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Cosmology in Background

* Cosmology is a Science of measuring two quantities

Alan Sandage, Physics Today 1970  H ,

® Geometrical tests of Background Cosmology

We are measuring distances in the Universe
Standard candles

Standard Rulers

. Schmidt Adam G. Riess
The Nobel Prize in Physics 2011 was awarded "for the discovery of the
accelerating expansion of the Universe through observations of distant
supernovae” with one half to Saul Perimutter and the other half jointly to Brian P.
Schmidt and Adam G. Riess.

Saul Perimutter Brian



Background is boring:
Cosmology with Perturbations

® Precision Cosmology with perturbations

Planck 2013 credit: Michael Blanton




The Tale of two Power Spectrums

® Establishment of standard model of Cosmology
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The tale 0 f Concordance cosm:lz%;nodel
two standard model

Afterglow Light

Pattern  Dark Ages
380,000 yrs. /

about 400 million yrs.

Big Bang Expansion

13.7 billion years

A Universe is made up of

2
® Baryons 5% (Standard Model of Particles) Qbh
® Cold Dark Matter 27% Qch2
® Dark Energy 68% Q.
Known as ACDM A
® with Initial Conditions n,
Gaussian, isotropic, adiabatic and scale invariant T



3 Questions for 21th Century

1)Why is the Universe accelerating? (Dark Energy)

3)What is the physics of early Universe? (Inflation)

> Large Scale Structure can address these three questions.

> We will need to add free parameters to our known 6
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How to explain the Accelerated Expansion of the Universe?

Cosmological Principle +CDM/baryons+ GR



How to explain the Accelerated Expansion of the Universe?
Cosmological Principle +CDM/baryons+ GR

‘/Does the Cosmological Constant cause the acceleration of the Universe?

(Old-new Cosmological constant problem)




How to eXplain the Accelerated Expansion of the Universe?

Cosmological Principle +CDM/baryons + GR
‘/Cosmological Principle: Homogenous and Isotropic Universe

/NOH homogenous Universe




How to explain the Accelerated Expansion of the Universe?

Cosmological Principle +CDM/baryons + GR

‘/Is Dark Energy a dynamical exotic entity

(e.g. quintessence, k-essence,...)?

Poe
Wpe =
PbE

V4
Wpe =Wy + W, ——
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Fig,36. 2D marginalized posterior distributions for w; and
Wy, for the data combinations Planck+WP+BAO (grey),
Planck+WP+Union2.1 (red) and Planck+WP+SNLS (blue).
The contours are 68% and 95%, and dashed grey lines show the
cosmological constant solution.

Planck 2013



How to explain the Accelerated Expansion of the Universe?

Cosmological Principle +CDM/baryons + GR
‘/Is GR the correct classical theory of Gravity?

v’ Modification of GR (e.g. f(R) gravities)




What we mean by Modified Gravity?

Model Dark Matter Problem Dark Energy
Problem

1 CDM Cosmological Constant
2 MG (e.g. MOND) Cosmological Constant
3 CDM MG

4 CDM Quintessence

S ...



Modified Gravity

Massive Gravity Brane Cosmology
Models Models (DGP,...)

f(R) models

f(R)=R - u/R




Why f(R) gravity?

Modified gravity Theories and where the scale dependence come?

General Relativistic Scalar-Tensor Conserved-Curvature
Non-Linear Regime Regime Regime

halos, galaxy large scale structure

y———



Large Scale Structure Formation : GR vs MG

‘/Distribution of luminous matter
(Correlation functions-Power spectrum, cluster count)
v'BAO

v Weak Gravitational Lensing

‘/SNIa: distance measurements

‘/CMB lensing
‘/21 cm
vV ISW ...




Statistical Properties of our Universe

® We need to define the two point correlation

function as:

&(r)=(6(X)o(X+T1))

where the correlation function is the excess of

articles fI‘OIIl randomness. —
P 5()() — p (X) /0 b
P

Where power-spectrum is the Fourier transform of

correlation function as:

<5(|2)5(|2 ')> — (27)°*P(K)5° (K +K)




Correlation function and Power Spectrum of matter

Sanchez+(2012) Anderson+(2012)
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What is the matter Power-Spectrum?

® The matter power spectrum P(K,Z) in present time can be found by

knowing:
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encoded in spectral index and the amplitude of perturbations S



What is the matter Power-Spectrum?

® The matter power spectrum P(K,Z) in present time can be found by
knowing:
1)Primordial power spectrum:

A n,

encoded in spectral index and the amplitude of perturbations

Z)Physics of baryons, photons and CDM and the evolution of modes during
equality and horizon crossing. T (k)



What is the matter Power-Spectrum?

® The matter power spectrum P(K,Z) in present time can be found by
knowing:

1)Primordial power spectrum:

A n,

encoded in spectral index and the amplitude of perturbations

2)Physics of baryons, photons and CDM and the evolution of modes during
equality and horizon crossing. | (k)

3)The Evolution of density contrast due to expansion of universe D (Z)

P(k,z) = Ak™T*(k)D?*(2) 6(z) = D(2)9,



What is the matter Power-Spectrum?

® The matter power spectrum P(K,Z) in present time can be found by
knowing:
1)Primordial power spectrum:

A n,

encoded in spectral index and the amplitude of perturbations

2)Physics of baryons, photons and CDM and the evolution of modes during
equality and horizon crossing. | (k)

3)The Evolution of density contrast due to expansion of universe D (Z)

P(k, Z) : 2 (k) Growth function
0(z) = D(z)0,



How do we find the growth rate D(z) ?

G,, =81GT,, ds® =—dt® +a’(t)5;dx'dx’



How do we find the growth rate D(z) ?
G,, =81GT,, ds® = —dt’ +a’(t)5;dx'dx’

G, , =87Gal

Linear Perturbation theory:

1)The perturbed metric : 10 degrees of freedom and the gauge

Goo(X, 1) = —1-2¥(X,1) X =—-V¥

00 (X, 1) =0 VD = -4rGa’dp
g;(X,t) =a’s; 1+ 2®(X, 1))



How do we find the growth rate D(z) ?
G,, =81GT,, ds® = —dt* +a° (t);dx'dx’
G, =87GoT,,

1)The perturbed metric : 10 degrees of freedom and the gauge

Linear Perturbation theory:

Goo(X, 1) = —1-2¥(X,1) X =—-V¥

9o (X,1) =0 V2D = -42Ga’dp
g;(X,t) =a’s; 1+ 2®(X, 1))

2)Energy—momentum tensor of perturbations 5].00

0 _  oTi _ i
T,uV:(p-I_ p)uyuv -I_ pgyv-l_qﬂuv -I_qvuﬂ +7Z-,UV éTi- o 5]-0 —(1+0)),0V
ST =c2op



What are the players of linear
Perturbation theory?

¢ Geometry terms

P(t, X)
D(t, X)

® Energy momentum terms

o(t, X)
6=VVN

f:f gauge 1ssue: gauge—invariant quantities



Equations you have to Solve!

T.,.=0 &, =81GT,,

STt Pressure

S +[pressure—garvity]s =0 .. - ki

0 +2Ho = 4aGp +c2V25

21,2
5k+2H§'k+5k[%
a

~4rGpS]=0" .

background Law of gravity ': 5(2) : D(Z)§O



Growth function: MG vs GR
R O +2HO, —42Gps, =0  5(2)=D(2)5,

(R/R.)*

® We choose Hu-Sawicki model f(R) =R~ ”Rfl T (R/R,)?
of (R)
® We choose the free parameter of the model: ~ f, = R P

5, +2H(2)3, - 471G, (K,2) p6,, = O -




Scale dependent Growth rate

deFOWth (k’ Z) _ fgrowthz(ki Z) + (dH [ dz B 2
dz 1+12 H 1+z

+2) Gy (kD)

3 Q
)fgrowth(klz)+§HOZQSn Hz G

Cee——

lda\" tuld) )
(29 _mln 30 Ve - |
il _(adt) i _Qmﬁa +H(1 Qmﬁ)exp( 3/1 . da)_.




of (R)

R |R:R0 -1

Scale dependent Growth rate fo =

o ournK:2)  foowr (K,2)  dH/dz 2
g d”; - g1tiz Y T el DS HZQO

(1+ 2)2 eff (k’ Z)
H? G

|
e TABLE I: Growth rate fo»s observational constraints
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http://arxiv.org/abs/1308.2874
http://arxiv.org/abs/1308.2874

Scale dependent Growth rate

dfgrowth(k’ Z) fgrowth2 (k, Z) dH /dZ 2 3 20 (1+ 2)2 Geff (k, Z)
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Scale dependent Growth rate by Euclid
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Discussion

‘/Modified gravity theories introduce a scale

dependence in growth of the structures.

‘/What other cosmological effects can introduce a

scale dependence growth?
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3 Questions for 21 Centaury

1)Why is the Universe accelerating? (Dark Energy)

3)What is the physics of early Universe? (Inflation)

®
oo’

Non Gaussianity + Anisotropy can introduce a scale

dependence behavior in the growth of the structures through bias.



Deviation from a single field Inflationary
models?

v Non—Gaussianity

Multi-fields, non Bunch Davis vacuum, entropic perturbations,...
<(I)k-1 (I)A‘Q (I)lc3> = (QW)B(SD (kl + ko + kS)B(kl kg, kB)

1 k k
Bo(k1, ko, k3) = fNLWJF (-rg =2 pg= 3)
FLOLE!

kl 181
f=27%5.8 feM = —42+75 f oo = 25+ 39

Planck Results



Is there a room for Non Gaussianity ( NG)?

‘/Anisotropy introduce a NG

Mohammad Hossein Namjoo, Shant Baghram, Hassan Firouzjahi: arXiv:1305.0813

‘/LSS observations to detect NG in sub-CMB scales.

v Scale dependence of NG

. . Table 10. Separable template-fitting estimates of primordial fy for
/NOH—tI'IVIal NG ShaPeS local, equilateral, orthogonal shapes, as obtained from SMICA fore-
ground cleaned maps, after marginalizing over the Poissonian point-

source bispectrum contribution and subtracting the ISW-lensing bias.
Uncertainties are 1c.

i

Local Equilateral ~ Orthogonal

Planck (2013) 27+58 42475 -25+39



http://arxiv.org/abs/arXiv:1305.0813
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CMB and Anisotropy

Ecliptic plane

> CMB anomalies
1)Cold Spot

-0.051 0.000 0.051

T (mK)

2) hemispherical asymmetry eranls i quadrupole' DCtOPOIE Schwarz, Starkman, Huterer & Copi 2004
3) alignment of quadrupole and octupole

4) Power deficiency in low multipoles

> Measure problem
> .



Intrinsic Anisotropy of CMB

‘/Geometric origin, vector fields, long mode modulation

-'.-}E'F-:’;'

P (kx)=P* (k)(1+ A(K)p.x/z,)

PY2(K, X) = P (K, X)(1+ Ay (K)Y,y ()

Data set FWHM [°] A (L.b) [°] Aln L Significance
Commander ............... 5 0.0787505  (227,-15)+19 88 350
NILC ................... 5 0.0697005  (226,-16)+22 7.1 3.0
SEVEM .................. 5 0.0667005  (227,-16)+24 6.7 290
SMICA .................. 5 0.065700;  (226,-17)+24 6.6 290
WMAPSTILC .............. 4.5 0072+0.022 (224,-22)+24 73 330

Planck 2013



Anisotropic— Non Gaussian Bias

® Anisotropic Inflationary model:

1*(9)
4

/ 'r/=7 [‘”PR — 20,000 — g, - w)] ;

Squeezed Wavenumber
direction

k3 9 Preferred direction

/

SB, Mohammad Hossien Namjooi, Hassan

Firouzjahi JCAP08(2013)048



Anisotropic— Non Gaussian Bias

® Anisotropic Inflationary model:

2
/ d*r\/—g [MP R- —3 | HOF D — / f’)FﬂyFw - V(:;:i:)] ;

® The direction dependent bispectrum

BC(EI:EE: Ea) = 288N (ky )N (k2)N (k3) (C(EI: EE)PD(kl)PD(kE) T 2]3*‘5‘1'1171-) :

e Lt B Ea

N{E) - Ny = m( : ) C(El,fc})z(l—ﬁlﬁ)z—(kg.ﬁ)2+(k1.ﬁ)(kg.ﬁ)(kl.kg)):

kcus

® Where the free parameter (J, shows itself in:

P.|: [:E} — P[] (]_ + . (‘jﬁc 1 ) E) : SB, Mohammad Hossien Namjooi, Hassan

Firouzjahi JCAP08(2013)048



Where we can find the signature of Early Universe?



Where we can find the signature of Early Universe?

CMB

=0.17E~03 - | +0.17E-03

=0.176-03

. = 3000 w =0

Komatsu, Spergel 2001



Finger Print of Inflationary Physics Iin LSS

1) Galaxy Power Spectrum
2) The Bispectrum of galaxy distributions
3) Number of rare objects in Universe

4)The Bias parameter (Non linear Structure formation)

Dalal et al. 2008; Desjacques, Seljak & Iliev 2009; Slosar et al. 2008; Matarrese &
Verde 2008; Nishimichi et al. 2009



Earth at Night
More information available at;
htp//antwrp.gsfe.nasa.gov/apod/ap001 127 htm]

Astronomy Picture of the Day
2000 November 27
hitp:/antwrp.gsfc.nasa.gov/apod/astropix himl




Bias

What we observe in the Universe is the luminous matter

matter density: (), galaxy density: 0,
59 — 5h — b(XcosmoIogy’ Xloca|)5m Pg — b2 Pm



halo formation in peaks

first sites of halo formation . .
first sites of snowfall

3T —— T T

Enhanced




halo formation in peaks

first sites of halo formation

first sites of snowfall




How to find bias for a general NG density field

® Intrinsic halo bias via background model 5 — 5| and

mass function modification ~ N(M)

e Taylor expand number density ny; = dn/dIln M

dny dv [1 N (1? — 1)]

ny + —0p... =Ny
dv doy, oV

e Combine the enhancement with the original unbiased expectation
on,,

M

5, =

—b(M)s

e For Press-Schechter

2_
b(M) =1+ "2 5 !

i



What does Non Gaussianity do to bias!!!

first sites of halo formation . .
first sites of snowfall

Enhanced




Bias in Peak Background splitting

® There is an intrinsic bias known as halo bias: o, =b(k,2)s,

® We can split the perturbations to large-scale and small scale
,0:,0(1"'53 +5|)

® And the halo number contrast is obtained as:
Long wavelength mode

wa O [ TI(O m‘ég
Om [ Mo (84,02, 6c) 55

R.Scoccimarro et al .Phys. Rev. D 85, 083002 (2012)




The effect of NG on PDF

® The PDF and Cumulates are effected by NG potential / NG field
[1(8., 02, 6,2 61, 0) — TI[6s, aﬁ(f;;a;], 5.2 81(6), 0],
o
\-\Mpm@l\tdm

PDF depend on higher cumulatses and alsOothey depend to NG field.

® The first term of Taylor Expansion, is the linear bias :

s by, o Om[@1/08) { G dn(aﬁ))].

. = |—1
Oy f I, 00 n(a’ Inm



How Non-Gaussianity effect this:

® The PDF and Cumulates are effected by NG potential

[1(ds,07,,0c; 61, 0) — I[6s, 0%(0), cp(@), bc; 61( ), 0],

® The Scale dependence bias Shows UP in second term of

Taylor Expansion, introduced by bispectrum

ﬂm[Iﬂl fﬂﬂgfaﬂﬁl]
- M(k)dy, [T

1

Ioy(k,m) = X0

f335¢(@, k —q,—k)d’q,



Can we see the anisotropic NG effects in LSS?

2B D8 sy b gz 2K TODE

e M (k, z) 5 H2Q°

Be(Fy, By, F3) = 288IN (ky )N (k)N (k) (C(El By Py(ky ) Py (ky) + Eperm.) |

Lomflf\fG, £,7100 — ]
I Anisotropic NG, 8=33 deg -+ - -+ 1
e Anisotropic NG, 8=90 deg
Anisotropic NG, 0=7 deg -----

Observation direction

O 1E -
3 _
L <= [ g
N
\'_Q 0l
001 | Preferred direction

0.001 1 L1 Ll | L |,|.|‘
0.00! 0.01 0.1 ]
k (h/Mpc)



Can we see the anisotropic NG effects in LSS?

Non Gaussianity + Anisotropy can il’ltI’OdUCG a scale dependence

behavior in the growth of the structures through bias

e o

Lomflf\fG,an:joo ]
Anisotropic NG, =33 deg - -+ -+ 1
E Anisotropic NG, 0=90 deg
Anisotropic NG, =7 deg ----- |

__ Observation direction

—_—

Kk, 0

0.1

0.01

G. ﬂof 1 1 I I | 11 | | L1 1 I\I‘
0.001 00 01 ]
k (h/Mpc)

Preferred direction
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Redshift Space distortion

® The peculiar Velocity dependents on mass distribution

—

o k
v:le5kF

® Where f is the growth rate and bias parameter appears in:




Redshift Space distortion

The galaxy distances are mainly measured by they redshift.
And the redshift include the

MPA galaxies from Millennium Simulation

Peculiar Velocity of galaxies.

n(r)dv. =n(z)dV,

Au_du
r dr

P.(k) = P (K)(1+ )’

0,=0,—2

Z r

Mpe/h

Line of sight

20 40 60 80 100 120



Simultaneous effect of MG and NG

2 Gy k2T (K)D, (z,k)

NG ~ 2.|:NL(bL _1)5C MMG(k,Z):— e
M. (K, 2) 5 G H2Q°

0.006 | ; |
[fp|=10", k=0.01h/Mpc
0.004 |- fol=10", k=0.010/Mpc ----- -
ol =107, k=0.001h/Mpc ------
0.002 =102, k=0.2h/Mpc wwween
0

-0.002

-0.004

(b s (k2)-b Ao pad’D ac o

-0.006 _

_0.008 | | | | |




Simultaneous effect of MG and NG (Redshift Space distortion)

2 4 2G k’z
frk,z) -+ B H 2 yia 3o (“? e (K02)
1+7z H 1+z 2 H G
First part of the talk

-
i

21y (b =)o,
by ~
M e (K, Z)

Second part of the talk 9 Ge kT (KYD Z
M. (k7)< 2 2o ( )ZMg(
5 G HXQC




Simultaneous effect of MG and NG (Redshift Space distortion)

[ [ [
ACDM, Linear bias

',l" . B
08 = mimim, ol =107, £y =5, k=0.2h/Mpc === —
H'hr
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4 NN
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+\r -
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Galaxy Power Spectrum

) ) . 2 1 ]
Luminous Red galaxies of P& (k,z) = B2P)(k,z) |14+ =8 + =3
q 3 m 3 3 5’
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Galaxy growth rate

® Complementary observation : Galaxy growth rate

dIn(bd,,) dInb(k, z)
fo(k,2) = dlna = fm(k,2) + dIna

b (k, 2)

= fm — (1 +2) b(k,2)

® The redshift space distortion parameter is an observable,

We need N-body simulations for MG theories to determine the bias

parameter.




Conclusion and future prospects

>Anisotropic inflationary: candidate to address the CMB anomalies.

>Anisotropic initial conditions introduce a scale dependent, direction

dependent bias parameter.

> There is a degeneracy between Modified gravity theories and anisotropic

NG initial conditions because of redshift space distortion parameter.
> We need complementary observations to break the degeneracy.
> We need N-body simulations for MG theories

> We need Euclid-like Observations for more statistics






