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Modified gravity

@ The difficulty to fit General Relativity (GR) with other fundamental
interactions may imply that the theory of GR is incomplete
(GR is an effective theory valid below the cut-off scale Mp, ~ 10" GeV)

@ Discovery of Gravitational Waves (GWs) and direct measurements of merger
events of compact binaries open up a new era of precision tests of gravity

@ Such tests can complement constraints from Cosmology, etc.
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Modified gravity

@ The difficulty to fit General Relativity (GR) with other fundamental
interactions may imply that the theory of GR is incomplete
(GR is an effective theory valid below the cut-off scale Mp, ~ 10" GeV)

@ Discovery of Gravitational Waves (GWs) and direct measurements of merger
events of compact binaries open up a new era of precision tests of gravity

@ Such tests can complement constraints from Cosmology, etc.

@ A particularly effective approach to probe extensions of GR using
observational data is the use of effective models

@ Among effective modifications of GR, higher curvature terms are expected to
appear in extensions of Einstein Gravity (such as string theory)

@ Among them, Horndeski’'s theory is the most general scalar-tensor theory
[e.o.m 2nd-order in 4 d spacetime = no ghost modes]
(examples: quintessence, f(¢)R gravity, f(R) gravity)

@ At the level of e.o.m, the simplest example of Horndeski's theory containing
higher-curvature terms is the dilatonic Einstein-Gauss-Bonnet (dEGB) theory



Possible probes of the dEGB scenario

@ We have no direct probe of the Universe expansion rate, composition or
reheating temperature before Big Bang Nucleosynthesis (BBN)

@ However, an understanding of the present Universe cannot avoid the inclusion
of Inflation, Dark Matter (DM), Baryon asymmetry, etc.

@ All such events that take place before BBN can be used to shed light on
physics beyond Standard GR

@ On the other hand, GW data from Black Hole (BH) or Neutron Star (NS)
binary mergers in the late Universe can also constrain such scenarios

o dEGB theory has been extensively studied in many of such realizations



Possible probes of the dEGB scenario: WIMPs

o Cold Dark Matter (CDM): provides ~25% of the energy density of the
present Universe

e Standard Model (SM) of particle physics cannot explain CDM

o Weakly Interacting Massive Particles (WIMPs): one of the most popular
candidates for CDM; [mass in GeV — TeV scale]

Decoupled from thermal bath in the early Universe before BBN

o We study the thermal decoupling of WIMP DM in the early Universe under
modified dEGB Cosmology and use the WIMP DM search results to probe the
dEGB scenario

o Constraints on dEGB from WIMP DM indirect searches are nicely
complementary to late-time constraints from compact binary mergers



Dilatonic Einstein-Gauss-Bonnet (dEGB) theory

o dEGB action:

R

R = 3V V(O)+ (@R + L3

k=8rG =1/M3}; g = det(guv);
R = scalar curvature of the spacetime M (3+1 d)

¢ : scalar field (dilaton field); V(¢) : scalar field potential
R&p = R* — 4R, R" + Ryupo R**° (Gauss-Bonnet term)
() : describes the coupling between ¢ and the Gauss-Bonnet term

£:24 : interactions of radiation and matter fields



Dilatonic Einstein-Gauss-Bonnet (dEGB) theory

o dEGB action:

R

R = 3V V(O)+ (@R + L3

k=8rG =1/M3}; g = det(guv);
R = scalar curvature of the spacetime M (3+1 d)

¢ : scalar field (dilaton field); V(¢) : scalar field potential

R&s = R?> — 4R, R™ + R,.,0 R**° (Gauss-Bonnet term)

() : describes the coupling between ¢ and the Gauss-Bonnet term
£:24 : interactions of radiation and matter fields

o If f(¢) is constant, the Gauss-Bonnet term (in 341 d) reduces to a surface
term and does not contribute to the e.o.m

@ f(¢) in principle can be arbitrary
— an exponential or a power law form is frequently adopted
— the two forms can be connected by field redefinition

o We adopt: f(¢) = ae?® [ and v have both signs]



dEGB theory

R 1 ra
S= / V=g d'x [— — SVuoV"G - V(9) + f(¢)REs + Lmd}
M 28 2
(R&p = R? — 4R, R™ + Ruupo RMVP7)

Equations of motion:

(1) O¢— V' +fRép=0 O=V,V"; V' =0V/dp; f = 0f |0
() Ruv — g R = (T 4 Tt = w73
(Additional terms are moved to the r.h.s to get the familiar form of the Einstein Equation)

sorad rad
JgZ’V +£m gl“/

Energy-momentum tensor for radiation: T,ﬂid = -2
T;E?JrGB} =T2 + TSP (for notation purpose)

1
T = V06906 = (39,0770 + V) g

TSP = 4[RV.V,F(9) — guROF(®)] — B[RV, V,f(6) + RuPV Vo F(9)
~RuvF(9) — 8 RV Vo F(8) + Rupuo VPV £(8)]



Cosmology in dEGB theory

o 4 R 1 2 rad
S= [ VR A |5 - 3V~ VIo) + FORE + L]

We consider the spatially flat FLRW metric:
ds® = —dt* + a°(t) §;; dx' dx’

= Equations of motion depend only on time (t)

Energy density: pj = —T,%, Pressure: p/d’; = T/';,  [I = {¢+ GB}, rad]



Cosmology in dEGB theory

S= [ VR A |5 - 3V~ VIo) + FORE + L]
We consider the spatially flat FLRW metric:
ds® = —dt* + a°(t) §;; dx' dx’
= Equations of motion depend only on time (t)
Energy density: pj = —T,%, Pressure: p/d’; = T/';,  [I = {¢+ GB}, rad]

Friedmann equations:

_ kK

K
H? 3 (p{¢+GB} + prad) = 3 Prot

. K K
H= ~3 [(Pro+aBy + Prorany) + (Prad + praa)] = 75(/)“” + Prot)

é+3Hd+ V' — fRA =0 where Rap = 24H*(H + H?)

“dot"= d/dt , “prime"= d/d¢
Expansion rate of the Universe: H = 4/a

prad ~ & T*, [ Heaa ~ /& T (T = temperature of the Universe)
Prad = %prad



Cosmology in dEGB theory

P{o+CB} = Py + PGB, P{s+GB} = Pg + pas  (for notation purposes)

po= 3B V(D) po= 28— V(9)

paB = —24fH® = —24f'$H?

d(f'¢H?) 2
— . — 3PGB

_ Vi 17 2 ! ] . 2y
PGB—S(f¢+f¢)H +16F $H(H + H?) = 852 :



Cosmology in dEGB theory

P{o+CB} = Py + PGB, P{s+GB} = Pg + pas  (for notation purposes)

1. .
= 2R V), pe= 58 - V()

paB = —24fH® = —24f'$H?

. . . . 1 2
b =8 (102 +£5) H +16F GH(H + H) = gd(fioh?) 2
dt 3
( p
H? = = (7¢ + V = 24f'$H® +pmd)
3 il P Friedmann
H = _g <¢2 + 8 ( jz ) - 8f’¢H3 + Prad + prad) Equations
b+ 3Hd+ V' —24f H*(H+ H*) =0
\. y,




Solutions of Friedmann equations in dEGB theory

@ We assume V/(¢) = 0 to reduce the parameter space
(To avoid early accelerated expansion before matter-radiation equivalence V/(¢)
should be zero or close to zero at Big Bang Nucleosynthesis (BBN))

Coupling f(¢) = ae™® [ and ~ have both signs]

e Dynamics is controlled by derivative(s) of f(¢)

f'(¢) =0 (a and/or v = 0)
= No dEGB ; only kination [¢ ~ a=> or ps(= 1¢?) ~ a~°]

@ Unit convention: [k =871G =1 = ¢] = a (in km?), v (dimension less)



Solutions of Friedmann equations in dEGB theory

@ We convert time (t) — temperature (T) and solve the cosmological
equations in terms of T

@ The relation between t and T is obtained using the conservation of entropy
(sa® = constant) :
dT HT

a_ 7
dt (14 3dIng.s/dInT)

S~ g*sT3

[sa® = constant = a~ T71]

@ BBN is the earliest process in Cosmology that provides a successful
confirmation of Standard Cosmology
= any departure from Standard Cosmology for T < Tgpn =~ 1 MeV is
strongly constrained

@ We solve the Friedmann equations by setting initial conditions at
T = Tee~ny = 1 MeV and evolving the variables towards higher T
and see how cosmology is modified at the early Universe
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Solutions of Friedmann equations in dEGB theory

1. . _
H? = z <7¢2 - 24f/¢H3 +prad) V=0
f(¢) = aer?
=2 +87(fl¢H2) — 8F $H® + praa + P
e rad Parameter space:

¢+ 3Hd — 24f HA(H + H?) =0 o, 7, ¢BBN and ¢BEN
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Solutions of Friedmann equations in dEGB theory

1. . _
H =" <7¢2 — 24f'$H? +prad) V=0
£(6) = aer®
H=—=|¢ +8M—8f’q’w3+p +p
rad rad Parameter space:

¢+ 3Hd — 24f HA(H + H?) =0 o, 7, ¢BBN and ¢BEN

o Contribution of ps(Teen) = 1dheN to pror at BBN is constrained by the
effective number of neutrino flavors Ner < 2.99 + 0.17

= po(TeBN) <3 X 10_2pBBN, [pBBN = radiation energy density at BBN]
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Solutions of Friedmann equations in dEGB theory

1. . _
W =2 (f¢2 — 24f'$H? +prad) V=0
F(¢) = ae??
H=—=|4¢? +8M—8f’q’w3+p +p
rad rad Parameter space:

¢+ 3Hd — 24f HA(H + H?) =0 o, 7, ¢BBN and ¢BEN

o Contribution of ps(Teen) = 1dheN to pror at BBN is constrained by the
effective number of neutrino flavors Ner < 2.99 + 0.17

= po(TeBN) <3 X 10_2PBBN, [pBBN = radiation energy density at BBN]
o ¢ (hence ¢ppN) appears in Friedmann equations only through f(¢) (= ae??)
Define & = aeW’BBN [:> f(¢)BBN = fl(¢)BBN = &’y ) fll(¢)BBN = d"}/2]

& invariant under ¢'ppy = ¢BBN + o, With o =ae 7%, 4 =1«
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Solutions of Friedmann equations in dEGB theory

1. . _
H2 =2 <f¢2 — 24f'$H? +prad) V=0
F(9) = aers
H=-2 |4 +87(fl¢H2) —8f'$H> + praa + p.
rad 7 Prad Parameter space:
é+3Hd —24fF'H>(H+ H*) =0 a, v, ¥BBN and ¢BBEN

o Contribution of ps(Teen) = 1dheN to pror at BBN is constrained by the
effective number of neutrino flavors Ner < 2.99 + 0.17

= po(TeBN) <3 X 10_2PBBN, [pBBN = radiation energy density at BBN]

o ¢ (hence ¢ppN) appears in Friedmann equations only through f(¢) (= ae??)
Define & = a e7?BBYN ; [= f(¢)eny = &, F/(¢)BBN = &7 , F(¢)BEN = 677
& invariant under ¢’y = ¢BBN + do, With o =ae 7% 4 =~

@ We show our results in terms of & and adopting ¢en = 0
[The results are independent of ¢ppn]
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Solutions of Friedmann equations in dEGB theory

1. . _
H2 =2 <f¢2 — 24f'$H? +prad) V=0
F(¢) = ae?
H=-2 |4 +8M—8f’q’w3+p +p
rad rad Parameter space:

¢+ 3Hd — 24f HA(H + H?) =0 o, 7, ¢BBN and ¢BEN
o Contribution of ps(Teen) = 1dheN to pror at BBN is constrained by the

effective number of neutrino flavors Ner < 2.99 + 0.17

= po(TeBN) <3 X 10_2PBBN, [pBBN = radiation energy density at BBN]

o ¢ (hence ¢ppN) appears in Friedmann equations only through f(¢) (= ae??)
Define & = a e7?BBYN ; [= f(¢)eny = &, F/(¢)BBN = &7 , F(¢)BEN = 677
& invariant under ¢’y = ¢BBN + do, With o =ae 7% 4 =~

@ We show our results in terms of & and adopting ¢en = 0
[The results are independent of ¢ppn]

o Hppy is obtained from ¢pen & ¢BBN by solving the 1st Eqn. (cubic in HpN)

@ Using qﬁBBN, ¢BBN, HeBN the Friedmann equations are solved to obtain the

solutions ¢, ¢, H, at T > Tsn
11



Numerical solutions of Friedmann equations

pe(TeeNn) =0 = Standard Cosmology in the absence of the GB term
(i.e. when & and/or v = 0)

12



Numerical solutions of Friedmann equations

Energy density x 10'* (GeV*)

= Standard Cosmology in the absence of the GB term
(i.e. when & and/or v = 0)

ps(TeeN) =0

Energy density vs. temperature:

Prad [H2 = %ptot]

Py
[pasl
Protl

Energy density x 10" (GeV*)

s

1000 100 10 1 01
T(GeV)

- - IO—IS
1000 100 10 1 01 001 10° 10° 10

NN
001 10° (time —)
T(GeV)

The GB term plays an important role on the scalar field dynamics
= reduces (enhances) the expansion rate H compared to the Standard one

N.B.: only ptot and pyaq represent physical energy densities

while py and pgp are shown for illustrative purposes
(paB can be negative and is plotted in absolute value)

A. Biswas, AK, B-H. Lee, H. Lee, W. Lee, S. Scopel, L. V-Sevilla, L. Yin, [2303.05813] 12



Numerical solutions of Friedmann equations

ps(TeBN) =3 x 10 %pppN (Mmax.), &= +1km?, v =41 [H2 = &

=3 Ptot]
e
4; é; % Pra
S 8 = P ]
e & Iposl
S ° = Protl ]
x x — nodEGB
£ £ ]
2 2
o o
=l =l
] e no dEGB
s s =f =0
lO—IS ~
100 10° 1000 100 10 1 0l 001 10° 10°10° 1000 100 10 1 01 001 107 (a'y = 0)

10% ™ L 10 L ™ =-kination
Ealy = Prad £ e = Prad 6
o 10 = P g 10 = P (p~T°)
e 1o I Ipasl
o IO)(! GBI o 1030 aB
= = Puoul < = Puoul
% 10% — nodEGB{ x 10* — no dEGB
210" 210"

Z Z
é 10” é 10"
10° 10°
[ n s N (R
10° 10° 1000 100 10 1 01 001 107 001 107
T (GeV’ T (GeV, .
GV GV (time —)

A. Biswas, AK, B-H. Lee, H. Lee, W. Lee, S. Scopel, L. V-Sevilla, L. Yin, [2303.05813] 13



Numerical solutions of Friedmann equations

@ The GB term plays an important role on the kination dynamics:
slows down (speeds up) the evolution of the scalar field

reduces (enhances) the expansion rate H

e H is larger (smaller) at high T when py (= %¢2) evolves with T faster
(slower) than kination (pg ~ T9)

14



Physics of WIMP DM in dEGB modified cosmology

15



WIMP thermal freeze-out and relic density

raes 1 xR <gv> WIMP in Standard Cosmology
X
ey Tog v o rrm
2 .0t N 3
< 103 E
104 i ) =
E 10-5 1ncr‘ea31ng]:
T2 < 10-8 <ov> 5
H . ~T E 107 _ =
N . —. = 108  \T—J___ ==
| ‘WIMP decoupled = 10-° =
WIMP coupled | rom thermal bath ap 10-10 =\\--¢7771:
to thermal bath \‘ o 10-1t Freeze-out ¢ —
T, (decoupling) T ) g %8:1§ (deiiu)]:lhng) ~— Y __ 4
(time—) £ 1014 E il il 4l
S 101! 102 103
time—=—
x=m/T

['a(= ny(ov)) : Rate of WIMP annihilation to SM particles
H(T) : Expansion rate of the Universe
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WIMP thermal freeze-out and relic density

res ([ np FQ <gv> WIMP in Standard Cosmology
X
~ ey Tog v o rrm
2 .0t N 3
H dified T" (n>2) % 10:‘:: 5 : =
S modifie . %875 increasing §
~ 5} =
I - S 10-6 <ov> -
H, 4 ~ g 107 =
‘ WIMP decoupled E %873 Ty =
1 ecouple: - =
WIMP coupled rom thermal bath ap 10-10 =\\--¢7775
to thermal bath \‘ o 10-1t Freeze-out ¢ —
T, (decoupling) T 2 10-12 (decoupling) :f~. V. &
. o 10-13 at X, —
(time—) £ 1014 E il il 4l
S 101 102 103
time—=—
x=m/T

['a(= ny(ov)) : Rate of WIMP annihilation to SM particles
H(T) : Expansion rate of the Universe
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WIMP thermal freeze-out and relic density

rtes (I~ FQ <ov> WIMP in Standard Cosmology

~o ey Tog v o rrm
g 1(0);12 E EQ :i
H g~ T" @>2) S 10-% & =
SN odifie 5 %8,5 E increasing=
~ o E =
o 10-¢ g <ov> o
H,,~T* > £ 107 F =
i WIMP decoupled = %873 E A =
| lecouples -9 B =
WIMP coupled | rom thermal bath op 10-10 & ;\\_J,,,j
o thermal bath ] & 10-11 g Freezeout i ¢ =3
T, (decoupling) T g 10:1§ é, (dei:u)?h“g)é \\“*gé
(time—) g 1800 B i N 0
S 1 10t 192 10=
xen /T UmeT=
['a(= ny(ov)) : Rate of WIMP annihilation to SM particles
H(T) : Expansion rate of the Universe
Evolution of WIMP comoving number density (Y, = ny/s):
dy, Bs
X _ 2 eq\2 _
o = THO R (R OR), x=my T

1
my, = WIMP mass ; s~ g.s T3 (entropy density) ; 8= (1+ gdln gxs/dInT)
Equilibrium comoving density: Y& ~ x3/2exp(—x)
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WIMP thermal freeze-out and relic density

rtes (I~ FQ <ov> WIMP in Standard Cosmology

~ = Tog v o rrm
~ 2] 0.1 & =
§ 1072 F =
H, ca~T" (0>2) < 1079 & =
SN odified 5 %8,2 E increasing=
~ o E =
o 10-¢ g <ov> o
H,,~T? > £ 107 F =
| WIMP d led = %873 E Ty =
| lecouples -9 B =
WIMP coupled | rom thermal bath ap 10-10 & \_y,,,j
o thermal bath ] o 10-11 - FEreezeou ¢ =3
T, (decoupling) T 'g 10712 B mei“:”}‘:"" i~y __ =
(time—) g 1800 B i N 0
S 1 10t 192 10=
x=m/T ¢
['a(= ny(ov)) : Rate of WIMP annihilation to SM particles
H(T) : Expansion rate of the Universe
Evolution of WIMP comoving number density (Y, = ny/s):
dyY; Bs
X _ 2 eq)2 _
o = THO R (R OR), x=my T

1
my, = WIMP mass ; s~ g.s T3 (entropy density) ; 8= (1+ gdln gxs/dInT)
Equilibrium comoving density: Y& ~ x3/2exp(—x)

Quh* < 1/{o V)

WIMP relic density: Q. h* = Z—ihz >~ 2.8 X (GZ?/) Y2,
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WIMP thermal freeze-out and relic density

rtes (I~ FQ <ov> WIMP in Standard Cosmology

~ = Tog v o rrm
~ 2] 0.1 & =
§ 1072 F =
H, ca~T" (0>2) < 1079 & =
SN odified 5 %8,2 E increasing=
~ o E =
o 10-¢ g <ov> o
H,,~T? > £ 107 F =
| WIMP d led = %873 E Ty =
| lecouples -9 B =
WIMP coupled | rom thermal bath ap 10-10 & \_y,,,j
o thermal bath ] o 10-11 - FEreezeou ¢ =3
T, (decoupling) T 'g 10712 B mei“:”}‘:"" i~y __ =
(time—) g 1800 B i N 0
S 1 10t 192 10=
x=m/T ¢
['a(= ny(ov)) : Rate of WIMP annihilation to SM particles
H(T) : Expansion rate of the Universe
Evolution of WIMP comoving number density (Y, = ny/s):
dyY; Bs
X _ 2 eq)2 _
o = THO R (R OR), x=my T

1
my, = WIMP mass ; s~ g.s T3 (entropy density) ; 8= (1+ gdln gxs/dInT)
Equilibrium comoving density: Y& ~ x3/2exp(—x)

Gov ) VX Qxh2 x 1/{(ov)

=0.12 "

WIMP relic density: Qh? = 2X 2 ~ 2.8 x ( M ) Y
Pc

Observation: Q, h? ‘Obs



WIMP thermal freeze-out and relic density

In Standard Cosmology, (ov)r ~ 3 x 1072°cm®s ™" gives Q, h* = 0.12

17



WIMP thermal freeze-out and relic density

In Standard Cosmology, (ov)r ~ 3 x 107®cm3s™! gives Q, h* = 0.12

[H? = 5ptot]

In dEGB cosmology H gets modified
during WIMP freeze-out

Energy density x 10'? (GeV*)

= affects Q, h* - 0

= (ov) different from (gv)standard
so that Q, h* = 0.12

Prad

Po
Pos|
= Puoal

no dEGBH

Energy density x 10" (GeV*)
2

1000 100 10 1 01 001 107

T(GeV) (time —) 17



Enhancement factor for the expansion rate

“Enhancement of the expansion rate”: A(T) = H(T)/Hraa(T)
Standard Cosmology = A =1

18



Enhancement factor for the expansion rate

“Enhancement of the expansion rate”: A(T) = H(T)/Hraa(T)
Standard Cosmology = A=1

@ T =50 GeV (decoupling temperature of TeV WIMP)

Po(Taen) = 0 Ps(Teen) =3 x 10 ?pgan
10 T T T T T T T

Log0[A]
LogiolA]

—10 -6

-10
-10 -8 -6 -4 -2 0 2 4 6 8 10 -10 -8 -6 -4 -2 0 2 4 6 8 10

a (km?) a (km?)

A. Biswas, AK, B-H. Lee, H. Lee, W. Lee, S. Scopel, L. V-Sevilla, L. Yin, [2303.05813]
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Enhancement factor for the expansion rate

“Enhancement of the expansion rate”: A(T) = H(T)/Hraa(T)

Standard Cosmology = A=1

@ T =50 GeV (decoupling temperature of TeV WIMP)

Po(Taen) = 0 Ps(Teen) =3 x 10 ?pgan

Log0[A]
LogiolA]

—10 -6

-10
-10 -8 -6 -4 -2 0 2 4 6 8 10 -10 -8 -6 -4 -2 0 2 4 6 8 10

a (km?) a (km?)

A. Biswas, AK, B-H. Lee, H. Lee, W. Lee, S. Scopel, L. V-Sevilla, L. Yin, [2303.05813]

In order to get Q, h* = 0.12:
A>1= <O'V>f > <0V>)Scmndard A<l=> <O’V>f < <O.V>?tandard
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WIMP annihilation cross-section (o v)

@ In general (ov) can be a function of T

Expansion of (av) in powers of v?/c? «1:

(ov)y~a+b (ml> [a = s-wave; b — p-wave]
X

@ We assume s-wave annihilation
= (ov) independent of T
= (ov)r = (ov)o (today)

19



Constraints on WIMP annihilation from Indirect Detection searches

o Indirect Detection: searches for y-ray/v's/et /p signals produced by WIMP
annihilations in the late Universe (e.g., in the Galaxy, in local dwarf galaxies)

XX — bb, v, WT W™, ... = ~-rays, T, p(p), v(P)

Experiments: Fermi-LAT (v-rays from dwarf galaxies, Galactic Center) ;
AMS (e, p in cosmic-rays) ; CMB measurements
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Constraints on WIMP annihilation from Indirect Detection searches

o Indirect Detection: searches for y-ray/v's/et /p signals produced by WIMP
annihilations in the late Universe (e.g., in the Galaxy, in local dwarf galaxies)

XX — bb, v, WT W™, ... = ~-rays, T, p(p), v(P)

Experiments: Fermi-LAT (v-rays from dwarf galaxies, Galactic Center) ;
AMS (e, p in cosmic-rays) ; CMB measurements

<ov> that gives ©2h?= 0.12 in Standard Cosmology
(assuming s-wave annihilation)
T T T

Upper-limit on <ov> from

B8 10727 4 Indirect Detection searches
(<ov>)
10-28 ]
—-29 1 1 Il
10 0.1 1 10 102 103
my [GeV] [Leane et al. (PRD 98, 023016 (2018))]

@ The Indirect Detection upper-limit is obtained combining all possible SM

annihilation channels and different existing experimental observations 2



Constraints on WIMP annihilation from Indirect Detection searches

<ov> that gives Qh”?= 0.12 in Standard Cosmology
(assuming s-wave annihilation)

10724
10-25

1026

Upper-limit on <ov> from
Indirect Detection searches

(<ov>ID)

(ov) [cm¥/s]

107%7

10-28 L E
Disallowed - Allowed —
f—— my —nl my
10-29 1 L |

0.1 1 10 102 10°

m, [GeV]

OV)relic © gives H =0.12
oV)ID : upper- I|m|t on {(ov) from Indirect Detection

(ov)
(ov)ip
(o V)retic/{ov)ip > 1 = Disallowed WIMPs
(oV)retic/{ov)iD < 1 = Allowed WIMPs

@ In Standard Cosmology m,, < 20 GeV is disallowed by existing searches

@ In modified cosmology (oV)relic is different
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Constraints on dEGB from Black Hole (BH) & Neutron Star (NS) mergers

@ Near a BH or a NS the density of ¢ field in the dEGB scenario is distorted
compared to its background value

= leads to a local departure from standard GR that can modify the
Gravitational Wave (GW) signal from BH and NS binary mergers

= GW data (taken by LIGO-Virgo) from BH and NS binary mergers can
constrain dEGB
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Constraints on dEGB from Black Hole (BH) & Neutron Star (NS) mergers

@ Near a BH or a NS the density of ¢ field in the dEGB scenario is distorted
compared to its background value

= leads to a local departure from standard GR that can modify the
Gravitational Wave (GW) signal from BH and NS binary mergers

= GW data (taken by LIGO-Virgo) from BH and NS binary mergers can
constrain dEGB

s= [ Ve dx [ F - 1.evie s foRR, + L]
M 2k 2

If' (prate) | < V8 (1.18)* km?
[Lyu et al. (PRD 105, 064001 (2022))]
F(6) = ae™®

@ In our notation:

é
|d,ye"/(¢Late*¢BBN)| _ |d767%‘ <V8r (1.18)2 km? V¥BBN

D
Il
Q
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Complementarity between GW and WIMP search constraints

o My = 1000 GeV,  pglTamn) = O . My = 1000 GeV, Pg(Tosn) = 3 > 102pagn .
° k = . left-column:
| =
£ pe(TeBN) =0
. = & B right-column:
=3 = - = 1 -2
- g .8 pe(TeBN) =3 X107 "pEBN
- (max.)
- = :
e -8 -6 -4 -2 © 2 a 6 8 10 - -10 -8 -6 -4 -2 O 2 6 8 -
& (km?) & (km?)
my = 100 GeV.  pu(Tam) =0 i e = 200 GeV, _ pulTusm) = 3% 10" puon . Colored regions =
. - . = N <Uv>relic/<UV>ID <1
It 77'_{;
: : \ LE (favoured by WIMP)
E
- A g
o \ Zg = “3F  White regions =
B \ .
. \ - - o {oV)retic/(ov)iD > 1
)
O e e = = o B o e e w4 2 o 2 4 e s 1w (disfavoured by WIMP)
& (km?) & (km?)
iy = 10 GeV, my =10 GeV.,  PylToan) = 3% 10 %paar
. .
. . K-
;
a i .
. Hatched regions =
-5 GW exclusion
=
of
= I -
-10 -8 —6 -4 -2 0 2 a 6 8 10 - B -10 -8 —6 -4 -2 O 2 a 6 8 -
@ (km?) @ (km?)

A. Biswas, AK, B-H. Lee, H. Lee, W. Lee, S. Scopel, L. V-Sevilla, L. Yin, [2303.05813] 24



o We study cosmologies in a dilatonic Einstein-Gauss-Bonnet (dEGB) scenario
[GB term is non-minimally coupled to a scalar field with vanishing potential]

@ Standard Cosmology is modified irrespective of the initial conditions on
¢ and ¢ (even with ¢in; and ¢ini = 0), if the coupling (&) is not constant

o In dEGB cosmology, WIMP annihilation cross-section (ov) required to predict
correct relic density is modified compared to its standard value

= (ov) can be larger than the upper-limit obtained from Indirect Detection

= dEGB parameter space can be favoured/disfavoured by WIMP searches

o WIMP mass m, < 20 GeV is inconsistent with Standard Cosmology

In dEGB scenario, my < 20 GeV can be accommodated

@ WIMP search constraints on the dEGB parameter space are nicely
complementary to late-time constraints from compact binary mergers

= It could be interesting to use other early Cosmology processes to probe the
dEGB scenario
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Thank You
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Backup slides
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Continuity equations

Continuity equation of energy-momentum tensor:

Prot + 3H(prot + prot) =0
l.)rad + 3H(prad + prad) =0
Pro+amy +3H (proramy + Prorany) =0
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Equation of states

p¢(TBBN) =0, a==+1 kmz, vy = 1

@=-1.0 (km?), y=1.0, py(Tesn) =0

4 T : 4 . .
_
3f P 3k ==
. D
2F 1 2 1
1 w=1 1 w=1
N w=1/3 N w=1/3
OFw=—113 I 1 OFrw=-113 1
1k K 1Fk K
e Wrad - = W{p+GB} —— Wrad - = W{¢+GB}
-2 — Wiot —2r Wp  m— Wit 1
o WGBH
-3 -3
105 10 10° 102 10* 10° 10-! 1072 1073 105 10 10° 102 10' 10° 107! 1072 1073
T (GeV) T (GeV)

A. Biswas, AK, B-H. Lee, H. Lee, W. Lee, S. Scopel, L. V-Sevilla, L. Yin, [2303.05813]
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Equation of states

3 x 1072ppgN (max.), & = £1 km?, v ==+1

1.0 (km?), y=1.0, py(Tean) =3 x 1072 pgan 1.0 (km?), y=1.0, pp(Tesn) =3 x 1072 pgen
T v T T T T v T

T (Gev)

4 T 4 T
3F 1 3F 1
2F 1 2f 1
w=1 w=1
1 1
N w=1/3 / N w=1/3
OF w=—1/3 ! OFw=-1/3 b
1k ] 1k ]
= = Wig+GB} = Wrad - = W{$+GB}
— Wiot 1 — Wy — Wiot 1]
— wes
105 10* 10° 102 10 10° 10! 102 1073 105 10* 10° 102 10 10° 10! 10? 1073
T (GeV) T (GeV)
4 1.0 (km?), y=-1.0, py(Tepn) =3 X 1072 pgan 4 1.0 (km?), y=-1.0, Py(Tean) =3 X 10~? pgan
1
3f : 1 3f 1
1
ok [ d ok d
1]
w=1 Jfw=1
w=153 d w=1/3
T
Fw=-1/3 1 O0rw=-113
i
3 ' iy
— Wrag = = W($+GB} v —— Wad = = W$+G8}
P W o Wit TP Wy Wit
— wes — wes
-3
105 10*  10° 102 10! 105 10*  10° 102 10!

T (GeV)




