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Perturbation Theory for LSS

© NCSA/A. Kravtsov (U.Chicago)/A. Klypin (NMSU)

Initial: Homogeneous
+ Tiny Density Fluctuations LSS

PT:

 Much faster
e Valid at linear and mildly nonlinear regime

PT is very important for cosmology _,



Practical Issue In P

Slow!



How Fast Is Fast”?

Example Sketch: Galaxy Clustering
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A chain may run 104-10° or more
evaluations!
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Solution: FAST-PT

Scalar quantity: McEwen et al. (2016)
d3 o q:
I(k) = / qng((h - q2,q1,92)P(q1)P(q2) ’
(2m) k
Tensor quantity: Fang et al. (2017) q1

d3 A A
I(k) :/(27_:1)13[(((]1 42,41 k7q2 kavaQ)P(Q1)P(q2)

Kernel K

T p—— TR
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k) [Mpc?)

Scalar Quantity

with Ieading order NL: PNL(k’) — }jlm(k) + ng(k) + Plg(k’)
dSQl 2 .
P22(k) = 2 le(Ql)Phn(‘k DF qi1,
‘/ (2m)° Pt Kernel

Brute-force: O(VY) - gonvolution, 3d: SLOW!

Linear Power

T mnmm——— [ PPDP D

10 10! 1C* 10* 107
k [Mpc '] 6/11



Scalar FAST-PT Algorithm

McEwen et al. (2016)
Key Ideas:

FT.

1. Convolution > Multiplication

2. Dark matter fluid eqgs. with gravity: scale-invariant —>
Eigenfunction of scale translation: power-law

d3
Pay € {Japey Jape(k) = / (2:)13 Q?Clgpe(éh - G2) Piin(q1) Pin(q2)
Basis, Finite l FT G =k—a
_ —1)*¢
Jape(r) = (472 Loo(7)Ige(T)
N/2
Reduce to 1d; I.(r) = / dk k25, (kr) Piin (k) = > " cp k¥
m=—N/2

Power-law decomposition

All we need: log-spaced FFTs —> NlogN
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time (sec)
0.014 , , , , ,
— average of execution time

0.012

Runtime
Achlevement

0.010

<0.01sec | o

VS. 0.006
Conventional Method:
~minutes for 3000 points  ©-004

0.002

O(N?) — O(N log N) N
I\/ICEvven ez‘ al. (2016)
500 1000 1500 2000 2500 3000

number of grid points y

0.000




Tensor FAST-PT Algorithm

Fang et al. (2017)

d3
I(k):/ . ~K(q1 - G241k, G2 k. q1,92) P(q1) P(qo)
- Pz
I e {I}.,} Basis, Finite

Q dS A > ~ A
Izliz(k) = / 5 q)3 4 ¢5 Pey (G2 - k) Pey (G1 - k)Pe(d1 - G2) P(q1) P(g2)
l Change Basis

YJl Mq (le)YJQ Mo (QQ)YJk M, (k)
l k-dependence Separable!

Reduce to scalar FAST-PT !
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Applications

Scalar:

Nonlinear matter power in Standard PT

Renormalization Group Approach

Nonlinear Galaxy Bias, ...

Tensor:
Intrinsic Alignment

Secondary Effects in CMB

Redshift Space Distortions, ...

DES is using FAST-PT for galaxy

blas and |A calculations!
Krause et al. (2017)



summary

Scalar: Nonlinear matter power, Renormalization Group Approach, Galaxy
Bias, etc.

Tensor: Intrinsic Alignment, Secondary Effects in CMB, Redshift Space
Distortions, etc.

Versatile https://github.com/JoeMcEwen/
-t FAST-PT

n Python, User-Friendly! S —

Public on Github with User owerfuJ\ ool For
Manual Your 1-Loop
ncorporated in DES pipeline Calculations!



https://github.com/JoeMcEwen/FAST-PT
https://github.com/JoeMcEwen/FAST-PT

Backup: Flow

chart S
Pin(k) = ) emkttom
m=—N/2
2Tm
lfm — S7 0 A Inkiyy —Ink;
Cm cn 1 NA L R n

Tl +3+ v+ a+in,) /2|
g . m )/
: gm : n 7 gru lil{f — - — in"‘)‘!c2]

Cmgm cngn _ r‘[{l +3+uv+3+ i”’n.)_/"z]
" 'l —v—38—in,) /2
convolve
(_]-J‘ L3 = 33 121 | 1N | 10 )
Jaﬁ[(f‘} = 33 Z Z "-'mgm‘fntgﬂ."3

e "} "w— "g'

Inverse FFT

B FFT, inverse FFT and convolution
are all NlogN algorithms
- Much faster than N°



Backup Slide

Power spectrum:
(8(k)5* (k")) = (2m)*6 (k — k') P(k)
Perturbative Expansion:

5(}?) — 5(1)(]},') 4 5(2)(5) n 5(3)(,;) I

. 23 d3q,, . - n B ) .
6(70(&:) — [ (27:-1)13 o (27:-1)3613 (k - Qi) Il?n(q s‘hl})é-( )(01) 5(1)(Qn)

Equations for 1-.oop Kernel
Py _ioop(k) = Pin(k) + Paa(k) + Pi3(k)

dJ
Pa (k) :2/ e (‘)IJPnn(q )Pin(|E — a) F3 (4, K — 9) k>
e oy B i (q_z+q_1)+2(ql 93)2 q

F(qy, ) = - + - 1
&) 7 2192 \q1 @2 7\ §10z2

=1

2R
P13(k) 2r2(2 ) H""(k)/dy Izﬂm(ki)Z( )
Z(r) — = 1:28 +100 — 4277 + ;m2 +~2)(r? —1)*In (I:iil)



Scalar Quantity

10°;

(3(k)8™ (k")) = (2m)>0 (k — k) P(k)

L o N e e e ]

10°,

NGO B, O §P13 = 10% .
— . Linear Power \ |
52 () | FPaz =
5(3)* §lji3 T0 2 L o e N

1-loop order

104 1073 10~ 107! 10" 101! 107

— —

Pao(k) = 2/ (2?;])13 Piin(q1)Bin(|k — ¢1|) F5 (G0, k — 6_71)‘
) Kernel
Brute-force: O(N7)

Convolution, 3d: SLOW!



Backup Slide

(27)%8p(q + d') Po(g)




Backup Slide

Key Idea

» Expand P,, integral in Legendre polynomials

1 1219 671 32
= Pan( k) = —— (& Jono (K — L
5 Paa ) 1470Jooot ) + 1029 oo2(k) + T71E 004 (k)

1 . 1 i 62 8
-+ afz—zu(k) + glz-z'z(k) + .'S%Jl_u(k) -+ ﬁJl—lii(k)

» Each component has the same form:

d? R
Tou(8) = [ GRS R EPAdr - @) Pin(0)Pin(a2)

» The Fourier transform of J(k) integral is the product of
o 1-dim integrals (Hankel transforms)
—1)¢ .
Ton) = G hiI ) L) = [ dk k2 ) Pa (k)
* The integrals can be worked out analytically if P, has a
power law form!

Scale Invariance

Ensured by Locality



