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What are responses?

Responses describe how the power spectrum responds to the presence
of large-scale perturbations.
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What are responses?

What are they good for?

To “resum” squeezed PT kernels

How do we evaluate them?

With separate universe simulations



Responses as PT vertices

f & —p (k, t) * The linear matter power spectrum.



Responses as PT vertices

P k = Py (k, 1) « The linear matter power spectrum.
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Responses as PT vertices

* The linear matter power spectrum.
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—4—@—»— _ L  The nonlinear matter power spectrum;
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the blob describes all nonlinear
interactions.

* Interaction of P(k) with a mode p
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Responses as PT vertices

* The linear matter power spectrum.

k' k
—4—@—»— _ L  The nonlinear matter power spectrum;
— m( ) t)

the blob describes all nonlinear
interactions.

* Interaction of P(k) with a mode p

[ )

lim K’ k
p—0




Responses as PT vertices

* The linear matter power spectrum.

k' k
—4—@—»— _ L  The nonlinear matter power spectrum;
— m( ) t)

the blob describes all nonlinear

P (k) Interactions.
soft * Interaction of P(k) with a mode p
( ) )
lim k' k

p—0

\ hard )

Response interaction



Responses as PT vertices

;k o E — PL(k, t) * The linear matter power spectrum.
Py (k)
k' k _
—4—@—»— _ (k f:)  The nonlinear matter power spectrum;
— i HEAE the blob describes all nonlinear
P (F) Interactions.
soft * Interaction of P(k) with a mode p
(S
lim K k = —Ri(k; iz ) Parlk, )
p—0 2 ’

\ hard V\

_ _ Ist order response
Response interaction



Responses as PT vertices

The n-th order response vertex:
the interaction of the power spectrum with N soft modes.

lim

1
— = . P
Pyt 2Rn(/€, angles) P, (k)

Barreira, Schmidt , 1703.09212



Responses as PT vertices

The n-th order response vertex:
the interaction of the power spectrum with N soft modes.

n-th order response

N soft modes /
[ \

pl s = ® pn

1
l. / — e .
i k k 5 R, (k; angles) P, (k)

\ 2 hard modes /

Predictive for:

* Quasi-linear values of the soft modes, p_n
 Nonlinear values of the hard modes, k,k’

Barreira, Schmidt , 1703.09212



The Response Recipe

1. Take any N-point function and write all SPT terms.
2. ldentify hard-to-soft coupling terms.

3. Replace these SPT kernels by the responses.
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The Response Recipe

1. Take any N-point function and write all SPT terms.

2. ldentify hard-to-soft coupling terms.

3. Replace these SPT kernels by the responses.

(0(k1)o(k2)---0(kn)) Tree Level + 1 Loop + 2 Loop + ---

Hard-to-soft terms <+ Remainder



The Response Recipe

1. Take any N-point function and write all SPT terms.

2. ldentify hard-to-soft coupling terms.

3. Replace these SPT kernels by the responses.

(5(k1)3(ks)-- - 3(ky)) = Tree Level + 1 Loop + 2 Loop 4

= ( Hard-to-soft terms -I—

Evaluate with Evaluate with SPT
responses. kernels



Example 1: Squeezed Bispectrum

((k)o(K")o(p)).
hard  soft



Example 1: Squeezed Bispectrum

(0(k)O(K")o(p)) = 2Fs(k,p)PL(k)PL(p) + 2F:(K'.p)PL(k")Pu(p) + 2F:(k,k")PL(k)PL(K)
hard  soft p p




Example 1: Squeezed Bispectrum

(0(k)(K")(p)), = 2F2(k,p) PL(k)PL(p) + 2F2(K',p)PL(K')PL(p) + 2F3(k, k") PL(k)PL(K)

hard  soft
soft y soft y
— ‘ Fy + . 7 +
hard K hard k




Example 1: Squeezed Bispectrum

(5(k)S(K)3(p)), = 2Fa(k, p)PL(k)PL(p) + 2Fa(K ,p)PL(K)PL(p) + 2F3(k, k') PL(k)PL(K)

hard  soft i
soft soft

Evaluate with responses
N— 7
~

soft

PL(p)
+ (k < k') = R1(k, pr,p) P (k) PL(p)

\ Koo
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Valid for nhonlinear k. k'.




Example 1: Squeezed Bispectrum

(0(k)o(K')o(p)).

hard  soft

soft

2F5(k,p) P(k)PL(p) + 2F2(K',p)PL(K)PL(p) + 2F2(k, k") PL(k)PL(K')

hard k

soft

soft
f P

~ (p/k)"2

Evaluate with responses
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soft

PL(p)

~

\ Koo

hal‘d R] (-IQ.H ,U-)Ril ["E')

+ (k < k') = Ri(k, pr,p) P (k) PL(p)

Valid for nhonlinear k. k'.




Example 1: Squeezed Bispectrum

(0(k)O(E")d(p)), = 2F>(k, p) Pr(k)PL(p) + 2F2(K,p)Pu(k)Pu(p) + 2F2(k, k") PL(k)Py(k)

hard  soft
soft soft

~ (p/k)"2

Evaluate with responses
N— _/
~

soft

PL(p)
+ (k < k') = R1(k, pr,p) P (k) PL(p)

\ Koo

hard R, (k,1)P,, (k : ; )
Za2 Valid for nonlinear k.k' .




Example 1: Squeezed Bispectrum

li1Tlp—>0 <5(k)5(k,)5(p)>

hard soft

C



Example 1: Squeezed Bispectrum

2 {FQ(k, p)PL(k) + Fa (K, p)PL(k’)] Pr.(p)

/ All modes p,k,k'
_ _ must be linear
With Standard Perturbation Theory

/
li1Tlp—>0 <5(k)5(k,)6(p)>

hard soft

C



Example 1: Squeezed Bispectrum

2 {FQ(k, p)PL(k) + Fa (K, p)PL(k’)] Pr.(p)

/ All modes p,k,k'
_ _ must be linear
With Standard Perturbation Theory

/
li1Tlp—>0 <5(k)5(k,)6(p)>

hard soft

\

With responses

\ Result is valid for linear p,

C

but any nonlinear k, k'!

Ri(k, g, p) P (k) Pr(p)



Example 2: SSC

ky soft y
[ Pr(p)

&

Cov [Pm(kl),Pm(kg)] > hard hard

hard  hard ki+p ~k2—p

“Internal” response
interactions

¢

Approach not limited to
squeezed N-pt functions

Two 1st order responses /



Separate Universe Simulations

The response approach requires simulation measurements of

<

Power spectrum Responses
“Normal” simulations. Separate Universe Simulations



Separate Universe Simulations

Write the response in terms of all possible local gravitational observables

Ry = Z Ro(k) }Cgb,)large scale
O



Separate Universe Simulations

Write the response in terms of all possible local gravitational observables

R = Z RO(k) }Cg?;)laige scale
O

All possible configurations of
large-scale density/tidal fields;

Given by perturbation theory.



Separate Universe Simulations

Write the response in terms of all possible local gravitational observables

Ky, = Z RO(k) ]Cgl,)large scale

(9/ I

Measure the response to each All possible configurations of
specific large-scale configuration; large-scale density/tidal fields;

What we will get from simulations. Given by perturbation theory.



Separate Universe Simulations

Large-scale overdensity Large-scale tidal field

! f

T N

Ri — Ri(k)d(p) + Ri (k)k'K K 5(p)

v v

Response to overdensity Response to tidal field



Separate Universe Simulations

Nitty-gritty: Li et al (1401.0385) ; Wagner et al (1409.6294); Baldauf et al (1511.01465)
Schmidt et al (1803.03274);

Ry = Z Ro(k) }Cgl,)large scale

() Response to specific All possible configurations of
perturbations large-scale densityl/tidal fields;



Separate Universe Simulations

Nitty-gritty: Li et al (1401.0385) ; Wagner et al (1409.6294); Baldauf et al (1511.01465)
Schmidt et al (1803.03274);

Ry = Z Ro(k) ]Cgl,)large scale

() Response to specific All possible configurations of
perturbations large-scale densityl/tidal fields;

4

2) Compare to “normal”
spectrum to measure
responses

1) Induce these
in simulations




Separate Universe Simulations

P, (k,x) = P, (k) {1 + Ry(k)(z) + RK(k)z%i/%jKij(a;)]



Separate Universe Simulations

P, (k,x) = P, (k) {1 + Ri(k)S(x) + Ry (k) K, (x)

e

Response to overdensity
Li et al (1401.0385) ; Wagner et al (1409.6294)
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Separate Universe Simulations

P, (k,x) = P, (k) {1 + Ri(k)5(z) + R (KR W K; -(:c)]

e

Response to overdensity
Li et al (1401.0385) ; Wagner et al (1409.6294)
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Response to tidal field
Schmidt et al (1803.03274)
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To keep in mind ...

Separate Universe
Simulations

Measure the “response” of the
e power spectrum to long-modes.

1.4
1.2
1.0
0.8

o I | = Responses

10 10 10 10

k [h/Mpc]|
They are squeezed
resummed PT vertices

'

N-point functions In the nonlinear regime.

/_




Lensing covariances

Barreira, Krause, Schmidt, 1711.07467
Barreira, Krause, Schmidt, 1807.04266
Barreira, 1901.01243



The covariance decomposition

* Windowed lensing convergence O G e e S A S A |
5w (0) = W(0)r(6) PSSty R

N/S

« Estimator of its power spectrum M ‘.. - W=0 AR AR

o - .“?,.‘ e ’ = B
é (e) — HW (E) HW ( _ E) 5 0. 2 < g L 3 DES COnvergeﬂce map % |
" B QW R ' _3

e.g. Takada&Hu (1302.6994)
» Covariance matrix of the estimator

< L(£)C (£2)> <c (el)><c (£2)>

Gaussian Connecte_d Super-sample
non-Gaussian

Covie (Cu(2). Crul(£2))




Connected non-Gaussian term : cNG

« Describes the coupling of different Fourier modes due to nonlinear
structure formation (given by the parallelogram matter trispectrum).

1 [9(x)]
CoveVC (8,8 =——1/d .
(€1, £2) oy | X

)

4
Tm(kfla _kfl 3 kfg? _kfg)

_2+1)/2
X

k,




Connected non-Gaussian term : cNG

« Describes the coupling of different Fourier modes due to nonlinear
structure formation (given by the parallelogram matter trispectrum).

)

C 1 4
CD‘.?HNG(ELEZ) — m /d)( [g();i Tm(kfla—kf1ka2:~_kfﬂ)

0+1/2 LOS Parallelogram
— projection Trispectrum

/7

Evaluate it with the response approach.

k,
X



cNG : response vs simulations

Response approach
(tree + 1 loop)

Ensemble method
(over 12000 sims.)

5% re=o(k1.k2) _re=olkika) -
‘Blot et al 2015 (Set A) 0.75
1.0} | ]
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& 7 "
= 0.6}
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cNG : response vs simulations

Response approach Ensemble method
(tree + 1 loop) (over 12000 sims.)

re=o(ky ko) e

1.5
0.75
1.0
10.60
0.8
% lo.a5
= 0.6 10.30
49!

10.15

0.00

0.2 0.4 0.6 08 1.0 L2
k1 [h/Mpc]

=0.15

0.4 0.6 0.8
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1.0

—0.30



The super-sample term : SSC

» Describes the coupling of modes inside the survey with unobserved modes

outside the SUrvey. Hamilton et al (0511416)
Takada&Bridle (0705.0163)

Takada&Hu (1302.6994)
Barreira et al (1711.07467)

1 d2€ ...
Covo5¢(8y,8,) = a2, dx[g(X)] (gﬂ_)z|W(‘€)|2R1(k£1rﬂfl,f)Rl(kfzaI‘-“*fz:f)
X P (kgy ) P (K, ) Pr(ky)

Note: This expression assumes Limber for the super-survey modes, which is only accurate up to
10% for Euclid/LSST. Beyond Limber SSC expressions exist however (Barreira, Krause, Schmidt ,

arXiv:1711.07467).



The super-sample term : SSC

» Describes the coupling of modes inside the survey with unobserved modes
outside the SUrvey. Hamilton et al (0511416)

Takada&Bridle (0705.0163)
Takada&Hu (1302.6994)
Barreira et al (1711.07467)

LOS Window
projection  function 1st order responses

1 d2¢
Covo5¢(8y,8,) = dy [g(;()] f WO |* Ry (kg e, 0)R1(Key s e, 2)

03y (2m)>
X Py (kgy ) P (Ke, ) Pr(Ke)
Power spectra

Responses fully specify
the SSC term

Note: This expression assumes Limber for the super-survey modes, which is only accurate up to
10% for Euclid/LSST. Beyond Limber SSC expressions exist however (Barreira, Krause, Schmidt ,
arXiv:1711.07467).



Lensing covariance summary

Cov(l1,£2) = COVS + Cov®™C + Coy2>%

K K



Lensing covariance summary

Understood ! Understood !

Covs(£1, £2) =+ Covi @+ @




Lensing covariance summary

Understood ! Understood !

Covaltr,ts) =CCovd) + @ovi™ ) + Covi™

Responses capture most of it,
but do we even need it ?




The unimportance of the cNG term

for future surveys

Euclid-like lensing setup

Barreira, Krause, Schmidt
« Tomographic convergence power spectrum 1807.04266
10 tomographic bins

e 20 ell bins in [20, 5000]
« Mask: spherical cap 15000 deg”2
e Source density: 30 / arcmin”2

1 > >
L(wg) o< exp {—2 (Theo*ry — a.@ Theory — Data,)]

s

What is the impact of different matrices on parameter constraints ?




The unimportance of the cNG term

for future surveys

Euclid-like lensing setup

Barreira, Krause, Schmidt
« Tomographic convergence power spectrum 1807.04266
10 tomographic bins
e 20 ell bins in [20, 5000]
« Mask: spherical cap 15000 deg”2

Assumes no systematics,
— conservative.

e Source density: 30 / arcmin”2 1.2{ G+ SSC + cNG G + cNG
G + SSC G
1.0- ~
Relative to G+SSC, cNG .
increases error by only 6% . |£' 08 /
O
3 0.6/
&
cNG has also a small impact | 0.4
on parameter biases.
0.2-
0.Q-

~1.05 -1.03 -1.01 -0.99 -0.97 -0.95
Wo



The unimportance of the cNG term
for future surveys

The cNG Is the hardest-to-evaluate covariance term,
but it is also the smallest ...

... accuracy of analytical methods is likely sufficient for lensing.

This is great
news!



Squeezed bispectrum covariance

o Squeezed bispectrum Barreira (arX|v190101243)
B; = By, (ks, ké, Si)y Si <K ki, k;

« Covariance decomposition

Negligible

Cov (Bl, Bg) = Cov' P 4 Cov®P + Cov!* 4 Cov®°C 4 CovN©
Fully given by P(k) and its responses



Squeezed bispectrum covariance

oSq

ueezed bispectrum

Bi

= Bm(k‘i,kéjsi), S§; << k@', k’;

« Covariance decomposition

Barreira (arXiv:1901.01243)

Negligible

Cov (Blg Bg) = Cov' P 4 Cov®P + Cov!* 4 Cov®°C 4 CovN©
Fully given by P(k) and its responses

[
o O
L~
N A

Diagonal of Cov?? [Mpc/h]'?
S =

[ S W R
o O O
= =N
o o o

=
o o
[=) B = o]

o

25 50 75 100 125 150 175 200
Triangle index

Analytical calculation of the
sq. bispectrum covariance.

The SSC term is negligible !
(Okay to skip from f_nl forecasts)




Baryons and higher-order statistics

Barreira et al 1904.02070



Baryonic effects on N-point functions

Separate Universe Simulations with lllustrisTNG with the _
’ TNG collaboration

Rn = Z Ro(k) ]Cgl,)large scale

(D Response to specific Large-scale density/tidal
perturbations perturbations

/

1) Induce these
in simulations

2) Compare to “mean”
spectrum to measure
responses

Barreira+ 1904.02070

300 Mpc




Baryonic effects on N-point functions

SSC (4pt) 3pt
2pt  3pt

Baryons have slightly varying impact
on different N-point functions.

Can be used to test different feedback
models (Semboloni+ 1210.7303)

Barreira+ 1904.02070



Baryonic effects on N-point functions

Baryons "_"cwal ly ov_ve:’ Ignoring baryons Is
the covariance matrix ! conservative on errors bars!

Cov® + Cov>>¢

Hydro/Gra vi@

1 —— Hydro/Gravity

B>
18]
£

=y

Vv

P

S~

)

Ok PRHRHE
LOOOO0O OO
COFRNWREO®

Emax

[ No baryons in covariance
[—1 No baryons in signal

PN

0.04 0.01 5 10 15 20 25
Ay?/dof

Baryons have small impact
on goodness-of-fit !

Barreira+ 1904.02070




Summary

Responses as resummed
squeezed PT vertices

Covariance of
2pt functions.

pe]

ke My
o o

re=o(kL.k2)

c|

w
5 8

ko [WMp
o o

Existing applications

\

Baryons and
N-pt functions.
1.05
>
T 1.00
G 0%  SSC (4pt) 3pt
o 0.90+
S 0.85- 2pt 3pt
= 0.80

102
Ln
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0.8
0.6
0.4
0.2
0.0

7| Colors indicate redshift
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1072 107! 10° 10t
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Covariance of the
sq. bispectrum.
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