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M
odeling of LSS at nonlinear regim

es
N

-body sim
ulations

Perturbation theory (PT)

Pros: Accurate dow
n to resolution

Cons: Com
putationally expensive 

            N
ot suitable for M

C
M

C

M
atter distribution is discretized 

as particles. The evolution is 
governed by N

ew
tonian gravity.

Based on single-stream
 approx., 

fluid equations are expanded 
w

ith respect to density contrast.

Pros: Analytical and fast 
Cons: The applicable range is 
            lim

ited to m
ildly 

            nonlinear regim
e.
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PT M
odels

Standard Perturbation Theory (SPT) : 
W

idely used standard w
ay to 

expand fluid eqs. 2-loop level 
expansion gives reasonable predictions.

δ(k)=∑n=1 D
n+ δ (n)(k)
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Regularized Perturbation Theory (RegPT) : 
Reorganizing SPT expansion w

ith propagator (Γ-expansion) 
At high-k regim

e, the pow
er spectrum

 dam
ps as                . 

The r.m
.s. displacem

ent can be a free param
eter.

(IR-resum
m

ed) Effective Field Theory (EFT) : 
Introducing counter term

s to describe sm
all-scale behavior 

characterized by effective sound speed. 
The sound speed is treated as free param

eter.

e −σ
2d k 2/2

RegPT+

−2(2π)c 2s(1)(
kkNL )

2P
L (k)

Bernardeau+ (2008), Taruya+ (2012)

Baum
ann+ (2012), Carrasco+ (2012)

LPT, closure, Tim
e-RG

, RPT, and m
ore…



Predictions of Pow
er Spectra

# of nuisance param
eters: 

0: SPT, RegPT 
1: RegPT+ 
3: IR-resum

m
ed EFT

SPT

EFT 
(k

m
ax  = 0.27 h M

pc
-1)

RegPT

RegPT+ 
(k

m
ax  = 0.27 h M

pc
-1)

Sim
ulation

z = 1
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•

H
ow

 accurate in cosm
ological param

eter estim
ation? 

•
Som

e m
odels contain nuisance param

eters but 
is it fair to com

pare just the sm
allest applicable scales?

This study: System
atic tests of various 2-loop level 

PT schem
es w

ith N
-body sim

ulations in the context 
of cosm

ological param
eter estim

ation w
ith P(k)

There are m
any PT schem

es proposed so far 
but details are different for each m

ethod.
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V
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Ω

m
A
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Inferred param

eters norm
alized by fiducial values 

for three cosm
ological param

eters as a function of k
m
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2%
 precision

SPT 
RegPT 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EFT

logL(θ |
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−
12

∑ki ,kj <km
ax (

̂P(ki )−
P(ki ;θ))(C

−1)ij (
̂P(kj )−

P(kj ;θ))

RegPT: sm
all error bars (= high precision) but biased 

EFT: unbiased even for high k
m

ax  but large error bars
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 Contours
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Side effects of introducing nuisance param
eters 

1. D
egrades constraints 

2. D
istorts param

eter degeneracy



FoM
 & FoB

Figure of M
erit (FoM

): goodness of fit

Sαβ =
1

N
−

1
N∑k

(θ
kα −

θ̄α )(θ
kβ −

θ̄β )

Correlation m
atrix: estim

ated from
 M

C
M

C
 chains

FoM
=[ detS̃] −

12

FoB
=[ (θ̄α −

θ fid.
α

)S̃
αβ (θ̄β −

θ fid.
β

)] −
12

Figure of Bias (FoB): param
eter bias

Introduce goodness of fit and param
eter bias as 

sum
m

ary quantities

~ (Volum
e of 1-σ C

.L.) -1

θ1

θ2

θ1

θ2

m
arginalized for nuisance param

s.

D
istance betw

een true and estim
ated param

s. 
norm

alized by variances.

θ
=

(h,Ω
m ,A

s ,…
)

Param
eter vector



Figure of Bias
FoB
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θ fid.

α
)S̃
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β
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W
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cient

R
αβ =

Sαβ

Sαα Sββ
Correlation coefficient:

IR-resum
m

ed EFT
RegPT+

k
max  = 0.24 h Mpc -1

k
max  = 0.18 h Mpc -1

Strong correlation w
ith cosm

ological param
eters 

degrades constraints!

R
αβ =

±
1

R
αβ =

0
Positive/N

egative correlation 
N

o correlation



Sum
m

ary
End-to-end test of PT schem

es (SPT, RegPT, RegPT+, EFT) 
in the analysis of cosm

ological param
eter inference w

ith 
real-space m

atter pow
er spectrum

.

•
Best FoB m

odel : IR-resum
m

ed EFT (3 nuisance param
s.) 

                                        but w
eak constraining pow

er 
•

Best FoM
 m

odel : SPT / RegPT (no nuisance param
.) 

                                        but biased param
eter estim

ation 
•

Reasonable choice : RegPT+ (1 nuisance param
.) 

                                        w
orks w

ell up to even k
m

ax  ~ 0.33 h M
pc

-1

Prospects: Incorporating RSD
 and galaxy bias for m

ore 
realistic m

odeling of pow
er spectrum

 and fast calculation 
suitable for M

CM
C analysis


