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|. Motivation : Modified Gravity beyond Einstein - Is it needed?

1. Theoretical Aspect: Gravity beyond Einstein?

- GR is an effective theory valid below UV cut-off, Mp; ~ 101°GeV

_ (a’-expansion) _. . . . . 5
Ex) String theory ~ Ener Einstein Gravity (~R) + higher curvatures (~R™, n > 2; (Rtz?))

Einstein Gravity is the simplest theory of the gravity, linear in the curvature scalar:

- Holography: Needs the dual geometry (beyond Einstein) s2

{ CMB measurements

5dim. classical gravity & 4dim. strongly interacting theory 80| 1 T Local distance laddet
Ex) QCD & CMT I . T
761 1
* Black Holes are thermal system. 274 l ] ] I
= ] I
2. Observational Aspect:Alternatives to 4CDM? £ 70 o l ]

— Some challenging observations T 68| I t I 1}
1)H, tension (~5.8 J. Kochappan, L. Yin, B-HL, 66 |

0 ( * 0.) T Ghosh e-Print: 2408.09521 641 1 https//wwwmdplCom/2218—1997/9/2/94

2) Cosmic Birefringence(~30) Hy = 67.4 = 0.5 km/s/Mpc (CMB),

B-HL, W. Lee, M.M. Sheikh-Jabbari, 921 " _'73 5 + 1.4 km/s/Mpc (SN & Cepheids)

3)og(Sg)etc. S. Thakur, JCAP 04 (2022) 2000 2005 2010 2015 2020
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Note: Lovelock theory (dim. D = 2t + 1 or 2t)

Lagrangian with only 1) metric 2)2"¢ order e.o.m (for no ghosts and instabilities) will be

t
Ly = V=3 Z o LT L. Lovelock term, topological in 2n D
P " EX) L' =R .
Ex) D-dim n=0 Einstein-Hilbert term topolin 2 D
L,=1'=, =g R topological [? = R? — 4R,R™ + Rgpca R |
Lo=I'= /=G R = R4; Gauss-Bonnet term.  topol in 4 D
_ 71 2 _ [— 2 N o 1 qpqvipaver Vv U1v UV UmV
Ly =L AP =V=gR+Rep) ~ V=g R > ™ =680 102 2 B R, FTR, TR Y
Lo =L'+1?=,—=g(R+ R:p) Euler characteristic of dim 2m topol in 2m D
Lo=L'+1?+1°==g(R+RGs +Ric) ~V=g(R + Rp) shiyyz hmim — (m)1 gkt 8y - Shm ey
L, =L+ 1>+13=,~g(R+Rés+R3)
Note :

« Higher (n(= 2)-th order) curvature terms lead to the higher (2n-th) order e.o.m.

- Among the 3 possible quadratic terms (R?, RWR*, Ryype RHVP?) , the Gauss-Bonnet term
(Rég=R? — 4R, R*' +R,,cR*'P?) is the only combination with the 2"? order eom in general dim.

* In d=4, the G-B term is topological (boundary term) hence nondynamical.

Lovelock’'s theorem ( in dim =4 (& 3))
The Einstein eqns (w/ c.c.) are the only possible 2nd-order eqns derived in 4 dim. solely from the metric.




‘Theory beyond Einstein’ needs to relax the assumptions of Lovelock’s theorem.

— Adding a new degree of freedom
1) Fields (scalars, etc. ) other than the metric
2) Higher order curvatures (G-B terms, etc. in d = 5)

Note :
« We want to keep the eom in 2"9 order to avoid problems related to the unphysical d.o.f.s

- Horndeski theory (the most general scalar-metric tensor theory w/ 2nd-order field egn in
4dim.) is classified by 4 arbitrary functions {G;(¢,X), i = 2,3,4,5}.

 We extend the theory by adding the Gauss-Bonnet term.
« In d=4, G-B with a scalar field coupling function belongs to the Horndeski theory .

Einstein Gauss-Bonnet Gravity

The general theory with quadratic curvature terms A in d > 4 Gauss-Bonnet term

Squaa = [ d*x /=g [— (R — 2A + aR? + bR,,,R* + cR,,, ,c R*"® ")] RZ5=R? — 4R, R* +R, ) s RVPC

Uvpo

The e.o.m. doen't include more than 2 derivatives only if b = —4a & ¢ = q, i.e,, Gauss-Bonnet term .



1) the Einstein-Gauss-Bonnet (EGB) w/ orw/o Ain d =5 Note

1 A: Cosmological constant
SEGB-A = jddx V=9 [ﬂ (R —2A+ aRgp) + Lyt k= 8nG, g =detg,,

[a]= [length]?

2) the Dilaton-Einstein-Gauss-Bonnet (DEGB) Gravity in d = 4 f(¢p) = ae¥? polynomial etc.

1 1
SaEGB = j d*x =g [ﬂ (R —2Ae™™) + f(Pp)RZg) + ngauqbavqb — V() + Lmatt

Note : belong to the Horndeski theory

Goal : To understand the physics of the role of the Gauss-Bonnet term
In the Simple Modified Gravity beyond Einstein.

Question: Is the modified theory better? = We investigate through

1) Black Hole properties &
2) the implication to the cosmology.




l1. Black Holes

- Schwarzschild BH, AdS BH, RN AdS BH,
- RN Gauss-Bonnet AdS BH
- dEGB BH




>9-2: Einstein mfld

I ~ci ' Note: Dimension (c=1)
Black Holes (in d-dim) (Review) (c=1 e A

. : [S]=ML;[G] = : curvature = k
1. Einsten theory - Schwarzschild BH 4] = 1473, M -
Ul = ; dZf™? = hy; (x) dxtdx’
ds? = —f(r) dt* +f~1(r) dr? +r?dsg?
A . f=4;k(2 ' . ) EX) 32 = $% 38 = T% 2§72 = [d%2x [Thy]
fr) =k — =5 1=-2(>0), P ex) (k = 1)
. . B . — — 2)x¢-
Horizon (f(ry) = 0)& (u—ry) relation — 7, BHH dQg, fork = +1 M = (d— 2257
—a k= 2 2 = 167‘[G
o gogd=4k=1 oM N d¥;=<Zdx{ for k=0
H=kry S —— iy = K dH2_, fork=-1 _ (@ 2)” a2 u

scr[—]
a-1
2

Note: BH exists only for (k=+1)

No minimum mass for BH
2M

Hawking Temperature

hKSG ,
Ty = o —4nf (T1)

R (d-3)u _ R (d-3)k

41T THd_Z 4T ry
d=4;k=1 p

" 8mGM

A BH in asymp flat sp
is thermally unstable

Zd 2 _ 2m
[—]
1
EX)d =4, M = E,u
Y1=2m; %% =4m;

Cy =% = -2 220 Unstable x3=2m?

dT 8nGT

To make the BH thermodynamically stable,

1) Place the BH inside a finite cavity (a heat bath around the cavity.)
Or 2) Put the BH in AdS space (acting as a reflecting box.)



2. Schwarz AdS Black Holes

Black Hole solution
ds?= —f(r) dt? +f~1(r) dr? +r?dzd2
fO) =k——=+7

Horizon f(ry) = 0 & (u—rg) relation
2
p=ris3 (k + ;—’;)

Note: BH exists for all k (k = +1,0,—1)
No minimum mass for BH

Hawking Temperature

_ 1 _ 1 _ K TH
TH — 4nf (TH) — AT ((d 3) rg—z + 2 €2>

1 (k(d-3) - ry

- 47r( Ty +d-1 1?2)

Note: Natural reference scale : £ (in addition to pu).

Note: Dimension (¢=1)

[S1= ML;[6] = ——;
[l = 1473 ¢7] = 17
A= @-D@-2)

242

Note :

1) Two branches:
Small BH (ry « £): unstable
Large BH (ry > ¢) : stable.

2) Horizon geometry can be
sphere (k = +1),
plane (k = 01),
or hyperbolic (k = —1).

3) For k = +1, (Schw. AdS BH)

T>T,= L2

'

- Hawking-Page Tr.



—InZ = IEuc = ﬁF 0.004 -
1 (d—l)(d—Z) Critical point
IEuc =@fddxw/—g[R+ 2 ] I
. 2611—2 fzrg—z—rg 0_003-_ E = —ilnz . iﬁp _ aIEuC
4G (d-1)ri+(d —3)¢2 ' Y ~ag" 0B
_ _ | _ (@-2)Tg (g )
Z[p] = J [dgl[dPmatter] € fbuc = e=PF 00021 N 167G =M
Small black hole S ﬁE I chl—zrd_z A
| SRR T 4 T 46
F  forT>T, two AdS4 BHs
large BH : stable orge plack o
\\small BH : unstable _
N 0-9%0.00 001 00z 003 o00s o005 |
3) For T < T . 0008 :
’ﬁh)ermal 454 “x\fMALLBH Phase Transitions are realized
“““\\\1__‘ as the geometrical transition.
(2) For To <T <Typ=—, "=~  Radiation
F >0 : BH evaporate into thermal AdS .
0 : T T 0.002;
(3) (2) THP (1) o001l Large BH
T LARGEBH (1) For T > Typ, F < 0 (large BH): T
thermal AdS tunnels into4H  __~—7 .
0.01 0.02 0.03 0.04 0.05 0.06 0.07




(d-1)(d-2) Note: Dimension (c=1)

3. RNAdS Black Holes 20 = —— e
Black Hole solution ZAOZL_{%‘E}_% [S] = ML;[6] = ——;
u ,ad-3 ¢* r? _ _ (1] = L9735 [£2] = L
fO) =k —om+ T mamt dst= —f(r) d? +f7I(r) dr? +r2dzi?
1
A= (—;rf_g + CD) dt (gauge choice) A(ry) =0 [q%] = L?(d—3)
_ ol _ yrra-3.
c= |23 and o =12 1 (Electric field) E(r) = [g?2] ML
d-2 crﬁ 3 (d 2) [GQZ]
= [q°]
. . . [9°]
Horizon f(ry) = 0 Horizon-Mass (u—ry) relation Mo v = +1 7
d-3 q? rh _3 , d-3 q* rit
u=rf" (k T P 2@=3) + {)_I; = k3 + D + 1;2
Extremal solution £(r,,) = d—f| =0
_ d-3 (d—2)rex 2 _exZTZQEd > (d— 1)Tex . k=+1
Hex = 2Tex (k t (d—3)422) exX — (d-3)2 ( +(d B)k)
. Note
Hawking Temperature 0> oy (k= +1)

1, 1 u q? r
Ty =_—f'(ry) = E((d —3) 2 (d —3)? 2as Tt 2—H>
k(d 3){2 2d—-6_(d—3)* 3) 2€2+(d l)TZd —4

1 ((@-3)k (d-3)* q*
_E( ry 2 2d5+(d_1) ) 4n€2r2d5




RNAdS : Thermodynamics

dM =

TdS + ®dQ

+1

1/T ,
1/T 14T
| — 0 1/Tc
12 > . 12 q < qcrl’t 12 q -
q =~ Ycrit —~ "
101 10 “‘xw// \ 10 /” 10
. /
8 \\ 8 . 8 |
1T \\\ 1T \ 1T “w‘
N\ AN |
6 6 ™ 61 |
\\ ((
4 4] 47\‘“
\“‘ \\\\\' 0
21 2+ 2,“\
|
‘ Y o 7 2 ‘ ‘ ‘ ‘ Y ‘ ‘ Yo
0 5 10 1{1 20 25 30 O 2 4 6 " 10 12 14 0 5 10 1r€l 20 25 30

002 004 006 o'k' 01,012 014 016
= y &

-50
~100
~150
~200

F

-250 -

—0.5

~—

0.02 0.04 206 0.08 “‘ 0.1 0.12
i

.

Note: Natural reference scale
(relative magnitude is it

|\
N

N\
q < Acric

Chamblin Emparan Johnson Myers 1999 PRD




Thermodynamics RN AdS BH

Euclidean Action

1 (d-1)(d-2) 1 —
Iy = var d%x \/—g [R + + —faM d*1x V—hXK- Iyypir

" 16mG P2 871G

Evaluate other thermodynamic quantities, such as energy, entropy, etc.

Q o Extremal
black holes
Extremal (unstable)
black holes critical
/ }/pnint /
O .

Non-extremal black holes

1/c .

Non-exiremal Non-extremal ‘“‘*--H_E
black holes | black holes ~_
(1) (3) S~
\ AdS I

@
>
Q)

mblin Emparan Johnsgh\Myg_rs 1999 PRD

AdS— | Tl T



RN GB-AdS BH



D. RNAdS in Einstein-Gauss-Bonnet R -G.cai, PRD (2002) Wei, Liu, PRD (2013) T Torii,H.Maeda (2005)

Action Note: Dimension (c=1)

1 d—1)(d—-2
SEGB-A = fddx V—9 [g (R + ( 22( ) + “GBRCZ;B)] +Smatter [d-3 5 5
| [S1=ML;[G] = ——; [£°] = L* = [agp];
d uv — M
Smatter = _47Tg2fd X \/_g F/,I,VF K = 8T[G, _ Ld—g. 27 LZ(d—B)
Note
o _ . Ansatz
AdS, limit @ — 0 : well defined at the action level. ds?= —f(r) dt? +f~1(r) dr? +r2ds?
Eqns of motion 232 Einstein mfld (codim.2)

(R;j = (d — 3)kh;;, curvature = k

1 o
Ry — fguvR +A gy = kT, — aggH,, = T;)* (Einstein Eq.)

( S T e St A i
H,,=2\RR,, — 2R, ,R", — 2R“PR +R R — =gk _ _
J7AY; J78Y; uat v wvapf U vapy 7 Iy GB Z,C(l 2 _ fdd Zx\/m
VoF*" =0  (Maxwell Eq.) dQz_, fork = +1 sphere
di={ S dx? for k =0 plane
dH5_, fork = —1 hyperspace

$d-2 = 2L 2 E)32: (d = 4)
%% = 8% 3§ =T? 32, = H?

Y1=2m; 2% =4m;, ¥3=2n"



RN GB AdS BH solution

Note: mass M & charge Q

16TG
fr)=k+= (1 F \/1 —4d|- o+ @3)_da . i]) H= azi
2 r £2 , 87TG 5
CI 2(d-3) q T z(d_z)n‘QZQ o
A(r) = -+ d|dt  c= — and ® == m(d-2)(d-3)(1-73
1) =~ @) ac L gomeneal
a=(d-3)(d—4)a
Note ( A Y EX)d=4=pu= ZGM = GQ
q =
2G
(Upper sign branch) (Lower sign branch) d=5=u= _M 1= 5
uo (@d-3) q* 1 a-0 uo (d-3) q* r2 | r?
f(r)—>k [ d-1 2 r2(d-2) _3_2] —k +rd—3 - -2(d-3) _£_2+E
a-0 po, (@d-3) q* | 7r? -0
— k- rd=3 + r2(d—3) +g_2 —®
= f(r) in RN AdS BH
Branch singularity v = 0; (u—rj;) relation
H=rp
4 d 1 d—3 T — T 2
o= (1- )i e o~ (k+ B) 72 [E3(1 )+ X

3 the branch singularity
-onlyforu < 0if Q =0,
-always if Q # 0.

r,Nasu
r, > 0as u— o

Kretschmann invariant

I = Ry, RHVPO = O((r—m,)"3)



Horizon f(ry) =0 R. -G. Cai, PRD (2002).

20k U (d-3)q* T1q
(1 +_H) \/1 T Th (Tg 3 2r2(d 3) fz)

_ [ P 40 (| (d-3)q? ﬁ)
d—3 {k + k> N (d-3) 2(qu_3) N ;—é} f(r)y=k+ - <1 + \/1 + — (rd-3 23 72 )

g 2

u(d 1) q>
' 5 2\ \ _ 5 +(d—3)(d-2)
(Upg)er sign + branch £1(r) :;<1 $\/1 "‘43( 5_3 (d23d)q r )> +[ = 3)]
rg — 2ak <0 x r2 \r 27r2(d=3) 42 b (d-3)q% 12
’ ’ \/1+ (d 3 2,2(d-3) {’2)

(Lower sign — branch) -1-
=+1 k=0

r5 — 2ak > 0,
Hawking Temperature T k=+1
1 . B L’
=—f'(ru) /— —1
= 417r <1j—%> {_(d - 3) z(d 3) + (d S)a_kz + (d — 3)k + (d - 1) } ry
AdS,; limit a&qg — 0 RN AdS BH @ - O

T, =
H 41tr

;<(d—3)k+(d—1);—§> TH_4T”,H{ (d_3)2 z(d 3)+(d 3)k+(d_1) }



RNAdS in Einstein-Gauss-Bonnet : Phases

¢ fr)=k+— (1+\/1——\/1+ f_l—rz("dz_z))

0.5k

0.4}

|

|
i
|
|

|

03F

-, 4a
Note : 0 — n(d-2)(@d-3)(1-35)

|
|
' q
I : |I 2Gx
|
|
|
|
|

0.1F

ool=—v v e Sy,
0.0 0.2 0.4 0.6 0.8

Wei & Liu, PRD (2013) mass

(d — 1?8 + 2mr24(d — 3) ((d2 —3d + 2)(kr? + k2a) — 2Ar§)

M = 4
8m2(d? — 4d + 3)ri*> d-2

Hawking Temperature
1, —Q?rS+2nrf ((d 2)k((d 3)ri+(d— S)Ra) 2Arf_})
TH_Ef (ru) = 32m2(d-2)ri* 2ka+13)

Near Extremal behavior etc.
|. Jeon, BHL, W. Lee, M. Mishra,
To appear in PRD




Guo,Ohta & Torii, Prog.Theor.Phys. (2008); (2009); (2010);
4, dEGB theory N BIaCk HOIES Maeda,Ohta Sasagawa, PRD(2009);(2011) Ohta Torii, PRD (2013).

1
Sapee = J d*x =g = (R — 20000 + F($)RZ5) +35 9" 9,03, — V() + L] BHL, W. Lee, D.

Equations of motion Rho, PRD (2019)
Ry — %Rgm, = Ky =k (Tu?/ + THGVB) T’ = 4 (V“v"f(q))) R = 49,y (V*f (®))R

8 (V,V,.f (®)) R — 8(V,Vuf (@) R +B(V2f(®))Ry

+89,y (VpVof (@) RP = 8(VPVOF (@) Ryvpo

1 —
= Oulv=g 9" 0, ®] = aye YPIRE

Note :

1) For @ = 0 (or y = 0), DEGB theory becomes the Einstein theory.

2) a scaling :The a could be absorbed by the r — r/y/a. Sign of o is important
3) We may treat the Gauss-Bonnet term as “matter” which is a source of the metric.
4) The effect of the G-B term is expected stronger for smaller r region, and negligible as r —» o

0 . —

A1)

New Properties of the Black Holes ol Y ] e w
1) Scalar Hair -BH hairN as M /7 (o> QY / (a<0)

- All DEGB BHs have hairs, A
- If ® = 0, e.o.m. impose R%; = 0. NEIR If BH hor r, 7,

|scalar hair| \

.
-osf |
|

- (consistent with the no hair theorem). o " e
- Hair Charge is dependent : 2"ary charge. T

(b) ¢(r) vs. 7



Sollton Star’? Black Holes

2) Minimum Mass
BH mass M = M,;;», 2M

— y=0.5
— y=1.0 I
— y=1.5 -
— y=2.0 T

“relatively more attractive” «

2M 7:.’1
o =
127 u | . " "
i repulsive e -
' .
1.5} ok
[ Mpin 7 then N asy 7 a>0)
Nily ! 4t '
| (Max. of Mpin at Y=Ymdy) | Mpmin 7 asy 7
. . . . . i . . . ) .V ' : P . . . . . — oy
s s s Y o5 10 15 20 25 30 I ST

GB term — makes gravity “less attractive” (for o >0 ) (making the black hole “smaller”y il

The BH properties strongly depends on the sign of a. Q: minimum mass — New Phase?



With Cosmological Constant :

. R + 2Ae®™)
S = jdx V=g

e — Ew‘cpvucl) + f(cp)R%;B>

Negative cosmo const w/ G-B

Remind:

y+A1 =0 A=

Sxoy
Example 1: y = -1 (withy+A =0, A =

6]

-3/8ka= - 0.375)

— — &) g

— k7 gnl®

BHL, H. Lee, W. Lee, in prepation
S. KHIMPHUN, BHL, W. LEE PRD(2016)

f(@) = aer®®
e_()/+)l)q)oo —_— d)(r) = @, (Constant)

rvs.2M




2M
1000 —

Example 2: Varing y, (while keeping y+A = 0, A = -3/8kq) e
) ?
~ ~2 10 100 1000 10 10
rvs.Krg,, N ——
y 0.3f
Fvs.® 8 = 0.2

20 25 30 35

|| 00h o o v v v
””” 0 1 2 3 4

r vs.R%B

Ll
<

2 150 '
Example 3: y+A # 0 (with A = Bziy V*A =0 @ Divergei 122 M
Example 4: y = -1, y+A = 0, varying A\ # -3/8ka m @ Diver
-50
1000 .\

Note: BH sol w/ finte &, for +tive c.c. is har to get.



Negative cosmological constant with Gauss-Bonnet term : Phases

S. KHIMPHUN, BHL, W. LEE PRD(2016)
¢=1.0vy=1/2, A=-1/2, k=1

e . . . 000F T ] . .
< There exists the minimum mass of
0 po 00y i a black hole.
2 S
'S 1.0} 5 —0.10¢ 1
< 05 ﬁ I =015} i If the black hole horizon r;, becomes
T ool omob ] larger, the magnitude of the scalar hair
70 20 40 60 80 0 1020 30 40 50 60 phecomes smaller
r r
r, = 4.09, 8.1, 12.2, and 15, respectively
v=1/2, -A=1/2, k=1
04F T L 200 ¢ ,
S T R~ } 5ok a = 0 for the dashed line
0.3 015} j ] 0ol @ = 0.005 for the blue ling,
: 0.13} - ! : a = 0.4 for the red line,
EE 02 0.12 @) 50

20 25 3.0 35

a = 0.8 for the green ling,
@ = 1.0 for the black line

0.0:1 ................... T —100 i




(In)stability of the DEGB Blackholes under fragmentation B.Gwak&BHL, PRD (2015).
B.Gwak, BHL, D. Rho, PL.B (2016)

A) Merging EZE%'»’“*-» W/ '“wwwv\wtw

B) fragmentationf‘ + Gravitational Wave L= GW1

0.5k | -
? Ob d ' -1.0 P revaraal relary | Bl e |
AT e Coprthen) i
serveda: = S
= = L . L "

Fragmentation instability is based on the entropy

preference between the solutions. :
Emparan and Myers, JHEP 0309, 025 (2003). 03 o3 Todn o5 o 03 odo o043 '

| el 1

0.5 T T y i
02 fﬂlw,.nlfww«ﬁw\#wm it A s

entropy of 1 BH < entropy of 2 fragmented BHs — (transition to) instability

B) Fragmentation Process : one BHs — two BH ?

Schwarzschild BHs are always stable under the fragmentation, is marginally stable
under the fragmentation of shooting off the infinitesimal mass BH .

Sf _ _Mi+Mi (67‘h)2+((1 ~8)rn)? _ = 524 (1-6)2<1

Si (M1+M2)2 T'h

(equality only if § - 0) )

These phenomena could happen in the theory with the higher order of curvature term with
appropriate parameters.



Fragmentation Instability for DEGB Black Holes The phase diagrams iny & M

DEGB black hole with mass M decaying into  —— (1/2 ,1/2) — ((11//j '13//31))

two daughter BHs with mass fraction (1-6,6). —— (51 - §) (1/10 , 9/10)
, ’)721/‘2 ) Af:‘l/G (611_6)
18k 1.8+ 2

Stable (Entropy) 1al Stable (Entropy)
161 : 1.8¢
1al 14F Unstable (Entropy) G
' 1.6
12¢ Stable (Mass) L ler cal
ol 1t 2M Stable (Mass) :
0.8 0.8F E1.2* ,H
06 0.6 QM B 1 /
04r No DEGR black hole solution | 04r No DEGB black hole solution 0811 Ungtable (Entropy) Stable (Mass)
0.2 1 0.2 | 0.6
0

K
0O 0.61 0.62 0.63 0.64 0.65 O.bG 0.67 0.08 0 0.05 0.1 0.15 0.2 0.25 0.3 0.4 i
[0 (0
(a) (b) 0.2 No DEGB black hole solution -
Note : | | | |

0
0.05 0.1 0.15 0.2 0.25

1) It cannot decay into black holes with mass smaller than the ¢? ' Ty
minimum mass Mpin. Hence, 6, <8 <1/2, &,= Mmn/ . For 6=1/4, the regions are as follows
the stable (mass) : region ICK

2) The BHs with M < 2M,,,;,, are absolutely stable.

, the unstable (mass) : region ECD
The black hole can be fragmented only when its mass exceeds

twice of minimum mass.



lll. dEGB Cosmology



lll. Dilaton-Einstein-Gauss-Bonnet (dEGB) Cosmology 2 Piswas A fan BHL H. Lee, W Lee,

S. Scopel, Velasco-Sevilla, L. Yin
Action JCAPOS (2023) 023

Biswas, Kar, BHL,H.Lee, W.Lee, Scopel,

S = [ d%x [—g R + R2. — Zg*vo do.d —V + L Velasco-Sevilla, L. Yin JCAP (2024)
dEGB f [ f(('b) ¢B g ¢ v® (¢) m] S. Koh, BHL, Tumurtushaa

PRD98 (2018) 10, 103511

Rz = R,y oo R*VP? — 4R, R*Y + R? Gauss-Bonnet term

Hvpa 1 " S. Koh, BHL, W. Lee, Tumurtushaa
Lo = Ly +Lepy = —A = Lrag K = 816, [K] = % PRD90 (2014) no.6, 063527
Note: S. Koh, BHL, Tumurtushaa PRD 95 (2017)
1) If f(¢p) = constand ¢ = const, the theory is reduced to ACDM., ( dEGB No B! ) > ACDM)
— 0) ay=0
ay = 0, qu(TBBN)_O (e = 0) ) No Dilaton (¢()=0) }
S=[d*x\—g R + L., KA] Lo = Lrga Yomart T Lcom
— i i dEGB > Quintessence
2) If f(¢) = const, the theory is reduced to a quintessence model. No GB(ay=0) Q )
ay =0, pp(Tppy) #0 (€ # 0)| Dilaton (¢(¢))
1 1 . . S
S = Jd4x\/__g[ﬂ R _Eguvauqbavqb —V(p)+ L, Application: 1) Inflation in DEGB

2) Reconstruction of Infl V(¢)
3) Primor GWs & RH param

4) WIMPs

5) New Phase & GWs,
etc.

Note:
dEGB Model (Generic) | @y # 0, py(Tggn) # 0 (€ + 0)

The spatially flat Friedmann-Lema”itre-Robertson-Walker (FLRW) metric,
ds? = —dt* + a?(t)6;;dx'dx’
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the continuity equation

The Einstein and scalar Egs. , ,
2o E( ¥ o) pr+3H(p;+p) =p+3HA +wpp; =0
= 3\P{g+aB} T Pm @ hubble P acceleration— «— deceleration
_ k(142 _oafp3 _k = - Hubble Parameter wi -1 _ —1/3 0 +- +1
- 3 (2 ¢ 24fH + pm) - 3pt0t W ap] (E f : I) / 0 .3 () 0
: K ; = — (Eg. O —n-3Q+w) 0. ,-1.,-2 -3 ~—4 -5 _—6
H=_°= n + (o) + 1) Y pr~a’, a’ - ata“aa*a a
2 [(p{¢+GB} p{¢+GB}) Pm Pm ] state parameter) a(t)~t3(1+w)too~ th tZ/l tZ/Z t2/3 t2/4 t2/5 t2/6

: F1y2 )
— _g [¢2 + 8% _ 8fH3 + (pm + Pm)] H~a_3(1+W)/2 a®- a~1/2472/24-3/24=4/2,-5/24-6/2

_ Acceleration (deceleration) of a
= — g (Prot + Prot) = — gptot(l + Weot) Ny ( )

H+H?= == —E[(P{¢+GB} + 3pipreny) T (Pm + 3pm)]

$+3HP+V'(p)+Vig=0 a )
where: V., = —f'R%, = _gptot(l + 3Wtot):_§H2(1 +3weo) = —H%q
= —24f'H2(2H + H?) = 24aye’?qH* q= —% = %(1 + 3wy,:) Deceleration parameter
_ T 4 !
Prad _1 3. zpmd =30 9T Bdry Conditions (constraints) at BBN for ¢, ¢, a, a
Py =35 = Iz;;b V() = 03) o dpey = 0 (shift of pggy © a-scaling) (Teggy = 1 MeV)
peg = —24fH> = —24f'H> = —24aye??¢pH _o _ P¢(TeBN)
Pep = 8(f”¢2 +f’¢)H2 + 16f’¢H(H + HZ) n <3x10 | from Neff < 299 + 017,77 = ptot(TBB.N)
_ 8d(];,;,z) + 16K = 8d(];’;’2) —%pcs (choose ¢y = 0: (sign change sym of ’E)oth by &V )
Hpgy: from 8\/6xnf'(0)Hgpy + (1 — n)Higy + gPrad(TBBN) =0

Note:
1) pes PeB W¢ Pip+681& Pip+cpy: NOT necessarily positive.

2) We treat the Gauss-Bonnet term (as well as a scalar) some "matters”.
3) The effect of the G-B term is expected to be stronger for earlier universe.

Goal : Constrain
the dEGB gravity
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WIMPs in DEGB cosmology

A. Biswas, A. Kar, BHL, H. Lee, W. Lee, S. Scopel|, Y v 1
L. Velasco-Sevilla, L. Yin JCAPOS8 (2023) 023

WIMP

SDEGB = fd4x\/_[—R + f(P)RE5 — _guva b, — V(p) + Lrad _|_LWIMP]

1
i thermal equil Decoupled, freezing
51 (OV)»
o 10
= [ freeze-out
I m TA = My /20 (OV)1 > (OV)>
> T O— r
10_10: I'>H '~ H I'<H ]
[ | If <ov>f\, then l F—nX<O'U>I
WIMP relic density Meg WIMP annihilati
2
15| Qyh” 7 1 rate to SM partlll
10 Y

104 102 1

X=m, /[T
Thermal relic line (window)

< oV >relic=< ov >f

for QX(WIMP) — QDM = 012/h2

asafn ome

10° 10*  10°

'WIMP relic den5|t§|r f(P) = ae¥® y(p) =0

" Leane et. al.,
 PRD 98 (2018)

102

my [GeV]
Indirect detection bounds

Nonobservation of the WIMP

(ov) [cm3/s]

annihilation in the Galaxy today w an

upper bound < gv >ip on < oV >4y

=
o
5 c D
2 > S &
8 S 38
) e o
8 5 o
o > 3
= | 9 q <
WIMP scattering
(Direct Search)
10_225 T ™
- Quwivp = Qpw ]
10-3-AMS et orp .
- Fermi LAT: y
107> = Planck data :
10—25 ;_
10—26 - .
: Overabundance :
[ ACDM Model ]
10—27 vl . : el
0. 1 1 10 102 103 104 10°
my [GeV]

The favoured parameters of dEGB
cosmology are those satisfying
< oV >gal/< ov >IDS 1



. . Yagi, (2012) Perkins,Nair,Silva,Yunes(2021),
the constraints from the GW signals Nair, Perkins, Silva, Yunes, (2019) Lyu, Jiang, Yagi, PRD (2022)
from BH-BH and BH-NS merger events

= The favoured parameters of dEGB
cosmology by WIMP indirect
detection are those satisfying

o ¢ freezes at T, K Tgpy to a bgrvalue ¢(T;), while near a BH or
a NS, distorted ¢ can modify the GW signal in a merger event.

 The LIGO-Virgo data for constraints aGé < 0(2 km) or aG/Z < 1.18 km < ov >gal/< ov >;ps 1 0
LMXB GW (BBH) GW (NSBH) = White regions ( ~Z>relic <, 1
01-02 01-03 GW200115 combined 8 ( <ov>[p ) -
a2 [km] 1.9 5.6 1.7, 1.33 1.18 are disfavoured by WIMP
indirect detection. - -3
* Other Bounds do not provide competitive constraints
my = 1000 GeV,  pp(Tasn) = 0 m = 1ooneev Ps(Teen) = 10~ pE
10— Coo 10 ' e — - —3
The dEGB constraints from compact binary mergers s j R
I (p(T))| < V8mald™ with ™ = (1.18)%km? °f \ | _4
4F 7
7
e If¢p (Tggy) = 0, then [ay| < V/8mali¥* 2 “ -
¢BBN -0
e Ife (Tggy) # 0, then [aye "Heen | < V8mal¥* f N
4 \ .
_6E \
Hatched areas of the @-y plane are disallowed _sF ‘*“
by the constraints of GWs in BBH merge -10 :

-10 -8 -6 -4 -2 0
@ (km?)

2

- rira

LOglpc['k(qV)relicf{UV}lD]

—— Zaver -
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Biswas, Kar, BHL, H.Lee, W.Lee,

NeW PhaseS S.Scopel, L.Velasco-Sevilla, LYin ~ acceleration— «— deceleration
N JCAP 09 (2024) 007 wp —1 —-1/3 0 +— +1 //3
P PGB+¢ —.—‘—. (0 ‘ @ ©o o
_ 142 = ag/a(t) pr~az> 3(1+w,) a®-ala2aqg3a*a’ qgb q 10
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TG00 a0 e e R
<—GB—>| «— Rad —>:|<—I\/Iatt—>:|<—DE—> 8 = l35
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Kination Phase (w = 1) ’ 10
] -1 < quS +1 -4 .
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3) May affect observation -Ex) GWs ~ numbers of w;? -8 . 1R
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Equivalent system of autonomous eqns

r

acceleration— «— deceleration

we —1 1/3 0+ +1 7/3
I- . 3
—o—o—.
Define the foIIowm2g variables Note: 430 g0 e o o o . ® _‘10
_Pp _K(9 2indepd.oof. (x+y+z=1) P1~ a’-a"la? a3 a*a’ a a
 prad  Kgem? T4 KH’\'a—S(HW)/Z a0 q=1/24-2/2 =312 g=4/2 ;~5/2 4—6/2 a—10/2)
Y =","T "9 nz x>0 y>0 —oo<z<
_ PGB 8KfH 8K qu NEW PHASEs— | «<—Rad Dom— | «— Matt — | «— A(DE) —
Z=—=— = — .
P , d _1d
the e.o.ms can then be reexpressed. ('= Tina  Hdt ) N .T: .mg c?ev, ‘.G*“{T““}:.?’X.m_zfjﬂﬂ”.
x' =2x(£+e—,u\/§)=2(e—3)x+(e—1)z N | Note:
: ’ 2
y ZZ(E_Z)y 6 wt0t=1 Wt0t=1 - _W:_E_l
z'=B—ez=6x+4y+ (1 +¢€)z— 2¢ 3
‘r r=vV6) |y¥=V6=~2.45] ||
where 3 . gllote: Egns
- s 0 B - 723w
DA A [l R oo || deserdon
Writing in terms of 2 indep. variables x and z, 5 1l sgn(@) &y
x' =2le(x,z) —3]x+ |e(x,z) — 1]z = F(x, z) + W, = 1 1 (indep. of |&]).
z'=2x+|e(x,z) —3]z+ 2[]2 —€e(x,2) ] =G(x,z) ~° &y < ) 7 HBiswas, Kar BHL
where €(x, z) is explicitly given by = B | Lee, Lee, Scopel,
e R Yin arXiv

4x24+8x+22+26 sign(a)|y||z|x3/2 -10

4x—4xZ+72
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J. Ghiglieri and M. Laine, JCAP (2015), [1504.02569].

Constraints from Gravitational Waves Ghiglieri, Jackson, Laine, Zhu, JHEP (2020), [2004,11392]

- Any plasma of relativistic particles in thermal equilibrium emits a stochastic GW background (SGWB)
- SGWB : potential probe of Cosmological models before BBN. Ex) the Standard Model : peak around 80 GHz
(Present detectors are only sensitive to few Hertz, some proposals exist to extend to the GHz range.

Energy liberated into GW radiation, , n(k, T):the shear viscosity of the plasma
12 o dpew(Ty)  ,” | The BBN bound: o | Tewco=160Gev  k=k/T
‘QGW(fI TO) - ] (T ) dlnf .Q(f To)hz < 13 X 10 6
fcrlt 0 4 h =H,/(100km/s/Mpc) T, =2.7K
_ Qyoh A J e dT( g+o ) Tzk(f T)3 77( ),B(T) f: freq. measured today; A = 30\/§/n4,
Mpy, TEWCO (T) \/,D( ) 0y o =247 X 10™5 photon density (now)
- gos( [P2mf o _ 1 [ 0 (T I 9+s(To) = 3.91, gus(Tewco) = 106.75
k(f,T) = [g*S(TO) To f= 21 | 9«s(TEwco) (TEWCO) weo Jwo =2 pf= (1 + %ddl? g;s)
n

Note - n(k,T) peak at kpeqr = 3.92 (at production) or f,eqr = 74GHz (today)

- Baw \T/—; (< T,ACDM)  asizeable GWs produced when rad is the dominant comp of p;,¢

dlnf

- UV-dominated, by GWs emitted at high T. Ex) non—standard cosmol: If no rad dom at T > T4 max
Ex) ACDM : rad. Dom. for all T,,,0x> Tewco. - SGWB is dominated by the GWs produced at T44 max,
- ng/ IS a monotonlcallly6 growing fn of Ty - increasing Tyax beyond Tyrqq max, has no effects,

- Q7 at Tax = Try(10°°GeV) < the BBN bound detection are worse than in standard Cosmology.
Radiation Domimance
T. py Tewco Trnax ?? — |« Rad Dom _T
ma"*‘T 105Gy - ¢ @ Ewco

radmax



the dEGB scenario-GW bounds @& =—-1km? Tgy = Ty, = 1 X 108GeV

For slow roll (w = -1/3), strong enhancement . O o 311 R A 3 A PR
Praq dominate, and pg, o T2 - "
Slower dilution rate than ACDM. Hence, —
. =
dQcy/dIna « T3/ /p < T?during GW prod. S y=1
This strongly enhances the GW expected signal S ol 0 s o
oY P ; o oCOEREUCUD) |
Com ared tO the Sta nda rd Case 1 _ O = 10 e ""-‘ ------- EM Resonant Detector Extrapolation 1
p 2 107254 v Em Ezz:z:t gzizz: Extrapolation 10751 — 6B Ty =1x 10° GeV ! 11
QGW (fpeak)h >> (ACDM)- | GB Trmr =1 x 10° GeV 1011 10 GB Tiar =4 x 10" GeV 10
9 16 0 e P T TR T 107 108 (i TR
Put bounds on Ty = 107 GeV K 10*° GeV frequency [H] fequency [z
(by imposing the GW peak not exceeding the BBN upper limit) -
P 18111 0 0 B A8 SRR ORI A
Shaded areas excluded by the observed GW from binary mergers. | | | "~ X\ | |
a@ = —1km? "
1016 10134
= the bounds % g il ¥ =5 rf'll
< * disappear e mR L - ,. S Jhiiing
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- a metastable slow-roll regime (& > 0,y < 0)
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The system follows the z axis with w =

-1/3 before jumping to the attractor,
-an enhancement of the GW signal,

As |y| >0 detaches “later” from the z<0
axis,and the metastable slow-roll lasts longer.

GW signal is way below the BBN bounds.
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GW with high frequency - Future Observation

Characteristic Strain
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[V.Summary

Modified Gravity beyond Einstein needed?

Theoretical Aspect
- an effective theory below UV cut-off, Mp;~10°GeV
- Holography

Observational Aspect - H, tension, Cosmological Birefringence etc.

Modification of GR - needs to introduce additional d.o.f.
Want understand the modified gravity with the G-B term.

In dim>4, consider the AdS Gravity with Gauss-Bonnet term (allows 2" order e.0.m.)

1
SEGB—A = f ddx \/__g lﬂ (R —2A + aRéB) + Lmatt

_@-1@d-2)

B 242
x =8nG, g = detg,,

Briefly introduced the black hole thermodynamics, and phases:
- Schwarzschild BH - AdS Schwarzchild BH, - RN AdS BH, - AdS GB Black Holes

- charged GB AdS BH, etc.



[V.Summary (continued)

In dim=4 the Dilaton-Einstein-Gauss-Bonnet (dEGB) Gravity (belongs to Horndeski theory)

1 o1
SdEGB = j d*x \/__g[ﬂR + f(¢)RGB — Eg“"aucpavqb — V(¢) + Lm] f(¢) — qeV?

dEGB Black Holes

Scalar Hair
- All DEGB BHs have hairs.

- Hair Charge is 2"ary charge. -«

Minimum Mass
BH mass M > M,,;,,

[Soliton Star? BHs J
B - i

M=0 Mmin — O

Fragmentation instability of BHs:

. 06} L ] ZSM ZM
Merging 4 § Fragmentation ' % Mattractive” \
+ [ 1 . n
GWs od . For some parameter range, the dEGB BH can 5)/ repulsive
6 1-6 be unstable under fragmentation, even if Tk 1 ¥

Observed! ?  these phases are stable under perturbation.



IV. Summary (continued)
dEGB Cosmology

my = 1000 GeV, py(Teen) =0
10 T T T T 7

White regions in the
figures are disfavored

- WIMPs indirect detection put some constraints by WIMP indirect
- Bounds from GWs of BH-BH & BH-NS mergers
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The WIMP indirect detection bounds are
complementary to late-time BBH merger constraints.

Hatched areas
are disallowed

- New Phases exists at high enough temperature

by the BBHs

NEW PHASEs— | <—Rad Dom— | «— Matt — | «— A(DE) —

e the regions w = -1/3 imply a strong

enhancement of the expected GWSG

produced by the primordial plasma of
relativistic particles.

e This allows to put bounds on
TRH = 108 - 109 GeV << 1016 GeV
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Thank you!
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