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Why do we do cosmology (from LSS)?

Credit: Dark Energy Spectroscopic Instrument





Chabanier+ MNRAS 489 (2019) 2, 2247-2253

Linear matter power spectrum in CDMΛ

Cosmology from LSS aims to find the model that describes both CMB and LSS

https://academic.oup.com/mnras/article/489/2/2247/5552675?login=false
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Linear matter power spectrum in CDMΛ

The standard model CDM is boringly robust. Is it the end of cosmology (from LSS)?Λ

https://academic.oup.com/mnras/article/489/2/2247/5552675?login=false


General relativity

Prior excl.

Hopefully no!

Credit: Dark Energy Spectroscopic Instrument



What I am generally excited about - Cosmic Acceleration and Dynamical Dark Energy 

Cosmological constant Λ

DESI 2024 VI, JCAP02(2025) incl. MN

Dark energy appears to be evolving with time as w = w0 + wa(1 − a)

2.5σ 3.4σ 3.8σ

Same conclusion at higher significance in DESI DR2 Results II, PRD 112, 083515
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https://iopscience.iop.org/article/10.1088/1475-7516/2025/02/021
https://journals.aps.org/prd/abstract/10.1103/tr6y-kpc6


What I am generally excited about - Growth of Structure and Modified Gravity
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General relativity

Prior excl.

No evidence for modified gravity beyond GR in  extension(μ0, Σ0)

Credit: Dark Energy Spectroscopic Instrument

https://iopscience.iop.org/article/10.1088/1475-7516/2025/07/028


What I am generally excited about - Field-level inference 

power spectrum

bispectrum

Summary
Statistics

The Millennium Simulation Project

Field-level
Statistics

The Millennium Simulation Project

Galaxy density field

Credit: Dark Energy Spectroscopic InstrumentMN+2024 PRL 133, 221006 Beyond-2pt Collaboration, ApJ 990 99 incl. MN

How much information can be extracted from galaxy distribution?

https://arxiv.org/abs/2403.03220
https://iopscience.iop.org/article/10.3847/1538-4357/ad781d


What I am recently excited about - tiny Primordial non-Gaussianity in the early universe

General relativity

Prior excl.

The galaxy distribution on large scales is modulated by local PNG

MN, Akitsu, Taruya 2026, PRD Credit: Dark Energy Spectroscopic Instrument

https://arxiv.org/abs/2603.20196


The current and next era of galaxy surveys

Credit: Dark Energy Spectroscopic Instrument



Hubble Space Telescope

Astronomy - Staring into space and time

DESI DR1

Credit: DESI/NOIRLab

~15M galaxies in DESI DR2

https://data.desi.lbl.gov/doc/releases/dr1/


Multi-object Spectroscopy
Imaging Surveys (2014-2019)

Target Selection 

Observation… …of 5000 objects 
   every ~20mins…

…and measure their redshift

+WISE IR sat

Wide-field imaging survey(s) —> target selection —> spectroscopic survey 



Sloan Digital Sky Survey Dark Energy Spectroscopic Instrument

Robotic positionersPlug plate

Advances in multi-object spectrograph really push the limit LSS survey number density

5000 objects in every ~20 minutes



Credit: PFS, IPMU annual report

Distance (fid. cosmo, redshift)

Assuming a fiducial cosmology, spectral redshifts can be converted to distances



DESI DR1 DESI 2024 II JCAP07(2025)017 incl. MN

Four galaxy populations 
spanning redshift ~0.1-4.1

https://data.desi.lbl.gov/doc/releases/dr1/
https://iopscience.iop.org/article/10.1088/1475-7516/2025/07/017


The current analysis of galaxy surveys

Credit: Dark Energy Spectroscopic Instrument

Two-point statistics of galaxy clustering



Four tracers spanning redshift ~0.1-4.1

(Hierarchical) Bayesian inference and two-point statistics of galaxy maps

P(θ ∣ d) =
P(d ∣ θ) P(θ)

P(d)
∝ P(d ∣ θ) P(θ) What is the cosmology  given the data ?θ d



Four tracers spanning redshift ~0.1-4.1

(Hierarchical) Bayesian inference and two-point statistics of galaxy maps

ng(x, τ) ⟶ ng(x) ⟶ δg(x) =
ng(x) − n̄g

n̄g

P(θ ∣ d) =
P(d ∣ θ) P(θ)

P(d)
∝ P(d ∣ θ) P(θ) What is the cosmology  given the data ?θ d

Full 3D galaxy density field



Four tracers spanning redshift ~0.1-4.1

(Hierarchical) Bayesian inference and two-point statistics of galaxy maps

ng(x, τ) ⟶ ng(x) ⟶ δg(x) =
ng(x) − n̄g

n̄g

P(θ ∣ d) =
P(d ∣ θ) P(θ)

P(d)
∝ P(d ∣ θ) P(θ) What is the cosmology  given the data ?θ d

Full 3D galaxy density field

P(θ ∣ δg(x)) ∝ P(θ)∫ 𝒟δini P(δg(x) ∣ δini, θ) P(δini ∣ θ) Field-level inference analysis



Four tracers spanning redshift ~0.1-4.1

(Hierarchical) Bayesian inference and two-point statistics of galaxy maps

ng(x, τ) ⟶ ng(x) ⟶ δg(x) =
ng(x) − n̄g

n̄g

P(θ ∣ d) =
P(d ∣ θ) P(θ)

P(d)
∝ P(d ∣ θ) P(θ) What is the cosmology  given the data ?θ d

ξg(r) ≡ ⟨δg(x) δg(x + r)⟩

ξg(r) = ∫
∞

0

k2dk

2π2
Pg(k)

sin kr

kr

Compressed two-point statistics

Full 3D galaxy density field

P(θ ∣ ̂P g(k)) ∝ P(θ) P( ̂P g(k) ∣ Pth
lin

(k; θ), θ)

Pth
lin

(k; θ) ≡ ⟨ |δini(k) |
2 ⟩

θ

Power-spectrum analysis



Baryon Acoustic Oscillation in the galaxy 2-point statistics



BAO imprints in the galaxy 2-point statistics

Power spectrum 2-point correlation function
Fourier transform

BAO peakBAO wiggles



Galaxy formation threshold
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Adapted from Desjacques+ 2016 DESI 2024 V (incl. MN)

More Growth or 

More Bias? ∼ bδσ8

Less Growth or 

Less Bias? ∼ bδσ8

Galaxy Power Spectrum Monopole

Galaxy Bias-Clustering Degeneracy

First complication: galaxies are rare peaks in matter fluctuations hence biased tracers

https://arxiv.org/abs/2411.12021
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Time
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proto-Galaxy

Adapted from Desjacques+ 2016

Short-wavelength perturbations

Long-wavelength perturbations
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�g(✓, ŝ) =
X

O

bOO(✓, ŝ) + ✏

stochasticitybias expansion

EFT galaxy bias expansion

Equivalence principle

Still we can describe the galaxy-matter bias relation with Effective Field Theory of LSS



Second complication (or additional source of information): Redshift-space distortion

Credit: DESI, Claire Lamman and Michael Rashkovetskyi
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ℓ = 0

ℓ = 2

27

Ps
gg(k, μ) = Pℓ=0(k)L0(μ) + Pℓ=2(k)L2(μ) + Pℓ=4(k)L4(μ) + ⋯

Putting everything together, we can predict the power spectrum in redshift space

https://iopscience.iop.org/article/10.1088/1475-7516/2025/09/008
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Galaxy power spectrum multipoles

DESI 2024 V, JCAP09(2025) incl. MN

Power spectrum in redshift space: DESI measurements against theory bestfit

https://iopscience.iop.org/article/10.1088/1475-7516/2025/09/008
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DESI data alone is consistent with CDM.Λ

There is a mild  tension with Planck CMBωm

and SNe observations*.

2σ
DESI 2024 VII, JCAP07(2025) incl. MN

DESI 2024 V, JCAP09(2025) incl. MN

DESI DR1 results for the standard model CDMΛ

*not shown, but please ask!

https://iopscience.iop.org/article/10.1088/1475-7516/2025/07/028
https://iopscience.iop.org/article/10.1088/1475-7516/2025/09/008


°1.0 °0.8 °0.6 °0.4

w0

°2

°1

0

w
a

DESI (BAO) + CMB + PantheonPlus

DESI (FS+BAO) + CMB + PantheonPlus

°1.0 °0.8 °0.6 °0.4

w0

DESI (BAO) + CMB + Union3

DESI (FS+BAO) + CMB + Union3

°1.0 °0.8 °0.6 °0.4

w0

DESI (BAO) + CMB + DES-SN5YR

DESI (FS+BAO) + CMB + DES-SN5YR

Cosmological constant Λ

DESI 2024 VII, JCAP07(2025) incl. MN

Dark energy appears to be evolving with time as w = w0 + wa(1 − a)

2.5σ 3.4σ 3.8σ

Same conclusion at higher significance in DESI DR2 Results II, PRD 112, 083515

DESI DR1 results for beyond CDM - dark energyΛ

https://iopscience.iop.org/article/10.1088/1475-7516/2025/07/028
https://journals.aps.org/prd/abstract/10.1103/tr6y-kpc6
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General relativity

Prior excl.

DESI DR1 results for beyond CDM - modified gravityΛ

No evidence for modified gravity beyond GR in  extension(μ0, Σ0)

https://iopscience.iop.org/article/10.1088/1475-7516/2025/07/028


Field-level inference and new statistics of LSS

Credit: Dark Energy Spectroscopic Instrument

Beyond two-point statistics and beyond galaxy clustering



LSS survey volume

LSS analysis cutoff scale

What else can we do without bigger telescopes and bigger sensors?

PFS

Euclid

Spec-S5

We are here

Credit: BACCOemu

Diminishing returns

Astro complications

https://baccoemu.readthedocs.io/en/latest/#
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We are here
PFS

Euclid

Spec-S5

Credit: BACCOemu

LSS survey volume

LSS analysis cutoff scale

Diminishing returns

Astro complications

https://baccoemu.readthedocs.io/en/latest/#


Credit: ESA

power spectrum

bispectrum

Summary
Statistics

The Millennium Simulation Project

power spectrum

bispectrum

Summary
Statistics

The Millennium Simulation Project

Bispectrum probes triplets/triangles of galaxies adding higher-order information

Beyond-two-point statistics = Three-point statistics?



Credit: ESA
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Field-level inference - rethinking how we analyze the data

power spectrum

bispectrum

Summary
Statistics

The Millennium Simulation Project

Field-level
Statistics

The Millennium Simulation Project

Galaxy density field

Summary statistics can be lossy, can we directly analyze the data at the field level?



forward 
simulation

likelihood

Initial fluctuations
Predicted galaxy 
field

Observed galaxy 
field

gradient-based sampling

Field-level inference - rethinking how we analyze the data

δini
δg

∫ 𝒟δini

Explicit sampling and marginalization



data

model 
prediction

likelihood



2+3-point (P+B) vs. Field-level inference comparison

MN+2024 PRL 133, 221006

Apple-to-apple comparison on

N-body halo catalogs

no redshift space distortion

conservative analysis scale cuts

Effectively x25 survey volume!

but see also Akitsu+2025

https://arxiv.org/abs/2403.03220
https://arxiv.org/abs/2509.09673


Public data challenge for novel beyond-two-point statistics to recover true cosmology 
from blind analyses

Challenge organizers Our team

Beyond-2pt Collaboration, ApJ 990 99 
incl. MN

https://iopscience.iop.org/article/10.3847/1538-4357/ad781d
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Beyond-2pt Collaboration, ApJ 990 99 
incl. MN

P+B vs FLI on HOD mocks in the beyond-2point blind data challenge

https://iopscience.iop.org/article/10.3847/1538-4357/ad781d


New physics or systematics? The beyond-2pt community will be ready to answer that

New maps of systematics

New models for systematics

Standardize validation schemes

New data challenges!

~70 participants, mostly overseas

postdocs > PhDs > faculties



Galaxy sizes as a new statistics to constrain local PNG

MN, Akitsu, Taruya 2026, PRD

Φ(x) = ϕG(x) + f local
NL [ϕ2

G(x) − ⟨ϕ2
G(x)⟩]

https://arxiv.org/abs/2603.20196


Galaxy sizes as a natural multitracer of local PNG

MN, Akitsu, Taruya 2026, PRD

Improvement factor in 
detection significance

DESI full-sample 
forecast

https://arxiv.org/abs/2603.20196
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SDSS-III BOSS data

High-resolution N-body simulation

https://doi.org/10.1103/PhysRevD.108.083533
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.083508


The next era of LSS surveys and anlysis

Precision tests of fundamental physics at cosmological scales

Search for new physics in both the late and early universe

New methods and statistics will maximize discovery potential

Credit: VisualCinnamon


