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Summary. — Recently Y-rays up to 10 eV were observed from
Cyg X3, Vela X1 and LMC X4. This is a strong indication that protons
(or nuclei) are accelerated in the vicinity of the accreting pulsar. We
discuss in this paper the production of high-energy neutrinos associated
with the y-ray production. We show that on the basis of observational
parameters of the three binary systems, the time average of the ratio of
the neutrino luminosity to the y-ray luninosity will be L,/L,~ 30. The
neutrino flux will be modulated with the orbital period of the system
and the neufrino light curve will be determined by the density profile
of the coyapanion star. In general some of the X-ray binaries can be
both UHE y-ray and neutrino emitters with a neutrino luminosity
comparable to their X.ray luminosity. The brightest of these could
be detected by future neutrino telescopes such as DUMAND and MACRO
at Gran Sasso.

PACS. 94.40. — Cosmic rays.

(*) On leave from Istituto Astrofisica Spaziale del C.N.R., Fragcati, Italy.
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Binary X-ray stars were discovered about ten years ago by GIaccont and
collaborators (42). Since then ~ 60 systems of this type were observed and
they represent ~ 80 %, of the known galactic X-ray sources with L, >10% erg s~
Tn many of these systems have been found X-ray pulsars with periods ranging
from 69 ms to 835 s. The coherence of the pulsations, and the secular decrease
in their period, establishes beyond doubt that each of these systems contains a
magnetized neutron star accreting material and angular momentum from a
nondegenerate companion (*%). Measurements of the orbital elements of some
systems require that the mass of the pulsar be consistent with that expected
for a neutron star. Light curves from many of the pulsars indicate that the
emission must be beamed (5). Such bearning and cyclotron features in the
X-ray spectra suggest a large magnetic field ~ 102 G at the surface of the
pulsar.

Recently three of this systems were discovered to be strong emitters of
particles which produce estensive air showers in the atmosphere (®°). The
identification of these new sources with the binary systems is strongly suggested
by the periodicity of the UHE emission which is fairly coincident with the
binary period of the X-ray sources. Therefore we are forced to admit that the
air showers are caused by low-mass neutral particles which can travel through
the galactic magnetic field from distances of tens of kpe, conserving both direc-
tionality and time coherence. The most natural assumption is that the air
showers are produced by ultrahigh-energy (UHE) y-rays.

This detection was very surprising because the binary X-ray sources show
a thermal X-ray spectrum with no associated y-ray emission in the COS-B
energy range (). The only possible exception could be Cyg X3, which was
detected in the SAS-2 survey (1), but not by COS-B. If the showering particles
are photons, the most plausible interpretation of the production of these photons
require acceleration of protons or nuclei up to energy of the order of ~ (104

(1 R. G1accont, H. Gursky, E. KeLr0g, E. ScHREIER and H. TaNANBAUM: Astrophys.
J. Lett., 167, L67 (1971).

(2) H. Tanawsaum, H. Gursky, E.M. Kerroe, R. LevinsoN, E. SCHREIER and
R. Giacconi: Astrophys. J. Leit., 174, L143 (1972).

() K. Davipson and J.P. OsTRIKER: Astrophys..J., 179, 585 (1973).

(4) 8. Rarraport and P.C. Joss: Nature (London), 266, 683 (1977).

(®) M.M. Basko and P. SuxvaEv: Sov. Astron. AJ. (Engl. Transl.), 26, 537 (1976).
(6) M. SamomrsKY and W. Stamwm: Astrophys. J. Lelt., 268, 117 (1983).

() J. LLoyp-Evaxs, R. N. Cox, A. LaMBERT, J. Laprgens, M. PaTEL, R.J. 0. Rem
and A.A. WiLson: Nature (London), 305, 784 (1983).

®) R.J. ProruEroE, R. W. CLaY and P.R. GErREARDY: Asirephys. J. Letl., 280,
L47 (1984).

) R.J. ProruEro: and R.W. Cray: Nature (London), 315, 205 (1985).

(1% G.T. BieNamr and W. HeruMsES: Annu. Eev. Asiron. Astrophys., 21, 67 (1983).
(1) R.C. Lame, C. E. FicateL, R. C. HarTMAN, D. A. KNIFFEN and D.J. TaHOMSON:
Astrophys. J. Lett., 212, L63 (1977). '
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+10%) TeV. Wpowezyc and WOLFENDALE (12) have pointed out that ~ 30
sources of this strength can feed to the Galaxy its entire content in cosmic-
ray particles. But even more puzzling was the detection of a modulated flux
of muons with energy #,>(0.5--1) TeV from the direction of Cyg X3 claimed
by the SOUDAN group (*3) and confirmed by D’ETTORRE-PIAZZOLI at this
conference (). This new result eannot be interpreted in the framework of
the known particle physics (%3).

VESTRAND and EICHLER (¢) have proposed the simple model, schematically
shown in fig. 1, which can explain the production of UHE y-rays in binary
system. Inthis modelprotons (or nuclei) accelerated in the vicinity of the pulsar
are driven by the magnetic field to hit the surface of the companion. In fact
Hirvas (¥) has shown that the production of UHE y-rays must occur far from
the pulsar, otherwise the y-rays would be self-absorbed by pair creation in its
strong magnetic field of the pulsar.

Acceleration of protons in the polar eups of the pulsar was originally
advocated by ETCHLER and VESTRAND (). But this mechanism is inconsistent
with the slow spin rates of the pulsars in Vela X1 and LMC X4 systems. A
more appealing mechanism was proposed by CHANMUGAM and BRECHER (1).

to observer —,~ —

companion
star

VAV ANNN RN N

Fig. 1. — Model for UHE y-ray and neutrino production in X-ray binary systems
(after VEsTRAND and EicHLER (*9)).
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They suggest that the large electrostatic potential required for the particle
acceleration is induced by dynamo effect of the pulsar magnetic field, in the
highly ionized plasma forming the X-ray emitting accretion :disk around the
pulsar itself. In this case the particle luminosity of the object is related to
the accretion rate and to the mass My of the collapsed object, being Ly < L < Ly,
where Ly, ~ 1.38-10%(M /M) erg/s is the Eddington luminosity, and Ly is the
X-ray luminosity. It is worth to notice that the UHE y-ray luminosity is,
in fact, proportional to the X-ray luminogity in the three sources detected up
to now, as predicted by the acceleration model.

Neutrino production by hadronic cascade in cosmie sources was computed
by BERETZINSKY and VOLINSKY (¥), STENGER (2!) and more recently by LEE
and BLUDMAN (22) and GAISSER and STANEV (23). All these computations are
based on extremely idealized models of the matter distribation in the source.
Therefore, their results cannot be applied to predict the emissivity of complex
systems such as the X-ray binaries.

First of all the matter distribution in the model depicted in fig. 1 is extre-
mely anisotropic. Therefore, whereas the y-rays are emitted only when the
beam of particles hits the limb of the star, the neutrino are emitted mainly
during the occultation of the pulsar. Hence the duration of the y-ray flashes
will be approximately

H,

(1) T‘Y:'ij%:’

where P is the orbital period, H, the scale height of the star’s atmosphere and
R, its radius. Neutrino emission per orbit will last

PR,
(2) Ty = T’

where a, is the separation of the system. We can expect, therefore, that

. T
(3) Ly< Ly< Ly —~
Ty

assuming e, ~ ¢, & as obtained from ref. (2).
Another important point is that the density of the external layers of the
companion star in the system is far from being uniform. In fact a high-energy

(*) V.8. BereTzINSKY and V.V. VoLINSEY: Proceedings of the XVI International
Cosmic Ray Conference, MN 6-5 (Kyoto, 1979), p. 326.

(?) V.J. STENGER: Astrophys. J., 284, 810 (1984).

(*?) H. Ler and 8. A. BLupMAN: Astrophys. J., 290, 28 (1985).

(*) T. K. Garsser and T. Sraxev: Phys. Rev. Lett., 54, 2265 (1985).
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proton penetrates deep inside the photosphere of the star. Hence the hadronic
cascade develops in a medium with nearly exponential density distribution.
This situation is similar to the development of showers in the Earth’s atmos-
phere.

Analytical solutions of the cascade equation in an exponential atmosphere
are reported by DAR (2¢) for an input spectrum of protons

(4) F, = K, X B;Y
in the form

. Y
®) =G Tmm

where H, is the critical energy for pion re-interaction before decay:

MaeH,
(6) B, =— ,
T

where m,, and 7, are the mass and lifetime of the charged pions, ¢ the light
velocity and H_ is the scale height of the stellar photosphere.

The scale height parameter which enters in eq. (6) regulates the neutrino
emission at high energies. Therefore at high energies the spectral index of
the neutrino spectrum approaches y -+ 1. The extension of the stellar atmos-
phere is determined by the effective temperature of the star and its surface
gravity. Both this quantities according to the stellar evolution theory (2%)
are function of the mass of the star. Hence we can predict that the neutrino
spectrum. to0 be expected from binary system will depend on the mass of the
companion star. BRADT and McCrintock (26) divide the binary X-ray systems
into two classes: i) the massive systems, which have a large-mass early-type
companion; ii) the low-mass systems including a late-type companion. This
classification is extremely relevant also from the point of view of the neutrino
spectrum. According to the above-referred considerations we aspect that
massive systems; like Vela X1 and LMC X4, will have aharder neutrino spectrum
than a low-mass system like Cyg X3 (%),

In their recent paper GAISSER and STANEV (%) have pointed out also that
high-energy neutrinos are adsorbed in the body of star, during the occultation.
This effect introduces a time-modulated high-energy cut-off in the neutrino

(*%) A. Dar: Phys. Rev. Leil., 51, 227 (1983).

(25} D.D. CLaYTON: Principles of Stellar Evolution and Nucleosynthesis (McGraw-Hill,
New York, N. Y., 1968).

(2¢) H.V.D. Brapr and J. E. McCriNTOCK : Annu. Rev. Astron. Astrophys., 21, 13 (1983).
(2" Very similar results are obtained by F.W. Strcker, A. K. HaRDING- and J.J.
BARNARD: preprint GSFC (1985).
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spectrum. Very roughly the cut-off energy in the time-averaged neutrino
spectrum will be

B
(7) Ec ~ 10 ]ﬁ- N

c

where B, and M_ are respectively the radius and the mass of the companion
star in solar units.

In conclusion we find that the neutrino spectrum emitted by a binary
system is similar to the one sketched in fig. 2. In this spectrum are present a
break due to the pion reinteractions and a cut-off due to the self-absorption
of neutrinos in the stellar interiors. The position of this two spectral features
depends on the mass of the companion star. In general we will expect that the
neutrino spectrum of a low-mass system will be softer than the one of a mas-
sive system.

log integral flux

N

N

A\
N\ E=10(RHM)TeV)
r\ N

J

log £

Fig. 2. — Spectral distribution of neutrinos from binaries. The dashed line is the asso-
ciated y-ray emission from =n° decay.

In table I we have reported the relevant physical parameters for the three
UHE binaries so far detected. We have indieated also the break and cut-off
energy estimated from eqs. (6) and (7). From the point of view of the total
neutrino luminosity the effect of density is not relevant, but from the point
of view of the detectability, the effect of softening due to the density of the
compaion star could be catastrophic. In fact STENGER (%) and GAISSER and
STANEV (®) have shown that undersea or underground detectors are sensitive
only to the extreme end of the neutrino spectrum, well above 10 TeV.

(®) V.J. STENGER: preprint HDC-4-85 (April 1985).
(*) T.K. Gaisser and T. StaNkv: Phys. Rev. D, 31, 2770 (1985).
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TaBrE I. - Physical parameter of UHE binaries.

457

Cyg X3

Vela X1

LMC X4

Distance
Lg((2=10) keV)
Period

12 kpe
~ 10% erg/s
4.8h

1.4 kpe
6 10%¢ erg/s
8.97d

55 kpe
4 X 10%8 erg/s
144d

spectral type ? B05Ib o711l -7V
M, 4—10M, 201, 17 M,

B, 2R, 30R, 8.9R,

a,/ R, 1.05 1.46 1.3

H, ~ 107 em 2 % 108 cm 3 X 108 cm
B, 1.8 TeV 35 TeV 50 TeV

B, 5.6 TeV 450 TeV ~ 50 TeV
T[Ty (%) ~ 30 ~ 27 ~ 30

(*) The 7y/%., value is deduced from measured y pulse shape and has to be considered an upper
limit.

Generally speaking, if the same acceleration mechanism is at work in any
X-ray emitting binary system, we can expect a strong UHE y-rays and neutrino
emission from extremely close system, with ratio R ja, close to unity. Among
these systems the massive ones which include an early-type companion star
have a harder Eneutrino spectrum, being the cut-off energy proportional to
the ratio R}/ M.

%%k

We are grateful to V., CASTELLANI, L. RossI, T. GAISSER and T. STANEV
for extremely helpful discussion and suggestion.

® RIASBSUNTO

Recentemente & stata rivelata emissione di raggi gamma con energia sino a 10 eV
da Cyg X3, Vela X1 ed LMC X4. Questa osservazione indica che protoni (o nuclei)
sono accelerati nella vicinanza della pulsar contenuta in questi tre sistemi binari. In
questo lavoro si calcola la produzione di neutrini di alta energia, associata alla
produzione di raggi gamma. Il risultato ottenuto & che, tenendo conto dei parametri
dedotti dalle osservazioni spettroscopiche dei tre sistemi considerati, il rapporto tra
la luminositd in neutrini e la luminositd gamma & L,/L, ~ 30. Inoltre il flusso di neu-
trini sard modulato con il periodo binario del sistema e la curva di luce dei neutrini
sard determinata dalla distribuzione di densitd della stella compagna. In generale alcune
delle binarie X possono essere sorgenti sia di gamma di altissima energia che di neu-
trini, con una luminositd in neutrini paragonabile alla luminositd in raggi X. Le pid
intense tra queste potranno essere osservate da futuri telescopi per neutrini come
DUMAND o MACRO.
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HUcnyckanne BBICOKO3HEPreTHYHBIX HeﬁTpﬂHo H3 iiﬂﬂapﬂmx DPCHTICHOBCKHX UCTOYHHIKOB.

Pesrome (*). — HenmaBHO y-KBaHTHI C SHEPrUAMM BOIOTh 1o 10 3B HaGmogamuch u3
Cyg X3, Vela X1 u LMC X4. D10 sBIfeICsS yKa3aHWeM, 4YTO TPOTOEEL (WM HIpa)
YCKOPSIOTCS B OKPECTHOCTH aKKPETHPYIOMIETO ITyiibcapa. MBI o6CcyXkaaeM B 3TOl craThe
ofpasoBatue BEICOKOIHEPTETHIHEIX HEUTPHHO, KOTOPHE CBA3AHO ¢ POXKICHHEM y-KBAHTOB.
Mpe1 moxa3piBaeM, YTO Ha OCHOBE HaOIIONCHHBIX IapaMeTPOB IS TpeX OGWHAPHBIX ciicTeM
cpeAdes IO BPEMEHU OTHOUICHHE MHTCHCHBHOCTY MCOYCKAHNS HEHTPHHO K MHTECHCHBHOCTH
UCIyCKaHWsT y-KBAaHTOB cocraBisieT Ly/L, ~ 30. Moaynsmusi MOTOKA HEWTPHHO OIpe-
JENAETCA OPOATANBHBIM TIEPUOJOM CUCTEMEL, & KPUBAA SPKOCTH HEUTPHHO ONpEeIIeTCs
npodnneM TIOTHOCTY COUyTCTBYIOIIeH 3Be3nbl. OGBMHO PEHTTEHOBCKHS GHHAPHBLIC CHC-
TEMBL MOT'YT LPSACTABIATH MCTOYHUKK y-KBAHTOB CBEPXBEICOKMX SHEPIHE M HCTOYHHKH
HCHTPUHO, UPHYEM KMHTCHCHBHOCTL WCIIYCKAaHHUS HEUTPHHO COHMOCTaBAMA C HMHTCHCHB-
HOCTBIO PCHITEHOBCKOIrO waiyueHus. Hambonee sipkue w3 HEX MOIYT OBITH 33aperHCTPH-
poBaHbl B OynymieM C NOMOIIBIO HEATPHHHBIX TEJIECKONOB, Takmx xak DUMAND u
MACRO B I'pam Cacco.

(") IHepesedeno pedaxyueii.

G. AURIEMMA, ¢t al.
Marzo-Aprile 1986
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