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Higher-derivative scalars in cosmology

Hubble Rate Hubble Rate
standard
? post-big-bang

. evolution v
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o

Time T Time

K . Ekpyrotic Universe
ekpyrosis with Non-Singular Bounce
brief classical NEC violation?
Classical non-singular bounces (BuchbinderKhoury.Ovrut)

require H = —1(p+P) >0
How to achieve stable NEC violation p+ P <0 ?
Higher-derivative theories:

()] ghOST condensate (Arkani-Hamed,Cheng Luty,Mukohyama)

o gOlIleOn theories (Homdeski;Nicolis,Rcﬁozzi,Trincherini,. . )
Other situations of interest for higher-derivative kinetic ferms in
Cosmo|ogy: DBI inﬂ(]ﬂonl k-inﬂ(]ﬂon (Si\versfein,Tong:Armendoriz-Picon,Domour,Mukhonov)

Can these models be realized in N = 1 supergravity?
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Supersymmetric action

Work with chiral superfields @ in superspace: Dg® =0

Contain three components:

— — 1 — 1 2
A=2 6=6=0 Xa = WD"‘(I) 6=6=0 =—4D°¢ 6=6=0
Complex scalar Spin 1 fermion Auxiliary field

Usual supersymmetric Lagrangian built from chiral superfields:
/d29d25 ®'d =—0A-9A" + F*'F

=~ (00 — 500 + F'F
2 2
(without fermionic terms, A = %(d) + i€))

What is the supersymmetric extension of X2 o (8¢4)*?
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Supersymmetric X2

(0" 9)(0.9)(0" ) (0vp) ~ 2 extra fields, 2 extra spacetime derivatives
or 4 extra superspace derivatives due to —2ic* 9, = {Da, Da}

In global susy, only 2 clean extensions of (9¢)? :

'| ) J" d49 D« (DDa @Dd(bTDd @T (Khour%@g;ﬁOvrui)
2) [d*0(®" — ®)*0" @10, P (o ea555 "
In local susy,

1) leads to minimal coupling to gravity

2) contains derivative couplings to gravity (of the form
£%2(04)*R), and propagating F field

~+ We use the first term, which is the U clean, minimally-coupled
extension of (9¢)*: £ = —% [ d*©26(D* — 8R)DIDIDP DPT + h.c.
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Properties of D®DIDDI DT

1
8

=16¢ ((0A)*(0A")* — 20A - 0A*FF* + (FF*)*) T(3)|

/ d’©2&(D? - 8R) [DEDIDE DS T(®)]  + h.c.

(MK,Lehners,OvruT)
1207.3798

@ Scalars appear in combination (9A4)%(8A*)?, and not (0A - 9A*)?
as one might have expected

@ F sfill auxiliary (note: we could have obtained AA*OF - OF*, but
didn’t)

@ Equation for F is now cubic — hence there exist three branches of
the theory

@ For the bosonic part, only the top component is non-zero
— can multiply by arbitrary scalar function T of ® and its
spacetime derivatives
— can obtain a supergravity extension of any term containing
(9¢)* as a factor
e.g. can obtain sugra version of P(X, ¢) where X = —1(9¢)*
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Complete supergravity extension for X and X2

L o= / a2e2¢ [%(132 — 8R)e K@ 2T/ W(<I>i)] + hee.

—% /d2@25(b2 — 8R)DP' DY DO DO T} 1 + hoc.

K Kéhler Potential
w Superpotential

Tiji<1= Target Space Tensor, Spacetime Scalar
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Weyl rescaling and elimination of auxiliary fields

WEYL

Weyl rescaling £ — Lweyi

a WEYL o K/6 i WEYL 4 —K/12 WEYL K/12
€n _>ene/, X —Xxe / > wm—>¢'me/

Disentangle M and F fields from supergravity and scalar
multiplets:

N=M+K g F*

Solve for the auxiliary fields:
b :%(amAiK,Ai — O AP K i)
N = — 353w

cf. [Wess,Bmgger)
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Component Expansion

After Weyl re-scaling & eliminating b,,, M & setting gij« = K 4 g+

1 1 i * 3 i *
“Lwey = —5R—gik.0A" - 0A" + girne P FFP

+ E2EBF (DAW)i + F* (DaW);,] 4 3¢ Www™*
+ 16(0A" - DAY (DA™ - DA™) T jiuteweyl
—32 5P FF (0 A7 - OA™) Tijintewel|
+16e* /3 F'FIF™ F™ T jjatewey |
Equation of motion for F*
Girn F' + "/ P(DaW);, + 32F ("2 FIF"™ — 0A7 - 0A™ )T jkntnwey| = 0
algebraic and cubic — 3 branches

1) “Ordinary” branch: small corrections to
two-derivative & potential tferms

2) New branches: cannot be reached dynamically due
to infinite potential barrier from resubstitution of F
(higher-derivative terms generate potential)
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Potential generated by higher-derivative terms

W =0, single chiral superfield Th111 = T
~ e.o.m. for F: F (K, aax + 32T ("/°|F|* = |0A4])) = 0

~> either F =0, or

|F1new‘2 = 7%67}{/3}(,1414* + eiK/?) |8A|2

Reinsertion into £:

éﬁw:o,p},ew - f%R+16T((8A)2(8A*)2f(aA«aA*)Q)

1

2
a7 o)

@ The potential diverges for T — 0
~» new branch not connected to ordinary branch

@ Ordinary kinetic ferm has disappeared
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With Superpotential - Small Higher-Derivative Terms

W # 0: Solving the e.o.m. for F perturbatively yields the

Ordinary branch Lagrangian

1 1 .
~Lordinary 70 = = 5R = K aa» 1042 — X (K447 I DAW? = 3|W )

— 32K KA I DAW P KAY 0AP T
+16 (9A)*(DA™)* T
+ 162K (K44 | DAW|?)? (K447 )2 T
@ Corrections fo kinetic terms
@ Higher-derivative terms induce a new term to the potential:
Vo= KA DW= 3W )

—16(e“ K | DAW )2 (K ) Tro der.
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Example for small higher-derivative terms

Example:
T = C(I(,AA*)2 W=

Uncorrected potential:
V=1+(¢*+€) 4

Corrections:
—c[l+ (0" +€) +--]
~+» Mexican hat fore > 0
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Large higher-derivative terms

Example: DBl action
1

;LDBI
= _ﬁ (\/det(gnLn + f(A7 A*) 8’m*AanA*) - 1)
- f% (\/1 ©2f [OAP 1 12 |0A[ — f2 (9A)2(0A%)? — 1)

f
1+ fI0A2 + /(1 + FI9A[2)2 — f2 (DA)2(9A")?

can be easily studied in supergravity with our method!

= —|0A? 4 (0A4)%(9A%)?

Note: for time-dependent backgrounds

%EDBI = —% (\/1 —2f|A|2 - 1)

— warp factor f sets speed limit |A]* < 37
— DBl inflation (S\\versTem,Tong)
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DBl in Supergravity

For DBI in supergravity:
f(@,97)
1+ fOD - 0DTeK/3 + \/(1 + fOP - OBTeK/3)2 — f2(0P)2(0PT)2e2K/3

16T =

(including factors that compensate for the Weyl fransformation)
Then
1p o gy 3™ |W
e 2
. <\/1 T 2fOA-0A" + [2 (A OA*)2 — f2 (9A)2(DA*) — 1)

K/3|F\ + X (F(DAW) + F*(DaW)")

—32 3| F|P0A - A" T + 16> 3| F|* T
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Modifications to potential in relativistic limit

Solve F perturbatively in ordinary branch:

f small
F = 76K/3(DAW)* Ay non—rel. = eK(|DAW|2 - 3‘W|2)

f large

1/3
~ (DaW)*2
Fa- (UADW)

K 2

DsaW c 712

~ Vel e 3 IPAWE o 3K |2 3K ||
(4 X 1Daw?)

— Potential becomes negative, a general feature for these
higher-derivative supergravity theories

— In particular: DBI inflation is impossible!
* Remedy: additional chiral supermultiplets (MK Lehaers Ovrut
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Galileon theories

Higher-derivative Galileon Lagrangians in D = 4 ("e1595°)
L3 = —3(0¢)*0¢

Lo =—3(9)*((99)* — " b,

Ls = —1(9¢)° ((O4)° — 300" ¢ 1 + 266,61

Invariance under “Galilean” shift symmetry ¢ — ¢ + ¢ + ba*
Applications:
¥ ds SO|UTionS in Obsence Of A (De FeHce,?!L\Lfi]kgax\/;gﬁowxhoury)
* Vainshtein-type screening mechanism (oo et D i)
* Violations of NEC — non-singular bouces, Galilean

H Creminelli Nicolis, Trincherini;Buchbinder,Khoury,Ovrut
geneSIS' ( Lehners.Reneaux-Petel;Cai Easson Brandenberger )

Speciality: e.0.m. contain max 2 derivatives on each field — no ghosts

What about Galileons in N = 1 supergravity?
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Complex Galileons

Replace ¢ — /24 & take real part (A= %(qﬁ +i€))

eg. L§ = —75(04)’0A + he. ~ 2ndordere.om.

(DA)2 _AHU’VA,H«V = 07 (DA*)2 _A*yMVA:"‘“} =0

In terms of the real scalars ¢ and ¢, the Lagrangian and equations of
motion are

L§ = ~1((04)°0¢ — (9€)*00 — 2(0¢ - 96)€)

0 =(0¢)> — ¢ ¢ v — (0€)* + €€
0 =0¢0¢ — ¢“€ 1
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Complex Galileons

Note that other actions, involving both A and A* in a single term, do
not lead to second-order equations of motion.

eg. LS=-——0A"0A)+ h.c.

Sl -

((09)?0¢ — (06)°0¢ + 2(9¢ - 9E)DE)

N | =

0=(0¢)> — ¢ ¢ — EME v — Eu€ ™™
0 =006 + £ 4o, "

Clearly, these are higher-order in time and, thus, by Osfrogradsky’s
theorem, lead to the appearance of ghosts. (Ostrogasiy)
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SUSY Galileons have ghosts
Complex Galileons: replace ¢ — v2A & take real part (A = %(qﬁ +18)
eg. L§ = —75(0A)’°0A + h.c. ~ 2ndorder e.o.m.
Construct SUSY extension: [ d*0d*6(0"®)(0,®)® is zero.

Terms involving A & A*, e.g. L§ = — 504 - 0A*0A + h.c.

always imply 3rd order e.o.m.
— Possible SUSY extensions:

) [d*00" 20, @' = —ATDADA* — DA (0A)?
2) [d*09"®0, 20" = DA (0A)?
All others related through partial infegration

Only 2) leads to Galileon term for ¢ (MKishoers oviut

o LSUSY — % d* 00" 99, 9d" + h.c.

—— L0700 - (000 + 206 06)0%)

— 3rd order e.o.m.
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The realm of the ghost
Only time-derivative terms are associated with the ghost:
LEVSY = L§VSY 4+ eal SV = 18+ 3€ +
Perturbations about time-dependent background:
¢ =o(t) +00(z"),  €=E(t)+5E(=")
~o L5V Ym0 = 3(09) + 5 (14 20360)(58)? + 2¢5€ 50

Diagonalize using  db = 6¢ + 1235 50

. = : c2§2 v
~ L5 na = 3(68) + (14 2600) (00)° — 155 (69)?)

272
Dispersion relation:  p3 (1 + —35_p2) = 2= _p? = 2
spersion relation:  pg (1 + <1ch)pg) 0 (m p° = po®)

assuming |c3$| <1 — scale of ghost: (035)’1
cut-off A < (es€) ™", [€] < A% = |€] < \63\%/3

~+ For general backgrounds, cs has to be small for consistency.
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Galileons in N' = 1 supergravity

Globally supersymmetric extension of L term:

(Khoury,Lehners,Ovrut)
1103.0003

e = d* 09" ©6,9d" + h.c.
f

~ 5 (9606 - (0636 + 2(04 - 0)¢)

N = 1 supergravity extension for conformal Galileon  (VXtehnesoy

LESRA — —g/d2@2£( —8R)[ - 3¢ K@*D/% L TDFSD0D, 0 D B!

+esT3(DPSD @D, D @' + Heel) + W(®)] + Hec.

ConformCﬂ Gclileons: (N\co\is,Rogg%yrmchenm)
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SUGRA Galileon component expansion

,LSUGRAyOf -3 /d2@25( —8R)[ - 3¢ K@2D/% L TDPSD0D, 0 D B!

+esT3(DPSD 0D, D ot + Heel) + W(®)] ‘ + He.
Of

1, 1 1 e X
PSS YAy 4 Zpa A F)?
e (= gR-gMM +3bba)+38AaA (|0A]* —|F|*)
o 86_K/3 *ae—K/fi 86 K/3
" (O A= = O A" ) + MF——
e K/3

+ M*F*

o~ WM = WM+ OWF + OW"F
+16((0A)*(0A")? = 2|F[*|0A]* +|F|") T + cs[.. ]
+esl6(F F A+ FFYA" ) Ts [Ts = Ts|]
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Weyl rescaling and elimination of auxiliary fields

Weyl rescaling L3R 25 £W

WEYL K WEYL K /192 WEYL K/12
@ 5 e, %R0 / /

€n X — Xxe y Vm — Pme

Disentangle M and F fields from supergravity and scalar
multiplets:

M =N — K a-F* 4+ 16c3F*[|0A]* — |F|?] T3V
Solve for the auxiliary fields:
b :%i(AmK,A A K ae) — cs1616% 3 P2 (A — A% T

— 381 ((0A)? A" i — (0A™)? A ) T3
N = — 353w
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SUGRA Galileon Lagrange

%ﬁw or %R — K aa|0A]" + K aa-e"|F” + 3¢5 |W|?
+ eQK/?’(DAW)F + e2K/3(DAW)*F*
+16[(0A4)*(9A")* — 2" 2|F||0A]* + /| F|*) T
+c38[(0A)% " D A* o + (0A")?e" " D Ao T5"
+ 316" [F Ay + FF A" o] T3
sl ]+0(c3?)
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Without superpotential

The equation of motion for F"

FoE* 4+ FQp + FIF|*Qp 2 + |[F’Qp2 + F?Qpz + FIF|*Qppa + Q=0

If W = 0, the e.o.m. reduces to: F.E%+ FQp + F|F[*Qpp2 =0

Za =c316V2i€. T3
Qr =K aa- — 32TV [0A]> 4 ¢3[.. ]
QF|F|2 :25TWGK/3 + C3 [. . .]

Solve perturbatively: F = Fy + c3 Fy
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Without superpotential

Order zero:
Fo(K aax + 32TV (/3| Ry — |0A]%)) =0

~ Fp=0 or |Ff® = —5hwe *PK aar +e /% |0A
Ordinary branch
Order one:
By Bt Fol ] + Fi (K aax + 32TV (%3 1> — |0A])) =0
Insert F = 0:

écW — %R — K oan|0A]? + 16 (9A)2(9A")2 TV

+8¢3[(DA)? e Dy A* 4 + (DA " " D A o] T3V
T 5es(0AV (A (Koa+ Koar) T
— 4es|0AP[(DA) K A + (0A") K 4] T3V
~ new h.-d. terms
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With superpotential

The equation of motion for F if W # 0:
—FZ+ FQp + FIF’Qppp2 + |[FI*Qpi2 + F?Qpz + Q=0
Solve perturbatively: F = Fy + c3 Fy
Order zero:
K aa~Fo + e¥3(DaW)* + 32F (/3| Fp|* — |0A?) TV =0
small 7%, ordinary branch: Fy = 0
For~— KA K3 (DaW)* + 32TV K3 (KA (D aW) 2 DaW
— 32TV B (KA (DAW) |0A]2 + O(TV?)

Order one: quite a mess!
If 7 =0: FlK,AA* +F()’G'Ea+f(F0):0

...work in progress!

Michael Koehn 7 February 2013  Scalar Fields with Higher Derivatives in Supergravity and Cosmology 27/30



Summary and Outlook

@ Square of ordinary kinetic term, i.e. (9¢)* has a unique clean,
minimally-coupled extension to supergravity

@ Can obtain supergravity version of any term containing (9¢)* as a
factor, hence can write out supergravity versions of P(X, ¢)
theories such as DBl actions

@ Generic features:
- three branches
- potential without superpotential
— corrections to both ordinary kinetic term and to potential
- potential negative when higher-derivative terms are important

@ The latter is the case for DBI inflation — remedy: couple to
additional chiral supermultiplets
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Summary and Outlook

@ Ghost condensates can exist in supergravity (MkighoersQuiut
(cf. Burt Ovrut’s talk)

@ Supersymmetric extension of Galileon term (9¢)?0¢ does not lead
to 2nd order e.o.m. — is on the same footing as other
higher-derivative terms, valid only in an effective setting

@ Supergravity extension of Galileons lead to a non-algebraic
higher-order equation for the formerly auxiliary field F that we
solved perturbatively

@ Work in progress: construct a new ekpyrotic model with
(supersymmetric) galileons in such a way that the ghosts can be
tamed
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