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L Goal

=
= We investigate cosmological scenarios

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 New era
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L JTalk 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) GWSs: basic properties and evolution.
= 6) Gravitational wave astronomy, and multi-messenger astronomy:

a novel tool to test General Relativity and cosmological scenarios in
great accuracy.
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= SDSS (Sloan Digital Sky Survey) 2004: ~ clusters "above and below
the galactic plane” up to 1 Gpc
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A _.L. 1 Observations

= As the scale we observe the Universe increases, it looks as homogeneous
and isotropic.

= Cosmological Principle: “axiom” (indirect result)
I) We know that earth is an isotropic observation point.
IT) An anisotropic system has up to one isotropic observation point.

= Hence, either we lie in the only isotropic observation point in an
anisotropic Universe, or all its points are isotropic observation points.

= Thus, the Universe is homogeneous and isotropic (isotropic and
inhomogeneous is not possible)
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. m 10bservations
=

= Hubble 1929: The Universe expands

c o ot
but was ber‘e.' known for Ihl r prowess. He was @
stor ployer in football, botc:ou and bo sketboll, and ran
track in hghschol nd at the Univers ryf(_h cago,
where he sarned a Bachelor of Science in 1210

Feec esaon Weloo iy flm £ 4c)
B

Hubble’s Data (1929)

V=HTr

H, ~70 km s™ Mpc™
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b _.L. 1 Observations

= Since the Universe expands it is reasonable that it originates from a “too tiny”
and “too dense” “primordial atom” (Lemaitre 1927)

= 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".

= Prediction I: Nucleosynthesis has primordial origin, namely at first 3 minutes
(~10°K) (giving 25% Helium) and not in stars (1-4%)
As observed.
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b L a1 Observations
=

= Prediction II: The primordial Universe became full of high-energy photons

Big Ba chI yth

“H \. ‘He
/9!‘2" S — 8; A~T- 10—12

380.000 years after (~3000K) they decouple from electrons
(Recombination era). Black body radiation (today ~2.7 K)

s 1965 Penzias kai Wilson

T =2725 £/0.002 K
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ITheoreticaI arguments

Big Bang Theory explained: Olbers paradox (1826) (why night sky is not

bright), Ryle (1970) (Radio galaxies density increases with redshift), Element
abundance, CMB, etc

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
Q, ~0.001. It must have started with ~10™°1
Monopole problem: They are not observed.
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B

\

I Inflation

Kazanas, Guth, Linde (1982): The Universe|10~°sec| after the Big Bang, through
some mechanism went into an exponential expansion up to |10 *sec| increasing
in size ~ |10 times: Inflation.

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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L‘.

g Dark Energy

= The Supernovae type Ia (explosions of binaries with one being white dwarf) are
“standard candles”, since their absolute magnitude M can be determined.

= In 1998 oI Perlmutter, Schmidt,
Riess observed that 50 Snla
had smaller apparent magnitude
than expected hence light
traveled more, and thus
the Universe today expands
faster than before!

19

23

Calibrated apparent magnitude
N

24

25

© 2006 B

11 March 1997

Host galaxy

Supernova

Observations of type & supernova
fit an accelerating universe but not
a decelerating universe.

16 March 1897

29 March 1997

N
Fading
supernova

Visual-wavelength images

0.1 0.2

rooks/Cole - Thomson

Redshift (-}

(.4 0.6 1.0
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L s Dark Energy
e

= The accelerated expansion is verified by independent observations, Cosmic

Microwave Background (CMB), Baryon Acoustic Oscillations (BAO), Large
Scale Structure (LSS), etc

= 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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L

g Dark Matter
=

= Galaxy rotation curves:

vikmis)

100

Rikpc)

= Bullet cluster (collision of two galaxy clusters)

. *Dark ;\'ﬂa’t;e; .,_.-.0" '
W L = 80% of matter is an
— “unknown” dark matter
(it does not interact

electromagnetically)!
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L Dark Matter
el i

7. billion light-years

35 million light-years
rF e

O!ﬁi”ion lightsyears

500 millién light-years

© 2006 Pearson Education, Inc., publishing as Addison Wesley
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fCcosmic Microwave Background radiation
1

= Since 1989, COBE, WMAP kai Planck satellites show that CMB has small
fluctuations:
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b

JfCosmic 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.

Angular Scale

a0° 20 0.5" 0.2¢
6000 1 T T

T
first peak

ao00 [

3000 acoustic oscillations

ISW plateau

+1)C2 [ K3

2000 |

pu—

1 1 | 1 1 l 1 1 i 1 1
10 100 1 ~ 220 500 1000
Multipole moment |/ E.N.Saridakis — UOA, Dec. 2018 17




Inflation can also explain CMB and seeds
L of LSS
o W

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

|
The Universe history:

Big Bang

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

Inflation

Composition
of the
Cosmos

Quantum
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

Heavy
clements
0.03%
Ghostly
neutnnos
0.3%

Stars
0.5%

Free hydrogen

energy
65%
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L _Knowledge of Physics
L

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

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

So can our knowledge of Physics describes all these?

Dark Energy
Accelerated Expansion
Afterglow Light it
Pattern Dark Ages Development of Composmon
400,000 yrs. Galaxies, Planets, etc. s\ of the
— 'ﬁ“ﬂy ‘ Cosmos
0 3 o 2/ E ’
57 L i A e G e F

Heavy
clements
0.03%

Ghostly

Stars
0.5%

=i
Free hydrogen
»nd hellum
Quantur PN

Fluctuations Dark

9]
o PRI G A 5

matter

g 3

f & s - e .
. g l'.;_:._'.~‘-'~.- o ~ .-,. & e -
i A e N A
1st Stars - Dark
about 400 million yrs. y enetqy
Big Bang Expansion
13.7 billion years
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L Modified/new knowledge of physics
B

So can our knowledge of Physics describes all these?

Dark Energy
Accelerated Expansion

Afterglow Light
att

Pattern Dark Ages Development of Composmon
400,000 yrs. Galaxies, Planets, etc. \ of the

Cosmos

about 400 million yrs.

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 ,Cosmology

R
= 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

24
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. L ,Cosmology
R
= 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-of-physics-histery-efseienee-history
2) How to describe primordial universe (inflation)

3) Tensions with some data sets, e.g. HO and fo8 data

25
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. ..L. ICosmology-background

. . 2
= Homogeneity and isotropy: as? — a2 + a2(2) ( = +-r2dn‘2)

= Background evolution (Friedmann equations) in flat space

8w
Ifz — T (,ﬂnr. + f}}_)f_*.r)

H = —An@ (pm + Pm + PDE + I’DE] ’

(the effective DE sector can be either A or any possible modification)
= One must obtain a H(z) and 2m(z) and wDE(z) in agreement with

observations (SNIa, BAO, CMB shift parameter, H(z) etc)

26
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[’ ICosmology-perturbations

s Perturbation evolution: 6 +2Hé —47Ggpd~0 wWhere & = dp/p
where G.g(2, k) is the effective Newton’s constant, given by

V26 =~ AtGegp 6.

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

co (A 1\, 3 HZ Geg(2, k)
Hence: o+ + (2 e s+ m—a o

3

- _ diné : V0O ()Y@ _ Qom a”
with f(a) = == the growth rate, with f(a) = Qu(a) and Q. (a)= H@)?/HE

0g

One can define the observable: |fos(a) = f(a) - o(a) = 3 ° &'(a)

with o(a) = 0'8% the z-dependent rms fluctuations of the linear density field within spheres of
radius R = 8h~'Mpc, and 08 its value today.
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= Add a scalar field ¢ in the Universe content

ol L e ) i scaling models / v
@@ -0 @ . : ' sl A
0 == | dissipative fluid
.99, 9| @

Chaplygin gas

/

K-essence

conformal symmetry
breaking - dilaton

coupled dark
matter-dark ——__
energy

Vector or 4-form
condensation

:

chameleon

IDark Energy-Inflation

neutrino

5 mixing and

varying mass

/ tachyonic

quintessence —

\

phantom

non-minimal
couping to
gravity
28
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L eneral Relativity
_—
= Einstein 1915: General Relativity:

energy-momentum source of spacetime Curvature

——[d“x/-g[R-2A]+[d*x L,(g,..)

167ZG

1
— Rﬂv—EgﬂvR+gﬂV/x=87zG Tﬂv

t

2
\/_g ®,uv 29
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. L Modified Gravity

Einstein-Dilaton-

Lorentz wiolation

Gauss-Bonnet Cascading gravity T + Conformal gravity
Hofava-Lifschitz:
i R —
Strings & Branes\ P (_) R, 11 Rev £(G)
DGP - Some
Randall-Sundrum | & |1 d ot .
2T gravity \ egravitation  Hjgher-order
scenarios
Higher dimensions Non-local General RuRH,
f(R) OR,etc.
Kaluza-Klein

Modified Gravity ¥ Vector

Lorentz wiclation

Generalisations

of SeH . .
TeVe$S Add new field content Massive gravity
Gauss-Bonnet _ \ \E’a\rlt}f
Scalar-tensor & Brans-Diclke Chern-Simons Tensor
Lovelock gravity Ghost condensates Cuscuton EBI
Galileons
Chaplygin gases Bi tric MOND
Emergent the Fab Four Scalar wpen g imetric
Approaches KB _ P
‘ Coupled Quintessence Einstein-Cartan-Sciama-Kibble
Padmanabhan . .
CDT chermo., Horndeski theories Torsion theories
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L Anflation: scalar field
k--

: 1, ¢ 7 1Ly p-li_v
Lzadpgﬁd‘”@—\(@) p=5¢"+V(¢), P=56"-V(4).

H? =

8w |1 .9
3m? [Eé +V{¢')]

t’p]

é+3Hp+ Vy(d) =0
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4

i
1
L=
2

= 0up ' — V()

2 8

9.2
dmp]

b +3Hd +

Slow-roll conditions: ¢*/2 < V(¢) and || < 3H|4|
87rV(c;f>)

H? ~

3m?

[%é2+1ﬂ¢1

Vs(9) =0

pl

3H$ ~ —Vy(0)

a
= ln S —

H dt ~ —5-

JAnflation: scalar field

1-
P = §¢'2 +V(¢') ]

—dc;‘J

V(¢)

1-

¢ in , Pend Reheating
N A¢ 7
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B ..L. =Inﬂaticm: scalar field

Tensor-to-scalar ratio (ro.002)

€

2 2
_ M (Ve \T
160 \ V ’ 81V

ne ~1—6e+4 2n

0.20

0.15

0.10

0.05

0.00

7”’;2)1 Vo

?

2 _ TftﬁlV¢V¢¢¢
6472V 2

r =~ 16¢

0.94 0.96
Primordial tilt (n)

TT,TE,EE+lowE+lensing

TT,TE,EE+lowE+lensing
+BK14

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

Natural inflation
Hilltop quartic model
« attractors
Power-law inflation
R? inflation

V x ¢?

V ¢4/3

Vo

V ¢2/3

Low scale SB SUSY
N,.=50

N.=60

0.98 1.00
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3 Scalar-Tensor Theories
=1 DA

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

B

L,[K1= K (g, X)
L[G,1=—G, (¢, X)0g X =040, 412

L,[G,]1=G. (¢, XIR+G, , [(0g) —(V,V,g)v*V'g)
L.[G.] =G (4, X)G,, (Vv gp)— % Gox [(04) =30V, V s vV v p)+ 2(vev XV V7V ,0)]
[G. Horndeski, Int. J. Theor. Phys. 10 ]
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1 Horndeski Theories
L_- .

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

L,[K]=K(¢, X)
LIG;]=—G; (¢, X)Ogp X =—0“g0 12

L,[G,]1=G. (¢, XIR+G, , [(0g) —(V,V,g)v*V'g)
L.[G.] =G (4, X)G,, (Vv gp)— % Gox [(04) =30V, V s vV v p)+ 2(vev XV V7V ,0)]
[G. Horndeski, Int. J. Theor. Phys. 10 ]

s Coincides with Generalized Galileon theories
d —> d—+C, 6#¢—>6ﬂ¢+bﬂ

[Nicolis,Rattazzi, Trincherini, PRD 79]
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A g Horndeski Cosmology (background)
1

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

" [2XK , —K +6XgHG, , —2XG, , —6H’G, + 24H*X (G, x + XG, ) —12HXdG, , —6HdG, ,
+2H3XP(5G; x +2XGyg 5x ) —B6H?X (3G;, + 2XGg i ) = — P

"|K—2X(G,, +4G; ) +2(BH? +2H)G, —12H*XG, , —4HXG, x —8HXG, , —8HXXG, ,
+2(¢+2HP)G, , +4XG, 4, + AX($—2HP)G, 5 —2X (2H @+ 2HHG +3H?P)G; , — 4H 2 X 2gGy
+AHX (X — HX)G;  +2[2(HX + HX) +3H2X |G, , + 4HX4G; ,, = —p,,

“11d

a’® dt

With J =gK , +6HXG;, —24G; , + 6H’@(G, , +2XG, 4 ) —12HXG, , +2H>X(3G; x +2XGy ) —6H’@(G; ; + XGs )
P, =K, —2X(G,, +¥4G, x)+6(2H? + H)G, , +6H (X + 2HX)G, , —6H?*XG; ,, +2H>XdG;

(@°3) =P,

[De Felice, Tsujikawa JCAP 1202]
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g Horndeski Cosmology (perturbations)

.

| e
= Scalar perturbations: ds* = —(1+ 2y)dt® +a*(1— 2¢)5,;dx'dx’ —LH.S=R.H.S

W, (4W1W3 +9W; )

3w?

>0

= No-ghost condition: |Qs =

32w2w,H — 4w2w, + 4w, WV, — 2WAR, )— 6W2 (o, + P, )
. . g ape . C2 = 1%%2 2774 17271 1%72 1 m m > O
= No Laplacian instabilities condition: Cs w1(4w1w3 +9w22)

with  w, =2(G, —2XG,  )—2X (G, xgH —G,,)

W, = —2G,  Xé+4G,H —16 X °G, o H +4(dG, , —4HG, , )X +2G, ,é
+8X2G; p H + 2HX (6G; , —5HG; 4 ) — 4G, o X 2H >

w, = 3X (K +2XK o )+6X (3XFHG, . —Gy X — G, , + 64HG, )
+18H (AHX 3G, o« — HG, —5XdG, 5 — G, -+ THG, X +16HXG, 1 —2X 4G, x )
+6H2X (2H @G, o X2 — 6X *Gy i +13XH @G, o — 27G4 5 X +15H G, x —18G;, )

W, = 2G, —2XG, , — 2XGg & [De Felice, Tsujikawa JCAP 1202]
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B

3 Inflation in Horndeski Theories
=1 .

K(g, X) =X =V (¢), G,(¢, X) = I\(/:|33 X, G, =G, =0  [Ohashi,Tsujikawa, JCAP 1210]

1. .4
035 V(¢) = 2 Agp
' 0.4 . . .
(a) N=50
03} 035 | (b) N=60
(@) (c) N=70
0.25 03|
02} 025 \
- - 0.2 + smaller M N
0.15 f
0.15 |
01} 01 |
0.05 | 0.05 |
0 - - - - - ' ' 0 ' ' ' ' ' ' '
093 094 095 096 097 088 089 1 16 093 094 095 096 097 098 099 1 1.01

Ng

s
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B

0.35

0.3 r

025

02r

015

01 r

0.05 -

0

3 Inflation in Horndeski Theories
a

Cs

K($,X) =X =V (#), Gs(¢h X) =25 X, G, =G5 =0

093 094 09 096 097 098 099 1 1.01

X 2
G-Inflation (Shift-symmetric): K(g, X) = X + IV

yz
r~0.17
[Kobayashi, Yamaguchi,Yokoyama PRL 105]

[Ohashi, Tsujikawa, JCAP 1210]

1
V(g) ==¢"
4
0.4 : ; .
(a) N=50
0.35 | (b) N=60
(@) (c) N=70
03¢} y
0.25 t
02t
0.15 |
01}
0.05 |

0 1 1 1 1 1 1 1
093 094 095 096 097 098 099 1 1.01

1
G;(¢, X) = M 2 X, G, =G;=0
[Banerjee, Saridakis PRD 95 39
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g Dark Energy in Horndeski Theories
R

= K@ X)=c,X, Gy, X)=¢;, G, =1, Gg=¢; "

=

0.8
0.6
= Background evolution: Universe thermal history &
0.4-
0.2
[Ali,Gannouji,Sami PRD 82]  [Leon, Saridakis JCAP 1303]  ,, __“/ _——
0 1 2 3
Log [1+7]
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g Dark Energy in Horndeski Theories

K(¢’X):C2X1 Gs(¢1x)2031 G4:11 G5=05 1.0f

Background evolution: Universe thermal history

[Leon, Saridakis JCAP 1303]

Perturbations: O +2HJ,, =42Gy, p,,

with G =G (6, K, G;,G,,G)

ding,
dIna

Clustering growth rate:

=0 (a)

v(2): Growth index.

[Ali,Gannouji,Sami PRD 82]

0.8
0.6 -
q F
0.4-
0.2
0.0 W
0 1 2 3
Log [1+z]
20
k=0.001 h Mpec™'
_____ k=0.01 h Mpc
,,,,,,,, k=0.1 h Mpc™*
o =
I""""'-...,_\ .14 ‘-‘ ;
, N P T2
¥ N 0 :f N
\\. '," ; "‘;
>~ —2 % .~ : t ]
. v. ; k
, % / ~
LS 4
| e ’
A . I
-4 \:'.\1”
-6 . T = ‘
0.0 0.5 1.0 1.5 2.0
log (1+2)
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Nonminimal Derivative Coupling — Dark Energy

-

T 5= [a| g R 3 (8, ~ B,V () |5, S,

s In flat FRW:
72
H* =%{¢7(1+9§|-|2)+V(¢)+pm +er

—

.2 - e
2H +3H? = —87ZG|:%|:1— g’(ZI—'I +3H7? +%ﬂ —V($)+ p,, + pr}
[Saridakis,Suskov PRD 81]

V (#) =V,¢"

1 0.6 -0.2 0.2 0.6 1 - 0.6 -0.2 ) 0.2 0.6 1
§[TeV?] & [TeV?2]

[Dent,Dutta,Saridakis, Xia JCAP 1311]
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L gy Dark Matter — Dark Energy Interaction
=E
= Theoretical argument: In principle, since the underlying
theory and the microphysics of both dark energy and
dark matter is unknown, possible mutual interactions
cannot be excluded.
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L gy Dark Matter — Dark Energy Interaction
=E
= Theoretical argument: In principle, since the underlying
theory and the microphysics of both dark energy and
dark matter is unknown, possible mutual interactions

cannot be excluded.

= Phenomenological argument: Alleviate the coincidence
problem: Why are the DE and DM densities nearly equal
today, although they scale independently through the
expansion history

[Billyard, Coley, PRD 61] [Mimoso, Nunes, Pavon, PRD 73] [Chen, Gong, Saridakis JCAP 0904]
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L . DM — DE Interaction
# |
S:J‘d“x«/—g[ 1 R}+S¢+SDM+Sb

162G

= Assume that DE and DM are effectively described by perfect fluids.

872G
H? :T(pDE +pDM)

H = _47ZG(IODE+ Pom )

B
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L . DM — DE Interaction
L
1

-
Sz_fd“xw/—g[ = R}+S¢+SDM+S,D

162G

= Assume that DE and DM are effectively described by perfect fluids.

872G
H? :T(pDE +pDM)

H = _47ZG(IODE+ Pom )

= Equations give only the total conservation, namely

b (tot) __ b [ (DE) (om)]
Vv Tab =V [Tab +Tab ]_ 0
= If we assume DM conservation, i.e v*T (") _ o then DE is also conserved: V'Tay~ =0

= Ppwm +3HCL)DM + pDM):O
= Poe +3HOODE + pDE):O
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L DM — DE Interaction

However it is not forbidden to assume DM — DE interaction by arbitrarily
splitting as:

VbTa(bDM) — Qa
VbTa(bDE) — _Qa

with Q, a phenomenological descriptor of the interaction (positive Q,
corresponds to energy transfer from DE to DM and vice versa).
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L DM — DE Interaction

However it is not forbidden to assume DM — DE interaction by arbitrarily
splitting as:

VbTa(bDM) — Qa
VbTa(bDE) — _Qa

with Q, a phenomenological descriptor of the interaction (positive
corresponds to energy transfer from DE to DM and vice versa).

= Despite possible pathologies (curvature perturbation blowing up in super-
Hubble scales [Vvaliviita,Majerotto,Maartens, JCAP 0807]) it leads to interesting

cosmological behavior.
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L 2 Phenomenological Models

i
= ) Q=Q=3H (aDEpDE + Qpm Ppm )
= II) Q=Q,=Tppy,

[} III) Q — QO — aK'an 3—2nper1M
= etc...
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s Phenomenological Models

_
I) Q= Q,=3H (aDEpDE + Oy Ppm )
II) Q=Q,=Tppy

III) Q — Qo — aKZnH 3—2np2M
etc...

Obtain late time attractors with R=p. /ooy ~1

04

0.3F

X

[Chen, Gong, Saridakis JCAP 0904]

0.2+
0.18}
0.16f
37 .14}
0.12f
0.1}

0.08¢
-1 -0.8 -0.6 —(r].4

I WMAP i
WMAP & ACBAR
> WMAP & SN & BAO
‘ 1

Hy

[Valiviita,Majerotto,Maartens, MNRAS 402]

[Caldera-Cabral, Maartens, Urena-Lopez, PRD 79]
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b g Another approach to phenomenological models

= If Q=0then Loy = Lomo/ a’ . Instead of imposing Q one can parametrize its effect
assuming:
Pom = Pomo/@°°| (perturbations can also be studied; obtain matter overdensity) [wang, Meng CQG 22

Param. best-fit meanto  95% lower 95% upper

Qeamo  0.2246  0.2229700095  0.2099  0.2365

Hy 7L17 7137013 68.67 74.01
6 0.00099 0.001961000% —0.00631  0.01085
w  —1.085 —108710020 —1.139  —1.032 -
a 0143 0.142277002° 01291 0.1556 E
B 3117 312670579 2.966 3.29
M —19.04 -19.0470037 —19.12  —18.96

Ay —0.0721 —0.068070 05 —0.116  —0.0211
Qo 0.2746 02729700008 0.2599  0.2865

HO+SNIa+BAO+CMB

= Slight tendency towards interacting DE
0<0 implies energy flow DM -> DE

® & O

f

AN @l lele O @ 2 ez

#

sgoo\oopo

f
f

ifleolo elo s
0=
00 e 0 =

[Nunes, Pan, Saridakis PRD 94]
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f(R) gravity

- !
S = 16ﬂdo x\J— g f(R)+S,(9,..%)
CRR,,~ {(R)G,,~[7,7,-0,0]r R=8:6T,,
= Field Equations (metric formalism):
= Conformal transformation:  g,,—4,,=f'(R)g,,=49,., d@:\/%df
S s [ TP ISR R

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

=  Firedmann Equations (metric formalism):  3FH 2 _

_3HF +81G p, =R
R=12H?+6H

—~2FH = F —HF +8G(p, + p,)
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b g f(R) cosmology - Inflation
N

. Firedmann Equations (metric formalism):  3FH 2 _

FR-1 F(R)= '(R)

—3HF +81G p,,
D : R=12H°+6H
—2FH =F —HF +84G(p, + p,)

2
= Inflation: e.g. Starobinsky inflation f(R):R+R_2 oV (g) = 3M’ (1_e_ﬁsﬂe¢)
M 2 6M 327G

HeH ——(t-t) [Starobinsky PL 91]

4 \3/2
Gev M ~3x10" GeV &. ' ¥ BN TT,TE EE+IowE-Hlensing
L, TT,TE,EE+lowE+lensing

+BK14

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

Natural inflation
Hilltop quartic model
« attractors
Power-law inflation
R? inflation

V x ¢?

V x ¢4/

Vo

V x ¢2/3

Low scale SB SUSY
N,=50

\ ® N.=60

0.20

T <3X1017g:/4‘ ﬂ
m._.

reh —

2.0

0.15

0.10

Tensor-to-scalar ratio (rg.002)

0.05

0.0
-0.5

0.00

0.94 0.96 0.98 1.00

Primordial tilt (ns)
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g f(R) cosmology — Dark energy

. —
| . _ .
874G po. = FRZ L _3HE +3H%Q-F) for viable:  fr >0, fe >0, for R>R,(>0)
872G pop — E +2HF - R T —(BH2+2H ) 1-F) [Starobinsky PLB 91]
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e

g f(R) cosmology — Dark energy

R |
IsﬂE Poe = %‘f—smi +3H*1-F) forviable:  fr >0, fre >0, for R>R,(>0)
872G pop — E +2HF - R T —(BH2+2H)1-F) [Starobinsky PLB 91]
model F(R) Constant parameters
(i) Hu-Sawicki R — st/ lys) c1, ¢z, p(> 0),Rus(> 0)

(i) Starobinsky R -+ ARs [(1 + %%)7" - 1] A(> 0), n(> 0), Rs

.. R
(iii) Tsujikawa R — p Ry tanh (R_l) (> 0), Rp(>0) [Bamba,Geng,Lee JCAP 1011]
(iv) Exponential R — BRg (1 — e_R/RE) 8, R
- 15 Ls
<A B
1.0 1.0
2 "
1+ 4%% 0.5 0.5l
Gt =F Wzt ) =
1+ 3?? 0.0 0.0l
dl r@ -0.5 —0.5"
dlma e
304 05 06 07 08 09 183704 05 06 07 08 09
Yo Yo

. ) . 56
[Basilakos,Nesseris,Perivolaropoulos PRD 871 E.N.Saridakis — UOA, Dec. 2018



Lo

e |

w
W %

g f(R) cosmology — Dark energy

/ { l“.‘

&

. -
a

Y
0200) ’

\ N
[
(
\
=

Models CC+ My JLA + BAO + CC + Hy
AICT | AAlC | BIC | ABIC AlC AAIC BIC ABIC
ACDM Model | 28.205 0 36.809 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 | 20407 | 1.202 | 39.445 | 2.636 | 722.966 | 1.882 | 755.5564 | 6.537
Exponential Model | 29.310 | 1.105 | 39.347 | 2.538 | T22.548 1.464 | 7556.136 | 6.119

[Nunes, Pan, Saridakis, Abreu JCAP 1701]
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. 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]

lll'ii”i'i = O
/‘\:,‘

s Primordial GWs:
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a Gravitational waves

GW150914 Two black holes with 36 ~ 4 M@ and 29 . 4 Me resulting in a 62 4 Me black hole

L

Louisiana.
. T T T .
WaShlngton Inspiral Merger Ring- Distance 410 Al Mpc
. 4km - down -180
' Redshift +0.030
. 0.093 -0.036
10~ 18m

X

1.0 = Numerical relativity B
I Reconstructed (template)

T T | 1
T T T T by
— o
£0.6 |- -4 =
2 0.5 | — Black hole separation 43 o
g === Black hole relative velocity 42 B
S 04F e
0] 11 8
> 03E | I ! Llog @
wn

0.30 0.35 0.40 0.45
Time (s)

[Abbott et al, LIGO Virgo PRL 116]
2017 Nobel Price in Physics
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. Gravitational waves

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

Gamma rays, 50 to 300 keV GRB 170817A

Fermi % ]
bl b 1o ’ [Goldstein et al, Fermi Gamma Ray Burst Monitor

: | Astrophys.] 848]

LIGO-Virgo

Reported 27 minutes after detection Gravitational-wave strain ______ GW170817

[Abbott et al, LIGO Virgo PRL 119]

|NTEG RAL Gamma rays, 100 keV and higher GRB 170817A

Reported 66 minutes © 120000/
after detection & [

= The era of multi-messenger astronomy begins!
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L 2 Gravitational waves
=1 .

= 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.
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L 2 Gravitational waves
=1 .

= 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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e

Horndeski

2 Gravitational waves
=1 DA

An immediate result: The speed of GWs is equ

GW170817 time delay

1.74 4+ 0.05s constrains:

al to the speed of light!

3.0 < cg/c—1<T- 10716

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

cg=2c

cg #cC

3 anomalous GW speed

General Relativity
quintessence/k-essence [46]

Brans-Dicke/ f(R) [47, 48]

quartic/quintic Galileons [13] [14]
Fab Four [15]
de Sitter Horndeski [49]

beyond H.

Kinetic Gravity Braiding [50] G "¢’ [51, f(¢)-Gauss-Bonnet [52] ) ':'i  —
- (o] — ar=0,ay =028
Derivative Conformal lE] 7] quartic/quintic GLPV [18] —
Disformal Tuning II quadratic DHOST [20] with A, #0 | ' — i)
cubic DHOST [23] 0.0 05 1;) 15 20

quadratic DHOST with A; =0

Viable after GW170817

Non-viable after GW170817

[Ezquiaga, Zumalacarregui PRL 119]
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L 2 Gravitational waves

B R | go=—-1, gi=0,
= For tensor perturbations:

=

, 1
9ij = ﬂrz(gij + hij + Ehikhkj)

k?

}}*ij < (3 + flm)filij + (1 + HT)Eh‘ij =0

_ dlog(M?) ,
OM = “loza ¢z =(1+ar)
L : 2 2 52,\1/2
. h,GW ~ h,GR e 2 vHdn Ezk: [(a, +a"m® k%) Zdn
S—— P v
Affects amplitude Affects phase

[Ezquiaga, Zumalacarregui 1807.09241]
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L . Gravitational waves
=1 .

Modified gravity roadmap Constrained by

L

Massive
Gravity
mg > 0

General
Relativity

Unique theory
of massless g,

Additional
Field

Break
Assumptions

[Ezquiaga, Zumalacarregui 1807.09241]
E.N.Saridakis — UOA, Dec. 2018



b L y Gravitational waves
=1 B

s Polarizations:

&b

" Tensor + Scalar T’ Vector 1

4R

Tensor x Scalar L Vector 2

—wt=0,m —wt=wf2 - wt =32

[Ezquiaga, Zumalacarregui 1807.09241]
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2 Gravitational waves
=1 DA

= 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 T I TT T I TT T ||| TT
— ACDM
0015 =001l T 0.0005 |- —ACDM| -
' -fo
L EI
“n=10
L -4 4
0.01 A —n= 10
i -5 0 0 0 0
[ "= 10-6 0 21 B2 exp(ipua®) 0
00051 | — — R — M 1 i on
= n=10 = 2 N (1)1
. e 0 B exp(ippz*) —27; 0
__ n=10 0 0 0 0
o ! \_.___ﬂ._‘ 2_ _________ S I
i ] bt
i
I'.u-'l .'
0005 - _
0.0005 - ,
| 1 | 1 1 1 | 11 1 1 | 11 1 1 I 11 11 I 11 1 1 111111111 | 111111111 | 111111111 | 1111111l | 1111111l | 111111111
0015625 003125 00625 0125 0.25 05 1 04 05 0.6 07 08 09 I
a a

[Cai, Li, Saridakis, Xue PRD97]
[Farrugia, Said, Gakis, Saridakis, PRD97]
[Soudi, Farrugia, Gakis, Said, Saridakis, 1810.08220]

[Nunes, Pan, Saridakis, PRD98] E.N.Saridakis — UOA, Dec. 2018



- L ,Conclusions

|
= 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.

= 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. ;..

Vi)
S
=

e amplitude

= V) A new era has begun! e "
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b

.Outlook
=

= A huge project is ahead for the community:

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

= i) 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, entropic
gravity etc, currently under investigation
[Saridakis, Assimakis, Erices, Gakis, Palikaris, Theodosiou]

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

i A

= "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.

70
E.N.Saridakis — UOA, Dec. 2018



Ny

i A

= "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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Tensionl — fo8
1

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

scales.

-

0.7 r—————————————
Parameter Planck15/ACDM [12] WMAP7/ACDM [4] [ Planckl5/ACDM: g, Best Fxt
Qoh? 0022252000016 002258 % 0.00057 06l
OhY 0.1108+00015  0.11094+0.0056

Planck15/ACDM

Mg 0.9645 £+ 0.0049 0.963 +0.014 [
Hy 67.27 £ 0.66 71.0+25 0.5 [ L
Qom (0.3156 £ 0.0001 0.266 + 0.025 t
w -1 -1 N )
4 [ L L
03 0.831 £0.013 0.801 4+ 0.030 L 0.4
0.3
0.2} ACDM Best Fit(Qq,,=0.28.65=0.78) WMAP7/ACDM
0.0 0.5 1.0 1.5

[Kazantzidis, Perivolaropoulos, PRD97] 75
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Tension2 — HO

Tension between the data (direct measurements) and Planck/ACDM (indirect

|
measurements). The data indicate a lack of “gravitational power”.
08T 71 v rTrT T T T 0 ]
: Pianck15+BAGISN  °| :
-0.9F ]
HOL{COW + 1, prar [
HOL COW
P15 (TT1 £ = 10 = CMB ACDM+N -
P15 (TT) <1 = HOLICOW 2 10 - XN\ e .
15 (T+F)+ ensing +ex = CMB ACDM ! ]
P15 (T+P}+BAD = R16
P15 (T+P)+ ensin ]
P15 (T+F) '1.1 5 _:
P13 (1]
WMAPS+RBAD
WMEPS [
=S5 B T | | 1 T, S

60

65 70 75 80 62 64 66 68 70 72 74
H, (Mpc 'km/s) TR MR

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



