In Fig. 4, I report in the 3-dimensional volume, all

the galaxies present in the infrared “K” band from the glade+ galaxy catalog
29). Overdensities and underdensities of galaxies along the GW sky localization
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Figure 4: Galaxies reported by the galaxy catalog glade+ in the 90% credible
sky area of GW190814. The plots report the galaxy distribution in terms
of (dimensionless) comoving distance. The color bar indicates the apparent
magnitude reported for each galaxy.

volume can be used to assign the most probable redshift to GW events.

Another important aspect to note from Fig. 4 is that as we go farther

in distance, galaxies tend to be less and less. This is expected as current

observational facilities can not detect faint galaxies at higher distances. This

introduces a selection effect that will preferentially place GW events at lower

redshifts, thus systematically favoring low H0 values. This selection effect is

often referred to as “completeness” correction 30) since it arises from the fact

that the galaxy catalog does not contain all the possible hosts of GW events.
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2.3 Spectral sirens

Another method to study cosmology with GW signals alone has been proposed

in 31). The basic idea behind this method is to exploit the relation in Eq. 4

between source mass and detector mass. By measuring the detector frame

masses, and using some hypothesis on the astrophysical distribution of source

masses, it is possible to implicitly obtain the redshift for a population of GW

sources. The narrower the distribution of the source mass spectrum, the more

precise the implicit redshift information will be. This is the motivation for

which the method has been originally proposed and studied in light of BNS

mergers 32) that are expected to have a narrower mass spectrum than the one

of BBHs. However, recently it has been recognized that, even if the BBHs mass

spectrum spans ∼ 2 order of magnitudes in mass, it presents local overdensities

that can be used to set a scale for the redshift of GW events. The BBHs

mass spectrum overdensities, not only can be used to probe cosmology even in

absence of any complementary EM observations 33), but can also potentially

introduce systematic biases in the estimation of H0 if not properly accounted

for 34).

In Fig. 5, I show an example of how the mass-redshift relation can be

used to fit a cosmological model with only GW signals. The plot reports the

detector mass and luminosity distance for all the BBHs with an Inverse False

Alarm rate higher than 4 yr reported in GWTC–3 5). Let us assume that

there is an overdensity of BBHs produced at a source mass of 35M�. At a

luminosity distance of ∼ 1 Gpc, which corresponds to a redshift of ∼ 0.2 for a

Planck Cosmology (H0 = 67.7km s−1 Mpc−1), this overdensity will be located

around md = 35M�(1 + 0.2) ≈ 42M�. As it can be seen from the plots, given

a cosmological model, a fixed overdensity in the source frame mass is mapped

differently in the detector-frame vs luminosity distance plane. This allows us

to identify cosmological models which are able to the observed detector masses

and distances of the GW events.

Of course, in real analyses such as 28, 18), cosmological studies are

not performed with a trivial fitting as described in the previous paragraph.

Current analyses use hierarchical Bayesian statistics to deconvolve selection

biases given by the fact that GW detectors are not equally sensitive to detect

all the masses. Moreover, current algorithms do not assume known the mass

spectrum of compact binaries but are able to fit flexible phenomenological
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Figure 5: Detector frame mass (vertical axis) and luminosity distance (hori-
zontal axis) measured for the GW events (blue scatters) present in GWTC–3
with inverse false alarm rate higher than 4 yr. The different solid lines map an
overdensity of BBHs produced at 35M� in the detector mass/distance plane
for different cosmological models.

models.

3 Recent results

3.1 Bright sirens

GW cosmology was officially opened by the BNS merger GW170817 and its EM

counterparts 6). About ∼ 1.7 s after the GW luminosity peak of GW170817,

Fermi Gamma-ray Burst Monitor 35) and International Gamma-Ray Astro-

physics Laboratory 36) detected a Gamma-ray Burst (GRB 170817A) 22).

After about ∼ 11 hours, the One-Meter Two-Hemisphere team first identified

a bright optical transient consistent with the localization of GW170817. Confir-

mations from several other teams swiftly followed this 22). The counterpart,

now known as AT 2017gfo, was confidently associated with the host Galaxy

NGC 4993.

NGC4993 is a galaxy in the Hydra constellation with an average radial

peculiar velocity of ∼ 310km/s. The recessional velocity of NGC4993 is about

3327 ± 72km/s. By combining observations of the galaxy’s proper motion and
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observed recessional velocity, we can obtain a value of the galaxy’s recessional

due to the expansion of the Universe (vr = 3017 ± 166km/s). From this es-

timation, we can obtain a measurement of the galaxy cosmological redshift of

z = 0.0101 ± 0.0005 37).

The maximum a posteriori of GW170817 luminosity distance, when fixing

the sky position of NGC4993 is 43.8+2.9
−6.9Mpc at 68% confidence level 38). By

combining this information with the cosmological redshift measurement from

NGC4993, it is possible to infer the value of the H0 = 70+12
−8 km s−1 Mpc−1

38). This result has been updated with an extended analysis at a lower

frequency in the LIGO and Virgo sensitivity bands. The results are H0 =

70+13
−7 km s−1 Mpc−1 using high-spin priors (magnitude of the dimensionless spin

parameters≤ 0.89), and H0 = 70+19
−8 km s−1 Mpc−1 using low-spin priors (mag-

nitude of the dimensionless spin parameters≤ 0.05) 37). One can note that

low-spin priors (well motivated from the observations of galactic radio pulsars
39)) display a broader constraint on the Hubble constant. While the opposite

is true for high-spin priors. This is caused by the absence of strong precession

in the high-spin analysis which results in a stronger constraint on the viewing

angle of the system. Indeed, there is a strong degeneracy between the deter-

mination of the luminosity distance and the binary viewing angle 40, 38).

For GW170817, follow-up measurements of the Kilonova afterglow en-

abled an additional measure of the binary viewing angle 41). In fact, radio

band observations using Very Long Baseline Interferometry (VLBI) reported

the observation of a narrow-collimated jet associated with the merger 41). The

orbital inclination angle could then be determined by assuming that the jet is

emitted perpendicularly to the orbital plane of the merger. This improves the

dL measure and provides an improved value for H0 = 68.4+4.7
−4.6km s−1 Mpc−1

42) in contrast to the GW-alone value of H0 = 70+19
−8 km s−1 Mpc−1.

GW170817 remains the only gravitational-wave event with a confirmed

electromagnetic counterpart. Recently it has some of the most massive BBHs

could be associated with active galactic nuclei flares 43) caused by the in-

teraction of the kicked remnant black hole with the accretion of disk 44). If

these EM counterparts are confirmed, they can still be used to measure the

H0
45, 46, 47). However, there seems to be currently no statistical for the

associations of some of these events 48).
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3.2 Dark sirens

The first application of the dark sirens galaxy catalog method was during the

first two runs of the LIGO and Virgo with the support of the GLADE 49)

galaxy catalog. GLADE is an all-sky catalog composed of several surveys es-

timating the galaxies’ redshift with photometric and spectroscopic techniques.

One of the first applications of the dark sirens method to a population

of BBHs, has been done with 6 BBHs (without EM counterpart) from the

first and second observing runs of Advanced LIGO and Virgo. The estimated

H0, in combination with the estimation of GW170817 obtained was H0 =

68.7+17.0
−7.8 km s−1 Mpc−1. For this analysis, the primary mass component of

the binary was chosen to be a power-law distribution with a slope of -1.6

between mmin = 5 M� and mmax = 100 M�, while the distribution for the

light component was selected to be uniform within the same range and with

the condition m2 ≤ m1.

One of the last applications of the galaxy catalog method was with 47

compact binary coalescences from the first 3 runs of LIGO, Virgo, and KAGRA

and using the GLADE+ galaxy catalog 29) (an improved and more complete

version of the GLADE). Differently from the previous analyses, in 28), the

H0 inference is done with a more complex model for the mass spectrum of

BBHs. The primary component mass of BBHs was selected as a power law

with an additional Gaussian peak; see 28) for more details. In fact, in 34), it

has been shown that in the case that the galaxy catalog is not complete and

the mass spectrum is not accurately modeled, the H0 estimation can present

strong biases. In 28) a value of H0 = 68+8
−6 km s−1 Mpc−1 was found with

the glade+ catalog. This is an improvement of 40% with respect to the

GW170817 case 38). However, one has to note that most of the information

on H0 is coming from the choice of the BBH mass spectrum, as I will detail in

the next section. In 28) this is shown by varying the BBHs mass spectra and

showing that the H0 measure is highly sensitive to it.

There were also additional cosmological studies with GW events. In 19),

by using the GLADE and a selection of GW events that are supported in a

70% complete region of GLADE, it is found H0 = 72.2+13.9
−7.5 km s−1 Mpc−1 (in

combination with GW170817). In 50, 51) well-localized GW events are used

from the first 3 runs of the LIGO, Virgo, and KAGRA to estimate H0 with

the Dark Energy Survey Imaging (DESI) Legacy survey reporting a value of
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H0 = 72.8+11.0
−7.6 km s−1 Mpc−1.

3.3 Spectral sirens

For the first time in 28), a joint estimation of H0 and mass spectrum of BBHs

is presented using 42 BBHs from GWTC–3. The analysis used 3 different

population models for the mass spectrum of BBHs finding that, among all the

models, the preferred ones are the ones that display an overdensity of BBHs

produced around 35M�. In 28), it has been shown that the localization of this

peak-like structure is crucial to measure the H0. The estimation of the H0 from

the preferred mass model is H0 = 50+37
−30km s−1 Mpc−1. Moreover, it is found in

28) that other cosmological parameters such as the matter-energy density Ωm

and Dark Energy Equation of State parameter w could not be constrained by

current GW observations. When combining thisH0 estimation with GW170817

and its EM counterpart, we obtain a value of H0 = 68+12
−8 km s−1 Mpc−1. This

measure represents an improvement of ∼ 17% with respect to GW170817 alone.

A similar analysis using several population models for BBHs is performed in
18) finding consistent constraints on the Hubble constant.

4 Conclusions

In this paper, I have provided a pedagogical introduction to current techniques

and results for GW cosmology: the bright, dark, and spectral sirens methods.

I have described the basics and working principles for each of these methods

and shortly introduced their difficulties and prospects. I have discussed the

most recent results using current GW events and these methods.

Gravitational Wave signals for compact binary coalescences are becoming

a central tool to probe cosmology. This is of great scientific interest given that

GW sources do not share the same systematics with the current two measures

from CMB and Supernova which are found to be in tension. Moreover, as I

described in this paper, several methods for studying cosmology with GWs can

be used. These methods will not completely share the same type of systematics

and can be used to additionally corroborate cosmological measures.
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Abstract

The cosmic microwave background (CMB) is one of the most powerful tools
for cosmology. Its polarization could have imprinted the sign of an inflation-
ary background of gravitational waves which is supposed to have originated
at 10−38/10−35 seconds after the Big Bang. Detecting this background is ex-
tremely difficult because of the weakness of the signal (if any) left on the CMB
polarization and because of the need to control the systematic effects. Also, the
presence of astrophysical foregrounds, the possibility of leakage from curl-free
to curl-like component, including gravitational lensing, and the instrumental
noise and systematics, requires sensitive detectors and smart systematic effect
control. I will discuss the experimental efforts spent in this field highlighting
the key observational difference and the choice that could lead, in the near
future, to the detection of the curl component of the CMB polarization, a clear
sign of the inflationary expansion.
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1 Introduction

Cosmic inflation is a theory of exponential expansion of the Universe invoked

in the cosmological standard model to explain some paradoxes and odd coin-

cidences in the way we see our Universe. In addition, cosmic inflation makes

firm predictions that all cosmologists would like to prove or confute. Infla-

tion predicts a background of gravitational waves that could be detected using

the cosmic microwave background (CMB) radiation as a giant antenna being

the CMB itself everywhere in the Universe. Unfortunately, the amplitude of

the gravitational waves background, in turn responsible for polarization of the

CMB, is only mildly predicted. The weakness of this prediction arises from the

inflationary energy scale being possibly close to the GUT energy scale.

The CMB is in fact an ether of photons which permeates the Universe.

It can be considered as a relic of the early Universe as it mainly remained

unchanged since its origin when the Universe was only 380000 years old, when

radiation and matter decoupled. It was discovered in 1965 by Arno Penzias

and Robert Wilson, two American physicists working at the Bell Laborato-

ries, during tests and noise measurements on an antenna developed for radio-

communications 32). Penzias and Wilson found a temperature of 3.5 K higher

than expected and assigned this excess to the CMB. They were awarded of the

Nobel prize for Physics in 1978 for this discovery. Curiously enough, the actual

first measurement of the CMB was made earlier, in 1941, by the Canadian

Andrew McKellar. He measured a temperature of 2.3 K using CN stellar ab-

sorption lines 29). Apparently McKellar made no connection to the CMB and

the significance of this measurement was recognized only after the measurement

of Penzias and Wilson.

Soon after its discovery, the study of the fine structures of the CMB was

fully recognized to be among the most powerful tools for cosmology. The CMB

frequency spectrum was clearly measured for the first time by the FIRAS ex-

periment on board of the COBE satellite 28). This frequency spectrum brings

in it information about the thermal history of the Universe. The frequency

spectrum is that of a perfect black body, better than one part in ten thou-

sands, at a temperature of 2.72548±0.00057 K 17). The same COBE satellite,

actually discovered another feature of the CMB: tiny anisotropies imprinted in

its map 36). Since then, measurements of the CMB anisotropies and the power

spectrum that describes their sky distribution have enormously improved until
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the recent full sky measurements made by Planck satellite 35), see e.g. figure

1.

Figure 1: CMB anisotropies map obtained from Planck satellite analized with
commander pipeline

Another feature in the CMB maps is a tiny level of polarization present

in there. Because of the physics of acoustic oscillations which creates CMB

anisotropies (scalar perturbations), a certain degree of polarization is expected,

and observed, in the CMB maps 24). This can be actually observed only if

a local quadrupole moment is present in the primordial plasma. Because of

the symmetry in the collapsing fluid, a level of polarization is expected to be

spatially correlated with primary anisotropies, to have a curl-free polarization

pattern with an even parity: this polarization patterns are called E-modes for

similarity to electric field, in opposition to the curl component, odd parity,

which are called B-modes. B-modes are not expected to be originated by the

motion of the oscillating primordial fluid. However, a stochastic background

of gravitational waves, because of their symmetry properties, could create the

conditions for which B-modes polarization is created.
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2 Inflation

Inflation 19, 25, 38) is a theory which was invoked to explain evidences in

our Universe, otherwise difficult to explain, such as the horizon problem, the

absence of magnetic monopoles, and the apparent flatness in the geometry of

the Universe. Why our Universe consists of many very similar regions which

were not causally connected among them? How can the Universe be so uni-

form and its geometry very close to a flat geometry if this would be an unstable

solution of the cosmological standard model? Inflation can explain these ap-

parent paradoxes and can in principle be observed by means of the detection

of the curl component of the polarization of the CMB, the B-modes, origi-

nated by a stochastic background of gravitational waves (tensor perturbations)

generated during the inflationary exponential expansion of the Universe. The

search for the signature of an inflationary expansion of the Universe is in its

very early stage. It is the next milestone in modern cosmology. Inflation

should have occurred when the Universe was only ∼10−33 s old and should

have lasted ∼10−36 s 21). Inflation is driven by a negative-pressure vacuum

energy density. One of the most popular scalar fields, responsible for inflation,

is a slow rolling scalar field which should, among the rest, create the quantum

fluctuations at the origin of the scalar perturbations responsible for the pri-

mary CMB anisotropies. In other words, the Cosmological Standard Model is

self-consistent but fails to explain what has happened at the quantum gravity

energy at T>1027 K or E>1014 GeV when the Universe was ∼10−33 s old 38).

The energy scale (the potential V) at which inflation took place, can be

described in terms of the ratio between the amplitude of tensor and scalar

fluctuations, the tensor-to-scalar ratio r 25):

V 1/4 ≈
( r

0.01

)1/4
(1016GeV) (1)

Since inflation was first proposed, several models were proposed at differ-

ent energy scales. Given the limits of the energy scale of inflation more and

more stringent, most proposed models are not considered anymore. A simple

model is the Single-Field Slow-Roll, SFSR. Inflation is associated to the dis-

placement of the scalar field from the minimum of its potential V 43). A

value of r close to 0.01 would imply an energy scale close to what is theo-

retically foreseen by grand unified theories of fundamental interactions. It is

worth stressing, however, that there is no firm prediction for the value of r
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in inflationary models. Also, it is unclear what particle drives inflation. The

best candidate is a spin-zero field, a boson, and it was proposed that Higgs

boson, under certain circumstances of non-minimal coupling of the Higgs field

to gravity, is at the origin of the exponential expansion of the Universe and

the creation of the background of gravitational waves we all are looking for. It

should be stressed however, that the scalar field responsible for inflation has a

value of about the Planck mass. The Higgs mass is ' 125 GeV, a factor 1017

smaller so the connection between the Higgs field and the inflationary field is

still unclear.

Another important connection that should be established is the possibil-

ity to use multimessenger astronomy to increase the sensitivity of the search

for gravitational background and have a clearer insight into the physics of

inflation. The possibility to cross correlate gravitational waves data from ex-

periments such as LIGO or Virgo 2) with those of CMB polarization such as

Planck 35) is a fascinating possibility. This cross-correlation should leverage

the power of cross correlating two data sets, to go inside the noise of either

the Gravitational Waves data set produced by Ligo or Virgo collaborations, or

the CMB polarization full-sky maps, for instance by Planck, in order to ex-

tract primordial gravitational wave background signature. This method could

increase the sensitivity and the systematic control of such a search.

3 Cosmic Microwave Background observations

Observations of the CMB in the last ' 30 years have gone through an enormous

improvement in terms of sensitivity, number of detectors and observational

techniques, allowing us to enter in the era of the so-called precision cosmology.

The measurement of the CMB frequency spectrum is probably the only field

where not such improvement have been produced, leaving us at a similar upper

limits, for the deviation from a pure Black Body, as those observed by FIRAS

experiment 17). The reason for this difficulty has to be searched in the extreme

arduousness of making monopole (the absolute CMB temperature averaged all

over the sky) measurements from ground as opposed to differential measure-

ments which more easily remove common mode emission from atmosphere. On

the other hand, CMB anisotropies have reached an unprecedented level of pre-

cision and angular resolution. In Fig. 2 it is reported the observational status

on CMB anisotropies obtained from experiments with different frequency and

49



angular resolution capabilities such as Planck, ACTPol, and SPT experiments.

The low-l uncertainties is due to the Cosmic Variance and not to the experi-

ment noise. This is the uncertainty due to the fact that we can only observe

one realization of all the possible realizations of observable universes and it is

clearly stronger at large angular scales where this effect gets maximized. At

multipoles l up to 500/600, the measurement is dominated by the full-sky maps

of Planck Satellite 35), which set the ultimate limit. At higher multipoles, the

higher angular resolution of experiments such as the Atacama Cosmology Tele-

scope (ACT 40)) or the South Pole Telescope (SPT 11)) allow us to detect

several acoustic peaks of the CMB angular power spectrum. However, obser-

vations can still be improved as only ' 10% of the sky has been observed at

high resolution.

Figure 2: CMB anisotropies power spectrum. Data were obtained from ACT-
Pol, Planck and SPT experiments. At low multipoles l, large angular scales,
Planck data have been left unbinned (not averaged over the multipoles l) while
at large multipoles l, small angular scales, the data have been binned (averaged)
over ∆l = 30). Data credit: NASA / LAMBDA Science Team
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4 Cosmic Microwave Background Polarization: E-modes and B-
modes

The CMB is characterized by some degree of polarization. Primary anisotropies

are produced by acoustic oscillations of primordial plasma in or out dense

and less dense over-densities 21). The motion of fluid creates the conditions

of a local quadrupole because of Doppler shifts, leading to a net E-modes

polarization. A local quadrupole is the condition necessary to drive to a net

polarization which otherwise would be averaged out by the isotropy around the

last scattering electrons. This kind of polarization is correlated to temperature

anisotropies 22).

Because of gravitational lensing from cosmic structures, part of the curl-

free E-modes convert into a curl component: B-modes 22). The effect is much

larger at small angular scales and can become a problem if the value of the

tensor-to-scalar ratio r is below 10−2. This effect is starting being delineated by

high angular resolution experiments such as ACT 40), SPT 11), or Polarbear
4).

The effect of primordial gravitational waves on CMB is however visible

both at medium (' 1◦) and at large (several degrees) angular scales. The

primordial power spectrum has two characteristic peaks, at multipole l ' 100

and at lower multipole l ' 4, this latter due to the reionization of the Universe

and thus of interest at much larger angular scales. The amplitude of these

peaks is directly related to the energy scale at which inflation took place, then

to tensor-to-scalar ratio r as expressed in equation 1 22).

Another important point in observational CMB studies is the possibility

to de-lens high angular resolutions observations to be able to infer the primor-

dial recombination peak of the B-modes power spectrum. Also, the complemen-

tarity of the experiments in terms of foreground removal capability, spectral

coverage, sky coverage and angular resolution is of great importance. Large

coverage telescopes may more easily point to the reionization bump, although

it is more difficult to clean a sky patch from foreground when single features

are not resolved.

From the observational point of view, in fact, it is extremely difficult to

hunt the reionization peak because it is necessary to map a large sky patch

with good systematic control allowing observations to retrieve large angular

scales. Nevertheless, a few experiments have as a goal a large sky fraction
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map. Among the others, it should be mentioned CLASS 15), LSPE 26), or

LiteBIRD 39) which will be discussed in the next section.

5 Experimental effort toward B-modes detection

In the following there is a list of several experiments that are now, and since

some time, setting the agenda in the field of B-modes detection. This is not

an exhaustive list of the existing (or planned) experiments but gives the idea

of the huge world wide effort that is being spent for this detection. Most of

the instruments take data with Transition Edge Sensor (TES) detectors (see

e.g. 34, 10, 26, 6, 15, 40, 11, 4, 41, 23)). TES are superconductor detec-

tors held at their critical temperature between their normal state, and their

superconducting state. In this way, we have a very steep dependence of the

detector resistance with temperature which makes TES extremely sensitive

thermometers. TES are the state of the art for millimetric astronomy. How-

ever, new techniques have recently started to be developed, such as Kinetic

Inductance Detectors 31). The desire to improve the sensitivity of experiments

is a major driver in this field. In order to improve sensitivity, dry and high

altitude sites are selected in order to reduce the effect of atmosphere emission

and fluctuations. Once the detectors are limited by the incoming radiation

(photon noise limited), the only way to improve an experiment sensitivity is to

increase the number of detectors and effectively increase the integration time.

TES allow to field large arrays of detectors and, consequently, large field of

views, thanks also to the easiness in multiplexing the SQUIDs that are used to

read the TES. Large cryogenic detector arrays carry the difficulty to read them

out, as well as a large thermal input for cryostat. In order to overcome this

issue, multiplexing techniques have been developed to reduce number of wires

and thermal input into the coldest stages of a cryostat. Dedicated Read-out

electronics based on Field Programmable Gate Array (FPGA) have been and

will be key toward this development.

Another important point is the complementarity of different experiments.

Large fractions of the sky need to be mapped to obtain sensitive results, how-

ever, only with high angular resolution one can hope to reach large multipoles

and remove foreground from the CMB maps. Large fractions of the sky can

be obtained with dedicated scanning strategy, from particular site on Earth

or from satellite, however, large telescopes, required for high angular resolu-
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tions, cannot be sent on a space borne platform. Many experiments observe

the sky from the southern hemisphere but there are few that aim to observe

large fraction of the northern hemisphere sky. In the following, it is given spe-

cific examples of the interplay between large sky coverage and large telescope

aperture.

5.1 High angular resolution CMB polarimeters

The possibility to detect CMB anisotropies and their polarization with high

enough angular resolution (i.e. o[1’]) opens great possibility, among the rest, to

effectively perform the de-lensing activity necessary for an effective B-modes

detection. Gravitational structures, in fact, act to smooth the acoustic peaks

in temperature and E-mode CMB polarization power spectra, in addition to

convert part of the E-modes into B-modes. Also, if telescopes are designed with

large enough field of view, they can definitely hunt for primordial recombination

bump in the B-modes power spectrum. Among other instruments, it should be

cited the Atacama Cosmology Telescope (ACT 40)), the South Pole Telescope

(SPT 11)) and PolarBear 4).

From 2008, ACT, a 6m telescope fielded in the Atacama Desert at 5200m

a.s.l., has been taking data with three instruments: the first, Millimeter Bolome-

ter Array Camera (MBAC 40)) had three independent sets of optics with filled

arrays of detectors, cooled at 300 mK, at frequencies of 148, 218 and 277 GHz,

and was not sensitive to polarization. The second, ACTPol 41), started taking

data in 2013 and has used feedhorn-coupled, polarization-sensitive detectors,

100 mK cryogenics with continuous cooling: two arrays centered at 148 GHz

and one array operating at both 97 and 148 GHz. The third instrument,

AdvACT, takes data in five frequency bands, from 27 to 230 GHz: one high-

frequency 150/230 GHz and two mid-frequency 90/150 GHz feedhorn-coupled,

polarization-sensitive multichroic detectors, with low-frequency 27/39 GHz ar-

rays which recently replaced one 90/150 GHz array for synchrotron monitoring.

ACT uses TES with Time Domain Multiplexing technique.

The SPT is a 10m telescope taking data from the South Pole station

in Antarctica. It also has fielded three generation of instruments: SPT-SZ,

SPTpol, and SPT-3G 37). With 1.2’ FWHM beam at 150 GHz, SPT can reach

high multipole with its 2690 dual-polarization detectors, with triple frequency

capability. SPT-3G has currently about 16,000 TES read out using frequency-
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domain multiplexing readout.

The Polarbear experiment measures CMB polarization using 1274 TES

cooled at 0.3 K through a lenslet-coupled double-slot dipole antennas working

at 150 GHz. Polarbear uses frequency-domain multiplexing to read its TES
3).

All these three experiments are carrying out very precise measurements

which are allowing and will allow soon to measuring or setting upper limits in

the B-modes power spectrum, especially for the lensing part at large multipoles,

as shown in Fig. 3. Further improvements are then expected from data of these

three experiments plus experiments such as Simons Observatory 5) and Stage

4 1) whose experimental effort starts from the aforementioned experiments

(see later for details).

5.2 Hunting the recombination bump from ground

The best sites on Earth to do sensitive CMB measurements are those with low

content of precipitable water vapour. The most sentitive experiments are lo-

cated in the Atacama Desert and in the Antarctic continent. In the Amundsen-

Scott base, in the South Pole in Antarctica, the BICEP-Keck collaboration has

been installing instruments since 2008 10). The BICEP-Keck instruments are

expressly and uniquely devoted to the B-modes search. They are nowadays

giving the most stringent upper limit on the value of the tensor-to-scalar ratio

r. The BICEP2, Keck Array and BICEP3 instruments recently released their

ultimate upper limit joining the data from BICEP2, Keck Array, and BICEP3,

up to 2018, with those of Planck and WMAP. BICEP/Keck Array results reach

depths of 2.8, 2.8 and 8.8 µKcmb/arcmin at 95, 150 and 220 GHz over an area of

' 600 square degrees at 95 GHz and ' 400 square degrees at 150 and 220 GHz.

They set an upper limit of r < 0.036 which is so far the most stringent limit

on r.

On the Argentinian site of the Atacama Desert, an international col-

laboration is installing a new experiment which is devoted to the search of

the B-modes: the Q and U Bolometric Interferometer for Cosmology (QUBIC
20, 30, 42, 34, 27, 14, 12, 33)). QUBIC is a novel instrument which com-

bines the sensitivity of TES bolometers with the high control of systematics

that only interferometers can have. It will take data at 150 GHz and 220 GHz

and it is now undergoing diffuse calibration. QUBIC will take data with 2048
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TES at the two frequencies with 128:1 time domain multiplexing technology

based on 128 SQUIDs cooled at 1 K. With three years of integration, simu-

lations show that QUBIC can achieve a statistical sensitivity to the effective

tensor-to-scalar ratio of σ(r) = 0.015. This is another example of complemen-

tarity. Besides the sensitivity that QUBIC will be able to reach, it will be a

unique experiment for efficiently removing systematic effects and, thank to its

spectral capability, another feature intrinsic to interferometry 30), will allow

more efficiently to disentangle CMB from foregrounds.

5.3 Hunting the recombination bump from the stratosphere

Since Boomerang experiment 9), and probably even earlier 8), the stratosphere

has been recognized to be a great place to make CMB measurements. A Long

Duration Balloon (LDB) experiment has the advantage of being substantially

outside the atmosphere (LDB’s fly at ' 40 km altitude in the stratosphere)

with the cost of an instrument which is similar to that of a ground experi-

ment, and much lower than that of a satellite. In addition, LDB can field new

technology relaxing the mandatory requirements for space borne experiments

concerning the readiness level of new technologies. The request for appropriate

sub-orbital technological readiness level is still a driver but not as stringent as

for space borne experiments and this allows the scientific community even to

make progress in the readiness levels.

The SPIDER experiment 6) flew from Antarctica in 2015 with different

arrays of TES bolometers in two different frequencies: 815 TES at 150 GHz

and 675 TES at 95 GHz. SPIDER set an upper limit on B-modes at a level of

r < 0.11. SPIDER uses Time Domain Multiplexing and dedicated electronics

to read its detectors 7).

The Primordial Inflation Polarization Explorer (PIPER 23)) is another

balloon-borne experiment which aims at measuring the B-modes of the CMB

from the stratosphere. It consists of two telescopes cooled at 1.7 K thanks to a

liquid helium bucket dewar with no windows between the LHe-cooled telescope

and the ambient environment. Each telescope uses a pair of 32×40 TES in

a range of 4 frequency bands: 200, 270, 350 and 600 GHz. Through a series

of conventional balloon flights, the PIPER collaboration aims to measure the

primordial tensor-to-scalar ratio at a level of r < 0.007 at 95% CL.
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5.4 Reionization bump

Another possibility to detect the inflationary gravitational wave background

is to try to measure the reionization bump at large angular scale, i.e. l < 10

(see Fig. 3). This bump originates from gravitational waves interacting with

ionized matter at later times and thus it is a signal which characterizes a large

portion of the sky.

The Large Scale Polarization Explorer (LSPE 26)) is another B-modes

experiment composed by a ground based coherent receiver, STRIP 18), and a

balloon borne experiment, SWIPE 13), which will map a large portion of the

sky. STRIP takes advantage of its observational location at Tenerife (latitude

28◦ North), allowing it to use the earth rotation to map a large fraction of the

sky. SWIPE will scan the sky by rotating the entire experiment flying from the

northern hemisphere during winter. In this way, LSPE can perform the obser-

vations without interference from the sun entering the field of view. In order

to enlarge the radiation modes reaching the detectors, SWIPE employs multi-

moded TES which increase the modes of radiation (and thus the sensitivity)

of the detectors while paying the price of the reduced angular resolution. This

happens because the amount of radiation sums coherently with the number of

modes, while noise sums incoherently so the net effect is an increase of the S/N

ratio and the square root of the number of modes. This is an alternative way

to improve the sensitivity of an experiment.

The Cosmology Large Angular Scale Surveyor (CLASS 15)) is oper-

ational in the Atacama Desert since 2016, and since 2019 with 4 frequency

bands: 40, 90, 150 and 220 GHz, last two frequency bands employing dichroic

detectors. CLASS takes advantage of its geographical position in the Atacama

Desert, at latitude ' 23◦ South, to use the earth rotation to make a large map

of the sky. In this way, CLASS is the only ground-based experiment to be able

to address both the reionization peak and the primordial peak. CLASS recently

presented calibration and on sky performance using the moon and planets 15).

5.5 Large ground-based efforts toward inflationary B-modes

The weakness of the signal to be detected, requires a joint venture of the

several ground base experiments already mentioned so far. Two efforts have

been funded or partially funded to try to use the different capability of the

aforementioned experiments: they are the Simons Observatory, located in the
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Atacama Desert, and the CMB Stage4 effort, which will be distributed in the

Atacama Desert and in Antarctica.

The Simons Observatory (SO 5)) is a large effort which is being build

to take data from the Atacama Desert, in the same location where ACT and

PolarBear are seeing the sky. It will take data within 6 bands: 27, 39, 93, 145,

225 and 280 GHz. SO will have three small-aperture telescopes of 0.5 m and

one large-aperture telescope of 6 m. It will take data with 60,000 bolometers.

The small aperture telescopes will have a large sky coverage and will thus hunt

the largest angular scales with a high mapping speed. Their forecast predict a

level on sensitivity in r of the order of σ(r) = 0.003.

The CMB Stage4 (CMB-S4, 1)) is a project which aims at unifying the

large effort already spent for ground observation of the CMB. It is the next

generation experiment and is formed by a series of telescopes located both in

the Atacama Desert and in South Pole. It intends to be the definitive ground-

based CMB polarization experiment. CMB-S4 plans to measure the sky with

500,000 detectors in seven years using fourteen small aperture telescope and

one ”delensing” telescope. CMB-S4 is predicted to see a tensor-to-scalar ratio

r greater than 0.003 at more than 5σ and, in the absence of a detection, to

place an upper limit of r < 0.001 at 95% CL.

5.6 Hunting B-modes from space

LiteBIRD 39) is the next CMB space mission after COBE, WMAP and Planck.

It was selected by the Japan Aerospace Exploration Agency (JAXA) in May

2019. LiteBIRD will orbit around the Sun-Earth Lagrangian point L2 and it

will measure the CMB using three telescopes. A reflective telescope for the

lower frequencies (Low Frequency Telescope, LFT) with 400 mm aperture and

angular resolution ranging from 24 to 71 arcminutes. LFT will take data in nine

frequency bands spanning from 34 to 161 GHz in order to be able to detect both

CMB and synchrotron radiation. Two refractive telescopes have been designed

for the Medium and High Frequency ranges (MHFT). The frequency band is

divided in 89 to 224 GHz for the Medium and Frequency Telescope (MFT), and

166 to 448 GHz for the High Frequency Telescope (HFT). LiteBIRD will reach

unprecedented total sensitivity to CMB polarization with a typical angular

resolution of 0.5◦. LiteBIRD will take data with 1030 multi-chroic pixels for a

total of 4508 TES, distributed over the three telescopes. The TES will be read
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out using a Frequency Domain Multiplexing scheme borrowing from a scheme

already in use with the SPT or PolarBear.

Forecasts predict that LiteBIRD will reach a tensor-to-scalar ratio limit

of r < 0.001. This would be done probing both the recombination bump and

the reionization. This sensitivity will either detect primordial gravitational

waves or rule out inflationary models within the currently predicted scenarios.

Favorable scenarios predict models with r ' 0.01 22). In this case, LiteBIRD

would detect them with more than 10 σ precision.

6 Conclusions

As we have seen, the hunt for B-modes is in its greatest development thanks

to balloon born, ground based and satellite experiments which are planned

and taking data. Optical design, polarization modulators, and cryogenic tech-

niques have been increasingly matured but the field that is probably giving the

strongest impulse is the design of detectors. Progress on detectors sensitivity

is impressive and improved technologies are being developed and deployed in

addition to the standard TES technology which is the one that for the moment

is filling the instruments focal planes. Detectors need to get a sensitivity of

few 10−18W/
√
Hz. Focal planes are saturated so we need multiple telescopes

and/or parallel processing or multimoded approach. TES are the most mature

technology but Kinetic Inductance Detectors (KIDs) promise a great develop-

ment for their easiness in building and in multiplexing.

Predictions affirm that Stage 3 experiments (those who are now taking

data) will probably reach a sensitivity of σ(r) ' 0.01. We have to wait until SO

and Stage 4 to reach a sensitivity of σ(r) ' 0.001. In this contest we should

ask ourselves: will the systematic control be able to catch up? We need a

fiducial model which would include multiple components such as thermal dust,

synchrotron, and Anomalous Microwave Emission (AME). In fact, thermal

dust and synchrotron polarized emission can be orders of magnitude larger

than CMB B-modes depending on the frequency and on the sky portion it is

observed. For instance, in a particularly clean region of the sky, at the minimum

of their summed emission (i.e. '70GHz) synchrotron and thermal dust emission

can be a few µK while B-modes can be a few tens of nK for r=0.01. On the

other hand, AME, is still an emission which lacks of predictivity. It will have to

be understood and monitored especially if it comes to be polarized. If there are
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departures from the fiducial model than AME will be a problem for B-modes

detection 16). Also, will the data-analysis effort follow?

The quest for B-modes is clearly very challenging. So far, no single ex-

periment could lead to a detection but only upper limits could be established.

A possibility to amplify experiments sensitivity, would be to use the aforemen-

tioned cross-correlation between CMB polarimeters and gravitational waves

experiments. Once a full sky map of gravitational waves will be available, this

still unexplored technique could start giving results in a separate work. In any

case, the joint effort of several different experiments could lead to a significant

improvement of the sensitivity but another important point is the capability to

control of the systematics and especially when this is carried out with different

observational techniques. An example of this is the bolometric interferometry

that QUBIC is implementing. Also, the spectral capability and the wide num-

ber of bands is going to be key to disentangle CMB B-modes from foreground

signals.
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Figure 3: Some observed B-mode power from CMB experiments. x-axis is
a logarithmic scale of the multipoles l while y-axis reports the temperature
fluctuations of B-modes. The factor l(l+1) ensures that l(l+1)Cl is constant at
low l for a nearly scale-invariant spectrum of density perturbations. Data with
error bars on the y-axis are significant detections, while the remaining are 95%
upper limits. Data were taken from NASA/LAMBDA website. Theoretical
curves for r = 0.1 and r = 0.01 are shown respectively with black and grey
lines.
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Abstract

Pulsar timing arrays seek to detect gravitational waves (GW) by observing
correlations which were predicted by Hellings and Downs in 1983. Here, we
address the question, are these correlations going to be exactly what was pre-
dicted in 1983? The answer is no: interference between different GW sources
creates a pattern of correlation that does not average to give the Hellings and
Downs curve. We explain this effect, calculate the variance, and show that it
is potentially observable.

1 Introduction

Thank you for inviting me to this wonderful place. The Vulcano work-

shops are famous not just for the interesting physics, but also for the friendly

colleagues, the fantastic food, and the beautiful venue.1 I am enjoying this a

1This sentence remains correct under all 120 permutations of the adjectives.
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lot, and really hope that you ask me to return for the next workshop in 2024.

My talk concerns pulsar timing arrays (PTAs), which are a way to detect

low frequency (nHz) gravitational waves (GW). These waves have periods of

years, meaning frequencies that lie far below the sensitivity band of detectors

such as LIGO and LISA.

The results are described in detail in two arXiv preprints. The first of

those is by me 1) and the second is work done in collaboration with Joe Ro-

mano 2). All of the ideas and most of the figures in my talk come from those

two preprints. So if some details are lacking, or if you want to learn more about

this topic, please look there.

Figure 1: The Hellings and Downs curve.

This is the only talk about PTAs in this workshop, so I will spend some

time introducing those. But I first want to show you the most important

thing in my talk, which you may have seen before. This is the Hellings and

Downs curve µu(γ), illustrated in Fig. 1. This function shows the average

(hence the symbol “µ” for “mean”) correlation between the pulse arrival times

(or pulsation frequency Doppler shifts) from two different pulsars, separated

on the sky by angle γ as seen from Earth, induced by an unpolarized (hence

the subscript “u”) isotropic GW stochastic background. For example, for two

pulsars that are almost in the same direction on the sky (γ near 0◦) you can

see that, on the average, GWs induce correlated variations in the arrival times

of the pulses. In contrast, for pulsars that are separated by about 90◦ on the
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sky, on the average the effects of the GWs on the pulses is anticorrelated.

Observing this Hellings and Downs curve is important for PTAs. It plays

the same role that the famous “chirp waveform” did for the first LIGO detec-

tion 3) of GWs. When we see this Hellings and Downs curve clearly, we can

confidently proclaim “we have detected GWs”.

My talk addresses a simple question: should we expect to see exactly this

curve? Or only something close to it? My conclusion: we will see this curve,

but when enough good data is available, we will also see a certain deviation from

it. While I can’t predict the sign of that deviation, I can predict its expected

magnitude. Here, that expected (squared) deviation from the Hellings and

Downs curve is called the variance, and is denoted by σ2.

2 Pulsar Timing Arrays

Figure 2: A pulsar timing array (PTA) made from six pulsars (a modified
version of David J. Champion’s original illustration).

PTAs are galactic-scale gravitational wave detectors. Fig. 2 is a schematic

diagram of a PTA made from six pulsars.2 The GW sources are not shown –

2This figure is not to scale. For example, typical PTA pulsars are thousands
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the nearest ones are probably at distances that are five orders of magnitude

larger than the Earth-pulsar separations.

To stress that this is like a six-arm LIGO detector, in the figure I have re-

placed the pulsars with lasers. Conceptually, one could also replace the pulsars

with perfect clocks, which tick at a few hundred Hz rather than at typical laser

frequencies of 1015 Hz. The idea is that when a GW goes flying by, it redshifts

or blueshifts those clocks.3 Because the clock frequency is so low, there is no

light or color, so it might be better to say “Doppler shift”. But I keep to the

tradition of the literature, which uses “redshift” and “blueshift”.

The data stream from each pulsar is a redshift Z = ∆f/f as a function

of time, where f is the mean pulsation frequency and ∆f is the decrease in

the frequency at time t. Typical PTA pulsars are observed every week or two

for decades, so the time series consists of hundreds or thousands of redshift

measurements.

Figure 3: Redshift/blueshift of a pulsar signal induced by a GW that oscillates
through three cycles with an oscillation period of five years.

Here is an example. Suppose that a fixed-frequency GW, consisting of

of years from Earth, but the GWs they detect, shown by the green ripples,
should have wavelengths that are O(102) times smaller.

3While pulsars are observed with terrestrial radio telescopes, their pulsation
frequencies are then determined at the solar system barycenter, to remove
effects of Earth’s motion and the gravitational effects of the Sun and planets.
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three cycles with an oscillation period of five years, went flying by this detector.

Fig. 3 shows the pattern of redshift/blueshift observed in one of these pulsars,

in the absence of any noise. The maximum redshift corresponds to a lowering

of the observed pulsar rotation frequency by three parts in 1015. The maximum

blueshift is the same fractional increase in the observed rotation frequency.

If you had a single perfect noise-free pulsar, then you could observe GWs

simply by monitoring the pulse arrival times. The GW frequency is the fre-

quency of this redshift/blueshift oscillation. The GW strain amplitude h is the

maximum fractional frequency change, which in my example is O(10−15). Be-

cause pulsars are are monitored for decades with a timing precision of hundreds

of nanoseconds, these small shifts are observable. However, because pulsars are

not free of noise, PTAs must search for GWs by looking for a common signal,

which appears the same in the different “pulsar arms”.

There are three active PTAs. The European Pulsar Timing Array (EPTA)

currently monitors 42 pulsars 4). The North American nanoHz Gravitational

Wave Observatory (NANOGrav) currently monitors 66 pulsars 5). The Parkes

Pulsar Timing Array (PPTA) currently monitors 26 pulsars 6). In all, the In-

ternational Pulsar Timing Array (IPTA), which is an umbrella organization for

all three PTAs, monitors 88 pulsars. (This number is smaller than you might

have expected because many of the pulsars are common to two or more of the

PTAs.)

The PTA data sets, which span several decades, show intriguing evidence

for a stochastic background of GWs. A plausible source of these GWs is the

slow orbital decay of supermassive black hole binaries 7). We know that most

galaxies have supermassive black holes at their centers. When galaxies merge,

the black holes at their centers form binary systems, whose orbits decay due to

interactions with other stars and with their environment. Those binaries even-

tually become close enough to orbit with periods of years or decades, emitting

continuous gravitational waves at twice the orbital frequency. This would cre-

ate a signal in the PTA band.

We expect that the closest of these supermassive black hole binaries is at a

distance of order 50 Mpc, and there would be a much larger number of similar

sources at greater distances, extending out to near the Hubble radius. The

GW signals that these produce sum up to create a stochastic confusion-noise

GW background, which has the statistical properties of a central-limit-theorem
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Gaussian ensemble 8).

Figure 4: The timing noise seen in the NANOGrav 12.5 year data set is con-

sistent with a GW stochastic background. Reproduced from 5).

Shown in Fig. 4 is T = 12.9 years of NANOGrav data 5); the data from

other PTAs is similar 4, 6). This shows the result of Fourier-transforming the

time series of pulsar timing residuals ∆t, which are the time integrals of the

redshift Z. The amplitudes are shown for frequency bins corresponding to the

fundamental mode at f = 1/T = 2.5 nHz, 2/T = 5 nHz and so on. This data,

which only shows autocorrelations, has the sort of increasing amplitude at low

frequencies which would be expected from a supermassive binary black hole

background. The best fit power law (orange line) to the first five harmonics

has a slope ≈ f−2.6. This is close to the f−13/6 power law expected from

supermassive black hole binaries. The characteristic strain amplitude hc ≈
1.9 × 10−15 is also consistent with expectations for that source.

In my opinion, this is good evidence for a GW background. But there

are other possible explanations. Perhaps, for example, all pulsars have some

intrinsic source of rotation noise, with a power-law spectrum similar to that

which would be produced by merging black hole binaries.
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3 The Hellings and Downs curve µu(γ)

Fortunately there is a simple way to understand if the source of these

observed pulsar timing fluctuations is a GW background, and, if it is due to

GWs, to gain confidence. This is to observe the pattern of correlation shown in

Fig. 1. This pattern was first calculated by Ron Hellings and George Downs in

1983 9), and is called the “Hellings and Downs curve”. I want to describe how

pulsar timing arrays might see this curve, which is described by the function

µu(γ) =
1

4
+

1

12
cos γ +

1

2
(1 − cos γ) log

(1 − cos γ

2

)
. (1)

The take-home message from my talk is that PTAs will not observe exactly

this curve. However, they will observe something close to this curve, and we

can predict and calculate the magnitude of the expected deviations away from

it. This is what I mean by the variance in the Hellings and Downs correlation.

Here is what Hellings and Downs did in 1983. First, they placed a single

distant unit-amplitude unpolarized GW source at a point Ω on the sky. (Here

Ω is a unit-length three-dimensional vector.) Next, they wrote down the cor-

relation ρ between the redshifts (or timing residuals) of two pulsars a and b,

separated by an angle γ on the sky, which is

ρ = ℜ
(
Fa(Ω)F ∗

b (Ω)
)

= F+
a (Ω)F+

b (Ω) + F×
a (Ω)F×

b (Ω) .
(2)

This is the product of the response of pulsar a to a GW point source at direction

Ω with the response of pulsar b to that same source. The appearance of the real

part, and the complex conjugate on the first line of Eq. (2), are because I use

a complex polarization basis for the GWs. The real part of F is the response

to the plus polarization, and (minus) the imaginary part is the response to the

cross polarization: F = F+−iF×. The second line expresses this correlation in

terms of these (real) linear polarizations. The functions F correspond to what

are called “antenna patterns” in the context of LIGO or LISA. They depend

upon the sky direction to the pulsar, as well as on the source direction Ω.

Finally, Hellings and Downs averaged the correlation ρ over all pairs of

pulsars a and b separated by angle γ, assuming that these were uniformly

distributed around the sky.4 We call this a “pulsar sky average”. What they

4In fact Hellings and Downs fixed the pulsar positions and averaged over
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found is exactly the function given in Eq. (1). That is to say, µu(γ) = ⟨ρ⟩,
where angle brackets denote the average over all pulsar pairs a, b separated

by angle γ. People often call this a “quadrupole response pattern”, which is

roughly correct. While it also includes higher modes, the quadrupole term is

the largest one 2).

The calculation corresponds to observational practice. Imagine that you

are a PTA observer with access to many pulsars, distributed all around the

sky. To determine the mean correlation at angle γ, you take all pairs that

(within some tolerance window) are separated by angle γ, and average their

correlations. This observational average can be directly compared to h2µu(γ),

where h2 is the characteristic squared amplitude of the GWs. (This factor of

h2 appears because the calculation that led to Eq. (1) is for a unit amplitude

source of GWs.)

However, it is surely the case that our Universe is not like this simple

model. As explained earlier, we expect that the Universe contains a very large

number of GW point sources, rather than a single point source. So, what does

the Hellings and Downs calculation and curve have to do with reality? Let us

investigate this question.

4 The Hellings and Downs correlation for two GW sources

Imagine now that we have two GW sources, rather than one. For example,

put the first source directly over the North pole (direction Ω1) and the second

source directly overhead us, here in Elba (direction Ω2). We’re going to repeat

the Hellings and Downs calculation, to find the average correlation of two

pulsars separated by angle γ, under the influence of two GW sources.

The sources have complex waveforms h1(t) and h2(t); the real part is the

plus polarization and the imaginary part is the cross polarization: h = h++ih×.

For simplicity, assume that both sources are unpolarized, which implies h1h1 =

h2h2 = 0. (Here, the overline means “average over time”.) The real parts of

these equation ensure that the average plus and cross intensities are equal, and

the imaginary parts ensure that the product of the plus and cross amplitudes

averages to zero. (If you look at the definition of the Stokes parameters, you’ll

source directions on the celestial sphere. From symmetry these are equiva-

lent 10).
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see that this is what is meant by “unpolarized”.) The squared strain of the

two GW sources are real quantities, given by h1h∗1 = |h1|2 and h2h∗2 = |h2|2
respectively.

The redshifts of pulsars a and b are obtained by summing the effects of

the two GW sources:

Za =ℜ
(
h1Fa(Ω1) + h2Fa(Ω2)

)

=
1

2

(
h1Fa(Ω1) + h∗1F

∗
a (Ω1) + h2Fa(Ω2) + h∗2F

∗
a (Ω2)

)

Zb =
1

2

(
h1Fb(Ω1) + h∗1F

∗
b (Ω1) + h2Fb(Ω2) + h∗2F

∗
b (Ω2)

)
.

(3)

Note that the final line is just the previous one with pulsar a replaced by pulsar

b.

Now, we are going to consider two different possibilities for the behavior

of these GW sources. In the first case, the two sources are not going to interfere

with each other. This means that they are radiating at different frequencies: if

we multiply their GW waveforms together and integrate over time, we get zero.

Thus, h1h2 = h1h∗2 = 0. Later, I’ll consider the case where they do interfere.

By multiplying the final two lines of Eq. (3) and then time averaging the

product, you can calculate the correlation ZaZb between pulsars a and b. It

might sound complicated, but it’s simple – you can do it in your head. There

are 16 possible terms in the product, but after taking the time average, 12 terms

vanish. The only nonzero terms are when h1 multiplies h∗1 or h2 multiplies h∗2,

giving

ρ = ZaZb =
1

2
|h1|2 ℜ

(
Fa(Ω1)F ∗

b (Ω1)
)

+
1

2
|h2|2 ℜ

(
Fa(Ω2)F ∗

b (Ω2)
)
. (4)

These two terms look exactly the same as Eq. (2), which Hellings and Downs

used in their 1983 calculation. So if we average Eq. (4) over all pulsar pairs

separated by angle γ, then we get exactly the Hellings and Downs curve,

⟨ρ⟩ = 1
2 (|h1|2 + |h2|2)µu(γ). It does not matter where the independent GW

sources are located on the sky relative to each other: the pulsar average always

gives exactly the Hellings and Downs curve.

Now, let us repeat the calculation for GW sources that interfere. For this,

assume that h1h2 = 0 but that h1h∗2 is real and positive. (These equations im-

ply that the plus components of h1 are uncorrelated with the cross components

of h2 and vice versa. However, they also imply that the plus components of

73



h1 and h2 are correlated with each other, and that their cross components

have that same degree of correlation.) As before, we need to multiply the last

two lines of Eq. (3) and average over time. Again, while this might sound

complicated, you can do it in your head. In addition to the four times that

appeared for uncorrelated sources, we now get four additional terms where an

h1 multiplies the complex conjugate of h2, or vice versa. This gives

ρ = ZaZb =
1

2
|h1|2 ℜ

(
Fa(Ω1)F ∗

b (Ω1)
)

+
1

2
|h2|2 ℜ

(
Fa(Ω2)F ∗

b (Ω2)
)
+

1

2
h1h∗2 ℜ

(
Fa(Ω1)F ∗

b (Ω2) + Fa(Ω2)F ∗
b (Ω1)

)
.

(5)

In contrast to the case of independent sources, the cross term, proportional to

the (real) time average h1h∗2, is nonzero. If we average this correlation ρ over

all pulsar pairs separated by angle γ, the first line, which is the same as in the

independent source case, averages to give the Hellings and Downs curve, but

the second line does not. If you average the second line over all pairs of pulsars

separated by angle γ, it gives a different function of angle γ than the Hellings

and Downs curve. In a minute, I’ll show you what that function looks like.

That’s the take-home message of my talk. After the various PTAs have

observed enough pulsars, and determined the average correlation at angle γ,

this interference term means that they won’t observe exactly the Hellings and

Downs curve. This is because our Universe contains many GW sources, with

independent positions and GW phases, radiating in the lowest frequency bins.

These generate a standing wave pattern whose pulsar average, in any represen-

tative universe, is not the Hellings and Downs curve.

5 Variance of the Hellings and Downs correlation for many GW
sources

Let us now consider what happens when there are many GW sources

radiating at the same frequency, so there is lots of interference. I’ll denote the

number of these sources by the integer N . So now, the response of each pulsar

has N terms, and the time-averaged correlation, obtained as a product, has

N2 terms. If we label the sources by j = 1, . . . , N , then the pulsar-averaged

correlation curve is

⟨ρ⟩ =
∑

j

h2jµu(γ) +
∑

j ̸=k

hjhk cos(ϕj − ϕk) µ(γ, βjk) . (6)
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Here, the two-point function µ(γ, β) is shown in Fig. 5, hj is the GW amplitude

of the j’th source, ϕj ∈ [0, 2π) is the GW phase of that source, and βjk is the

angle on the sky between sources j and k. (From here on, hj is just a positive

real number, whereas in Sec. 4, h1 and h2 denoted functions of time.)

Figure 5: The two-point function µ(γ, β). The cross-section at β = 0 is the
Hellings-Downs curve: µu(γ) = µ(γ, 0). An explicit formula for µ(γ, β) is

derived in 1).

Look carefully at Eq. (6). The first sum is the “diagonal” terms, where

source j interferes with itself. The pulsar average of these gives exactly the

Hellings and Downs curve. Then there are the “off-diagonal” terms, meaning

the sum over j ̸= k. These come from different sources interfering with each

other. The product of the amplitudes of those two sources is multiplied by the

cosine of the phase difference between the sources. These phases are indepen-
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dent random numbers, different for each source, so that the value of the cosine

is uniformly distributed in the interval [−1, 1]. Finally, this is multiplied by a

function which I call the two-point function, which is illustrated in Fig. 5.

The function µ(γ, β) is a function of the angle γ between the two pulsars,

and of the angle β between the two sources. It is defined by the pulsar average

µ(γ, βjk) = ⟨Fa(Ωj)F
∗
b (Ωk)⟩ . (7)

Here βjk is the angle between the sources: cosβjk = Ωj ·Ωk. The angle brackets

mean “average over uniformly distributed pulsars a and b separated by angle

γ on the sky”. You will recognize that this is precisely the pulsar average of

the extra “interference” term that appeared in Eq. (5), when we looked at two

interfering GW sources. (Note: after the pulsar average in Eq. (7), only the

real part remains.)

The important thing about Eq. (6) is this. The first sum, the diagonal

terms, gives us something proportional to the Hellings and Downs curve. But

the second sum, the off-diagonal terms, adds up different cross-sections of the

plot in Fig. 5, at values of β ̸= 0. Those cross-sections are not proportional to

the Hellings and Downs curve µu(γ). So, because of the interference between

different GW sources, the pulsar-averaged correlation is not proportional to

the Hellings and Downs curve.

6 Cosmic variance in the Hellings and Downs correlation

We can calculate the variance of the pulsar-averaged correlation from the

Hellings and Downs curve. Start with Eq. (6), subtract the diagonal term,

which is proportional to the Hellings and Downs curve, square the differ-

ence, and average over sources with independent random phases uniformly

distributed on the sky. One obtains the cosmic variance 1)

σ2
cosmic(γ) =

∫ π

0

dβ sinβ µ2(γ, β)

= − 5

48
+

49

432
cos2 γ − 1

6

(
cos2 γ + 3

)
log
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log
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2

)
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12
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)(
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This is the typical (squared) deviation away from the Hellings and Downs curve,

for a universe filled with interfering GW sources, and is shown in Fig. 6 and

Fig. 7. (Note: it might appear that there is no cosmic variance around γ = 50◦

and γ = 130◦. In fact, the variance there is small, but positive.)

Figure 6: The cosmic variance characterizes the expected deviation from the
Hellings and Downs curve. (Plot is for a GW confusion-noise model, with

h2 = 1 and h4/h4 = 1/2, see 2).)

I want to give you an idea of the size of the cosmic variance. This is

shown in Fig. 6. The solid black line is the Hellings and Downs curve. If you

pick a random pair of pulsars separated by angle γ, they will have a correlation

which lies (±1 sigma) in between the two outer dashed lines. If you are a PTA

observer, and you average over many pulsars on the sky separated by angle

γ, you’ll end up at the Hellings and Downs curve, plus or minus the amount

shown by the dotted line, which is the (square root of the) cosmic variance

of Eq. (8). This difference arises from the interference between GW sources

radiating at the same frequency. That interference generates a standing wave

pattern which doesn’t average to give the Hellings and Downs curve.

7 How close can PTAs get to the Hellings and Downs curve?

Real pulsar timing arrays don’t have access to an infinite set of pulsars,

uniformly distributed on the sky. They only observe a finite number of pulsars.

What happens is that as you add more pulsars to your array, you decrease the
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Figure 7: The variance decreases as more pulsar pairs are added, but does not
decrease to zero. Instead, it converges to the cosmic variance. (Plot is for a

GW confusion-noise model, with h2 = 1 and h4/h4 = 1/2, see 2).)

variance away from the Hellings and Downs curve. This is shown in Fig. 7. If

you start with a single pair of pulsars at angle γ, then the variance is the top

curve. As more pairs of pulsars are added, the variance decreases as shown,

eventually converging to the cosmic variance, shown by the bottom curve.

There is another way to think about and to derive the cosmic variance 2):

it arises from the correlations between different pairs of pulsars. Once you have

enough pulsar pairs, adding additional pairs at similar angular separations does

not provide new information. So adding pairs does not reduce the variance to

zero: there is always some remaining difference. At angles (say around γ = 0◦)

where the cosmic variance is large, you only need a hundred pairs to get pretty

close to the cosmic variance. In contrast, at angles (say around γ = 50◦) where

the cosmic variance is small, thousands of pulsar pairs are required.

I’d like to illustrate the situation for four different PTAs 2). This is

shown in Fig. 8, where we have assumed that there is no timing noise, and no

experimental noise of any kind. So this represents the absolute best-case limit

of what might be achieved. The expected precision to which those PTAs, with

their pulsar sky locations, can find the Hellings and Downs curve is represented

by the distance between the “+” symbols. Let’s look first at the PPTA, which
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Figure 8: Best-case variance for current PTAs, using 30×6◦ angular bins, and
assuming noise-free measurements, plotted with “+” symbols. This assumes
a GW Gaussian ensemble with a binary inspiral spectrum, and plots timing

residual correlations with h2/h2 = 0.4 and h2 = 1, see 2).

has the smallest number of pulsars, and can form 861 distinct pairs. Since there

are 30 angular bins, on the average this is only 29 pairs per bin. Note that

some bins, for example the 0◦− 6◦ bin, are empty, because the PPTA does not

have any pulsar pairs separated by an angle under 6◦. So while PPTA does

get well below the single-pair variance, shown by the outer dotted lines, it does

not get really close to the cosmic variance, shown by the inner dotted lines. In

contrast, the IPTA, which has 88 pulsars, can form 3828 distinct pairs, so the

average bin contains about 128 pairs. You can see from the crosses that it can,

in principle, get much closer to the cosmic variance than the PPTA.

The good news is that these predicted deviations away from the Hellings

and Downs curve are not enough to prevent one from recognizing it, and from

announcing a confident GW detection. However these deviations are also in-

teresting, because they are a fundamental prediction. If our Universe matches

the Hellings and Downs curve much more closely than predicted by the cosmic

variance, or if it differs from that curve by much more than the cosmic vari-
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ance, then this implies that our Universe is not dominated by many weak GW

sources forming a confusion-noise background.

8 Conclusion

I am fairly sure that the Hellings and Downs correlations will be con-

fidently detected in the coming decade, and hope that the organizers of this

workshop will invite me to provide updates over that time. In the longer term,

as the Square Kilometer Array (SKA) discovers more pulsars and they are

timed with greater precision, I am also confident that the cosmic variance will

be measured, and will be found to agree with these predictions. If the observed

deviations from the Hellings and Downs curve are much smaller or larger than

I have predicted, then it means that our Universe does not have a GW back-

ground which is described by a Gaussian ensemble, as would be expected from

many supermassive black hole binaries, radiating incoherently.
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1 Science Motivation

The coming of age of modern γ-ray astronomy, in particular by the ground-

breaking achievements of Fermi-LAT 1), has dramatically increased the breadth

and depth of our understanding of a variety of sources which radiate at γ-ray

energies and the underlying fundamental mechanisms of their operation. How-

ever, as usual, newly revealed information has resulted in the appearance of

deeper questions.

The γ-ray energy range from a few hundred keV to a few tens MeV

has remained largely unexplored since the pioneering but limited observa-

tions by COMPTEL 2) on CGRO (1991- 2000), while the neighboring energy

ranges have been deeply investigated by NuSTAR 3), Gehrels-Swift 5), INTE-

GRAL 6), AGILE 7), and Fermi-LAT (Fig.1).

Figure 1: Currently available capabilities in MeV γ-ray astronomy. GECCO
focuses on the highlighted under-explored energy range.

However, the lack of measurements in this band results not from a paucity

of interesting science, since many sources of great astrophysical interest have
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energy output that peaks in the MeV-range, with expected spectral and tempo-

ral features, but rather from technological constraints that limit instrumental

performance. In fact, this energy range offers great potential for astrophysics

discovery in the areas of nucleosynthesis, multimessenger/gravitational waves,

jets, and compact objects, see e.g., an excellent eASTROGAM 8) review of the

scientific targets in MeV γ-ray astronomy. In addition, the rapidly widening

search for the sources of gravitational waves 9) and high-energy neutrinos 10)

requires their accurate and precise localization and identification, which can be

provided by X-ray and γ-ray instruments.

There are several unresolved problems connected with the dynamic struc-

ture and composition of the inner Galaxy, including the Galactic Center region

and active star-forming regions that require high spatial resolution to address:

the nature of unassociated Fermi-LAT sources (approximately one third of all

detected sources, primarily in the Galactic plane), the nature of the Fermi-

eROSITA Bubbles, the nature of the Galactic Center GeV-excess, the origin of

the 511-keV positron annihilation line, and the origin of enigmatic dark matter.

High-sensitivity measurements of nuclear lines in the MeV range will also lead

to resolving Galactic chemical evolution and sites of explosive element synthe-

sis, such as supernova. High angular resolution and good spectral resolution,

along with high sensitivity, are critical in these studies.

The arguments and science objectives listed above prove the need for a

wide-aperture, high angular and energy resolution MeV-instrument, to fill the

poorly explored yet full of scientific potential energy gap between X-ray optics

instruments (NuSTAR, eROSITA 11), future HEP-X 12)), and high-energy

γ-ray instruments (Fermi-LAT, AGILE, ground-based γ-ray telescopes). An

important argument is also that the operation of the ESA mission INTEGRAL,

the only one currently providing measurements in high keV-low MeV energy

range, can be terminated in 2023. COSI 13), with excellent energy resolution

but limited sensitivity and Compton-only modest angular resolution, is planned

for a 2026-2027 launch and should provide results that will set the stage for a

GECCO mission 14, 15).
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2 GECCO concept inputs

2.1 Limits to Compton telescope angular resolution at MeV energies

The measurement concepts for X- and γ-ray instruments are different, depend-

ing on the photon energy of interest. Below 200 keV focusing optics provide

the best performance 3, 12). For energies above 10 MeV and up to the TeV

range, pair-production is suitable for direct detection, competing at the high

end with ground-based Cherenkov and large-array detectors. For high-keV

and low-MeV energies, Compton scattering is the dominant photon interac-

tion mechanism with matter, and photon detection using the Compton effect

is a well-established observation method ( 2) and references therein). Unlike

pair-production telescopes like Fermi-LAT 1), the photon arrival direction can

only be constrained to an ”event circle” (Fig.2a). The uncertainty in the event

circle is reflected in its thickness and is due to uncertainties in the scatter-

ing angle arising from energy and location measurement uncertainties, as well

as Doppler broadening. The direction of a point source can be determined

by the overlap from combining the event circles (or arcs) of many detected

photons. While the measurement uncertainties can be improved, the resulting

point source resolution is ultimately limited by ”Doppler” broadening. This ef-

fect is due to uncertainty in the initial electron momentum, where the incident

photon Compton scattering occurs. This effect imposes a fundamental limit on

the angular resolution for Compton telescopes that for semiconductor detectors

(e.g., Si, Ge, or CdZnTe) varies in the range 0.4 – 3.5 degrees for energies 0.2

– 10 MeV. For this reason, arcminute angular resolution cannot be achieved

in a Compton telescope alone, and arcminute resolution is typically needed in

order to associate a source confidently with a multiwavelength counterpart.

2.2 Coded Aperture Imaging

Spatial modulation of the incident flux and deconvolution of the measurement

from a position-sensitive detector at the detector plane is an established method

for imaging with fine angular resolution, and usage of coded-aperture (CA)

masks is widespread in X-ray instruments 16, 17). A mask is an array of

opaque and transparent elements set between the source field and a position-

sensitive detector plane (PSD), also called the Focal Plane Detector (FPD).

Every source within the instrument’s FoV projects a shadow image of the mask
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Figure 2: a) Principle of operation of the Compton telescope. Incident photon
undergoes Compton scattering in D1 and then is detected in D2; b) CA principle
of operation. The angular resolution is constrained by the Mask element size
“a” and Mask-Focal Plane detector separation “L”

onto the PSD (Fig.2b). There are several data analysis approaches for such

systems that are widely discussed in the literature, many based on Fourier-

based deconvolution.

The fundamental angular resolution of the system is determined by the

ratio of the mask pixel size to the distance from the mask to the FPD. The

pixel size is constrained by the PSD position resolution, and is usually set 2-3

times larger to provide reasonable signal-to-noise ratio (SNR). The availability

of a PSD with high-position resolution is one of the cornerstones of CA-based

instruments. The other key parameter is the distance between the mask and the

PSD. For space-borne instruments this distance is constrained by the launcher

geometry and cannot exceed 3-4 meters.

The challenges for an MeV-energy CA Imager. At MeV energies,

CA imagers face difficulties not present in X-ray applications. The amount

of material required to significantly attenuate MeV photons is much thicker

than is needed for X-rays, with a minimal mask thickness on the order of a

few cm of tungsten. The resulting mask will be heavy, with a fully-coded FoV

that is limited by the ratio of the mask pixel size to its thickness (that is, the

opening angle of a given transparent mask element), as well as by the ratio of
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the mask size to the FPD size. The effective change in mask thickness with

photon incidence angle furthermore creates non-uniformity in the system re-

sponse (self-collimation effect). If the CA design for X-ray instruments is rather

straightforward, for MeV energies it requires careful design and fabrication op-

timization to maximize the instrument performance.

2.3 CZT Imaging Calorimeter

During last several years, our team has been developing a modular, crate-based

architecture for the CZT Imaging Calorimeter (ImCal). ImCal is based on com-

bining many position-sensitive Virtual Frisch-grid (VFG) CZT bar detectors

with a large geometrical aspect ratio, e.g., 6×6×20 or 8×8×30 mm3 18, 19).

These are oriented with the long axis parallel to the incident γ-ray direction,

making the detector effective thickness equal to the bar length, providing high

detection efficiency. The distinguishing feature of the detector is the use of

four conducting pads attached to the sides of the encapsulated CZT crystal

bar near its anode (Fig.3). The pads are virtually grounded through the ASIC

front end and act as a virtual Frisch-grid. The induced signals on the pads,

anode, and the cathode (6 signals in total per bar) are read out to provide X, Y,

and Z coordinates by combining the signal ratios. An important advantage of

the position-sensitive VFG detectors is the ability to correct for non-uniformity

of the response caused by crystal defects. Such a correction allows us to use

standard grade crystals produced with higher acceptance yields and, thus, to

reduce the overall cost of the instrument 18).

Crate Design. The CZT bars are tightly packed inside the cells of the

egg-crate structure (Fig.3). As a result of joint GSFC-BNL efforts, we have

integrated a fully functional prototype of the Imaging Calorimeter comprised of

3×3 crates. The crates are plugged into a motherboard, which also carries low-

voltage power regulators, ADCs, an FPGA, and a fiber-optics communication

interface.

While good spectroscopic performance has been achieved with this pro-

totype, measurements clearly indicated that the analog ASICs used previously

have inherent limitations for the reconstruction of the X and Y event locations.

To address this problem, we chose to use a new “smart” ASIC concept based

on waveform sampling of the unshaped signals. With the digitized data, we can

use time-correlated samples of the signals captured from pads for reconstruct-
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Figure 3: Left: 9-crate prototype assembled, with inserts: CZT bars with copper
sensing pads attached, and crate, half-populated with bars. Upper middle: the
137Cs spectrum with ∼0.9% FWHM energy resolution, obtained with IDEAS
readout. Right: image of 0.08mm wide collimator obtained with 4 crates, each
blue square corresponds to cross-section of CZT bar (6 × 6mm2). The red line
is the best fit linear function. Bottom middle: corresponding residual distance
of the reconstructed hit from the red line (position resolution), 0.9mm FWHM

ing X and Y coordinates with much higher accuracy. To develop the waveform

digitizing approach, we integrated and tested a 2×2 prototype crate with a

customized GDS-100 front-end readout system provided by IDEAS 20). The

results obtained with radioactive sources in the laboratory, and in our recent

test at the TUNL/HIGS polarized photon beam encouraged our team to use

the GDS readout system as the baseline for the GECCO ImCal (Fig.3).

With the ImCal prototype built and tested, we demonstrated the basic

principles and benefits of this technology for γ-ray space telescopes, and its

ability to measure with high efficiency both the photon interaction sites and the

deposited energy with good accuracy: < 1mm for the 3D position resolution,

and ≤ 1% FWHM for the energy resolution. Arrays of such detectors have

been recognized as promising for use in various γ-ray telescopes as a stand-

alone Compton detector and as a focal-plane detector for CA instruments (Fig.

5), with direct application in GECCO 14) and AMEGO 21). Furthermore,

using the crate-based modular design allows for flexibility in selecting array

configurations and sizes for large-area detector systems.
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3 GECCO Concept

The GECCO concept combines the best of the Compton and CA imaging

modalities, mutually enhancing the performance of each modality and enabling

previously inaccessible measurements 14, 15), its baseline design is shown in

Fig.4. Compton telescopes provide good, low-noise performance over a wide

FoV, while CA telescopes achieve arcmin-level and better angular resolution

but have no inherent background rejection. In GECCO we are developing a

novel approach, over most of GECCO energy band, where CA imaging will

be performed using only Compton-scattered γ-rays, whose rings of incidence

cross the CA mask, allowing significant background rejection and improved

signal-to-noise ratio (SNR).

Figure 4: GECCO conceptual design: a) GECCO with the mask in stowed
position and notional spacecraft bus, b) GECCO with the mask in deployed
position, c) GECCO, cutaway.

This approach will enable the use of a longer focal length to achieve sub-

arcminute angular resolution without requiring heavy, full side shielding, by

deploying the mask post-launch on an extensible boom, similar to the well-

88



developed designs used in NuSTAR and other X-ray optics instruments. The

method of using Compton imaging to suppress side-entering background (bright

off-angle sources, diffuse γ-radiation) is illustrated in Fig.6. In the GECCO

baseline design we assume the CA mask to be deployed at 20m, with the mask

pixel size 3mm. These numbers provide ∼0.5 arcmin angular resolution and

2◦ × 2◦ fully-coded field-of-view. It is critical for achieving high sensitivity

CA observations and its efficacy and efficiency have been validated in simula-

tions performed by our team. The method of “Compton pointing” has been

demonstrated earlier in simulations 22, 23), and tested with INTEGRAL/IBIS

data 24), but the mature concept has never been implemented as the central

motivation for a telescope design.

Figure 5: a): Illustration of ImCal dual imaging capability. Red stars show
the points of photon interactions detected in the ImCal, which are used to re-
construct the cone of possible incident photon directions, enabling Compton
imaging. The point of the first photon interaction is used to create the CA im-
age, with ImCal operation as the CA FPD. The dashed line shows the scattered
photon direction detected by ImCal. The dotted lines show the event cone. b)
Compton observation of 4 point sources of different intensities, separated by
3’-5’, and c) – the same 4 point sources as detected by the CA (simulations).

In GECCO the ImCal detects γ-rays from 50 keV to 10 MeV providing

the (multi-site) energy and location of interactions. It serves as the detector

plane for the CAM telescope and, above ∼200 keV, as a standalone Compton

telescope (Fig.5). The CsI Calorimeter supports the ImCal by measuring the
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energy and interaction positions of radiation escaping from the ImCal: 2-10

MeV photons have the lowest attenuation length and most of them are not

fully contained in the ImCal and so cannot be correctly reconstructed. Monte

Carlo simulations of the instrument have been performed by our team with the

MEGAlib toolkit 25).

Figure 6: Background removal method: a) Photon A, shown in blue - accepted
good photon from the source, with its event circle crossing the CA mask location.
Photon B, shown in red - accepted background photon, because its event circle
crosses the CA mask location. Photon C, shown in black - rejected background
photon. b) Source and background fluxes, shown in red, entering the GECCO
ImCal FoV within the CA mask FoV, accepted for the analysis. The background
flux, entering the GECCO ImCal FoV but outside of the CA mask FoV, is
shown in blue and is rejected by the Compton pointing method.

The ImCal, serving for GECCO as a standalone Compton telescope and

as a FPD, is also a powerful tool to measure the γ-radiation polarization. The

first results of our simulations are very encouraging, and we will pursue this

topic for GECCO, following the steps COSI 13) is taking.

The GECCO BGO shield consists of eight, thick BGO detectors config-
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ured to create an octagonal well (shown in dark red in Fig.4). It shields the

detectors from the bright Earth radiation, and serves as a veto detector for

incident charged cosmic rays and for vetoing not-fully contained and otherwise

accepted Compton events. The BGO shield will also serve as an excellent γ-

ray burst (GRB) detector (BurstOctagon), capable of locating GRBs with 1-2

degree accuracy (burst type, location, and brightness dependent, our team sim-

ulations). If the GRB is in a heavy-populated sky region where such resolution

is insufficient, GECCO can be re-pointed in that direction for more accurate

localization using the full power of the CA mode.

Presently, our team is developing the GECCO prototype, called Proto-

GECCO, to test and demonstrate the performance and conduct the design

optimization if found necessary 26).

4 GECCO Expected performance and Conclusions

GECCO’s observational capabilities will be of paramount importance for dis-

entangling astrophysical and dark matter explanations of emission from the

Galactic Center and potentially providing a key to discovering as-of-yet unex-

plored dark matter candidates 27). GECCO will operate in the 100 keV - 10

MeV energy range, with energy resolution of ≈ 1% in 0.5 - 5 MeV. The Coded

Aperture Mask provides the angular resolution of ≈0.5 arcmin with a 2◦ × 2◦

fully-coded FoV, while the Compton telescope provides the angular resolution

of 4◦ - 8◦ with a ≈ 2 sr FoV, see 15) for the details. The 3σ, 106s sensitivity

is expected to be about 10−5MeV × cm−2 × s−1 over the entire energy range.

In order to exploit GECCO’s unique (for this energy range) angular res-

olution and pursue its main science objective of resolving heavily-populated

sky regions, its primary mode of observation is fixed pointing, with extended

exposure of such regions. Also, the pointed mode will be used to either increase

observation time for special regions of interest, or to observe transient events

such as flares of various origins or gamma-ray bursts. However, as a standalone

Compton telescope with wide FoV, ImCal will simultaneously provide wide-area

sky exploration, significantly broadening GECCO’s observational scope.

With the unprecedented angular resolution of the coded mask telescope

combined with the sensitive Compton telescope, GECCO will be able to dis-

entangle discrete sources from truly diffuse emission, contributing to under-

standing the gamma-ray Galactic Center excess and the Fermi Bubbles, and
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to tracing low-energy cosmic rays and their propagation in the Galaxy 15).

Nuclear and annihilation lines will be spatially and spectrally resolved from

continuum emission and from sources, addressing the role of low-energy cosmic

rays in star formation and galaxy evolution, the origin of the 511 keV positron

line, fundamental physics, and Galactic chemical evolution. Of special interest

will be the exploration of sites of explosive element synthesis by conducting

high-sensitivity measurements of nuclear lines from Type 1a supernovae and

from other objects.

GECCO will be able of addressing practically all of the science problems

described in the Section 1, but will be focused on two primary objectives. One

is to explore heavily populated sky regions, mainly the Galactic Center (the

illustration of GECCO’s capability to detect closely situated sources is shown

in Fig.5c). Here, the important goals are to resolve the nature and environment

of the central massive black hole, and to understand if some emissions are due

to dark matter, or multiple point sources. The presence of dark matter in close

vicinity of the GC has been advocated in numerous papers and GECCO will be

able to resolve this 27). GECCO is the only instrument, able to investigate this

problem at MeV energies by resolving potentially contributing point sources,

that would have an expected ∼arcmin population density 4, 28, 29). The

other primary objective for GECCO will be large FoV monitoring for transient

events, detected with high sensitivity, and accurate localization, performing

multimessenger investigations to support GW and neutrino discoveries.
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Abstract

Ground-based gamma-ray astronomy is a very active field of research. As the
field prepares for the upcoming Cherenkov Telescope Array (CTA), the previ-
ous generation of instruments continues to take data and produce significant
scientific results. Here we present a summary of some of the recent highlights
from imaging atmospheric Cherenkov telescopes.

1 Introduction

Imaging Atmospheric Cherenkov Telescope (IACT) arrays have been instru-

mental to the progress achieved in gamma-ray astronomy in the last decades 1).

Despite their relatively low duty-cycle and limited field of view, they are able

to provide deep exposures with relatively short observation times thanks to the

very large collection areas. Additionally, their angular resolution is superior to
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that of other ground based gamma-ray instruments such as water Cherenkov

detector (WCD) arrays. This allows for detailed studies of the morphology of

sources, as well as their spectral and temporal behavior.

In this proceedings I will present a short summary of some recent high-

lights from IACT observations, focusing on the three largest arrays that are

currently in operation: the Major Atmospheric Gamma-ray Imaging Cherenkov

(MAGIC) telescopes, the Very Energetic Radiation Imaging Telescope Array

System (VERITAS) and the High Energy Stereoscopic System (H.E.S.S.).

2 Galactic Science

2.1 Binary Systems

One of the most remarkable results coming from IACT arrays in the recent years

was the detection of very-high energy (VHE) gamma-rays from the recurrent

nova RS Ophiuchi during its latest eruption in August 2021. Recurrent novae

are a class of binary systems in which a white dwarf is orbiting closely another

star, while accreting matter from it onto its surface. After a number of years,

which differs from system to system, a runaway thermonuclear reaction takes

place which ejects the accreted material into a rapidly-expanding shell around

the white dwarf.

The event was detected by both the MAGIC telescopes and H.E.S.S.,

with the interpretation in both cases being consistent with a hadronic origin

for the gamma-ray emission. The H.E.S.S. and Fermi-LAT lightcurves can be

seen in Figure 1. More information can found in 2) and 3).

Another special class of binary systems are those referred to as micro-

quasars. Such systems host a compact object, usually a black hole, from the

vicinity of which jets are launched. The most studied such system in our Galaxy

is arguably the microquasar SS 433, the first microquasar ever discovered and

the only one known to be a VHE gamma-ray source 4).

Following the discovery of gamma-ray emission from the lobes of SS 433

by the HAWC Collaboration, deep observations of the system led to its detec-

tion by the H.E.S.S. array of telescopes 5). The superior energy and angular

resolution of H.E.S.S. compared to that of HAWC will allow for a detailed

study of the properties of the source.

The final result concerning binary systems chosen to be highlighted here
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Figure 1: Light curves of gamma-ray emission from RS Ophiuchi, including

data from Fermi-LAT and H.E.S.S. observations. Figure from 2).

is the outcome of collaboration between all the three experiments covered. A

deep exposure on the region of HESS 0632+057 was obtained by combining

observations from H.E.S.S., MAGIC and VERITAS. Combining the observa-

tions also allowed to probe the complete orbital phase of the binary, revealing

variability in the gamma-ray flux with a period and amplitude correlated to

the modulation previously observed in the x-ray band 6).

2.2 Stellar Clusters

A recent development in the study of Galactic sources with IACT arrays is

the application of combined spectro-morphological (or ”3D”) analysis tech-

niques 7). The application of this technique to the region of the massive stellar

cluster Westerlund 1 allowed to conclude that only the cluster can explain the

majority of the observed gamma-ray emission. Interestingly, the morphology

of the emission does not correlate with the distribution of gas in the region,

favoring a leptonic origin in the emission 8).
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2.3 PeVatron Candidates

PeVatrons are sources capable of accelerating particles to PeV energies, a sig-

nature of which is the presence of radiation with energies of hundreds of TeV.

There are many such candidates, many of which have been the subject of recent

studies. Here I will highlight only two examples, selected for being an example

of synergies between wide-field WCDs and IACT arrays.

WCDs survey a large fraction of the sky continuously, thanks to their high

duty cycle and wide field of view. They are also able to reach higher energies

than IACTs thanks to the consequently increased exposure time. However,

they have worse angular and energy resolution that IACTs. This means that,

while WCDs are the ideal instrument to discover new sources and extend spec-

tra above hundreds of TeV, they often lack the precision to identify e.g. the

morphology of the emission and consequently the sources responsible for it. For

this reason, synergies between both instrument classes are crucial to the study

of gamma-ray sources.

A good example of this is the SNR G106.3+2.7 region, where emission

above 500 TeV has been reported by LHAASO 9). MAGIC observations were

able to disentangle the emission into two components, as shown in Figure 2.

The emission is split into a low energy (<6 TeV) component consistent with

a region dubbed the head, and a high energy one (>6 TeV), likely responsible

for the emission seen by LHAASO, coming from a region dubbed as the tail.

The nature of the emission is unclear for the low energy component, whereas

a hadronic nature is preferred for the high energy one 10).

Another such example is the case of LHAASO J2108+5157, which was

detected by LHAASO above 100 TeV 9) but for which no lower energy coun-

terpart has been identified. VERITAS observations of the region resulted in

no detection, placing very strict upper limits that rule out a hadronic interpre-

tation for the emission 11).

2.4 The Galactic Center

The Galactic Center (GC) is arguably one of the most important and well

studied Galactic sources. There have been many observations of this region in

previous years, mainly by the H.E.S.S. array since it is the only one located

in the southern hemisphere 12). However, the GC is also visible by northern

observatories, such as VERITAS at very high zenith angles, that is, closer to the
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Figure 2: Energy-dependent pre-trial significance maps of SNR G106.3+2.7

observed with the MAGIC telescopes. Figure from 10).

horizon. Recent observations by VERITAS report consistent results with the

previous measurements, with no evidence for a spectral cutoff. This indicates

that the spectra likely extends to higher energies, reaffirming the status of the

GC as a solid PeVatron candidate 13).
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3 Extragalactic Science

3.1 Gamma-Ray Bursts

One of the biggest results to come out of IACTs in the recent years is the dis-

covery of a VHE component in the afterglow of long gamma-ray bursts (GRBs),

bright explosions associated with core-collapse supernovae. Here I will focus on

the observation of three GRBs for which there is a refereed publication report-

ing a significant detection, but note that more candidates are being considered

at the moment.

3.1.1 GRB 180729B

The first GRB to be detected, GRB 180729B was detected with a significance

of 5σ by the H.E.S.S. array of telescopes. The relatively low significance did not

allow for a detailed study of the properties of the emission, which was observed

10 hours after the initial burst and with maximum energies of ∼440 GeV 14).

3.1.2 GRB 190114C

The first GRB detection to be reported, GRB 190114C was observed by the

MAGIC telescopes only 60 seconds after the initial burst and detected with

significance of over 50σ 15). Photons were detected with energies up to ∼1 TeV,

well above the so-called synchrotron burn off limit, that is, the theoretically

predicted maximum energy for photons produced via synchrotron emission.

The VHE and X-ray fluxes present a similar, yet not identical, time evolution.

This evidence is used to justify the need for a second component, additional to

the synchrotron one, produced by inverse Compton (IC) to model the observed

spectrum, as shown in Figure 3.

3.1.3 GRB 190829A

GRB 190829A was observed by the H.E.S.S. array for three consecutive nights

with a total significance of 20σ. The observations reveal a remarkably similar

time evolution in the VHE and X-ray fluxes, with photons of energies up to

∼3.3 TeV detected. The measured spectral index of the H.E.S.S. range is

inconsistent with the predictions of a model invoking IC to explain the VHE

emission, and matches instead the prediction of the synchrotron emission if
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Figure 3: Measured and modeled spectral energy distribution of GRB 190114C

in two different time intervals. Figure from 15).

extrapolated to that energy range, as seen in Figure 4. This would contradict

the expected maximum energy achievable via synchrotron emission 16).

4 Fundamental physics

4.1 Dark Matter Searches

Gamma-ray observations of regions expected to contain a high fraction of dark

matter, such as dwarf spheroidal galaxies 17), or the inner Galaxy 18) are used

to constrain the properties of the posited Weakly Interacting Massive Particles

(WIMPs), a candidate for dark matter.
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Figure 4: Measured and modeled spectral energy distribution of GRB 190829A.

Figure from 16).

4.2 Lorentz Invariance Violation

The observation of photons from GRB 190114C was used by to probe a possible

energy dependence of the speed of light, obtaining competitive limits for this

effect 19).

5 Conclusions

The currently operating generation of IACTs continues to deliver novel and ex-

citing results, partially via exploiting synergies with different instrument classes

or new analysis techniques. In the years leading up to CTA, this generation

of IACTs will continue to provide the high resolution view, both angular and

spectral, needed to improve our understanding of the gamma-ray sky.
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Abstract

The acronym HAWC stands for High Altitude Water Cherenkov Observatory.
HAWC is a wide field of view observatory and consists of an array of 300
water Cherenkov detectors and 345 smaller water Cherenkov detectors to scan
the sky to search for transient and steady emission of TeV and multi TeV
gamma rays: in fact HAWC can detect gamma-rays up to very high energies of
several hundreds TeV. HAWC is a great survey instrument, since it continuously
observes almost 2/3 of the entire sky every sidereal day. Therefore, after the
first seven years of operation, several great scientific achievements have been
reached with HAWC, such as many new TeV gamma-ray emitters are now
detected, moreover known TeV gamma-ray sources can be studied in more
detail and up to higher energies. Some highlights of the most recent results are
presented.
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1 The High Altitude Water Cherenkov Observatory

HAWC is located between Sierra Negra (4640 m above sea level, a.s.l.) and Pico

de Orizaba (5636 m a.s.l.) at 4100 m a.s.l., at a latitude of +19 deg, covering

an area of almost 22000 m2 with water Cherenkov tanks. HAWC consists of an

array of 300 water tanks that detects particles created in atmospheric particles

showers, both electro-magnetic and hadronic cosmic-ray atmospheric showers:

each tank is 5 meters tall and is filled with 200000 liters of purified water.

In each tank the atmospheric showers particles produce Cherenkov radiation

which is detected by the photomultiplier tubes (PMT). HAWC operates days

and night at any weather conditions (which is a significant advantage when

comparing it with instruments in the same and in the adjacent energy band

such as the Imaging Atmospheric Cherenkov Telescopes), i.e. it does not have

limited duty cycle, with an instantaneous Field of View (FoV) of ∼ 2 Sr (i.e.

almost 15% of the entire sky). Therefore HAWC scans 2/3 of the sky every

24 hours to a depth of 1 Crab at 5σ; this deep sensitivity is crucial to study

both extended diffuse sources and transient events. HAWC is ∼15 times more

sensitive than the first generation water Cherenkov observatory such as Mi-

lagro experiment. HAWC registers 25000 cosmic rays per second, generating

∼2 Terabytes of data per day, every day, operating in a nominal energy range

between ∼300 GeV and ∼100 TeV. The operations with HAWC with a partial

array started in 2013, while HAWC array was completed in 2015. The official

inaguration was in March 2015. In 1) more information on the HAWC obser-

vatory, its operations, performances, air shower event data reconstruction can

be found.

Then, in 2017-2018 a hardware upgrade occurred; a sparse outrigger array

of 345 smaller (i.e. 1.65 meters tall, cotaining ∼2500 liters of purified water)

water Cherenkov detectors was added around the HAWC main array, extending

its detection area by a factor of ∼4, i.e. covering an area of ∼ 100000 m2. This

major hardware upgrade increases the sensitivity to the highest energy events

by determining the core position for showers that fall off the main array, i.e.

this low cost HAWC extension significantly improves its sensitivity above 10

TeV, e.g. at 50 TeV HAWC sensitivity increases by a factor 3-4. The outrigger

upgrade is described in details in 2).
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2 An improved reconstruction algorithm: Pass 5

Recently, the HAWC Collaboration underwent a major technical software up-

date. This collection of improved reconstruction algorithms is known as ”Pass

5”. The rest of this article uses results from Pass 5. While the vast majority of

previously published HAWC results were based on our previous, Pass 4, event

reconstruction 1), with the update to Pass 5, HAWC reconstruction algorithm

performance significant improved in several aspects:

• Improved gamma/hadron separation efficiency at all energies, especially

for high zenith angles and for larger events (which means at higher ener-

gies);

• Enhanced high zenith angle reconstruction which drastically improves the

high-energy pointing which leads to a much narrower Angular Resolution

which does not degrade at high zenith angles;

• Analysis extended to smaller (which means fewer PMTs hit) events with

a new methodology to identify and remove noise;

• Addressing the PMT saturation effect that was limiting HAWC effective

area at higher energies;

Pass 5 improved reconstruction algorithm is described in more details in 4);

Fig. 1. clearly shows some of its crucial consequences such as the astonishing

improvements in both significance (which implies a much more performant

gamma/hadron separation) and angular resolution.

The new Pass 5 reconstruction algorithm is used in all the recent results

shown in this article, as recently shown in 3) as well.

3 Solar Physics with HAWC

I start this brief review on the recent astrophysical results from the HAWC ex-

periment with the counterintuitive example about the possibility of performing

solar physics studies with HAWC.

Fermi-LAT detected GeV gamma-rays from the Sun up to ∼ 100 GeV.

A correlation of this emission to the solar cycle was determined: at the Solar

Minimum higher GeV gamma-ray flux was detected from the Sun and viceversa.

109



Figure 1: Comparison between the significance map of 1523 days of observations
of the Galactic Plane with Pass 4 (upper plot) and the significance map of 2090
days of observations of the same region with Pass 5 (lower plot). Fig. 3 shows
more details about the improved HAWC observations of the Galactic Plane.

Hence the emission mechanism seems rather clear and straightforward: CRs

hadrons interact with the Sun’s atmosphere producing the gamma-ray emission.

Therefore, at the Solar Maximum with a higher solar magnetic field, more CRs

are deflected and therefore the gamma-ray luminosity of the Sun is lower (and

viceversa).

However EAS detectors see the shadow of the Sun in the CR sky, e.g. 22)

, since the Sun is mainly a ”negative source“ at multi-TeV energies. Hence we

can detect the Sun in TeV and multi-TeV gamma rays simply subtracting from

the map the well known Sun’s shadow amplitude and shape. With HAWC we

can significantly detect (∼ 5.9σ) the Sun in VHE gamma-rays from the Sun

with the advent of Pass 5. Furthermore, as shown in Fig. 2, we can compare

the fluxes and spectra at the Solar Minimum and Maximum.

110



Figure 2: Preliminary gamma-ray map of the Sun showing the multi-TeV sig-
nificance after subtracting the Sun shadow. In the lower plots the significance
profile compared to the Sun shadow are shown. The preliminary peak signifi-
cance for the Solar Maximum is ∼ 3.5σ and for the Solar Minimum is ∼ 4.9σ,
respectively.

4 Pushing to the highest energies and consequences for the Galactic
science

Fig. 3 shows the preliminary HAWC significance map of the Galactic Plane

with our new Pass 5 event reconstruction algorithm. Because of the im-

proved gamma/hadron separation, e.g. as a comparison with the previous

HAWC Galactic Plane results 5), fainter gamma-ray sources are now clearly

detected. Moreover several large TeV gamma-ray extended sources, such as

HAWC J2227+610, are now disentangled in two or more sources, thanks to the
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upgraded angular resolution.

Figure 3: The preliminary HAWC significance map of the Galactic Plane in
Galactic coordinates with Pass 5 event reconstruction of 2090 days observa-
tions; the significance in standard deviations, σ, is represented in the color bar.
The red circles mark the Galactic Center region and V4641 Sgr.

In Fig. 3 the Galactic Center region and the newly discovered TeV mi-

croquasar V4641 Sgr (shortly described in the next sections) are highlighted.

At HAWC latitude, the Galactic Center transits with a minimum zenith angle

of 47 deg and now, with better reconstruction algorithms, we can study this

region with much higher accuracy: its energy spectrum is still under investi-

gation, however the preliminary results are compatible with H.E.S.S. energy

spectrum beyond 20 TeV.

Moreover, as underlined in the previous section, especially HAWC highest

energies bands are the one that benefit most from Pass 5 great improvements.

It is remarkable that, with the preliminary works using Pass 5, we can signifi-

cantly detect 20-30 gamma-ray sources above 56 TeV, which is a great results

when considering that 9 sources were detected in the same energy band us-

ing Pass 4, as published in 6). Most of these sources, which appear to be

mostly extended, are either Pulsar Wind Nebulae (PWN) systems and uniden-

tified Galactic gamma-ray sources, with the only exceptions of a Star Forming
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Region and a binary system. This is a remarkable result if we consider the

adjacent TeV band. In the last two decades more than 200 gamma-ray sources

have been detected at TeV energies using the recent generation of Imaging

Atmospheric Cherenkov Telescopes (IACTs, such as VERITAS, H.E.S.S. and

MAGIC) detected and ∼50% of the detected Galactic sources are still unidenti-

fied, i.e. they are not yet firmly identified. Now, with the advent of Pass 5, the

dominance in number of unidentified sources is even stronger in the adjacent

multi-TeV band: in fact ∼60% of the newly detected multi-TeV gamma-ray

sources are unidentified. In general, while on one hand the unidentified very

high energy gamma-ray sources can often be effectively described as relic PWNe

(especially the very high energy unidentified sources that lack of any lower en-

ergy plausible counterparts in particular in X-rays and at radio wavelengths,

the the so-called dark sources, can be realistically explained only as ancient

PWNe), e.g. 7) the hadronic scenarios generally encounter greater difficulties,

e.g. 8), in most of the cases evidenced by the lack of evidence of plausible

target material.

Pushing to higher energies both the tremendous improvements due to

Pass 5 and the dominance of the leptonic scenarios (PWNe and likely leptonic

unidetified sources) become more and more remarkable. While 3 gamma-ray

sources were detected with Pass 4 6), now, using Pass 5, we can preliminarily

detect 18 gamma-ray sources above 100 TeV and all of them seem to be either

PWNe or unidentified gamma-ray sources (most of these sources appear to

be extended as well). Finally, 4 gamma-ray sources are significantly detected

above 177 TeV for the first time with HAWC. These sources are 3 PWNe and

1 (candidate PWN) Unidentified gamma-ray source. This apparent predomi-

nance of leptonic accelerators in this energy band is a considerable preliminary

result from HAWC; in fact, at first sight, we notice a clear dominance of lep-

tonic accelerators in the highest HAWC energy bands, i.e. approaching the

so-called knee of Cosmic Ray (CR) spectrum at ∼1 PeV which is so crucial

for understanding the origin of cosmic rays. This could surprise when search-

ing CR accelerators within the so-called standard models, e.g. 9), and hence

searching for hadronic PeVatrons, however it should not because this result has

been widely anticipated and foreseen by two decades of IACTs observations.

Moreover previous HAWC studies clearly went in this direction: in order to

give a clear example, Fig. 3 of 6) describes the multi-TeV energy spectra of

113



the 3 above mentioned sources detected above 100 TeV with Pass 4 reconstruc-

tion algorithm (with the energy spectrum of the Crab Nebula as a reference):

as well in that case two of the sources are PWNe and the remaining one is an

unidentified (candidate PWN) source.

Speaking about PWNe systems, it is important to underline the new

HAWC discovery of a multi-TeV gamma-ray source which surrounds the radio-

quiet pulsar PSR J0359+5414, which exhibits a high spin-down power (Ė ≃
1.3 ×1036 erg s1). At a distance from us of 3.45 kpc, PSR J0359+5414 is

isolated and slightly off-set from the Galactic plane (∼1 deg). This pulsar has

been detected at GeV energies with Fermi-LAT, however no emission from this

region of the sky has been detected before in VHE TeV and multi-TeV gamma

rays, i.e. by any Extensive Air Shower (EAS) or IACT observatory. Moreover

an analysis of subthreshold HAWC data has shown that leptonic ultra-high-

energy emission is a universal feature around pulsars 33).

5 Where are hadronic Galactic PeVatrons?

Never the less, one of the most crucial questions for the CR origin still remains:

where are the hadronic Galactic PeVatrons? On this topic HAWC recent results

are outstanding as well.

5.1 The Boomerang region

The region around the pulsar PSR J2229+6114 and the supernovae remnant

(SNR) G106.3+2.7, which at radio wavelengths appears as comet-shaped source,

is generally known as the Boomerang region and it has been longly studied at

TeV energies, e.g. 10). With HAWC we detect a very bright multi-TeV

gamma-ray source in the Boomerang region 11) as well. Fig. 4 summarizes

recent HAWC observations of the region. The PWN formed by the relativistic

electrons and positrons accelerated by the high spin-down luminosity pulsar

PSR J2229+6114, is called Boomerang Nebula; this PWN is clearly visible

at radio wavelengths, in X-rays and gamma rays. Boomerang PWN is fully

contained in its SNR, G106.3+2.7. Hence, even if the source often is simply

considered as a PWN, e.g. 12), both hadronic and leptonic scenarios are

plausible, as mentioned in 11).

The joint VERITAS-HAWC energy spectrum is well fit by a pure power

law from 800 GeV to 180 TeV as shown in Fig. 2 of 11); therefore, in case of
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Figure 4: The preliminary significance
map of 1347 days of observations of
the Boomerang region with Pass 4; the
green contours refer to the DAME CO

survey 13) and the pink contours indi-
cate the 1.4 GHz continuum brightness
temperature from the Canadian Galac-

tic Plane Survey 14): the relevance of
both these multi-wavelength observa-
tions for this scientific case is described
in details in in 11).

Figure 5: The preliminary multi-
TeV significance map of the
Boomerang region with Pass 5
clearly indicates two distinct
gamma-ray sources.

hadronic accelereation, this will constrain the cutoff energy in the underlying

proton spectrum to be above 800 TeV. The advent of Pass 5 increases the plau-

sibility to study Boomerang region as a potential hadronic PeVatron: in fact

now the previously published HAWC source can be resolved into two distinct

sources, as shown in Fig. 5. Moreover, in the adjacent energy band, MAGIC

telescopes detect these two distinct sources of TeV gamma-rays as well 15).

• The Head Region (North West Source) which contains the pulsar and its

PWN; their presence would clearly suggest a leptonic scenario, i.e. the
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IC scattering of relativistic leptons accelerated by PSR J2229+6114 on

background photons

• The Tail Region (South East Source) seems instead spatially coincident

to the molecular cloud shown in Fig. 3; the presence of a dense molecular

cloud suggests hadronic scenarios to explain the gamma-ray emission.

5.2 LHAASO J2108+5157

LHAASO J2108+5157 was discovered in LHAASO-KM2A survey 16) up to 200

TeV. This intriguing source is located north of Cygnus region, 3 deg off-set from

the Galactic plane. LHAASO J2108+5157 is now significantly detected with

HAWC Pass 5 reconstruction algorithm as well; given its is spatial coincidence

with a giant molecular cloud, this intriguing source represents an ideal scientific

case for a plausible hadronic Pevatron as origin of the multi-TeV gamma-ray

emission. On the other hand, a relic PSR/PWN system, such as 7) or 8),

cannot be disproved so far and very recently it been suggested as a possible

explanation for LHAASO J2108+5157 in 17).

A joint HAWC - VERITAS analysis is undergoing. Notably the prelim-

inary HAWC (only) spectrum indicates harder and lower flux than seen by

LHAASO. It is relevant to mention here that moreover a harder spectrum

would likely strengthen a hadronic interpretation of the multi-TeV gamma-ray

emission, not only because hadronic models generally prefer harder spectra,

but also because a harder energy spectrum seems requested at lower energies

considering Fermi-LAT flux upper limits 16); moreover the lower energy up-

per limits described in 17) might impose very strong constraints on hadronic

scenarios of accelerated protons interacting with the giant molecular cloud.

5.3 HESS J1809-193

With HAWC we can detect another potential PeVatron candidate: HESS

J1809-193. As well as for the previous scientific cases, the TeV and multi-TeV

gamma-ray emission can be explained within several and competing scenarios:

• A PWN leptonic scenario can be assumed taking into account the quite

powerful Ė ≃ 1.8 ×1036 erg s1) 51 kyr pulsar PSR J1809-1917 which is

located close to the H.E.S.S. emission peak.
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• A hadronic PeVatron scenario can be considered due to the fact, that

several SNRs are indeed located in the region of HESS J1809-193. In

particular, the peak of the gamma-ray emission detected by H.E.S.S. is

spatially coincident with G11.0-0.0.

We notice good agreement between our preliminary spectrum and the H.E.S.S.

energy spectrum. Moreover, the combined spectral energy distribution (SED)

reaches an energy of up to 100 TeV and no significant sign of cutoff is found.

Notably LHAASO was not detecting multi-TeV gamma-rays from HESS J1809-

193, most probably because of the location of this VHE gamma-ray source at

the edge of the field of view of LHAASO.

6 Binary systems

Exceptional improvements with the new Pass 5 have been achieved for another

class of Galactic emitters: binary systems. With Pass 4, in 1523 days of HAWC

observations, significant emission was detected only in the case of SS 433 18),

while no other known high-mass microquasars were detected significantly 19).

With Pass 5 instead, multi-TeV gamma-rays could be detected with HAWC

from several binary systems.

6.1 LS 5039

The radio quiet binary system LS 5039 consists of massive O-type main-sequence

star and a compact object, which could be either a black hole or a pulsar. These

two objects orbit each other in an eccentric orbit every 3.9 days. LS 5039 is

located near the extended PWN HESS J1825-138, which has very bright TeV

gamma-ray emission. We could now disentangle the gamma-ray emission from

LS 5039 and HESS J1825-138 due to the mproved angular resolution. Fur-

thermore, the energy spectra of both high and low states of LS 5039 can be

studied.

More than a decade ago the H.E.S.S. collaboration separately studied the

high and low states of the LS 5039 energy spectra 20) defining two broad

phase intervals: INFC, encompassing inferior conjunction, and SUPC: superior

conjunction. The preliminary spectra extracted by HAWC data are in good

agreement with the spectra measured by H.E.S.S.
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6.2 SS 433

The discovery of VHE emission from the microquasar SS 433 was published in
19). This peculiar source is located nearby to the very bright and extended

gamma-ray source MGRO J1908+06.

The binary system SS 433 consist of a supergiant star that is overflowing

its Roche lobe with matter accreting onto a compact object (presumably a

black hole). Perpendicular to the line of sight, two jets of ionized matter can

be detected; moreover the SNR W50 is disorted by the jets which terminate

inside it. Both X-ray and gamma-ray emission could be detected from the lobes

of the jets. With Pass 4 analysis we could reach a marginal detection of the

lobes (i.e. 5.8 σ for the lobes simultaneously, below 5 σ for the lobes separately
19)), while with the advent of Pass 5, the lobes have been detected significantly

with 7 and 9 σ, respectively (see Fig. 6).

Figure 6: The preliminary significance map as measured by HAWC of the SS
433 region. The red X marks the location of the compact object. The black

contours illustrate the X-ray emission observed by ROSAT 33).
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6.3 V4641 Sgr

V4641 Sagittarii is a famous variable binary system located in the Sagittar-

ius constellation and now a newly discovered multi-TeV microquasar. V4641

Sgr exhibits one of the fastest superluminal jets known in our Galaxy. The

high velocity of the superluminal motion implies that a jet is pointing towards

us, moreover this is in line with the very small angular size of the radio jet
21). V4641 Sgr is observed at high zenith angle (∼45 deg) with HAWC and a

significant 9.7 σ with Pass 5 detection was obtained with Pass 5.

Figure 7: Preliminary significance
map of V4641 Sgr.

Figure 8: September 16.027 UT
image of V4641 Sgr at 4.9 GHz
with peak at 0.248 Jy, contouring at
±2n/2× 0.005 Jy for n = −1, 1, 2, ...

from 21)

.

7 Extragalactic astrophysics with HAWC

With of Pass 5 updated algorithms, there are significant improvements for

extragalactic astrophysics as well; in fact after monitoring Mrk 421 and Mrk

501 for several years, now three Active Galactic Nuclei (AGN) are significantly

detected with HAWC:

• M87 is classified as a giant Fanaroff−Riley I radio galaxy and is the

central dominant galaxy of the Virgo Cluster; hence M87 and its central
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supermassive black hole (SMBH) M87⋆ are one of the best studied AGN

in the whole sky at every wavelengths. E.g., in fact the radio galaxy

Messier 87 was one of the best candidate to localize the origin of the

VHE particle acceleration in the immediate vicinity of the black hole
34) and the shadow of M87⋆ was the first imaged by the Event Horizon

Telescope 35). After the marginal detection at multi-TeV gamma-rays
36), with Pass 5 M87 is significantly detected with HAWC at ∼ 6σ level

(TS= 35.7).

• 1ES 1215+303, also known as ON 325, is a high synchrotron peaking BL

Lac object and has been already observed by IACTs at VHE TeV gamma-

rays 37). Now 1ES 1215+303 is significantly detected with HAWC at

∼ 6.7σ level (TS= 45.2) and its preliminary spectral energy distribution

is compatible with VERITAS spectra 38).

• VER J0521+211 represents a peculiar case of discovery of a BL Lac-type

blazar triggered by VHE observations 39); with Pass 5, VER J0521+211

is marginally detected with HAWC at > 4σ level (TS= 18.2). Preliminary

HAWC energy spectrum exhibits lower fluxes than VERITAS 40).

8 Final remarks

Additionally to the recent results described in this proceedings paper (i.e. the

serach for hadronic Pevatrons, VHE Pulsar Wind Nebulae, Galactic Center,

Solar Physics, Active Galactic Nuclei, Binary Systems and Microquasars), there

are several other HAWC recent results, such as:

• Cosmic Rays studies: in 23) we presented our H + He energy spectrum

and now we exam the ”all particle“ 24) energy spectrum with Pass 5

• Dark Matter studies: upper limits on possible Dark Matter contributions

have been determined for dwarf galaxies 25), the Andromeda galaxy 26)

and the Galactic Halo 27).

• Fundamental Physics: e.g. constraints on the Lorentz invariance viola-

tions 28).

• Multimessenger activities: crucial for e.g. gamma-ray counterparts of

gravitational waves (GW), e.g. 29), and neutrino events, e.g. 30).
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• Geophysics with HAWC: in fact HAWC was recently used to trace large

atmospheric transient waves as created by the explosion of the Hunga

volcano 31).
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Abstract

The Southern Wide-field Gamma-ray Observatory (SWGO) is the Collabora-
tion to build a new extensive air shower array in South America for the ob-
servation of very- to ultra-high-energy gamma-rays, and is currently engaged
in the design and prototyping work towards the realisation of this future facil-
ity. SWGO will use an array of water-Cherenkov-based particle detectors to
provide a wide field and high duty cycle view of the southern sky, complement-
ing CTA and the existing particle arrays of the Northern Hemisphere, such as
HAWC and LHAASO. Towards the lower energies, SWGO aims to push the
observational range of wide-field ground-based gamma-ray facilities down to a
few hundred GeV, thus bridging the gap with space-based instruments in the
monitoring of the VHE sky. In this contribution, I will provide an overview
of the status of the project and plans for the future, including performance
expectations and science goals, as well as ongoing activities towards the site
search and technological developments.
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1 A wide-field gamma-ray observatory in the south

Astrophysics’ most extreme accelerators can be effectively probed with ground-

based gamma-ray facilities, which provide a diagnosis of the high-energy pro-

cesses ongoing in the sources. Both cosmic rays and gamma-rays initiate ex-

tensive air showers (EASs) in the atmosphere, consisting of a large number of

secondary relativistic particles that can be measured by terrestrial detectors

using a variety of experimental techniques. These particles create Cherenkov

light that can be imaged from the ground using telescopes with large reflective

surfaces – the imaging atmospheric Cherenkov technique, IACT. The secondary

particles distribution can also be directly measured at ground-level using par-

ticle detectors. Together, these observational approaches cover a wide range of

energies, from about 30 GeV to a few PeV.

The advantage of the air-Cherenkov method is that light can be detected

over the entire shower development, thus exploiting the whole atmosphere as

calorimeter. Due to the large number of Cherenkov photons emitted, energy

resolutions of the order of 15% are typically achieved. The air-Cherenkov pulses

are short close to the shower core (order of 10 ns), allowing to achieve a good

angular resolution of 0.1○ over a wide energy range. Furthermore, most of the

emitted light in the optical range (mainly blue) reaches the ground with only

little absorption, so that the energy threshold is lower compared to the particle

detection technique, which requires the charged secondary particles to have

sufficient energy to reach observation level.

The conventional extensive air shower (EAS) array is a particle sampler

that measures the secondary particles of the shower front reaching the ground.

Many technologies can be applied to such purpose, the most common ones

employing water-Cherenkov detectors (WCD) or scintillator units. From the

basic working principle of these technologies, it results that particle samplers

operate as transit observatories with continuous duty cycle and a wide field-of-

view (FoV) of ≳ sr. Such detectors also have typically high energy thresholds,

since only the most energetic showers penetrate deep enough in the atmosphere

to produce measurable signals from charged particles or secondary high-energy

photons at ground level. One of the principal advantages of the particle de-

tection technique is the possibility of directly measuring the muon component

of the EAS, which allows for effective background rejection and operation into

the ultra-high energy range, above several tens of TeV.
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The differences between air-Cherenkov detectors and ground particle ar-

rays highlight the importance that both types of instruments be operated in

synergy. To ensure an adequate global latitude-longitude coverage with both

experimental approaches is therefore one of the main objectives of the field

for the near future. From the side of ground particle arrays, this means the

installation of the first instrument of its kind in the southern hemisphere.

High-altitude EAS arrays have recently opened-up a new observational

window in Astronomy, significantly increasing the number of detected gamma-

ray sources in the very- to ultra-high energy domain (VHE to UHE) 1). In par-

ticular, these instruments have been successful in detecting very extended emis-

sion around bright sources 2), and achieved unprecedented sensitivity above 100

TeV, detecting the first Galactic sources up to the PeV 3). These remarkable

results have all been obtained in the Northern sky, increasing the expectations

towards the development of a new instrument in the South, from where most of

the Galaxy is visible, and many prominent targets such as the Galactic Center

and the Fermi Bubbles can be accessed. Other primary targets, which would

benefit from an all-sky coverage for the monitoring and triggering of transient

sources, and which motivate an improved sensitivity below 1 TeV, are Active

Galactic Nuclei (AGN) and Gamma-ray Bursts (GRBs), as recently demon-

strated by LHAASO 4).
2 Status of the SWGO Collaboration

SWGO is an international collaboration for the planning and design of a ma-

jor ground-based gamma-ray observatory in the Andes. It resulted from the

joint effort between members of two initiatives targeting the construction of a

wide-field air shower array in the Southern Hemisphere, namely the SGSO Al-

liance 5) and the LATTES Project 6). Today, SWGO is a strong international

collaboration with over 60 institutes distributed in 14 countries, numbering

almost 200 scientists, which bring together the experience of previous experi-

ments such as the Pierre Auger Observatory, HAWC, and LHAASO. A large

contingent of the participating scientists are from Latin America.

The observatory proposal consists on a baseline design 7) that would sig-

nificantly increase the effective area of the observatory with respect that of

HAWC, and lower its detection energy threshold, through a combination of a

high fill factor core array (well above 50%, within an area of sim 104−5 m2)
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and installation at higher elevation site, near 5 km above sea level. Another

main objective of the Collaboration’s research programme is to improve the

background rejection power by, e.g. cost-effective solutions to the identifica-

tion of muons at individual detector units. In order to achieve greater energy

sensitivity for PeVatron searches, the proposal also involves complementing the

core detector with a large sparse array, of up to 1 km2.

3 Research and Development for SWGO

The SWGO Collaboration is currently in the research and development stage

of the project, which seeks to provide a complete plan for the building and

operation of the future gamma-ray facility. Following the considerations pre-

sented above, the baseline design that will guide the R&D of the observatory

consists of:

• a ground-level particle detector array with duty cycle close to 100% and

order steradian field of view, to be installed in South America above 4.4

km altitude, between latitudes -30○ and -15○.
• to cover a broad energy range, from about 100 GeV to over 100 TeV, and

possibly extending up to the PeV scale.

• to be based mostly on water Cherenkov detector units, consisting on

a high fill-factor core with an area far greater than that of HAWC and

significantly superior sensitivity, surrounded by a low-density outer array.

3.1 General Progress Status

The reference configuration presented in 7) guides the SWGO R&D programme,

and serves as baseline for the array design optimisation and detector technol-

ogy options. Table 1 describes the key characteristics of this reference array

configuration, which is composed of an outer array with at least 800 detectors

placed 16 meters apart from each other, surrounding a core array with circa

5,700 water tanks arranged in a compact regular grid.

There are two primary choices being investigated for the water-Cherenkov

detector (WCD) units, with the core and outer arrays sharing the same fun-

damental unit design. The first is a double-layer cylindrical tank with 3.8 m

diameter and top and lower heights of 2.5 m and 0.5 m, respectively 8, 9). The
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Table 1: SWGO reference configuration. Two WCD unit options are listed.

Component Parameter Reference design

Core Array Geometry 160 m radius circle = 80,400 m2

Fill Factor ≈ 80%, ∼ 5,700 units
Outer Array Geometry at least 300 m outer radius = 202,200 m2

Fill Factor ≈ 5%, ∼ 880 units
WCD units Double-layer ∅ 3.8 m; 0.5 m (bottom) + 2.5 m (top) height

Multi-PMT ∅ 3.8 m; 2.75 m height
Photodetectors Option Large-area 8” PMT

Geometry Central up/downward facing or 3-pt star (+)
Electronics Requirement Nano-second inter-cell timing
Reference
Site

Altitude 4,700 m a.sl.

upper layer of the WCD is used for calorimetry of the electromagnetic shower

component, whereas the bottom layer is mostly used for muon tagging. A

single, large-area PMT is placed centrally in each layer. Deployment in an ar-

tificial pond or a natural lake is being investigated to increase shielding against

laterally penetrating particles. The second alternative is a multi-PMT, shallow

WCD tank, with diameter of 3.8 m and a height of 1.75 m, which aims to iden-

tify the passage of muons by means of the asymmetrical illumination of three

upward-facing PMTs placed at its base 10).
Project R&D is anticipated to be concluded in 2024, along with the choice

of the installation site. It should be followed by a Preparatory Phase for fi-

nalisation of the engineering array and identification of resources, aiming at a

start of observatory construction in as early as 2026.

Site shortlisting and candidate configurations for optimisation simulations

have just been concluded. The final array and detector unit configuration

will be optmised based on scientific performance, following a series of science

benchmarks that have been defined according to the core science cases chosen

for the observatory 11). The detailed plans for construction and operations of

the SWGO observatory will be consolidated into a Conceptual Design Report,

to be delivered at the end of R&D.
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3.2 Candidate site investigations

The site selection process for SWGO was separated in a three-step process

consisting on candidate sites identification, site shortlisting and final selection

of primary and backup site for the observatory installation. Site shortlisting

has just been completed at Q3 2022.

Two fundamental site requirements can be derived from the basic con-

cept of sampling the shower front: that of a large flat available area (i.e., for an

extended array with a good fraction of instrumented surface) and the require-

ment of high altitude installation sites, both of which are necessary to achieve

satisfactory shower reconstruction and overall performance.

As a result of its Southern Hemisphere location, SWGO will be able to

fully exploit the synergies with CTA, while extending the range of Northern

wide-field installations like LHAASO, for an all-sky coverage. SWGO is there-

fore anticipated to be deployed at a latitude range between -15○ and -30○, in

order to maximize the exposure to galactic sources, and in particular the Galac-

tic Center (δ = −28.9○), and to concurrently optimize overlap with LHAASO.

This criteria, together with the altitude restrictions, for which a location above

4.4 km a.s.l. is desirable, leaves the Andes, in South America, as the only

possible choice for sites.

Preliminary site identification studies have found suitable options in Ar-

gentina, Bolivia, Chile, and Peru, each of which has unique qualities and more

closely matches some of the alternatives for the array design or detector technol-

ogy under consideration. Table 2 indicates the preferred and back-up sites, as

defined after the shortlisting process. Preferred sites will now undergo in-depth

studies towards final site selection. Generally speaking, the biggest elements

under consideration to a final choice are water access, of which ∼ 105 m3 will

be required, flatness over a large available area of at least 1 km2, and general

availability of local infrastructure and quality of site accessibility 12).
4 Detector Development Options

As seen in the Figure 1, various technological options are being investigated

for the individual WCD units 13). In particular, two mechanical concepts are

being considered: bladders installed in surface tanks, which can be made of

metal as in HAWC or rotomolded plastic as in the Pierre Auger Observatory;
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Table 2: SWGO candidate sites.

Country Site Name Latitude Altitude Notes
[m a.s.l.]

Argentina Alto Tocomar 24.19 S 4,430
Cerro Vecar 24.19 S 4,800 Primary

Bolivia Chacaltaya 16.23 S 4,740

Chile Pajonales 22.57 S 4,600
Pampa La Bola 22.56 S 4,770 Primary

Peru Imata 15.50 S 4,450
Sibinacocha 13.51 S 4,900 Lake site
Yanque 15.44S 4,800 Primary

and floating bladders deployed directly into a natural lake 14) or an artificial

pool.

The capability to discriminate between gamma and CR-induced air show-

ers is the fundamental element of the technique, essential to achieve good sen-

sitivity. Above several TeV, gamma/hadron discrimination can be greatly im-

proved by exploring the low muon content of gamma-ray induced air-showers,

using muon detection as a veto to suppress the CR background. At lower ener-

gies, cosmic-ray showers are muon-poor, so that gamma/hadron discrimination

must be based on the distribution of particles at ground. Here, one relies on

the observable differences in the structure of secondary particles at ground,

which depends on the nature of the EAS-initiating particle and, in the case of

hadronic cascades, present pronounced sub-structures from the decay of neu-

tral pions. In both cases, a good sampling of the shower front, by means of

sufficient array fill-factors, is essential.

Two methods are under evaluation to identify muons within the indi-

vidual detector units: the dual-layer WCD, with a gamma-hadron separation

technique based on the use of vertical segmentation to identify energetic muons

(of typically a few GeV) that reach the bottom layer detector 8, 9); and the

use of shallow, multi-channel WCDs 10), which would distinguish muons from

electromagnetic particles based on the rise times of the signals and the charge

asymmetry between the PMTs. Additionally, new analysis techniques are be-

ing researched 15, 16). Figure 2 shows an schematic depiction of the different
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Figure 1: SWGO detector components and main options under study 13).
WCD unit configurations under consideration in the array simulations.

5 Analysis and simulations for array configuration

The definition of a baseline configuration for the array layout and detector unit

design, as presented earlier, serves as the basis for performance evaluation and

project development during the R&D phase. Further investigation into array

configuration options is then guided by a set of predetermined quantitative

scientific benchmarks designed to evaluate observatory performance 11). The

phase space under study is bracketed by the set of configurations shown in

Figure 3.

The fundamental design elements to consider are the overall array area,

fill factor, and site elevation. The effective area, gamma/hadron discrimination

efficiency, and the angular resolution, over a target energy range, will be the

main quantities considered in evaluating the performance of the array.

The key array configuration trade-offs (at a fixed cost) are anticipated to

play out between the performance at low energies (>1 TeV), dependent largely

on site elevation, fill factor, and detector unit threshold, and at high energies

(>100 TeV), driven by the total area of the array and the background rejection

efficiency. As already mentioned, a crucial component of the study will be

the capability to distinguish between air showers started by cosmic rays and

gammas over the entire energy range of operations.

Simulation work is currently ongoing 17) to assess the performance of
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Figure 2: SWGO water-Cherenkov detector unit configurations under study.

the different array designs and detector choices. In terms of array sensitivity

to point sources, the phase space bracketed by the options under investigation

are shown in Figure 4. The Array A1 configuration in Figure 3 serves as the

minimal configuration stated in Table 1, which establishes the performance

baseline. In general, decreasing the threshold for individual units and deploy-

ment at higher altitude locations can reduce the gamma-ray energy detection

threshold. Gains in overall sensitivity will result from improvements in angular

resolution and background rejection. The size of the external array and the

background rejection efficiency at UHE, which scales with the total available

muon detection area, will determine the amount of energy increase reported

over 100 TeV.

The optimisation work is being carried out at predetermined altitudes,

between 4.1 and 5.2 km, for a same observatory site and magnetic field, and

for a fixed estimated total array cost.

6 Science perspectives

The key scientific topics that the SWGO Collaboration plans to focus on, some

of which are unique to facilities in the Southern Hemisphere, include:
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Figure 3: Illustration of the range of array configuration options currently under
investigation by the SWGO Collaboration. The baseline array configuration
described in Table 1 refers to option A1 of Figure 2. Image Credits: The
SWGO Collaboration.

• At lower energies, <1 TeV, transient sources are the main goal, making

use of the observatory’s wide field of view and nearly constant duty cy-

cle to serve as a complementary monitoring and triggering tool for CTA.

The primary scientific objectives are gamma-ray bursts (GRBs) and ac-

tive galactic nuclei (AGN), which are also the potential multi-messenger

counterparts of gravitational waves and VHE neutrinos, respectively.

• At the high-energy end of the spectrum, >100 TeV, the search for PeVa-

trons, the purported sources responsible for the acceleration of the most

energetic cosmic ray particles of the Galaxy, dominates the scientific ob-

jectives.

• Deep searches for Dark Matter signals up to 100 TeV are possible thanks

to access to the Galactic Center and Halo, covering the entire energy

range of WIMP models.

• The improvement in angular resolution at energies higher than a few
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Figure 4: Phase-space explored for SWGO. The orange bracketed phase-space is

compared to the differential point-source sensitivity of various experiments 17).
The ”baseline” curve refers to the reference configuration, equivalent to array
A1. The lower limit of the orange band corresponds to a factor of 30% im-
provement in the PSF and a factor of 10× improvement in background rejec-
tion efficiency. The size of the outer array is the main parameter driving the
high-energy enhancement.

tens of TeV will be useful for the study of galactic diffuse emission and

extended sources, like PWNe and TeV Halos.

• The accurate measurement of the muon content in hadronic showers will

be made possible by the effective single-muon detection capability of de-

tector units, allowing for studies of mass-resolved cosmic rays from tens

of TeV to the PeV scale.

7 Conclusions and Outlook

Significant work has already been made toward the final SWGO design, and the

prospects from the current stage of the R&D phase point to an instrument of
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exceptional performance to be realized in the Andes within this decade. Over

the next year we will apply the science benchmarks describing the key science

goals of SWGO, to evaluate the trade-offs associated with the various detector

unit and array design options under investigation, in order to deliver SWGO

as the most valuable tool across a wide range of key scientific areas.

Once ready, SWGO will be a powerful complement to CTA, and the

combined SWGO and LHAASO data will provide crucial full-sky coverage for

population studies, mapping of the diffuse emission of the Galaxy, measurement

of cosmic ray anisotropy, and monitoring of the VHE to UHE transient sky.

Alongside the array and detector options evaluations, prototype detector units

are being developed at member institutions around the globe, and prepared for

deployment and testing at candidate sites over the course of the next several

months. At the end of 2023, or early in 2024, all these work fronts are expected

to converge towards the final site-detector option definition for SWGO. This

will mark the conclusion of the project R&D, and give way to the building of

an engineering array for final design optimisation.
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Sapienza Università di Roma and Istituto Nazionale di Fisica Nucleare

Piazzale Aldo Moro 5, 00185, Roma, Italy

Abstract

Since its discovery more than hundred years ago, the origin of the cosmic-ray
(CR) flux measured at Earth still remains unknown. To explain the energy
region up the knee, located at few PeVs, supernova remnants (SNRs) are usu-
ally addressed as main CR accelerators. Despite experimental efforts devoted
to the identification of PeV activity in SNRs through the search for radiative
signatures at the highest energies, the PeVatron capabilities of SNRs are yet
to be confirmed. Recently, renewed interest was raised towards Massive Star
Clusters (MSCs) as an alternative candidate (perhaps major) class of PeVa-
trons, after the detection of gamma rays from some of such objects both in our
Galaxy and in the Large Magellanic Cloud. In this contribution, I will discuss
the physics of acceleration, propagation and radiation of high-energy particles
in SNRs and MSCs.
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1 Introduction

The standard paradigm for the origin of Galactic CRs assumes SNRs as main

contributors of the particle flux 1), though still nowadays it remains unclear

what is the maximum energy that these sources would be able to produce.

In these regards, spectral and composition measurements of CRs are key to

discriminate among different possible scenarios and build up a consistent as-

trophysical framework to explain their origin. The Occam’s razor attributes to

a unique source population the bulk of the CRs, given the featureless extension

of their spectrum from some tens of GeV up to few PeVs: the most grounded

scenario explains acceleration of particles up to knee energies with SNR shocks.

Despite many experimental efforts, the exact location of the CR-knee for in-

dividual mass species is still a matter of debate: measurements from the last

generation of Extensive Air Shower (EAS) array experiments, as KASCADE,

indicated an all-particle knee at around 3 PeV, where the steepening seems to

result from the light component of the CR flux, namely protons and He nu-

clei 2). Observations by high-altitude experiments are in principle less affected

by statistical fluctuations of the number of particles in the shower, being closer

to the shower maximum: ARGO, for instance, has confirmed the energy of the

all-particle knee, while providing indication for lower values of the proton spec-

tral break, around 700 TeV 3). Mass measurements across the knee region,

despite being dependent on hadronic interaction models, seem to indicate a

mixed composition of the CR spectrum, being dominated by protons at PeV

energies, and progressively by heavier nuclei 4). This result implies that the

CR spectrum depends on the particle rigidity1: according to the Peters cycle 5)

then, if the proton maximum rigidity is found at Rp,max, for heavier nuclei the

maximum energy allowed would correspond to Emax = ZeRp,max. As protons

represent the dominant particles in CRs, at least at the lowest energies, the

value of Rp,max has a strong impact on the resulting CR spectrum. It hence

appears of paramount importance to determine the knee location for individ-

ual mass components. A more accurate and improved knowledge about these

issues is expected to be achieved in the next years 6), thanks to the operations

1Rigidity is defined as R = pc/(Ze), p being the particle momentum, Ze the
nucleus electric charge in terms of atomic number Z and elementary charge e,
while c is the in-vacuum speed of light.
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of the high-altitude experiment LHAASO 7), that with a km2 effective area at

PeV energies configures as the most sensitive particle shower detector available

to date. Measuring the exact location of the proton component is also crucial

in the context of theoretical modelling, as to constrain the physical processes

operating at the accelerators, particularly their domain of application and their

limits.

This contribution is organized as it follows: in sec.2 I will introduce the ortho-

doxy, describing in details the view that places acceleration at SNR shocks at

the origin of the Galactic CR flux and its main limitations. In fact, it is not

guaranteed at all that particle acceleration at SNR shocks proceeds up to the

PeV, as this would require the presence of sustained Magnetic Field Amplifi-

cation (MFA) in the shock upstream, which is not necessarily the case for all

SNRs. Alternative candidate PeVatron sources have been suggested through

the years: in sec.3 MSCs are discussed, in terms of both compact and loose

clusters, with a focus on the particle maximum energy that these sources are

expected to provide and to the CR composition that would hence result. While

we are still far from reaching a unified consistent picture, observations are be-

coming richer and richer: thus, in sec.4, I will report and comment on recent

detections of PeVatrons in our Galaxy. Finally, conclusions are provided in

sec.5.

2 Supernova Remnants

The pillars of the SNR paradigm for the origin of Galactic CRs have been

formulated during the XXth century, starting as early as in 1934 8), when it

became clear that a rate of 3 SuperNovae (SNe) per century, as expected in

our Galaxy, characterised by a standard value for the released kinetic energy

of 1051 erg and a 10% conversion efficiency into non-thermal particles, would

suffice to explain the power embedded in the CR flux. Additionally, the super-

sonic blast wave emitted by the SN explosion constitutes an ideal location where

particle acceleration can take place: the Diffusive Shock Acceleration (DSA),

a special case of the I-order Fermi process, provides a possible mechanism op-

erating at shocks 9) (the reader is deferred to 10) for a complete review on

the topic). The powerfulness of this theory resides in the fact that the particle

energy gain is found to be independent of the microphysics of the acceleration

process, namely from the source of particle scattering. Additionally, DSA is
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by construction rigidity-dependent, hence it naturally explain the second-knee,

namely the CR spectral feature observed at ' 2 × 1017 eV, often interpreted

as the Iron knee occurring at 26 times higher energy than proton knee. How-

ever, the simplest model of DSA, also so-called test-particle approach, fails to

reproduce the PeV energies required to explain the CR knee. In fact, simply

imposing the Hillas criterion2 one obtains for the particle maximum energy:

Emax = vsRsBup (1)

Rs and vs being respectively the shock radius and speed, while Bup the value for

the upstream magnetic field, which is responsible for the particle confinement.

This condition is suitable for protons, which are not expected to be limited

by energy losses, in contrast to electrons, for which magnetic and radiation

fields affect in a crucial way the evolution of their maximum energy 15). Note

that the Hillas criterion reflects a hard upper limits on the maximum energy

achievable: in fact, it is not a sufficient condition for acceleration to occur, as

what is needed is actually enough time for the turbulence to grow up to the

scale of the Larmor radius of the highest energy particles. For characteristic

values of these quantities in SNRs, e.g. vs ' 3 × 103 km/s, Rs ' 10 pc and

Bup ' 10 mG, values of the order of Emax ' 100 TeV can at most be achieved.

It is therefore evident that, in order to push the proton maximum energy to the

PeV frontier, significant MFA occurring upstream of the shock is necessary.

A possible solution is represented by the fact that the accelerated particles

themselves can amplify the magnetic field at shocks during the acceleration

process via various plasma instabilities, and consequently the magnetic field

strength at SNR shocks might increase as to allow the acceleration of parti-

cles up to PeV energies and beyond. Signatures of amplified magnetic fields

are inferred from the observed narrow filaments of non-thermal X-ray emission

in several young SNRs, the most striking evidence being in Tycho. Resonant

and non-resonant streaming instabilities 12, 13) (RSI and NRSI respectively)

have been suggested as natural and effective mechanisms for MFA, the former

being induced by spatial gradients of the particle distribution function, while

the latter by the current of escaping CRs from the shock upstream.

Particle escape is one of the least understood pieces of DSA theory. While its

2This condition is necessary for particle acceleration to proceed, requiring
the particle Larmor radius to be smaller than the accelerator size.
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relevance is manyfold, as the flux of escaping particles plays an essential role

both to achieve PeV energies, as well as in the formation of the Galactic CR

flux detected at Earth, the escape process has not yet been consistently inte-

grated within the framework of DSA. If there were no escape from upstream,

all particles accelerated in an SNR would be advected downstream and un-

dergo severe adiabatic energy losses before being injected into the InterStellar

Medium (ISM): in this case, the requirements to reach PeV energies would be

even more severe than they already are from eq.1. In acting as a depletion

process with respect to the energetic balance of SNRs, the escape process is

also fundamental in shaping the spectra of secondary particles resulting from

the hadronic collisions of the energised particles. In fact, gamma-ray spectral

observations indicate that no SNR has differential energy distribution resem-

bling the dN/dE ∝ E−2, as expected from linear DSA theory, showing rather

steep spectra and energy breaks that evolve with the system age, being typi-

cally lower for more evolved systems. Both these observations can be reconciled

by taking into considerations the escape process: in particular, energy breaks

would be produced as a result of the maximum energy that the shock would

be able to confine at the given age of the system. After the Sedov time tSed, in

fact, Emax(t) is expected to behave as a decreasing function of time because of

the shock deceleration during this stage, that would consequently become less

effective in generating magnetic turbulence (both RSI and NRSI), and hence

in the particle confinement. A phenomenological description of such a behav-

ior was adopted e.g. in 14, 15), where a simplified power law behavior was

assumed for the maximum momentum of protons confined by the shock, as:

pmax(t) = pM

(
t

tSed

)−δ
(2)

pM being achieved at the Sedov time, and δ a parameter embedding the un-

known evolution of magnetic turbulence, to be inferred from observations. The

impact of assuming eq.2 on the spectrum of protons from the region inside of

a standard SNR is shown in the left panel of fig.1: an energy break is visible

in the emerging spectra, corresponding to the maximum energy of confined

particles at the age of the accelerator. The computation was performed with

standard assumptions, i.e. SNR age of 104 yr, expanding into a uniform envi-

ronment with numeric density n = 1 cm−3. The acceleration spectrum was set

to f(p) ∝ p−4, as demonstrated by the slope below the energy break, which
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is produced by the particles confined inside the shock, namely those that are

still subject to advection and adiabatic losses. Above the break, instead, the

spectrum does not fall abruptly, it rather steepens because of the contribu-

tion from the escaping particles, that despite being formally detached from

the shock are still located in the remnant region. The amount and the dura-

tion of this confinement will clearly depend on the value of diffusion coefficient

operating in that region: the figure was obtain under the assumption of a ho-

mogeneous diffusion coefficient with Kolmogorov spectrum and normalization

equal to 1027 cm2/s at 10 GeV, which is about a factor 10 smaller than the

average Galactic value. A suppression of diffusion coefficient with respect to

the Galactic one, that is computed over propagation timescales of several Myr,

is expected to be realized in highly-turbulent environments, as around the ac-

celerators themselves. Such an effect has indeed been observed around Pulsar

Wind Nebulae (PWNe), as Monogem and Geminga 16).

In this scenario, the steep gamma-ray spectra observed in many middle-aged

SNRs would be the result of hadronic interactions of both confined and escap-

ing particles: the right panel of fig.1 shows gamma-ray fluxes resulting from

proton-proton collisions inside the SNR shock among confined and escaping

particles scattering off target gas. For the purpose of calculations, the SNR

was located at a distance of d = 1 kpc. Note that the hadronic interpre-

tation of the origin of the radiation from some middle-aged SNRs, as IC443

and W44, is also testified by the detection of the so-called pion-bump3 spec-

tral feature 17). Proton-proton collisions in these systems are expected to be

boosted also because of the fact that these SNRs are interacting with complex

molecular cloud systems. Middle-aged SNRs have hence been considered in the

context of the present modelling of particle escape, as shown in fig.2: broad-

band gamma-ray fluxes observed from IC443 and W51C could be reproduced

under reasonable assumptions for the particle acceleration (both spectrum and

efficiency), as well as diffusion. In both cases, it is evident that the possible

past PeV activity of the sources can only be probed with observations from

more sensitive instruments in the energy band beyond 100 TeV gamma rays,

3Such a feature corresponds to a drop in the spectrum of secondary gamma
rays produced in the hadronic decay of the neutral pion: the drop is related to
the threshold condition for the pion production, i.e. when the meson results at
rest in the center of mass frame.
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Figure 1: Particle escape modelling in a middle-aged SNR with age 104 yr,
expanding into a uniform environment with numeric density n = 1 cm−3. In
both panels, the acceleration spectrum has been set to f(p) ∝ p−4, while ho-
mogeneous diffusion coefficient is considered with Kolmogorov spectrum and
normalization equal to 1027 cm2/s at 10 GeV. The maximum momentum tem-
poral dependence has been parametrized according to eq. 2, with pM = 1 PeV/c
and δ as indicated in the legend. Left: Spectra of protons from inside the SNR.
Right: Gamma-ray fluxes from hadronic collisions occurring inside the SNR,
located at a distance of d = 1 kpc. Dashed lines for confined particles, dotted

for escaping ones, solid for their total contribution. Figures from 14).

as LHAASO and CTA. A consistent scenario should however be built to repro-

duce emissions from all messengers possibly resulting from pp collisions 19),

including e.g. synchrotron emission from secondary electrons and neutrinos.

The time-integrated history of the particle escaping flux will reflect on

the CR spectrum observed at Earth: in the context of SNRs, it seems now

well established that the slope of relativistic CRs injected into the ISM is the

same as at acceleration stage for spectra steeper than p−4, while it is exactly

p−4 in the case of linear DSA or harder 20, 21, 14). This spectrum has to be

folded with transport across the Galaxy to compare with observations. The

CR steepness observed at Earth can be reconciled only in the context of steep

acceleration spectra, which are an inevitable consequence of the MFA required

to get to PeV energies: in the energy transfer towards magnetic waves, the

particle spectrum gets depleted in the number of particles.

Particularly in the early stages of an SNR evolution, namely at the transition

to the Sedov phase, it is indeed the flux of escaping particles that drives NR-

SIs, that in turn lead to the formation of resonant modes, capable of particle

confinement. Even in the non-linear DSA regime, computations show that only
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Figure 2: Gamma-ray fluxes from known SNRs compared with escape mod-

elling from 14). Left: IC443, assumed with age 15 ky and distance 1.5 kpc,
acceleration spectrum f(p) ∝ p−4, upstream density n = 10 cm−3 and Kol-
mogorov diffusion coefficient normalized to 1027 cm2/s at 10 GeV: the resulting
modelling requires CR acceleration efficiency of 2%. Right: W51C, assumed
with age 30 ky and distance 5.4 kpc, acceleration spectrum f(p) ∝ p−4.3, up-
stream density n = 10 cm−3 and Kolmogorov diffusion coefficient normalized
to 3× 1026 cm2/s at 10 GeV: the resulting modelling requires CR acceleration

efficiency of 12-15%. Figures from 18).

particular SNRs can achieve maximum energies in the knee range, i.e. those

characterised by fast shocks expanding in highly dense environments 21, 22),

e.g. the wind of a red-supergiant (RSG) progenitor. In other words, a sub-class

of potential PeVatrons is constituted by powerful and rare (1/104 yr) type II

remnants, namely young SNRs with ESN > 5× 1051 erg and small ejecta mass

(few solar masses), evolving into dense stellar winds (with high mass loss rates

and slow wind velocities). Despite being an attracting possibility, the short

duration of the PeVatron stage 23) dramatically reduces the observational con-

straints in terms of high-energy detectable emission from the remnant itself.

In such a case, to identify PeVatrons it might result more promising to look at

radiative signatures from gas clouds located outside (but sufficiently nearby)

the remnant, illuminated by the escaping CR flux 24, 25).

To summarize, the capability of SNRs to act as PeVatrons has not yet been

proven: no historical SNR seems to be acting right now as a PeV hadronic

source. A possibility remains that SNRs provide the energetics to sustain most

of the CR flux, but do not operate up to the PeV domain. In such a situa-

tion, an additional source population should be envisaged as to explain the CR

knee. In the last decades, the idea that non-isolated SNRs can play this role
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has emerged in the community: the best location to find them is constituted

by clusters of massive stars, which are discussed in the next section.

3 Massive Stellar Clusters

Recently, a major success was obtained in the detection of gamma-ray sources

with unattenuated spectra up to tens of TeV from several MSCs in our Galaxy

and beyond, including the Cygnus Cocoon, the Central Molecular Zone, West-

erlund I and II 26). The presence of correlated gas strongly hints towards a

hadronic interpretation for the origin of the radiation, despite in some cases this

evidence has not been considered conclusive. De-convolving the gamma rays

from the target gas allows to derive the CR density profile, which is found to be

consistent with being linearly decreasing from cluster itself, indicating the pres-

ence of continuous accelerators over Myr long timescales: a wind luminosity of

Lw ∼ 1038 erg/s maintained for such long timescales would provide comparable

energetics to that injected by SNe. Considering three dimensional diffusion in

spherical symmetry, the CR density function at equilibrium conditions (namely

∂f/∂t = 0) satisfies the following equation

Qδ(r) =
1

r2
∂

∂r

(
r2D

∂f

∂r

)
(3)

where D represents the diffusion coefficient and Q the source flux, here assumed

to originate at the very center of the system, namely in r = 0. Therefore, in

all positions with r 6= 0, it holds that

r2D
∂f

∂r
= const (4)

Furthermore, assuming the diffusion coefficient to be independent of the radial

position (at least within the spatial scale where the gamma rays are observed),

it follows that

f(r) ∝ 1

r
(5)

On the other hand, if CRs were advected into a wind one would expect f(r) ∝
1/r2, while the case of a burst-like CR injection would result into a constant

radial profile up to the typical diffusion length
√
Dτburst. Hence, the linearly

decreasing radial profile observed in CRs around MSCs coupled with the ob-

servations of quite hard gamma-ray spectra (E−2.2−2.4) without visible cut-offs
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offer a strong indication of ongoing particle acceleration up to high energies.

Stellar clusters have been investigated as potential particle accelerators since

the early 1980s, when the maximum energy limitations connected with isolated

SNR scenarios were already clear 28, 29). The fact that stars inject kinetic

energy not only as SN explosions, but also due to the presence of stellar winds

through their entire lives constituted a motivation for the investigation of the

properties of wind-blown bubbles 27). Recently, several theoretical efforts have

been dedicated to understanding where particle acceleration could possibly take

place in these systems and up to which maximum energy. Two main scenarios

have emerged, namely:

i) acceleration could take place around compact and massive stellar associ-

ations, which are capable of forming a strong collective wind terminating

into a shock (the so-called Wind Termination Shock, WTS);

ii) acceleration can occur within superbubbles (SBs), low-density multi-

parsec scale cavities blown by the combined effect of stellar winds and

supernovae explosions; candidate locations for effective particle accelera-

tion are e.g. SNR shocks launched into the WTS of a compact cluster,

and (more rarely) multiple interacting shocks of different SNRs.

The term massive refers to clusters hosting SN progenitors, namely zero age

main sequence stars with mass M > 8M�, while compact indicates that the

stellar density is high enough (e.g. hundreds of stars in parsec scale) such that

the WTS radius is larger than the core radius, hence a a strong collective WTS

is actually formed 30). 3D simulations have shown that these systems are

characterised by highly isotropic magnetic turbulence, which may potentially

boost the maximum energy of CR protons to few PeVs, under reasonable as-

sumptions with regards to the dissipation of energy from winds to magnetic

perturbations, and if the particle transport proceeds in the Bohm domain 31).

In particular, WTSs dominate the energetics of young MSCs and of their host

SB for the first 3 Myr 32) from formation: after this time, in fact, SNe explo-

sions start to come into play, adding turbulence and stochasticity to the system

evolution. At such later stage, also loosely bounded clusters are expected to

accelerate particles, e.g. as a result of particle scattering across multiple SNR

shocks 33): this condition is however not expected to be realised frequently.

On a general ground, the large size of SBs (tens to hundreds of pc) represents

146



the ideal location for the Hillas criterion to ensure potentially maximum en-

ergies even beyond the PeV scale; however, the forward shock is typically not

strong, hence no efficient particle acceleration is realised there 34). A more

promising acceleration scenario might in turn take place at individual SNRs

shock launched though the highly turbulent upstream wind of the WTS 34).

Such a situation is not uncommon given that most of core-collapse SNe are

born within cluster cores. From this process, stochastic particle spectra and

intermittent injection into the ISM result, possibly explaining the variety of

observations from different gamma-ray bright MSCs 26).

An additional element to consider the contribution of MSCs to the Galactic CR

flux is represented by mass composition studies, that are well know to devi-

ate from Solar composition in correspondence of particular isotope ratios. The
22Ne/ 20Ne abundance, for instance, is about five times higher in CRs than for

the Solar wind 30). This observation might indicate that at least part of the

CR flux is accelerated out of the material contained in the winds of massive

stars: e.g. WTS around WR stars are enriched in helium-burning products

as 22Ne. With respect to the overall CR composition, Voyager data have shed

light into the ISM phases that the majority of CRs are accelerated from 35): in

particular, volatile elements (namely those found in a gaseous phase, as H, He,

N, Ne and Ar) results to be mainly accelerated from a plasma with typical tem-

peratures of the hot medium found in Galactic SBs, while refractory elements

(Mg, Al, Si, Ca, Fe, Co, and Ni) most likely originate from the acceleration and

sputtering of interstellar dust grains in SNR shocks (namely dust grains that

result from an ISM mixture where they are continuously incorporated through

thermal evaporation of embedded molecular clouds).

To summarize, the energy and composition of CRs provide crucial constraints

to the source populations at their origin. Isolated SNRs provide the majority

of the power needed to sustain the CR flux, but can hardly achieve PeV en-

ergies, unless in the case of very special and rare explosions. As the majority

of CRs appear to be accelerated from the hot ISM, isolated SNRs within SBs

have to be preferred as dominant sources contributing at the lowest energies.

The collective effects of winds from compact MSCs resulting into WTSs can

explain CR energies up to few PeVs, provided the clusters are luminous enough

(Lw > 3× 1038 erg/s) and turbulence ensures particle scattering to proceed in

Bohm domain: this source contribution is required by CR composition mea-
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surements, as to explain the 22Ne/ 20Ne anomaly. The exact transition from

Galactic to extra-Galactic CRs is not yet known: nonetheless, at energies above

the ankle, CRs are believed to come from outside the Galaxy as these would

not be confined in the disc thickness (h ∼ 300 pc); it is however likely that

the transition to extra-Galactic sources occurs even before the ankle, given the

indication of almost pure proton composition in there. Beyond 100 PeV, the

modest amplitude of the CR dipole anisotropy measured disfavours a Galactic

origin for the light CR component 36). Still from 1 PeV to 100 PeV, Galactic

accelerators can in principle constitute the dominant contribution to CRs. A

viable option to reach such energies is constituted by acceleration occurring at

SNR shocks embedded in MSCs, namely when an SNR shock expands in the

strongly magnetised and turbulent environments shaped by the stellar wind.

Nonetheless, the relative contribution among the different sources and the tran-

sition energies between each other represent still uncertain variables of current

models, and possible clarifications will be provided by improved spectral and

composition studies of the CR flux, particularly in the energy region where the

detection method moves from direct to indirect.

4 Recent experimental results in the search for PeVatrons with
gamma rays

The first ever detected PeVatron in our Galaxy was identified by the HESS tele-

scopes in correspondence of the radio source SgrA*, the SuperMassive Black

Hole (SMBH) at the center of the Milky Way 37). This statement is sup-

ported by two observational results: i) the detection of very-high-energy (VHE,

Eγ > 10 TeV) photons from a region extending ∼ 20 − 60 pc away from the

SMBH without a significant cut-off, up to ∼ 30 TeV; and ii) the observation of

a CR radial distribution around the source extending with a 1/r profile up to

∼ 200 pc, witnessing the injection and diffusion of particles from a continuous

accelerator operating over timescales longer than 104 yr (see eq.5). Given the

large uncertainties that affect the very inner parsecs of our Galaxy (in both

the gas and source distribution), the hypothesis that there might be sources

other than the SMBH itself is realistic. The Galactic Center region is in fact a

unique environment, populated by millions of stars, including RSGs, WRs, OB

associations and SNRs (also the youngest known to date, G1.9+0.3). Some of

these are also bright gamma-ray emitters. In this regard, the clusters of young
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massive stars are of special interest, given the collective effects provided by

the multiple SNRs and stellar wind shocks that characterise these regions, the

MSCs located in the inner Galactic Center region PeVatron candidates, to be

considered as either complementary or alternative candidates to the SMBH.

However, even if the assumption of a PeVatron in the center of the Galaxy

would be verified (independently of its nature of SMBH or MSCs or other),

for instance through the observation of coincident VHE neutrinos, one should

consider the fact that this source can not be responsible for the bulk of CR flux

observed at Earth. In fact, in the standard picture of CR propagation in the

Galactic halo, which is often referred to as the Galactic Halo model 38, 39), we

do expect that CRs propagate diffusively in the Galactic disc up to distances

comparable with the halo size, which extends above and below the Galactic

Plane for about H ∼ 3 − 4 kpc. As a consequence, PeV protons accelerated

in the Galactic Center would only travel Galactic distances of the order of few

kpc, i.e. the Earth would not be within their reach, being located 8 kpc away

from the Galactic Center. Alternative propagation scenarios may allow those

particles to reach the Earth, as for instance in the case of anisotropic diffusion

along the spiral arms of the Galaxy. However, these scenarios challenge the

observations of the Boron over Carbon ratio (B/C). In fact, the B and C flux

ratio is related to the amount of matter traversed by CRs in their travel, the

so-called grammage, which is directly related to the matter density in the con-

finement volume. If CRs would diffuse mainly along the arms, they would in

fact accumulate a grammage much larger than observed 1).

Very recently, the LHAASO detector has been able to observe ultra-high-energy

(UHE, Eγ > 100 TeV) photons from several regions of our Galaxy 40). In par-

ticular, photons up to 1.4 PeV were observed from the Crab 41), a plerion

powered by the electron-positron wind originated from the central pulsar. Be-

sides this source, no other accelerator has been firmly identified, mostly because

the angular resolution of the observations is not yet enough to pinpoint the ex-

act acceleration region. Remarkably, the locations of most of the PeVatrons

seem to be consistent with known pulsar/PWNe, with only few of them be-

ing located nearby of SNRs and just a couple spatially consistent with Star

Forming Regions (SFRs). The questions remain open whether any SNR in our

Galaxy behaves as a PeVatron or whether instead other sources should rather

be considered to explain the CR knee. Clearly, the pure spatial coincidence

149



among LHAASO sources and SFRs does not guarantee these to behave as Pe-

Vatrons, though raising the question whether it might be so, or whether these

might simply host SNR-PeVatrons. Next generation imaging instruments, as

CTA 42), will likely provide definite answers to these major concerns, thanks to

the unprecedented angular resolution it will achieve at such extreme energies.

5 Conclusions

CR and gamma-ray data provide us with a wealth of information that have

to be consistently accounted for in the attempt to build a scenario explaining

the origin of the most energetic particles ever observed. Current data seem

to suggest that more than one source population contributes to the Galactic

CR flux, here meant to extend up to 100 PeV, particularly SNRs and MSCs,

occurring in different environments, e.g.:

i) isolated SNRs, that are responsible for injecting the majority of the en-

ergetics required, while failing to achieve the PeV energy domain: the

major contribution to this sample is expected to be provided by SNRs in

wind-blown bubbles, accelerating particles from the hot ISM;

ii) WTSs of compact star clusters, that in turn might be efficient particle

accelerators in the PeV regime: a 5% contribution to the Galactic CR

flux seems to be required in terms of both energetics and mass composi-

tion, particularly to reconcile the 22Ne/ 20Ne overabundance in CRs with

respect to the Solar wind;

iii) SNR shocks driven into the magnetised wind of compact MSCs, poten-

tially responsible for proton energies beyond few PeVs, that would hence

configure as Galactic superPeVatrons.

Despite the theoretical efforts dedicated to understanding particle acceleration

in these realistic systems, the complexity and variety of possible realizations still

prevent us from achieving a robust and complete development in terms of both

models and simulations, the main limitation being represented by the unknown

evolution of the magnetic turbulence at different spatial and temporal scales.

At the same time, measurements are growing in both quality and quantity,

providing more constraints to poorly known model parameters. While we’re

still far from reaching a general consensus on the origin of Galactic CRs, a
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more structured scenario appears in front of us. The unique observational

window that has just been opened in UHE gamma-ray astronomy is expected

to shed new insights into this long-standing issue. Already with less than one

year of data recorded, LHAASO has shown that there’s plenty of PeVatrons in

our Galaxy, and perhaps the detection of super-PeVatrons is just around the

corner: it is now timely to complement this information with multi-wavevength

and multi-messenger studies, as to unveil their nature.
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Abstract

Supernova remnants (SNRs) have long been considered to be the dominant
source of Galactic cosmic rays, which implied that they provided most of the
energy to power cosmic rays as well as being PeVatrons. The lack of evidence for
PeV cosmic rays in SNRs, as well as theoretical considerations, has made this
scenario untenable. At the same time the latest LHAASO and other gamma-
ray results suggest that PeVatrons lurk inside starforming regions.

Here I will discuss why SNRs should still be considered the main sources
of Galactic cosmic rays at least up to 10 TeV, but that the cosmic-ray data
allow for a second component of cosmic rays with energies up to several PeV.
This second component could be a subset of supernovae/SNRs, re-acceleration
inside starforming regions, or pulsars. As a special case I show that the re-
cent observations of Westerlund 1 by H.E.S.S. suggest a low value of the dif-
fusion coefficient inside this region, which is, together with an Alfvén speed
& 100 km s−1, a prerequisite for making a starforming region collectively a
PeVatron due to second order Fermi acceleration.
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1 Introduction

The question about the origin of cosmic rays has been with us since their

identification as an extraterrestrial source of ionization. 1) Cosmic rays have

an energy distribution that is nearly a power law with index q ≈ −2.7 from

∼ 109 eV to ∼ 1020 eV. The deviations in the spectrum from a pure, single

power law—and compositional changes as a function of energy—provide infor-

mation on the the origin, transport and acceleration physics of cosmic rays.

Important features are the steepening at ∼ 3× 1015 eV—the “knee”— and the

flattening at ∼ 3 × 1018 eV—the “ankle”. The “knee” has long been thought

to be the maximum energy that protons can be accelerated to by the dominant

class of Galactic cosmic-ray sources, whereas the “ankle” is regarded to mark

the transition from Galactic to extragalactic cosmic rays. Although the sources

of both Galactic and extragalactic cosmic rays remain topics of debate, super-

nova remnants (SNRs) are commonly considered to be the dominant source of

Galactic, and active galactic nuclei (AGN) of extragalactic cosmic rays.

Here I will discuss that SNRs likely provide the bulk of Galactic cosmic

rays, but that they do not accelerate up to the “knee”. Starforming regions

provide observationally and theoretically good conditions for acceleration of

PeV cosmic rays, as illustrated using new gamma-ray results on Westerlund 1.

2 Supernovae and the Galactic cosmic-ray energy budget

SNRs are long known to be radio synchrotron sources, and over the last 30 yr

many have been identified as X-ray-synchrotron and very-high-energy (VHE)

gamma-ray sources, indicating the presence of particles with energies of 108 eV

to 1014 eV. 2) The theory of diffusive shock acceleration 3) (DSA) provides

the theoretical framework to interpret the acceleration properties of SNRs.

For SNRs to be the dominant source class of Galactic cosmic rays, they

must able to transfer a substantial fraction of their energy (∼ 1051 erg) to

cosmic rays. The Galactic energy density of cosmic rays is estimated to be Ucr ≈
1 eV cm−3, mostly concentrated around energies of ∼ 1 GeV. 4) Composition

measurements indicate that the typical escape time of cosmic rays with these

energies is τesc ≈ 1.5× 107 yr, whereas the Galactic diffusion coefficient is D ≈
3× 1028(R/4 GV)δ cm2s−1, with δ ≈0.3–0,7. 5) The one-dimensional diffusion

length scale of cosmic rays is associated with the scale height of the cosmic-ray
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populations above and below the Galactic plane: Hcr =
√

2Dτesc. The total

energy budget to maintain the cosmic-ray energy density in the Galaxy is then

dEcr

dt
≈UcrπR

2
disc2Hcr

τesc
= UcrπR

2
√

2Dτ−1/2
esc (1)

≈1.0 · 1041
(

Ucr

eV cm−3

)(
Rdisc

10 kpc

)2

(
D

3 · 1028 cm2s−1

)1/2(
τesc

1.5 · 107 yr

)−1/2

erg s−1,

with Rdisc the typical radius of the Milky Way.

The supernova rate in the Milky Way is estimated to be 2–3 per century,

providing Ėsn ≈ 1.0× 1041 erg s−1. So we find Ėcr ≈ 10%Ėsn.

3 The PeVatron problem

SNRs as thé Galactic cosmic-ray sources are problematic when it comes to ex-

plaining the cosmic-ray “knee”, which is often taken as evidence that the domi-

nant cosmic-ray sources should be able to accelerate protons beyond 1015 eV—

i.e.t hey should be PeVatrons. However, SNRs are unlikely to be PeVatrons,

both from an observational as well as from a theoretical point of view.

Gamma-ray spectra of SNRs are reasonably well described by power-law

spectra with a break or a cutoff. The youngest known SNRs have gamma-ray

spectrum extending up to ∼10 TeV–100 TeV, but show a turnover in their

spectra below 10 TeV. This is both true for gamma-ray sources that are best

modeled as hadronic gamma-ray sources—i.e. caused by pion production, such

as Cas A 6) and Tycho’s SNR 7)—and for leptonic gamma-ray sources. Since

typically the gamma-ray photon energy is ∼ 10% of the energy of the primary

particle, the gamma-ray spectra of young SNRs indicate that the cosmic-ray

spectrum inside young SNRs cuts off below 100 TeV, well below the “knee”.

Mature SNRs (∼ 2000–20,000 yr), such as W44 and IC443, have breaks in

their gamma-ray spectrum around 10-100 GeV, indicating the lack of cosmic-

ray particles with energies in excess of 1 TeV. In these SNRs acceleration beyond

1 TeV has apparently stopped, and most previously accelerated particles have

diffused out of the SNRs. Extended gamma-ray emission beyond the shock in

the ∼ 2000 yr old SNR RX J1713.7-3946 may indeed reveal escape of cosmic

rays caught in the act. 8) An interesting, but peculiar, counter example is
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the relatively mature and luminous SNR N132D (∼ 2500 yr) in the Large

Magellanic Cloud, for which no gamma-ray break or cutoff is detected below

10 TeV. 9) This is in contrast to the much younger—but in many other ways

comparable—SNR Cas A, which has a cutoff at ∼ 3 TeV. 6)

The theoretical problems of acceleration of cosmic rays by SNRs beyond

1 PeV, using reasonable assumptions, are at least four decades old. 10, 11)

The acceleration timescale according to DSA corresponds to the timescale for

a shock-crossing cycle around the maximum energy: 12)

τacc ≈
8D1

V 2
s

, (2)

with Vs the shock velocity and D1 the upstream diffusion coefficient. The

diffusion coefficient for relativistic particles can be expressed as

D1 =
1

3
λmfpc =

1

3
ηrgc =

1

3
η
E

eB1
c, (3)

with c the particle speed/the speed of light, rg the gyroradius, and λmfp = ηrg a

parametrisation of the mean-free path in terms of the gyroradius. The smallest

realistic value for D is for η = 1, so-called Bohm diffusion, requiring a very

turbulent magnetic field (δB/B ≈ 1).

For SNRs we can approximate Vs = mRs/tsnr, with Rs the shock radius

and tsnr the SNR age. We can take Cas A as an example of a young cosmic-

ray accelerator with Vs ≈ 5500 km/s 13), Rs ≈ 3 pc, m = 0.7 13), and

B1 ≈ 100 µG 14, 15). For the acceleration timescale we write τacc = ftsnr,

with f < 1 (typically f = 10%). Rewriting eq. (2) gives:

Ecr,max ≈
3

8
η−1 eB1

c
V 2
s τacc ≈

3

8
η−1 eB1

c
m2f

R2
s

tsnr
(4)

=1.4× 1014η−1

(
f

10%

)( m
0.7

)2( B1

100 µG

)(
Rs

3 pc

)2(
tsnr

350 yr

)−1

eV.

Optimistically taking η = 1, we see that Cas A cannot accelerate to PeV

energies. The situation is better than theorized 30 yr ago 10), because X-ray

synchrotron filamentary widths in Cas A, as measured by the Chandra X-ray

Observatory, provide evidence for amplified magnetic fields. 14, 16) Moreover,

X-ray synchrotron radiation by itself requires η ≈ 1. 17)

Athough two ingredients for large Ecr,max—magnetic-field amplification

and turbulence—appear to be present, they are not sufficient to make SNRs
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PeVatrons. In fact, the optimism regarding Emax in SNRs is tempered by the

fact that the measured gamma-ray cutoff energy for Cas A is consistent with

Ecr,max ≈ 10 TeV, 6) rather than the expected ∼100 TeV. This is peculiarly low

for hadrons, as unlike electrons, they do not suffer radiative energy losses, but

their maximum energy appears to be similar to the inferred maximum electron

energy. 14)

4 Alternative Galactic cosmic-ray source candidates

Which energetic sources, other than SNRs, could be sources of Galactic cosmic

rays? Clearly, Galactic PeVatrons do exist as LHAASO recently has reported

the detection of PeV photons from various regions along the Galactic plane,

including from the Crab Nebula or its pulsar. 18). Alternative source classes

often discussed are pulsars 19), microquasars 20), stellar winds 21), supernovae
22), superbubbles 23, 24, 25), and the supermassive black hole SGR A∗ 26).

Most of these source classes are advocated based on the idea that they

can accelerate particles up to the “knee”, but not all of them are capable of

explaining the Galactic cosmic-ray energy density, except “supernovae” and

“superbubbles”, which are grosso modo powered by the same source of energy

as SNRs. We ignore below SGR A∗, which may indeed be a PeVatron, and may

have been more powerful in the past. However, the LHAASO results require

the presence of PeVatrons throughout the Galactic plane, and not just in the

Galactic center.

4.1 Supernovae

The supernova hypothesis usually assumes that a subset of supernovae, those

exploding in a dense stellar wind, start accelerating almost immediately af-

ter the explosion. 22) Typically these are Type IIb and Type IIn supernovae,

which comprise ∼ 10% of all supernovae. An important example of a poten-

tially powerful accelerator was SN1993J, whose magnetic field at the shock was

estimated to be ∼ 10 G 27) with an initial shock velocity of 20,000 km s−1.

Essentially the supernova hypothesis is a “very young SNR” hypothesis, as in

supernovae such as SN1993J a bright SNR shell immediately develops in the

dense wind of the progenitor.

To get an idea of the maximum energy that can be reached under the

right conditions, consider that the maximum distance traveled by 15,000 km/s
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shock is Rs = 4.7× 1016 cm in one year, and if the wind velocity and densities

are high Bell’s instability 16) could maintain a magnetic field of ∼ 1 G near

the shock. eq. (4) then gives Ecr,max ≈ 1.3× 1016 eV reached within one year.

Oservational proof for this hypothesis would be the detection of VHE gamma

rays from a radio-emitting supernovae, but so far only upper limits have been

reported. 28)

4.2 Superbubbles and starforming regions

A substantial fraction of core-collapse supernovae probably explode inside of

starforming regions. Collectively these regions have, therefore, somewhat less

supernova energy available than SNRs, but this is offset by the energy input

provided by stellar winds (sect. 4.3). The recent LHAASO detection of PeV

photons associated with starforming regions 18) provide observational evidence

for the hypothesis that starforming regions/superbubbles are PeVatrons. 25)

However, what needs to be proven is that the responsible multi-PeV cosmic

rays are not originating from the sources contained in starforming regions—

supernovae, SNRs and stellar winds—but that there are collective effects that

keep on accelerating cosmic rays within the region as a whole. In other words,

are starforming regions, from a cosmic-ray-acceleration point of view, more

than the sum of their parts?

These “collective” effects are in all likelihood due to second order Fermi

acceleration 29), which states that collisions of charged, relativistic cosmic

rays with moving magnetic-field disturbances leads to energy gains of

∆E

E
= ξ

(v
c

)2
, (5)

with ξ ≈ 1 a parameter hiding the details of the interactions, and c the speed of

the relativistic particles. Since the magnetic disturbances are moving with the

Alfveń speed we can set v = VA. Second order Fermi acceleration takes into

account gains due to head-on collisions, as well as losses due head-tail collisions.

Although second order Fermi acceleration is slower than DSA, acceleration

in starforming regions can take up to millions of years, rather than the few

thousand year timescale of SNRs.

There have been some calculations of the expected spectra of cosmic rays

due to this mechanism, taking into account diffusion in phase-space. 30) Here

I present a heuristic approach to obtain Emax,cr. First note that the average
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“collision time” is ∆t = λmfp/c, with λmfp the mean free path. In reality, there

are no discrete collisions, but we use the same approach as when we use a spatial

diffusion coefficient, eq. 3. We can get rid of λmfp by stating ∆t = 3D/c2, and

the aforementioned energy scaling D = D0(E/E0)δ. Combing ∆t with eq. (5)

we obtain
1

E

dE

dt
= ξ

c2

3D0

(
E

E0

)−δ (
VA
c

)2

, (6)

which for 0 < δ < 1 has the solution

Emax,cr = E1 + E0

[
ξc2

3D0

(
VA
c

)2

τacc

]1/δ
, (7)

with τacc the timescale available for acceleration, and E1 the injection energy

of the particle. We can parameterize this for δ = 1/2, and E1 � Emax,cr as

Emax ≈ 1.4ξ2
(

VA
150 km s−1

)4(
D(10 TeV)

1026 cm s−1

)−2(
τacc

1 Myr

)2

PeV. (8)

Note that we need a large Alfvén velocity (∼ 150 km s−1) and high level of

magnetic-field turbulence—D(10 TeV) . 1026 cm2s−1—to create a PeVatron.1

Moreover, the particles need to be contained sufficient long to reach PeV ener-

gies. I come back to this when discussing Westerlund 1 (sect. 6.1).

4.3 Stellar winds

It is sometimes said that stellar winds may provide as much kinetic energy as

supernova explosion. The reality is somewhat more complicated.

Best understood are the wind properties of massive main-sequence stars. 31)

Fig. 4.2 provides the time-integrated wind-energy of main-sequence stars. Only

for stellar masses approaching 100 M� does the wind-energy approach the ki-

netic energy of supernova explosions. But given the steepness of the initial

mass function, the fraction of these massive stars is very small. More common

stars have Mms . 25 M�, which provide . 2× 1049 erg.

Things are more confusing beyond the main sequence. Most massive

stars will become a red supergiant, or sometimes a yellow supergiant. These

1 Extrapolating the usual Galactic D ≈ 1028 cm2s−1 at ∼ 1 GeV to 10 TeV
gives D(10 TeV) ≈ 1029–1031 cm2s−1, at least three orders of magnitude larger
than used in eq. (8).
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Figure 1: The time-integrated, main-sequence wind energy of massive stars
as a function of main-sequence mass. The dotted line indicates the scaling

Ewind ∝M2.35. This figure is reproduced from 12).

have enhanced mass losses, but their wind velocities are low—∼ 10–50 km s−1

compared to 100 km s−1 up to ∼ 3000 km s−1 for main-sequence winds—

and hence provide little kinetic energy. However, some massive stars end

their lives in a Wolf-Rayet phase, characterized by large mass loss rates—

Ṁ ∼ 10−5 M� yr−1—and very fast winds, 1000 kms–3000 km s−1. The most

massive stars (MZAMS & 25 M�?) are likely ending in a Wolf-Rayet star phase,

but mass-stripping due to binary interactions provides an alternative channel

for Wolf-Rayet star formation.

So how much kinetic energy is associated with Wolf-Rayet stars? The

measured wind velocities are in the range vWR ≈700 km s−1–3000 km s−1, with

mass loss rates in the range Ṁw ≈(0.5–6)×10−5 M� yr−1. 32) Typically a Wolf-

Rayet star phase lasts a few 100,000 yr, implying a total time integrated energy

of Ew = 2 × 1050(Ṁw/10−5 M�yr−1)(vw/2000 km/s)2(τwr/500, 000 yr) erg.

This is about ∼ 20% of the canonical supernova explosion energy. If we take

Type Ibc supernovae to be explosions of Wolf-Rayet stars, we use theType Ibc

supernova rate of 19% of the overall rate 33), to suggest that ∼ 20% of all

massive stars become Wolf-Rayet stars. This implies that the Galactic power

budget of Wolf-Rayet stars is ∼ 4% of the supernova power—small but not

negligible. Moreover, in young (few Myr) stellar clusters like Westerlund 1

(see below), the power of Wolf-Rayet stars precedes the supernova power, as

the most-massive stars are in the Wolf-Rayet star phase, and the many less

massive stars still need 5–20 Myr to evolve to the point of core collapse.
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4.4 Microquasars

Microquasars are X-ray binaries containing an accreting neutron star or black

hole, that develop jet outflows during certain accretion phases. They are re-

garded as nearby analogues to the radio galaxies and quasars (i.e. AGN). Given

that AGN are the most likely sources for extragalactic cosmic rays, detected

with energies up to ∼ 1020 eV, it is not unreasonable to assume that also micro-

quasars are good Galactic accelerators. Indeed, radio and gamma-ray emission

shows that they do accelerate at least electrons. 34) The shell found around

Cygnus X-1 has also been used as evidence for energetic jets from these sys-

tems. 20) However, microquasars are a much less abundant gamma-ray source

class than SNRs and pulsar-wind nebulae. 35) Moreover, the number of systems

available at any given moment seem to be 50–100. 36) Together with a typical

jet power of ∼ 1038 erg/s, this implies a typical Galactic kinetic power to be

attributed to microquasars of Ėµq ≈ 1040 erg/s. If 10% of that power is trans-

ferred to cosmic rays, microquasars fall a factor hundred short of maintaining

the Galactic cosmic-ray energy density.

4.5 Pulsars

Pulsar wind nebulae are among the most common Galactic gamma-ray sources.

However, the canonical theory is that pulsar wind nebulae (PWNe) contain

mostly electrons/positrons created by pair creation in the pulsar magneto-

spheres. Clearly they are efficiently accelerating electrons/positrons, and the

archetypal Crab pulsar/PWN is even a confirmed PeVatron, given the detec-

tion of PeV photons from this source by LHAASO. 18) It is possible that the

pulsar winds do not solely consists of electrons/positrons and Poynting flux,

but may also contain hadrons 37), potentially making pulsars hadronic PeVa-

trons. However, they are unlikely to be the dominant source of Galactic cosmic

rays from an energy-budget point of view.

I illustrate this by pointing out that the pulsar birth rate is similar, but

somewhat smaller than the supernova rate, i.e. about ∼ 2 per century. For

normal pulsars the energetic output comes at the expense of the rotational

energy of the neutron star. The total initial rotational energy available is

Erot =
1

2
IΩ2

0 =
2π2

P 2
0

I ≈ 8× 1048
(

I

1045 g cm2

)(
P0

50 ms

)−2

erg, (9)
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with P0 = 2π/Ω0 the initial spin period and I the moment of inertia. For pul-

sars to compete energetically with supernovae, they need P0 . 5 ms. However,

the initial spin period inferred from population synthesis models indicate a

much longer initial period, 50–100 ms, or even 300 ms. 38) Taking P0 & 50 ms

gives Ėpsrs . 5× 1039 erg/s, insufficient for powering Galactic cosmic rays.

The above considerations suggest that pulsars are not prominent sources

of Galactic cosmic rays, even if they accelerate hadrons. But in the latter

case they could be a source of PeV protons. Pulsars are likely an important,

perhaps even dominant, contributor to the electron-/positron cosmic-ray pop-

ulation. Moreover, the pulsar wind nebulae (PWNe) and pulsar wind haloes
39) constitute an important class of VHE gamma-ray sources. 35) There is no

contradiction between being prominent gamma-ray sources and not providing

enough energy to power Galactic cosmic rays: energetic electrons/positrons are

radiatively much more efficient than energetic protons.

5 Do the sources of Galactic cosmic rays need to be PeVatrons?

For a long time it was considered that the dominant sources of Galactic cosmic

rays must fulfill both the cosmic-ray energy budget and be PeVatrons. The

reason was a lack of cosmic-ray spectral features between ∼ 1 GeV and 3 ×
1015 eV, whereas if there were two or more source classes fulfilling together

these criteria, we would expect some breaks in the cosmic-ray spectrum.

It has now time to reconsider that idea, because of evidence that the

cosmic-ray spectrum below the “knee” is not so featureless. First of all, the

proton cosmic-ray spectrum has a different slope than the helium cosmic-ray

spectrum. 40) This suggest two different origins, although both could originate

from SNRs in different environments, or forward shock versus reverse shock

acceleration. 41) Secondly, the latest cosmic-ray measurements 42, 43, 44) in-

dicate that the proton cosmic-ray spectrum hardens around ∼ 0.7 TeV and

softens again around 15 TeV. 45) The situation regarding the proton spectrum

around the “knee” is not clear. Certainly the break around 15 TeV is consistent

with the maximum energy young SNRs can accelerate protons to.

These results open up the possibility that SNRs indeed provide the bulk of

Galactic cosmic rays, a scenario that agrees with the cosmic-ray energy budget,

and that other source classes—or subclasses of SNRs, including supernovae—

are responsible for cosmic rays from 15 TeV up to the “knee”. Note that this
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Figure 2: Left: VHE gamma-ray map of Westerlund 1 by H.E.S.S. 47) The
cluster postition is indicated by a black star. (Credit: H.E.S.S. Collaboration)
Right: Maximum cosmic-ray energy by 2nd order Fermi acceleration according
to eq. (8) as a function of δ and for various values of D(10 TeV), VA and τ .

requires PeVatrons to have harder (flatter slope) spectra than SNRs, in order

for these PeVatron sources to be subdominant around 1 GeV.

6 Observational candidate PeVatrons: starforming regions

Since the detection of PeV photons from Galactic plane sources by LHAASO 18)

and some associations with starforming regions, starforming regions demand

more attention as sources of cosmic rays and being potentially PeVatrons them-

selves (sect. 4.2)—as opposed to merely containing PeVatrons.

A notable source of PeV photons is LHAASO J2032+4102, which is po-

sitionally associated with the Cygnus Cocoon surrounding the Cyg OB2 star

cluster. Imaging atmospheric Cherenkov telescope arrays also provide evidence

for the existence of PeVatrons associated with starforming regions, and pro-

vide a better angular resolution. For example, recently H.E.S.S. detected VHE

gamma-ray emission from HESS J1702-420(A) up to energies of 100 TeV, im-

plying primary particles of up to or beyond 1 PeV. 46) But the nature of this

source, which has a complex gamma-ray morphology, is not entirely clear. Al-

though not a confirmed PeVatron, another interesting starforming region is

Westerlund 1/HESS J1646-458, for which the gamma-ray spectrum extends at

least up to 50 TeV. 47)
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6.1 Very-high energy gamma-ray emission from Westerlund 1

Westerlund 1 is the most massive young massive star cluster known in the

Milky Way, ∼ 105 M�, which hosts many Wolf-Rayet stars and other evolved

massive stars. Its age has been estimated to be ∼ 4 Myr, but recent work

suggests an age spread up to 10 Myr.2 The VHE gamma-ray emission does

not originate from the stellar cluster itself, but from a large shell-like region

surrounding it, with peak radius of ∼ 0.5◦(fig. 2). At a distance of 4 kpc the

shell has a physical radius of ∼ 35 pc, whilst Westerlund 1 itself is much more

compact, ∼ 1 pc.

In the H.E.S.S. publication an interpretation is favored in which the shell-

like emission is associated with a collective-wind termination shock, 47, 48) as

a physical shell, consisting of swept-up gas, was considered unlikely, because

the gamma-ray structure is too small for the energy input from Wolf-Rayet-star

winds (ĖWR & 1039 erg s−1 49)) and the age of the cluster, as based on the

stellar-bubble expansion model by Weaver et al. 50).

However, some of the assumptions used to calculate the putative shell size

may not be correct. The cluster age of ∼ 4 Myr is a poor indicator for the total

energy and shell creation timescale available for making a shell. As noted in

sect. 4.3, the Wolf-Rayet star phase typically lasts for a few 100,000 yr, consis-

tent with being about 2–10% of the stellar life time. Taking τSB ≈ 200, 000 yr

reduces the radius of the collective wind bubble from RSB = 185(nH/5)−1/5 pc

to RSB = 31(nH/5 cm−3)−1/5 pc. There is another reason to be suspicious

about the predicted size of the bubble: observationally superbubbles appear

to be smaller than predicted by wind-bubble expansion theories. This may be

due to internal dissipation and radiative losses, as well as back pressure from

the ambient medium. 51, 52)

The lack of an association of the VHE gamma-ray shell-like structure with

an HI or CO structure is intriguing, but should also not be taken as evidence

against the presence of a physical shell, as the intense UV light from the OB

and Wolf-Rayet stars in Westerlund 1 likely photo-dissociated/ionize a large

part of the surrounding CO and neutral hydrogen.

Assuming that Westerlund 1 itself is indeed accelerating cosmic rays, or

further accelerating particles pre-accelerated by the colliding winds and past

2See the recent H.E.S.S. paper for references. 47)
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SNRs, what can we learn from the VHE gamma-ray spectrum and morphology

measured by H.E.S.S.?

The fact that the VHE gamma-ray morphology seems to have no or

little dependence on gamma-ray energy suggest that the cosmic-ray parti-

cles have been well mixed within the emitting region and may have been

accelerate throughout the bubble. The best-fit cutoff energy of ≈ 40 TeV—

corresponding to proton energies above 100 TeV–indicates that escape is only

important for particles above ∼ 100 TeV. Equating the radius of the shell

to the threedimensional diffusion length scale, Rshell =
√

6Dτ , and using

τ ≈ 200, 000 yr, we can estimate the diffusion coefficient at ∼ 100 TeV to

be D ≈ R2
shell/(6τ) ≈ 3 × 1026(τ/200, 000 yr)−1 cm2s−1, corresponding to

D ≈ 1026 cm2s−1 at 10 TeV. This is close to the value for which considerable

energy gain due to second order Fermi acceleration is expected (eq. 8)!

The maximum energy as a function of the energy dependence of the diffu-

sion coefficient, i.e. δ, is shown in fig. 2 (right) for different valued of D and VA.

It is clear that VA & 100 km s−1. From VA = B/
√

4π · 1.4 · nHmp we find that

we need a low internal density: nH . 0.2(B/10 µG)(VA/100 km s−1)−1 cm−3.

However, even densities of 10−3 cm−3 are possible in superbubbles of a few

Myr old. 53) Moreover, 10 µG is rather modest and corresponds to an internal

magnetic-field energy density within the shell of 2 × 1049 erg. Interestingly,

using eq. 3 with B ≈ 10 µG and D(10 TeV) = 1026 cm2s−1 provides a value

of η ≈ 3, which is very close to Bohm diffusion. Stronger magnetic fields are

still consistent with the energy budget, required Alfvén speeds and a PeVatron

hypothesis. Much lower strengths lead to inconsistencies, such as η < 1, or

D � 1026 cm2s−1.

To summarize, the VHE gamma-ray spectra and morphology of West-

erlund 1 imply a small diffusion coefficient, whereas a low density inside the

shell and amplified, turbulent magnetic field likely result in fast Alfvén velocity,

setting the right conditions to (re)accelerate cosmic rays injected by primary

sources to well beyond 100 TeV. As such Westerlund 1 may provide a model

for other starforming regions as PeVatrons.

7 Conclusion

I have argued here that SNRs likely are the dominant sources of Galactic cosmic

rays below ∼ 10 TeV, as both observational and theoretical results are consis-
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tent with young SNRs being able to accelerate to at least this energy. Moreover,

the latest cosmic-ray measurements indicate that there is is a hardening of the

proton cosmic-ray spectrum around ∼ 10 TeV, indicating the presence of ad-

ditional sources of Galactic cosmic rays, which may be responsible for cosmic

rays up to the “knee”.

If these additional sources accelerate cosmic rays with a relatively hard

spectrum, this source class does not violate the energetic constraints. Like

SNRs, this PeVatron source class may rely on the power input of supernovae,

be its a subclass of SNRs, core-collapse supernovae exploding inside the dense

stellar wind of the progenitor star, or the collective power of supernovae and

stellar winds in starforming regions/superbubbles. Energetic pulsars should

not be discarded as hadronic PeVatrons, but it first remains to be proven

that pulsars are hadronic- and not just leptonic-accelerators. Both pulsars and

starforming regions/superbubbles as PeVatron sources are consistent with the

latest detections of Galactic PeV gamma-ray sources by LHAASO.

Several starforming regions/superbubbles have been associated with Pe-

Vatron candidate sources. It is not yet clear whether these are PeVatrons

by themselves, or whether they merely contain(ed) PeVatrons sources (in the

past), such as the aforementioned subclass of SNRs/supernovae and hadronic

pulsar accelerators.

I argue that the recently reported VHE gamma-ray properties of HESS

J1646-458—associated with Westerlund 1—indicates a small internal diffusion

coefficient; small enough to accelerate protons up to the “knee” in a few 100,000

yr, provided that the Alfvén speed is & 100 km s−1. This suggests that star-

forming regions/superbubbles could be themselves PeVatrons. As cosmic-rays

source, starforming regions may be more than the sum of their parts.
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Abstract

The detection of a diffuse flux of high-energy neutrinos by the IceCube ob-
servatory has opened a new window to the Universe, revealing the existence
of extremely energetic astrophysical neutrino sources. While the isotropic dis-
tribution of the IceCube astrophysical neutrinos favors an extragalactic origin,
the sources responsible for the observed flux are still almost entirely unresolved
and pose a compelling mystery. High-energy neutrinos are produced by the in-
teractions of energetic protons with surrounding photons and matter and are
therefore a signature for hadronic cosmic accelerators. The IceCube Collabora-
tion has reported high-energy neutrino events from the blazar TXS 0506+056
and the Seyfert galaxy NGC 1068. In this contribution, theoretical models
for high-energy neutrino production in active galactic nuclei are presented and
discussed, focusing on winds and jets, and on coronae and disks in the vicinity
of the central supermassive black hole.
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1 Introduction

The first observation of a diffuse flux of astrophysical neutrinos was announced

in 2013 by the IceCube Collaboration 1). The analysis was based on high-

energy neutrino events interacting within the detector during the first two years

of IceCube operation. Later, the IceCube Neutrino Observatory confirmed this

discovery with larger experimental data set and with different detection chan-

nels such as: high energy starting events 2), through-going muon tracks 3),

and cascades 4).

The measured flux of astrophysical neutrinos can be described by a single

power-law energy distribution that extends from ∼10 TeV to PeV energies. The

best fit power-law normalization (ϕ
νµ+νµ

@100TeV =1.44+0.25
−0.26 ×10−18GeV−1 cm−2 s−1

sr−1) and spectral index (γ=2.37+0.09
−0.09 ) obtained by complementary analyses

are consistent within uncertainties 5).

The energy density in cosmic neutrinos is comparable to that of the isotropic

gamma-ray background observed with the Fermi telescope and to that of ultra-

high-energy cosmic rays (CRs above 109 GeV) observed, e.g., by the Auger

observatory (see fig.1), and this might indicate a common origin of these mes-

sengers. Contrary to charged particles and gamma-rays, neutrinos are not

deflected or absorbed during their travel so they can reach Earth unperturbed

from cosmological distances making them useful messengers for studying galac-

tic and extragalactic CR accelerators.

The arrival directions of astrophysical neutrinos are consistent with an isotropic

distribution, suggesting that the signal is likely to originate from a population

(or even multiple populations) of relatively weak extragalactic sources. How-

ever a small contribution from galactic sources cannot be excluded.

A specific source of high energy astrophysical neutrinos was reported after

the spatial and temporal coincidence of a high-energy neutrino event and the

blazar TXS 0506+056 11). In September 2017 a very-high-energy muon event,

of most probable neutrino energy of 290 TeV for an E−2.13 spectrum, desig-

nated IceCube-170922A, generated an alert that was distributed worldwide and

triggered a multi-wavelength campaign. Follow-up observations revealed that

IceCube-170922A was spatially coincident with a known gamma-ray source, the

blazar TXS 0506+056 that was active in almost all electromagnetic bands, most

notably in the high-energy (HE) gamma-ray band monitored by the Fermi tele-

scope, and in the very-high-energy (VHE) band detected by the Major Atmo-
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spheric Gamma-ray Imaging Cherenkov (MAGIC) telescopes. The correlation

of the neutrino event with the gamma-ray blazar is at 3σ statistical significance.

Motivated by this correlation, the IceCube Collaboration investigated archival

data for evidence of past neutrino emission from TXS 0506+056. This analysis

revealed a neutrino flare (with higher significance) in 2014-2015 12).

Figure 1: The flux of neutrinos per flavor 6, 7)(diamonds and shaded re-

gion) compared to the flux of unresolved extragalactic gamma-ray emission 8)

(triangles) and UHE cosmic rays 9) (circles). Plot from 10).

A second piece of evidence comes from the all-sky analysis using 10 years

of IceCube data. This analysis found an excess of neutrino events over expec-

tations from the isotropic background 0.35 degrees away from the position of

the Seyfert galaxy NGC 1068, with a 2.9σ statistical significance 13). Just over

a month after the end of the workshop, the IceCube Collaboration reported an

excess of 79+22
−20 neutrino events associated with NGC 1068 14). The reported

significance is 4.2σ which strengthens the previous report of a 2.9σ excess. NGC

1068 is a weak gamma-ray emitters in the Fermi band 15), and only upper

limits on the gamma-ray flux are available in the VHE band 16). The best-fit

neutrino flux measured by IceCube exceeds the observed gamma-ray emission

in the HE and VHE band, and this finding places important constraints on

the gamma-ray and neutrino emission models (see fig.2 and Section 2.1). NGC

1068 is a nearby composite Seyfert/starburst galaxy, as an active galaxy it is
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classified as a Seyfert galaxy which is a class of active galactic nuclei (AGN)

different from the blazar class to which TXS 0506+056 belongs to, as it will be

described in the next section.

2 High-energy neutrinos from Active Galactic Nuclei

AGNs are among the most powerful emitters of radiation in the known uni-

verse, emitting a spectrum of electromagnetic radiation ranging from radio

wavelengths to gamma-rays. They are fueled by accretion of matter onto su-

permassive black hole (SMBH), where the gravitational energy of the infalling

material is released in the form of radiation and/or kinetic energy powering

gas outflows. There are several classifications of AGN based on their mor-

phological and spectral properties. For the purpose of this contribution it is

convenient to make a classification based on the properties of the observed out-

flows. The first class includes non-jetted AGNs, such as Seyfert galaxies and

quasars, which represent the bulk of the AGN population. These AGNs can

accelerate multiphase wide-angle winds of velocities ranging from hundreds of

km s−1 to few percent of the speed of light (ultra fast outflows, UFO), which

are observed at different spatial scale (sub-pc to kpc) and ionization state. The

electromagnetic emission in non-jetted AGN is dominated by thermal emission

in the UV-optical band produced by the accretion disk around SMBH. In ad-

dition, accretion disk photons can inverse Compton (IC) scattered up to X-ray

energies by a corona of hot electrons that surrounds the accretion disk.

The other class includes jetted AGNs. Jetted AGNs represent about the 10%

of the AGN population. They have collimated relativistic outflows that power

the strong gamma-ray and radio emission that we observe in blazars, and radio

galaxies. Blazars are a class of relativistic jetted-AGNs in which the jet axis is

aligned close to the line of sight.

AGN jets and winds, as well as the region very close to the SMBH com-

posed of the accretion disk and the corona of hot electrons around it, have been

proposed as possible sites of neutrino production. Here particles can be accel-

erated via diffusive shock acceleration, magnetic reconnections, and stochastic

acceleration in plasma turbulence, and the presence of intense radiation fields

and target matter ensures the conditions for high-energy neutrino production.

Neutrinos are produced via hadronic interactions of accelerated protons with

gas (hadronuclear interactions pp) or photon fields (photo-hadronic interac-
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tions pγ). These hadronic interactions produce also gamma-rays, which, unlike

neutrinos, can also be produced by leptonic processes such as IC scattering of

high-energy electrons with ambient radiation field. Typically, gamma-rays and

neutrinos from pp and pγ production channels receive about 10% and 5% of the

energy from the parent proton, respectively, and the differential luminosities of

generated neutrinos (for all flavors) and gamma-rays are comparable.

2.1 Non-jetted AGN

This Section presents different theoretical models for the production of high-

energy neutrinos in non-jetted AGN, focusing on the case of NGC 1068. NGC

1068 is a nearby (D=14.4 Mpc) Seyfert galaxy that hosts a Compton-thick

AGN, has vigorous starburst activity and AGN-driven outflows, and for these

reasons has been discussed as a potential source of high-energy neutrinos. As

it was mentioned in Section 1, the best-fit neutrino flux measured by IceCube

exceeds the observed gamma-ray emission in the HE and VHE band, and this

implies a neutrino production site opaque to GeV-TeV gamma-rays.

The cores of AGN are one of the best candidates as the source of the high-

energy neutrinos, because the intense AGN radiation could act as the target

photon field for both photo-hadronic neutrino emission and for gamma-ray

absorption due to photon-photon pair production. In AGN core models, non-

thermal particles are assumed to be accelerated either by the hot corona that

surrounds AGN accretion disks or at the inner edge of the accretion disks, with

X-ray photons from the corona, providing the conditions for the absorption of

gamma rays. Figure 2 compares the IceCube neutrino flux measurement with

the model predictions 17, 18). The latter include neutrinos produced by both

pp and pγ interactions in the corona, and are able to reproduce the observed

neutrino flux if the CR luminosity is ∼ 10% -100% of the X-ray luminosity.

However, these models cannot at the same time reproduce the observed gamma-

ray spectrum due to the strong gamma-ray attenuation in this region. In this

scenario the gamma-ray emission is not related to the neutrino emission and

could arise from a separate region, which may be the starburst ring 19) and/or

AGN-driven outflows.

The latter have also been proposed as possible sites for particle acceler-

ation and neutrino production in non-jetted AGN. AGN-driven winds, similar

to stellar winds, are expected to develop a structure characterized by an inner
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Figure 2: Multi-messenger SED of NGC 1068. The best-fit neutrino spectrum
(solid line, with the shaded region illustrating 95% confidence level) is compared

with the neutrino emission models from 17)(shaded region) and 18) (solid

line). Plot from 14).

wind termination shock, a contact discontinuity, and an outer forward shock.

The model that invoke particle acceleration and neutrino production at the

forward shock of the AGN-driven molecular wind observed in NGC 1068 is

strongly constrained by the upper limits on the gamma-ray flux in the VHE

band obtained by the MAGIC telescopes 20, 16). This model predicts a max-

imum neutrino event rate of 0.07 yr−1 from hadronuclear interactions in the

galactic molecular disk which is much lower than that observed by IceCube.

An alternative AGN wind model assumes particle acceleration and neu-

trino production in the inner regions of a failed wind, which is a wind that

never reach the local escape velocity 21). This model shares some similarities

with the AGN core models including the spatial scale of the neutrino produc-

tion site and the target AGN photon field. In this model neutrinos are mainly

generated via photo-hadronic interactions with the AGN radiation, and the

predicted neutrino flux can explain the level of neutrino flux observed by Ice-

Cube above 1 TeV. This system is optically thick for GeV-TeV gamma-rays,
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to reproduce the observed gamma-ray spectrum in the Fermi band a separate

external emission region is postulated, identified as a the forward shock of a

successful wind interacting with the gas and dust distributed in a torus-like

structure surrounding the SMBH.

Finally, the multi-messenger emisson produced by accelerated particles at

the wind termination shock of the UFO that might be present in the core of

NGC 1068 is presented 22). In this scenario the neutrino flux is dominated by

the pp interactions taking place in the shocked ambient medium in the range

from GeV up to 100 TeV. Photo-hadronic interactions take also place in the

UFO environment, producing neutrinos with energies above 1 PeV. Overall

the neutrino flux shows a remarkable flat spectrum from more than five orders

of magnitude and the associated gamma-ray counterpart could dominate the

gamma-ray flux observed in the Fermi band and gets absorbed above a few tens

GeV from the strong photon field associated to the AGN and torus. In the TeV

range the UFO could contribute from a few up to ∼10% of the estimated flux

by IceCube leaving room for other possible sources such as the corona, the

molecular outflow, and/or the starburst ring.

2.2 Jetted AGN

This Section focuses on jetted AGNs, and in particular on models for neutrino

production in the blazar TXS 0506+056. Figure 3 shows the multi-messenger

spectral energy distribution (SED) of TXS 0506+056. The electromagnetic

SED displays two bumps, one peaking in the UV-optical range and the second

one in the GeV range, which is characteristic of the SED of blazars. In standard

blazar emission models the low-energy component is associated to synchrotron

radiation by relativistic electrons in the jet pointing close to our line of sight;

while the origin of the high energy component is not fully understand yet.

Two possible scenarios are proposed. In the leptonic scenario the high energy

component is interpreted as IC scattering of soft photons by the relativistic

electrons. Seed photons for IC scattering can be either synchrotron photons

or photons from external radiation fields. In hadronic scenarios, protons co-

accelerated in the jet could emit VHE emission through various processes, such

as synchrotron radiation, photo-meson reactions or pion production.

Several research groups have been studied lepto-hadronic models for the

blazar TXS 0506+056 and modelled the multi-messenger data set. Regardless
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Figure 3: Multi-messenger SED of TXS0506+056. The neutrino flux upper
limits, that produce on average one detection like IceCube-170922A over a pe-
riod of 0.5 and 7.5 yr, are shown as solid black and dashed black error lines,

respectively. Plot from 11).

of the details entering the theoretical calculation, what we learnt from TXS

modelling is that lepto-hadronic blazar models, in which the neutrino emission

is produced in pγ interactions in the jet, are able to fit the electromagnetic

SED and at the same time reproduce a neutrino rate consistent with the single

event seen by IceCube in 2017. The electromagnetic emission is dominated by

leptonic emission with a subdominant hadronic component, and the neutrino

intensity is strongly constrained by the cascade flux in the X-ray band. While

single-zone models face the disadvantage of requiring a large jet power (often

super-Eddington) to fit the data 23, 24), solutions that make use of external

target photon fields seem more promising 25, 26).

3 Summary

Observations with IceCube have revealed a diffuse flux of astrophysical neu-

trinos in the TeV-PeV energy range of unknown origin. Both galactic and

extragalactic sources are candidate sources, but the isotropy of the neutrino
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arrival directions favor an extragalactic origin. Recent studies with IceCube

have shown that, like the blazar TXS 0506+056, the Seyfert galaxy NGC 1068

is a point source of high-energy neutrinos. The development of increasingly

accurate theoretical models for neutrino production in jetted and non-jetted

AGN, and future observations with new gamma-ray and neutrino facilities will

allow us to shed more light on these recent observations, and establish high-

energy neutrinos as an essential component for multi-messenger astronomy.
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Abstract

The existence of dark matter (DM) is supported by a large body of evidence
on local and cosmological scales collected over the past decades. However, we
still need to gain more knowledge about its nature and interaction mechanisms.
If Dark Matter is made of weakly interacting massive particles (WIMPs), in-
direct searches are an extremely promising method to probe annihilating and
decaying dark matter particle models, with masses in the GeV to TeV region.
Indirect searches can be carried out by looking for an excess of gamma rays or
neutrinos from DM-dominated regions, like the galactic centre or dwarf galax-
ies. The search for DM with charged cosmic rays can be performed by searching
for spectral features in the antimatter fluxes, where the DM signal would ap-
pear as excess with respect to the background from conventional astrophysical
processes. This contribution will focus on a few intriguing and debated detec-
tion claims from indirect searches, namely the Galactic Centre excess and the
cosmic-ray antiproton excess.
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1 Introduction

There is clear evidence for dark matter (DM) in the universe, and this evidence

has been built over several decades due to profound and diverse scientific work

with many facets. However, it took about a century for the scientific community

to reach the current recognition stage. A thorough overview of the historical

perspective on this path is given in a recent work 1).

We know that only a tiny fraction of about 5% of the universe we have

observed so far is made of ordinary matter, made by baryons. The remaining

95% is made of DM and dark energy. From astrophysical observations and cos-

mological simulations, we know that DM constitutes 85% of the mass content

of the universe, and it drives the formation of all the structures that we can

see. The field’s current knowledge suggests that DM should be non-baryonic,

electrically neutral, long-lived and non-relativistic (cold). These characteristics

do not match any particle included in the Standard Model (SM). More or less

plausible DM candidates span 90 orders of magnitude in mass, ranging from

ultra-light bosons, to massive primordial black holes (PBH). Figure 1 displays

the existing DM candidates. An excellent overview is given in 2).

In the following, we will focus on the possibility of detecting DM from

super-symmetric extensions of the Standard Model of particle physics 3) 4).

These theories predict the existence of Weakly Interacting Massive Particles

(WIMPs), whose mass lies in the GeV to TeV range, with interaction cross

sections typical of weak interactions (order of fb). WIMPs are predicted to be

stable Majorana particles, implying that they can self-annihilate to produce

Standard Model particles like fermions or gauge bosons.

Dark matter annihilation plays a crucial role in the early Universe, as it

provides a natural mechanism through which WIMPs have been produced 5).

DM particles are thought to be thermal relics from the Early Universe. They

were as abundant as photons, in the beginning, being freely created and de-

structed in pairs as long as the temperature of the hot plasma was higher than

their mass. Their relative number density started then being suppressed as an-

nihilation proceeded, but due to the Universe cooling, the temperature dropped

below their mass. Finally, the annihilation process also froze out as the Uni-

verse expanded further. The remaining diluted abundance of stable particles

constitutes the DM of today.

Three complementary strategies can be used to search for DM. Direct
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searches 6) can be conducted in underground laboratories for DM particles

scattering off nuclei. DM particles could be produced at colliders 7) and hunted

by looking for a deviation from the Standard Model. An indirect search 9) can

Figure 1: Dark matter candidates, together with their mass. Figure from 8).

be performed by detecting gamma rays, cosmic rays or high-energy neutrinos

produced in DM annihilation or decay in the universe. Several DM experiments

have claimed excess signals above the background over the past years. However

these hints do not provide yet a definitive proof of a DM discovery.

This review focuses on two puzzling hints from indirect searches: the GeV

gamma-ray emission from Galactic Centre and the cosmic-ray antiproton flux.

The reason for this (personal) choice is twofold: first, these two results point

towards the very same range of DM candidates and thus have increased interest.

Second, we believe that a robust understanding of these signals, leading to a

conclusive word on their origin, is within reach for the coming decade. In

section 2, we discuss the GeV gamma-ray emission from Galactic Centre, while

in section 3 we review the cosmic-ray antiproton excess and its interpretations.

The summary is provided in section 4.
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2 The Galactic Centre excess

The Galactic Centre (GC) region is the richest environment of our Galaxy in

terms of high-energy emitters. In addition to a large amount of non-thermal

astrophysical sources 10) 11), the GC is also considered the strongest source

of gamma rays from DM annihilation due to its large DM density and relative

proximity to Earth.

The Large Area Telescope (LAT) onboard the Fermi mission 12) has

achieved a tremendous wealth of detailed observations of steady and transient

astrophysical sources. The 4FGL catalog 13) includes 5064 sources detected

with high (4 σ) significance, with the corresponding localisation and spectral

properties. Besides the astrophysical emitters, LAT is essential to perform in-

direct DM searches 14). A preliminary analysis 1 of the first 11 months of

Figure 2: The GCE spectrum (re-scaled by the energy squared, E2) as a func-

tion of energy, for different analyses. Figure taken from 15).

LAT data 16) pointed out a hint for a residual emission after subtraction of

the relevant background components. An independent analysis 17) 2 reached

similar conclusions and appeared very close in time. The statistical significance

of the GC excess (GCE) is now well established, and the LAT collaboration has

1carried out by members of the LAT collaboration
2carried out by non-LAT members
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later confirmed its existence 18) 3. Focusing on a 15◦ × 15◦ region about the

direction of the GC and on the energy range between 1 and 100 GeV, a residual

was found after subtracting the contributions from both interstellar emission

and point sources. A more “DM-focused” analysis of the GCE was published

a few years later by the LAT collaboration 19), where no DM detection was

claimed, and annihilation cross-section upper limits are reported for different

values of the DM particle mass.

A wealth of publications on the interpretation of the GCE has been pro-

duced. However, its origin is still controversial. Leading explanations are either

WIMP DM or a new population of unresolved gamma-ray emitters, such as

pulsars 15). The interstellar emission generated by CRs interacting with the

interstellar medium (gas and radiation field) represents the biggest challenge

in determining the nature of the GCE.

Several aspects of the GCE are studied to discern its origin. Figure 2

shows a review of the GCE spectrum results as a function of energy 15). A

prominent peak emerges around 3 GeV, while extending the excess up to 10

GeV is still uncertain and dependent on the analysis technique.

The morphology of the excess is also a very important aspect. In partic-

ular, to determine whether the GCE originates from an unresolved population

of point sources (mainly pulsars) or from the smooth emission expected if DM

is the source of the observed excess.

The robustness of the GCE can be probed by comparing the result with

those obtained by studying independent targets. Dwarf spheroidal galaxies 20)

are known to be the most DM-dominated objects in the universe 4. They are

low luminosity objects with no gamma-ray emission expected of astrophysi-

cal origin. These targets are less susceptible to the limitations in modelling

the astrophysical background. DM searches from Dwarf spheroidal galaxies

provide the most stringent limits (together with antiprotons). Figure 3 shows

the velocity-averaged annihilation cross-section as a function of the DM par-

ticle mass for several analyses, targeting the GCE and the dwarf spheroidal

galaxies. We can see that several groups claimed the detection of DM with

masses around 10 GeV, but these results are in tension with the limits of dwarf

3based on the analysis of LAT data taken during the first 62 months of the
mission

4see F. G. Saturni’s contribution at this workshop
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spheroidal galaxies.

Figure 3: Velocity-averaged annihilation cross-section as a function of the DM
particle mass for several analyses, targeting the GCE and the dwarf spheroidal

galaxies. Figure from 15).

A multimessenger view of the GC with improved performance is the key

to understand the GCE. The upcoming ground-based gamma-ray observatory

Cherenkov Telescope Array (CTA) 21) will provide essential information, to-

gether with the future gamma-ray space missions such as e-Astrogam 22),

in synergy with other upcoming facilities, such as the radio telescope Square

Kilometer Array (SKA) 23).

3 The cosmic-ray antiproton excess

Every day our planet is hit by a large flux of high-energy particles, Cosmic

Rays (CR). They are mainly made of matter particles and nuclei, such as

electrons, protons, and heavier nuclei (including C, O and Fe). CR travel long

distances through the interstellar medium 24). A tiny fraction of the total

CR flux is made of antimatter. In particular about 5 10−3 for positrons, 10−5

for antiprotons, 5 10−7 for antideuterons and less than 5 10−8 for antihelium

and heavier antinuclei. Despite being rare, antimatter particles carry a great
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wealth of information since their origin is closely connected to fundamental

processes 25). To date, the most precise measurements of CR antimatter,

in particular positrons and antiprotons, have been performed by the AMS-02

experiment 26), taking data on the International Space Station since 2011.

The physics objectives of AMS-02 include the search for the origin of CR, DM

and antimatter, as well as the search for new phenomena in the universe.

The AMS-02 collaboration has published high-precision data of the an-

tiproton flux and the antiproton-to-proton ratio 27) 26).

An excess of antiprotons at about 10 GeV energy with respect to the

astrophysical background of (secondary) antiprotons was first claimed by 28)

and 29). Several other groups followed this claim (see 30) for a comprehensive

review), reporting that the data can be well described by including a primary

component due to DM annihilation in addition to the secondary antiprotons.

Exciting and puzzling is the fact that due to DM, this excess can be explained

in terms of the same parameters, namely mass, annihilation cross section and

annihilation channels which describe the GCE. However, the existence of the

antiproton excess is not firmly established. Several groups 33) 34) 35) 31)

carried out sophisticated statistical analyses and did not find any evidence of

primary antiprotons, thus rejecting the need for a DM component to explain

the antiproton data (see Figure 4).

Two aspects are of primary importance to firmly establish the robustness

of this hint in the upcoming years. It is essential to better understand the

systematic uncertainties of the measurement, given their high precision which

often goes beyond the theoretical uncertainties. It is also important to improve

the understanding on the secondary antiproton production. This aspect re-

quires detailed measurements of the antiproton production cross-section, which

can only be done using dedicated setups at colliders. Moreover, the upcoming

GAPS (General Anti-Particle Spectrometer) 36) 37) will certainly improve

the current understanding of cosmic-ray antiproton and this puzzling excess.

GAPS is a balloon-borne experiment designed to measure low-energy (E <0.25

GeV/n) cosmic antiparticles and antinuclei (i.e., antiprotons, antideuterons,

and antihelium nuclei), in a low-energy region currently inaccessible to any ex-

periment. Its first flight is expected to be performed in the austral summer of

2023-2024.

Antinuclei, such as antideuterons or antihelium, have never been detected
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Figure 4: Left panel: The upper limit on the annihilation cross section for the
b-bar channel (solid blue line), compared to other results involving antiproton

analyses (see 31) for the full list of results and corresponding references).
Right panel: The upper limit on the annihilation cross section derived in this
work for the b-bar channel (solid blue line), compared to other probes. The

thermal relic cross section reported in dotted black lines is computed in 32).

Figure from 31).

in CRs. Their discovery would dramatically change our present knowledge

of antimatter in the universe, with groundbreaking consequences for early-

universe cosmology and high energy physics 38). The unique strength of

a possible discovery of antinuclei lies in their very low level of astrophysical

background, the flux of antinuclei generated when CR protons and antiprotons

hit the interstellar medium, which is kinematically suppressed with respect

to the primary signal that could be produced in the annihilation or decay of

Dark Matter (DM) particles in the galaxy. In particular, the energy region

around 1 GeV/n offers a nearly background-free search window. The detection

of antinuclei is within the reach of AMS-02 5, planning to continue operations

5A few antihelium candidates have been announced a few years ago by the
AMS-02 collaboration, but this result is still being thoroughly investigated
within the collaboration.
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until 2030. Antideuterons and antihelium are also within the reach of the

upcoming GAPS, which will explore a complementary low energy window.

4 Conclusions

The past decade has reported many intriguing claims about possible DM de-

tection. This review focused on two of them: the gamma-ray excess from the

Galactic Centre and the cosmic-ray antiproton excess. A GeV-scale excess has

been detected by the Fermi Large Area Telescope (Fermi-LAT) in the galactic

centre. The statistical significance of this excess is well-established; however,

its origin is still debated within the community. The DM origin of this excess

is a viable explanation, together with a new population of unresolved point

sources. An accurate model for the Galactic diffuse gamma-ray foreground is

the most significant limitation in understanding this region. The final word

could come from the next generation of observatories, including the gamma-

ray experiments CTA, e-Astrogam and the radio telescope SKA. Several groups

have identified an excess of GeV cosmic-ray antiprotons in the AMS-02 data.

A DM signal requires similar mass, cross-section and annihilation channels to

those required to explain the GCE. The underlying correlations of the AMS-

02 systematic errors, together with future antiproton production cross-section

measurements from inelastic hadronic collisions are needed to establish the ro-

bustness of this excess The future observation of antideuteron or antihelium

nuclei by AMS-02 and future GAPS will be an unambiguous signal of new

physics.
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Abstract

The cosmographic technique is a powerful model-independent tool for
distinguishing between competing cosmological scenarios. The key strengths
and weaknesses of standard cosmography are discussed in view of healing the
convergence problem endangering the high-redshift expansions of cosmological
distances. We focus especially on rational cosmographic approximations to
reconstruct the dark energy behaviour under the f(R), f(T ) and f(Q) gravity
frameworks. Based on observational constraints over the cosmographic series,
we investigate the origin of cosmic acceleration and the possibility of going
beyond the standard cosmological model to explain the dark energy problem.

1 Introduction

Our understanding of the cosmos has significantly changed since the discov-

ery of accelerated expansion shown by the light coming from most distant
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Supernovae 1, 2). Indeed, observations showed the presence of a cosmological

constant with negative pressure that accelerates the cosmic expansion at recent

times 3). The standard ΛCDM model is the most widely accepted theory that

incorporates the cosmological constant effects and includes cold dark matter

and baryons within a a spatially flat geometry 4). In spite of its effectiveness,

the ΛCDM paradigm is characterized by a number of flaws that are mostly

related to the cosmological constant problem, arisen from the challenges of rec-

onciling the standard model of particle physics with cosmological data 5, 6).

Because of the enigmatic feature of dark energy, some authors have looked for

a different explanation for the cosmic speed-up. Possible alternatives include

taking into account that the accelerated expansion may be due to dynamical

scalar fields 7), or to the presence of a single cosmic fluid endowed with an

equation of state that causes it to behave like dark matter and dark energy at

high and low densities, respectively 8).

Furthermore, it has been explored the possibility to solve the dark energy

problem without introducing exotic components into the energy-momentum

tensor. Such scenarios refer to extensions or modifications of Einstein’s grav-

ity aimed at solving the Λ problems from first principles 10, 11). In fact,

corrections to the Einstein-Hilbert gravitational action have attracted a lot of

attention due to their ability to provide, within a single picture, an alternative

interpretation of vacuum energy and an explanation for dark matter by means

of geometrical effects. The recent evidence supporting the Starobinsky model

of inflation 9) has renewed interest for f(R) models 12, 13), whose action is

described by a general function of the Ricci scalar, R. A different way to charac-

terize the gravitational interaction is to consider spacetime twisted by torsion.

The teleparallel description of gravity has lately attracted significant interest

among all the ideas explored to explain the late-time cosmic expansion 14).

Hence, theories in which the torsion scalar is replaced by a nonlinear function

f(T ) 15, 16) provide a workable framework inspired by f(R) gravity. Even

more recently, the possibility to consider non-metricity as the mediator for the

gravitational interaction, while assuming vanishing curvature and torsion, has

induced to investigate f(Q) theories 17, 18) to obtain new insights into the

universe’s acceleration resulting from the implication of a different geometric

setup with respect to the more common Riemann geometry.

Distinguishing among different models invoked to explain the late evolu-

194



tion of the universe becomes therefore crucial. In this respect, model-independent

approaches, such as cosmography, represent a powerful tool to discriminate

between dark energy and modified gravity scenarios 19, 20). However, the

difficulty of treating high-redshift data due to the scarcity of accurate mea-

surements at z > 1 puzzles the use of the standard cosmographic method

relying on Taylor series. Indeed, the convergence issues inherent to the short

convergence radius of the Taylor series may limit the predictability of cosmog-

raphy, requiring then to explore new techniques that could allow to extend the

standard kinematic procedure to high redshifts. This is the case of rational

approximations, based on Padé and Chebyshev polynomials 21).

In this paper, we provide an updated outlook on the most recent develop-

ments regarding the cosmographic method and its application under different

theoretical frameworks to reconstruct the gravitational action and, thus, de-

duce the nature of the dark energy behaviour.

2 Modern cosmography

Cosmography is probably the most basic of all model-independent techniques.

It uses the cosmological principle’s observational premise and is based on Tay-

lor expansions of observables that could be directly compared to data. In

principle, cosmography is a strong tool for breaking the degeneracy among

cosmological models. In the context of Friedmann-Lemâıtre-Roberston-Walker

(FLRW) spacetime, the idea is to expand the cosmic scale factor, a(t), in the

Taylor series around the current time, t0. This method allows to study the

kinematics of the universe by means of the a(t) derivatives, which provides the

so-called cosmographic series 22):

H(t) ≡ 1

a

da

dt
, q(t) ≡ − 1

aH2

d2a

dt2
, j(t) ≡ 1

aH3

d3a

dt3
, s(t) ≡ 1

aH4

d4a

dt4
, (1)

known as the Hubble, deceleration, jerk and snap parameters, respectively.

One can then use the above definitions to expand the luminosity distance in

terms of the current values of the cosmographic parameters. In particular, for

a spatially flat universe, we find

dL(z) = H−10

[
z +

1

2
(1− q0)z2 − 1

6
(1− q0 − 3q20 + j0)z3 +

1

24
(2− 2q0

− 15q20 − 15q30 + 5j0 + 10q0j0s0)z4 +O(z5)
]
, (2)
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leading to the Hubble expansion series

H(z) ' H0

[
1 + z(1 + q0) +

z2

2
(j0 − q20)− z3

6

(
−3q20 − 3q30 + j0(3 + 4q0) + s0

)]
.

(3)

Despite the simplicity and immediate applicability of the cosmographic

technique, unfortunately, the absence of numerous and very accurate data at

high redshifts prevents from univocally bound the higher-order terms of the cos-

mographic series, weakening severely the ability to disentangle modified gravity

theories from effective dark energy models. In short, the standard formulation

of cosmography is affected by two major problems: first, the presence of sys-

tematic errors caused by the chosen truncation order; second, the reduced

predictive power when analyzing data beyond z = 1, exceeding the radius of

convergence of the Taylor series 23).

2.1 Padé polynomials

In order to overcome the aforementioned issues, a intriguing possibility is to

take into account rational polynomials. One first relevant example consists in

using Padé polynomials to approximate cosmological distance measures 24).

The (n,m) Padé approximation of a generic function f(z) is defined as

Pn,m(z) =

n∑

i=0

aiz
i

1 +

m∑

j=1

bjz
j

, (4)

where the coefficients ai and bi can be found from the following system:




ai =

i∑

k=0

bi−k ck ,

m∑

j=1

bj cn+k+j = −b0 cn+k , k = 1, . . . ,m .

(5)

where ck are the coefficients of the Taylor series expansion of f(z).

2.2 Chebyshev polynomials

A second possible approach aimed at extending the convergence radius of the

cosmographic series and, at the same time, at overcoming the degree of subjec-
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tivity in truncating the expansion that may still be present in the Padé method,

makes use of Chebyshev polynomials. The latter, in fact, are able to highly

reduce the uncertainties on higher-order cosmographic coefficients and, thus,

provide an accurate description of the late-time evolution of the universe 21).

Specifically, the Chebyshev polynomials of the first kind are given as

Tn(z) = cos(nθ) , θ = arccos(z) , n ∈ N (6)

obeying the recurrence relation Tn+1(z) = 2zTn(z)− Tn−1(z), such that

∫ 1

−1
Tn(z) Tm(z) w(z) dz =




π , n = m = 0

π

2
δnm , otherwise

Then, analogously to the Padé technique, one can build rational Chebyshev

polynomials as 21)

Rn,m(z) =

n∑

i=0

aiTi(z)

1 +

m∑

j=1

bjTj(z)

. (7)

2.3 Rational approximations vs standard cosmography

The advantages of rational approximations based on Padé and Chebyshev cos-

mography with respect to the standard Taylor approach can be verified by

testing the effective improvement in terms of stability at high-redshift domains.

For instance, taking into account the reference values obtained for the ΛCDM

model by assuming Ωm0 = 0.3, namely (q0 , j0 , s0) = (−0.55 , 1 ,−0.35), we

show in Figure 1 the significant improvements resulting from the use of the

Padé and Chebyshev polynomials as they are able to fairly approximate the

ΛCDM luminosity distance at high z, while the accuracy of the Taylor approx-

imation gets worse and worse as soon as z > 1 21).

3 Cosmographic parametrization of dark energy

In this section, we provide a first example of application of the cosmographic

method. In particular, we shall study the dark energy features in an effec-

tive manner by combining kinematic reconstructions and thermodynamic re-

quirements. The constraints coming from the entropy of the universe and the

197



Figure 1: 4th-order Taylor, (2,2) Padé and (2,1) Chebyshev approximations of
the luminosity distance compared with the predictions of the ΛCDM model.

properties of the deceleration parameter may allow, in fact, to investigate the

cosmic history without assuming any specific underlying cosmology.

Let us consider the relation between the entropy of the apparent horizon

and its area:

Sh ∝ Ah = 4πr̃2h , r̃h = (H2 + ka−2)−1/2 , (8)

and the constraints from the second law of thermodynamics:

A′h ≥ 0 , at any time (9)

A′′h < 0 , at late times (10)

Recalling the expression of the deceleration parameter, in the case of vanishing

spatial curvature (k = 0), we have

A′h
Ah

=
2

a
(1 + q) ≥ 0 =⇒ q ≥ −1 , ∀z (11)

A′′h
Ah

=
2

a

[
q′ +

2q(1 + q)

a

]
∼
a�1

2q′

a
< 0 =⇒ dq

dz
> 0 , z → −1 (12)

Moreover, a further constraint could be obtained from the observational pre-

dictions of structure formation:

q → 1

2
, z � 1 . (13)
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Now, we consider the (0,1) Padé parametrization of the deceleration parameter

relative to the dark energy term,

qde(z) =
qde,0

1 + q1z
, (14)

guaranteeing the sub-dominant behaviour of dark energy with respect to mat-

ter: qde → 0 as z → ∞. Hence, imposing the constraints (11), (12) and (13)

provides us with a model-independent parametrization of dark energy through

the following form of the total deceleration parameter 25):

q(z) =
2qde,0(1− Ωm0)(1 + z + qde,0z) + Ωm0(1 + z)3

2 [(1− Ωm0)(1 + z + qde,0z)2 + Ωm0(1 + z)3]
. (15)

The latter leads to

H(z) = H0

√
Ωm0(1 + z)3 + (1− Ωm0)(1 + z + qde,0z)2 , (16)

which represents a one-parameter extension of the ΛCDM paradigm, recovered

in the limit qde,0 → −1. Our model can be recast into dynamical dark energy:

(
H

H0

)2

= Ωm0(1 + z)3 + (1− Ωm0) exp

{
3

∫ z

0

1 + wde(z
′)

1 + z′
dz′
}
, (17)

where the dark energy equation of state parameter is given by

wde(z) =
1

3

[
2qde,0

1 + z(1 + qde,0)
− 1

]
. (18)

The cosmological behaviour of the new dark energy scenario is shown in Fig-

ure 2, as a result of a joint analysis of recent observations 25).

4 Cosmographic reconstruction of modified gravity

The cosmographic setups presented above may be employed to reconstruct the

gravitational Lagrangian under different modified gravity frameworks starting

from first principles. This allows us to investigate the origin of dark energy free

of possible biases induced by specific cosmological models. In the following, we

use units of c = 8πG = 1.
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Figure 2: 1σ reconstruction of the deceleration and dark energy equation of
state parameters compared to the ΛCDM predictions (red curves).

4.1 The f(T ) gravity case

As first application of the cosmographic method, we analyze the universe’s dy-

namics when gravity is mediated by torsion. The geometry needed to describe

spacetime makes use of vierbein fields, eA(xµ), which allow to define the metric

tensor as gµν = ηAB eAµ e
B
ν , being ηAB = diag(+1,−1,−1,−1) the metric

of tangent space. Thus, the Lagrangian density of teleparallel equivalent to

general relativity (TEGR) can be written as

LTEGR = T = Sρ
µνT ρµν , (19)

where T is the torsion scalar, while the torsion tensor is given by Tλµν = Γ̂λµν −
Γ̂λνµ = eλA(∂µe

A
ν − ∂νeAµ ), being Γ̂λµν = eλA∂µe

A
ν the zero-curvature Weitzenbck

connection. Here, we have introduced the tensor

Sρ
µν =

1

2

(
Kµν

ρ + δµρ T
αν
α − δνρ Tαµα

)
, (20)

defined in terms of the contortion tensor, Kµν
ρ = − 1

2 (Tµνρ − T νµρ − Tρµν).

Lagrangian (19) can be also generalized to include a generic function of

the torsion scalar, such that the gravitational action reads

S =

∫
d4x e

[
f(T )

2
+ Lm

]
, (21)

where e =
√−g = det(eAµ ), Lm is the matter field Lagrangian. From the above
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action, one can derive the following field equations 14):

eρASρ
µν(∂µT )f ′′ +

[
1

e
∂µ(eeρASρ

µν)− eλAT ρµλSρνµ
]
f ′ +

1

4
eνAf =

1

2
eρAT

(m)
ρ
ν
.

(22)

Assuming the flat FLRW line element, such that eµA = diag(1, a, a, a), we obtain

the modified Friedmann equations in the form

H2 =
1

3
(ρm + ρT ) , (23)

2Ḣ + 3H2 = −1

3
pT , (24)

where non-relativistic matter is assumed to have vanishing pressure and density

ρm = 3H2
0Ωm0(1 + z)3, whereas the torsion contribution is accounted for in

ρT = Tf ′(T )− f(T )

2
− T

2
, pT =

f − Tf ′(T ) + 2T 2f ′′(T )

2[f ′(T ) + 2Tf ′′(T )]
. (25)

Thus, the combination of the Friedmann equations yields 26)

(
df

dz

)−1 [
H(1 + z)

d2f

dz2
+ 3f

dH

dz

]
=

1

H

(
dH

dz

)−1 [
3
dH

dz
+ (1 + z)

d2H

dz2

]
,

(26)

where we converted the derivatives with respect to T into the derivatives with

respect to z through d/dT = −12H(z)H ′(z)d/dz, following by the relation

T = −6H2. Combining the latter with the first Friedmann equation provides

us with the initial condition f(z = 0) = 6H0
2(Ωm0 − 2). Moreover, we may

assume no departures of the effective gravitational constant from Newton’s

value, leading to the second initial condition df/dz|z=0 = 1.

Pursuing a model-independent approach, we can adopt the 3rd-order Tay-

lor approximation given by Eq. (3) and the best-fit results (h, q0, j0, s0) =

(0.692 ,−0.545 , 0.776 ,−0.192), where h ≡ H0

km/s/Mpc , to find f(z) from numer-

ically integrating Eq. (26). Thus, after inverting H(z) by means of T = −6H2

to find z(T ), the latter can be inserted back into f(z) to finally get the function

f(T ) 26). We show the reconstructed behaviour of f(T ) in Figure 3.

4.2 The f(R) gravity case

The second application of the cosmographic method we want to discuss con-

cerns f(R) theories, where gravity is induced by non-linear functions of the
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Figure 3: Cosmographic reconstruction of f(T ) as a function of the redshift
based on the 3rd-order Taylor parametrization.

Ricci curvature, while torsion is vanishing:

S =

∫
d4x
√−g

[
f(R)

2
+ Lm

]
. (27)

In the metric formalism, the field equations take the form 27)

Rµν −
1

2
gµνR = T (m)

µν +
1

f ′

[
1

2
gµν(f −Rf ′) + (∇µ∇ν − gµν�)f ′

]
. (28)

For a flat FLRW spacetime and non-relativistic matter fields, the Friedmann

equations modify as

H2 =
1

3

[
1

f ′
ρm + ρcurv

]
, (29)

2Ḣ + 3H2 = −pcurv , (30)

where the effective curvature density and pressure are give by

ρcurv =
1

f ′

[
1

2
(f −Rf ′)− 3HṘf ′′

]
. (31)

pcurv =
1

f ′

[
2HṘf ′′ + R̈f ′′ + Ṙ2f ′′′ − 1

2
(f −Rf ′)

]
. (32)
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Figure 4: Cosmographic reconstruction of f(R) as a function of the redshift
based on the (2,1) Padé parametrization.

In this case, the Hubble parameter is related to the Ricci scalar through R =

−6(Ḣ + 2H2), which allows to recast the first Friedmann equation as 28)

H2fz =
[
− (1 + z)H2

z +H
(
3Hz − (1 + z)Hzz

)]
×
[
− 6H2

0 (1 + z)3Ωm0 − f

− Hfz (2H − (1 + z)Hz)

(1 + z)H2
z +H (−3Hz + (1 + z)H2

zz)
− (1 + z)H2

[
(1 + z)H2

z +H
(
− 3Hz + (1 + z)Hzz

)]2

×
(
fzz
(
(1 + z)H2

z +H(−3Hz + (1 + z)Hzz)
)

+ fz
(
2H2

z − 3(1 + z)HzHzz

+H(2Hzz − (1 + z)Hzzz)
))
]
, (33)

where we have converted the derivatives with respect to R into the derivatives

with respect to z by means of d
dR = 1

6

[
(1+z)H2

z+H (−3Hz + (1 + z)Hzz)
]−1

d
dz .

Eq. (33) can be solved with the help of the initial conditions obtained from

requiring no deviations from the Newton gravitational constant, i.e., f0 =

R0 + 6H2
0 (Ωm0 − 1) and fz

∣∣
z=0

= Rz
∣∣
z=0

.

Motivated by the good properties of Padé polynomials, we consider the
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(2,1) Padé approximation of the luminosity distance,

d(z) ' 1

H0

[
z(6(−1 + q0) + (−5− 2j0 + q0(8 + 3q0))z)

−2(3 + z + j0z) + 2q0(3 + z + 3q0z)

]
, (34)

from which we can derive H(z) to be used in Eq. (33) and find f(z) by means

of the best-fit values (h , q0 , j0) = (0.706 ,−0.471 , 0.593). Adopting a similar

back-scattering procedure as for the f(T ) case, one finds that the analytical

function that best-approximates the numerical results is 28) f(z) = A+Bz3eCz,

leading to the f(R) function shown in Figure 4. The same procedure can be

utilised to reconstruct the shape of f(R) within the Palatini formalism 29).

4.3 The f(Q) gravity case

A further possibility is to consider gravity as a result of non-metricity, while cur-

vature and torsion are vanishing. In fact, the most general form of affine connec-

tions is 30) Γλµν =
{
λ
µν

}
+Kλ

µν+Lλµν , where
{
λ
µν

}
≡ 1

2 g
λβ (∂µgβν + ∂νgβµ − ∂βgµν)

are the Levi-Civita connections. Here, Kλ
µν is the contortion tensor, Lλµν ≡

1
2 g

λβ (−Qµβν −Qνβµ +Qβµν) is the disformation tensor, andQρµν ≡ ∇ρgµν =

∂ρgµν − Γβρµgβν − Γβρνgµβ is the non-metricity tensor 18). We can thus con-

sider a gravitational action of the form

S =

∫
d4x
√−g

[
1

2
f(Q) + Lm

]
, (35)

where f(Q) is a generic function of the non-metricity scalar:

Q = −1

4
QαβµQ

αβµ +
1

2
QαβµQ

βµα +
1

4
QαQ

α − 1

2
QαQ̃

α . (36)

Hence, the field equations are given as

2√−g∇α
{√−g gβν fQ

[
− 1

2
Lαµβ − 1

8

(
gαµQβ + gαβQµ

)
+

1

4
gµβ(Qα − Q̃α)

]}

+ fQ

[
− 1

2
Lµαβ − 1

8

(
gµαQβ + gµβQα

)
+

1

4
gαβ(Qµ − Q̃µ)

]
Qναβ +

1

2
δµνf = Tµν ,

(37)

where fQ ≡ ∂f
∂Q . For the line element ds2 = −dt2 + a(t)2δijdx

idxj , one finds

the following modified Friedmann equations 31):

6H2fQ −
1

2
f = ρ , (38)

(
12H2fQQ + fQ

)
Ḣ = −1

2
(ρ+ p) . (39)
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Figure 5: Cosmographic reconstruction of f(Q) compared to the predictions of
the concorance ΛCDM cosmology.

Neglecting the pressure of non-relativistic matter, we have ρ = 3H2
0Ωm0(1+z)3.

In the coincident gauge, where general relativity is recovered in the case f(Q) =

Q, the relation Q = 6H2 holds true, implying fQ = f ′(z)
12H(z)H′(z) . Therefore,

the first Friedmann equation can be written as 25)

H ′(z)
H(z)

f ′(z)− f(z) = 6H2
0Ωm0(1 + z)3 . (40)

If one requires no deviations from Newton’s gravitational constant, then fQ|z=0 =

1, leading to the initial condition f0 = 6H2
0 (2− Ωm0).

Following the analogous strategy as above, we can use the (2,1) Padé

parametrization for H(z) along with the observational constraints h = 0.693±
0.002, q0 = −0.73 ± 0.13 and j0 = 2.84+1.00

−1.23 to find f(z). Then, we perform

a numerical inversion by means of Q = 6H2 to finally get f(Q). In so doing,

we find that the best analytical matching is provided by the function f(Q) =

α + βQn, with (α, β, n) = (2.492, 0.757, 1.118), which show small departures

from the standard ΛCDM model 25). However, when taking into account the 1σ

uncertainties on the free parameters, α ∈ [2.058, 3.162], β ∈ [0.332, 1.076] and

n ∈ [0.821, 1.550], we find no statistically significant deviations with respect to

the concordance scenario with Ωm0 = 0.3 and h = 0.70 (see Figure 5).
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5 Final remarks

The standard description of the universe based on the ΛCDM cosmology is

challenged by long-standing theoretical drawbacks associated to physical inter-

pretation of the cosmological constant and by recent tensions among observa-

tions. For this reason, the development of model-independent techniques able

to feature the late-time acceleration of the universe becomes crucial in order

to discriminate among the plethora of cosmological models proposed over the

last years as possible solutions to the dark energy problem.

In this brief report, we provided an outlook on the current status of the

cosmographic method. After reviewing the basic principles of cosmography,

we focused on the issues limiting the standard approach in the era of preci-

sion cosmology. Thus, we discussed the role of rational parametrizations in

view of healing the convergence problem related to Taylor series expansions of

cosmological distances when dealing with high-redshift data. Specifically, re-

construction techniques relying on Padé and Chebyshev polynomials offer clear

advantages in terms of stability and accuracy of cosmographic series including

high-order coefficients. Rational cosmography can be used to address dark en-

ergy from a model-independent perspective. In particular, the combination of

thermodynamic principles and Padé modeling of the deceleration parameter

provides us with a cosmological scenario that reproduces the ΛCDM behaviour

only under particular limits. This allows us to explore discrepancies with re-

spect to the standard paradigm avoiding biases induced by setting a specific

cosmic expansion.

On the other hand, we explored applications of the cosmographic ap-

proach to modified gravity scenarios. Under the hypothesis that the current

cosmic speed-up may be due to extensions of general relativity, we considered

the cosmological consequences of non-linear functions of the Ricci curvature, or

gravitational interaction mediated by torsional effects and non-metricity. Thus,

we described a back-scattering procedure to reconstruct the f(R), f(T ) and

f(Q) actions by exploiting the most recent constraints on the cosmographic

coefficients. Our results show that the cosmographic method is effective in

suggesting the models that better fit to kinematics, although no substantial

evidence for deviations from the standard ΛCDM model is highlighted. This

is basically due to the elevated uncertainties affecting the cosmographic coeffi-

cients of high order that, currently, do not permit to draw any final conclusions.
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Therefore, these methods will need to be improved in order to be completely

predictive with more stringent observational bounds. This would enable cos-

mography to shed light on the dark energy nature in view of new and more

precise data measurements at high redshifts from future cosmology surveys.

6 Acknowledgements

The authors are thankful to Istituto Nazionale di Fisica Nucleare (INFN),

Sezione di Napoli, iniziative specifiche QGSKY and MOONLIGHT2 for finan-

cial support.

References

1. A. G. Riess et al., Astron. J. 116, 1009 (1998).

2. S. Perlmutter et al., Astrophys. J. 517, 565 (1999).

3. P. J. E. Peebles, B. Ratra, Rev. Mod. Phys. 75, 559 (2003).

4. N. Aghanim et al. [Planck], Astron. Astrophys. 652, C4 (2021).

5. S. Weinberg, Rev. Mod. Phys. 61, 1 (1989).

6. S. M. Carroll, Living Rev. Rel. 4, 1 (2001).

7. E. J. Copeland, M. Sami, S. Tsujikawa, Int. J. Mod. Phys. D 15, 1936

(2006).

8. S. Capozziello, R. D’Agostino, O. Luongo, Phys. Dark Univ. 20, 1 (2018).

9. Y. Akrami et al. [Planck], Astron. Astrophys. 641, A10 (2020).

10. S. Capozziello, M. De Laurentis, Phys. Rept. 509, 167 (2011).

11. S. Nojiri, S. D. Odintsov, Phys. Rept. 505, 59 (2011).

12. A. A. Starobinsky, JETP Lett. 86, 163 (2007).

13. T. P. Sotiriou, V. Faraoni, Rev. Mod. Phys. 82, 451 (2010).

14. G. R. Bengochea, R. Ferraro, Phys. Rev. D 79, 124019 (2009).

15. E. V. Linder, Phys. Rev. D 82, 109902 (2010).

207



16. Y. F. Cai, S. Capozziello, M. De Laurentis, E. N. Saridakis, Rept. Prog.

Phys. 79, 106901 (2016).
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Abstract

The abundance of galaxies in the epoch of reionization (z >6) is dependent on funda-
mental cosmological parameters, most importantly on the properties of dark matter,
such that it can be used as a powerful cosmological probe. Here we show how the
number density of primordial galaxies allows to constrain the mass of thermal WDM
candidates, and the constraints that will be made possible by future JWST observa-
tions. We then investigate how the Reionization process is affected by early galaxy
formation in different cosmological scenarios. We use a semi-analytic model with
suppressed initial power spectra to obtain the UV Luminosity Function in thermal
Warm Dark Matter and sterile neutrino cosmologies. For each cosmology, we find an
upper limit to fixed fesc, which guarantees the completion of the process at z < 6.7.
The analysis is tested with two limit hypothesis on high-z ionized hydrogen volume
fraction, comparing our predictions with observational results.
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1 Introduction

The Epoch of Reionization (EoR) marked a fundamental phase transition in the history
of the Universe, during which the Intergalactic Medium (IGM) became transparent to
UV photons. The most recent observations indicate a late-Reionization scenario [1–
3], with the end of the EoR at z ≈ 6, but the exact contribution from different ionizing
sources and the exact timeline and topology of Reionization are still unknown.

From a theoretical point-of-view, cosmic Reionization depends on non-linear
and non-local phenomena, in which the physics of galaxy formation couples with the
physics of gravity and radiation transport. The first process is determined by both
baryonic physics and poorly known feedback effects, but also by the initial power
spectrum of density fluctuations: in fact, dark matter produces the potential wells in
which baryonic perturbation undergo an accelerated growth. Therefore, the study of
Reionization is strongly related to the comprehension of cosmological framework in
which cosmic structures form and grow.

The currently most acknowledged cosmological model is the ΛCDM model. It
is based on the contribution of the cosmological constant Λ (≈69%) and Cold Dark
Matter (≈26%) and provides a coherent large-scale description of the Universe with
respect to the available data. The ΛCDM model postulates the existence of Dark
Matter in a “cold” version, i.e., composed by Weakly Interacting Massive Particles
(WIMPs) with mX > 0.1 GeV or condensates of light axions, with mX ≈ 10−5–10−1

eV.
However, there are some possible tensions related to observations at galactic and

sub-galactic scales, of the order of kpc. Furthermore, the lack of detection of CDM
candidates has suggested the possibility to investigate on alternative cosmological sce-
narios, based on the existence of Warm Dark Matter particles, with mass of the order
of keV. While in the ΛCDM model, due to the high mass particles, all the cosmolog-
ical density perturbations can become gravitationally unstable, in a WDM scenario,
depending on the value of mX , only perturbations above the kpc scale can collapse,
producing shallower density profiles and a smaller number of low-mass halos. This,
in the context of the hierarchical growth of the cosmic structures, implies a reduction
in the number of faint galaxies and a delay in their formation [4, 5].

In WDM cosmologies, the simplest approach is to consider particles that behave
as “thermal relics”, resulting from the freeze-out of DM species initially in thermal
equilibrium with the early Universe, e.g. [6, 7]. A possible alternative is offered by
sterile neutrinos (SN) or right-handed neutrinos, which are particles predicted in the
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context of Standard Model extensions. Since they are produced out-of-equilibrium,
from the oscillations of active neutrinos, they are characterized by a non-thermal
power spectrum, which depends both on mass and on sin(2θ), where θ is the mix-
ing angle [8].

In the present paper we first summarise the results presented in Menci et al.
2016,2017 [4, 9] where stringent constraints on DM models with suppressed power
spectra by have been derived by comparing the maximum number density of DM halos
ϕ expected at redshift z = 6 to the observed number density ϕobs of galaxies at the same
redshift in the HFF. We then summarise the results presented in [10] on how Reioniza-
tion scenarios are affected by early galaxy formation in WDM cosmologies. We have
used the theoretical model by Menci et al. (2018) [11], where the collapse history of
dark matter halos is modelled through the Extended Press-Schechter (EPS) formal-
ism and baryonic processes taking place in each halo are included through physically
motivated analytical recipes.

2 Method

2.1 Warm Dark Matter thermal relics

The simplest alternative to CDM is provided by Warm Dark Matter models assuming
DM to be the result from the freeze-out of particles with mass in the keV range ini-
tially in thermal equilibrium in the early Universe. In these models, the population of
low-mass galaxies is characterized by lower abundances and shallower central density
profiles compared to Cold Dark Matter (CDM) due to the dissipation of small-scale
density perturbations produced by the free-streaming of the lighter and faster DM par-
ticles. In this case, the mass of the DM particle completely determines the suppression
of the density power spectrum compared to the CDM case

The computation of the halo mass function for the WDM scenario is based on
the standard procedure described and tested against N-body simulations. The differ-
ential halo mass function (per unit log M) based on the extended Press & Schechter
approach [e.g. 12] reads:

d ϕ
d logM

=
1
6
ρ

M
f (ν)

d logσ2

d logr
. (1)

Here ν ≡ δ2c(t)/σ2 depends on the linearly extrapolated density for collapse in the
spherical model δc = 1.686/D(t) and D(t) is the growth factor of DM perturbations.
A spherical collapse model for which f (ν) =

√
2ν/π exp(−ν/2) is assumed.
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The key quantity entering Eq. 1 is the variance of the linear power spectrum
P(k) of DM perturbations (in terms of the wave-number k = 2π/r). Its dependence on
the spatial scale r of perturbations is:

d logσ2

d log r
= − 1

2 π2 σ2(r)
P(1/r)

r3 . (2)

In WDM scenarios the spectrum PWDM is suppressed with respect to the CDM
case PCDM below a characteristic scale depending on the mass mX of the WDM
particles. In the case of relic thermalized particles, the suppression factor can be
parametrized as in Bode et al. 2001 [13]:

TWDM(k) =
PWDM(k)
PCDM(k)

=
[
1 + (α k)2 µ

]−10/µ
. (3)

where µ = 1.12 and the quantity α is linked to the WDM free-streaming scale:

α = 0.049
[
ΩX

0.25

]0.11 [
mX

keV

]−1.11 [
h

0.7

]1.22 h−1

Mpc
, (4)

where mX is the WDM particle mass, ΩX is the WDM density parameter (ΩX) and h
the Hubble constant in units of 100 km/s/Mpc.

The mass function is computed through Eq. 1 after substituting Eq. 2, with a
power spectrum P(k) = PWDM(k) determined by the WDM particle mass mX after Eqs.
3 and 4. A half-mode wavenumber is defined, as the khm at which the transfer function
TWDM(k) is equal to 1/2 [13, 14]. Correspondingly, a half-mode mass Mhm can also
be defined:

Mhm =
4π
3
ρm

[
πϵ(2µ/5 − 1)−1/2µ

]3
. (5)

2.2 Semi-Analytic Model

To investigate the interplay between WDM scenarios and reionization history, we use
the semi-analytic model developed by Menci et al. (2018), to which we refer for fur-
ther informations [11]. The model retraces the collapse of dark matter halos through a
Monte Carlo procedure on the basis of the merging history given by EPS formalism,
at 0 < z < 10 [11]. In this framework, the DM structures formation is determined by
the power spectrum: the WDM P(k) is computed by the suppression of the CDM one,
due to the particles free streaming at kpc scale, as described in the previous section.

Conversely, for sterile neutrino based cosmological scenarios, we refer to Mhm

from Lovell et al. (2020), obtained comparing CDM and WDM simulations performed
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within the same cosmic volume and in which the parameterization of the WDM halo
mass function is given by R f it [15]:

R f it =
nWDM

nCDM
=

1 +
(
α

Mhm

Mhalo

)β
γ

, (6)

where nCDM and nWDM are the differential halo mass functions and Mhalo is the halo-
mass. The numerical value of α, β and γ coefficients changes if we consider central
(α = 2.3, β = 0.8, γ = −1.0) or satellite halos (α = 4.2, β = 2.5, γ = −0.2) [15].

We perform our analysis with five different sterile neutrino models, with a mass
of 7.0 keV, labelled according to the lepton asymmetry number (L6), which is indicated
in the last part of the name. For example, L6 = 120 is named LA120, L6 = 8 is
named LA8 and so on. Among them, the models LA9, LA10 and LA11 are based on
decaying-particles that are compatible with the X-ray 3.55 keV emission line observed
in galaxy clusters [15].

The semi-analytic model associates a galactic luminosity to each halo, depend-
ing on cooling process and merging history. The gas in the halo, initially set to have a
density given by the universal baryon fraction and to be at the virial temperature, cools
due to atomic processes and settles into a rotationally supported disk. Then, the cooled
gas is gradually converted into stars, with a SFR given by: Ṁ∗ =

Mgas

τ∗
, according to

the Schmidt-Kennicut law with a gas conversion time scale τ∗ = qτd, proportional
to the dynamical time scale τd through the free parameter q [11]. Moreover, galaxy
interactions occurring in the same host halo may induce the sudden conversion of a
fraction f of cold gas into stars on a short time-scale given by the duration of the in-
teraction [11]. Feedback phenomena due to supernovae, AGNs and photoionization
are also included, as described by Menci et al. (2018) [11]. Finally, the luminosity
produced by the stellar populations is computed by assuming a Salpeter IMF [11]. In
our analysis, we integrate the rest-frame UV (∼1400 Å) dust-corrected LF between
the limits Mlim

UV = [−25,−12], in order to obtain the corresponding luminosity density:

ρUV =

∫ Mlim
UV

dMUV
dN

dMUV
R f itLUV , (7)

which is dominated by the contribution of systems with MUV ≥ −20 (see Section 3.2).
The number density of UV photons that actively participate to hydrogen ioniza-

tion process is obtained by multiplying for two quantities [16]:

Ṅion = fescξionρUV . (8)
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The ionizing photon production efficiency (ξion) is expressed in Hz/erg units and
it describes how efficiently is possible to get UV ionizing photons from an UV con-
tinuum radiation field. Finally, the escape fraction fesc converts the intrinsic ionizing
emissivity Ṅion,intrinsic = ξionρUV into an effective one. It is defined as the fraction of
ionizing photons that can escape from the source galaxy instead of being reabsorbed
inside it and which therefore actively participates in the ionization of the IGM.

In our study, we model the Reionization history with different values of fesc.
Fixed escape fraction is useful to broadly characterize the Reionization history, al-
though a universal value for fesc is highly unrealistic.

Nevertheless, the investigation of the degenerate quantities fescξion, which drive
the Reionization process, can yield to interesting upper limits to the escape fraction.

Once obtained Ṅion, the equation that accounts for ionization and recombination,
which regulates the evolution of the hydrogen filling fraction QHII is:

Q̇HII =
Ṅion

n̄H
− QHII

trec
, (9)

where the comoving hydrogen mean density is computed as n̄H ≈ 2×10−7(Ωbh2/0.022)
cm−3 and the recombination time-scale is trec ≈ 3.2 Gyr [(1 + z)/7]−3C−1

HII [17]. We
consider case B of recombination, in which electrons fallen to the ground level gen-
erate ionizing photons that are re-absorbed by the optically thick IGM, having no
consequences on the overall ionization balance. We treat the evolution of the clump-
ing factor CHII with redshift, due to the effect of UVB generated by Reionization,
according to, e.g., Haardt et al. 2012 [18]:

CHII = 1 + 43z−1.71. (10)

After the reconstruction of the Reionization history, we use the redshift evolu-
tion of the filling fraction to compute the integral:

τes(z) = cσT n̄H

∫ z

0
QHII(z′)(1 + z′)2

(
1 +
ηY
4X

)
H−1(z′)dz′, (11)

in which helium is singly-ionized (η = 1) at z > 4 and doubly-ionized (η = 2) at z < 4.
Then, the electron scattering optical depth has been compared with observational con-
straints on τes obtained, from CMB anisotropy, by Planck and WMAP.
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Figure 1: Adapted from Menci et al. 2016 [4]: the cumulative mass functions com-
puted at z = 6 for different values of the WDM particle mass mX from 1 to 3 keV
(bottom to top). The shaded areas correspond to the observed number density of HFF
galaxies within 1-σ, 2-σ, and 3-σ confidence levels.

3 Results

3.1 Constraints on thermal WDM from the abundance of high-redshift galaxies

We compare the halo number densities in WDM cosmologies to the observed number
density ϕobs of galaxies derived by integrating the galaxy luminosity function (LF) at
z = 6 by [19] down to the faintest bin MUV = −12.5. Constraints on DM models are
simply put by requiring that observed galaxies cannot outnumber their host DM halos
(ϕ ≥ ϕobs). The reference luminosity function has been estimated from objects in the
Abell 2744 and MACS 0416 cluster fields, selected on the basis of their photometric
redshift.

In Fig. 1 we show the cumulative mass function ϕ(> M) at z = 6 for different
assumed WDM particle masses. All the mass functions saturate to a maximum number
density ϕmX

≈ ϕ(Mhm). This is compared with the observed number density ϕobs of
galaxies with MUV ≤ −12.5. The condition ϕobs ≤ ϕmX

yields mX ≳ 2.9 keV at 1-
σ level, mX ≥ 2.4 keV at 2-σ level, and mX ≥ 2.1 keV at 3-σ level. In Fig. 2 we
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Figure 2: Constraints on the abundance of dark-matter halos derived from the galaxy
LF at different redshifts (black arrows). The corresponding limits on the mass of
WDM thermal relics are shown as colored contours. JWST measurements reaching
z > 9 lensed galaxies down to MUV ≤ −12.5 (red arrows) can significantly strengthen
currents constraints if no cut-off of the LF will be found.

show the constraints on the thermal relic WDM particle mass from the abundance
of galaxies in available observations at z < 7, including the quoted constraint from
the HFF observations at z ∼ 6, compared to what could be achieved by hypothetical
JWST observations of strongly lensed galaxies at z > 9 (red arrows). We derive the
estimate by extrapolating to MUV ≤ −12.5 the UV LF at z = 9− 16 recently published
by Harikane et al. 2022 [20]. If JWST will confirm a steep faint-end of the UV LF
at extremely high-redshifts, thermal relic particles with masses mX < 5 keV will be
ruled out by galaxy abundance measurements alone.

3.2 The reionization history in WDM scenarios

Here we investigate the unfolding of the reionization epoch in WDM cosmologies,
summarising the cited work by Romanello et al. 2021 [10].
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Figure 3: Adapted from Romanello et al. 2021 [10]. The multiple panels show the inte-
grated photons ratio rphot(< MUV

lim ), where Ṅion,tot is computed by integrating Equation
(7) between intrinsic Msup

UV = −12 and Min f
UV = −25. We compare with CDM two ther-

mal WDM cosmologies (WDM3 is an intermediate case between WDM4 and WDM2),
and three sterile neutrino cosmologies (here LA10 is the only representative scenario
for radiatively decay Dark Matter, which is compatible with the 3.5 keV emission line
observed in galaxy clusters).

In Figure 3 we plot the integrated ionizing photons ratio:

rphot(< MUV
lim ) =

Ṅion(MUV < Mlim
UV )

Ṅion,tot
(12)

in which we compute Ṅion,tot, using Equation (7) between intrinsic Msup
UV = −12 and

Min f
UV = −25, while the numerator is obtained by varying the upper limit of the integral

from −24 to −12, including so the photons from progressively dimmer sources, until
the unity is reached.

From Figure 3 we can identify two important features, through which we can
understand the role and the different contribution of faint and bright galaxies during
EoR. The first is the increasing of the relative contribution of the brightest systems
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Figure 4: Adapted from Romanello et al. 2021 [10]. The product ξion fesc required to
ionize the IGM at z = 6.7, for a set of different cosmologies. The dot size increases
with Mhm; lighter colours refer to initial condition QHII(z = 10) = 0.2, while darker
colours are for QHII(z = 9) = 0.0.

(respectively with intrinsic Msup
UV < −24, Msup

UV < −22 and Msup
UV < −20) with the age

of universe. In the ΛCDM model, rphot(< −22) passes from 2.8% at z = 8, to 10%
at z = 6.3. In parallel, for Msup

UV = −20 we have a raise from 31% at z = 8 to 44% at
z = 6.3. We can interpret this trend in the light of the hierarchical growth of cosmic
structures: merging phenomena between galaxies give origin to more massive and
brighter structures, increasing their overall contribution. However, the role of faint
galaxies in the Reionization process is still predominant.

The second issue to be highlighted derives from a comparison between differ-
ent cosmological scenarios, which reveals that WDM models present a relative Ṅion

higher than the CDM ones. Again, the reason resides in the effect of free-streaming,
which determines a suppression in the number density of the faint-galaxies and so a
decreasing in their relative contribution for each Msup

UV . The difference between cos-
mologies is summarized in the half-mode mass and is not negligible: if we compare
CDM with LA8 and WDM4, at z = 8 it values ≈ 1–2% , respectively for Msup

UV = −20
and −18, but it increases to 8−10% for WDM2 and LA120. Finally, we noted that the
continue (WDM) and the dashed (CDM) lines in Figure 3 approach each other with
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time; for example, at z = 5 the differences between CDM and WDM2-LA120 reduce
respectively to 4–6%. Again, we can interpret this result by looking at the evolution
of the UV LFs with z.

The current analysis is based on intrinsic UV luminosity and it is independent
from the dust extinction, which is summarized in the escape fraction value: in fact
fesc appears only as a multiplicative constant, so it simplifies in the ratio between Ṅion.
Conversely, if we consider other escape fraction dependencies (see below), we could
expect a more various behaviour.

3.2.1 Implications on fesc

The evolution of the filling fraction with cosmic time depends also on the initial con-
dition for Equation (9). In particular, we choose two extreme possibilities, which are
motivated both with model available in literature and with an observational point of
view.

The first has QHII(z = 10) = 0.2. This assumption agrees with the 68%
credibility interval modelled on the marginalized distribution of the neutral fraction
(1 − QHII), from the SFR histories and the Planck constraints on τes, from Robertson
et al. (2015) [26]. Similarly, it is coherent with the range of QHII allowed for the
model by Bouwens et al. (2015), where Reionization is complete between z = 5.9 and
z = 6.5 [27]. As a second possibility, we choose QHII(z = 9) = 0.0, which is preferred
by the two hydrogen neutral fraction measurements performed by Mason et al. (2019)
and Hoag et al. (2018)[1, 2]. All the others are intermediate cases.

For each of the two initial conditions we compute the number density of ion-
izing photons Ṅion with different combinations of ξion fesc, exploring the effect of the
parameters degeneracy on the reheating of IGM. Particles free-streaming has conse-
quences on galaxy formation, determining a lack of faint-galaxies which alters the UV
LF, with a general reduction in the UV luminosity density in models with a high Mhm.
Thus, we obtain a delay in the IGM ionizing process, with respect to CDM.

In Figure 4, we show log(ξion fesc) in CDM, sterile neutrinos and thermal WDM
cosmologies. Due to the great uncertainty on fesc, we searched for the ξion fesc values
that ensure the completion of Reionization at z = 6.7. We note that log(ξion fesc) in-
creases with Mhm: a larger escape fraction and/or UV photons production efficiency
are needed to complete the Reionization process in WDM scenarios. However, the
quantity ξion is better constrained than fesc, so we assume from the literature a fidu-
cial value of log(ξion/(erg−1Hz)) = 25.2 [16, 27], as expected from a low metallicity
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Figure 5: Adapted from [10]. Left: evolution of the filling fraction QHII , for sterile
neutrino and thermal WDM models, with log(ξion/(erg−1Hz)) = 25.2. The two upper
panels have initial condition QHII(z = 10) = 0.2 and fesc = 0.05. The two lower
panels are plotted with QHII(z = 9) = 0.0 and fesc = 0.06. The cyan shaded region
indicates our fiducial late-Reionization redshift interval, 5.8 < z < 6.7. The upward
triangle labelled Lyα LF includes results by Konno et al. (2014), Konno et al. (2017)
and Zheng et al. (2017) [21–23]. Right: electron scattering optical depth for different
models, compared with measurements from Planck and WMAP [3, 24, 25].
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single-star population. This value is coherent with the Salpeter IMF assumed in the
semi-analytic model [26]. We did not investigate the variation of ξion with redshift and
MUV , which we have considered negligible with respect to changes in escape fraction.
Similarly, we have neglected the variation with galaxy age. These hypotheses allow
us to set an upper limit to fesc for each different WDM particle and boundary condi-
tion. In general, models that start from Q = 0 need a higher fesc value to ionize the
IGM within the same z range. For this reason they are more inclusive and result in a
weaker constraint to the admitted escape fraction. If fesc > f sup

esc , Reionization process
is completed outside the fiducial redshift interval.

The evolution of the filling fraction QHII in the various cosmological models
and for different assumptions is summarised in Fig. 5.

4 Conclusions

In this paper we have first summarised the results presented in Menci et al. 2016, 2017
[4, 9] putting stringent constraints on DM models with suppressed power spectrs. The
comparison of the predicted maximum number density of DM halos ϕ to the observed
number density ϕobs provide robust constraints through the simple condition that ob-
served galaxies cannot outnumber their host DM halos (ϕ ≥ ϕobs). Remarkably, these
constraints are conservative, and independent of the modeling of baryonic physics in
low-mass galaxies. The mass of WDM thermal relic candidates is constrained to be
mX ≥ 2.9 keV at 1σ confidence level, and mX ≥ 2.4 keV at 2 − σ level. by have
been derived by comparing the maximum number density of DM halos ϕ expected at
redshift z = 6 to the observed number density ϕobs of galaxies at the same redshift in
the HFF.

We have then summarised the results presented in [10] on how Reionization
scenarios are affected by early galaxy formation in WDM cosmologies. We have used
the semi-analytic model described by Menci et al. (2018) [11], to produce the UV
LF in a ΛCDM framework. We have tested some ΛWDM cosmologies, in which the
contribution of the faint galaxies is suppressed: in particular, we have focused on five
sterile neutrino models presented in Lovell et al. (2020) [15]), and three thermal WDM
models with mX = 2–3–4 keV. In both cases, we have found that a higher Mhm leads
to a general delay in the Reionization process. In CDM cosmology, merging between
galaxies determines the rise of the intrinsic MUV < −20 systems relative contribution
to the ionizing photons budget, from ≈30% to ≈45% between 6.3 < z < 8. In the
WDM case, the particles free-streaming yields to a shift towards brighter sources and
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rphot(MUV < −20) undergoes a further 1–10% growth, depending on cosmology; We
found that in WDM cosmologies a higher fescξion is required, in order to complete the
Reionization process at the same redshift.

The most important limits to our analysis are related to observational uncertain-
ties. We expect significant advances thanks to improved constraints on the UV LF at
very high-redshift made possible by forthcoming JWST surveys.
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Abstract

What is Dark Matter (DM) and how it manifests besides the gravi-
tational evidences? This is one of the most intriguing open question in
cosmology and particle physics so far. In this invited contribution to
the 2021 edition of the Vulcano Workshop, we briefly review the indirect
searches for multiple DM signatures in astrophysical targets. We review
the multi-messenger and multi-wavelength approach to the indirect detec-
tion of Weakly Interacting Massive Particles (WIMPs), with a particular
focus on the log-parabola data-driven approach for ML application.

1 Introduction

For more than 50 years now, Dark Matter (DM) has been escaped researchers

all around the world. DM represents more than 27% of the total content of

the universe, yet no one has managed to find any trace of its existence beyond

the well-known gravitational effects. One of the main problems is that we do

not know what it is made of. Many candidates have been proposed during the

years (see e.g. [1, 2]). Among other candidates, Weakly Interacting Massive

Particles (WIMPs) represent an elegant way of explaining the existence of the

cold DM (CDM) component of the Universe, by considering that any unknown

elementary particle must exist beyond the Standard Model (SM) of particle

physics. The CDM WIMP candidates would allow to solve open questions in

both SM physics and cosmology [3]. The existence of such WIMPs may be

proved through different types of experiments. A trace of the scattering of light

WIMPs with atoms of the SM, is expected in direct searches with underground

laboratories [4]. A missing energy is expected in the products of the collision

e.g. of two protons in particle accelerators, as a signature of DM particle of

masses up to a few TeV [5]. Among other WIMP candidates, the supersymmet-

ric (SUSY) models benefits of strong approval for years. Nonetheless, null result

of the Large Hadron Collider (LHC) below the TeV energy scale has - at least -

1
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weakened the popularity of that models. Many other theoretical models could

justify the existence of DM candidates at the TeV scale (see e.g. Brane world

DM [6], Feebly Interacting Massive Particle [7] and superWIMP [8]). Indirect

detection allows to search for WIMP candidates of a broad range of energy up to

hundrends of TeV, by studying the flux of astrophysical targets [9]. Although,

not all the DM candidates have an expected signature in the framework of in-

direct detection.

In these proceedings we focus on multiple signatures of WIMP candidates. In

Section 2, we review the fundamental equations for both the multi-messenger

and multi-wavelength approach to WIMP searches. In Section 3, we discuss a

data-driven approach adopted to introduce the WIMP candidate as a theoreti-

cal data sample in machine learning analyses. We also show an example of the

validity of such first-level approximation. Finally, we trace the conclusion of

this proceedings in Section 4.

2 Multiple WIMP signatures

In the most general approach, the secondary emission expected by annihilation

or decay events of WIMPs in any astrophysical source is given by:

dΦDM

dE
(E,∆Ω, l.o.s.) = P (E) × Jg(∆Ω, l.o.s). (1)

The P (E) and Jg(∆Ω, l.o.s) are the particle physics factor (or source term)

and the generalized astrophysical factor, respectively. The specific expression

of each of those factors depends on the particular case of interest, as we explain

in the following lines. In Fig. 1, we schematically show the WIMP annihila-

tion process (i.e. the P-factor). By each annihilation event, WIMPs produce a

couple of SM particle-antiparticle (i.e. leptons, quarks or bosons) which decay

and hadronization processes generate fluxes of secondary particles, e.g. gamma

rays, neutrinos, matter-antimatter (electron-positron, proton-antiproton, etc...

). These fluxes may be observed by detectors on satellites [10, 11] or ground-

based Cherenkov telescopes [12, 13, 14, 15]. Each of this particle is considered

to be a messenger of the information on the nature of the WIMP candidate, i.e.

its mass and interaction with the SM particles. In fact, given a WIMP mass

and interaction (i.e. a specific DM candidate), the products of the annihilation

process are well defined SM particles. SM hadronization and decay processes

can produce fluxes of secondary particles, whose spectral shape depends on the

first SM channel produced in the WIMP annihilation process. Therefore, the

so-called multi-messenger approach refers to searching for multiple signatures

2
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Figure 1: Illustrative schematization of the WIMP annihilation process happening in any
astrophysical object dominated by a DM content, e.g. dwarf spheroidal galaxies [18, 19], dwarf
irregular galaxies [20, 21], Galactic center [15, 22, 23], galaxy clusters [24]. See text for further
details.

of DM candidates in several fluxes of secondary astroparticles. Furthermore,

charged particles produced by WIMP annihilation events interact with the mag-

netic field in our Galaxy or in the emitting source, producing a broad spectra

of electromagnetic emission, via e.g. synchrotron emission, inverse Compton,

Bremsstrahlung, Coloumb interaction. In this case, the P-factor is indeed the

source term of a diffusion equation, which final electromagnetic emission can be

detected by several telescope, e.g. with interferometric technique of the Square

Kilometer Array (SKA) [16, 17]. In this case, searching for multiple signatures

of the same WIMP candidate through several electromagnetic emission is called

multi-wavelength approach.

Finally, the Jg-factor is defined by the astrophysical target, i.e. the DM domi-

nated astrophysical object where the WIMP annihilation/decay process is hap-

pening, e.g. dwarf galaxies [18, 19, 20, 21], the Galactic center [15, 22, 23],

galaxy clusters [24]. Indeed, the Jg-factor is the normalization factor, which

depends on the amount of DM in the astrophysical target. The calculation of

this Jg-factor represents the highest source of uncertainty in indirect searches

[25]. Nonetheless, in this proceeding, we focus on the P-factor and related

uncertainty.

2.1 Multi-messenger approach

The multi-messenger nature of the indirect searches can be made explicit by

rewriting the Eq. 1 as:

dΦsp-DM

dE
=
ηsp
4π

2∑

a=1

J (a)
g-sp ·

SM channels∑

j

ζ
(a)
j

δma
DM

dN j
(sp)

dE
(2)

3
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This equation describes the expected flux of secondary particles produced

by DM annihilation and decay events. The ηsp parameter is related to both the

propagation or deviation of the observed particle1; a is related to the DM event:

a = 1 is for DM decay and a = 2 is for DM annihilation. The astrophysical

factor J
(a)
g-sp is given by the integration along the line of sight of the DM density

distribution in the target: in case of DM decay J
(1)
g-sp ∝ ρDM and for DM

annihilation J
(2)
g-sp ∝ ρ2DM . The SM channels (quarks, bosons or leptons) are the

products of DM decay or annihilation: the branching ratios of production Brj =

ζ
(a=2)
j / < σv > or Brj = ζ

(a=1)
j τ−1

decay is the probability of annihilation/decay

in each SM channel. In the model independent approach for thermal WIMPs,

the WIMP candidates annihilate (decay) into one SM channel with 100% of

probability (Br = 1), i.e. ζ
(a=2)
j =< σv > (ζ

(a=1)
j = τ−1

decay). Instead, in a

model dependent approach, the combination of different SM channels and their

branching ratios depends on the specific WIMP candidate. Finally,
dNj

(sp)

dE , is

the differential flux of secondary particles expected by each DM annihilation or

decay event. It depends on the SM channel and it is generally computed with

Monte Carlo events generator software. More details on Eq. 2 can be found in

[26], with a particular focus on the Galactic Very Inner Region (VIR) and the

multi-TeV WIMP candidate.

2.2 Multi-wavelength approach

In this section we briefly introduce the reader to the connection between multi-

messenger and multi-wavelength signals from WIMP annihilation events. Dur-

ing the transport of the secondary cosmic rays in the galactic environment, the

deflection of charged particles by the galactic magnetic field would result in

the emission of electromagnetic radiation. In the case of ultra-relativistic par-

ticles, the emission is produced through synchrotron radiation in a continuous

frequency range. Indeed, ultra-relativistic e+/e− are responsible for a large

number of signatures in the sky, being the synchrotron emission one of the main

mechanisms of energy losses. Such an e+/e− propagation is dominated by the

diffusion equation:

−∇ · [D (r, E)∇ψ] − ∂

∂E
[b(r, E)ψ] = Qe(r, E) (3)

where D (r, E) is the diffusion coefficient, ∇ψ is the number density of

charged particles after propagation, b(r, E) is the energy loss term, and Qe(r, E)

is the source term. If the primary source of injected electrons is the annihilation

of WIMPs, the source term is given by:

1E.g. ηγ ≈ 1 for a gamma ray, which travels undeflected in the local Universe

4
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Figure 2: Flux density for a Draco-like dSph in the range of frequencies 105 − 1017 Hz
as produced by the Synchrotron emission of secondary e+e− for different DM masses and
annihilation channels. Colour bands represent the sensitivity regions of several detectors.
Targets with a radio signal boost mechanism could improve the competitiveness of these
detectors. Figure from [16].

Qe(r, E) =
1

2
⟨σv⟩

(
ρDM(r)

M

)2∑

j

βj
dN j

e

dE
. (4)

The diffusion Eq. 3 is a simplification of the Ginzburg-Syrovatsky transport

equation. The latter takes into consideration some other mechanisms such as

re-acceleration of cosmic rays (negligible in the case of ultra-relativistic e+/e−),

spallation of cosmic rays, radioactive decay of nuclei of the interstellar medium

as well as eventual interactions with the galactic wind [16, 17]. Indeed, the

multi-wavelength approach is also affected by the uncertainty in the description

of the galactic and extra-galactic magnetic field. In Fig. 2 [16], we show the

multi-wavelength Synchrotron emission produced in the range of frequencies

105 − 1017 Hz by secondary e+e− produced by several WIMPs masses and

annihilation channels. WIMP candidates at GeV energy scale are suitable to be

detected in radio frequencies, yet TeV DM would be better detected at higher

frequencies. Even though SKA1 exhibits a competitive sensitivity to measure

signatures of WIMPs up to 10 TeV (yellow lines), for heavier TeV WIMPs, the

maximum of emission shifts to frequencies higher than the SKA1 range.
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Figure 3: LP fits of the gamma-ray flux simulated with PYTHIA 8 for a WIMP mass of 50
TeV, annihilating 100% in W+W− or ZZ with (EW) or without (NoEW) the electroweak
contribution.The values of the parameters can be found in Tab. 1.

3 WIMP signatures and machine learning

In the benchmark data-fitting approach, any detected spectra of both astropar-

ticles or electromagnetic emission is fitted via the differential flux expected by

WIMP annihilation events. Indeed, the spectral shape is fixed by the WIMP

mass while the amplitude of the signal is a degenerate case of both the astro-

physical J-factor and e.g. the annihilation cross section (see Eq. 2). Moreover,

an uncertainty on the amplitude is introduced by the multiplicity of secondary

particles produced in each annihilation event, which changes with the Monte

Carlo event generator software [27]. In [28] a new approach to search for WIMP

signatures among a sample of detected but unidentified sources2 is proposed.

The latter is inspired by the data-driven Log Parabola (LP) first fit of any

detected source of the Femi-LAT catalogues [29, 30, 31]:

dN

dE
= N0

(
E

E0

)−α−β·log(E/E0)

. (5)

where N0 is the gamma-ray flux normalization, E0 the pivot energy, α the

gamma-ray spectral index and β the curvature. Note this parametric form is

reduced to a simple power law in the case of β = 0. From this expression we

2Indeed, those sources without any association with known astrophysical sources.

6
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can extract a useful parameter: the peak energy, Epeak, i.e., the energy at which

the energy spectrum
(
E2dN/dE

)
is maximum, by performing the consequent

derivative, obtaining Epeak = E0 ·e
2−α
2β , which represents a signature of different

kind of emitting sources.

Parameters Z - EW Z - NoEW W - EW W - NoEW

EPeak (TeV) 0.8 ± 0.3 1.9 ± 0.5 5 ± 2 2.4 ± 0.7
α 0.44 ± 0.04 −0.45 ± 0.05 0.67 ± 0.03 −0.43 ± 0.05
β 0.116 ± 0.004 0.16 ± 0.08 0.078 ± 0.003 0.156 ± 0.005

Table 1: Value of the relevant parameters for the LP fits of the gamma-ray flux simulated
with PYTHIA 8 for a WIMP mass of 50 TeV, annihilating 100% in W+W− or ZZ with (EW)
or without (NoEW) the electroweak contribution.

In [28, 32] the gamma-ray spectra obtained in the PPPC4DMID [33] for

several DM masses and annihilation channels are fitted with a LP, obtaining

the same characterization in the parameter space defined by the observational

LP modelling. In Tab. 1 and Fig. 3 we show the gamma-ray flux produced

by the PPPC4DMID for a WIMP mass of 50 TeV annihilating into W+W−

(upper panels) and ZZ (lower panels) channels, without the ElectroWeak (EW)

corrections (left panels) and by including the EW corrections (right panels).

In the left upper panel of Fig. 4 we show the Epeak, β parameters resulting of

the LP fitting of a combination of W+W− and ZZ annihilation channels:

dN

dE
= Br

(
dN

dE

)

Z

+ (1 −Br)

(
dN

dE

)

W

, (6)

where the branching ratio Br goes from 0 to 1 with a 0.1 step. In the right upper

panel of Fig. 4 we show the relative uncertainty ϵβ/β. In the lower left and

right panels we show the same procedure by including the EW contribution.

This LP approach allows to search for DM candidates in a broad sample of

sources, by applying Machine Learning (ML) algorithms, e.g. an artificial Neural

Network (NN) [28]. Within this approach, Epeak and β are features for the ML

algorithm. In [28] it is also shown that the overall classification accuracy can be

improved by including systematic features, which allow to model instrumental

systematic uncertainty for the expected DM class. Without entering into the

details of that work, in this proceeding we have just introduced the LP data-

driven approach for indirect searches of WIMPs by reproducing part of that

procedure. Moreover, we also include new preliminary results: the black point

in Fig. 4 is indicative of the Epeak and β parameters obtained by fitting the

Galactic VIR with a LP (see the following section).

7
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Figure 4: Upper panel: Epeak−β plot for the LP parametrization of the PPPC4DMID code
for several WIMP masses without EW corrections. For each mass in the range from 0.1 to
100 TeV (different colors), different fits have been performed with branching ratios Br from 0
to 1 with a 0.1 step (as defined in Eq. 6). The relative uncertainty on the β parameter (ϵβ/β)
is showed in the right panel. Lower panels: Same as upper panels, applied to PPPC4DMID
code with EW corrections. The black point is the fit of the gamma-ray cut-off detected by
HESS in the Galactic VIR (left panel) and its relative error (right panel) (see Sec. 3.1 ).
The relative uncertainty associated with the LP fit of the gamma-ray data dominates on the
uncertainty associated with the LP fit of the PPPC4DMID code.

3.1 Example: the Galactic very inner region

In this section we generalize the LP data-drive approach [28, 32] based on Fermi-

LAT catalogues to a different gamma-ray detected source, namely, the gamma-

ray cut-off detected by HESS at the Galactic VIR [34]. The best fit of these

data as DM is obtained by assuming that the total gamma-ray flux is given

by a combination of a DM signature more an extra background component of

unknown astrophysical origin [22, 23]. The latter is modeled as a power law,

while the DM component is given by Eq. 1. The total fit is given by:

dΦDM

dE
=

channels∑

i

⟨σv⟩i
2

dNi

dE

∆Ω⟨J⟩∆Ω

4πm2
DM

+B2E−γ (7)

We use the HESS data as an example to cross check the validity of that

general approach. In Fig. 5 we show the fit of the HESS data from the Galactic

VIR [34] performed with two different Monte Carlo event generator software,

namely PYTHIA 6 and PYTHIA 8. In the first case we use the analytical fitting

8

232



Figure 5: Fit of the gamma-ray flux observed by HESS in the Galactic VIR [34], by assuming
a power-law background component and DM signature of WIMPs annihilating in in the Z
channel. Upper panel: we adopted the analytic fitting functions of PYTHIA 6, [35]), with
σ/E = 0.15 energy resolution. Lower left panel: same as upper panel, but computed with
PYTHIA 8, including the EW. Lower right panel: Same as left lower panels, but now considering
ZZ channel without including the EW corrections.

functions [35], in the second case we use the PPPC4DMID interpolation function

[33] (with/out EW corrections). In Tab. 2 we show the parameters of these fits.

We performed the fit by taking into account the HESS energy resolution of

15%. By introducing this effect the fitted DM mass is a 14% lower than the

value obtained by fitting the data without the instrumental energy resolution.

The results are in agreement with [22, 23]. For WIMP masses of ∼ 50TeV

annihilating in to the ZZ channel, the uncertainty introduced by using a different

version of PYTHIA is indeed negligible [27].

Finally, we perform the fit of the HESS Galactic VIR with a LP (Fig. 6).

The fitted parameter are shown in Tab. 3. In Fig. 4 we compare the obtained

Epeak and β with the LP parametrization of the PPPC4DMID code. Epeak is

compatible with a WIMP candidate of ∼ 50 TeV within the uncertainty showed

in Tab. 2. The β parameter is compatible with the LP fit of the PPPC4DMID

code without the EW correction, in agreement with the best fit value reported in

Tab. 2. The relative uncertainty ϵβ/β of the LP modelling of the PPPC4DMID

code is negligible if compared to the relative uncertainty associated to the LP

9
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Parameters PYTHIA 6 PYTHIA 8 EW PYHTIA 8 NoEW

mDM (TeV) 57+6
−10 59+11

−7 54+8
−8

B2(10−8 GeV cm−2s−1) 5+8
−3 6+18

−5 6+9
−3

γ 2.5+0.2
−0.1 2.6+0.2

−0.2 2.6+0.2
−0.1

⟨J⟩∆Ω (1028 GeV 2 cm−5) 4+1
−1 5+1

−1 4+1
−1

⟨J⟩∆Ω/JEV ANS (×103) 1.4+0.3
−0.4 2.1+0.4

−0.5 1.6+0.3
−0.4

χ2 / ddof 1.33 2.52 1.23
∆Ω (sr) 1.16 × 10−5

Table 2: Fitted parameters of the Galactic VIR (∆Ω is the solid angle of the region) as a
combination of a WIMP signature and a power-law background (Eq. 7) within 1σ confidence
level. We consider the ZZ annihilation channel. The secondary flux of gamma-ray has been
simulated with both PYTHIA 6 and PYTHIA 8, with/without the EW effect. We also show the
χ2/ddof of each fit.

Figure 6: Fit GC with LP, the parameters can be found in Tab. 3.

EPeak (TeV) α β χ2/ddof

0.9 ± 0.2 2.1 ± 0.1 0.20 ± 0.04 3.03

Table 3: Fitted parameters of the HESS data of the Galactic VIR with the LP.

fit of the VIR gamma-ray spectra .

10
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4 Conclusions

In this proceedings we reviewed both the benchmark approach to indirect de-

tection of WIMP candidate and the Log Parabola (LP) data-driven approach for

Machine Learning (ML) application. The multi-messenger and multi-wavelength

detection of any WIMP signature would result in a competitive claim of the in-

direct detection of DM. The first term refers to the study of multiple fluxes of

secondary particles, which could be emitted contemporaneously from a same

DM candidate. In the second case, the same concept is extended to the study of

any electromagnetic emission, produced by the interaction of the secondary flux

of charged particles with a magnetic field. All that multiple signatures of WIMP

candidates are predicted with Monte Carlo event generator software. Although

the use of Monte Carlo software can introduce some uncertainty in the predicted

flux of secondary particles, in the case of WIMPs annihilating into ZZ channel,

the expected gamma-ray flux can be predicted with high precision. In Fig. 5

and Tab. 3 we show the result of the fit of the gamma-ray cut-off detected by

HESS at the Galactic Very Inner Region (VIR) by using the gamma-ray flux

simulated by PYTHIA 6 or PYTHIA 8 with/out electroweak corrections. All these

results are in agreement within the uncertainty.

Moreover, we reviewed the LP data-driven framework developed for the ap-

plication of ML algorithms to indirect searches for DM. The latter approach

focuses on the LP fitting of the expected fluxes of secondary particles. Thus,

bringing the theoretical expectation on the experimental parameter space, we

can improve the possibility to disentangle prospective WIMP candidates in a

vast sample of unidentified sources. In Fig.s 4, 6 and Tab. 3 we show as this

approach has a first order validity, and the prospective DM candidate found out

with ML algorithms need to be undergo to further analyses.
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Abstract

Dynamical dark energy (DDE) models have been proposed to address several observa-
tional tensions arising within the standard Λ cold dark matter (ΛCDM) scenario. Dif-
ferent DDE models, parameterized by different combinations of the local value of the
equation-of-state parameter w0 and its time derivative wa, predict different maximal
abundance of massive galaxies in the early Universe. We use the observed abundance
of massive galaxies already in place at z ≳ 4.5 to constrain DDE models. To this
aim, we consider four independent probes: (i) the observed stellar mass function at
z ∼ 6 from the CANDELS survey; (ii) the estimated volume density of massive haloes
derived from the observation of massive, star-forming galaxies detected in the submil-
limeter range at z ∼ 5; (iii) the rareness of the most massive system detected at z ∼ 7
by the SPT survey; (iv) the abundance of massive (M > 1010.5M⊙) galaxies at z ∼ 10
as inferred from early JWST observations. Our probes exclude a major fraction of
the DDE parameter space that is allowed by other existing probes. In particular, early
JWST results, if confirmed, are in tension with the standard ΛCDM scenario at a 2σ
confidence level.
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1 Introduction

The current theory of structure formation envisages all cosmic structures to form
from the collapse and the growth of initially tiny density perturbations of the dark
matter (DM) density field in a universe characterized by an accelerated expansion.
Such an acceleration indicates that the dominant component (with density parameter
ΩΛ ≃ 0.7) of the cosmic fluid must be composed of some form of dark energy (DE),
with equation-of-state parameter w = p/ρ ≤ −1/3. Although the nature of such a
component remains unknown, the simplest model assumes DE to be connected with
the vacuum energy, the so-called cosmological constant, with w = −1. When coupled
with the assumption that DM is composed of nonrelativistic particles at decoupling,
such a scenario leads to the Λ cold DM (ΛCDM) standard cosmological model [1].

While measurements of the Cosmic Microwave Background (CMB) have pro-
vided a first, strong confirmation of such a scenario, tensions have recently emerged
([2] and references therein) and have stimulated an extended effort toward the inves-
tigation of more complex cosmological models. One of the simplest physical alter-
natives is a DE with a time-dependent equation of state, also called dynamical dark
energy (DDE) (see [3] for a review).

The abundance of massive galaxies at high redshift constitutes a powerful probe
for cosmological models. In fact, in the standard CDM scenario, large-mass DM
haloes become progressively rarer with increasing redshift. The exponential high-
mass tail of the mass function of DM haloes is expected to shift toward progressively
smaller masses for increasing redshift (see, e.g., [4] for a review) at a rate that depends
on the assumed cosmology. Hence, the comparison of the predicted abundance of
massive DM haloes at increasingly larger redshift with the observed abundance of
galaxies with corresponding stellar mass M∗ provides increasingly strong constraints
on the assumed cosmological framework. Indeed, viable cosmological models must
allow for an evolution of the initial density perturbations that is fast enough to match
the abundance of massive galaxies observed to be in place at early epochs.

Under (extremely) conservative assumptions and considering different observ-
ables, we compare the maximal abundance of massive galaxies predicted in different
DDE models at high redshifts with the measured abundance of the most massive sys-
tems observed to be already in place at the same redshifts. This conference proceeding
summarizes the results that are presented and discussed in [2, 5] .
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2 Method

We compute the expected abundance of DM haloes, as a function of redshift z and
DM mass Mh, in different DDE models adopting the most conservative assumptions.

We adopt the Sheth & Tormen [6] mass function, within the Press and Schechter
formalism. Besides being physically motivated and tested against N-body simulations
for a variety of cosmologies, it has the most extended high-mass tail among the differ-
ent proposed forms, hence representing the most conservative choice.

The high-mass exponential cutoff in the Sheth & Tormen mass function is criti-
cally determined by the cosmic expansion rate and by the growth factor, which depend
on the equation of state of DE. For the latter, we use the CPL parameterization [7, 8]
in terms of the scale factor a:

w(a) = w0 + wa(1 − a) (1)

where the parameter w0 represents the value of w at the present epoch, while wa is
its look-back time variation wa = −dw/da. In the above parameterization, the stan-
dard ΛCDM cosmology corresponds to w0 = −1 and wa = 0. For each combination
(w0,wa) , we can compute the expected number of DM haloes of mass Mh as a func-
tion of redshift. We refer the reader to [2] for a full description of the methodology
and assumptions on the various involved cosmological parameters.

To compare these cosmological predictions on abundance of DM haloes with
the measured abundance of galaxies it is necessary to take into account the baryon
physics. However, baryonic effects are degenerate with cosmology in determining the
expected galaxy abundance. This can be bypassed by noticing that the ratio of galaxy
baryonic components (stellar mass or gas mass) to DM halo mass has an absolute
maximum at the cosmic baryon fraction fb ( fb ≃ 0.16, [9]). In fact, the observed
abundance of galaxies with large mass in the baryonic component Mb places a lower
limit on the abundance of DM haloes with masses Mh ≥ Mb/ fb. Such a constraint
can be used to rule out cosmological models that do not allow for a sufficiently rapid
growth of galactic DM haloes. In other words, since galaxies cannot outnumber their
DM haloes, any (w0,wa) combinations for which ϕw0,wa (Mh ≥ Mb/ fb, z) ≤ ϕobs(Mb, z)
can be excluded.

Due to the exponential cutoff of the DM halo mass function and to its rapid
redshift evolution, the highest masses at the highest redshifts put the most stringent
limits. To adopt the most conservative assumptions, all our choices aim at maximizing
ϕw0,wa (Mh, z) and minimizing ϕobs(Mb, z).
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3 Results

We describe here the various observables considered to constrain the w0−wa parameter
space and the relevant regions excluded.

3.1 Stellar mass function at z = 6 from the CANDELS survey

We first compare with the observed stellar mass distribution of massive, distant galax-
ies. Since stellar mass is a time-integrated quantity, it is not much sensitive to the de-
tails of the star formation history [10] and can be easily related to the DM mass of the
host halo. An extended wavelength coverage is essential for estimating stellar masses
from spectral energy distribution (SED) fitting, while a combination of survey volume
and depth is required to measure the abundance of distante, massive and rare galaxies.
The CANDELS project [11, 12], taking advantage of the optical/near-infrared/mid-
infrared imaging provided by HST, Spitzer, and VLT on almost 1000 arcmin2 down
to faint fluxes, provides an ideal data set to base such a measurement. Here, we use
the mass function derived by Grazian et al. [13], who used a spectral-fitting technique
to derive stellar masses for a galaxy sample with high-quality photometric redshifts
based on the CANDELS GOODS-South and UDS fields.

We focus on their largest stellar mass bin (centered on M∗ = 8 × 1010M⊙, as-
suming a Salpeter initial mass function [14]) at z = 5.5−6.5. These high redshifts and
large masses ensure that the mass functions predicted by the different DDE models
are in the full exponential regime, and are steep enough to make the comparison with
the observed number density discriminant for the different DDE models.

We associate the stellar mass M∗ to the host halo DM mass Mh using the relation
M∗ = F fbMh, where F describes the efficiency of baryon conversion into stars. We
consider three cases: (a) the extremely unrealistic case F = 1, corresponding to a
complete conversion; (b) the more realistic case F = 0.25, as obtained from abundance
matching techniques (e.g., [16]) - this value however is derived assuming a ΛCDM
halo mass function; and (c) the conservative value F = 0.5, derived as a conservative
upper limit on the star formation efficiency from hydrodynamical N-body simulations.

Before comparing the predicted number density of DM haloes with observa-
tions, we rescale the observed volumes and luminosities from a ΛCDM assumption to
a generic cosmology through the factors fVol = VΛ/Vw0,wa and flum = D2

L,w0,wa
/D2

L,Λ,
respectively, where V is the cosmological volume and D2

L is the square luminosity
distance used to convert observed fluxed into luminosities, hence stellar masses. In
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Figure 1: Exclusion regions at a 2σ confidence level in the w0 − wa plane derived
from the observed CANDELS stellar mass function at z ∼ 6 [13]. The brown, red,
and orange regions correspond to the assumption of F = 1, F = 0.5 and F = 0.25,
respectively (see text). Our exclusion region is compared with the 2σ and 3σ contours
allowed by CMB+weak lensing (green regions) and by the combination of the same
data with the Hubble diagram of supernovae and quasars (blue region), derived from
Figure 4 of [15]. The black dot corresponds to the ΛCDM case (w0 = −1, wa = 0).

summary, for each combination (w0,wa), we compare the volume-corrected, observed
abundance of galaxies ϕ̃ = ϕobs fVol with stellar mass M∗ = 8 flum1010M⊙ at z ∼ 6 with
the predicted number density of DM haloes with DM masses larger than M∗/(F fb),
i.e. ϕw0,wa (Mh ≥ M∗/(F fb)). The confidence for the exclusion Pexcl of each considered
DDE model is obtained from the probability distribution function p(ϕ̃) as the proba-
bility that the measured abundance ϕ̃ is larger than number density predicted by the
model, i.e., Pexcl(w0,wa) =

∫ ∞
ϕw0 ,wa

p(ϕ̃)dϕ̃.
We show in Figure 1 the region of the w0 −wa parameter space excluded at a 2σ

confidence level (i.e., Pexcl ≥ 0.95) for F = 1, F = 0.5 and F = 0.25. The exclusion
region is overplotted on the regions allowed by CMB and weak lensing observations,
and on the one derived by the combination of the same data with the Hubble diagram
of supernovae and distant quasars [15]. Our probe significantly restricts the region in
the DDE parameter space allowed by other methods. In particular, we exclude an ap-
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preciable part of the region favored by the distant quasar method. Very similar results
are obtained by comparing DDE predictions to the [17] mass function of CANDELS
galaxies.

3.2 Submillimeter detected massive galaxies at z ∼ 5

The population of galaxies identified in rest-frame optical and ultraviolet is known
to under represent the most massive galaxies, which have rich dust content and/or
old stellar populations. These are, however, detectable at submillimeter (sub-mm)
wavelengths. Wang et al. [18] performed detailed sub-mm (870 µm) observations
with ALMA of a sample of IRAC–bright galaxies. They detected 39 star-forming
objects at z > 3, which are unseen in even the deepest near-infrared (H-band) imaging
with the HST (“H-dropouts”) and proved to be massive galaxies with stellar mass
extending up to M∗ ≃ 3 × 1011M⊙, with a median mass M∗ ≃ 4 × 1010M⊙.

For such objects, we follow a procedure similar to that explained in the previous
section. We compute the number density of galaxies with stellar masses in the bin
10.25 ≤ log(M∗/M⊙) ≤ 10.75 (dominating the statistics of observed objects) at red-
shifts z = 4.5–5.5, and derive the corresponding 2σ lower limit ϕlow(M∗) = 1.8× 10−5

Mpc−3. To relate the observed stellar mass M∗ to the DM mass Mh, we first adopt
the highly conservative assumption Mh = M∗/ fb (i.e., F = 1). The comparison al-
lows us to exclude (at a 2σ confidence level) the combinations (w0,wa) for which
ϕw0,wa < ϕlow. The result is shown as a brown exclusion region in Figure 2.

Of course, the above approach is very conservative, since we assume that the
whole baryonic mass is in stars, and that the baryon mass of DM haloes is related to
the DM mass through the universal baryon fraction (no loss of baryons). However, the
very fact that the objects are characterized by high star formation rates (≳ 200M⊙yr−1,
[18]) indicates that a sizable fraction of baryons is in the form of gas. Properly ac-
counting for such a gas fraction would yield larger values of Mh associated with the
observed M∗ and, hence, tighter constraints. However, gas mass estimates for these
objects are affected by extremely large uncertainties (∼ a factor of 10) related to the
uncertainties affecting the photometric redshifts and to all the assumptions required
to convert the sub-mm continuum flux into a gas mass. To bypass this and to derive
more realistic constraints for DDE models, we analyze the clustering properties of the
H-dropouts. We base our analysis on the procedure adopted by [18], who estimated
the halo mass function from the measured correlation function, modified as described
in [2] to be adapted to a generic cosmology. We find that Mh = 1013M⊙ constitutes
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Figure 2: Exclusion regions at a 2σ confidence level in the w0 − wa plane derived
from the observed abundance of luminous sub-mm galaxies at z = 4.5 − 5.5 [18].
The brown region corresponds to the assumption that the observed stellar masses are
related to the DM mass through the baryon fraction fb (M∗ = fbMh). The red region
corresponds to adoption of the DM mass derived from the measured cross-correlation
function of H-dropouts (see text).

a 2σ lower limit for the value of the DM mass for any DDE model. The resulting
exclusion region in the w0 − wa plane is shown in red in Figure 2. While the ΛCDM
model remains marginally consistent with the observations, a much larger fraction
of the w0 − wa parameter space is excluded by the abundance of optically invisible,
sub-mm galaxies at z ∼ 5.

3.3 SPT0311-58 at z = 6.9

The most massive system detected at z ≥ 6 is a far-infrared luminous object at red-
shift z = 6.9 identified in the 2500 deg2 South Pole Telescope (SPT) survey [19].
High-resolution imaging revealed this source (denoted SPT0311-58) to be a pair of ex-
tremely massive star-forming galaxies, with the larger galaxy (SPT0311-58W) form-
ing stars at a rate of 2900 M⊙/yr and largely dominating over the companion. An
elongated faint object seen at optical and near-infrared wavelengths is consistent with
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a nearly edge-on spiral galaxy at z ≃ 1.4 acting as a gravitational lens for the source,
with an estimated magnification µ = 2.

The molecular gas mass was estimated from ALMA observations, both based
on the CO luminosity and from a radiative transfer model [20]. We adopt the latter
value of MH2 ≃ (3.1 ± 1.9) × 1011M⊙ as a baseline, since it is based on a detailed fit
with a model built ad-hoc to study the interstellar medium properties of this object
and does not require assumptions on the conversion factor from the CO line to the H2

mass [19]. To estimate the DM mass of the host halo of this galaxy, we assume that
Mh = (M∗ + Mgas)/ fb, where Mgas is the total gas mass. Since the stellar mass cannot
be directly measured due to the extremely faint optical emission of the galaxy (likely
due to the large dust extinction), we can infer a lower limit on the stellar content
from existing measurements of the molecular gas fraction fH2 = MH2/(M∗ + MH2 ).
We consider the most conservative value fH2 = 0.8 measured on high-z star-forming
galaxies (see references in [2]) and a more realistic value fH2 = 0.4 suggested by both
theoretical models [21] and observations [22]. Assuming that H2 constitutes 80% of
the gas mass at high redshifts (an upper limit according to [23, 24]) leads to a DM
mass ranging from ≃ 2 × 1012M⊙ to ≃ 6 × 1012M⊙. An even larger DM mass would
be consistent with the observations if the object lost the majority of its molecular gas
content.

To estimate the rareness of such a system in all the considered DDE cosmolo-
gies, we compute the Poisson probability of finding such a massive object within the
volume probed by the SPT survey, for different combinations (w0,wa). We follow the
method in [25] adapted to a generic cosmology and take into account the uncertainties
in the measured value of MH2 as described in [2]. We consider the total area of the
SPT survey, although the effective area is potentially much smaller. In fact, most of
the objects in the survey are strongly lensed, indicating that a source must be grav-
itationally lensed to exceed the flux threshold for inclusion in the observations. For
this reason, in the following we also consider the case of an effective area reduced
by 1/10. From the rareness, we compute the associated 2σ exclusion regions in the
w0 − wa plane. The result is shown in Figure 3.

In the case Mh = 6 × 1011M⊙, corresponding to the assumption of fH2 = 0.4
for the H2 gas fraction, a major portion of the w0 − wa plane is excluded, although
the ΛCDM case (w0 = −1, wa = 0) remains allowed. The excluded region includes
both the larger wa cases allowed by the quasar method (blue region) and the cases
w0 ≥ −0.6 allowed by the CMB + weak lensing results, which shows the potential
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Figure 3: Exclusion regions at a 2σ confidence level in the w0 − wa plane for two
different inferred DM masses of SPT0311–58: 2× 1012M⊙ (red area) and 2× 1012M⊙
(yellow area). The left panel assumes the full SPT survey area of 2500 deg2 while the
right one assumes 250 deg2.

impact of our results. Tighter constraints are obtained assuming an area of 250 deg2,
shown in the right panel of Figure 3.

3.4 High-z galaxies from early JWST results

We finally exploit the very recent, early JWST results to derive even tighter constraints
on DDE models. We compare the maximum stellar mass density ρmax,w0,wa (> M∗)
allowed by different cosmologies with the unexpected large stellar mass density mea-
sured by Labbé et al. [26], who observed seven galaxies with M∗ ≥ 1010M⊙ at
7 < z < 11. To derive the most stringent limits on cosmological models, we fo-
cus on their most massive bin, i.e. M∗ ≥ 1010.5M⊙ (derived assuming a conservative
Chabrier initial mass function [27]), in the redshift range 9 < z < 11, yielding a stellar
mass density of ρobs ≃ 106M⊙/Mpc3.

We compute the predicted maximal stellar mass density for different (w0,wa)
combinations. We assume Mh = M∗/ fb and adopt an even more conservative value for
the baryon fraction of fb = 0.18 [28]. We rescale the observed stellar mass density for
the volume and luminosity correction factors to convert fromΛCDM to a generic DDE
model as explained in Sect. 3.1. We derive the proper confidence level for exclusion
for each considered cosmology by calculating the probability that ρmax,w0,wa (> M̄∗) <
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ρobs(> M̄∗), where M̄∗ = 1010.5M⊙. We run a Monte Carlo simulation to account for
the observational uncertainties, assigning an errobar of 0.5 dex to the stellar mass to
account for systematics related with the SED fitting procedure [10].

The resulting exclusion regions in the w0 −wa parameter space is shown in Fig-
ure 4 for different confidence levels, and compared with regions allowed by existing
probes. The ΛCDM case is excluded at almost 2σ level, while a major fraction of the
parameter space is excluded with high confidence level. Our probe severely restricts
the region in the DDE parameter space allowed by other methods, and exclude almost
all the region favored by the distant quasar method.

Figure 4: Exclusion regions in the w0 − wa plane derived from the observed stellar
mass density at z = 10 [26]. The excluded regions above each coloured line corre-
spond to different confidence levels shown in the upper bar. Our exclusion regions
are compared with the 2σ and 3σ contours allowed by CMB+weak lensing (grey and
dark-grey regions) and by the combination of the same data with the Hubble diagram
of supernovae and quasars (blue regions), derived from Fig. 4 of [15].

4 Discussion and Conclusions

We have determined exclusion regions in the w0−wa parameter space of DDE models
from the abundance of massive galaxies at early (z > 4.5) epochs. Adopting the most
conservative assumptions for the ratio between the observed baryonic component and
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the DM mass, as well as conservative choices for the cosmological parameters, we
have derived robust constraints that do not depend on the details of the baryon physics
involved in galaxy formation. In addition, our results do not depend on the nature of
the DM component [5].

All our probes exclude a major fraction of the parameter space favored by the
quasar distances [15], including their best-fit combination w0 ≃ −0.8 and wa ≃ −1.5.
If confirmed, recent JWST observations are in tension with a ΛCDM scenario at a
2σ confidence level. Our results leave open the possibility that the present tension
in the value of H0 between the values derived from Planck and those obtained from
local luminosity distance measurements [29] may be solved in DDE models, since the
combinations (w0,wa) that allow for the reconciliation of the different observations
[30, 31] include values outside our exclusion region.

Our constraints will be greatly tightened when improved, reliable measurements
of the actual baryon fraction in galaxies, and of the relative weight of each baryonic
component, will be available. Increasing the statistics of high-redshift massive objects
will also greatly tighten present constraints by reducing the uncertainties associated
with the low abundance of these galaxies.

A critical issue is associated with the systematics dominating the error budget
in the mass estimates, especially at high redshift. The advent of JWST has for the first
time opened the possibility to measure the rest-frame optical emission at high redshift
[32], which was previously possible, despite being subject to a high noise level, only
for very few bright and isolated sources detected with the Spitzer telescope. Early
JWST observations have revealed their potential impressive impact in constraining
cosmological models, as also shown by independent analyses [33, 34]. However,
JWST observations are extremely new and may still be subject to revision. In particu-
lar, the results of [26] were derived on the basis of the first set of calibrations released
by STScI. A 10-20% level revision in the NIRCam calibrations [35] is not expected to
yield to revisions of the stellar mass-to-light ratios of the targets large enough to affect
significantly mass estimates and our conclusions. Nevertheless, we caution that the
effect on the overall shape of the galaxy SED (as well as the assumptions on the star
formation histories adopted in the SED-fitting procedure [36]) may reflect in a non-
linear way on the estimated physical parameters of some objects. Finally, we have just
started studying in detail the physics of z ∼ 10 galaxies, and cannot exclude that the
star formation process can be significantly different from the lower redshift Universe,
where our models and estimate procedures are calibrated. In particular, as discussed
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by [37], the increase of gas temperatures in star-forming, high-redshift galaxies could
result in an increasing contribution of massive stars to the galactic light, which would
yield significantly lower values for the stellar masses compared to those measured by
[26].
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Gonzalo Rodŕıguez-Fernández
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Abstract

Dark matter, a large (∼85%) non-baryonic and non-relativistic component of
the matter density of the Universe, likely consists of one or several so-far un-
detected particles hypothesized in theories beyond the Standard Model. One
of the most promising approaches to shed light on the nature of dark matter
particles is to search for signatures of their annihilation or decay into Stan-
dard Model particles from regions of the sky believed to be highly dark-matter
dominated, such as the Galactic Center, the clusters of galaxies and the dwarf
spheroidal galaxies around the Milky Way. In this context, dwarf spheroidal
galaxies are among the most promising observational targets due to their rela-
tive proximity and lack of astrophysical background sources. In this contribu-
tion, we present new determinations of the dark matter amount (i.e. the as-
trophysical factors for dark matter annihilation and decay) in dwarf spheroidal
galaxies halos obtained through a Monte-Carlo Jeans analysis of their bright-
ness and kinematic data. We also discuss the systematic uncertainties affecting
the calculation of such quantities.
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1 Introduction

The concordance cosmological model (Λ-CDM, where “CDM” stands for Cold

Dark Matter) predicts that the formation of visible astrophysical structures has

been guided by gravitational accretion of baryons onto previously formed dark

matter (DM) overdensities, which can be found in the present-day Universe as

halos surrounding the baryonic structures (galaxies and clusters of galaxies).

The cosmic evolution of these DM halos depends on initial halo parameters

such as its mass and distribution – i.e. its DM density profile.

Cosmological simulations of DM segregation show that, inside DM halos

at least the size of the Milky Way (MW) one, gravitationally bound DM sub-

structures could have formed. Some of such resulting objects could have been

sufficiently massive for accreting enough baryons to initiate star formation,

and thus give origin to the variety of dwarf satellite galaxies that we actually

observe in the MW halo. In particular, the modern dwarf spheroidal galax-

ies (dSphs) 1) are highly DM-dominated and relatively nearby with respect

to other cosmological DM reservoirs 2, 3), and configure therefore as one of

the primary targets for observations aimed at detecting potential observable

signals from particle DM.

Nearby dSphs have already been the subject of extensive studies with

currently operating Imaging Air Cherenkov Telescopes (IACTs) 4, 5), and are

the targets for next-generation IACTs such as the Cherenkov Telescope Array

(CTA) 6) that provide the easiest separation of signal and background with

respect to e.g. the MW center 7); on the other hand, the expected DM signal

from dSph halos is of low intensity, due to their larger distance and smaller

halo mass.

In this contribution, we present a novel derivation of the expected DM

content of dSph halos based on the Monte-Carlo (MC) Jeans analysis of the

distribution and kinematics of the baryonic matter gravitationally bound in-

side the potential well. Such an analysis is performed by using the CLUMPY

software 8), and takes advantage of a common treatment of the input data for

the considered dSphs. Its products are the estimated DM density profiles of

the dSph halos, that can be in turn used to compute the expected DM γ-ray

signal intensity and to rank such targets in view of their observation.
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Figure 1: Upper panel: the distribution of luminous matter in nearby spiral
galaxies. Lower panel: the measured circular velocities (dots) of the same tar-

gets compared to the theoretical predictions (solid lines) in absence of DM 9)

(adapted).

2 The quest for dark matter in the local Universe

DM was first introduced to explain the velocity distribution of galaxies in the

Coma cluster, and later adopted to successfully describe the flattening of rota-

tion curves in spiral galaxies 10). Today, its importance in the energy budget of

the Universe – ∼85% of the Universe matter content, corresponding to ∼23%

of the total energy – is paramount to explain at once several astronomical and

cosmological observations 11, 12, 13). The lack of any DM-related electro-

magnetic (EM) emission implies that we can infer the presence of DM only by

looking at its gravitational effects on the baryonic matter 14) (see Fig. 1) and

radiation 15). Such observations are however unable to provide information

on the nature of DM components; as a result, the DM parameter space is still

widely unconstrained 16) (see Fig. 2).

Among the various possibilities, a particularly well motivated family of

potential DM components naturally arises from quantum gravity (QG) theo-

ries 17). Such theories predict that modifications of the general relativity at

high energies naturally produce a family of weakly-interacting massive particles

(WIMPs) that fall outside the Standard Model (SM) paradigm, and therefore
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Figure 2: The zoo of DM candidates, ranked according to their interaction cross
section as a function of their mass.

have no or negligible interactions with SM particles; nevertheless, WIMPs pro-

duced in this way can self-interact by either annihilating 18) or decaying 19)

into final-state SM particles – among which γ-ray photons that can be detected

with appropriate facilities 20).

The differential γ-ray flux dΦ/dEγ expected from annihilation or decay

of WIMPs with mass mχ can be computed as, respectively:

dΦann

dEγ
=
〈σintv〉
8πm2

χ

∑

i

BRi
dN

(i)
γ

dEγ

∫

∆Ω

dΩ

∫

l.o.s.

ρ2
DM(`,Ω)d` (1)

dΦdec

dEγ
=

1

4πmχ

∑

i

Γi
dN

(i)
γ

dEγ

∫

∆Ω

dΩ

∫

l.o.s.

ρDM(`,Ω)d` (2)

Inside such equations, the intensity of the final signal is mostly determined
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by the amount of DM along the line of sight to the object, that is usually

summarized into the so-called astrophysical factors 2) J(∆Ω) (for annihilation)

and D(∆Ω) (for decay). Since the astrophysical factors scale with powers

of the target distance d 21), the best strategy to look for such γ-rays is to

target astrophysical DM reservoirs that are large and close enough to provide

a significant signal; hence, the dSphs are among the most promising objects

along with the Galactic Center (GC) and the most nearby galaxy clusters.

2.1 The dwarf spheroidal galaxies

The dSphs are a subclass of satellites of the Milky Way (MW) and other large

Local Group galaxies. They possess a spherical or elliptical appearance, and

contain O(102) to O(107) stars 22). The most striking property of the dSphs

is related to their matter content, which appears not to be dominated by the

baryonic component. If in fact such systems are old enough to have reached

the gravitational equilibrium, owing to the virial theorem one gets a total

gravitational mass Mtot that is proportional to both the system size Rvir and

the measured radial velocity dispersion1 of their components σr:

Mtot = 3
Rvirσ

2
r

G
(3)

The mass derived in this way is ∼10 to >1000 times larger than that obtain-

able from the integrated dSph luminosity, which implies mass-to-light ratios

10 M�/L� . M/L . 104 M�/L�. In contrast, a baryon-dominated system

would exhibit M/L ∼ 1 M�/L�.

This places the dSphs among the most DM-dominated objects in the local

Universe; however, they are rather light in terms of absolute amount of DM

hosted in their halos (Mtot . 108 M�) if compared to e.g. the GC (∼1012

M�) 24) and their distance is at least double than that of the GC (∼10 kpc)

– Segue I, the closest dSph, is located at ∼23 kpc 25). Nevertheless, due to

hosting no emission processes of very-high energy (VHE) radiation, dSphs are

free of any significant γ-ray background, making any VHE signal that could

be detected from their sky direction a highly compelling signature of DM self-

interaction.

To date, there are >50 MW satellites classified as dSphs2. Thanks to the

1Assuming a perfectly spherical symmetry, one gets σ2
tot = 3σ2

r .
2For some of them, the dSph classification is not fully confirmed yet 26).
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Figure 3: History of the number increase of known dSphs, and prospects for
discoveries of new objects with future optical facilities (courtesy of A. Drlica-
Wagner, Fermilab).

availability of data from recently concluded 27) and current survey projects 28),

the number of known confirmed dSphs and candidates is expected to increase

with time up to O(102) objects in the next years (see Fig. 3); in addition, the

start of operations at facilities like the Vera Rubin Observatory 29) is expected

to double such numbers within the next two decades.

2.2 Selection of optimal dwarf galaxies for indirect dark matter searches

The work for deriving the expected DM densities in dSph halos is tightly con-

nected to the CTA science project of indirect DM searches in nearby astrophys-

ical targets, for which the optimal observing strategy relies on selecting those

among them with the highest chances of detection. We therefore perform a

first selection according to the target distance d� . 100 kpc and culmination

zenith angle ZAculm . 30◦ with respect to each of the CTA observing sites. The

former criterion is adopted due to the decrease of J and D with the distance
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Table 1: Basic properties of the optimal dSphs, ranked in alphabetical order.

Name R.A. dec. Distance ZAculm N ZAculm S Ref.
(hh mm ss) (dd mm ss) (kpc) (deg) (deg)

BoöI 14 00 06.0 +14 30 00 65± 3 14.3 39.1 30)

CBe 12 26 59.0 +23 54 15 42± 2 4.9 48.5 31)

DraI 17 20 12.4 +57 54 55 75± 4 29.2 82.5 32)

GruII 22 04 04.8 −46 26 24 53± 5 75.2 21.8 33)

RetII 03 35 40.9 −54 03 00 32± 2 82.8 29.4 34)

SgrI 18 55 19.5 −30 32 43 31± 1 59.3 5.9 35)

SgrII 19 52 40.5 −22 04 05 67± 5 50.8 2.6 36)

Scl 01 00 09.4 −33 42 33 84± 2 62.5 9.1 37)

Seg1 10 07 04.0 +16 04 55 23± 2 12.7 40.7 25)

Sex 10 13 03.0 −01 36 53 84± 3 30.4 23.0 38)

TriII 02 13 17.4 +36 10 42 30± 2 7.4 60.8 39)

Wil1 10 49 21.0 +51 03 00 38± 7 22.3 75.7 25)

(see Sect. 2), the latter is applied since a higher target culmination guarantees

to gather the lower energy photons thanks to the minimum atmospheric width.

Then, we remove from the analysis those candidates that do not have

adequately populated stellar samples; this is needed since our intent is to use

the dSph member stars to trace the density and extension of the DM halo. As

a result, our sample is composed by:

• Boötes I (BoöI), Coma Berenices (CBe), Draco I (DraI), Segue 1 (Seg1),

Triangulum II (TriII) and Willman 1 (Wil1) in the Northern hemisphere;

• Grus II (GruII), Reticulum II (RetII), Sculptor (Scl), Sextans (Sex),

Sagittarius I (SgrI) and Sagittarius II (SgrII) in the Southern hemisphere.

We summarize in Tab. 1 the basic properties of these objects.

3 Jeans analysis of the optimal dwarf spheroidal galaxies

The procedure for evaluating the DM distribution in dSph halos is long debated,

with an ample literature in methods and assumptions 3, 40, 41, 42, 43) which

sometimes lead to incompatibilities. Moreover, such analyses are in general
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performed on a case-by-case basis. We thus provide our own estimation based

on a common framework of settings, using the publicly available CLUMPY code.

CLUMPY allows to perform a Markov-Chain Monte Carlo (MCMC) dy-

namical analysis of the DM halo around a dSph. In detail, the galaxy is treated

as a steady-state, collisionless system with spherical symmetry and negligible

rotational support, in which the contribution of the stellar component to the

total mass can be also neglected. Under such assumptions, the MCMC analysis

relies on the solution of the second-order spherical Jeans equation 44):

1

n∗(r)

{
d

dr

[
n∗(r)v2

r

]}
+ 2βani(r)

v2
r

r
= −GMDM(r)

r
(4)

where n∗(r) is the stellar number density, v2
r is the velocity dispersion and

βani(r) is the velocity anisotropy of the dSph. Feeding CLUMPY with a para-

metric fixed input describing n∗(r) and a set of discrete stellar velocities over

which performing the MCMC to determine v2
r , Eq. 4 can be solved to obtain

ρDM(r) as a set of free parameters that characterize the adopted profile.

3.1 MC simulation set-up

First, we fit the brightness density n∗(r) of each galaxy with a 3D Zhao-

Hernquist profile 45, 46):

n∗(r) =
n∗s

(
r
r∗s

)γ∗ [
1 +

(
r
r∗s

)α∗] β∗−γ∗
α∗

(5)

projected onto the corresponding circularized surface brightness profile (see

Fig. 4). Then, we collect the most updated data sets of stellar member candi-

dates for each dSph, provided that they contain an adequate number of stars

to obtain a significant MCMC fit (see Fig. 5). For those targets with large

stellar samples (the so-called “classical” dSphs, plus Seg1 and SgrI), we pro-

cess the corresponding data sets through an expectation-maximization (EM)

algorithm 47); for the remaining sources (the “ultra-faint” dSphs), we adopt

binary (0/1) memberships already available in the literature.

Finally, we adopt the most conservative priors 48) for the treatment of

the velocity anisotropy, using the Baes & van Hese profile 49):

βani(r) =
β0 + β∞(r/ra)η

1 + (r/ra)η
(6)
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Figure 4: Best-fit brightness profiles of the analyzed dSphs as a function of the
projected radial coordinate from the dSph centroid. In each panel, the projection
of the 3D profile resulting from the fit (solid line) is shown superimposed to the
corresponding background-subtracted data set (filled dots).

with 4 free parameters (central anisotropy β0, asymptotic anisotropy β∞, anisot-

ropy scale radius ra and sharpness index η). For the DM density, we choose

both a cuspy Einasto profile 50) with 3 free parameters (DM scale density ρs,

DM scale radius rs and DM sharpness index α), and a cored Burkert profile 51)

with only scale density and radius as free parameters:

ρDM(r) =




ρse
− 2
α [(r/rs)

α−1] Einasto
ρs

(1+ r
rs

)
[
1+( r

rs
)
2
] Burkert (7)

Such choices imply MC fits with a total of 7 and 6 free parameters, respec-

tively. To estimate them through the analysis of their posterior distributions,

we run 10 MC chains of 10, 000 realizations each for every target. We then de-

rive the distribution of virial radii Rvir for each dSph from the output profiles,
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Figure 5: Distributions of radial velocities for the most updated stellar samples
available for each analyzed dSph. For each target, a Gaussian representing the
velocity distribution of confirmed member stars obtained either from the appli-
cation of the EM algorithm (dot-dashed lines) or from the binary classification
extracted from the relevant literature (dashed lines) is shown.

iteratively solving the tidal equation 44):

Rvir = dGC ×




MDM (dGC)(
2− d lnMMW

d ln r

∣∣∣∣
dGC

)
·MMW (dGC)




1/3

(8)

where MDM is the dSph DM mass enclosed within a certain radius, MMW is

the MW mass and dGC is the dSph Galactocentric distance. The properties

of the DM halos around dSphs derived in this way are summarized in Tab. 2,

and the DM density profiles obtained with such parameters for the six most

optimal CTA targets are shown in Fig. 6.

262



Table 2: Brightness, kinematic and DM halo properties (both for cuspy and
cored profiles) for the analyzed dSphs.

Einasto Burkert
Name MV 〈vr〉 Ref. ρs rs α Rvir ρs rs Rvir

(mag) (km s−1) (108 M� kpc−3) (kpc) (kpc) (108 M� kpc−3) (kpc) (kpc)

BoöI −6.3± 0.2 100.6± 4.3 22, 52) 0.09+0.10
−0.07 1.7+4.2

−1.0 0.51+0.33
−0.29 5.1+10.7

−2.2 1.42+0.69
−0.81 2.2+4.2

−1.6 15.1+30.4
−9.6

CBe −4.1± 0.5 97.8± 5.8 22, 53) 0.29+0.83
−0.21 1.2+2.9

−1.0 0.56+0.28
−0.28 4.5+9.6

−3.2 4.7+4.1
−1.9 0.86+3.73

−0.65 8.0+34.1
−5.8

DraI −8.8± 0.3 −292.4± 9.5 22, 54) 0.30+0.48
−0.11 0.58+0.14

−0.29 0.16+0.19
−0.02 4.12+0.65

−0.55 4.25+0.95
−1.98 0.283+0.056

−0.037 4.01+0.51
−0.11

GruII −3.9± 0.2 −109.8± 1.8 33, 55) 0.0039+0.0119
−0.0024 0.83+3.54

−0.55 0.65+0.25
−0.34 0.35+1.01

−0.32 0.017+0.086
−0.015 1.12+3.91

−0.82 .9.5

RetII −3.6± 0.2 64.0± 3.6 34, 56) 0.26+0.84
−0.20 0.61+3.35

−0.50 0.54+0.32
−0.28 1.7+6.4

−1.1 4.4+5.9
−2.1 0.40+3.15

−0.32 2.7+19.7
−1.9

SgrI −11.1± 0.5 140± 17 22, 57) 0.0105+0.0182
−0.0064 6.1+1.7

−2.0 0.23+0.36
−0.10 1.56+0.34

−0.73 0.093+0.072
−0.051 3.7+2.6

−1.3 .1.7

SgrII −1.5± 0.8 −175.7± 5.0 36, 58) 1.2+2.7
−1.1 0.35+3.12

−0.27 0.51+0.31
−0.28 2.7+13.8

−1.7 20.1+16.3
−9.0 0.38+3.04

−0.32 7.6+60.6
−6.1

Scl −9.3± 0.5 111.5± 9.1 22, 59) 0.29+0.55
−0.12 0.55+0.01

−0.30 0.26+0.26
−0.10 3.56+0.44

−0.57 3.82+0.72
−0.79 0.256+0.065

−0.023 3.95+0.17
−0.25

Seg1 −13.5± 0.3 206± 15 22, 60) 0.022+0.220
−0.020 0.59+2.76

−0.46 0.59+0.27
−0.33 2.3+1.3

−2.2 0.065+1.72
−0.061 0.78+3.13

−0.63 .28

Sex −5.2± 0.4 224± 11 22, 59) 0.026+0.078
−0.017 3.4+3.5

−2.4 0.42+0.30
−0.23 7.8+4.4

−2.9 0.228+0.291
−0.084 2.1+1.8

−1.1 9.9+5.7
−3.4

TriII −1.8± 0.5 −381.7± 2.5 39, 61) 0.022+0.230
−0.019 0.48+3.88

−0.41 0.65+0.27
−0.34 0.37+3.20

−0.35 0.21+4.46
−0.20 0.55+3.73

−0.46 .56

Wil1 −2.7± 0.8 −13.6± 6.3 22, 62) 2.6+6.0
−2.2 0.093+0.362

−0.045 0.43+0.39
−0.24 1.05+1.16

−0.34 24+61
−18 0.079+1.470

−0.049 1.41+12.67
−0.53

3.2 Discussion of analysis caveats

In general, the determination of the DM distribution in dSph halos is affected

by several uncertainties and systematics. If not recognized and appropriately

removed or mitigated, such spurious contributions may significantly alter the

analysis of the dSph stellar kinematics, leading to a wrong estimate of the DM

content. The major sources of error are:

• Difficulty/impossibility to obtain tangential components of the

member star velocities – The possibility to neglect the rotational sup-

port in dSph dynamics, quantified by the dispersion of stellar proper

motions, is key to consider such objects as DM dominated; in fact, the

presence of a non-negligible stellar-velocity tangential component may

significantly alter the distribution of measured radial velocities, thus ar-

tificially increasing an intrinsically low DM amount. However, since the

typical proper motion of a dSph is roughly of 0.2÷ 0.5 mas yr−1 and the

inner radial velocity dispersion is of the order of 10 km s−1, the proper-

motion dispersion of the dSph member stars is of the order of 0.01 mas

yr−1; for bright stars (G < 15), this amount is already at the limit of

current and future stellar surveys, such as the Gaia data releases 63).

• Stellar velocity dispersion dominated by tidal forces – Another

source of alteration of the dSph stellar velocity dispersion comes from the

risk that the analyzed dwarf galaxy does not reside inside a gravitationally

undisturbed DM mini-halo of primordial origin, but is rather a remnant
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Figure 6: Cored (shaded area) and cuspy (filled area) density profiles around
the six most optimal dSphs (CBe, DraI, Wil1, RetII, Scl, and SgrII).

of a bigger object that has been tidally disrupted by close encounters

with the MW. In the first case, the measured radial velocity dispersion

σr is 44):

σ(DM)
r =

√
GMDM

3Rvir
(9)

whereas in the second case one gets:

σ(tid)
r =

√
2GMMWRvir

3d2
GC

(10)

It is therefore clear that, lacking hints of ongoing tidal interaction in

the target, a large σr can potentially lead to its wrong attribution to

an extreme DM domination. The current deep stellar surveys may help

to identify tidally disrupted sources by detecting the stellar streams pro-

duced by the gravitational encounters of the dSph with the MW 64), thus
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allowing to reanalyze (or exclude) targets located within such features;

this might likely be the case of Sgr II, that presumably lies inside the

trailing arm of the Sagittarius stream 36).

• Contamination of member samples by foreground stars – Since

the dSphs are often viewed in projection only, with no or very few hints

about surrounding stellar structures, foreground population of stars with

age and metallicity that balance the distance difference with respect to

the dSph cannot be distinguished through photometric measurements.

Therefore, the measurement of spectroscopic velocities is crucial in order

to fully disentangle the dSph stellar population by foreground contami-

nation. The erroneous inclusion of such spurious populations may deeply

alter the calculation of correct dSph astrophysical factors: this is the

case of Seg 1, which has a population of high-velocity foreground stars

(v ∼ 300 km s−1) superimposed to the dSph structure 65).

4 Summary

In this contribution, we have presented novel data-driven determinations of the

DM distribution in dSph halos, based on MC Jeans analysis adopting a com-

mon framework for the treatment of input quantities. This effort is ultimately

aimed at computing the prospects for the detectability of DM signals in the

γ-ray domain with CTA, and the relevance of the limits on average WIMP pa-

rameters. To this end, we have down-selected the best candidates of the several

tens of known dSphs, based on spectroscopic and photometric measurements.

Then, we have made use of the public CLUMPY code to estimate the

DM content of dSph halos, obtaining DM density profiles that can be used

for diverse purposes – e.g., the computation of realistic astrophysical factors

J and D (see Sect. 2), the ranking of optimal dSph halos in terms of DM

content, the study of the different impact of cuspy and cored profiles in the

dSph evolution and expected strength of the DM signal, and the construction

of scaling relations of J and D with distance and other dSph parameters 21)

in order to easily estimate the DM amount in newly discovered halos.
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Université Catholique de Louvain

Chemin du Cyclotron 2, B-1348 Louvain-la-Neuve, Belgium

*for the NA62 Collaboration: A. Akmete, R. Aliberti, F. Ambrosino, R. Am-
mendola, B. Angelucci, A. Antonelli, G. Anzivino, R. Arcidiacono, T. Bache,
A. Baeva, D. Baigarashev, L. Bandiera, M. Barbanera, J. Bernhard, A. Bia-
gioni, L. Bician, C. Biino, A. Bizzeti, T. Blazek, B. Bloch-Devaux, P. Boboc,
V. Bonaiuto, M. Boretto, M. Bragadireanu, A. Briano Olvera, D. Britton,
F. Brizioli, M.B. Brunetti, D. Bryman, F. Bucci, T. Capussela, J. Carmignani,
A. Ceccucci, P. Cenci, V. Cerny, C. Cerri, B. Checcucci, A. Conovaloff,
P. Cooper, E. Cortina Gil, M. Corvino, F. Costantini, A. Cotta Ramusino,
D. Coward, P. Cretaro, G. D’Agostini, J. Dainton, P. Dalpiaz, H. Danielsson,
M. D’Errico, N. De Simone, D. Di Filippo, L. Di Lella, N. Doble, B. Do-
brich, F. Duval, V. Duk, D. Emelyanov, J. Engelfried, T. Enik, N. Estrada-
Tristan, V. Falaleev, R. Fantechi, V. Fascianelli, L. Federici, S. Fedotov, A. Fil-
ippi, R. Fiorenza, M. Fiorini, O. Frezza, J. Fry, J. Fu, A. Fucci, L. Fulton,
E. Gamberini, L. Gatignon, G. Georgiev, S. Ghinescu, A. Gianoli, M. Giorgi,
S. Giudici, F. Gonnella, K. Gorshanov, E. Goudzovski, C. Graham, R. Guida,
E. Gushchin, F. Hahn, H. Heath, J. Henshaw, Z. Hives, E.B. Holzer, T. Husek,

269



Abstract

NA62 is a precision physics experiment studying charged kaons and their decay
products with an unprecedented accuracy (measurement of the K+ → π+νν̄
branching ratio of the order of 10−11), allowing indirect probes of new physics
scales up to O(100) TeV. NA62 experiment also searches directly for weakly
interacting particles of up to O(100) MeV masses in kaon decays and up to
O(1) GeV masses when running in the beam dump mode. For both modes
of direct searches, NA62 has been collecting data since 2021 after a successful
2016-18 run 1. Past results and future prospects are presented in this talk.
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1 Introduction

Fixed-target experiments can probe regions in the parameter space (mX , CX)

of New Physics (NP) particle mass mX and coupling CX to the Standard

Model (SM) particles complementary to those probed by the collider experi-

ments operating at the so-called energy frontier that directly probe mass scales

of O(1) TeV. Fixed-target experiments operate at smaller centre of mass ener-

gies but can collect very large statistics while keeping the backgrounds under

control, the so-called intensity frontier. At the intensity frontier, very large

mass scales (≳ 100 TeV) can be probed indirectly, through precision measure-

ments of the SM processes and searches for SM-forbidden decays, and smaller

mass scales (O(1) MeV to O(1) GeV) can be probed directly1 for very small

NP-SM couplings CX . This summary will discuss the direct searches for NP

particles for mX and CX values particularly interesting for models describing

hypothetical mediators between Dark Matter and Standard Model particles,

collectively called the Dark Sector portals. As well as providing an interaction

between the SM and the DM sector, these mediators can often provide an ex-

planation of some observations not described by the SM (e.g. neutrino masses,

SM mass hierarchy, etc.).

The following table summarizes four portals that appear frequently in the

literature and that are targeted as the main benchmark scenarios by the Physics

Beyond Colliders initiative 1). Details of the fields and coupling constants

involved will be given in dedicated sections.

Table 1: Dark Sector portals.

NP Particle type Dark Sector portal (dim ≤ 5)

HNL2(NI) fermion FαI(L̄αH)NI

dark photon (A′
µ) vector − ε

2 cos θW
F ′
µνB

µν

dark Higgs (S) scalar (µS + λS2)H†H

axion/ALP3(a) pseudoscalar
CaX

Λ
aXµνX̃

µν ,
Caf

Λ
∂µaf̄γ

µγ5f

1By direct searches we mean the search for the production of NP particles
in SM decays or NP particle decays into SM particles.
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These new states can be searched for directly at fixed-target facilities in

two types of processes:

� Search for the decay of a NP particle into SM final states seen by the

detector, which allows the reconstruction of the original NP particle;

� Search for the decay of a SM particle into SM and NP particles where the

NP particles can by reconstructed from the knowledge of the SM initial

and final states even if the NP particle does not decay back to SM final

states and escapes detection.

The following sections will describe the search for the four Dark Sector

portal particles in both types of searches at the NA62 experiment.

2 NA62 experiment

The NA62 experiment is a fixed-target experiment at the CERN North Area

and is served with a 400 GeV/c proton beam from the SPS. NA62 is a multi-

purpose experiment covering a broad kaon and beam-dump physics programme

with the main goal of the measurement of the branching ratio of the very rare

K+ → π+νν̄ decay with 10% precision. About 4× 1012 kaon decays have been

collected during the data-taking period 2016-2018 (Run 1) and the result of the

corresponding BK+→π+νν̄ measurement is BK+→π+νν̄ = (10.6 ± 4.0) × 10−11

2). Data-taking resumed in 2021 (Run 2) after the CERN Long Shutdown 2

(LS2).

2.1 Kaon mode

In standard data-taking mode, called the kaon mode, the 400 GeV/c proton

beam impinges on a beryllium target, producing a secondary beam from which

a 75 GeV/c component is selected using movable copper-iron collimators called

TAXes, located about 23 m from the target. The 75 GeV/c secondary beam

has a ∼ 750 MHz particle rate and consists of about 6% K+. The kaons in

the beam are selected using a Cherenkov counter detector (KTAG), which also

provides the timing for the kaon tracks, while their momenta are measured by

a silicon pixel spectrometer (GTK). The particle beam then enters a 117 m

2Heavy neutral lepton.
3Axion-like particle.
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Figure 1: Schematic layout of the NA62 experiment in the X-Z plane in 2018
2).

long vacuum vessel where about 14% of the beam kaons decay in the fiducial

volume (FV) that occupies the first about 75 m of the vacuum vessel. The

momenta of the kaon decay products are measured using the STRAW spec-

trometer, consisting of 4 straw stations and a 0.9 Tm magnet. The vacuum

vessel is followed by a ring-imaging Cherenkov counter (RICH) optimized for

the momentum range 15-35 GeV/c, to separate the final state π+ and µ+ 5).

Further particle identification (PID) is by a sequence of calorimeters: the elec-

tromagnetic calorimeter (LKr) and hadronic calorimeters (MUV1 and MUV2).

Muon identification is provided by a scintillating-tile muon detector (MUV3),

located behind an 80 cm thick iron wall. The RICH and the charged hodoscope

(CHOD) also provide the timing for the tracks of the final state particles.

2.2 Beam-dump mode

The experiment can also operate in a so-called beam-dump mode to search for

NP particles too heavy to be produced in the kaon decays. In the beam-dump

mode, the beryllium target is lifted from the beam line and the TAX collimators

are closed, effectively dumping the 400 GeV/c beam. Only neutrinos, muons

and hypothetical NP particles produced in the interaction of the beam with the

material of the TAX and in secondary particle decays can penetrate the TAX
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and reach the NA62 decay volume. The currents of a set of dipole magnets, used

for the modulation of the beam selected by TAX in the kaon mode, are set to

produce magnetic fields in the same direction in the beam-dump mode in order

to sweep the muons from the decay volume acceptance since the halo muon

flux is the dominant background in the beam-dump mode 3). The detectors

preceding the decay volume are not used in the beam-dump data analyses

except for an upstream veto (ANTI0), which allows further reduction of the

muon halo background at the analysis level.

Three trigger lines are implemented in beam-dump mode:

1. Control, triggered by total deposited energy in the LKr of above 1 GeV

and at least one reconstructed LKr cluster;

2. Q1/20, triggered by at least one signal in CHOD and downscaled by 20;

3. H2, triggered by two in-time signals in different CHOD tiles.

The low particle rate in beam-dump mode allows data to be collected at

an increased proton beam intensity (about a factor 1.5 higher than in the kaon

mode) resulting in rates of Control, Q1/20 and H2 triggers for the 4, 14 and

16 kHz respectively.

In 2021, data from about 1.4×1017 protons dumped on TAX (POT) were

collected at NA62 during a period of 10 days of operation in the beam-dump

mode. During the whole of Run 2 a total of about NPOT = 1018 POT is

expected.

3 Search for heavy neutral leptons

The general form of the HNL portal is

L ⊃ FαI(L̄αH)NI , (1)

where H is the Higgs doublet, Lα is the left-handed doublet of the SM neu-

trino of flavour α, NI is the I-th HNL field and we sum over the flavour indices.

Upon breaking the electroweak symmetry and diagonalizing the neutrino mass

terms one obtains mixing terms between the neutrinos ν and HNLs L, typically

parametrized by elements of matrix U for the respective flavours. Processes

involving HNLs can then be obtained from the neutrino processes by an ex-

change να → UαILI . In the minimal scenario with one HNL, one can express
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Figure 2: Left: UL at 90% CL on |Uℓ4|2 from production searches, red: |Ue4|2,
blue: |Uµ4|2. Right UL on B(K+ → µ+νX), where X is scalar or vector.

the branching ratio of the HNL production in a decay of a kaon K+ to a charged

lepton l+ as

B(K+ → ℓ+N) = B(K+ → ℓ+ν) · ρℓ(mN ) · |Ul4|2, (2)

where ρℓ is a kinematic factor.

A search for HNL production in K+ decays has been performed at NA62

in the Run 1 dataset in two independent analyses: with a muon 6) and with a

positron 7) in the final state and with the HNL escaping detection.

The strategy of these analyses is to search for a spike in the missing mass

spectrum m2
miss = (PK − Pℓ)

2 that would correspond to the HNL mass mN .

The scan in mN is performed in steps of O(1) MeV/c2 in mass ranges: 144–462

MeV/c2 for the K+ → e+N decay and 200–384 MeV/c2 for the K+ → µ+N

decay. The upper limits on |Ue4|2 and |Uµ4|2 obtained are plotted in Fig.2, left.

The analysis is also re-interpreted as a search for decay K+ → µ+νX,

where X is a scalar or vector. The corresponding upper limits on the branching

ratios of these two cases, given the mass of particle X, are plotted in Fig.2,

right. Another re-interpretation is a search for decay K+ → µ+ννν̄, where the

upper limit obtained on the branching ratio4 is B(K+ → µ+ννν̄) < 1.0×10−6.

4The predicted SM branching ratio is of the order 10−16.
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Figure 3: UL at 90% CL on |Uℓ4|2 (left: |Ue4|2, right: |Uµ4|2) comparison with
beam-dump searches. Blue contour: projected NA62 sensitivities at NPOT =
1018 combining searches for all kinematically allowed decay channels, including
channels with open kinematics.

NA62 is also competitive in searches for HNL with masses ∼ 1 GeV with

the full statistics that will be collected in Run 2 in the beam-dump mode, see

Fig. 3 8).

4 Search for dark photons

The Dark photon A′ is a vector particle corresponding to a new U(1) gauge

symmetry. In the “minimal scenario” the dark photon interacts with the SM

hypercharge through kinetic mixing term

L ⊃ − ε

2 cos θW
F ′
µνB

µν , (3)

where F ′
µν = ∂µA

′
ν − ∂νA

′
µ, Bµν is the SM hypercharge field strength tensor,

θW is the Weinberg angle and ε is the coupling constant.

Dark photons can be produced through two mechanisms in the beam-

dump mode at NA62 in proton-nucleus interactions:

� Bremsstrahlung production: p+N → X +A′;

� meson-mediated production: p + N → X + M , M → A′ + γ(π0), where

M ∈
{
π0, η, ρ, ω, ..

}
.
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Figure 4: NA62 sensitivity for dark photons, assuming 0 observed events in
1.4 × 1017 POT, per production mechanism (left) and per decay mode (right).

The two mechanisms differ cross-sections and the angle-momentum distribution

of the radiated dark photons, see NA62 sensitivity in Fig. 4 left. For dark

photon masses MA′ < 700 MeV, the decay width is dominated by the lepton-

antilepton decays, see Fig. 4 right. The expected dark photon yield Nexp is

given by

Nexp = NPOT × χ(pp→ A′) × B(A′ → ℓ+ℓ−) × PRD(ε) ×Aacc ×Atrig, (4)

where χ(pp → A′) is the dark photon emission probability, B(A′ → ℓ+ℓ−) is

the branching ratio, PRD is the probability to decay in the NA62 decay volume

and Aacc (Atrig) is the signal selection (trigger) efficiency.

A search for dark photon decays to a µ+µ− pair has been performed at

NA62 with a sample with NPOT = 1.4×1017 selected using the H2 trigger in the

beam-dump mode. The strategy of this analysis is to find the secondary µ+µ−

vertex in the decay volume and reconstruct the primary vertex as a point of

closest distance of approach of the reconstructed A′ track to the proton beam.

The primary vertex is expected to lie near the beam impact point on the TAX,

see Fig. 5 left. Signal and control regions (SR, CR) are selected as ±3σ in each

axis of the expected signal distribution and are kept blinded in the data until

the analysis is finalized.

The selection criteria are 2 tracks of opposite charge in coincidence in

time with the trigger and with each other. The particle identification requires
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Figure 5: Left: Signal MC and definition of control (CR) and signal regions
(SR). Right: Data-MC comparison, SR closed.

a single hit in MUV3 for each track and a ratio of energy deposited in the LKr

and momentum E/p < 0.2. Additionally, no in-time activity in the LAV is

allowed to reduce the background from secondary interaction of halo muons.

After applying the LAV veto, the dominant source of background is due to

a random pairing of two halo muons from interactions of uncorrelated protons.

To evaluate this background a control sample selected with the Q1 trigger in

the absence of H2 has been used. See Fig.5 right and Tab. 2 for the comparison

of the number of expected and observed background events.

Table 2: Summary of expected µ+µ− events from combinatorial background
(Nexp), the related uncertainty (δNexp), the observed events in data (Nobs) and
the probability to obtain a likelihood L for data-MC compatibility equal or worse
than that corresponding to Nobs (PL≤Lobs

).

Nexp ± δNexpNobs pN≥Nobs
pL≤Lobs

outside CR 26.3 ± 3.4 28 0.41 0.74

CR3 1.70 ± 0.22 2 0.25 0.25

CR2 0.58 ± 0.07 1 0.44 0.44

CR1 0.29 ± 0.04 1 0.50 0.68

CR1+2+3 2.57 ± 0.33 4 0.26 0.24

CR 0.17 ± 0.02 0 1.0 1.0

SR 0.016 ± 0.002 - - -
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Figure 6: Left: Final result with upper limit at 90% CL. Right: Signal MC
- data, 1 event observed - counting experiment with 2.4σ significance. Signal
shape not taken into account for the significance.

No events have been observed in the CR. After opening the SR, one

event with invariant mass ∼ 411 MeV has been found. The corresponding

upper limit at 90% CL is the region enclosed by black contour in Fig. 6 right.

As a counting experiment, the global significance of the event observed is 2.4σ.

Note, however, that the track time difference is about two standard deviations

from the value of zero expected for in time tracks and that the extrapolation

of the corresponding track to the impact point is barely in the SR, see Fig. 6

right, suggesting that the event found could be a combinatorial background

event.

5 Search for axion-like particles

Axions were originally predicted as a possible explanation of the CP conser-

vation in strong interactions, called the Strong CP problem. A more general

case with various possible couplings to the SM not necessarily addressing the

strong CP problem (axion-like particle/ALP) is usually considered:

� SM gauge boson coupling: L ⊃ CXX

Λ
aXµνX̃

µν , X ∈ {B,W,G};

� SM fermion coupling: L ⊃ Cff

Λ
∂µaf̄γ

µγ5f , f ∈ {q, ℓ}.

If one of the ALP-SM couplings, Cqq, Cgg, CWW is non-zero ALPs can be

produced in flavour-changing neutral current decays, such as B → K(⋆)a and
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Figure 7: Left: Expected and observed number of K+ → π+νν̄ events as a

function of the reconstructed m2
miss for the 2018 data set 4). Right: Bounds on

flavor-diagonal pseudoscalar quark couplings: coupling of ALP to up quarks 9).

K → πa. Since the decay K+ → π+a would have the same signature as the

K+ → π+νν̄ decay, it would appear as a peak above the continuous missing

invariant mass spectrum of the K+ → π+νν̄ decay, see the K+ → π+νν̄

spectrum in 2018 NA62 data in Fig. 7 left. See Fig. 7 right for the upper limit

obtained on the exclusion in the parametric space (ma, Cuu) for the case of an

ALP coupling to SM up-quarks based on the NA62 Run 1 data.

Depending on the coupling of ALPs to the SM, ALPs can be produced in

the TAX in the beam-dump mode in various ways:

� photon-mediated (Primakoff) production from both off- and on-shell pho-

tons 10, 11);

� flavour-changing neutral current B meson decays 12);

� through mixing with other neutral pseudoscalars (π0, η, η′) 13);

� interaction of secondary muons with the TAX nuclei 14).

NA62 is sensitive to various decay channels (di-photon, di-lepton, hadronic)

of ALPs of masses and couplings that have not yet been probed by other

experiments, see Fig. 8 left for photonic coupling and right for gluonic coupling.
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6 Search for dark scalars

In the minimal model, a dark scalar S is coupled to the SM Higgs boson through

the H†H operator as

L ⊃ −(µS + λS2)H†H. (5)

Below the electroweak symmetry breaking scale H is substituted by (v+h)
√

2

and non-zero coupling µ would lead to mixing between S and h, which can be

parametrized for small µ as

θ ≃ θ =
µv

m2
h −m2

S

, (6)

where v = 246 GeV.

At loop level, the dark scalar can be produced in flavour-changing neutral

current processes and therefore, as in the case of ALPs, would appear at NA62

in the kaon mode as a bump above the K+ → π+νν̄ spectrum. See Fig. 9 left

for the exclusion in the (mS , sin θ) parametric space, corresponding to the full

Run 1 statistics.

In the NA62 beam-dump mode, dark scalars can be produced in decays

of secondary B mesons produced in the TAX. With the full Run 2 beam-dump
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Figure 9: Excluded regions of (mS , sin θ) parameter space for S decaying only
to visible SM particles. Left: exclusion from K+ → π+ + inv. and π0 → inv.

decays 9) (red). Right: Projection for NA62 in the beam-dump mode 1018 POT

S → µµ (blue) 8).

data sample, NA62 is sensitive in yet unexplored regions of the dark scalar

parameter space, see Fig. 9 right, with the dark scalar decays to ee, µµ and ππ

pairs.

7 Conclusion

NA62 is a multipurpose experiment that as well as the main goal of Kπνν̄

and precision measurements, covers a wide program of direct searches for NP

particles in both the kaon and beam-dump modes. NA62 results for various

Dark Sector benchmark scenarios have been presented, including the first result

using the 2021 beam-dump dataset.

NA62 can probe new regions in Dark Sector mass-coupling parameter

spaces many years before dedicated facilities are built. Data-taking has been

ongoing since since 2021 as a Run 2 with various software and hardware updates

and increased beam intensity.
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Abstract

The dark matter nature, its origin, and the way it interacts with ordinary
matter, although playing a crucial role in fundamental science is still not un-
derstood. Recently, models introducing an hidden sector with at least one
particle with a very weak interaction with ordinary matter have been intro-
duced, the simplest ones introducing a new vector boson kinetically mixed with
the ordinary photon. Several experimental particle physics efforts are ongoing
searching for hidden particles signals or trying to set more stringent limits on
such theoretical models. The Positron Annihilation into Dark Matter Experi-
ment (PADME) at LNF (Laboratori Nazionali di Frascati of INFN), has been
designed for looking for hidden particles produced in association with a photon,
by studying the missing-mass spectrum of single γ, resulting from the annihila-
tion of a positron beam on the electrons of a fixed target. It is expected to reach
a sensitivity of ∼ 10−6 on the kinetic mixing parameter ε2, which represents
the coupling of a low-mass dark photon with ordinary photons. Due to the
maximum positron beam energy of 550 MeV, a mass range up to 23.7 MeV/c2
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can be explored. In addition the experiment can perform a precise measure-
ment of the cross-section of the e+ e− → γγ process at

√
s = 21 MeV/c2 that

can be compared with the Standard Model expectation in order to set limits
on hidden particles decays to photon pairs.

1 Dark sector and the PADME experiment

One of the most important open issues of physics is the dark matter problem: its

nature, origin, and the way it interacts with ordinary matter, although playing

a crucial role in fundamental science, is still not understood. Several extensions

of the Standard Model (SM) of particle physics have been proposed in order to

account for the relic density of dark matter after the freeze-out induced by the

expansion of the Universe. Weakly interacting massive particles (WIMP) are

the favored scenario, but extensive searches at LHC have strongly reduced the

allowed parameter space, so that in the recent years a growing attention has

been given to alternative models.

In particular, a number of those models introduce a new dark sector, in

which a “portal” particle couples both to dark matter heavy particles and – very

feebly – to the SM. These models are classified in terms of the mediator, which

can be a vector (a “dark photon”, A′), a pseudo-scalar (an axion-like particle),

a scalar (a “dark Higgs”) or a fermion. In particular, if a vector gauge boson

associated to a new U(1) symmetry is introduced, it can kinetically mix the

ordinary photon, so that such models are characterized by just two parameters:

the dark photon mass, m′A, and its coupling to SM particles, ε.

The PADME experiment has been originally designed 1) for searching

“invisible” decays of A′, i.e. in case it is heavy enough to decay to dark matter

particles, A′ → χχ, thus escaping detection. PADME is located at INFN Fras-

cati National Laboratories (LNF), and it makes use of the positron beam accel-

erated by the DAFNE complex LINAC, extracted to one of the two beam-lines

of the BTF (Beam-Test Facility), BTF-1. The momentum of positron pulses,

as well as their intensity and duration, can be adjusted in a wide range 2) in

order to optimize the luminosity vs. background and pile-up in the detectors.

The experiment can detect the production of dark particles in the in-flight

annihilation of the positrons of the beam onto the atomic electrons of a thin

target, either in associated production with a ordinary photon, e+e− → γX,
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or in resonant direct production, e+e− → X.

The maximum nominal enegy of the LINAC beam in positron mode is

550 MeV, thus limiting the search in fixed-target annihilation events to masses

mA′ < 23.7 MeV/c2. The production of a massive particle, like a dark photon,

in e+e− → γA′ is signaled by a non-vanishing missing mass closing the kine-

matics, since the beam energy is known, by measuring the momentum of the

photon (electrons are assumed to be practically at rest).

The position and energy of photons are measured by a finely segmented

BGO electromagnetic calorimeter (ECal) 3), made by 616 crystals arranged

in a cylindrical shape, of ∼ 60 cm diameter, as shown in Fig. 1, placed ap-

proximately 3.4 m downstream of the annihilation target. The dimensions of

each crystal of 21× 21× 230 mm3 allow the electromagnetic shower to be fully

contained longitudinally, and ≈ 70% of it in the transverse direction, and is

readout by HZC XP1911 19 mm diameter photomultipliers.

Figure 1: Left: technical drawing of the ECal structure (without the light-tight
back cover), showing the mechanical structure, the BGO crystals and part of
the photomultiplier tubes and attached power and readout cables. Right: ECal
photograph (without the light-tight front cover).

Other detectors are used to reject the two main backgrounds, i.e. the

Bremsstrahlung emission of a photon on a 0.1 mm thick CVD diamond target,

and the annihilation in two or three photons. The diamond target not only

provides the target for the annihilation process, but also measures the x and
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y profile of the beam and the beam multiplicity, i.e. the number of positrons

contained in each bunch, thanks 1 mm wide graphite strips, directly burnt by

an intense laser beam directly on the sensor faces 4).

Being the angular distribution of the Bremsstrahlung radiation sharply

peaked in the forward direction, the ECal has been realized with a central

hole, behind which is placed a faster, Cherenkov detector, made of a square

matrix of 25 PbF2 crystals 5). This small angle calorimeter (SAC) is used in

conjunction with plastic scintillator bars read out by means of green-shifting

fibers and SiPM 6), placed in a vertical magnetic field, which allows tagging

the positrons having irradiated a photon.

Any positron that does not interact in the target is directed towards a

beam monitor and the beam dump by a magnetic field, which also deflects

secondary charged particles towards a set of dedicated detectors. These de-

tectors act both as vetoes for background reactions and as spectrometers for

forward emitted charged particles (positrons on the bending side, electrons on

the opposite one). The magnetic field of about 0.5 T is provided by a wide

gap (23 cm), 1 m long dipole, inside which a a-magnetic steel vessel provides a

∼ 10−6 vacuum.

At the exit from the vacuum vessel, and before being dumped onto the

concrete of the BTF hall, the beam can be imaged by a hybrid Silicon pixel

detector, consisting of TimePix sensors, each made of a 256×256 square pixels

of 0.055 mm side, arranged in a 6×2 matrix. This allows monitoring the beam

spot position and size, and from the latter, reconstruct the beam divergence

and momentum spread.

This setup has been optimized for the search of dark photons decaying in-

visibly in associated production, i.e. by looking for a bump in the missing mass

distribution of single photon events. However, the scintillating bar detectors

have been placed on both sides of the dipole magnet axis, so to allow recon-

structing events with a pair of charged particles, coming from the A′ → e+e−

visible decays or from the SM processes, in particular the Bhabha scattering.

The flight path up to a polar angle of ∼ 100 mrad, including the scintil-

lating bar detectors between the dipole magnet poles, is inside a vacuum vessel

connected to the BTF-1 beam-line on the upstream side and separated from

the ECal by a large, 3 mm thick, carbon fiber window. A schematic view of

the overall experiment setup is shown in Fig. 2.
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Figure 2: Schematic view of the PADME experiment (not to scale).

2 PADME experiment status

PADME has taken data in two periods, in fall 2019 (Run I) and fall 2020

(Run II) – see Fig. 3– collecting a similar statistics of ≈ 5× 1012 positrons on

target (pot) but with different beam configurations: with a secondary beam of

490 MeV positrons, produced onto the attenuating target of the BTF yielding

a high beam-induced background, in Run I, and by using the “primary” beam

produced at the positron converter of the Frascati LINAC and accelerated to

430 MeV, in Run II. In order to reduce the pile-up, the density of positrons in

a single beam pulse was limited to ∼ 102 particles/ns, trying to produce the

maximum lenght of the macro-bunches, up to ∼ 300 ns 7).

Between Run I and Run II the thin window separating the machine

and experiment vacuum systems was also replaced and moved upstream, thus

greatly reducing the amount of off-momentum beam particles entering the fi-

nal dipole of the BTF beam-line and hitting the ECal. Further details on the

beam, on the experiment commissioning and on the background studies can be

found in 8, 9).

A small fraction of Run II data, about 10%, was used to measure the

inclusive in-flight cross section σ(e+e− → γγ(γ) with a precision of ∼ 5% 10),

with two different analysis methods: a tag-and-probe two clusters selection,
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Figure 3: Integrated luminosity collected in the PADME Run I and Run II.

and a single photon selection exploiting the energy-angle correlation in two

photons events. The result for the cross-section measurement σe+e−→γγ(γ) =

(1.977 ± 0.018stat ± 0.119syst) mb not only is the best determination in the

sub-GeV regime, as shown in Fig. 4, but also opens the possibility of setting

limits to dark sector models, for instance for a pseudo-scalar decaying into

photons. Moreover, such a measurement allowed to assess the performance of

the PADME calorimeter and is an important intermediate step towards the

single photon analysis looking for the associated production of a dark photon.

3 PADME perspectives

Since 2016 the observation of an anomaly in a nuclear physics experiment,

known as “Beryllium anomaly”, has gained stronger and stronger evidence: a

unexpected bump in the angular distribution of the e+e− produced by internal

pair conversion in the decay of excited 8Be nuclei 11) , has been also seen, by

the same collaboration, also in the de-excitation of 4He 12) and 12C nuclei 13).

In all three cases, with large significances of more than 5σ, the production of

a neutral boson with mass of around 17 MeV/c2 has been advocated (the so-

called X17 particle).

The PADME experiment, with a slightly modified setup, can address

this anomaly by looking for the production of such a boson in e+e− annihi-

lations into X17, by exploiting the increase of several orders of magnitude of

the production cross-section expected when the positron beam energy is such

that
√
s ' mX17

15). Previous attempt of constraining the X17 parameter
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Figure 4: Theory predictions, at the leading order and next-to-leading order
approximation, for the positron annihilation cross-section in flight as a func-
tion of the positron energy. The PADME measurement is compared to earlier
measurements. Data to theory ratios are shown in the bottom pad.

space, both in the vector and scalar scenario, have provided significant but

not yet final results 14). Exploring the remaining allowed parameter space is

very important to provide on the particle nature of the ATOMKI anomaly, al-

though experimentally this is challengin: beam dump experiments, like NA64,

are limited by the very short lifetime of the putative X17 particle, while the

bump hunting in thin target experiments is limited by the overwhelming SM

background. PADME, on the contrary, can exploit the highly efficient res-

onant production mechanism in e+e− annihilation to improve the signal to

background ratio.

The main background to the X17→ e+e− signal is the elastic (Bhabha)

electron-positron scattering. While the t-channel is peaked at high energies for

the scattered positron, the s-channel has an identical kinematics with respect to

the signal. In addition, two clusters from γγ events have to be rejected. Since

the PADME veto spectrometer cannot be used to constrain e+e− vertices which

do not come from the production target, the basic idea is to identify decays

of a massive particle into electron-positron pairs using the ECal, as for the γγ
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events.

In order to allow low-momentum charged particles to reach the calorime-

ter the magnetic field has to be switched off. Provided that the beam intensity

is kept low enough to have a negligible pile-up probability, the ECal can re-

construct precisely the e+e− invariant mass from the energy and angle of the

clusters.

This technique requires however to disentangle charged particles and pho-

ton clusters. For this purpose an additional detector (the electron tagger, ETag)

has been realized and installed in front of ECal. The ETag is made of 5 mm

thick scintillating bars, each read out by 4 SiPM: the vertical segmentation of

4 cm allows to have a sustainable rate while covering the fiducial region of the

calorimeter with a reasonable number of channels.

Phenomenological studies have been performed to establish the PADME

Run III sensitivity based on two different scenarios for the total number of

collected pot per point and beam energy resolution 15):

• Conservative: 12 points summing up to 2 × 1011 total pot, with a 0.5%

beam energy spread, in the energy range [265, 297] MeV.

• Aggressive: 14 points summing up to 4×1011 total pot, with 0.25% beam

spread, in the narrower energy range [273, 291] MeV.

Figure 5: PADME expected sensitivity to a vector (left) and pseudo-scalar
(right) boson.

Fig. 5 shows the projected 90% confidence level sensitivity of PADME

Run-III on the couplings gve (vector–electron) and gae (pseudo-scalar–electron)
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couplings of a X17 boson for the conservative (solid orange line) and aggressive

(dashed orange line) setups.

Data collected during PADME Run III from October to December 2022

should allow to cover the entire scan range over a 1 MeV/c2 mass range.
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Abstract

Dark matter is one of the greatest open problems in modern physics. The
axion is an ideal cold dark matter candidate and its discovery would, at the
same time, solve the strong CP problem. In this work we briefly review the
status and discuss future developments for the axion search carried on by INFN.

1 Introduction

The Axion is an hypothetical particle first proposed by Wilczek and Weinberg

in 1978 1, 2) as an extension of the standard model aimed to solve the strong

CP problem. The Lagrangian of quantum chromodynamics (QCD) is supposed

to violate the CP symmetry through the θ term:

L = θ
αs

8π
Ga

µνG̃
µν
a (1)
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where αs is the QCD coupling constant and Ga
µν and G̃µν

a are the gluon

field-strength tensor and its dual, respectively. This Lagrangian predicts a θ

dependent electric dipole moment (EDM) for hadrons. The latest experimental

results on the neutron EDM impose θ < 10−10 3) suggesting that if CP

violations are present they are extremely small. The reason behind the small

value of θ is the heart of the strong CP problem. The most compelling solution

of this problem was proposed by Peccei and Quinn 4) that introduced a new

U(1) symmetry spontaneously broken at high energy scale fa. Wilczek and

Weinberg realized that this spontaneous symmetry break implied the existence

of a new pseudoscalar boson that they named axion.

The properties predicted for this particle, spin 0, charge neutrality, small

mass and negligible interaction with the ordinary matter, and its production

mechanism in the early universe make it also a strong candidate for the dark

matter 5). The discovery of the axion would therefore solve two of the greatest

open problems in modern physics making the hunt for axion of paramount

importance. Cosmology and astrophysical considerations, suggest an axion

mass range 1 µeV < ma < 10 meV 6). Latest models that take into account

dark matter density evolution in a post-inflationary scenario set the axion mass

boundary to be ma ∈ [40 − 180]µeV 7).

The search for axion spread allover the world and different experimen-

tal approaches have been adopted in the attempt to detect an axion signal.

Most of them rely on the axion-electromagnetic field coupling that allows in

presence of a strong magnetic field, through the inverse Primakoff effect, the

conversion of an axion into observable photons. Light shining through the wall

experiments like ALPS 8), consist in sending a photon beam onto an opaque

wall. Turning on the magnetic field, the photons can be converted into axions,

that, interacting weakly with the ordinary matter can cross the wall, be con-

verted again into photons and finally be detected. Polarization experiments,

like PVLAS 9) aim to observe a change into laser polarization induced by the

axion-photon conversion. In this work we will focus on the haloscope detection

scheme proposed by Sikivie 10, 11).

The haloscope design is based on a resonant cavity immersed in a strong

magnetic field. The axions are converted into observable cavity modes 12).

The power expected by an axion conversion event is given by:
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Pa =

(
g2aγγ
m2

a

ℏ3c3ρa

) (
β

1 + β
ωc

1

µ0
B2

0V CmnlQL

)(
1

1 + (2QL ∆ω/ωc)
2

)
(2)

In the first set of parenthesis, gaγγ is the coupling constant of the axion-

photon interaction, ma is the axion mass and ρa ∼ 0.45 GeV/cm3 13) is the

local dark matter density. In the second set of parenthesis there are β and QL

that represent the antenna coupling and loaded quality factor of the cavity, the

vacuum permeability µ0, the magnetic field B0, the cavity’s volume V , Cmnl

that is a geometrical factor and ωc = 2πνc is the resonance angular frequency

of the cavity. In the third brackets, ∆w = ωc − ωa is the detuning between

the cavity resonance and the photon generated by the axion conversion with

angular frequency ωa.

The maximisation of the converted axion power, requires an high quality-

factor (Q) and to work in resonant conditions, i.e. tune the resonance frequency

to match the axion frequency. Different approaches have been used to optimize

the signal-to-noise ratio. For example resonant cavities of superconductive and

dielectric materials are becoming increasingly popular because of their high

Q 14, 15, 16, 17, 18). The haloscope approach, bounds the axion masses

range observable to the resonant frequency of the cavity and in last analysis

to the cavity’s dimensions. A limited mass window can therefore be explored

with a single cavity. The axion mass range of interest sets therefore the dimen-

sion of the experiment and the sensitivity necessary to observe a QCD axion.

Among the haloscope based experiment we report ADMX 19, 20, 21, 22),

HAYSTAC 23, 24), ORGAN 25), CAPP-8T 26, 27), CAPP-9T 28),

CAPP-PACE 29), CAPP-18T 30), GrAHal 31), RADES 32, 33, 34),

TASEH 35), QUAX 36, 37, 38, 39, 40). We will focus our attention on

QUAX and its future developments inside the Laboratori Nazionali di Frascati

(LNF) and Laboratoriu Nazionali di Legnaro (LNL).

2 QUAX

The QUAX experiment is a cooperation between LNF and LNL looking for

axion dark-matter with a mass around 40 µeV within the range of masses

predicted by post-inflationary scenarios 7). The frequency of operation, about

10 GHz, is experimentally very challenging since it involves a small volume of
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the resonant cavity (fraction of liter) and large quantum-fluctuations limiting

linear amplifiers.

In 2021 QUAX reached the sensitivity to QCD-axions (Fig. 1) 37).
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Figure 1: 90% single-sided C.L. upper limit for the axion coupling con-
stant gaγγ. Each point corresponds to a test axion mass in the analysis
window. The solid curve represents the expected limit in case of no
signal. The yellow region indicates the QCD axions model band. We
assume ρa ∼ 0.45 GeV/cm3.

The haloscope, assembled at LNL, was composed by a cylindrical OFHC-

Cu cavity, with inner radius of 11.05 mm and length 210 mm, inserted inside
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the 150 mm diameter bore of an 8 T superconducting (SC) magnet of length

450 mm. The whole system was hosted in a dilution refrigerator with base

temperature of 90 mK. The first amplification stage was done with a JPA 41)

with noise temperature at the quantum-limit of about 0.5 K.
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Figure 2: Projections for axion searches by the QUAX haloscopes in the
next few years are shown by the shaded area. The image is realized

with 42)

In the next few years, the QUAX collaboration will probe the frequency

region between 8 and 11 GHz with two complementary Sikivie haloscopes, one

located at LNL and the other at LNF. The two haloscopes will be working at

two different frequency ranges, implementing two different types of microwave

cavities, dielectric and superconducting, and Travelling Wave Josephson Para-

metric Amplifiers (TWJPA) 43, 44). High quality-factor cavities able to op-

erate in a strong magnetic field have been already fabricated and tested by the
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QUAX collaboration 14, 16, 17) and used in axion searches 36, 45). Differ-

ent geometries, including a multicavity approach, are forseen. The expected

limits within 2025 are shown in Fig. 2.

Figure 3: Scheme of the T-type device composed of two resonators T and
R coupled by a SQN (gray box).

Due to the large quantum-fluctuations at this frequency, linear amplifiers

are not suited to reach the sensitivity to axions predicted by the DFSZ model,

and new counters sensitive to single microwave-photons with low dark-counts

must be used 46, 47, 48). In particular, a Superconducting Qubit Network

(SQN) could be used to enhance the detection sensitivity to single microwave-

photons. Recently, a device, arranged in a transistor-like geometry as in Fig. 3,

was tested at LNF within the Supergalax project: an SQN working as a cou-

pling element between two perpendicular resonators such that the transmission

properties of the device are modified by the presence of few microwave pho-

tons 48). The advantage of using a SQN over a single qubit is that of a

predicted scaling of the signal-to-noise ratio as N instead of
√
N , where N is

the number of qubits in the network 49, 50).

The device was tested at LNF in a Leiden Cryogenics CF-CS110-1000 di-

lution refrigerator at a temperature of 15 mK. The third-harmonic absorption-

peak of the R-resonator at 7.74 GHz was considered. The VNA output-power
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was set to -40 dBm, corresponding to about -100 dBm at the device, and the

through transmission (S21) was measured. At the same time, a single tone

of frequency 7.743 GHz was sent to the R-resonator with the Rohde&Schwarz

SMA100B connected to the Port 3, and the output power of the generator

varied from -40 to -20 dBm (Fig. 4). By increasing the power sent to Port 3 a

variation of the resonant-drop frequency in the through transmission-spectrum

(S21) was clearly observed, confirming the feasibility of the device, but further

optimization and engineering is needed to reach the single photon sensitivity.
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Figure 4: Two-tone spectra measurements at frequency 7.74 GHz.
First-tone through-transmission (S21) vs VNA-frequency dependencies
recorded at different powers of the second-tone signal of frequency of
7.743 GHz applied to the Port 3.

3 FLASH

The FLASH experiment (FLASH, Finuda magnet for Light Axion SearcH),

previously called KLASH 51), proposes the realization of a haloscope de-

voted to the detection for sub-µeV axion by recycling the no-longer used FIN-

UDA 52, 53) magnet and the DAΦNE cryogenic-plant, at LNF. The FINUDA
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magnet is an iron-shielded solenoid-coil made from an aluminium-stabilised

niobium-titanium superconductor providing an homogeneous axial field of 1.1 T

with very large size bore, able to accommodate a cryrogenic resonant cavity

with a diameter of up to 2.1 m. The FLASH haloscope will be composed of such

a large resonant cavity made of OFHC copper, inserted in a cryostat cooled

down to 4.5 K hosted inside the FINUDA magnet. The operation frequency

will be tuned by three metallic movable-rods and the signal will be amplified by

a Microstrip SQUID cooled down to 300 mK, for a total temperature noise of

4.9 K. With this setup, it would be possible to search for KSVZ-axions scanning

in the frequency range 117-360 MHz, corresponding to the well motivated mass

region between 0.5 and 1.5 µeV (Fig. 5) in a total integrated time of about two

years.
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Figure 5: Projection for axion searches with the FLASH haloscope is

shown by the shaded area. Image realized with 42)

FLASH will be sensitive also to dark matter composed of dark pho-

tons with kinetic-mixing parameter down to few 10−17, and to high-frequency
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gravitational-waves with strain of about few 10−22.

In a possible second phase of the experiment, the cavity will be cooled to

100 mK. This will increase the axion sensitivity of about 1 order of magnitude,

down to gaγγ ∼ 2× 10−17 GeV−1, allowing us to probe the existence of DFSZ-

axions in this mass range.
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Abstract

In the quest for particle dark matter and physics beyond the Standard Model,
the possibility of the existence of neutral long-lived particles (LLPs) has been
proposed. The MATHUSLA project has been designed as a surface experiment
to detect possible LLPs produced in collisions at the CERN Large Hadron Col-
lider (LHC). The MATHUSLA detector will cover a 104 m2 surface and will
have 9 layers of scintillating-detector planes, with a 25 m high LLP decay
volume. The detector will be installed above the CMS interaction region of
the LHC before the beginning of the Phase-2 high-luminosity operation. By
adding a full-coverage layer of Resistive Plate Chambers (RPCs), the MATH-
USLA experiment can extend its initial goal and give contributions to several
unresolved issues in cosmic-ray physics: the unique spatial and temporal defini-
tion of extensive air showers provided by this extended set-up will give detailed
information for studying the energy spectrum and composition of cosmic rays,
as well as their arrival directions. This information will be crucial for test-
ing hadronic-interaction models and studying the origin and propagation of
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primary cosmic rays. The potentialities of MATHUSLA in LLP searches and
cosmic-ray physics will be presented.

1 INTRODUCTION

The search for physics “Beyond the Standard Model” (BSM) motivates the

possible existence of so-far-undiscovered Long-Lived Particles (LLPs). The

main approaches to this search are the following:

• “top-down”: various BSM theories (e.g. supersymmetry) constructed to

explain the physics of fundamental interactions naturally include LLPs:

• “bottom-up”: LLPs are included in the Standard Model (e.g. muons) and

new LLPs can appear via similar mechanisms when adding new particles

to the model.

Particles with long lifetime produced in collisions at the Large Hadron

Collider (LHC) could be invisible to the main detectors, for several possible

reasons:

• if cτ ≫≫ detector size (where τ is the LLP lifetime) most of such particles

escape the detector;

• LLPs which decay inside the detector, but a significant distance away

from the interaction point, are difficult to detect;

• if the decay rate of LLPs inside the detector is very small, such particles

are swamped by the background.

For such reasons, in order to detect possible LLPs produced in collisions at the

LHC, dedicated, suitably designed experiments must be conceived.

2 MATHUSLA: AN EXTERNAL LLP DETECTOR AT THE HIGH
LUMINOSITY - LHC

The MATHUSLA (MAssive Timing Hodoscope for Ultra-Stable neutraL pAr-

ticles) project foresees the deployment of a surface detector above the LHC

interaction point of the CMS experiment ?). The MATHUSLA detector will

not be a part of CMS, and its construction and operation will not interfere

with any other LHC experiments. The MATHUSLA structure will rise up to 9
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m above the ground and will extend down to about 20 m underground. It will

cover a horizontal surface of 100×100 m2 and the LLP decay volume will have

a vertical thickness of 25 m. The detector will have a horizontal displacement

of about 70 m and a vertical displacement of about 60 m with respect to the

LHC interaction point, as shown in the scheme of Fig. ??.

Figure 1: Schematic vertical section of the MATHUSLA detector and its posi-
tion with respect to the CMS interaction point at the HL-LHC.

Due to the experiment large area, it will be deployed using a modular

structure: 100 modules, each with a horizontal square area of 10 × 10 m2, as

shown in the scheme of Fig. ??; each module will be further subdivided into

four detector units, each with a horizontal square area of 5 × 5 m2.

Each module is composed of 6 tracking layers on top, 2 floor layers and 2

mid-level layers, as shown in the scheme of Fig. ??.

The tracking layers will be composed of extruded scintillator bars with

wavelength-shifting fibers coupled to Silicon Photo Multipliers (SiPMs). The

scintillator bars will be produced by the extrusion facilities at FNAL, already

used for several other experiments. The size of each scintillator bar will be

either 2.4 m ×3.5 cm ×1.5 cm with readout at both ends, or 2.5 m long with

looped fiber as the readout at one end. The expected transverse spatial reso-

lution is about 1 cm, and the expected longitudinal spatial resolution (related

to the resolution of the time difference between two ends) is about 15 cm. A
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Figure 2: Schematic view of the whole MATHUSLA setup showing its modular
structure.

test of the 5-m scintillator bars gave a 1-ns time resolution for cosmic-ray hits.

R&D activities are going on concerning several items: wavelength-shifting fibers

(attenuation, light collection), SiPMs (dark counts), scintillator-bar geometry.

The identification of LLP decays in MATHUSLA will be based upon the

following considerations:

• since there will be no magnetic field in the decay volume, MATHUSLA

will not be able to measure the particle momentum or energy, but the

reconstruction of decay vertices geometrically compatible with long-lived

neutral particles coming from the LHC interaction point will allow to

evaluate the LLP Lorentz boost (Fig. ??);

• the synchronization of the MATHUSLA LLP candidate events with the

CMS Level-1 trigger will allow off-line event-info correlation so that it

will be possible to classify the LLP production mode (Fig. ??).

Based on that, two analysis steps follow:

• if the production mode is known, then the LLP mass can be derived from

the experimental boost distribution;

• if the LLP mass is known, then the LLP decay mode can be established

from the experimental track multiplicity.
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Figure 3: Schematic vertical section of a MATHUSLA module (left), and details
of the layout of its uppermost tracking layers (right).

Under specific hypotheses, the combined MATHUSLA+CMS analysis could

obtain some model parameters (e.g. mass of the parent particle, LLP mass)

with just 100 observed LLP events.

In the search for new particles, a precise, reliable evaluation of the back-

grounds is mandatory. A preliminary consideration in this respect is that LLP

displaced vertices have to satisy many stringent geometrical (∼ 1 cm precision)

and timing (∼ 1 ns precision) requirements. Fig. ?? shows a schematic vertical

section of MATHUSLA with examples of the main possible background events.

These requirement, plus a few extra geometrical and timing cuts, will provide

almost negligible background for neutral LLP decays (less than 1 background

event per year expected). Here are more details about the expected background

events:

• the background due to cosmic rays was estimated with Test-Stand mea-

surements performed on the surface above the LHC P1 interaction point

in 2018; about 314 downward-going tracks are expected in MATHUSLA

over the whole HL-LHC run: these can be distinguished from LLPs by

using timing cuts; about 210 upward-going events due to cosmic-ray in-

elastic backscattering from the floor or to the decay of stopped muons

in the floor are expected in MATHUSLA over the whole HL-LHC run:
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Figure 4: Schemes of possible LLP decay vertices, in the case of two-body lep-
tonic decay and many-body hadronic decay.

a negligible fraction of these could produce fake decay vertices in the

MATHUSLA decay volume; possible rare K0
L produced in the floor can

be vetoed with various strategies, which are under study;

• the background due to upward-going muons from HL-LHC collisions

reaching MATHUSLA will amount to ∼ 1011, mostly from W and bb̄

decays, from 3 ab−1 of HL-LHC collisions; most of these tracks can be

vetoed with floor detectors, with just a very tiny fraction generating

displaced vertices due to scattering or rare decays; overall, this kind of

background can be handled without difficulty;

• the background due to charged tracks generated by neutrino scattering

in the MATHUSLA decay volume can be estimated realiably: neutrinos

from HL-LHC collisions are expected to produce ≪ 1 fake decay ver-

tex per year, and atmospheric neutrinos are expected to produce ∼ 30

fake decay vertices per year, which can be reduced to less than one with

geometrical and timing cuts.

The sensitivity of MATHUSLA to LLP detection depends on the physical

properties of the LLP (e.g. mass, lifetime, production cross section) and on the

detector geometry. Here are the expected MATHUSLA sensitivities to a few
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Figure 5: Diagrams of possible LLP production modes in pp collisions at the
HL-LHC.

LLP benchmark models.

• hadronically-decaying LLPs produced in exotic-Higgs decay; the process

pp→ h→ XX can be studied with sensitivity improved by a factor of ∼
103 with respect to the LHC main detectors; an LLP production process

of this kind with cross section ≳ 1 fb can be detected in MATHUSLA

(Fig. ??) ?);

• in scenarios where the long-lifetime limit is accessible (≳ 100 m), MATH-

USLA is complementary to other planned experiments for LLP detection;

for instance, the exclusion plots for the case of a singlet dark scalar S mix-

ing with the Standard-Model Higgs boson through a θ mixing angle are

shown in Fig. ?? ?) ?);

• LLP two-body decay to a Standard-Model particle and a “Dark-Matter”

particle, as foreseen by a “freeze-in” Dark-Matter model, where the LLP

(χ2 mass eigenstate of the model) existed in thermal equilibrium with

primordial plasma, then decaying to a final state including a Dark-Matter

particle (χ1 mass eigenstate of the model) ?) ?).

More benchmark models for LLP search can be found in the Physics Beyond

Colliders CERN report, and more sensitivity projections for MATHUSLA can
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Figure 6: Schematic vertical section of the MATHUSLA setup with the main
possible backgrounds to LLP detection.

be found in

3 PROPOSAL FOR AN ADDITIONAL LAYER OF RESISTIVE
PLATE CHAMBERS IN MATHUSLA

The good performance and the important scientific results of the ARGO-YBJ

experiment, based on a full-coverage single layer of Resistive Plate Chambers

(RPCs), suggested the possibility of exploiting the wide area covered by the

MATHUSLA experiment to install a full-coverage layer of RPCs. This addi-

tional layer of detectors can obviously provide additional information to the

LLP measurement of the MATHUSLA experiment, and can contribute to spe-

cific studies in cosmic-ray physics which could not be easily done with other

experiments.

RPCs provide the following additional information:

• Lower multi-hit probability in one strip due to the finer segmentation of

the RPC read-out strips

• Estimation of the pulse charge from the “time-over-threshold” measure-

ment; this give an approximate evaluation of the hit multiplicity in one
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Figure 7: Comparison of the exclusion plots for LLP detection in ATLAS and
MATHUSLA for the whole HL-LHC run, in the case of an LLP mass of 20
GeV decaying into two jets, coming from exotic-Higgs decay. The excluded
regions, in case of null detection, are the one above the curves.

strip provided the number of simultaneous hits is significantly greater

than one.

• Crucial information for cosmic-ray studies with MATHUSLA: linear re-

sponse for hit density up to more than 104 hits/m2 in the detection of

air-shower cores thanks to the “big-pad” analog readout, to be compared

to the saturated response (at high hit density) of a digital strip readout.

Here are the main features of the RPCs that would be used in MATHUSLA:

• Big-Pad size: 1.1× 0.9 m2; the big-pad signal is proportional to the local

charge density crossing the detector;

• Read-out strip area: 242 cm2 (11-mm pitch);

• Operating mode: saturated avalanche;

• Gas-gap width: 1 mm (as the ATLAS BI RPCs).
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Figure 8: Comparison of the exclusion plots for LLP detection in several ex-
periments, with different statistics, in the case of a dark scalar LLP S mixing
with the Standard-Model Higgs boson through a θ mixing angle. The exclusion
plots are now represented in the (mS), sin2 θ) plane.

4 THE MATHUSLA TEST STAND

A small-scale experiment, the MATHUSLA test stand, was constructed

and installed on the surface above the interaction point of the ATLAS

detector (LHC Point 1) and collected data during 2018 ?). The test

stand was operational both during LHC pp collisions and when the LHC

was not operating. The goal was to measure the rate of muons from

LHC pp collisions reaching the surface, as well as the rate of inelastic

backscattering from cosmic rays that could create upwardgoing tracks,

and to determine how well simulation models could reproduce the data.

This information is a very useful input for future studies on the back-

ground expectations for the proposed MATHUSLA experiment. The test

stand used scintillation counters recovered from the Tevatron Run II D∅
forward muon trigger system; they were arranged to form two planes of

2.5× 2.5 m2 area each. Spare RPCs of the ARGO-YBJ experiment were

arranged in six layers between the scintillator planes, and used to track

charged particles crossing the test stand. The height of the whole setup

was about 6.5 m. A scheme and a picture of the MATHUSLA Test Stand
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Figure 9: Schematic vertical section of the MATHUSLA setup with the insertion
of the proposed RPC layer.

are shown in Fig. ??

The test-stand results confirm the background assumptions in the MATH-

USLA proposal and demonstrate that there are no unexpected sources of

background. These results give confidence in the MATHUSLA projected

physics reach.

5 COSMIC-RAY PHYSICS WITH MATHUSLA

We already pointed out the features of the additional RPC layers con-

nected to cosmic-ray studies with MATHUSLA. Nevertheless, there are

a few important constraints to such studies: the very modest altitude of

the experimental site (374 m above sea level), and a sensitive area not

exceeding 104 m2.

Taking everything into account, cosmic-ray studies with MATHUSLA

may be focused on the following items ?):

– Cosmic-ray composition (measurement of the atomic number Z of

the primary particle);
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Figure 10: Left: schematic view of the MATHUSLA Test Stand of 2018. Right:
picture of the MATHUSLA Test Stand taken at the experimental site, above the
LHC P1 interaction point.

– Bundles of parallel muons. They can be observed when the electro-

photonic component of the shower is absorbed before the shower hits

the detector (“pure muonic shower”). For vertical showers they can

be seen only at low energy, while for inclined or almost horizontal

showers they can be observed also at high or very high energy due

to the larger thickness of the atmosphere. This study is crucial

both again for cosmic-ray composition studies and for discriminating

among different high-energy hadronic interaction models.

The space-time-charge information provided by the RPC big pads allow

the EAS front reconstruction, its inclination with respect to the horizontal

plane and the local hit density.

As an example of the RPC-plane response to an extensive air shower,

fig. ?? shows the bidimensional distribution of the induced charge on the

RPC big pads in one simulated event (primary proton of 263 GeV with

a zenith angle of 11.37) and the bidimensional map of the big-pad time

delays with respect to the first hit in the event.

If the EAS arrival direction is greater than about 65, muons are the main

318



Figure 11: Left: bidimensional distribution of the induced charge on the RPC
big pads in one simulated event (primary proton of 263 GeV with a zenith angle
of 11.37). Right: bidimensional map of the big-pad time delays with respect to
the first hit in the event.

component of the EAS. At the MATHUSLA site, inclined EAS from H and Fe

primary nuclei of ∼ 1÷ ∼ 100 PeV have an average muon content of about

80 ± 1 %, as predicted by QGSJET-II-04 MC simulations.

The average value and the spectrum of the local muon density D in

MATHUSLA for inclined EAS events generated by H and Fe primaries in the

1÷ 100 PeV energy range have been simulated and studied using several high-

energy hadronic interaction models, assuming that the primary energy spectra

have a behaviour ∼ E−2. Above 10 PeV the local magnitude of D increases lin-

early with the primary energy in log scale and it is greater for heavy primaries

than for light ones. The D spectra for EAS with a high content of muons are

harder than the D spectra for EAS with a low muon multiplicity, and a slight

spread is observed depending on the high-energy hadronic interaction model:

so, such curves can be used to test the prediction of different models and dis-

criminate among them. The results of the simulation studies are shown in Fig.

??.
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Figure 12: Left: local muon density reaching MATHUSLA vs. primary energy,
in log-log scale, for showers induced by protons (H) and iron nuclei (Fe) ac-
cording to several hadronic-interaction models. Right: muon-density spectrum
on MATHUSLA vs. primary energy, for showers induced by protons (H) and
iron nuclei (Fe) according to several hadronic-interaction models.

6 THE MATHUSLA PROGRESS STATUS AND CONCLUSIONS

The Letter of Intent (2019 + addendum in 2020) was signed by 83 researchers

from USA (Spokesperson: Prof. Henry Lubatti, University of Washington,

Seattle), Canada, Europe (11 from Italy), Israel, Central and South America.

The Technical Design Report is being written and is expected to be presented

to CERN by the end of 2022, followed by a prototype module and the full

detector for the HL-LHC run.
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Abstract

The Fermilab Muon g-2 experiment measures the muon anomalous magnetic
moment with high precision. Together with recent improvements on the theory
front, the first results of the experiment confirm the long-standing discrepancy
between the experimental measurements and the Standard Model predictions.
The observed value of aµ(FNAL) = 116 592 040(54) × 10−11 (0.46 ppm), com-
bined with the previous experimental measurement, results in a discrepancy of
(251±59)×10−11 with the theoretical prediction, corresponding to 4.2 σ. This
note presents the first results, the current status and the future prospects of
the Muon g-2 experiment at Fermilab.

1 The g-factor and the muon magnetic anomaly

The g factor relates the magnetic moment of a particle to its angular momentum

and charge-to-mass ratio.. For a charged lepton, g relates its magnetic moment
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to its spin:

µ⃗ = −g e

2m
S⃗. (1)

Experimentally, it was found that g = 2, but only in 1928 this value was

derived by Dirac starting from his famous formula. A spectacular success of

the Quantum Theory.

The magnetic anomaly is the fractional difference of g from the value 2:

a = g−2
2 . Experimental evidence that g ̸= 2 began mounting by 1947 through

measurements such as the Lamb shift 1) and preliminary measurements of

g factors in gallium by Kusch and Foley 2) indicating an incomplete under-

standing of electrodynamics at atomic scales. These and other results drove

Schwinger, Feynman, Tomonaga and others to combine electromagnetism with

the quantum theory and thereby provide the foundation of Quantum Electro-

dynamics (QED). QED predicted the possibility for charged particles to emit

and reabsorb particles from the quantum vacuum, thus modifying the effective

coupling constants. This manifestly quantum effect enhances the g factor to

a value larger than 2, resulting in a non-zero anomaly. The famous Schwinger

term, published in 1948,

a =
α

2π
∼ 0.00116, (2)

provides the leading contribution to the muon and electron magnetic anomaly1.

Earlier that same same year, Kusch and Foley 3), studying the Zeeman effect

in Gallium atoms, published their definitive measurement of a non-null value

of the magnetic anomaly for the elctron, finding

aexp = 0.00119 ± 0.00005. (3)

Schwinger’s prediction aligned in perfect agreement with the measurement and

together they confirmed the existence of these radiative corrections. Another

important success of QED.

Since then, many more diagrams contributing to aµ have been evaluated.

These include the theoretical tour de force of the QED contributions to 5 loops

(12,672 diagrams) and the important weak interaction contributions. Many

efforts have contributed to the evaluation of the QCD contributions in the

1Higher order contributions depend on the mass and thus are different for
the two leptons
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report of the Muon g-2 Theory Initiative (see 4) and references therein). Their

consensus value of

atheoµ = (116, 591, 810 ± 43) × 10−11, (4)

corresponding to 370 parts per billion (ppb), represents an impressive precision.

Similarly, the average of the published result 5) by the E989 collaboration

(Fermilab g−2) and the previous value published by the E821 collaboration 6)

at Brookhaven National Laboratory (BNL) yields the experimental value,

aexpµ = 116, 592, 061 ± 41) × 10−11 (5)

corresponding to 350 ppb. Theory and experiment show a difference of (251 ±
59) × 10−11, which corresponds to 4.2 standard deviations. This difference

can hide additional terms which are not accounted for by the current Standard

Model of Particle Physics. As discussed in section 5, a recent lattice calculation

of the QCD contribution to aµ
7) reduces this discrepancy. The value presents

a 2.2σ tension with the current theoretical determination, as reported in 4),

therefore it is going through a close scrutiny within the theoretical community.

2 The muon g − 2 strategy

The storage ring measurement of the muon anomaly relies on the spin preces-

sion and cyclotron motion of a charged particle orbiting in a uniform magnetic

field. For a particle with momentum and spin vectors in a plane perpendicular

to B⃗, a classical calculation of the difference of these frequencies yields

ωa = ωs − ωc = g
e

2m
B − e

m
B = aµ

e

m
B (6)

so that

aµ =
ωa

B

m

e
(7)

A relativistic calculation modifies the expression for ωs and ωc, but the dif-

ference in Eq. 6 remains unaffected. Thus, for aµ = 0, that is g = 2, the two

vectors rotate with the same frequency, while for aµ > 0, the spin vector rotates

faster than the momentum vector (see fig. 1). In the Fermilab g− 2 setup, the

spin advances by approximately 12o with respect to the momentum each orbit.

An observable sensitive to this relative precession rate would therefore provide

a direct measurement of aµ. This approach can be realized using a beam of
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Figure 1: Spin and momentum vectors for a muon orbiting in a magnetic field
(a) when aµ = 0, so the spin does not rotate relatively to the muon momentum,
and (b) when g > 2.

Figure 2: Schematic representation of pion (left) and muon (right) decays.
Blue arrows (p⃗) and red arrows (s⃗) represent the momentum and spin vector,
respectively, while h is the particle helicity.

polarized muons that evolve in a very stable and precisely measured magnetic

field. Parity violation from the V-A structure of weak decays provides both

a source of polarized muons and a way to statistically identify the muon spin

direction (see fig. 2).

Storage of the muon beam requires vertical focusing from a quadrupole

system, but the complicated spin precession in magnetic quadrupoles would

render precision measurement impossible. The experiment therefore employs

electrostatic quadrupoles. The electric field adds a β⃗ × E⃗ term, corresponding

to a B⃗ field in the muon rest frame, to the expression in Eq. 6. With an ”out

of plane” (vertical) momentum component also considered, the spin evolves

as 8):
d(β̂ · S⃗)

dt
= − q

m
S⃗T ·

[
aµβ̂ × B⃗ +β

(
aµ − 1

γ2 − 1

)
E⃗

c

]
(8)

where S⃗T = S⃗−(β̂ ·S⃗)β̂ is the spin component perpendicular to the momentum

direction β̂. With E⃗ = 0 and the spin and momentum restricted to a plane
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perpendicular to B⃗, Eq. 8 reduces to the simple Eq. 6.

Farley, Picasso and collaborators 9) realized in the 70s that the strategic

choice of γ =
√

(aµ + 1)/aµ ∼ 29.3 corresponding to a muon momentum p0 =

3.094 GeV/c, would minimize the electric field contribution to ωa. At this

magic momentum, the prefactor of the E⃗ term vanishes. Because of the finite

Storage Ring momentum acceptance of

δp/p = 0.15%, (9)

the cancellation occurs only at first order, but it allows treatment of the E-field

contribution as a correction to the measured ωa.

Utilizing comagnetometry Measurement of the magnitude of the field |B⃗|
by nuclear magnetic resonance (NMR) probes, as detailed in the next section,

allows its expression in terms of the precession frequency of protons shielded

in water ω̃′
p(T ) as

B̃ =
h̄ω̃′

p(T )

2µ′
p(T )

=
h̄ω̃′

p(T )

2

µe(H)

µ′
p(T )

µe

µe(H)

1

µe

, (10)

with the last three factors known precisely. The tilde in B̃ and ω̃′
p(T ) indicates

the average of the field over the muon distribution weighted by the detected

decays over time. Combining Eqs. 6, 10, and µe =
ge
2

e
me

h̄
2 yields

aµ =
ωa

ω̃′
p(T )

µ′
p(T )

µe(H)

µe(H)

µe

mµ

me

ge
2
. (11)

The Muon g-2 experiment thus provides the ratio

R′
µ =

ωa · (1 + C)

ω̃′
p · (1 +B)

(12)

as its primary experimental output, where C and B represent small corrections

to the measured frequencies, related to beam dynamics (C) and to the presence

of transient fields (B) as discussed in the next two sections.

The external factors – the ratio of the magnetic moment of a proton

shielded in a spherical water sample at a reference temperature of T = 34.7 ◦C

to the magnetic moment of an electron bound in hydrogen (µ′
p(T )/µe(H)), the

ratio µe(H)/µe, the ratio of the muon to the electron mass and the g factor of

the electron ge – are known with a combined uncertainty of 25 ppb (see details

in 5)).
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residuals from a fit following Eq. 13.

3 Measuring the anomalous precession frequency

The Fermilab complex delivers a sequence of 16 polarized muon bunches ev-

ery 1.4 seconds to the Muon g-2 storage ring, where each bunch circulates

for 700 µsec (a “fill”), about 11 muon lifetimes. A suite of 24 PbF2 crystal

calorimeters 10) situated uniformly around the interior of the storage ring

(see Fig. 3) detect the positrons from beam muon decay. Every calorimeter

consists of a 9×6 array of crystals, each with a Silicon Photomultiplier (SiPM)

photodetector.

The variation of the positron energy spectrum as the spins in a monochro-

matic polarized muon beam precess leads to a rate time-dependence of the

precession signal described by

N(t) = N0e
−t/γτµ(1 +A(Ethr cos (ωat+ ϕens)), (13)

where γ is the standard boost factor (about 29.3 for muons at the magic mo-

mentum), τµ is the muon lifetime, ωa is the anomalous precession frequency,

and A(Ethr is the asymmetry amplitude of the sinusoidal variation, which de-

pends on the energy threshold applied to the detected positrons. The phase

ϕens represents the ensemble average precession phase for the muons with de-

tected daughter positrons. That average phase receives several contributions:

the phase distribution within the injected beam, the longer drift distance for

higher energy positrons vs lower energy positrons because of their different

curvatures in the B⃗ field, and the detector acceptance as a function of the
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transverse decay position of beam muons. Any effect correlated with time

after beam injection that changes the makeup of muons with detected daugh-

ter positrons can lead to a time dependent drift ϕens → ϕens(t) ∼ ϕ0 + ϕ1t.

The latter term would directly bias the value of ωa extracted from the data.

A rate-dependent drift of the gains, for example, would change the effective

energy threshold for detected positrons and lead to such a drift. A laser sys-

tem 11) overlays well-characterized pulses on top of 10% of our muon fills that

allow monitoring of and correction for such gain drifts. The pileup of positrons

close in time and space in a calorimeter, whose probability varies as muons

decay, can also lead to such a drift.

The collaboration utilizes two complementary techniques to reconstruct

positron candidates from the waveforms, which bring different optimizations

for resolving pileup. A third technique reconstructs the total measured energy

versus time, which inherently eliminates bias from pileup. All told six indepen-

dent analysis groups contributed 11 different measurements of ωa (see 12)).

Fitting with only the basic decay model of Eq. 13 results in set of residuals

that show distinct frequencies in their fast Fourier transform (FFT) shown in

Fig. 4. These frequencies correspond to well-understood horizontal and vertical

oscillations of the stored beam particles about their nominal circular orbits,

which then couple to the acceptance of the detector system to modulate the

observed rates. Appropriate modification of the basic model to account for

these effects results in excellent quality fits that match the data well (see Fig. 4),

have residuals with a featureless FFT spectrum, and χ2 values consistent with

the number of degrees of freedom. Combination of the four data subsets in

Run-1, which correspond to different operating conditions, provides an overall

statistical precision of 434 parts per billion (ppb).

Beam dynamics corrections The measured ωa value requires three signif-

icant corrections to allow its interpretation as the frequency of Eqs. 7 or 11.

The largest correction comes from the spread of stored muon energies in the

beam, which results in imperfect suppression of the electric field term in Eq. 8.

A second correction results from vertical momentum distribution of the beam

muons, which alters the horizontal precession rate. A straw tracking system

in the vacuum reconstructs the beam motion by extrapolation of the decay

positrons back to the storage region. Finally, in Run-1 two faulty high voltage
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resistors controlling the quadrupoles caused the beam to change shape and to

slowly drift downward during the time interval used to determine ωa. When

coupled with acceptance effects, these changes resulted in a drift in the en-

semble average phase, thus biasing ωa. This effect has been modelled and

understood well.

These corrections add up to a total shift C ≃ 500 ppb, with an uncertainty

of 93 ppb, on the measured ωa value as reported in the summary table 2.

4 The Magnetic Field ω̃′
p

The 1.45 T field is generated by a C-shaped superconducting dipole magnet

represented in figure 5. The magnetic field in the 4.5 cm radius storage region,

described in detail in 13), is highly uniform in order to reduce the uncertainty

on the determination of the field experienced by the muons. The uniformity is

achieved by a long process of shimming that locally modifies the field direction.

On top of this, an active feedback system modifies the coils current in order to

keep the magnetic field stable, for example for hall temperature variations.

Tracking the magnetic field The magnetic field is measured by using

pulsed proton Nuclear Magnetic Resonance (NMR) probes. A cylindrically

shaped trolley, which can run on rails inside the storage region when muons

are not present, hosts 17 NMR probes. Each probe is filled with petroleum

jelly and the Larmor precession frequency of the protons within this jelly is

measured. Each probe is carefully calibrated in terms of a precision calibration

probe containing a pure water sample. The in-vacuum trolley runs in the Stor-

age Ring and measures the magnetic field experienced by the muons in ≃ 9000

azimuthal locations.

The field’s evolution between trolley runs is tracked by a set of 378 probes

which are mounted in 72 azimuthal stations regularly spaced around the ring.

The measurement from the trolley probes at a given azimuthal position θ, is

determined by the solution of the source-free Laplace equation:

B = A0 +
∑

n=1

(
r

r0

)n

[An cos (nθ) +Bn sin (nθ)] (14)

expressed in polar coordinates (r, θ) with respect to the center of the muon

ideal orbit, where r0 = 4.5 cm is the radius of the storage region. The An
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Figure 5: Cross section of the Muon
g−2 magnet. It’s a C-shaped supercon-
ducting magnet that provides a 1.45 T
field.

Figure 6: Relative variation of the mag-
netic field. The locations of the 17 trol-
ley probes are indicated by (x).

and Bn parameters are the multipole strengths, also known as the normal and

the skew multipole, respectively. The average over the azimuthal angle of the

observed field, relative to the dominant dipole component, is shown in Fig. 6,

together with the location of the measuring probes.

The fixed probes are used to track the field in between trolley runs.

Calibration procedure The trolley probes are calibrated by means of an

external probe hosting a cylindrical water sample which is installed on a trans-

lation stage in the Storage Ring vacuum. The translation stage allows the

calibration probe to be moved to each trolley probe position at a specific az-

imuthal location. The calibration and the trolley probes are then swapped

several times to obtain a calibration constant for each of the 17 probes.

Muon weighting The magnetic field map has to be averaged over the muon

transverse distribution at each azimuthal slice. The muon distribution is mea-

sured at ∼ 180o and ∼ 270o with respect to the injection point by two tracker

stations. The in-vacuum straw tracker stations measure the trajectories of the

decay positrons and trace them back to their radial tangency point within the

storage ring. These profiles are propagated to other azimuthal locations using

beam dynamics simulation.
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Transient fields On top of the main static field, additional fields are induced

by the fast switching storage ring elements that define the muon trajectory: the

kicker and the electrostatic quadrupoles. An eddy current induced locally by

the kicker system produces a transient magnetic field in the storage volume. A

magnetometer, installed between the kicker plates, measures the Faraday rota-

tion of a polarized laser light in a terbium-gallium-garnet (TGG) crystal. The

second transient arises from charging the electrostatic quadrupoles, where the

Lorentz forces induce mechanical vibrations in the plates that generate mag-

netic perturbations. Customized NMR probes measure these transient fields

at several positions to determine the average field throughout the quadrupole

volumes.

5 Result and perspectives

The recently published result 5) comprises four data subsets collected be-

tween April and July 2018 with distinct beam storage conditions, and totals

1010 positrons in the analysis. Table 1 lists the values of the muon and pro-

ton precession angular frequencies, ωa and ω̃′
p, for the four subsets along with

the combined value for the ratio R′
µ. The systematic uncertainties correlate

strongly among the four measurements, but the statitical term, which is un-

correlated among the subsets, dominates the total error. Combining R′
µ with

the external input in Eq. 7 yields a muon anomaly of

aµ(FNAL) = 116 592 040(54) × 10−11 (0.46 ppm), (15)

Table 2 summarizes the statistical and systematic contributions to the

final result. The observed aµ value is fully compatible with the previous BNL

result, and combine to give an experimental average of

aµ(Exp) = 116 592 061(41) × 10−11 (0.35 ppm). (16)

The E989 experiment has already collected over 10 times the statistics

used for this first measurement, and continues to collect additional data with

the goal of reducing the statistical error to ∼ 100 ppb. The systematic uncer-

tainty currently sits at 157 ppb, a factor of 2 lower than in the previous BNL

experiment. Work in progress should reduce this uncertainty down to the ∼ 100

ppb level, which will allow E989 to reach its proposed total uncertainty goal
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Run ωa/2π [Hz] ω̃′
p/2π [Hz] R′

µ × 1000

1a 229081.06(28) 61791871.2(7.1) 3.7073009(45)
1b 229081.40(24) 61791937.8(7.9) 3.7073024(38)
1c 229081.26(19) 61791845.4(7.7) 3.7073057(31)
1d 229081.23(16) 61792003.4(6.6) 3.7072957(26)

3.7073003(17)

Table 1: Run-1 group measurements of ωa, ω̃′
p, and their ratios R′

µ multiplied
by 1000.

Quantity Correction (ppb) Uncertainty (ppb)
ωm
a (statistical) – 434
ωm
a (systematic) – 56
C 500 93
⟨ω′

p(x, y, ϕ) ×M(x, y, ϕ)⟩ – 56
B -44 99
Total external factors – 25
Totals 544 462

Table 2: Summary table of uncertainties and corrections.

of a σtot ∼ 140 ppb, a factor of 4 more precise than the previous experimental

result.

Discussion The new result confirms the value of aµ found previously by the

BNL E821 experiment. The new world average shows a discrepancy of 4.2

standard deviations with the theoretical prediction recommended by the Muon

g-2 Theory Initiative 4). In April 2021, the Budapest-Marseille-Wuppertal

(BMW) collaboration published a prediction of the QCD contribution to the

muon anomaly based on lattice calculation 7). This new prediction, which

has a precision of 0.8%, more than a factor of two better with respect to

the previous ones, hint at a reduced discrepancy with the observed anomaly.

Recently, three other groups provided preliminary results on the same quantity

measured in a reduced energy region, which accounts for ∼30% of the total

correction due to QCD loops 15, 16, 17), all in agreement with the BMW

value. This new prediction, however, is in tension with the current one, which

is based on a dispersion integral of experimental e+e− → hadrons cross section
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measurements 4). As Ref. 14) notes, an increase in the measured hadronic

cross section below
√
s ∼ 1 GeV could reconcile the two predictions, although

the required increase would be an order of magnitude larger than the current

experimental precision. Additional contributions above ∼ 1 GeV are excluded

at the 95% Confidence Level as they result in tension with the prediction of

fundamental parameters from the global electroweak fits, like the Higgs and

W masses. Because of this, the theory community continues to push both

calculational approaches to test the compatibility of different predictions in

some detail. The tension that is now consolidating between the two theoretical

approaches for the estimation of aHV P
µ is being referred as the new g−2 puzzle

and remains unexplained as of today.

Should the current aµ prediction based on the dispersion integral hold,

and assuming the current experimental central value also holds, the expected

improvement in precision would ascertain the current discrepancy of 251 ×
10−11 with an uncertainty in the 40 − 50 × 10−11 range, which would provide

strong evidence of physics beyond the Standard Model (BSM physics). Such

a discrepancy, of the same order of magnitude as the electroweak contribution

to aµ (154 × 10−11), would indicate a TeV scale for the BSM physics. Even

if the prediction and experimental determination should agree in the end, the

improvement in aµ will provide a powerful constraint on any model extending

the Standard Model. The next few years will provide exciting opportunities as

the Muon g-2 experiment and the theory community continue to push on this

precision frontier.
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