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PT-based analysis of new-generation galaxy surveys? 

In future galaxy survey analyses, we can 
have a lot of redshift bins and sub-
samples.  

EFT approach requires to include ~10 
nuisance parameters (galaxy bias, other 
counterterms, stochasticity) for each 
redshift/sub-sample.  

-> Parameter inference using e.g. MCMC 
becomes hard and hard when combining 
different redshifts/sub-samples….



MCMC using parameter derivatives: Hamiltonian 
Monte Carlo

For achieving scalable inference in 
high-dimensional parameter 
spaces, Hamiltonian Monte Carlo 
algorithms would be useful.  

The leapfrog integrator in HMC 
utilizes the gradient of the target 
probability density with respect to 
the parameters, ∇θℒ(θ)

Hoffman & Gelman 2011



Differentiable code using JAX
We can resort to Google JAX, which 
enables development of differentiable 
codes that run not only on CPUs, but also 
on GPUs (or TPUs). 

For example, Piras & Spurio Mancini 2023 
developed Cosmopower-JAX, a 
differentiable emulator of the linear power 
spectrum.  

Combining with HMC and 3 GPUs, it 
finishes the inference of 37 parameters in 
~1 day. 

Piras & Spurio Mancini 2023



Eulerian PT of galaxy power spectrum
Expansion of galaxy density fluctuations in Eulerian PT, up to 3rd order (e.g. CLASS-PT)
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Redshift-space distortions expanded to 3rd order (e.g. Senatore & Zaldarriaga 2014)
<latexit sha1_base64="Wbd3Q0QJHgktf+o1EheUoM7wXbE="></latexit>

ω(s)g (k) = ωg(k)→ ik→u→(k)→ ik→[u→ωg](k)→
1

2
k2→[u

2
→](k)→

1

2
k2→[u

2
→ωg](k)→

1

6
ik3→[u

3
→](k).

Galaxy density fluctuation is expressed with PT kernels  that encode bias expansion and RSD, as 
well as gravitational evolution. 

Zn
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Power spectrum up to one-loop order is expressed by 

+ counterterms, stochasticity, IR resummation, (and AP effect)
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Lagrangian PT of galaxy power spectrum
LPT is based on the displacement that relates the Eulerian coordinates  and the Lagrangian coordinates , x q
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F (q) = F [ω(q), s2(q),→2ω(q), · · · ]

Galaxy bias in Lagrangian space is encoded in (e.g. Matsubara 2008, Vlah, Castorina & White 2016)

<latexit sha1_base64="xuRammkiJgXNx7qlMUgj52bJ95M=">AAACIHicbVBdS8MwFE39nPOr6qMvwSFMhNGKMl+EoS8+TnAfsJaRZukWlqY1ScVR+lN88a/44oMi+qa/xnSrqJsXQk7OuZece7yIUaks68OYm19YXFourBRX19Y3Ns2t7aYMY4FJA4csFG0PScIoJw1FFSPtSBAUeIy0vOFFprduiZA05NdqFBE3QH1OfYqR0lTXrDoBUgPPT+5SeAa/HzcpPISOF7KeHAX6Spy6pGn5Rz7omiWrYo0LzgI7ByWQV71rvju9EMcB4QozJGXHtiLlJkgoihlJi04sSYTwEPVJR0OOAiLdZLxgCvc104N+KPThCo7Z3xMJCmTmVHdmFuW0lpH/aZ1Y+aduQnkUK8Lx5CM/ZlCFMEsL9qggWLGRBggLqr1CPEACYaUzLeoQ7OmVZ0HzqGKfVKyr41LtPI+jAHbBHigDG1RBDVyCOmgADO7BI3gGL8aD8WS8Gm+T1jkjn9kBf8r4/AJ8dKPN</latexit>

x = q+!(q)

<latexit sha1_base64="o/yLHSqpsuXhjmnjLqvPaRQJfow="></latexit>

! → ”(q2)↑”(q1)

<latexit sha1_base64="DFlX7+RdaIm7VojWfxEEhXvwF6o="></latexit>

1 + ωg(x) =

∫

q
F (q)ωD(x→ q→!(q))

<latexit sha1_base64="agX8Vf3mMi0+HT5YTVpj5LgwAOc="></latexit>

=

∫

J
F̃ (J)ei

∑
j
JOj

(q)Oj(q)

Galaxy power spectrum in LPT is (e.g. Matsubara 2008, Carlson, Reid & White 2012)
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The power spectrum becomes 
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Lagrangian PT of galaxy power spectrum
The moment generating function
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By expanding it into cumulants (+ Taylor expansion), and defining the Lagrangian bias parameters as
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LPT galaxy power spectrum up to one-loop order is (e.g. Chen et al. 2021)
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+ counterterms, stochasticity (and AP effect)



FFTLog-based method for fast evaluation of one-loop integrals (Simonovic et al. 2018, CLASS-PT, Lee 
2024)  

- Perform FFTLog on  to decompose it into powers of k, Plin

- Decompose the PT kernels into rational functions of ,  and , and insert the analytic solutions 
of the form: 

q k − q n̂ ⋅ q

- (If needed, take care of IR/UV parts that are not expressed by the above analytic solution.)

-> The one-loop integrals reduce to a linear combination of analytic solutions. 

analytic solution

Implementation of PT terms using FFTs ①
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Implementation of PT terms using FFTs ②
Another 1D FFT method (Schmittfull, Vlah & McDonald 2016) based on the generalized correlation 
function: 
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One-loop EPT terms consist of the Hankel transforms of different  ’s:ξℓ
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One-loop LPT terms are also constructed by the Hankel transforms of these functions, e.g.
<latexit sha1_base64="GDbiaZCH0SC18co9tKCUQ4dydJM="></latexit>

A(22)
ij (q) = X22(q)ωij + Y22(q)q̂iq̂j

<latexit sha1_base64="HC5DYOMvbj2dQ86DnFeEj9FVgGM="></latexit>

X22(q) =

∫ →

0

dk

2ω2

2

3
[1→ j0(kq)→ j2(kq)]

9

98
Q1(k), Y22(q) =

∫ →

0

dk

2ω2
2j2(kq)

9

98
Q1(k)

<latexit sha1_base64="+E0LatTRfCno/cEPFLv7SczceCw="></latexit>

Q1(k) =

∫

p

[
k2p2 → (k · p)2

p2|k→ p|2

]2
Plin(p)Plin(|k→ p|)

where

<latexit sha1_base64="NV/2H2ioQWmp5Fz4/ti/qyqEogU="></latexit>

P13(k) → kmPlin(k)

∫

p

pnLω(k̂ · p)
|k↑ p|2 Plin(p) = kmPlin(k)

∫ →

0
drrjω(kr)ω

ω
n(kr)

<latexit sha1_base64="yUrfREKfErZeP5Ze4FhxAzAI7v0="></latexit>

P22(k) →
∫

p
pn1 |k↑ p|n2Lω(p̂ · ⊋k↑ p)Plin(p)Plin(|k↑ p|) = (↑1)ω

∫ →

0
4ωr2drj0(kr)ε

ω
n1
(r)εωn2

(r)



Angular integrals of redshift-space LPT
Redshift-space LPT power spectrum consists of the angular internals of the form

<latexit sha1_base64="A7xCayvkeGkKY5b4XaF0fbvwmsU="></latexit>

Im,n(A,B,C) = im→n

∫ 1

→1

dµq

2

∫ 2ω

0

dω

2ε
eiAµq+Bµ2

q→iC
→

1→µ2
q cosεµm

q

(√
1↑ µ2

q cosω
)n

<latexit sha1_base64="3N9NBuUXbWXPP5c8/es6SHfeohY="></latexit>

Im,n(A,B,C) = eB
→∑

ω=0

(
→2

ω

)ω

G(m,n)
ω (A,B,C)jω(ω)

This type of integrals has the analytic solution (Chen et al. 2021), 

which is derived by using the recursion relation

By iteratively applying the recursion relation, we can obtain the expression for arbitrary  in terms of 
 and its derivatives, e.g.

(m, n)
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Angular integrals of redshift-space LPT
Vlah & White 2018 found the analytic expression using the hypergeometric functions, 

In this work, I’ve found that it reduces to a closed-form expression
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with the coefficients  are rational numbers that depend on , expressed using generalized 
hypergeometric functions.  

c(ℓ,k,i) (ℓ, k, i)

This expression enables JAX implementation of the angular integrals, without implementing the 
hypergeometric functions in JAX. 

This integral arises even in the Zeldovich approximation in redshift space. 
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Demo: one-loop EPT with brute-force integration
Cross check of 1-loop contributions between FFTLog-based implementation (solid lines) and direct 
numerical integration (symbols).



Implementation of IR resummation
Damp the BAO wiggles by the factor 
calculated with the no-wiggle part

Damping factor in redshift space (Ivanov 
& Sibiryakov 2018)

Ivanov & Sibiryakov 2018



Demo: Zeldovich approximation in redshift space

The JAX implementation of redshift-
space Zeldovich power spectrum is 
compared to that calculated using ZeMBu 
(a code similar to velociletor) 

Kaiser’s linear theory



Demo: redshift-space one-loop LPT power spectrum

The redshift-space multipole moments, 
including up to second-order bias terms 
( )b1, b2, bs

My code computes the LPT power 
spectrum multipoles in O(1) msec after 
JIT compilation, on a laptop CPUs.  

Preliminary



Running parameter inference using 
Hamiltonian Monte Carlo (No-U-Turn 
Sampler) sampling in Numpyro. Preliminary

Parameter inference using Hamiltonian Monte Carlo 

Currently, O(10) mins on a GPU to converge 
the chains. 



Summary
We are developing a pure JAX code of the galaxy power spectrum based on the Eulerian & Lagrangian 
one-loop EFT framework.  

The code is differentiable with respect to cosmology, galaxy bias, and other EFT parameters.  

We design the code to be compatible with JIT compilation provided by JAX. After JIT compilation, it 
computes the galaxy power spectrum in O(1) CPU milliseconds.  

Detailed comparison with the existing codes and running Hamiltonian Monte Carlo inference are 
ongoing. 



Backup: Galaxy power spectrum with PNG
JAX implementation of galaxy power spectrum with local PNG (Cabass et al. 2022) is now ongoing.  
My Python implementation has been incorporated into the SPHEREx cosmology pipeline.


