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L Goal

=
= We search for signatures of torsional
modified gravity in late- and early-time
cosmological observations

B

= The advancing gravitational wave multi-
messenger astronomy opens a Nnew era
towards investigating gravity.
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L Gravity and Cosmology

. A successful cosmological model must:

1) Describe the evolution of the universe at the background level

2) Describe the evolution of the universe at the perturbation level

= /ACDM paradigm seems to succeed in both, at post-inflationary eras

s Open issues:

= 1) The cosmological-constant problem. Calculation of A gives a
number 120 orders of magnitude larger than observed.

Worst error in the histery-ofphystes, history-of-setenee, history

2) How to describe primordial universe (inflation)
3) Tensions with some data sets, e.g. HO and fo8 data

General Relativity is not renormalizable/quantizable
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Modified Gravity
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5 L [Torsional Gravity

=
= Einstein 1916: General Relativity:

energy-momentum source of spacetime Curvature
Levi-Civita connection: Zero Torsion

= Einstein 1928: Teleparallel Equivalent of GR:
Weitzenbock connection: Zero Curvature

[Cai, Capozziello, De Laurentis, Saridakis, Rept.Prog.Phys. 79]
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» L g Teleparallel Equivalent of General Relativity (TEGR)
|

- Let’s start from the simplest tosion-based gravity formulation,
namely TEGR:

= Vierbeins e : four linearly independent fields in the tangent space
9., (X) =17, €,(X) €7 (X)

s Use curvature-lesg Weit;enpéck connection instead of torsion-less
Levi-Civita one: Tw = €x0,8

= Jorsion tensor:
A _ MW} AW} _ A4 A A inctei . i
TW — l"vﬂ — Fﬂv =€) (aﬂev — @Veﬂ) [Einstein 1928], [Pereira: Introduction to TG]
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b L g Teleparallel Equivalent of General Relativity (TEGR)
|

= Let’s start from the simplest tosion-based gravity formulation,
namely TEGR:

= Vierbeins e : four linearly independent fields in the tangent space

A B
gyv(x) = 77AB e,u(x) ev (X)
s Use curvature-less Weitzenbock connection instead of torsion-less
; . WY A A
L evi-Civita one: T =~ =€a0.8
m |orsion tensor:
A _ 7MW} MW A A A
TW _FW —FW _eA(aﬂeV —6veﬂ)

= Lagrangian (imposing coordinate, Lorentz, parity invariance, and up to 2"d order
in torsion tensor)

1 1 = Completely equivalent with
L=T==T"T_ +=T*T —T/T™ .
4 P o wo T pu GR at the level of equations
[Einstein 1928], [Hayaski,Shirafuji PRD 19], [Pereira: Introduction to TG] 7
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b L |f(T) Gravity and f(T) Cosmology

_
.‘f(T) Gravity: Simplest torsion-based modified gravity

= Generalize T to f(T) (inspired by f(R))

1
162G

= Equations of motion:

S:

J' d%x e [T + f (T)]+ S, [Ferraro, Fiorini PRD 78], [Bengochea, Ferraro PRD 79]
[Linder PRD 82]

_ 1. v
e0,(eedS” N1+ ;) —efT4S™ +e£Sa,(T) fry — S el + f ()] =47GeT, ™0
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b L |f(T) Gravity and f(T) Cosmology

_
.‘f(T) Gravity: Simplest torsion-based modified gravity

= Generalize T to f(T) (inspired by f(R))

1
162G

= Equations of motion:

S:

J' d%x e [T + f (T)]+ S, [Ferraro, Fiorini PRD 78], [Bengochea, Ferraro PRD 79]
[Linder PRD 82]

€70, (eehSy YL+ £ )—eiT Sy +e4510, (T) e — S &SI + £ (T)] —47GELT ™
= f(T) Cosmology: Apply in FRW geometry:
el = diag (1.a.a.a) = ds’ =dt’ - a’(t)s,dc dx’ (notuniquechoice)

= Friedmann equations:

HZ:BZGPm—fg)—ZfTHZ = Find easily
T = —6H?
472G (Pm + P)

o 2
1+ f, —12H2f 9
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h L If(T) Cosmology: Background

-Effective Dark Energy sector:

_ 3 |_fT. T
pDE_87Z6|: 6 3 T:l

f —Tf, +2T2f,,
[+ f, + 2T J[f — 2Tf ]

[Linder PRD 82]
Wpe =

= Interesting cosmological behavior: Acceleration, Inflation etc

10
E.N.Saridakis — Thessaloniki, June 2022



b L |Non-minimally coupled scalar-torsion theory
1
= In curvature-based gravity, apart from R+ f(R) one can use R+ &Re"2
= Let’s do the same in torsion-based gravity:

T 1
S = J.d xe [2,(2 ts (a;ﬂ”aﬂgo +ETp?)—V (@) + Lm:| [Geng, Lee, Saridakis, Wu PLB 704]
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L

L |Non-minimally coupled scalar-torsion theory

1
In curvature-based gravity, apart from R+ f(R) one can use R+ &Rp"2
Let’s do the same in torsion-based gravity:

B 4 T 1 2
S = j' d'x e [ >+ E(aﬂcoﬁﬂco +STo )—V (P) + Ly [Geng, Lee, Saridakis, Wu PLB 704]

Friedmann equations in FRW universe:

2
H? :%(pm"‘pDE)

H Z—%Z(Pm+pm+,0DE+pDE) ¢2 o
with effective Dark Energy sector: #pe = 7+V((p) —3H%p

. 2

Poe = % —V (@) +4H g+ E(BH? + 2H Jp?

Different than non-minimal quintessence! [Geng, Lee, Saridakis,Wu PLB 704]

(no conformal transformation in the present case) [Hohmann, Pfeifer, PRD 98]
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L Teleparallel Equivalent of Gauss-Bonnet and f(T,T_G) gravity
i
- e
= In curvature-based gravity, one can use higher-order invariants like
the Gauss-Bonnet one G=R*-4R R*" +R,  R“"*

UVKA

= Let's do the same in torsion-based gravity:
= Similar to eR=-eT +2(T*), we construct eG =eT, +totdiverg With
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L Teleparallel Equivalent of Gauss-Bonnet and f(T,T_G) gravity

_
- =E |
= In curvature-based gravity, one can use higher-order invariants like
the Gauss-Bonnet one G =R*-4R, R*"+R,, R*“*

= Let's do the same in torsion-based gravity:
= Similar to eR=-eT+2(eT*), we construct eG =eT, +totdiverg with

Y7

T, = (Ko KKK — 2KEKGK K[ + 2K KK K], + K2 KK K], )

= f(T,T;) gravity:
1
2K°

[Kofinas, Saridakis, PRD 90a]
jd ‘% e {T + f (T , TG)}+ Sm [Kofinas, Saridakis, PRD 90b]
[Kofinas, Leon, Saridakis, CQG 31]

S —

= Different from f(R,G) and f(T) gravities
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Teleparallel Equivalent of Gauss-Bonnet and f(T,T_G) gravity

=1
o ?)smological application:

lz[f —12H*f; _TGfTG+24H3fTG] T =6H?

PpE = —
2K )
X , T = 24H%(H + H?)
Poc :g[f —4(H +3H2)f, —4Hf —T_ +o=Tofr +8H2fTG:|
0.8-
Q ]
/./ 0.6 1 - @™
s ] ---=
s 0.4 - Qpe
./ ] -~
021, : : : .
0.0 0.2 0.4 0.6 0.8
0.6
L -0.8—-
a | e
= 10
' a2l : . - -
200 0.0 0.2 04 _ 086 0.8

f(T,To) =T’ +a,T Ty (T, To) = BT +fTe

[Kofinas, Saridakis, PRD 90a]
[Kofinas, Saridakis, PRD 90b]

[Kofinas, Leon, Saridakis, CQG 31] 15
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-

il Torsional Gravity with higher derivatives
e

S =

1 4 2 A
ﬁjd xe F(T,(VT)%,0T )+S, (e, ¥,)
- - = - o R
U_
z
\
\ T
\ |
| ‘-—"I. B ! 0
0 1 2 3 4 6 7
Log1o(1+42)

[Otalora, Saridakis, PRD 94]
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B 3l Torsional Modified Gravity
|

o
f(T,B,Te, Be:, T)
f=f(-T+B,~Ta+ Be) f=f(T.B,T) f = J(T,Te)
f(R.G) HT.B.T) F(T.T¢)
f=f(-T+B.T) f =117
f= 1R FRT) I=f(T,B) J(.T) f= 1)
/= 1(R) {=/0
I(R) [=1e+ 0 /(T B) f=1& /(D)
f=1

GR & TEGR

[Bahamobde, Bohmer, EPIC 76]
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B L i Metric-Affine Modified Gravity
=l |

Riemann
Lo
Riemann-Cartan Sf“" =0, torsion free
A
Q‘,pvzll T ,w=0 'I\A“v =()
Minkowski
5% k! symmetric
Weitzenback
v teleparallel
Q =), e
'lhf:”v 0 R7 =0,
Ppav= *,}’11 2t =0
teleparallel
R 00 =0

FIG. 1. Subclasses of metric-affine geometry, depending on
the properties of connection,

E.N.Saridakis — Thessaloniki, June 2022



A L gGrowth-index constraints on f(T) gravity

. i ) Y = : d Ing,
= Perturbations: o +2Ho, =47G4 p0, | clustering growth rate: =)
. 1
= V(2): Growth index. Ges "Lt

19
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gGrowth-index constraints on f(T) gravity
L |

—

. : - . ding,
= Perturbations: % +2Ho, =464 pdn | clustering growth rate:  —— — =9
1
. : G.=-—— -
= Y(2): Growth index. G =17 M)
] - A+Tg : ‘ R T o B
1 | A ; 3 {1 |- A+
3 1 - S+ ' ' T - -~ H+Ta
0.3f | i |— Acbm F — ACDM
B s 0;4 - e 50 0.2 04 0.6 o8
= Viable f(T) models are practically indistinguishablé from ACDM.
[Nesseris, Basilakos, Saridakis, Perivolaropoulos, PRD 88] [Nunes, Pan, Saridakis, JCAIE.hfSS%Er%akiS hessalon I%()June 2022
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I'r Observational Constraints on f(T) gravity

[Nunes, Pan, Saridakis, JCAPOS8]
[Nunes, Bonilla, Pan, Saridakis, EPJC77]
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[Anagnostopoulos, Basilakos, Nesseriss, Saridakis JCAPO8]

[Anagnostopoulos, Basilakos, Saridakis PRD 100]
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b gBaryogenesis and BBN constraints on f(T) gravity
=E

1
= Baryon-anti-baryon asymmetry through CP violating term: Wfd4x elo, £ (Tl

25%10710F
2.x10719"

1.5x10710

ngfs

1.x107100 "~

5.x10711 -

b T [Oikonomou, Saridakis, PRD 94]
4.70 4.75 4.80 4.85 4.90 4.95 5.00

= BBN constraints: 9Tr _ por _Hee

5T {7

0.0012

0.0010 |- 7 =6 x 104GeV

0.0008 - Omo = 0.25

0.0006 7 i . . . .
T [Capozziello, Lambiase, Saridakis, EPIC77]
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=

L gGalaxy-Galaxy lensing constraints on f(T) gravity
=il W

A3 [Mopc?]

102

1015

10°

107!

1072

102

10!

10°

1071

1072

107
—— NFW-Fit

10 — NFW-Qq

CM-Fit

100‘ - CM_QQ
----+ Off Center-Fit

101 Off Center-Qg
—— data

1072

107! 10?

R[Mpc]

f(T) = =T — 2A/M% + oT"

[Chen. Luo, Cai, Saridakis, PRD 102]

E.N.Saridakis — Thessaloniki, June 2022



b L g Inflation in f(T) and torsional gravity
ol

mng)

|GNM DC|—"I“-'-~~._Il

| GNMDEC+NME ///
£=1500

0.855 0.960 0.865

= How can we distinguish between

© | Planck 2013
I Pianck 2015 TT+lowP
B Pianck 2015 TT,TE,EE +owP
— n=1, A=1
=== n=1, A=2
..... n=1, A=4
""" n=1, A=8
— =2, A=1
weew N=2, A=2
- n=2, A=4
- n=2,A=8

0.94 0.96 0.98 1

modified gravity theories?
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L . Gravitational waves
= .

Modified gravity roadmap Constrained by

L

'gf:\?ii:; , GW dispersion
General e =i s [ ] GW damping
Relativity ot |:| GW oscillations
Unique theory ravity

of massless g,

Additional
Field

Break
Assumptions

S

[Ezquiaga, Zumalacarregui PRL 119]
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=

L 2 Gravitational waves

For tensor perturbations:

gl]{}:_l;. gﬂi'-:[]z

. 1
9ij = ﬂz(ﬁij + hij + Ehikhkj)

. : k
hij + (3 + I'IM)hij + (1 -+ ﬂT)Ehfij

.4

0

X\

_ dlog(M7)
— dloga

c; = (1+ar)

—3 [vHdy ik [(ap+a*m?/k*)2dy

N e’ \
Affects amplitude

[Ezquiaga, Zumalacarregui PRL 119]

Affects phase
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b L g Gravitational waves
=i

s Polarizations:

Tensor + Scalar T Vector 1

4R

Tensor x Scalar L Vector 2

—wt=0,w - wit =7f2 et = 372

[Ezquiaga, Zumalacarregui PRL 119] o 28
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L g’ he Effective Field Theory (EFT) approach
=E

The EFT approach allows to ignore the details of the underlying theory and write
an action for the perturbations around a time-dependent background solution.

One can systematically analyze the perturbations separately from the background
evolution. [Arkani-Hamed, Cheng JHEP0405 (2004)]
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gl he Effective Field Theory (EFT) approach
=E

= The EFT approach allows to ignore the details of the underlying theory and write
an action for the perturbations around a time-dependent background solution.

= One can systematically analyze the perturbations separately from the background

evolution. [Arkani-Hamed, Cheng JHEP0405 (2004)]
. 4 M3 00
S :/d ;r{w’—g{ 5 U(t)R — A(t) — b(t)g <- background
+ M5 (89"°)° —m169" 0K — M36K° — M3SK) 0K <- linear evolution of perturbations

+ mah™ 0,90, " + M OR® + Nod Ry SR™ + 11} 59‘0053} <- linear evolution of perturbations

—¢ LL LS LS = A
+ 1 C*P? Cuvpo + v2€"777 Cp " Coora <- linear evolution of perturbations
M3, . 00,3 3, 0002y
+ v _Q[—g (0g™)" —ma(dg ) 0K + }} 3 <- 2nd-order evolution of perturbations

The functions W(t), A(t), b(t), are determined by the background solution

[Gubitosi, Piazza, Vernizzi, JCAP1302]
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g'he (EFT) approach to torsional gravity
e
= Application of the EFT approach to torsional gravity leads to include terms:
= i) Invariant under 4D diffeomorphisms: e.g. R, T multiplied by functions of time.
= ii) Invariant under spatial diffeomorphisms: e.g.gooj RY and TU
= i) Invariant under spatial diffeomorphisms: e.g. ) Ryuvpo |
the extrinsic torsion is defined as

S ) N L o0
Ko = hgvg’n;} = Ky — K7, + 1y QOOT v

,u,VlK,u,l/ IK

0
5#5
-9
[Cai, Li, Saridakis, Xue, PRD 97], [Li, Cai, Cai, Saridakis, JCAP18]

with 7t the orthogonal to t=cont. surfaces unitary vector "pu = —
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g'he (EFT) approach to torsional gravity
i A
= Application of the EFT approach to torsional gravity leads to include terms:
= i) Invariant under 4D diffeomorphisms: e.g. R, T multiplied by functions of time.
= ii) Invariant under spatial diffeomorphisms: e.g.gooj RY and 17
= i) Invariant under spatial diffeomorphisms: e.g. ' Ruvpo @re, K, R’W,
the extrinsic torsion is defined as

Y gov - A L 00
.R.Ju_}/ p— h;vc—711} — R”I} i K f/,‘_]:.?l’k —|_ Ill'u_ gﬁT v

0
Op

-9

with 7', the orthogonal to t=cont. surfaces unitary vector 7' = —

Using the projection operator 7. we can express *) R, .0 = hhRIR) Ragys — KupKuo + KypKpo
i

hehehITe 4o =217

[Cai, Li, Saridakis, Xue, PRD 97], [Li, Cai, Cai, Saridakis, JCAP18]
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L g he (EFT) approach to torsional gravity
L -

= We perturb the previous tensors, and we finally obtain:

R }szm = f1(1)gupGve + f2(t)gupnune + f3(£)9uogup
+ fa(t)guonun, + f5(t)guenun,
+ fe(t)gupnune,
TLE{'EL = 91(t)gpunp + G2(t)gpp
K = fr(t)guw + fs(t)numy,
K9 =0.

where the time-dependent functions are determined by the background solution.

[Cai, Li, Saridakis, Xue, PRD 97], [Li, Cai, Cai, Saridakis, JCAP18]
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h L g'he (EFT) approach to torsional gravity
m 1

= Finally, the EFT action of torsional gravity becomes:

V2 M2
5 — f tary/=g[ LU0 — A1) — b(0)g" + L d(1)T°)
_|_S(EJ :

= The perturbation part contains:

i) Terms present in curvature EFT action
ii) Pure torsion terms such as 6772 ,01Y6T" and 617" 6T,
iii) Terms that mix curvature and torsion, such as 670 R, 6¢°°6T", 6g"0T" and 5 K61

[Cai, Li, Saridakis, Xue, PRD 97], [Li, Cai, Cai, Saridakis, JCAP18]
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- .The (EFT) approach to f(T) gravity: Tensor Perturbations

= For tensor perturbations: goo =—1, g0i =0,

. 1
9ij = arz(é'ij + hij + §hikhkj)

= We obtain:

(3)_[-{ =~ —Ea (O‘ hk;() hm) 3

K%}Kﬂ iH + 'ii’t'jhij 3

K ~3H ,

T =T +0(h?

=6H?+ O(h?)

I.e.

D _ 5(}
a ci cja

1 1
— 505y + WS hukhy

MB ' . = -
= And finally: § :7‘-'” /.dd:t:ﬁ—g['% ({L_EVFL@:,: -Vh;; — hz‘jhij)

+6H2 fr — 12H fp — T© fpr + f(fr‘i”})}

[Cai, Li, Saridakis, Xue, PRD 97]
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b

g'he (EFT) approach to f(T) gravity: Scalar Perturbations
1

e
s For scalar perturbations:
goo =—1-24, e =60 + 8% + adldy
90i =0, i.e , , . 1
gij = a2 [(1— 20)85; + 0;0; F] (iz :(];(5;(5,? + 535?8%5 + G(SIL(S;I [Eijkak(f — ’I/)(ng + 58383}7]
= So T%=g¢%T",=-3H+6H¢+3)—6Ho" —60¢
1 1 3 1 1
+ —0;0;x — —0;p0ix — — Pp0iO0ix — —Oipdix + —0;0;ix
a 2a 2a 2a 2a
= Thus:

2 . -
S = /d4$ [% (—2afT01;1/)8,-1p + da fro;p0;v + 4a2fT8,—a,b81-x + 4fTa2H(9ﬂl'a¢X)

+ adM?*7? — a3(b5pm]

[ Li, Cai, Cai, Saridakis, JCAP18] 36
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gGCravitational waves in f(T) gravity

“um

= Varying the action and going to Fourier space we get the equation for GWs:
.. ,&;E

fT 0 0 0 0

with B = ~37 B _ |0 9,11 B;? exp(ip,z*) 0
f'f' ad 0 Blzexp(ipp;t:'“‘) —2"}'1(1}1 0

0 0 0 0

= An immediate result: The speed of GWs is equal to the speed of light!
= GW170817 constraints that

|(:g/{: — 1| <45 x 1016

are trivially satisfied. [Cai, Li, Saridakis, Xue, PRD 97]
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gGravitational waves in f(T) gravity
T

= Gw’s propagation at cosmological scales: p — ¢~ P ikAT}, .

1 . a’p’
D= 3 / vHdr' (affects amplitude) AT = (1 — T~ 533 )ff'ff (affects phase)
. I T LA LU LU L B L B IR R R LR RN R
| In f(T) graV|ty: 0015+ :;g%%[] - 00005 |- —ACDM | -
[ —n=10"] | -
0.01 - _n=104 o
. n=10"
= ooos |- | ~n= 10’6 -
n=10"] 1
s | IIIII\\H_'__.H._:U ________ S S S S = ]
0,005 |- IIVIIII =
i 0.0005 |- _
I 1 | 1 1 |||| 1 |||| 1 1 | 11 1 IIII 1 1 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
0.015625 003125 00625 0.125 0.25 0.5 1 04 0.5 0.6 0.7 0.8 0g 1
a a

[Cai, Li, Saridakis, Xue PRD 97]

[Farrugia, Said, Gakis, Saridakis, PRD 97]
[Soudi, Farrugia, Gakis, Said, Saridakis, PRD 100]

[Nunes, Pan, Saridakis, PRD98] 38
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Gravitational Waves in

0 |

J..g —_
. 16wG

- f]”Gpu + (,(;;LVD - v,uvu) .fB

+ %g,w (feB + frT — f)

-+ 251:‘1_”.6:1 (f']"‘ + fB) = 8wG e,uv

] Juv = N + hﬂj + O (hﬁ})

BW = 9 (V’“T’“}w)m = _gnup@pTU}Vw
— 267 ('-'}"Wavap’)fﬁ”b _ DT‘{)Ub)

4 Modified Teleparallel Theories

/rl4:1: e f(1,B) + /f£4:1: el

—2A exp(ik,z*) —

0
0

i’

By exp(ik,a*)
By explik,z*)

—2Aexp(ik, ")

R=-T - 2V*T%,,

By exp(ik,z*)  Byexp(ik,a*) —2A exp(ik )
O ()
hy + B;:T hy By exp(ik,z*)
©) p()
hy —h, + -8B By exp(ik,2*)
i '
f(O) B(l)
By exp(ik,z*) Byexp(ik,z*) —2Aexp(ik,2*)+ BB

£

R = 267 (18,0,7(" — [y (V")

Hence, no further polarization modes in f(T), but further polarization modes in f(T,B) gravity!

[Farrugia, Said, Gakis, Saridakis, PRD 97]
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[6ey] =

[0gu] = I:ﬂ(a.-:(

o
léum%+&)@”(

1 Gravitational Waves in f(T,B) gravity

a(8;8+ Bi) ]

—’(]b(iij —+ agajh-l— 28(-&}13) + %hgj + Eijk {3’“0 + ﬂ'k))

a (9i(b— B) + (bi — Bi)) ]

bh— ﬁ} + {bf,-, — ﬁt)) 2a> (—1,55?;‘;; + Ei;-E)jh, + 28(1}:,;.-) + %hgj)

-

Weget: | h;; + (3 + y)Hhij 1

with V= i f—j
H fr
Stability conditions: fT <0

fe <0

2
u—zhij =0
=1

[Bahamonde, Gakis Kiorpelidi, Koivisto,Said, Saridakis, EPJC81]
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b -_L g Primordial Black Holes (PBHs)

* Primordial Black Holes (PBHs) are formed out of the collapse of enhanced energy
density perturbations upon horizon reentry of the typical size of the collapsing

overdensity region. This happens when é > .(w = p/p) [Carr - 1975].

/\

BBN +—— 1=1s Mmpgy = 10°M, ———— SMBHSs, LSS?

QCD Phase Transition +———— =107 Mppy = Mg — LIGO/VIRGO Progenitors

—» PBHsasDM?

1 =102 mppy = 10%¢g  ——— PBHSs evaporate today
1 =107 mppy = 10°g  ——— PBHs evaporate at BBN
105
End of Inflation *——— =10 ] mpgy = 10°g

See for reviews in [Carr et al.- 2020, Sasaki et al - 2018, Clesse et al. - 2017] E.N.Saridakis — Thessaloniki. June 2022



s PBHs and Gravitational Waves
=

L
PBHs and GWs

* 1) Primordial induced GWs generated through second order gravitational
effects: ffg:;l =) h(I)Z, [Bugaev - 2009, Kohri & Terada - 2018].

N\

GWs PBHs

¢ 2) Relic Hawking radiated gravitons from PBH evaporation [Anantua et al. -
2008, Dong et al. - 2015].

* 3) GWs emitted by PBH mergers [Eroshenko - 2016, Raidal et al. - 2017].

¢ 4) GWs induced at second order by PBHs themselves [Papanikolaou et al. -

2020]. o g
E.N.Saridakis — Thessaloniki, June 2022



L PBHs and Gravitational Potential
el .

The PBH Matter Field

) L Poisson Statistics [Desjacques & Riotto - 2018, Ali-Haimoud - 2018]
® 0
o® ., —
® ® ® Same mass [Dizgah, Franciolini & Riotto - 2019]

\

3
- 2 dr (F\ 4

Pr = (157 Py = 2 (;) = 25 here k< kyy =
v

~| 2

Ppgy IS Inhomogeneous

Opgy Can be seen as an isocurvature perturbation.
Pot IS homogeneous

Qppi = Pepn/Pog € @ >la™ « a = the isocurvature perturbation, Spg;; Wil
convert during the PBHD era to a curvature perturbation (ppyy, associated to a
PBH gravitational potential ©.

3 -2
2 k 4 k*
Pob)y=—( — ) [5+=——
® 37\ k 9 k2
v d E.N.Saridakis — Thessaloniki, June 2022



L g Scalar Induced Gravitational Waves
=1 D

* Choosing as the gauge for the GW frame the Newtonian gauge, the metric is
written as

h..
ds® = az(rr){—(l +2®@)dn* + [(1 —2®)5; + ?‘*’] dx'dx/ }

e The equation of motion for the Fourier modes, h—' read as:

ho + 27he. + k*he. = 4S°.
k k k k

e The source term, SE' can be recast as:

d*q
St = [ e * )49 Ftb O (55"‘1@)’? + tb?)(a%"‘ltb’_k._ 7 + (I)T—E‘)

£ ) @ayn HETETS)

E.N.Saridakis — Thessaloniki, June 2022
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10

s Gravitational Wave Spectrum
=1 D

Qg = 107°

TMpEH = 1'[]'_._9.. Qpgry = 1°

—_— mpgu=10lg

mppn=10"g
— mpan=10%

B — mpml—lﬂ'_g

'S i L:ﬁb ”.:jt”rd
—_—— ke agHy

10 1

10 14

L T T yp— -

l;"!(i\‘.' {”-:'riu: 1 't:l

i 20

T T
10 10

=2/3
QGW(WcVaps k) ~ 1019 (ﬂ) (mPBH

HII"
'!',"rli”t' wEip Ife'\npj

107 109 10" 10° HII’ HII“ |1||d
L-,'lll |: ”t'\.}l |1 Ift' el |1)

ol o )T
8 for k> H,

473 L for k< %,
100

* One identifies a broken power law for the GW spectrum. Two scales enter in the problem,

ky = Z gand kyy = aHL2

1/3
PBH.f*
E.N.Saridakis — Thessaloniki, June 2022



b -.Ll 2 Modified Gravity Signatures

A= 0.1, mppg=10°, f(T) =T + a(-T) 4= 01 mpp=10%, [(T) =T + afu(l — ¢ "Wh) f,rp,gPBH::[U"’gE QpBHj:l(l’:i
e T - 1w+ "
Y Y — Hy/M=10"%
) — unmio ) — =l 10784 —— Hy/M=10"2
o —_— Hy/M=10""
" — Hi/M=1
o " sd ~°" GR limit
10 10
1w 10 =
g
10 10 10 10 " 10 10 10° 107 10 It 10 10 » 14 10 10 10 \SU‘ 10—10 i
(a) The power-law model (b) The square-root, exponential model C::
10-12 4
A =01 mppy=10°, f(T) = T + aTy(l = ¢ T}y
1o — e =10
— Opg=10""
L | = fem=to~t
— Oppe=10"
10 10~
= 10
:3 10
T T T T T
" 10 10° 10° 107 10°
" ke (@evap Hevap )
10

(¢) The exponential model
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q Gravitational Wave Astronomy

f(Hz)
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L , Conclusions - Outlook
=E
= [orsional modified gravity is theoretically robust and leads
to very efficient cosmology at both background and
perturbation levels.

= f(T) gravity, f(T,TG), f(T,B), f(Q) gravity, Symmetric
teleparallel gravity, and modified teleparallel gravity in
general, can be distinguishable in infation-related data

[Saridakis, Cai, Capozziello, Said, Bahamonde, Koivisto, Ren, Zhao, Wong, Ilyas, Zhu, Zheng, Yan,
Zhang, Chen, Zhang, Luo, Khurshudyan, Marciano, Krssak, Odintsov, Nojiri, Nunes, Toporensky,
Basilakos, Anagnostopouos, Kofinas, Dialektopoulos, Gakis, Palikaris, Iosifidis, Kiorpelidi, Chatzifotis,
Asimakis]

= Vi) Get prepared for the huge flow of data that will come!

48
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L g Multi-messenger Astronomy Eral

.

EM observations: 400 years GW observations: 5 years

49
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“Those that do not know geometry are not allowed to enter”.
Front Door of Plato’s Academy
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B L .Curvature and Torsion
|

= Vierbeinsey : four linearly independent fields in the tangent space
g,uv(x) — 77AB eﬁ(x) eVB(X)
» Connection: w,g.

A A A A C A C
= Curvature tensor: Ry, =dk, , — %, + @, 05, — ., %,
= Torsion tensor: T, =€l —e) +af e’ —abe.
= Levi-Civita connection and Contorsion tensor: @asc = I'agc + Kagc

KABC :E TCAB _TBCA _TABC ):_KBAC

= Curvature and Torsion Scalars: R = ﬁ + T — 2(TVW )_ﬂ

. . 1 1 )
R=g"R, =g"R’, T =TT+ DT, =TT

PH TV
53



Tensionl — fo8
=

= [ension between the data and Planck/ACDM. The data indicate a lack of
“gravitational power” in structures on intermediate-small cosmological

scales.

B

0.7 r—————————————
Parameter Planck15/ACDM [12] WMAP7/ACDM [£] [ Planckl5/ACDM: g, Best Fxt
Oh? 002225000016 002258 £ 0,00057 06l
QhY 01198£00015  0.110040.0056

Planck15/ACDM

T 0.9645 £ 0.0049 0.963 +£0.014 [
Hy 67.27 4 0.66 T1.0+25 0.5 [
Qom (0.3156 £+ 0.0001 0.266 4 0.025 I
w -1 -1 N )
4 =] L L
os 0.831 £ 0.013 0.801 £0.030 5 0.4
0.3
0.2} ACDM Best Fit(Qg,,=0.28.05=0.78) WMAP7/ACDM
0.0 0.5 1.0 1.5

[Kazantzidis, Perivolaropoulos, PRD97] 54



Jension2 — HO
o

= Tension between the data (direct measurements) and Planck/ACDM (indirect
measurements). The data indicate a lack of “gravitational power”.

08— T T T T T T T T T
- Planck15+BAO+SN+H,;|
Planck15+BAO+SN

-0.9
HOL.COW +10,, pror
HOLCOW
P15 (TT1 £ > 1000 = CMB ACDM+N -
—— = HOLICOW = -1.0¢}

= CMB ACDM
= R1b

P15 (T+P}+lensing +ex

P15 (T+P}+BAD

P13 (T+7]+ ensin

P15 (T+7) -1.1
P15 (TT) I
WMAPS+BAD
WMAPG [
L L =S5 B | (S PSS B, SN,
60 65 70 75 80 62 64 66 68 . 70 . 72 74
H, (Mpc ]km/s) SRR/ BIpC )

[Bernal, Verde, Riess, JCAP1610] [Riess et al, Astrophys.] 826]



