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L Goal

=

= We investigate cosmological scenarios

arising from modified gravity that can
describe the observed Universe as a

whole

-

= Astrophysical cosmology has become a
precision science with a huge amount of
data. The advancing gravitational wave
multi-messenger astronomy opens a hew

era
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L Jalk Plan
- i

= 1) Observational Cosmology: the Standard Model of Cosmology.
= 2) Standard Model of Cosmology. Do we need new physics?

= 3) We can modify the Universe content, or/and the gravitational
theory.

= 4) Use of various observational data (Snla, CMB, BAO, H(z), LSS etc)
in order to constrain the proposed theories.

= 5) Torsional modified gravity: A good candidate.
= 6) GWSs: basic properties and evolution.

= 7) Gravitational wave astronomy, and multi-messenger astronomy:
a novel tool to test General Relativity and cosmological scenarios in
great accuracy.
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!

= Cosmological Principle “axiom” (indirect result): the Universe is homogeneous
and ISOtrOplc Huh?csta(lgzg)

= Hubble (1929): The Universe expands ‘:/ v=Hr| H~70kms" Mpe’
il :

D-i.-:lr M)

I Observations

= Alpher, Bethe, Gamow (1948): The Universe begun to expand from a very
high-density and high-temperature state towards less dense and hot states.
Hoyle named the theory “The Big Bang Theory".
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I Observations

Cosmological Principle “axiom” (indirect result): the Universe is homogeneous

and isotropic
Hubble (1929): The Universe expands

Hubble's

Fecesin Welocty P dec)

Data (1929)

v=Hr

Britance M=)

H,~70 kms™ Mpc'

Alpher, Bethe, Gamow (1948): The Universe begun to expand from a very
high-density and high-temperature state towards less dense and hot states.
Hoyle named the theory “The Big Bang Theory".

Theoretical Problems:

I) Horizon problem: Why points at opposite directions have the same properties

IT) Flatness problem: Why the universe is today almost spatially flat
0, ~0.001. It must have started with ~ 10°"1

Monopole problem: They are not observed.
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Big Bang

I Inflation

Kazanas, Guth, Linde (1982): The Universe

some mechanism went into an exponential expansion up to [10~sec

in size ~

10"

times: Inflation.

10*sed after the Big Bang, through

increasing

I) The observable Universe is a tiny part of the total one, and originates from a small, causally
connected region.

IT) Due to the huge expansion, the spatial curvature became almost zero.

IIT) Due to the huge expansion the monopoles spread in all regions, and thus our own, observable
universe, has at most one.
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s Dark Energy

The accelerated expansion is verified by independent observations, Supernovae
type Ia (SNIa), Cosmic Microwave Background (CMB), Baryon Acoustic Oscillations
(BAO), Large Scale Structure (LSS), etc

ent magnitude

Calibrated appari

25
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2006 Brooks/Cole - Thomson

Around 70% of the total energy density of the Universe is this unknown dark
energy (it does not interact electromagnetically).

Possible explanation: The cosmological constant A (Einstein’s “greatest blunder”). A

term that produces the extra “repulsion”,
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. Dark Matter
=

= (Galaxy rotation curves:

L

= Bullet cluster (collision of two galaxy clusters)

" *Dark ;\'ffa’t_ter " '
- Y. o faas . al .
g » 80% of matter is an
“unknown” dark matter
— . :
(it does not interact

electromagnetically)!
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e

sCosmic Microwave Background radiation
=

From the fluctuation spectrum we extract information: The first peak provides

the spatial curvature (it results to

flat universe), the second peak the baryon

energy density parameter, the third peak the dark matter energy density
parameter, etc.
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Inflation can also explain CMB and seeds
L ©Of LSS
Eam

= Additional success: Inflation provides the necessary primordial fluctuations,
which letter gave the Large Scale Structure of matter:

E.N.Saridakis — Shanghai, Aug 2019 10



L Summary of Observations
- 2

The Universe history:

Big Bang

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. F," Galaxies, Planets, etc.

Composition Heavy
rememts

of the 0.03%
Cosmos

Ghostly
FiELniFaL
0.3%

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years
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o ..L. =Knowledge of Physics

Knowledge of Physics: Standard Model
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L _Knowledge of Physics
L‘ -

Knowledge of Physics: Standard Model + General Relativity
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L Modlfled/new knowledge of physics

So can our knowledge of Physics describes all these?

Dark Energy
Accelerated Expansion
Afterglow Light % it
Pattern Dark Ages Development of E':' mpDS ition
400,000 yrs. | Galaxies, Planets, etc. e\ of the

Cosmaos

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

E.N.Saridakis — Shanghai, Aug 2019 14



L Modified/new knowledge of physics
"
So can our knowledge of Physics describes all these?

Afterglow Light Co mposi[iﬂr‘r

Pattern Development of g
400,000 yrs. | Galaxies, Planets, etc. e\ of the

Cosmaos

S
about 400 million yrs.

Big Bang Expansion
13.7 billion years

Most probably, no!

We definitely need new physics for Inflation and Dark matter. Maybe for dark energy.
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. ..L. ICosmology

= 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

16
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b

" ICosmology

= 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

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

Worst error in the hister—efphysics,-histery-ef-seienee-history

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

17
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. ..L. ICosmology-background

. . 2
= Homogeneity and isotropy: as? — —a? + a2(2) ( . +-r2dg?)

= Background evolution (Friedmann equations) in flat space

8nG
-'”rz . T (,nrn + f}ﬂb}

H = —4nG (Ppm + Pm + PDE + PDE) ,
(the effective DE sector can be either A or any possible modification)

= One must obtain a H(z) and @m(z) and wDE(z) in agreement with
observations (SNIa, BAO, CMB shift parameter, H(z) etc)
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L ICosmology-perturbations

» Perturbation evolution: é+2HS —4nGgpd~0 where & = d6p/p
where G.g(2, k) is the effective Newton’s constant, given by

V20 =~ AmGogrp 6.

under the scalar metric perturbation ds* = —(1 4 2¢)dt* + a*(1 — 24)dz >

247 - 9
[ | Hence: & ((H) £ s 1 )5rﬁ§(1—|—z)HD Geff(zrk')

Qomd
2H? 1+z 2 H Gy "

1 . dind . ot Q - a_g
with f(a) = 7=~ the growth rate, with f(a) = Qu(a)” and Q,(a)= m

0g

= One can define the observable: |fos(a) = f(a) - o(a) = 31 ° &'(a)

with o(a) = ffa% the z-dependent rms fluctuations of the linear density field within spheres of
radius R = 8h~'Mpc, and a8 its value today.
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IDark Energy-Inflation

= Add a scalar field ¢ in the Universe content

coupled dark .
neutrino

”d' """ “® ; - scaling models / * matter-dark ———__ e
o e Lo (e dissipative fluid 4 energy — mixing and
. 9.0 .0/ @] varying mass
o) )0 ///
° . tachyonic
Chaplygin gas )
quintessence —

/

K-essence

conformal symmetry
breaking - dilaton

\

phantom

Vector or 4-form

condensation Non-minimal
couping to

; gravity

SR 20
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L eneral Relativity
o
= Einstein 1915: General Relativity:

energy-momentum source of spacetime Curvature

Ia’ x\/zR 2A Jd x L, gﬂv,w)

167Z'G
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. _L !Modified Gravity

Einstein-Dilaton-
Lorentz viclation

Gauss-Bonnet Caseadingigravity prmmmmmese--sio----. Conformal gravity
' Hofava-Lifschitz:
- R _1
Strings & Branes\ £ (E) R, O 1R F(G)
Randall-Sundrum | & [ DSk d Sor:n:et_ . |
2T gravity \ egravitation  Higher-order
scenarios

Higher dimensions Non-local General RuyRHY,

| f(R) OR,etc.
Kaluza-Klein

Modified Gravity Mot B

Lorentz viclation

Generalisations

of SEnH , :
TeVeS Add new field content Massive gravity
Gauss-Bonnet _ \ Wa\rlt}f
Scalar-tensor & Brans-Dicle Chern-Simons Tensor
Lovelock gravity Ghost condensates Ehsautan .
Galileons
Chaplygin gases Bi tric MOND
Emergent this Fabikour Scalar B Imetric
Approaches SEE _ P
‘ Coupled Quintessence Einstein-Cartan-Sciama-Kibble
Padmanabhan > :
CDT i Horndesl<d theorl-es Forsicm theaties ’
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1 Scalar-Tensor Theories
=

= Most general 4D scalar-tensor theories having second-order field equations: |, = Z L,

-

5
=2

L,[K]=K(¢,X)
Li[G3]=-G,(¢,X)09 X =-0440,412

L[G,1= G, (¢, X)R+G,  |0¢) - (V,V ¢ )V v's)
LG 1= G4 X)G, (Vv ) <0, [0s) -300)( v XV v g)e 207V 4 )VoV )7 "V 4]
[G. Horndeski, Int. J. Theor. Phys. 10 ]
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3 Horndeski Theories
L_ -

5
= Most general 4D scalar-tensor theories having second-order field equations: |, = Z L,
i=2

L,[K]=K(¢4,X)
Li[G3]=~-G;(9,X )09 X =-0"40,4/2

LG, 1= G, (6. X)R+G, |0g) - (v,v ¢ \v V'g)
LG 1= G4 X)G, (Vv ) <0, [0s) -300)( v XV v g)e 207V 4 )VoV )7 "V 4]
[G. Horndeski, Int. J. Theor. Phys. 10 ]

s Coincides with Generalized Galileon theories
> ¢+c, 0,0 > 0,0+,

[Nicolis,Rattazzi, Trincherini, PRD 79]
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b g Horndeski Cosmology (background)
—

= Field Equations: L.H.S =R.H.S
In flat FRW:

" 2XK , -K +6X¢HG, , —2XG,, -~ 6H’G, +24H*X (G, + XG, ) - 12HX §G, ;,, —6HJG,
+2H XP(5G; x +2XG 5 4 )~ 6H X (3G, +2XG ) =—p,,

"|K -2X(G,,+¢G, ) +2BH* +2H)G,-12H°XG, , —4HXG, , —8HXG, , —8HXXG, ,,
+2(4 + 2H¢')G4’¢ +4XG, 4+ 4X (- 2H¢')G4,¢X ~2XQ2H’$+2HH$+3H $)G, , —4H X ¢G, ,,
+4HX (X — HX)G, ,, +2[2(HX + HX)+3H>X |G, , + 4HX §G, , = —p,

11 d

a’ dt

With J=¢K , + 6HXG , , —24G, ,+ 6H $(G,  +2XG , )~ 12HXG , 5 +2H X (3G, +2XG 5 o ) - 6H $(G,+ XG ;1)
Py =K, —2X(G,y,y+¢G, ) +6(Q2H* + H)G,, + 6H (X +2HX )G, ; —6H XG5 ,, + 2H X $G ;

(a’J) = P,

[De Felice,Tsujikawa JCAP 1202]
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B

g Horndeski Cosmology (perturbations)

| o
Scalar perturbations: ds* = —(1+ 2y )dt* +a’(1 - 2¢)5,dx "dx’ —~ LH.S=RH.S

w1(4w1w3 + 9w22)
3w,

No-ghost condition: |Os = > 0

3(2w12w2H - 4w22w4 + 4w w,w, — 2w12w2)— 6w12(,0m + pm) 20
w1(4w1w3 +9w22)

No Laplacian instabilities condition: cs =

with W, = 2(G4 - 2XG 4,x )_ 2)((GS,X¢'[_I o G5,¢)

w,=-2G, , X¢+4G,H -16 X’G, ,, H + 4(¢'G4,¢X —4HG , )X +2G, 4
+8X G5 H +2HX (6G5’¢ ~ 5HG 5,X¢')— 4G §X°H’

wy=3X (K, +2XK 1 )+ 6XBXGHG , o, — Gy X — Gy, + 6¢HG , )

18 H(@4HX °G, oy — HG , —~5X¢G, ;o — G, 0+ THG , y X +16 HX °G, o — 2X$G, 1 )
+ 6H2X(2H¢'G5m X?—6X Gy +13XH GG —27G, X +15H$G , —18 GM)

W, =2G,-2XG,, -2XG ¢ [De Felice, Tsujikawa JCAP 1202]
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0.35

03 |

0.25

02

0.15

01 1

0.05

] Inflation in Horndeski Theories
_

K(¢,X)=X-V(g) G;(9,X)=

V(§) = %m%ﬁz

1.01

Cs

3

X, G, =G,

0

[Ohashi, Tsujikawa, JCAP 1210]
1
Vig) = Zw
0.4 . .
(a) N=50
0.35 | (b) N=60
@ (c) N=70
03} 3
0.25 |
02t
0.15 |
01t
0.05 |
0 Il Il Il Il Il Il Il
093 094 095 096 097 098 099 1 1.01

Ng
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B

0.35

03 |

0.25

02

0.15

01 1

0.05

1 Inflation in Horndeski Theories
|

K(p, X) =X -V(9), G:(9,X) =~

V(§) = %mzw

G-Inflation (Shift-symmetric): K (4, X)= X +

r~0.17

X, G, =G, =

XZ

2M

[Kobayashi,Yamaguchi,Yokoyama PRL 105]

[Ohashi, Tsujikawa, JCAP 1210]

V(¢)=}ﬂ¢“

(a)N=50

04

0.35 | (b) N=60
@ (c) N=70

03t
0.25
02}
0.15
01}
0.05

0 ! ! ! ! ! ! !
093 094 095 0968 097 098 099 1 1.01

G3(¢’X):M3X9 G4:G5:O

[Banerjee, Saridakis PRD 95]
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g Dark Energy in Horndeski Theories
mii &

= K(§,X)=c, X, Gy($,X)=c;, G, =1, Gy=c; M7

=

0.8
0.6?—
m Background evolution: Universe thermal history & |
0.4
0.2;
[Ali,Gannouji,Sami PRD 82] [Leon, Saridakis JCAP 1303] 0.0? ‘
0 1 2 3
Log [1+7]
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g Dark Energy in Horndeski Theories
ul =

u K(¢>X):CZX, G3(¢,X):c3, G4:1, G5:c5 1.05‘ :

-

0.8
0.6-
= Background evolution: Universe thermal history S
0.4
0.2
[Leon, Saridakis JCAP 1303] it
0 1 3 3
Log [1+7]
2 .
k=0.001 h Mpc~?!
. . roo SEssses k=0.01 h Mpfl_l
= Perturbations: 9, +2H06, =42G,p,0, o— . R
with Gy =G0y (0.K,G,,G,,G5) 4 \\\ F'V_-":{\-‘f'-‘ \“:':: ]
dIné ~ 2 A TR IS (N &
= Clustering growth rate: | <%= = 0’ (a) - - M
d ln a _al :: \";‘“ "l .:‘- 1
y(2): Growth index. e N
0.0 0.5 1.0 1.5 2.0
[Ali,Gannouji,Sami PRD 82] log (1+2)
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b g f(R) gravity
=
| 1 4
S=——[d*x\-gf(R)+5,(g,..v)
16 7G
1 1 "
FRIR,, =2 f(RZ,,~V,V,~8,9]f (R)=8GT,
= Field Equations (metric formalism):
. ~ _ _ |20, +3 d¢
= Conformal transformation: g, > g, =/"(R)g,. =#.,.. dp= ‘/—IMG y
4 = E 1 a —J1672G /3 ~ :Rf'(R)_f(R)
S §= - 7| e 50 (pa“(p_U((p)}LS’"(e 2w ) YO = nal RO

[De Felice, Tsujikawa, Living Rev. Rel. 13] 31
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b L g f(R) cosmology - Inflation
i FR—f

u Firedmann Equations (metric formalism): 3FH2 —

_3HF +82G p, =~ TO=S®)

D : R=12H* +6H
—2FH = F'— HF +81Glp, + p,)
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.

= Firedmann Equations (metric formalism):

= Inflation: e.g. Starobinsky inflation

2
Hzl_lz _K(t_ti)

e \3/2

S3x1017gi/4|£l GeV M=3x10° GeV
m .,

T

reh

0.0
-0.5

—2FH = F'— HF +81Glp, + p,)

3FH* =

3 f(R) cosmology - Inflation
i

FR-f

J(R)=R+

Jiq
oM

Tensor-to-scalar ratio (ro.pnz)

0.20

0.15

0.10

0.05

0.00

~3HF +871G p,

3M2 —2/382G
= V(d) = 1— ¢
@) 32ﬂG( e )

F(R)=f"(R)
R=12H? +6H

[Starobinsky PL 91]

' \ ==

-
-
-
-
L

ee || |I11]!
!

TT,TE,EE+|owE+lensing

TT,TE,EE+|owE+lensing
+BK14

TT,TE,EE+lowE+lensing
+BK14+BAO

Natural inflation

| Hilltop quartic model

o attractors
Power-law inflation
R? inflation

V x ¢?

V x ¢4f3

Vod

V x @2/3

Low scale SB SUSY
N,.=50

N.=60

0.94

0.96 0.98 1.00
Primordial tilt (ns)
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b g f(R) cosmology — Dark energy

| _
872G Py = PR - J

—-3HF +3H*1-F) forviable:  fx >0, far >0, for R>R,(>0)

FR - f

872G p,, = F +2HF — ~(BH>+2H)1-F) [Starobinsky PLB 91]
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b g f(R) cosmology — Dark energy

FR — . .
87G p,, = Tf— 3HF +3H*(1 - F) forviable:  fx >0, far >0, for R>R,(>0)
871G pyy = F +2HF - 18 / BH>+2H)1-F) [Starobinsky PLB 91]
model f(R) Constant parameters
(i) Hu-Sawicki 1 allusli/ips) c1, ¢z, p(> 0),Rus(> 0)
(ii) Starobinsky R + ARg [(1 + %g — 1] A(> 0), n(> 0), Rg
(iii) Tsujikawa R — pRt tanh (%) p(>0), Rr(>0) [Bamba,Geng,Lee JCAP 1011]
(iv) Exponential R — BRg (1 - e_R/RE) B, Rg
n 15 1.5
o,+2Ho, = 4rG,; £,.0,
L.op 100
1+4§f” 05¢ 0.5}
G, = — a_J . ;
eff fl 143 ﬁ fn = £
a2 fl 0.0r 0.0
d Ind -05 -0.5
—=Q] (a)
d Ina

-1 -1.
8.3 0.4 0.5 0.6 0.7 0.8 0.9 1 8.3 0.4 0.5 0.6 0.7 0.8 0.9
Yo Yo

. ) . o 35
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g f(R) cosmology — Dark energy
L- i

Models CC+ Iy JLA + BAO + CC + Iy
AIC | AAIC | BIC | ABIC AIC AAIC BIC ABIC
ACDM Model | 28.205 0 36.800 0 721.084 0 749.017 0
Hu-Sawicki Model | 28.744 | 0.539 | 38.782 | 1.973 | 720.840 0.244 | 753.428 | 4.411
Starobinsky Model | 29.096 | 0.891 | 39.134 | 2.325 | 721.726 | 0.642 | 754.314 | 5.297
Tsujikawa Model | 29.407 | 1.202 | 39.445 | 2.636 | 722.966 | 1.882 | 755.5564 | 6.537
Exponential Model | 29.310 | 1.105 | 39.347 | 2.538 | 722548 | 1.464 | 755.136 | 6.119

[Nunes, Pan, Saridakis, Abreu JCAP 1701] 36
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h L . Gravitational waves

|
= The GWs are the tensor perturbations of the metric. Predicted in 1915, first
observed in 2015. First astronomical observation ever, not related to E/M.

s  GWSs from mergers:

[Abbott et al, LIGO Virgo PRL 116]

History of the Universe

| I ——

s Primordial GWs:

37
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e

Louisiana.
Washington

“4km

10~ 18m

L . Gravitational waves

GW150914: Two black holes with 36 J_ri Mo and 29 ,_,: Mo, resulting in a 62 J_rj Mo black hole

LIGO - A GIGANTIC INTERFEROMETER

T
Inspiral

1 — Numerical relativity
I Reconstructed (template)
1 1

T T
- Distance +160
Merger ggl\?n 410 -180 Mpc

£ s 00

|| = Black hole separation
=== Black hole relative velocity

1

O NWaR
Separation (Rs)

0.30

0.35
Time (s)

0.40 0.45

[Abbott et al, LIGO Virgo PRL 116]
2017 Nobel Price in Physics
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L

. Gravitational waves
1

i
= GW170817: Two neutron stars, distance 40 Mpc, redshift 0.0099
= GRB170817A: The Electromagnetic counterpart.

Gamma rays, 50 to 300 keV GRB 170817A

Fermi ‘
Reported 16 seconds £ s
o

after detection

| | i [Goldstein et al, Fermi Gamma Ray Burst Monitor
el T Astrophys.] 848]
LIGO-Virgo

Reported 27 minutes after detection

[Abbott et al, LIGO Virgo PRL 119]

DR ot
-

me from merger (seconds)
|NTEG RAL Gamma rays, 100 keV and higher GRB 170817A
© 120,000

Reported 66 minutes
after detection .

= The era of multi-messenger astronomy begins!
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L‘.

L 2 Gravitational waves

= In case of GWs from black hole mergers we know their properties at the
moment of detection, and their direction (in case of three detectors).
Assuming GR and ACDM we can extract their speed, distance, and properties
at the moment of emission.

40
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L

2 Gravitational waves

|
In case of GWs from black hole mergers we know their properties at the

moment of detection, and their direction (in case of three detectors).
Assuming GR and ACDM we can extract their speed, distance, and properties
at the moment of emission.

In case of GWs from neutron star mergers, and their E/M counterpart, we
know their properties at the moment of detection and their direction, but
using the implied physics from the E/M information we can extract their
speed, distance and properties at the moment of emission, independently of
the underlying gravitational theory and cosmological scenario.

Great tool for testing General Relativity and cosmological scenarios!
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. Gravitational waves
=

= An immediate result: The speed of GWs is equal to the speed of light!
GW170817 time delay 1.74 + 0.05s constrains: |-3.107"° <¢,/c—1<7-107"

e

s Excludes a large number of theories that were consistent with other data!

cg=c cg F#cC
- ] ™\ anomalous GW speed
General Relativity quartic/quintic Galileons [13, 14]
= quintessence/k-essence [46] Fab Four [15]
@
'g Brans-Dicke/ f(R) [47, 48] de Sitter Horndeski [49]
- Kinetic Gravity Braiding [50] Guv9"¢” [51], f(¢)-Gauss-Bonnet [52]
T Derivative Conformal lEl 7 quartic/quintic GLPV [18]
g Disformal Tuning ll quadratic DHOST [20] with A; # 0
g ! quadratic DHOST with A; =0 cubic DHOST [23] y
Viable after GW170817 Non-viable after GW170817

[Ezquiaga, Zumalacarregui PRL 119]

42
E.N.Saridakis — Shanghai, Aug 2019



L 2 Gravitational waves

‘ i . goo=-1, goi=0,
= For tensor perturbations:

=

; 1
g5 = @ (51'3' + hyj + Ehikhkj)

g . 2
hi; + (3 + ﬂm)hij + (1 + GT)Eh,;j =0

_ dlog(M?) - S
OM = ~Floga cg=(1+ar)

= ' 2.2 121/2
\l_b.\,_lf L " )
Affects amplitude Affects phase

[Ezquiaga, Zumalacarregui PRL 119]
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L . Gravitational waves
=

L

Modified gravity roadmap Constrained by

|:| GW speed
e
Gf::::: — :l GW dispersion
mg > 0 )
General g [ ] 6W damping
Relativity wi- ) [ | GW oscillations

Unique theory
of massless g,

Additional

Break
Assumptions

G . 8

[Ezquiaga, Zumalacarregui PRL 119]
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bk L y Gravitational waves

s Polarizations:

Gravitational Wave Polarizations

@ (o] —

" Tensor + Scalar T’ Vector 1

A

Tensor x Scalar L Vector 2

—wt=0,7w - wi = )2 - wt = 3mw/2

[Ezquiaga, Zumalacarregui PRL 119]
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2 Gravitational waves
=

= Testing General Relativity, modified gravities, and various cosmological scenarios.

= The GWs properties at emission and detection are determined by them.

= Examples: f(T), f(R), f(Q), etc

T TT T T | TT T |||||
— ACDM
0015 iyl 0.0005 |- —ACDM| A
3l x
i )] ;
001 A . IO-S _
f\ S 0 0 0 0
I\ = = 10-6 @ 0 2’}%1)1 By? exp(ipua®) 0
o 0005 n=10 | 7 hiw = B2 oo (M1
g 0 By~ exp(ipuzt) —27
| n=10 | 1 0 0 0 0
ol I."f\\_._'__ _2 _________ B P S =]
|I | A
I'-u"l :
0,005 - _
il 0,005 - -
| 1 | 1 11 | 11 11 | 11 | S | | 11 { N | | 11 11 I NN | NN NN | NN NN | Liiiarinl | Liiiyiinl | IENE NN
0015625 003125 00625 0128 0.25 05 1 04 0s 06 07 038 09 ]
a a

[Cai, Li, Saridakis, Xue PRD97] [Li, Cai, Cai, Saridakis, JCAP 1810]

[Farrugia, Said, Gakis, Saridakis, PRD97]

[Soudi, Farrugia, Gakis, Said, Saridakis, 1810.08220 (to appear in PRD)]]

[Nunes, Pan, Saridakis, PRD98] E.N.Saridakis — Shangh‘a}?Aug 2019



g Multi-messenger Astronomy Era!

EM observations: 400 years GW observations: 4 years
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L IConclusions
- |

= i) The Standard Model of Cosmology may ask for new physics, definitely for
inflation and dark matter, probably for dark energy.

= ii) We can modify the Universe content, or/and the gravitational theory.
Torsional gravity is a good candidate.

= iii) We use various observational data (Snla, CMB, BAO, H(z), LSS etc) in
order to constrain the proposed theories.

= iv) The advancing gravitational wave astronomy,
and especially multi-messenger astronomy
offers a novel tool to test General Relativity
and cosmological scenarios in great accuracy.

mplitude (1/vHz)
S 3

= V) Anew era has begun! £ N.Saridakis — Shanghad Aug 2019
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L LOutlook

A huge project is ahead for the community:

i) Calculate the exact form of GWs created from mergers in various gravitational
theories (needs numerical gravity).

ii) Calculate the propagation of these GWs from emission to detection for
various cosmological scenarios.

iii) Use multi-messenger data to test General Relativity, break degeneracies and
constrain or exclude the various theories.

iv) Elaborate also the creation and possible detection of primordial GWs.

v) For f(T) gravity, f(R,G), running vacuum, higher-order theories, f(T,TG)
gravity, f(Q) gravity, etc, currently under investigation
[Saridakis, Capozziello, Cai, Marciano, Modesto Nunes, Erices, Said, Basilakos]

vi) Get prepared for the huge flow of data that will come!
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i 3

“There are the ones that invent occult
fluids to understand the Laws of Nature.
They come to conclusions, but they now
run out into dreams and chimeras
neglecting the true constitutions of the
things...

However there are those that from the
simplest observation of Nature, they
reproduce New Forces”...

From the Preface of PRINCIPIA (II edition) 1687
by Isaac Newton, written by Mr. Roger Cotes.

50
E.N.Saridakis — Shanghai, Aug 2019



Ny

i 3

“There are the ones that invent occult
fluids to understand the Laws of Nature.
They come to conclusions, but they now
run out into dreams and chimeras
neglecting the true constitutions of the
things...

However there are those that from the
simplest observation of Nature, they
reproduce New Forces”...

From the Preface of PRINCIPIA (II edition) 1687
by Isaac Newton, written by Mr. Roger Cotes.

THANK YOU!
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L [Curvature and Torsion
i

= Vierbeins e/ : four linearly independent fields in the tangent space
g,uv (x) = 77AB e;l(x) ef(X)
= Connection: @,

A A A A C A C
= Curvature tensor: Ry, = @, , — @p,, + Op,0p, — Op O,

A B A B

A A
—e,, twy e —wye,

= Torsion tensor: T, =e;,

= Levi-Civita connection and Contorsion tensor: @,zc =1 ;3¢ + K ;3¢

1
KABC = ?(TCAB - TBCA - TABC ): _KBAC

= Curvature and Torsion Scalars: R = E + 1 — Z(TVW)

g7
1% 1% 1 Vi 1 Vi V
R=g" szg” Rﬁpv T:ZT"’“‘ Tpﬂv+§T""‘ Tvﬂp—T/fﬂTV”
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Tensionl — fo8
=

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

-

scales.
O Pk 15/ ACDM s 2, Best Fir
Parameter Planck15/ACDM [12] WMAP7/ACDM [43] [ S
QR 0.02205£0.00016  0.02258 £ 0.00057 - : Planck1S/ACDM
O 01198+£0.0015  0.1100+0.0056 I !
n, 0.9645 + 0.0049 0.963 +0.014 | !
Ho 67.27+0.66 710425 o.sh
Qom  0.3156£0.0091 0,266+ 0.025 =}
w -1 -1 E l
0% 0.831+0.013 0.801 0.030 8 04f:
0.3}
0.2 [ ACDM Be;t Fit(Qp =028 05=0.78) : "i‘.-’IuIIAP?fACI}M
0.0 0.5 1.0 1.5
£

[Kazantzidis, Perivolaropoulos, PRD97] 56



Jension2 — HO
—

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

1 10 2 N o N S I 0 O N S0 N ST T
i Planck15+BAO+SN+H,
- Planck15+BAO+SN
-0.9
HOLCOW +11,, praor
HOLCOW
PIS (TT) > oo = CMB ACDM+N L
P15 (TT) < oo = HOLICOW =z -1.0¢
P15 (T+P)+iensing+ex = CMB ACDM C
P15 (T+P|+BAD = R16

P15 (T+P)+engin

A15 (T+9) -1.1
P15 (TT)
WMAP +BAD
WMAPS i
i i S e i I A R O e i R o
60 65 70 75 80 62 64 66 68 : 70 1 T2 74
H, (Mpc lkm/s) Rl IR MpGrd

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



