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Cosmological Structure Formation

-13.8 billion years: nearly uniform initial state

‘ Dark ages | Reionized universe —

Inflation

Primordial |
fluctuations

A L Reionization —
Cosmic microwave

background Faucher-Giguere et al (2008, Science 319

today: rich structures in cosmic web



Cosmological Structure Formation

-13.8 billion years: nearly uniform initial state

Inf3ation
¥ established “boring" initial conditidns
¥ gquantum Ructuations get amplibed!
¥ primordial plasma cools recombinationl CMB

Structure formation !

¥ hierarchical!

¥ tiny over-densities act as seeds !
¥ congregation via gravitational instability
¥ collapse into bound structures

Large scale structure: Dark Matter w E
¥ linear reg!me! theoretical!
" analytically understood! N-body!

¥ nonlinear stage! double
?IN-body simulations inevitable

today: rich structures in cosmic web Kravisov & Klypin(simulations @NCSA



Cosmological Standard Model
ACDM

g N

cosmological constant

Cold Dark Matter

collisionless

Dark Energy

cold (initially)

baryons

standard model
of particle physics Large Scale Structure (LSS)

/ dark matter halos

galaxy surveys halo density probles

constrain parameters understand universality



Describing Cold Dark Matter

with tha

Schrsdinger method



!
phase space distribution function f(t,x,p)
¥ describesnumber density & distribution of momenga!

theoretical expectation

numerical realization
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Describing Cold Dark Matter )

phase space distribution function f(t,x,p)
¥ N-body: non-relativistic, only gravitationally! N = Zz Op(® — x:)0p(P — P;)
¥ continuous: ensemble average, no collisions f
Vlasov - Poisson equation . .
gravitational potential
Wy — P 4#Gm
llf(?’?’T — I a_ml Xf+aml XVI pf | V(X,"): l A (n(X,")l" n#_)
3+3+1 \ partial ﬁﬁ integro T number density
|
variables n= d f

Solving is hard!
have to choose a special ansatz !
for phase space distribution f(x,p)



Describing Cold Dark Matter

phase space distribution function f(t,x,p)
¥ N-body: non-relativistic, only gravitationally!
¥ continuous: ensemble average, no collisions

fn
f

Vlasov - Poisson equation . .
gravitational potential

L f(x,p,")= | 1 o f +am! (VI f

am

Hierarchy of Moments M (™MW (x)=  d®pp,...

At

|V (x,") =
|

pi, f

¥ density n(x)M © = n(x) , velocity(x):M M = nv(x)

¥ velocity dispersiow(x): M) = n (vo + o) (x), E!

cumulant

oM@ — L g et gy D)

~._ @m -

InPnite coupled hierarchy

o (n(x,") 1"



Dust model

dust model!

¥ only consistent truncation of hierarchy !
¥ pressureless RBuid: density and velocity!

fa(x,p,1) = n(x,1)"5 (p! ! #(x,!))

Continuity !, n =1

Euler I,"

1

_I nl 1

g ( )
1 ")21 amV
2am

¥ limited to single-stream
¥ no velocity dispersion, E!

¥ shell-crossing singularities

¥ no virialization
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WANT!I el | g

N-body! dust
double !
f N Iy ! Xtyp
ol Pyp

coarse grained \/ coarse grainec
Vlasov < >  Wigner

Takahashi
f C (1989, PTP 98) f W
9 cq




Schrsdinger method

|
Schrsdinger method!

¥ (Coarse-grained Wigner function, constructed from self-gravitating!be¢ ! = nexp "
| B
d3x'd3p (x! xH2  (p! pH2"  dBx i,
W — ! ! !
fog (X, P) = T o) exp ! 72 ! 72 211)3 exp 2!—p ax #(x' ! ¥)P(x + x)
Schrsdinger - Poisson equation
degrees of freedom S
- i irrt = 1 L
¥ 2:amplitude n & phaseé iy | Sttt mv
|V = 4#GSBO(r' 21 1)
parameters! a
¥ coarsegraining! x, ! p -~ —~——_—
¥ fundamental resolutiohy! p ! /2
!
¥ Schrsdinger scalé! . y .
- lLhn=1 —I (n!
¥ degree of restriction! Continuity = =il L) quantum potentia
. 2=
¥ dust as special cdse Euler 1," = | 1 (Y21 amV 4 _ _n

Zam 2am  n



Features of Schrsdinger Method

phase space density

Multi-streaming
?( dust model: fails at shell-crossing

Schrsdinger method: can dmeyond shell-crossing

-1t
blue S contours. Schrsdinger method! ! P Sl .
red dotted Z line : Zeldovich solutior(dust model) theoretical! " 7 Rpci)
N-body!
dou?le! g
- . . for o 6.} '
I\/|r|aI|zat|on b
X even in extended models: narialization | )
Schrsdinger methodound structures like halos 2 ° | i‘_ |
! -2.
! -4.}
6.}
P e .



prevention of shell-crossing singularities
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Features of Schrsdinger Method

|
Schrsdinger method!

¥ (Coarse-grained Wigner function, constructed from self-gravitating!peld = nexp "
| P
Bx' dBp (x! x)2 (p! pH2" " Px L
W —_ ! ! !

P

special p-dependence
allows to calculate!
cumulants analytically

Cumulants
¥ lowest two: macroscopic density & velocity!
! I o 1 I o
= 1121 = o (nb
L BC)Fep JE n) B) = e S (nh ) (x)

!
!
¥ higher cumulants given self-consistently!

evolution equations fulblled automatically closure of hierarchy

CU, Kopp & Haugg (2014, PRD 90, 02351y



Features of Schrsdinger Method

!\/Iulti-streaming

¥ higher cumulants encoduaulti-streaming effects!
¥ during shell-crossingigher moments sourced dynamically

Zel'dovich =05
1 | .
1% |
|
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a
Schrsdinger methoccumulants at x ="0.5 Mpc: !

all equally important after shell crossing



\ \4 = \ 4
coarse graine . | coarse grainec
Viasov < ~ 5 Wigner

Feg f oy




Dark Matter power spectrum
with tha

Coarse-grained dust mode|




ey f i

WANTI Hust
N-body! l
double ! ,
f | coarse grainec
) , dust
: d
< SR &
\/
\ kx,* \
coarse grained coarse grainec
Vlasov < >  Wigner

feg f(‘:’g



Eulerian Perturbation Theory @l

|
! .
Dust model!

¥ express Buid equations intermsbfE n! 1 ahe ! av! 1" (no vortidity)

¥ perturbative expansion: separation ansatz (fastest growing mode)
I I

L k)= a(") a(k)  #". k)= H(") a'(") #(k)

n=1 n=1
Correlation function

¥ 2-point correlation: excess probability of Pnding 2 objects separated by
dP = n[1+ !(r)JdV  homogeneity & isotropy! (r) = !(r)

distribution with!
excess & defect

>

H(r)

2 i
p v
iz Y
X

random !
Poisson |
distribution

e\

N
mm‘

5



Eulerian Perturbation Theory
![)Qst model!

¥ express Ruid equations intermslof n! 1 ahed V-v = A¢ (no vortidity)

¥ perturbative expansion: separation ansatz (fastest growing mode)!
I ! I

L= A () la(K)  HCK) = HEY)  a(") (k)

| n=1 n=1

Density power spectrum

10°;

correlation function!

10* -
FT of power spectrum

1000 -

Pss[Mpc™]

sin(kr)
Kr

| | !Urzig-dePW)
1000 ¥ linear!
¥ 1-loop |

10 \ \
0.001 0.01 0.1 1
k [Mpc™!]




Eulerian Perturbation Theory

|
Coarse gra

Ined dust model

¥ consider onlyox correction in Schrsdinger method!
¥ in 1st order: smoothing of input power spectrum!

Density power spectrum

105 ! ]
| Pnite resolution !
| effects

10%, |

& — linear!! SPT

Q -~ linear!! cgSPT1Mpc

Q.

S 1000 *
= - — - linear!! cgSPT2Mpc

o = 1" loop!! SPT

100;--- 1" loop!! cgSPT1Mpc \ ‘\‘\ 5
~== 1"loop!! cgSPT2Mpc " \‘ ]
_ e

18 ‘ : \ .
.001 0.01 0.1 1

k IMpc 1"

trivial effect:!
|

density power spectrum!
gets smoothed



Eulerian Perturbation Theory

I
Coarse grained dust model

¥ same procedure, but mass-weighted velocity=+
¥ large scale vorticityw := V x v # 0 &4

Vorticity power spectrum P yww(K)

n
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N . s
= -- SPT 4Mpc/h s
ﬁ 1- WW Ccg pc/ -
& 5
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= e
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CU & Kopp

arXiv: 1407.4810

corresponding N-body data
Hahn,Angulo & Abel (2014, arXiv:1404.2280
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http://arxiv.org/abs/1404.2280

Eulerian Perturbation Theory

Coarse grained dust model __
¥ similar to dust, but mass-weighted velocity:+ —

¥ large scale vorticityw := V x v # 0 &4

n

Spectral Index of vorticity power spectrum

== 1-loop ww cgSPT 1Mpc/h
a 1-loop ww cgSPT 2Mpc/h
1 = 1—-loop ww cgSPT 4Mpc/h

= ] —-loop ww SPT

corresponding results EFT of LSS

Carrasco, Foreman, Green, Senatore !
(2013, arXiv: 1310.0494

o

©0.005 0.010
CU & Kopp
arxiv: 1407.4810

0.050 0.100
k [h Mpc™!]

0.500 1.000

/#4

for k! 0.1
ny, =, 36 for 01! k! 0.3
$ 2.8 for 03! k! 0.6

usual estimate for vorticity
arising from mass-weighted velocity

V x [(1+9)v]
D

W
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Halo correlation in redshift space
with tha

Coarse-grained dust mode|




Lagrangian Perturbation Theory

!_agrangian perturbation theory S \
¥ central quantity! (q,!), perturbative expansion! | (q,!)
¥ relation to density: mass conservatignt ! (x)]d°x = dq B
Rampf & Bucher2012, JCAP 6) X
_ _ displacement Peld
Correlation function \ /

¥ 2-point correlation function for biased tracers: halos or galaxies
dP = n[1+ !(r)]dV  powerful probe for cosmology

200 1 1 — T T ) baryon acoustic oscillations!
L astandard rulerO

— () h<=0.3
— () h<=0.14

- No bao

1 Eisenstein et al.

1 2005ApJ, 633




ZelOdovich approximation

(Post-)ZelOdovich approximation

¥ Zel®dovich
¥ 1st order Lagrangian PT!
¥ relation fully non-perturbatively: physically motivated resummation

ZelOdovich (1970, A&A 5)84

¥ truncated ZelOdovich
¥ ZelOdovich with smoothed input power spectium

¥ improves agreement with N-body \ 015

Coles, Melott, Shandarin (1993, MNRAS 260

theoretical
Implementation
coarse-grained !
dust model

0.1

(¥ (R)L.R,)

0.05

¥ Post ZelOdovich
¥ higher order Lagrangian PT!
¥ relation partially non-perturbatively: Convolution LPT

Carlson et al.(2012, MNRAS 429)




Redshift space distortions

Redshift space distortions
¥ observations in redshift space affected by velocitgs= 7| + v /H s, =1y

real space il redshift space
|

| [1+ Ix (r)]dr =[1+ Iy (s)]d®s |

\T/

"1 4

> r S1
| !
Gaussian streaming model
¥ joint probability distribution: density & velocity!
!
Redshift space correlation function _ S
real space Gaussian velocity distribution
correlation 5
. dr (51 = ryy — vaa(r, t)ry) /1)

(1+Ex(rt) exp |~ 7=

1+ Ex(8)),8L,1t) = /_OO \/ﬂmz(f’“arn,t)

pairwise velocity: mean & varian
Reid & White (2011, MNRA817)



Redshift space distortions

Edgeworth streaming model

¥ generalization of Gaussian streaming model!

¥ non-Gaussian corrections improve on small scales:

¥ general class of distribution functions
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Redshift space distortions

Redshift space distortions
¥ observations in redshift space affected by velocitgs= 7| + v /H s, =1y

redshift space

real space
’I“|| 4 S||A
| 1+ 1x (N]dr =[1+ !x (s)]d’s |
1 e
> > SJ_

| Wang, Reid & White (2014, MNRAE37)

! .
Gaussian streaming model Lagrangian Perturbation Theory

¥ joint probability distribution: density & velocity! / l
!
Redshift space correlation function _ o
real space Gaussian velocity distribution
correlation

o0 d7“||

1+ Ex(8)),8L,1t) = /_OO \/ﬂmz(f’“arn,t)

(s) =) — 012(”'3’5)7“/7“)2}

(1+ Ex (1)) exp 207, (r, 11,1

pairwise velocity: mean & varian
Reid & White (2011, MNRA817)



Redshift space distortions

Streaming parameters: truncated CLPT
I

Real space correlation function! (r)
¥ best agreement for 1 Mpc/h!
¥smoothing iIn R(M) worse - need peak biagdauf, Desjacques & Seljak (arXiv: 14055885

40} z#0, |CLPT

30!
20 |

10

" 1 2'EG 19MpchoR

! 10*1 ! ! ! ! |




Redshift space distortions

Streaming parameters: truncated CLPT
I

Pairwise velocity vi(r)

¥best agreement for 1 Mpc/h, small scales: acceleration important!
¥smoothing iIn R(M) worse - velocity biasBaldauf, Desjacques & Seljak (arXiv: 14055885
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Pairwise velocity dispersionoi2(r)
¥ best agreement for R(M)!
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(N

Redshift space distortions YV

;Gaussian streaming model: truncated CLPT

¥ real spaceb(r) & redshift space monopolgo(s) ! Carlson et all
¥ well described byConvolution LPT! (2012, MNRAS 429)
 7#0,13.IgM$13.9
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Redshift space distortions

;Gaussian streaming model: truncated CLPT

¥ redshift space quadrupof(s) & hexadecapol$a(s)
¥ truncated CLPT with hybrid smoothirmutperforms CLPT

80~
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Conclusion & Prospects

Schrsdinger method

¥ models CDM using self-gravitating scalar beld !

¥ analytical tool for structure formation! cu. kopp & Haugg
¥ multi-streaming & virialization (2014, PRD 90, 02351y

Coarse-grained dust model

¥ mass-weighted velocity! CU & Kopp
¥ vorticity compatible with N-body (arXiv: 1407.4810)

[10 *¢]
-

..............

a=905

nnnnn

Halo correlation in redshift space

. . . |
¥ generalization of Gaussian streaming model{,,, i, Haugg & Achitouv
¥ truncated Post-ZelOdovich approximation (in preparation)

Prospects
¥ gisentangle limitations of dust & perturbation theory!

I¥ understand universal halo density probles (NFW)!

¥ DM models: wavelike (axion), warm & (non-)relativistic neutrinos




