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2 Contents

Galaxy surveys are perhaps the most promising modern way of 

pinning down the precise nature of the cosmos. There’s a real 

possibility that we’ll ~finish mapping the Universe in our lifetimes.

• How spectroscopic galaxy surveys constrain cosmology and 

particle physics 

• Current constraints

• Future outlook
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Credit: Ahilan Parameswaran

Spectroscopic galaxy surveys

Credit: Michael Schubnell

Statistical analysis of the large-scale 

structure of the Universe – mapped via 

galaxy redshifts – provides a huge amount 

of cosmological information 
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4 Spectroscopic galaxy surveys

Current state of the art 

surveys measure10s of 

millions of redshifts

Credit: Claire Lamman/DESI Collaboration

The most advanced 

(timeline) is the Dark 

Energy Spectroscopic 

Instrument (DESI)
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5 Galaxy clustering

This describes the 

probability, above random, of 

finding two galaxies 

separated by some distance 

and can be theoretically 

modelled for different 

cosmologies

One of our simplest but most 

useful tools is the two-point 

correlation function.

Ross et. al., 2015
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6 Galaxy clustering
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7 Baryon Acoustic Oscillations

Because we expect the BAO to be fixed since 

the early Universe, they act as ‘standard rulers’

They are great 

for measuring 

distance ratios. 

For absolute 

distances we 

need their 

intrinsic size (rd)
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8 Beyond BAO

“Full-modelling” 

of the power 

spectrum 

contains a huge 

amount more 

information.

Chabanier et. al., 2019
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9 Beyond BAO

The large-scale 

modes tell us 

about inflation.

Chabanier et. al., 2019
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10 Beyond BAO

The turnover 

scale is another 

standard ruler, 

given by the size 

of the Universe 

at matter-

radiation 

equality.

Chabanier et. al., 2019
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11 Beyond BAO

The amplitude 

of the BAO and 

the slope tell us 

the relative 

abundance of 

baryons to dark 

matter

Also baryonic 

physics, neutrinos 

and thermal dark 

matter properties

Chabanier et. al., 2019
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(1+ z)= (1+v / c)(1+ z )

12 Redshift Space Distortions

Galaxy positions 

inferred from this
This should 

be isotropic

Contaminant

Furthermore, the clustering of 

inferred galaxy positions depends 

on the angle to the line of sight

Howlett et. al., 2015

Fourier transform and 

compress based on 

angle to line of sight.

Beutler et. al., 2017



Cullan Howlett, University of Queensland

Cosmology with large-scale spectroscopic surveys

Particle Physics and Cosmology 2026 @ UNSW

3rd September 2026

13 Dark Energy Constraints

A key unknown in cosmology is the equation of state of Dark Energy.

The simplest models have this as a Cosmological Constant (Λ).

DESI+CMB

+Type Ia 

supernovae 

hint at time 

varying dark 

energy
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The preference for linearly time-varying Dark 

Energy over a cosmological constant is 2.8 - 4.2σ

DESI Collaboration 2025

Dark Energy Constraints

Lodha et al., 2025
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For more 

information, 

we can fit the 

full-shape of 

the clustering 

over cosmic 

history

Tests of General Relativity

DESI Collaboration 2024 V
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Qin et al., 2026

16

No serious indication of 

anything beyond GR…yet

Full-modelling DE results 

consistent with BAO-only

DESI 2024 VII

Tests of General Relativity
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Neutrinos act as a form of warm dark matter and 

suppress the growth of small scale structures. 

However, most current 

information doesn’t come from 

this scale dependence but 

instead comes from their impact 

on the expansion history

Neutrinos - Masses

Ωr(zcmb) → Ωm(z0)
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Neutrinos - Masses

At first glance, the latest DESI 

constraints prefer the normal hierarchy 

(or even no neutrinos!)

But this is mostly driven by small 

differences in the preferred matter 

densities between datasets.

Elbers et al., 2025

DESI Collaboration 2025
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Neutrinos – Neff

Neutrinos can also be seen as a 

phase-shift in the BAO

Detected at ~3σ in DESI data

Whitford et al., 2025Different numbers of relativistic 

species also change the evolution 

of the BAO and small-scales

(Elbers et al., 2025)
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Primordial non-Gaussianity

(local) primordial non-Gaussianity changes the tails of the PDF of density 

fluctuations which then changes the abundance of massive halos 13

Even though b2σ
2
R ≈ bLδc in the high-threshold limit

ν 1, b2σ
2
R behaves very different ly than bLδc for mod-

erate peak height because b2 is proport ional to the sec-
ond derivat ive of themass funct ion n(ν). So far however,
Eq.(28) appears to describe reasonably well the numeri-
cal results for a wide range of halo bias.

2. Compar ison with simulations

In order to fully exploit the potent ial of forthcoming
large-scale surveys, a number of studies have tested the
theoret ical predict ion against the outcome of large nu-
merical simulat ions [12, 42–44, 72, 110].

At the lowest order, there are two addit ional albeit
relat ively smaller correct ions to the Gaussian bias which
arise from the dependence of both the halo number den-
sity n(M , z) and the mat ter power spectrum Pδ(k, z)
on primordial NG [42]. First ly, assuming the peak-
background split holds, the change in the mean num-
ber density of halos induces a scale-independent offset
which wedenote∆ bI (f

loc
NL ). In terms of the non-Gaussian

fract ional correct ion R(ν, f locNL ) to themass funct ion, this
contribut ion is

∆ bI (f
loc
NL ) = −

1

σ

∂

∂ν
ln R(ν, f locNL ) . (43)

It is worth not icing that ∆ bI (f
loc
NL ) has a sign opposite

to that of f locNL , because the bias decreases when the
mass funct ion goes up. In pract ice, the approximat ion
Eq. (25), which matches well the SO data for ν 4, can
be used for moderate values of the peak height . For FOF
halos with linking length b = 0.2, one should make the
replacement δc → δc

√
q with q ≈ 0.75 in the calculat ion

of the scale-independent offset . It is sensible to evaluate
∆ bI (f

loc
NL ) at a mass scale M equal to the average halo

mass of the sample. Secondly, we also need to account
for the change in the mat ter power spectrum (see Fig. 2
in §I I I). Summarizing, local non-Gaussianity adds a cor-
rect ion ∆ b(k, f locNL ) to the bias b(k) of dark matter halos
that reads [42]

∆ b(k, f locNL ) = ∆ bκ (k, f
loc
NL ) + ∆ bI (f

loc
NL ) + b1(M )βδ(k, f

loc
NL )
(44)

at first order in f locNL . Ascan beseen in Fig.7, the inclusion
of these ext ra terms substant ially improves the compari-
son between the theory and the simulat ions. Considering
only the scale-dependent shift ∆ bκ leads to an appar-
ent suppression of the effect in simulat ions relat ive to
the theory. Including the scale-independent offset ∆ bI
considerably improves the agreement at wavenumbers
k 0.05 hMpc− 1. Finally, adding the scale-dependent
term b1(M )βδ further adjusts the match at small scale
k 0.05 hMpc− 1 by making the non-Gaussian bias shift
less negat ive. Along these lines, [72] find that the inclu-
sion of ∆ bI to the bias also improves the agreement with
measurementsof ∆ b(k, f locNL ) obtained for FOF halos, and
show that taking into account second- and higher-order

FIG. 8: Halo-halo (solid curve) and halo-mat ter (dashed

curve) power spect ra Ph (k) and Phδ(k) measured in simu-
lat ions of the Gaussian and f l ocN L = ± 100 models for ha-
los of mass M > 2 × 1013 M / h at redshift z = 1. The
error bars represent the scat ter among 8 realizat ions. For

f l ocN L = − 100, the cross-power spect rum is negat ive on scales
k 0.005 hMpc− 1 , in good agreement with the theoret ical
predict ion.

correct ions could extend the validity of the theory up to
scales k ∼ 0.1− 0.3 hMpc− 1.
The non-Gaussian bias correct ion can be measured in

the cross- and auto-power spect rum of dark mat ter ha-
los, Phδ(k) and Ph (k). To compute these quant it ies,
dark matter part icles and halo centers are interpolated
onto a regular cubical mesh. The result ing dark mat ter
and halo fluctuat ion fields, δm (k) and δh (k), are then
Fourier t ransformed to yield the mat ter-mat ter, halo-
mat ter and halo-halo power spect ra Pδ(k), Phδ(k) and
Ph (k), respect ively. Ph (k) is then corrected for the shot
noise, which is assumed to be 1/ n̄h if dark mat ter halos
are a Poisson sampling of some cont inuous field. This
discreteness correct ion is negligible for Pδ(k) due to the
large number of dark mat ter part icles. On linear scales
(k 0.01 hMpc− 1), the halo bias b(k) = δh (k)/ δm (k)
approaches the constant value b1(M ) which needs to be
measured accurately as it controls the st rength of the
scale-dependent bias correct ion ∆ bκ . In this respect , the
rat io Phδ(k)/ Pδ(k) is a bet ter proxy for the halo bias
since it is less sensit ive to shot -noise.

Auto- and cross-power analyses may not agree with
each other if the halos and dark matter do not t race
each other on scale k 0.01 hMpc− 1 where the non-
Gaussian bias is large, i.e. if there is stochast icity. Fig.8
shows Phδ(k) and Ph (k) averaged over 8 realizat ions of
the models with f locNL = 0, ± 100 [42]. The same Gaus-
sian random seed field φ was used in each set of runs
so as to minimize the sampling variance. Measurements

Desjacques & Seljak 2010
This adds scale-dependence to 

large-scale galaxy clustering

Clustering constraints are 

comparable to CMB

Planck DR4 (Jung et al., 2025)

DESI DR1 (Chaussidon et al., 2025)
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21 Primordial oscillatory features

Different inflation models can give rise to oscillatory features in the 

primordial spectrum that can be constrained in clustering akin to BAO

Beutler et al., 2019



Cullan Howlett, University of Queensland

Cosmology with large-scale spectroscopic surveys

Particle Physics and Cosmology 2026 @ UNSW

3rd September 2026

22

Warm DM and ultra-light axions

ULAs and other DM candidates can modify 

the non-linear galaxy power spectrum 

Verdiani et al., 2026
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23 So what’s next?

• DESI has completed its original 5-year plan

• public Data Release 2 ~mid 2027

• We are currently observing run-1b, with 

run-2 to start ~2029.

• Euclid expected to release first galaxy 

clustering results and data over the next 9 

months.

•  The 4-metre Multi Object Spectrograph 

(4MOST) starts main survey operations 

later this year.

The linear z<=1.5 universe will be almost cosmic 

variance limited after these surveys
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Besuner et al., 2025

24 So what’s next?

Future surveys (Stage V) will 

hence probe the high-z transition 

from matter to DE domination 

And focus on non-linear 

physics, neutrinos and 

the primordial universe
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25 Conclusions

Galaxy surveys are perhaps the most promising modern way of 

pinning down the precise nature of the cosmos. There’s a real 

possibility that we’ll ~finish mapping the Universe in our lifetimes.

Stage-V
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