Perturbation theory approach to
large-scale structure formation

~ Success, limitation & beyond ~
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Large-scale structure of the Universe
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Time line of the Universe
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P(k) [h=3 Mpc3]
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World-wide competition

Primary science goal is to clarify the nature of dark energy
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Late-time gravitational evolution

Nonlinear matter clustering
driven by gravitational interaction

http://www.mpa-garching.mpg.de/galform/millennium/
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Weakly nonlinear

Linear

Springel et al. ('05)
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T/REENT IR & E AR

A2 (k) = BE01 Methods (Gravitational evolution) | Other systematics
very difficult
Fully N-body simulation
nonlinear most powerful, but extensive Baryon physics
(A% > 1) & time-consuming (weak lensing)
(c.f. fitting formula)
weakl ,
ey Perturbation theory e Galaxy bias
nonlinear .
2 < imited range of application, but * Redshift-space
(A5 1) " .
analytical & very fast Istortion
(galaxy surveys)
I|2near Linear the ory relatively easy
(A% <«1) (CMB Boltzmann code)
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xf«,;f“ N-body simulation

cold dark matter + baryon = self-gravitating many-body system
(with periodic boundary condition)
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Perturbation theory (PT)

Cold dark matter + baryons = pressureless & irrotational fluid

Juszkiewicz ('81),Vishniac ('83), Goroff et al. ('86), Suto & Sasaki
('91), Makino, Sasaki & Suto (’92), Jain & Bertschinger ('94), ...

Single-stream approx. of
collisionless Boltzmann eq.

(— validity of this approx. ?)

standard PT
0] < 1

» 5 =0W +6@ 466G 4o Sk t)5(K': 1)) = (27)2 0p(k + K) P(|k|; )



A more on PT calculation

In Fourier space,

Velocity divergence

Ya(ky, ks) 0(k1)0(ks), 0=V -v/(aH)

1 Pk d3k

[ o e — ko) e} 00 02,

(kq - ko)|k1 + ko?
k1]?|k2|?

B(k1,k2) =

Standard PT expansion (|9, [0] <1)
S(kst) = 6W (kest) + 6P (Rest) + -+, O(k;t) = 0 (ks t) + 0P (Kest) 4 - -+ |




Power spectrum

Expression at next-to-leading order, pmn) ~ (50m) 5y

Pss(k) = PUY(E) + PP2)(k) + PU3) (k)

Linear Next-to-leading order (I-loop)

Linearly extrapolated power spectrum
Cl3
=2 [ 55 (Balauk - ) R@)Ra(lk )

— o nm | T b (g, —q.k) Po(o)

(2m)°




Next-to-next-to leading order
pmn) ~ (5(m) 5n)y

Expression at 2-loop order,

Calculations involve multi-dimensional nhumerical integration,
but public code is now available (—RegPT)



Standard PT power spectrum

AT et al. ('09)
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The results imply that
standard PT produces
ill-behaved PT expansion

— need to be improved



Improving PI prediction

To cure a poor convergence of standard PT
— Reorganize standard PT expansion

RPT

CLPT Closure
LRT ime-
pT  IMeRG RegPT

Concept of ‘propagator’ in physics/mathematics is useful :

Gaussian) Evolved density field (non-Gaussian)

power spectrum Observables
Po(k) P(k; z)
B(kla k27 k37 Z)
from linear theory ;
(CMB Boltzmann code) of dark matter/galaxies/halos




Improving P1 prediction

To cure a poor convergence of standard PT
— Reorganize standard PT expansion

RPT

pT  1ime-RG RegPT

CLPT Closure

Concept of ‘propagator’ in physics/mathematics is useful :

Crocce & Scoccimarro ('06)

= dp(k — k")T'V (k; )

<55m(k;t)

Initial density field Ensemble w.r.t randomness of initial condition



Improving P1 prediction

To cure a poor convergence of standard PT
— Reorganize standard PT expansion

T RG CLPT Closure
me- RegPT

F -
TN ~ A ~ NN ﬂf\l\ﬂ P~~~

~
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Bernardeau, Crocce & Scoccimarro ('08)

(Gae s ) = @m0 o = KTk i

— Building blocks of a new PT expansion with good convergence



initial power spectrum
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Generic properties

Crocce & Scoccimarro ’06, Bernardeau et al.’08
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few sec.

RegP T :fast PT code for P(k) & E(r)

A public code based on multi-point propagators at 2-loop order
http://www2.yukawa.kyoto-u.ac.jp/~atsushi.taruya/regpt code.html

Correlation function
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Why improved PT works well ?

AT, Bernardeau, Nishimichi, Codis (’12)

| AT et al. (09)
e All corrections become

comparable at low-z. Corrections are positive & localized,
e Positivity is not guaranteed. shifted to higher-k for higher-loop
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RegPT in modified gravity

Good convergence is ensured by
k—00 1(n) 6—/6203/2
tree

a generic damping behavior in propagators P =5 T

Even in modified gravity, well-controlled expansion with RegPT

b

| | | | | | | | | | | | | | | | | | | |
0.1 0.15 0.2 0.25 0.3

k[h Mpc-t]

N-body data: Baojiu Li AT, Nishimichi, Bernardeau,et al.(’ | 4)




@ Curse of UV divergence

Further including higher-order (i.e., 3-loop), can we use PT template
more aggresswely 4 » wide fitting range for a large kmax
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@ Curse of UV divergence

Further including higher-order (i.e., 3-loop), can we use PT template

more aggresswely ! —— wide fitting range for a large kmax

P(k)/Pnowiggle(k)
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mode-coupling integral:
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Nature of nonlinear response

Nishimichi, Bernardeau & AT (arXiv:1411.2970)

@ How does the mode-coupling structure look like in reality ?

Nonlinear response 5P

we will measure (k) = /dlan(kvq) Py(q)

s, How the small disturbance added in initial power spectrum
can contribute to each Fourier mode in final power spectrum

Initial

P(k) [(h~'Mpc)?]




Nature of nonlinear response

Nishimichi, Bernardeau & AT (arXiv:1411.2970)
@ How does the mode-coupling structure look like in reality ?

Nonlinear response 5P, (k):/dlan(k,C]) Py(q)

we will measure

How the small disturbance added in initial power spectrum

can contribute to each Fourier mode in final power spectrum

Alternative definition (discretized) estimator

1 _
5Pnl(k) | [? L. a:) P N\ — Pnl (kz) B Pnl (kz)
0Fy(q) (R, 45) Polg;) = Aln Py Alngq

name | box particles zstart Soft mass bins runs m A 111 qg = lIl qj 4] — 111 Qj
L9-N10| 512 1024°> 63 25 097 5 1 [ 10

L9-N9 | 512 512° 31 50 7.74 15 4| 120 Run many simulations. ..
[.O-N8 | 512 256 15 100 61.95 13 4 | 104

L10-N9[1024 512% 31 100 61.95 15 1 \ 30 by T.Nishimishi

K(k,q) =q




A ‘ A
Nonlinear response to a
ear TESPONSE ¢ 5 Py (k)
small initial variation in P(k):

1000 £

100 -

|K(k> q)| Phn(q)

0.01F

z=0,0.35,1,2,3,7

"~ (from top to bottom) T
10°° . '
0.1 1

q [h Mpc™]

= [ dIngK(k,q)0F(q)
. ® J

A OF — :positive

v °F : hegative

FIG. 1: Response function measured from simulations. We
plot |K(k,q)|P"™(q) as a function of the linear mode ¢ for
a fixed nonlinear mode at k = 0.161 A Mpc~! indicated by
the vertical arrow. The filled (open) symbols show L9-N9
(L10-N9), the lines depict L9-N8, while the big hatched sym-
bols on small scales are L9-N10. Positive (negative) values
are indicated as the upward (downward) triangles or the solid

(dashed) lines.



Response function in simulations

Nishimichi, Bernardeau & AT (arXiv:1411.2970)

R e WSS 51 cic solid © Standard PT I-loop

kernel (z-indept.)

Blue, : Orange, . 2-loop

SPT 1-loop [
z-indep. | §

SPT 14+2-loop

@ —-mmm-u-- z=72 &

gzl ; (particularly large at low-z)
A Z — V.

8 === msas Z:O

q<k . reproduce simulation well

g~k - discrepancy is manifest

UV contribution is suppressed

in N-body simulation!!



Response function in simulations

Nishimichi, Bernardeau & AT (arXiv:1411.2970)

Normalized Black solid  Standard PT |-loop
kernel (z-indept.)

Blue, . 2-loop

-
.s.

q<k . reproduce simulation well

UV contrioution IS suppresscda
in N-body simulation!!



Characterizing UV suppression

Nishimichi, Bernardeau & AT (arXiv:1411.2970)
T'(k,q) = [K(k,q)— K™k, q)]/[qP™ (k)

ratio of measured
' response function to
PT prediction

Keg (K, q) 4o(2) = 0.3/D(2) [hMpe™]
1
1+ (q/q0)?

gtteor - gritloor - Seandard PT kernel

= [K7P(k, q) + K% (k, q)]

Some physical mechanism works,
and controls the mode transfer



EFT cures PT predictions ?

UV suppression is definitely attributed to small-scale physics,
which cannot be described by current PT treatment

(formation & merging processes of dark matter halos, ...)

Phenomenologically introduce viscousity & anisotropic stress to
characterize deviations from pressureless & irrotational fluid

Baumann et al. ('12), Carrasco,
Herzberg & Senatore (’12),
Carrasco et al. (‘| 3ab), Porto,
Senatore & Zaldarriaga (' 14),

but need a calibration with N-body simulation



EFT cures PT predictions ?

UV suppression is definitely attributed to small-scale physics,
which cannot be described by current PT treatment

Leading-order EFT corrections e.g. Herzberg (14)

2 C%)V 3 Cgv 2
Tij:pm CS(S—CL—HV"U (Sij—ZaH ﬁjvﬂr&;vj—g(v-v)éij

Does this really help PT prediction ?

—— )

Baumann et al. ('12), Carrasco,
Herzberg & Senatore (’12),
Carrasco et al. (‘| 3ab), Porto,
Senatore & Zaldarriaga (' 14),

but need a calibration with N-body simulation



Testing EFT approach (|-loop)

Assuming irrotationality,

shear & bulk viscosities
are degenerate: ¢ = ci, + 2,
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At |-loop order,
corrections are approximately
described by a single-parameter:

2 +fc
2,

=

8

) — SPT 1-loop . Allowing the parameter cs to be
S _ EFT 1-loop (c3=10"7c?) ° L )

§ —EFT 1-loop (c2=2x10"c?) free, PT predictions superficially
? — — RegPT 1-loo

8 inear reproduce N-body results well

BUT !




Testing EFT approach (|-loop)

Response function
of P(k)
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Discrepancy is manifest even at the scales (k) where
the superficial agreement with simulation was found




Testing EFT approach (|-loop)

Response function 0 Py (K

of P(k) k_ : y
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Rather than EFT corrections, 2-loop corrections of standard
PT give a much better result (although disagree at k>1 h/Mpc)




Vlasov-Poisson: back to the source

My personal viewpoint

* EFT is far more than complete treatment

* No more than the revival of the old debates
(e.g.,Adhesion model by Gurvatov et al.'89)

To understand what is going on,
we have to go back to a more fundamental treatment :

Viasov-Poisson
system




Vlasov-Poisson system

* N— o0 |imit of self-gravitating N-body system (assuming that
particles are not correlated with each other)

* Can be reduced to a pressureless fluid system if we assume
single-stream flow:

f(x, v; t) — p(t) {1+ 0(x; ¢)} op (v — v(x; 1))

But, single-stream flow is violated at small scales

Example: |D collapse

Ap=0.01 t=0

—_
—_

velocity
velocity

>N
R
(@]
LS
(O]
>
-1

velocity

\

—_

. \\ { /
development of
~multi-valued regior

-2 0 1 2

shell crossing

-1 0 1

hosition position position

By S. Colombi

position



Development of 6D Vlasov code

THE ASTROPHYSICAL JOURNAL, 762:116 (18pp), 2013 January 10 doi:10.1088/0004-637X/762/2/116
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An adaptively refined phase-space element method for
cosmological simulations and collisionless dynamics
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A phase-space Vlasov-Poisson solver for cold dark matter
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Post-collapse perturbation theory

Not only numerical technique, but also analytical technique to
treat Vlasov system should be developed (especially for cold case)

An attempt has been made very recently in simple |D collapse case
Colombi ('I5)

Extension / generalization
to cosmological case (1D &
3D) need to be developed

AT, Colombi, ... in progress




Summary

Development of theoretical calculation of large-scale structure as a

fundamental cosmological tool in the light of precision cosmology

Success ------- Development of improved PT based on propagators

v resummed PT with multi-point propagators

v Fast calculation at 2-loop order

Limitation ------ Curse of UV divergence in PT calculation

Probably
no !

& Beyond v need effective field theory to cure this ?

v need new treatment based on Vlasov-Poisson
in progress

A deep Investigation of P s still necessary, but it will give a

oreat Impact on future cosmological science with LSS



