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Biased Bibliography

(linear part)
Ma and E. Bertschinger ‘95
Check CLASS webpage (class-code.net) for lecture notes

(more on CDM)

Baumann et al. 2010
Zaldarriaga lectures ICTP school 2015
Bernardeau et al. Phys. Rep. 200 |

(Couple of books)

Peebles "The large scale structure of the Universe’
Dodelson ‘Modern Cosmology’


http://class-code.net

Where are we!




Theoretical framework

__ 87TGT$ = G

Matter Gravity
always small potentials

(relativistic effects at large scales)

i) Background evolution

A= (A,,) isotropic and homogeneous

matter, dark matter,
dark energy, (m)neutrinos, photons

fast iImplementation (e.g. in CLASS)
matter sector can be tricky

(e.g. recombination, imperfect fluids,...)




Theoretical framework

i) Background evolution (uncoupled species)

' radiation domination

matter domination

a curvature domination
a_2 Ve




Theoretical framework
ii) Dynamics over the background
p=—PF

Simplest hypothesis (cosmological constant) is that it has no dynamics

Distribution function in phase space

f(z,p,t)d’xd’p = dN
number of particles in d°xd>p

isotropic and homogeneous part

flz,p,t) = follpl,t)(1 +0f)

Tu(e) = [ dpv/ =P f(a.p.8) = (T)(t) + 6T,




Theoretical framework

Standard definitions
5= O

6Ty = —dp > 1

6T = (p+Poi 39 (54 P)h = ik’ ST

6T = §L6P + X _ L E . i
R O (I F

Boltzmann equation
(phase-space conservation)

D_f:(?f | oz' Of I(?pi@f:((?_f>

dt ot ot dx* 0Ot Op ot

C
- (changes number of particles)

The ‘exact’ solution requires tracing all particles

d 3 [T 5 dxt
p’ — Tlagp ™" = (e.g for massive particles p* =m——

.. d
non-relativistic: pA

= —ama0;®



Theoretical framework

The idea Is to deal with field” quantities (moments)

Energy density /dSpf(ZE,p, t) po — p(m,t)
Velocity field [ &2 f(apit) = plat) '@
am” . -

S —pv'v) =Y

. . . | (P
Velocrity dispersion /dsp pp
(am)

They satisty a chain of hierarchical equations

p=F(v,p), v =G(v,p,0,...)
For the different species different approximations simplify this analysis

| ast comments

0y, = pﬁ(x’t) —1 6 = O;v" Wt = €9k R
pn (1) !
Wt o g1 vorticity decays in expanding bcker.

. . . . . 3
gravity fields satisfy linear equations, e.g. subhorizon A¢ = 57%2 > Dby



Theoretical framework

p=3P

reatment linear in 0f (no cluster)

Coupled to 1ons and electrons

4 . . . .

—30 T 49, hierarchy organised in k powers
1 . L

kz (Z(Sfy — O'fy) + k2'¢ —|— aneUT(eb — 9,),) ] COUP|Iﬂg Wlth IOﬂS

. 8 3 9 1
20'7 == EH,Y — ngfy3 — ganeaTa,y -+ EaneaT (ny() -+ nyg) ]

k _
N1 LE,y -1y — (I +1)F, (l+1)] —aneorFy;, 12>3

koo 1 012
o+ 1 ley (1-1) — (l + l)G'y (l+1)] + aneor —nyl + 5 (ny2 + nyO -+ nyg) 510 + ?

2 o0 . R
hierarchy of moments of 0 f Jpdpdf _ > (=i)(2 + 1)E, 1 (k, 7) Py (K - 1)

fp2dpf B 1=0 , , L
(G 1s the difference of polarizations)

Equations solved efficiently by Boltzmann codes (they generate the CMB!)



Theoretical framework
P~ 0
As the rest, produced in adiabatic mode (small dispersion)

Coupled to photons before recombination

. . hierarchy cut for non-relativistic
% = —Op+30, . species starting in adiabatic mode

: 4
0, = _—9b+ c2k*8p + %a’neUT(e — 0p) + k*¢  (slow, small dispersion, coupled to ph)
b

They cluster, but perturbation theory remains valid at large scales

also they are subdominant wrt dark matter clustering

They have internal dynamics at small scales:
e.g. they have a Jeans scale associated to

9 Pb kBTb (1 ldlnTb)
Co = — = — —
Pb 7 3 dlna



Theoretical framework

P~0

The evidence for DM requires a substance that clusters at different
scales and generates halos

T of what? particles? condensate? modified gravity?

which are its ‘'material properties! for instance the mass...

axiverse, string theory, strong CP problem, SUSY SIS quantum gravity, early universe :

Hidden photino, dark photon ~ / Asymmetric DM, SIDM

MACHOs
"I/Primor/dia/_l BHSH:

/_Ai{ion — hke paftiCIéS'/
Ultralié;ht bos_onsv | , _. A i
T I e e e o e B S B 2 Ry -

11k [eV] 1070 107% [eV] 1073 01 [MeV] 100 1 [GeV] 10%: 10%° &l 10%

QQD "é,xion | SIM,PS! - ,,,-&VH\iP 3

* Particle DM |

N(T 290[qo joeduio))

generating mechanism

Non-thermal generation  keV Thermal relic "0

from uncertainty principle  from Ly-a (ask Font-Ribera)/Tremaine-Gunn for fermions



Theoretical framework

Cold DM

‘Particles’ interacting through gravity
and with small velocity dispersion
dp’s

7 7
pA:a,mAUA
’ dt

= —amp0;®
5+ 0,([1+ 6]v') = 0 Deviation from PPF (dispersion)

y . ia i 1. [ [ .5 pp i j-
v+ Hu' 0/ 00" = =09 — —0; d’p f—pov'v
A p L (am)? _

Non-linearrty
v (k1) k07 (ko)6®) (k — ky — ko)

Suppressed by kv, H ™"

This I1s important when
the perturbations grow




Subhorizon
H? < k?

Linear growth for CDM

0+ 0;((1 —I—j’)vi) =0

0"+ HO' 02507 = —0i¢ + dispersion
3 2
A¢ — 57‘[ ZQndn
vorticity decays in expanding bcker.

0 = 0;0° w' = e”ké’juk ~at

[t Is better to go to Fourier space

. . 3
O + Hop = iﬂmHz(Sk

friction growth!



Linear growth for PF

Solution at large scales for DM domination Q=1

0r = Ara + Bka_3/2

0, = —H (Aka — gBka3/2>

growing mode!
§>0

> & <o
> P

during radiation domination the overdensities don't grow



Stochastic random fields

The comparison with data i1s done at a statistical level:
e.g. what Is the probability that two dense regions are
at a certain distance at a certain time? (correlation function)

(0(x)d(x+ 1)) = &(r) (homogeneity)

ergodic assumption: ensemble average = spatial average
and consider d(x,t) as random variables

(61, ()05 (£)) = 27263 (k + k") P (k)

the distribution was very Gaussian (all the information s
in the PS) at primordial times (inflation)

A lot of information (about dynamics, other inrtial

conditions,...) in higher order correlations
(homogeneity)

(Oky Oy Ok, ) = 0PV (Y k) Bk, ko)



Matter power spectrum at decoupling

(0k (£)3pe (1)) = 2726 (k + k') P (k)

gaussian inrtial scale invariant PS + radiation-matter
transition + BAO imprint

z = 1000 25104 -

11074 -

5x1075 P ~

(1 + k?/kg)?
2%107 |-
1x1072 r

™

[y

~—

QO

S I
% 5%1076 B
S

A

2x1070 unequal times is
-6 . ] . . R Y . ] '
P19 0 001 001 0.1 | 10 less about clustering

CLASS CMB Code
Blas, Lesgourgues, Tram | |



Linear vs Non Linear PS vs Observations

100+

10+

P(k) [(Mpc/h)’]

0.1+

0.01

Horizon Run 2, Kim et al. | |

Linear

001 0.1
Tests cosmic expansion!
5k ~ a(t)

R

|

10

log,, P(k) / P(k)smooth

Failure is inevitable:
perturbations grow + we ignored the dispersion

0.0

0

0

Anderson et al. |2

lllllllllllll

lllllllllllll

0.05-0.05

-0.05

lllllllllllll

at which scales! at which precision?! (e.g. baryonic effects)



Beyond linear theory: General Statements

o 0. i o
ot 2 /d?’p br 5 — pv'v’
P am) _

Coarse-grain at a scale L
I

Effective descr. (large distances) L Full treatment? (Kinetic)

One ‘solves’ the small distances and keeps the large ones

g i ia d 1 3 p'p’ i
'+ HU 000" = =09 — =0, | [ d7p >/ —pv'v
p (am) _

0+ Hob + vl djvt = —0;6r
+ 0105+ Og + Omf
Effective approach: encapsulate these effects in operators of L
c(t) L0
A(H, k)

Pietroni et al |1, Carrasco et al 12 per-fec-t fluid ‘imperfect’ fluid stochastic term

Uz + HUZ + 8L¢ — —vzé’jvi + c(t)%;s&;& | 82037}‘2 + ... _I_Ostoch



Effects of coefficients from small scales

Pueblas, Scoccimarro 09

Ok, )+ HO(k, 1)+ ngH25(k, 0 = qo(, 1)

1_||||||

0.1 = -
5
S
)
S
001 | -
T
’ ///.,‘,v""
) /// density 5
0.001 II /I/ ..... | | | __
0.1 1
k (h Mpc-?)
Negligible at .2!

More on the coefficients and NL equations in Martin’s talk



Theoretical framework

They are massive but with tiny masses

Laboratory constraints

006V < Y my, , D) Gumu,<2eV (95% CL)

Qp:enu’ﬂ- wze,M,T

Cosmology constraints (more on Pastor/Mena talks)

> m; < 0.14 (95%)

they are produced relativistic, behave as photons (except for
the coupling to matter), get cold and then behave as
dark matter (cluster, non-linear)

Their treatment requires more care than for other species



Description of neutrinos

—1
v\"\ » thermal background  fLo(n,p) = (6p/T” + 1)

(linear) Boltzmann equation (E(p) = v/p? + m2)

Massless neutrinos E(p) = p free-stream and do not cluster

0Py = /d3pE(p)fy(77,a_:',ﬁ) o 6p(R) = (F(n)k* = 3a*H?/2)0p, (k) + ...
~1/3
efficiently treated in Boltzmann codes

Massive: when p < E(p) ~ m, neutrinos become cold (cluster)
kps ~aH/c c(n) ~ T, (n)/m,

they behave as DM! known law e.g. Shoji, Komatsu 2010



Effects of m, on the linear power spectrum

P(k) (Mpc/h)

Zi:b,c,v 510@

0 =

Zi:b,c,y 15@

Lesgourgues, Mangano, Miele, Pastor CUP 2013

mnm, = 0.3 eV kfsl(n

nr) ~ (m,//T,/)l/Q

L1 1111l

_/> at least
— . 5% effect

Audren et al. 2013

2:— Py —

Ffe=Pg ——-——

i P, e i
1 [ [ [ IIIIII [ [ [ IIIIII [ [ [ IIIIII [ “‘I [ 1 1 111l
107 1073 1072 107!

k (h/Mpc)

10°



1.05
1.04
1.03
1.02
1.01

0.99
0.98
0.97
0.96
0.95

s it enough!?

T l T T T T T T LI} l
| z=0.5, u=0 |
observational ‘theoretical
error error

0.01

Kiet (N/Mpc)

0.1

relative error

A P/Pjiq

Audren et al. 2013 EUCLID Forecast
based on HALOFIT

1.06 _
1.04
1.02
1.00
0.98:

0.96

>80t

Baldauf et al 2016

Py, error
P4 error

60 meV
120 meV

0.005 0.010
k [h Mpc™1

0.050 0.100



Beyond linear theory

/\

N-body (with warm components) The effect is 5% at BAO scales
Demanding (hard for MC) (mildly non-linear regime):
Halo model (~10% precision) Non-linear perturbation theory

DB, Garny, Konstandin, Lesgourgues’ |14
(also Fuhrer-Wong’ 14, Dupuy-Bernardeau’ 14
Archidiacono-Hannestad’ | 5)

DM as a non-linear pressureless perfect fluid
(SPT or'beyond’)



Beyond linear theory

/\

N-body (with warm components) The effect is 5% at BAO scales
Demanding (hard for MC) (mildly non-linear regime):
Halo model (~10% precision) Non-linear perturbation theory

DB, Garny, Konstandin, Lesgourgues’ |14
(also Fuhrer-Wong’ 14, Dupuy-Bernardeau’ 14
Archidiacono-Hannestad’ | 5)

DM as a non-linear pressureless perfect fluid
(SPT or'beyond’)

| Neutrinos
CDM-like Phase-space
B S T S BT
3 k (h/Mpc) Q 1 Zm .
A :—H2Qm L0, + (1 — f, 5(: L, = v o_ i U,
?=5 Jdu + (1= f)oa o=, T Q0 293146V



Linear vs Non-linear v’s ||

How to include 1 non-linearities?

(even linear order is NOT a fluid at all redshift) Shoji, Komatsu 2009
Blas, Lesgourgues, Tram 201 |

At low-redshift (z < zn, ~ 10%) the fluid is very cold
non-cold corrections are O(1,, /m, )

o, +0, = —ab,s,
0+ HO 1+ g’HQQm[ 16, + (1= £,)8.] — k2. (t)26, = — 36,0,
+O(T,/m,)

.c. from the Boltzmann equations at 10 > z > 10°
inear physics



Results at NLO

Scale dependent growth factor

o(K)

P&)/Pr,

DB, Garny, Konstandin, Lesgourgues 2014

z =0

1-00 I I I I ‘ I I I I I I I
095\ -
0.90F s s

i | linear i
0.85} | 1/

SPT-EdS
O.80-I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
000 005 040 015 020 025 0.30

k [h/Mpc]

Pietroni 2008
Audren Lesgourgues 201 |

two fluids

one fluid with
suppressed PS

pe)



Conclusions

Fvolution of the background ‘easy’ for the different components

Perturbations over the background are produced by different

components with different properties: Boltzmann equation

B moments of the Boltzmann equation allow for analytical
treatment

B the typical approximations are: linearity and small dispersion
(coldness of the medium)

B photons, baryons, dark energy: treated efficiently

B dark matter and massive neutrinos are more complicated:
they cluster (linearity), and neutrinos are hot at early stages

These methods allow to get the fingerprints of the universe. I hey
can be extended to study new properties (Zumalacarregur's talk)



Some goals

Dark energy properties
p=—P?
new dynamics?

Dark matter properties

axiverse, string theory, strong CP problem, SUSY SUSY 1 quantum gravity, early universe
P / 4 / Hidden photi_no? dark photon ~ yad As/)/r_mmetric DM, SIDI\-I X % :
:Z / / / / - :: "U :
= ey o i a7 7 ) S |
D Ax10n — hke partlcles/ LS P e MAQHOS 4 f
1S | Ay QCD axion /SIMPS - “WIMPs - X o
: f‘é Ultrahght bosons / / / a4 / T Pr1mord1al BHs cci';- :
e /. ad / T iy Q!
' " DM mass . *
R e e L A B a7 | e | A e e e B VA & | > I
P10 [eV] 1071° 10°¢ [eV] 1073 0.1 [MeV] 100 1 [GeV] 1041 10%° [g] 10 T

Neutrinos mass

my



Some tools...

https://arxiv.org/abs/1603.04826
Fast | loop

http://sns.ias.edu/matiasz_filedrop/

Many tools for | loop calculations



