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Standard cosmology analysis

1. Measure the summary statistics
. e.g. 2-pt function/power spectrum

2. Develop a theoretical prediction for that summary statistics
- perturbation theory and/or N-body simulation

3. Construct an analytic likelihood with covariance
- usually assumed to be Gaussian £(d|6) « exp —% [d— m(6)]" Cov ' [d — m(6)]

4. Run MCMC to infer the posterior distribution 7(6/d) x £(d|6)7(6)

= Planck prior on wp
SGC, z,4=0.61 - BBN prior on w,
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But... which summary statistics?

. The power spectrum is no longer sufficient for galaxy clustering.
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. Higher-order statistics? (or any other summary statistics?)

» Hard to measure, and evaluating their covariance is challenging
COV[pg(k)v pg(k/)] D (04(k)dg(—k)dg(k)d,(—k))e
> In principle, there are infinite series of n-pt functions.

- What is the optimal way to analyze non-Gaussian random field?
> Field-level inference



| |
Fleld-level Infe rence Jasche&Wandelt13, Wang++14, Schmidt++18, Kitaura++21, -

. Cosmology inference without data compression
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. Compare the observation with theory at each voxel (or Fourier mode)
> In principle, all available information can be extracted.



The posterior of the field-level inference
. The field-level posterior of cosmological parameters 8 given the data 59 ;
P[6)0,] x / Déic L]0 g]0model (91c, 8)] X 7[d1c, 6]

. The prior of the initial conditions: Gaussian with diagonal covariance in
Fourier space

3 o1 g * 1,/ /
(510, 6] o exp <_% / (gﬁl; Lﬁ:éﬂ)) (50606 (K)) = (26 (k — k') P (k)

. Assume the likelihood form to be Gaussian

~ 1 d3k ‘5 (k) - 5m0del(07 510; k)‘2
£[5g|5model(5IC70)] X exp <_§/ (27‘(’)3 ’ P6

- We need a forward-model of galaxy clustering at field level

» Lagrangian EFT of LSS schmittfull+ 19, Schmittfull+ 21
Smodel (k) = 3 b;0i(K) (k) = / P O(q)el(a+ ¥z (@)



Challenge: Marginalization over the ICs

. Explicit (or numerical) marginalization over the initial conditions

ZCIEARES / Dérc | L]0y |0moder (O1c, )] X 7[01c, 6]

> We have to evaluate the extremely high dimensional integral w.r.t. the
ICs

» The dims of the integral o Npixe > 10°

. Common practice: compress the data to summary statistics

() x /D(SIC (--+)exp (_%/ ((Qijrl){3 ]lflf((;)]‘:))




Hamiltonian Monte Carlo (HMC)

PIOI5,] o / Dércs L8, Bmoder (510, 8)] x (610, 0]

1 [ &%k [0,(k) — Smoder(8, d1c; k)2 1 [ Bk |fic(k)|?
x [ Dic e <_ | oy P, <o (-3 [ @ o)

2
cf. 7 x / D¢ 519

. The technique initially developed in the lattice QCD buane+ 87
> use the gradient information to sample efficiently
> need the gradient of likelihood w.r.t. parameters

dL,0,01c(k)]  IL[,]0, oo (k)]

9610 (K) 90



Field-level inference In practice

- We want to numerically evaluate

P[6)0,] o / Déic L[04]0model (91c, 8)] X 7[d1c, 6]

1 [ 4k [4(k) — Gmoder(6, d1c; k)|? 1 [ d%k |oic(k)|?
> / Dl exp (5 / (27)3 P. P (_5 / (2m)3 Phn(e;k))

> Infer the cosmological parameters and the initial conditions
simultaneously

NIC NL NE NE
x=q+W¥ ) )
oc | —>  |0G6e) — |60 = InP[O, d1c|d,] = | I,
LPT density
assignment likelihood/posterior _
? T evalu/aF?tion data on grid
m(0;1c) (br, b3, bg,, - )




Implementation details

. Lagrangian EFT of LSS: a differentiable simulator schmittfull+ 19, schmittfull+ 21
. 1 - ~ . .
Omodel |01, 0] = b1d1c + §b25210 + bg, G2 [01c] + - - - 0;(k) = /d3q O(q)ek(at¥z(a)
> Not so computationally expensive (accelerated by GPUs)

> Easy to take a derivatives w.r.t. initial random fields as well as biases
> Auto-grad library (e.g. JAX)
> Possible to be extended to use differentiable N-body (Hybrid-EFT)

e.g. FlowPM(Modi++20), pmwd(Li++22) Modi++20

. Sampling method: No-U-Turn Sampler(NUTS)

> adaptive mass matrix & step sizes

. Written in JAX (python), running on GPUs (Nvidia A100)



A sanity check: Gaussian random field

- Model: 59 = M(0)5IC

> parameters: (4, wedm, Ho, by, Pe; {d1c})

. ,C[Sg’émodel(éIC?H)]
1 3k 5 k) — mode 0, 01c; k)|
x exp <__/(d B )

2 27)3 P,
« L =2Gpc/h, Nic = 128°, kpayx = 0.12 h/Mpc, z = 0.5

. In the Gaussian case, the power spectrum
should be lossless.
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Non-linear (hon-Gaussian) example

- Model: Zeldovich + quadratic Lagrangian bias in redshift space

field-level

N params: (A7wcdm7H07b17b276927037617027pe;{510}) power spectrum

L =2 Gpc/h, Nic = 128%, kpax = 0.12 h/Mpc, z = 0.5

/ Wegm = 0.1207 £ 0.0039
Il 1
T T

The mock is generated with the same
model but with high resolution Nic = 512°,

/ = +
: : /, : : Ho=733=%x1.1

Sampling takes about ~ a week.
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Where does the information come from?

- The mock is not “real”; The cubic and
higher order bias params are all set to zero

. The linear and quadratic bias params power specrum
->P+B
> The higher order correlation functions , ,/ | won-01207 00030
can be solely used for cosmology '
380.12 ,,,,, *
- Not sure if this is the case in the "real’ 5
world. cr Nguyen+ 24 of )
< 75
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Effective shot noise from large b2

. “Renormalization of the shot noise”

2

b
P = P, 4+ 2 lim Tyap0 (k) Ts252 (k) = (0°6%)" = / Piin (q) Piin(k — q)
4 k—0 q

. Large b2 -> apparently large shot noise
Obuljen+ 23, Cabass+ 23, Foreman+ 24

. Two mocks: by = —0.5, by =2.0 /\

103

1072 1071
k [h/Mpc]

1
k [h/Mpc]



Large b2 vs small b2

. The constant piece in Zs252 (k)

> Power spectrum: absorbed into the shot noise (i.e. treat it as a noise)

> Field level: treat it as a signal (up to ki, or kS )
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Byproduct: the reconstruction of ICs

. The real part of the initial Gaussian field Re[dic(k)] at k. = kr

Input Gaussian field MAP Difference

. Can be useful for cross-correlations
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Questions

. Noise property at field-level: € =6, — d4.pT model

» No successful example of the full field-level inference to the “real” N-
body (without putting a prior on the noise parameter by hand)

. Likelihood for the field-level inference

> Gaussian likelihood would not be a good approximation for realistic
mock

. In general, does really the field-level outperform the n-pt function
analysis? (in the perturbative regime) cabass+ 23



Summary

. Galaxy clustering offers a lot of cosmological information, although
information is diluted to the non-Gaussian part of the galaxy density field.

> need to go beyond the power spectrum

. Field-level inference is an optimal (i.e. lossless) analysis method to extract
cosmology from non-Gaussian random field

» Differentiable forward model at field-level & Hamiltonian Monte Carlo

> |f we can use the information in higher-order terms/correlation function
only for cosmology, the field-level gives better results (as expected)

> For the large b2 case, the field-level can be better than the power
spectrum, since the part of the constant piece in (§*s*) can be inferred.






Zeldovich + linear bias
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Full post

erior
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Full posterior for b2 = 2.0 _
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Reconstructed ICs In position space

Input Gaussian field MAP




Equivalence of Fourier and configuration space likelihood

. Parseval’'s theorem:
> £[(§g’5model(51(}79>]

1 [ %k [6,(K) — Suoau (8,01 K2 L
aexp<__/ 3,0) = Bt (0, >|> TR

> ] (2n)3 2
1 59(X) = Smodel (0, 5103 X2 S
— exp (—5/(13}( 199 (%) ;1)1( 105 %) ) ,/ \

. Configuration-space likelihood would

be useful for e.qg. the density- - o

dependent noise




