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Concordance cosmology

• Most of the matter in the Universe appears to be of exotic origin (dark matter)
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Concordance cosmology

• Most of the matter in the Universe appears to be of exotic origin (dark matter) 

• Two very distant (in time, scale, energy) yet remarkably similar stages of cosmic evolution
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Concordance cosmology

• Most of the matter in the Universe appears to be of exotic origin (dark matter) 

• Two very distant (in time, scale, energy) yet remarkably similar stages of cosmic evolution 

• Inflation: 

• A ‘paradigm’ with a large number of practical realisations—need to trim down
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Concordance cosmology

• Most of the matter in the Universe appears to be of exotic origin (dark matter) 

• Two very distant (in time, scale, energy) yet remarkably similar stages of cosmic evolution 

• Inflation: 

• A ‘paradigm’ with a large number of practical realisations—need to trim down 

• Imprints: B-modes (mainly CMB) and primordial non-Gaussianity (mainly LSS)
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Concordance cosmology

• Most of the matter in the Universe appears to be of exotic origin (dark matter) 

• Two very distant (in time, scale, energy) yet remarkably similar stages of cosmic evolution 

• Inflation: 

• A ‘paradigm’ with a large number of practical realisations—need to trim down 

• Imprints: B-modes (mainly CMB) and primordial non-Gaussianity (mainly LSS) 

• Dark energy: 

• Another mysterious scalar field or simply a seemingly fine-tuned 𝛬?
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Concordance cosmology

• Most of the matter in the Universe appears to be of exotic origin (dark matter) 

• Two very distant (in time, scale, energy) yet remarkably similar stages of cosmic evolution 

• Inflation: 

• A ‘paradigm’ with a large number of practical realisations—need to trim down 

• Imprints: B-modes (mainly CMB) and primordial non-Gaussianity (mainly LSS) 

• Dark energy: 

• Another mysterious scalar field or simply a seemingly fine-tuned 𝛬? 

• Or, even, a symptom of an incorrect gravity theory on cosmological scales?
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Dark matter
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Dark matter
11

FIG. 1. Estimates for the range of particle physics and astrophysics figures of merit (⇤�1 and Mhalo) for

a variety of dark matter models. The range of Mhalo covered by “evolutionary” and “primordial” self-

interacting dark matter models (SIDM) are overlapping. The former covers the range 106 � 1015 M�, and

the latter the range below 1011 M�. See text for further details.

approaches: laboratory-based particle physics searches for interactions with the Standard Model,

and the astronomical searches for interactions within a dark sector and also (as we will see) with

the Standard Model. To organize these searches, we need a compact space in which to classify

models in terms of their observability in the laboratory and in the sky. Our goal with this section

is to motivate a specific choice for this space, and to show how particle dark matter models inhabit

it. The space is designed to be well-matched to the ways particle physicists and astronomers think

about dark matter, making the mapping between the particle and astronomical spaces transparent

and straight-forward, and compact but informative enough so that one might define “figures of

merit” to quantify how well future experiments and observations will constrain dark matter models.

We classify dark matter models by their interaction strength with the Standard Model, ⇤�1,
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gravitational physics community. Furthermore, making plain
the remit of existing constraints will allow us to sensibly ask
the question: is there still “room” for departures from GR in the
present state of affairs? Are there untested gravitational
environments that might provide the most fruitful directions
for future research?

We stress from the outset that this paper does not address
issues of experimental difficulty involved in performing a
precision test of gravity. In many of the situations we will
discuss, astrophysical systematics dominate the relativistic
effects by orders of magnitude. However, our optimistic
attitude is motivated by recent examples in which such
systematics have been successfully modelled and subtracted.
For example, in a test of gravity using radio links with the
Cassini spacecraft, successful removal of dominating noise

from the solar coronal plasma resulted in systematic errors four
orders of magnitude smaller than the relativistic signal (Bertotti
et al. 2003). Similarly, the incredible precision of current pulsar
constraints is obtained using detailed modeling of a series of
gravitational interaction terms and orbital delays. On the
cosmological front, N-body simulations are used to model
nonlinear and baryonic effects. There are clear goals set for the
improvements needed to deal with data from the next
generation of cosmological experiments (approximately a

Figure 1. A parameter space for gravitational fields, showing the regimes probed by a wide range of astrophysical and cosmological systems. The axes variables are
explained in Section 2 and individual curves are detailed in Section 3. Some of the label abbreviations are: SS—planets of the Solar System, MS—Main Sequence
stars, WD—white dwarfs, PSRs—binary pulsars, NS—individual neutron stars, BH—stellar mass black holes, MW—the Milky Way, SMBH—supermassive black
holes, BBN—Big Bang Nucleosynthesis.

Table 2
Interpretations of the Curvature Desert

ξ Density k Mass at 1AU Dist. from
(cm−2) (kg m−3) (h Mpc−1) (kg) :M1 (AU)

10−37 ´ -4.6 10 8 ´1.4 106 ´6.5 1026 14.5
10−50 ´ -4.6 10 21 0.44 ´6.5 1013 ´3.1 105

Note. Column 2 is the density needed for a uniform sphere to have the
curvature in column 1 on its surface (the radius of the sphere is not needed).
Column 3 is obtained by straightforwardly interpreting x as an inverse length,
with appropriate unit conversions. Columns 4 and 5 are obtained using
Equation (2) and solving for the appropriate quantity.

Table 1
Galaxy Survey Parameters

Experiment klow (h Mpc−1) khigh (h Mpc−1) zlow zhigh

DETF4 0.006 0.2 0.65 2.05
Facility 0.004 0.5 0.42 7.0
BAO K 0.1 K 0.57

2

The Astrophysical Journal, 802:63 (19pp), 2015 March 20 Baker, Psaltis, & Skordis
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Lovelock’s theoremExtensions of GR
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Cosmic microwave background

2.725 K
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Cosmic microwave background
[COBE Collaboration 1990]
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Cosmic microwave background
[COBE Collaboration 1990; 
WMAP Collaboration 2013]
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Cosmic microwave background
[COBE Collaboration 1990; 
WMAP Collaboration 2013; 
Planck Collaboration 2018]
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Cosmic microwave background
[COBE Collaboration 1990; 
WMAP Collaboration 2013; 
Planck Collaboration 2018]
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{H0, �m, �b, �, As, ns}
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The cosmic large-scale structure

[Credits: F. Villaescusa-Navarro] St
ef

an
o 

C
am

er
a 

D
ar

k 
en

er
gy

 a
nd

 fu
nd

am
en

ta
l p

hy
si

cs
 w

ith
 E

uc
lid

 
9 

· I
V 

· 2
0

25



The cosmic large-scale structure
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The cosmic large-scale structure
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The cosmic large-scale structure
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The cosmic large-scale structure
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The cosmic large-scale structure
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The cosmic large-scale structure
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The cosmic large-scale structure
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The cosmic large-scale structure

Galaxy clustering

Weak lensing
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Correlators
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f(t,x)• Cosmological perturbation 
[temperature fluctuations, density perturbations, …]
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• Cosmological perturbation 
[temperature fluctuations, density perturbations, …] 

• Two-point correlation function
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• Cosmological perturbation 
[temperature fluctuations, density perturbations, …] 

• Two-point correlation function 

• Fourier-space power spectrum
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• Cosmological perturbation 
[temperature fluctuations, density perturbations, …] 

• Two-point correlation function 

• Fourier-space power spectrum 

• Harmonic-space power spectrum
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Galaxy clustering

[Credits: C. Lamman/DESI Collaboration 2024]
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Galaxy clustering
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wΛ := pΛ/ρΛ = −1



Galaxy clustering
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wDE ≡ wDE(a) = w0 + wa (1− a)



Galaxy clustering

St
ef

an
o 

C
am

er
a 

D
ar

k 
en

er
gy

 a
nd

 fu
nd

am
en

ta
l p

hy
si

cs
 w

ith
 E

uc
lid

 
9 

· I
V 

· 2
0

25

<latexit sha1_base64="imbjLZG0ewaga8GsPszO3MW6wPA="></latexit>

wDE ≡ wDE(a) = w0 + wa (1− a)
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wDE ≡ wDE(a) = w0 + wa (1− a)
Dark Energy Equation of State

Combining all DESI + CMB + SN

DESI + CMB + Pantheon+ ⟹ 2.5σ

w = −0.827 ± 0.063 w = −0.750 a −0.25
+0.29

DESI + CMB + Union3 ⟹ 3.5σ

w = −0.64 ± 0.11 w = −1.270 a −0.34
+0.40

DESI + CMB + DES-SN5YR ⟹ 3.9σ

w = −0.727 ± 0.067 w = −1.050 a −0.27
+0.31

42

[DESI Collaboration: Adame et al. 2024 (DR1)]
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w = −0.827 ± 0.063 w = −0.750 a −0.25
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DESI + CMB + DES-SN5YR ⟹ 3.9σ
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FIG. 11. Results for the posterior distributions of w0 and
wa, from fits of the w0waCDM model to DESI in combina-
tion with CMB and three SNe datasets as labelled. We also
show the contour for DESI combined with CMB alone. The
contours enclose 68% and 95% of the posterior probability.
The gray dashed lines indicate w0 = �1 and wa = 0; the
⇤CDM limit (w0 = �1, wa = 0) lies at their intersection.
The significance of rejection of ⇤CDM is 2.8�, 3.8� and 4.2�

for combinations with the Pantheon+, Union3 and DESY5
SNe samples, respectively, and 3.1� for DESI+CMB without
any SNe.

⇤CDM and w0waCDM models for that combination. Be-
cause ⇤CDM is nested within w0waCDM, correspond-
ing to w0 = �1, wa = 0, Wilks’ theorem [141] implies
that ��

2

MAP
should follow a �

2 distribution with two
degrees of freedom under the assumption the null hypoth-
esis (⇤CDM model) holds, and assuming that errors are
Gaussian and correctly estimated. To translate ��

2

MAP

into familiar terms, we quote the corresponding frequen-
tist significance N� for a 1D Gaussian distribution,

CDF�2

�
��

2

MAP
| 2 dof

�
=

1p
2⇡

Z N

�N
e
�t2/2

dt , (22)

where the left hand side denotes the cumulative distribu-
tion of �

2. We also compute the Deviance Information
Criterion (DIC) [142–145], which takes into account the
Bayesian complexity of the model and penalizes including
extra parameters.

A. Results

From DESI DR2 BAO alone, we obtain rather weak
constraints on the parameters

w0 = �0.48+0.35
�0.17

wa < �1.34

)
DESI BAO, (23)

which mildly favor the w0 > �1, wa < 0 quadrant but
are cut o↵ by the priors. The upper bound on wa here
is the 68% limit, and wa = 0 is not excluded at 95%. As
was the case in DR1, BAO data alone define a degener-
acy direction in the w0-wa plane, but they do not show a
strong preference for dark energy evolution: the improve-
ment in �

2

MAP
relative to the ⇤CDM case of w0 = �1,

wa = 0 is equivalent to a preference of just 1.7�.
The minimal extension we consider, beyond BAO data

alone, is to add a high-redshift constraint from the early
universe. This can be achieved by imposing CMB-derived
priors on ✓⇤, !b and !bc, as described in Section IV.
These priors are independent of the late-time dark en-
ergy, and also marginalize over contributions such as the
late ISW e↵ect and CMB lensing. Therefore, they pro-
vide us with an early time physics prior that can help
us set the sound horizon and is based solely on early-
Universe information. The result from this data combi-
nation is

w0 = �0.43 ± 0.22

wa = �1.72 ± 0.64

�
DESI+(✓⇤, !b, !bc)CMB. (24)

While this is still bounded by the wa > �3 prior at the
lower end, the posterior already clearly disfavors ⇤CDM.
The ��

2

MAP
value decreases to �8.0, indicating a prefer-

ence for an evolving dark energy equation of state at the
2.4� level.

Replacing these minimal early-Universe priors with the
full CMB information leads to only a small shift in the
maginalized posteriors

w0 = �0.42 ± 0.21

wa = �1.75 ± 0.58

�
DESI+CMB, (25)

showing that most of the information that the CMB pro-
vides on w(z) comes from its role in anchoring early-
Universe values of (✓⇤, !b, !bc) and thus limiting the free-
dom for models to fit the low-redshift data without an
evolving dark energy component. Nevertheless, when in-
cluding the full CMB information the ��

2

MAP
decreases

to �12.5, corresponding to a 3.1� preference for evolv-
ing dark energy. This change in the ��

2

MAP
is driven

primarily by the inclusion of CMB lensing, the e↵ect of
which is (by construction) not captured in the minimal
early-Universe priors (see Appendix A for further discus-
sion and a comparison of posteriors with di↵erent choices
of CMB likelihoods).

SNe data alone provide a complementary degeneracy
direction in the w0-wa plane, as they measure w0 well
independently of wa, which is only weakly constrained.
The combination of SNe data with DESI BAO can there-
fore measure w0 and wa without having the posteriors
cut o↵ by the prior ranges we assumed. The marginal-
ized posterior results are listed in Table V and depend on
the choice of SNe dataset, with the significances of the
preference for the model over ⇤CDM ranging from 1.7�

to 3.3� as summarized in Table VI.

[DESI Collaboration: Abdul-Karim et al. 2025 (DR2)]
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Figure 13. The approximate redshift ranges of various current and future
large-scale structure surveys. 21cm intensity mapping surveys are shown
in green (bottom), spectroscopic galaxy redshift surveys in blue (middle),
and photometric/continuum surveys in red (top). WFIRST and SPHEREx
both have secondary samples (with lower number density or photometric
precision), which are shown as paler colours. Taken together, the SKA sur-
veys offer full coverage of the redshift range from 0 to & 6, using multiple
survey methods. The grey bands show an approximate division of the
full redshift range into different eras, corresponding to the dark-energy-
dominated regime, the onset of dark energy, the matter-dominated regime,
and the fully matter-dominated regime.

hint that collapses some of cosmology’s great problems into
a new understanding of fundamental physics.

In this section, we therefore focus on the novel contri-
butions that radio telescopes, and in particular the SKA,
will bring to observational cosmology. For completeness,
we will briefly mention more conventional observations
that are possible with the SKA, such as spectroscopic BAO
measurements, but defer to previous works for detailed
discussions of these.

4.2 Tests of cosmic acceleration

The cause of the accelerating expansion of the Universe is
one of the greatest open questions in fundamental physics.
Possible attempts at explanation include Einstein’s cosmo-
logical constant, often associated with the energy density of
the QFT vacuum; additional very light particle fields such as
quintessence; or some modification to the theory of gravity.
Any one of these explanations requires either the introduc-
tion of exciting new physics beyond the Standard Model, or
a much deeper understanding of the relationship between
quantum field theory and GR.

In order to learn about the phenomenology of this new
energy component, it is useful to try to measure at least
two quantities: the energy density of the dark energy to-
day, quantified by the parameter ≠DE,0, and its equation
of state (pressure to density ratio) as a function of redshift,

w(z). The former has been measured with good precision
by CMB, supernova, and large-scale structure experiments
over the past 15–20 years, which have established extremely
strong evidence that dark energy is the dominant compo-
nent of the cosmic energy density in the late Universe. The
task now is to pin down the latter, as this offers some hope
of being able to differentiate between some of the different
scenarios.

Unfortunately, the space of possible dark energy models
is very large and diverse, and many models can be tuned
to reproduce almost any w(z) that could be observed. De-
termining the equation of state to high precision remains
an important task however, as one can still draw a num-
ber of useful conclusions from how it evolves. The most
important thing to check is whether the equation of state at
all deviates from the cosmological constant value, w =°1.
If dark energy truly is a cosmological constant, then un-
derstanding how the QFT vacuum gravitates, and solving
various severe fine-tuning issues, becomes the key to un-
derstanding cosmic acceleration. If the equation of state is
not constant, however, this points to the presence of new
matter fields or modifications of GR as the culprit.

Beyond this, it is also useful to know whether w ever
dips below °1. An equation of state below this is said to
be in the ‘phantom’ regime (Caldwell, 2002), which would
violate several energy conditions for a single, minimally-
coupled scalar field. A field that has additional interaction
terms (e.g. with the matter sector) can support a phantom
effective equation of state however (Raveri et al., 2017), and
so finding w < °1 would be a strong hint that there are
additional interactions to look for.

Finally, the actual time evolution of the equation of state
can also provide some useful clues about the physics of
dark energy. Many models exhibit a ‘tracking’ behaviour
for example, where w(z) scales like the equation of state
of the dominant component of the cosmic energy density
at any given time (e.g. wm = 0 during matter domination
and wr = 1/3 during radiation domination). Oscillating
equations of state, or those that make dark energy non-
negligible at early times (‘early dark energy’), correspond
to more exotic models.

In this section, we briefly discuss two methods for con-
straining the redshift evolution of dark energy with the
SKA: measuring the distance-redshift relation with 21cm
intensity mapping experiments, and measuring the expan-
sion directly using the redshift drift technique. For more
in-depth forecasts and discussion of distance and expan-
sion rate measurements that will be possible with SKA, see
Bull (2016). See §3 for predictions of typical w(z) functions
for a variety of dark energy and modified gravity models.

4.2.1 BAO measurements with 21cm intensity maps

The baryon acoustic oscillation (BAO) scale provides a sta-
tistical ‘standard ruler’ that can be used to constrain the
distance-redshift relation, and therefore the abundance
and equations of state of the various components of the

Dark energy 
domination

Cosmic acceleration 
takes on

Onset of 
dark energy Matter domination

Redshift, z

Galaxy clustering
[Bull et al.  SC 2020]⊃
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Figure 13. The approximate redshift ranges of various current and future
large-scale structure surveys. 21cm intensity mapping surveys are shown
in green (bottom), spectroscopic galaxy redshift surveys in blue (middle),
and photometric/continuum surveys in red (top). WFIRST and SPHEREx
both have secondary samples (with lower number density or photometric
precision), which are shown as paler colours. Taken together, the SKA sur-
veys offer full coverage of the redshift range from 0 to & 6, using multiple
survey methods. The grey bands show an approximate division of the
full redshift range into different eras, corresponding to the dark-energy-
dominated regime, the onset of dark energy, the matter-dominated regime,
and the fully matter-dominated regime.

hint that collapses some of cosmology’s great problems into
a new understanding of fundamental physics.

In this section, we therefore focus on the novel contri-
butions that radio telescopes, and in particular the SKA,
will bring to observational cosmology. For completeness,
we will briefly mention more conventional observations
that are possible with the SKA, such as spectroscopic BAO
measurements, but defer to previous works for detailed
discussions of these.

4.2 Tests of cosmic acceleration

The cause of the accelerating expansion of the Universe is
one of the greatest open questions in fundamental physics.
Possible attempts at explanation include Einstein’s cosmo-
logical constant, often associated with the energy density of
the QFT vacuum; additional very light particle fields such as
quintessence; or some modification to the theory of gravity.
Any one of these explanations requires either the introduc-
tion of exciting new physics beyond the Standard Model, or
a much deeper understanding of the relationship between
quantum field theory and GR.

In order to learn about the phenomenology of this new
energy component, it is useful to try to measure at least
two quantities: the energy density of the dark energy to-
day, quantified by the parameter ≠DE,0, and its equation
of state (pressure to density ratio) as a function of redshift,

w(z). The former has been measured with good precision
by CMB, supernova, and large-scale structure experiments
over the past 15–20 years, which have established extremely
strong evidence that dark energy is the dominant compo-
nent of the cosmic energy density in the late Universe. The
task now is to pin down the latter, as this offers some hope
of being able to differentiate between some of the different
scenarios.

Unfortunately, the space of possible dark energy models
is very large and diverse, and many models can be tuned
to reproduce almost any w(z) that could be observed. De-
termining the equation of state to high precision remains
an important task however, as one can still draw a num-
ber of useful conclusions from how it evolves. The most
important thing to check is whether the equation of state at
all deviates from the cosmological constant value, w =°1.
If dark energy truly is a cosmological constant, then un-
derstanding how the QFT vacuum gravitates, and solving
various severe fine-tuning issues, becomes the key to un-
derstanding cosmic acceleration. If the equation of state is
not constant, however, this points to the presence of new
matter fields or modifications of GR as the culprit.

Beyond this, it is also useful to know whether w ever
dips below °1. An equation of state below this is said to
be in the ‘phantom’ regime (Caldwell, 2002), which would
violate several energy conditions for a single, minimally-
coupled scalar field. A field that has additional interaction
terms (e.g. with the matter sector) can support a phantom
effective equation of state however (Raveri et al., 2017), and
so finding w < °1 would be a strong hint that there are
additional interactions to look for.

Finally, the actual time evolution of the equation of state
can also provide some useful clues about the physics of
dark energy. Many models exhibit a ‘tracking’ behaviour
for example, where w(z) scales like the equation of state
of the dominant component of the cosmic energy density
at any given time (e.g. wm = 0 during matter domination
and wr = 1/3 during radiation domination). Oscillating
equations of state, or those that make dark energy non-
negligible at early times (‘early dark energy’), correspond
to more exotic models.

In this section, we briefly discuss two methods for con-
straining the redshift evolution of dark energy with the
SKA: measuring the distance-redshift relation with 21cm
intensity mapping experiments, and measuring the expan-
sion directly using the redshift drift technique. For more
in-depth forecasts and discussion of distance and expan-
sion rate measurements that will be possible with SKA, see
Bull (2016). See §3 for predictions of typical w(z) functions
for a variety of dark energy and modified gravity models.

4.2.1 BAO measurements with 21cm intensity maps

The baryon acoustic oscillation (BAO) scale provides a sta-
tistical ‘standard ruler’ that can be used to constrain the
distance-redshift relation, and therefore the abundance
and equations of state of the various components of the
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Weak lensing

[Credits: N. Jeffrey/DES Collaboration 2021]

[Credits: A. Wright/KiDS Collaboration 2025]

St
ef

an
o 

C
am

er
a 

D
ar

k 
en

er
gy

 a
nd

 fu
nd

am
en

ta
l p

hy
si

cs
 w

ith
 E

uc
lid

 
9 

· I
V 

· 2
0

25



28

0.3 0.4 0.5 0.6 0.7 0.8 0.9

z

0.40

0.45

0.50

0.55

0.60

0.65

0.70

0.75

�
8
(z

)

⇤CDM: DES 3x2pt+SR
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+Planck+BAO+RSD+SN

Binned �8: DES 3x2pt+SR

Binned �8: DES 3x2pt+SR
+Planck+BAO+RSD+SN

FIG. 12. Inferred �8(z) from ⇤CDM (lines) and the binned �8(z) model (points). Lines and shaded bands show the mean and 68%
confidence interval inferred from ⇤CDM posteriors, with DES 3⇥2pt + shear ratio shown in blue and the combination of all data
(3⇥2pt+SR+Planck+BAO+RSD+SN) shown in black. Points with error bars show binned �8(z) results for the same data combinations,
plotted at an example redshift for each lens bin. For readability, the all-data (black) points have been shifted by a small horizontal offset.
Vertical dashed lines show the bin divisions used to define the binned �8(z) model’s APlin

i amplitudes.

I. Tension between DES and external data for extended models

In Fig. 15 we report measures of tension between DES
3⇥2pt and external low-redshift probes (BAO+RSD+SN), as
well as between the combination of all low redshift probes
(3⇥2pt+BAO+RSD+SN) and Planck. We evaluate the signif-
icance of tension using three statistics, which are discussed in
more detail in Appendix E: the Bayes ratio R, the Suspicious-
ness S, and a p value that converts S into a tension probability.
We define these quantities such that ln R < 0 and ln S < 0
correspond to evidence of tension. The quantity p(S, dBMD),
where BMD stands for “Bayesian model dimensionality” (see
Eq. (E6) for more details), approximates the probability, as-
suming a null hypothesis of agreement between datasets, that
we will find a value of ln S as low or lower than the observed
value. Thus, small p corresponds to stronger tension. This
probability is assessed using both S and the quantity dBMD,
which is a Bayesian estimate of the number of directions in
parameter space in which a tension could be meaningfully de-
tected — that is, which are constrained by both datasets in-
dependently. We show multiple statistics here because while
R is likely to be the most familiar to readers, it has an unde-
sirable sensitivity to the choice of flat prior ranges. In con-
trast, S is insensitive to the prior range of well-constrained
parameters, and its significance assessed via p(S, dBMD) is
expected to agree with a number of other proposed tension
metrics [158].

We estimate ln R, ln S and dBMD using the ANESTHETIC
software19 [189], which produces an ensemble of 200 realiza-

19
https://github.com/williamjameshandley/anesthetic

tions capturing the uncertainty introduced by sampling vari-
ance. For ln R and ln S, in Fig. 15 we report the mean of this
ensemble, and use error bars (which are occasionally smaller
than the datapoint) to show the standard deviation. For the
p-values, whose ensemble distribution is significantly non-
Gaussian, we report the median, and approximate its one-
sigma sampling variance errors using the 16 and 84% quan-
tiles. We use the threshold of p(S, dBMD) � 0.01 as a re-
quirement for reporting combined constraints.

For all models and statistics, there is no indication of any
tension between DES 3⇥2pt and the external low-redshift
probes (BAO+RSD+SN). This is also true for almost all evalu-
ations of tension between the combination of all low-redshift
probes 3⇥2pt+BAO+RSD+SN and Planck. The only cases
where we find significant tension are for the ⌦k and ⌃0 � µ0

comparison of 3⇥2pt+BAO+RSD+SN versus Planck, both of
which have a significance between 2-3�.

As was noted above in Sec. VI B, for ⌦k the p-value median
is 0.010, exactly at our threshold for reporting combined con-
straints. This merits further discussion, because in addition to
being the most significant measure of tension reported, it is
also the noisiest. The 16% and 84% quantiles are 0.002 and
1.0, respectively20. This means that at an approximately 1�

level of certainty, our evaluation of tension between Planck
and low-redshift ⌦k constraints could plausibly be consistent
with both a slightly-greater-than-3� tension and with there be-
ing no tension at all. This large scatter is driven by the small

20 As we will discuss in Appendix E, we assign p = 1 to realizations with
dBMD < 0, reasoning that there can be no tension measured if there are
no shared parameters in the two datasets’ independent constraints.
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25

�1 0 1

⌃0

�1

0

1

µ
0

BAO+RSD+SN

DES 3x2pt

Planck

DES 3x2pt
+BAO+RSD+SN

All data

FIG. 9. Constraints on the ⌃0 � µ0 modified gravity parame-
ters, with axis ranges reflecting the parameters’ prior ranges. The
gray hatched region shows where samples are excluded by the µ0 <
2⌃0 + 1 requirement of MGCAMB: any overlap of contours with
that region is a reflection of KDE smoothing done by GETDIST.

surement of S8 break both of these degeneracies.

The fact that the Planck contours, either from Planck alone
or in combination with the BAO+RSD+SN low redshift data,
are offset towards higher ⌃0 than 3⇥2pt follows a trend seen
for DES Y1 data in both DES-Y1Ext and Ref. [11]. As noted
in Ref. [11], this preference is driven by the excess smoothing
of high-` Planck measurements that that are captured by the
phenomenological AL parameter. These are the same features
that pull the Planck-only ⌦k constraints towards negative val-
ues. When all data are analyzed together, the ⌃0 constraints
are in agreement with those from 3⇥2pt, with the CMB mea-
surements contributing to tightening constraints primarily by
breaking the RSD posterior’s weak degeneracy between �8

and µ0.

F. Results: binned �8(z)

Finally, we report constraints on the binned �8(z) model.
We begin by examining the set of derived parameters �

[bin i]
8

(see Eqs. (27-29)), which correspond to the values of �8 in-
ferred from LSS observed in redshift bin i, and which we
showed in Sec. V C are more robust to model variations than

the sampled A
Plin
i parameters. These constraints are:

�
[bin 1]

8
= 0.75+0.05

�0.05,

�
[bin 2]

8
= 0.74+0.06

�0.07,

�
[bin 3]

8
= 0.70+0.06

�0.07, DES Y3

�
[bin 4]

8
= 0.70+0.10

�0.09,

(40)

and

�
[bin 1]

8
= 0.78+0.02

�0.02,

�
[bin 2]

8
= 0.79+0.04

�0.04,

�
[bin 3]

8
= 0.76+0.04

�0.04, DES Y3 + External

�
[bin 4]

8
= 0.86+0.04

�0.05,

�
[CMB]

8
= 0.792+0.015

�0.010,

(41)

Fig. 11 presents these constraints in comparison to ⇤CDM
constraints on �8. In that figure, the set of lighter, unfilled
data points show how the �

[bin i]
8

constraints change when
use the alternative hyperrank method of marginalizing over
source galaxy photo-z uncertainties. We find that hyperrank
induces non-negligible but still small (⇠ 0.5�) shifts in �

[bin i]
8

for the 3⇥2pt-only i 2 {2, 3} measurements, and all-data
i 2 {2, CMB} measurements, while a much larger, almost
3� shift occurs for the all-data constraint on �

[bin 1]

8
. As is

discussed in more detail in Appendices D 3 and D 4, the lack
of robustness of the lowest redshift is likely due to an inter-
action between the source n(z) and IA modeling which is
most significant at low redshifts. In the same Figure, we re-
port additional results to facilitate interpretation of how dif-
ferent structure growth observables contribute to constraints.
Namely, we show the combination of DES data with only ge-
ometric external data (3⇥2pt +BAO+SN) shifts constraints to
slightly higher S8 in both ⇤CDM and binned �8, but not as
much as the 3⇥2pt +BAO+RSD+SN data combination. Thus
the combined analyis’ shift towards higher �8, especially in
the highest redshift bin 4, seems to be primarily driven by the
RSD likelihood.

Fig. 12 translates these results to the inferred growth func-
tion �8(z). That figure compares marginalized constraints
when we vary the binned �8(z) amplitude parameters shown
with data points at a few example redshifts, to the 68% confi-
dence bands obtained from ⇤CDM fits to DES 3⇥2pt and all
data (3⇥2pt+BAO+RSD+SN+Planck).

All measurements are within approximately 1� of the
⇤CDM �8 estimate. The fact that the DES-only constraints
on �8(z) are consistently lower than Planck and that our com-
bined constraints find �

[bin 4]

8
to be higher than �

[bin i]
8

in the
other bins agrees with similar features seen in Refs. [171–
173]. In those works, analyses of DESI galaxies cross cor-
related with Planck lensing, eBOSS QSO clustering, and both
of those observables combined with DES Y1 3⇥2pt measure-
ments, respectively, suggest that the amplitude of structure at
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Figure 13. The approximate redshift ranges of various current and future
large-scale structure surveys. 21cm intensity mapping surveys are shown
in green (bottom), spectroscopic galaxy redshift surveys in blue (middle),
and photometric/continuum surveys in red (top). WFIRST and SPHEREx
both have secondary samples (with lower number density or photometric
precision), which are shown as paler colours. Taken together, the SKA sur-
veys offer full coverage of the redshift range from 0 to & 6, using multiple
survey methods. The grey bands show an approximate division of the
full redshift range into different eras, corresponding to the dark-energy-
dominated regime, the onset of dark energy, the matter-dominated regime,
and the fully matter-dominated regime.

hint that collapses some of cosmology’s great problems into
a new understanding of fundamental physics.

In this section, we therefore focus on the novel contri-
butions that radio telescopes, and in particular the SKA,
will bring to observational cosmology. For completeness,
we will briefly mention more conventional observations
that are possible with the SKA, such as spectroscopic BAO
measurements, but defer to previous works for detailed
discussions of these.

4.2 Tests of cosmic acceleration

The cause of the accelerating expansion of the Universe is
one of the greatest open questions in fundamental physics.
Possible attempts at explanation include Einstein’s cosmo-
logical constant, often associated with the energy density of
the QFT vacuum; additional very light particle fields such as
quintessence; or some modification to the theory of gravity.
Any one of these explanations requires either the introduc-
tion of exciting new physics beyond the Standard Model, or
a much deeper understanding of the relationship between
quantum field theory and GR.

In order to learn about the phenomenology of this new
energy component, it is useful to try to measure at least
two quantities: the energy density of the dark energy to-
day, quantified by the parameter ≠DE,0, and its equation
of state (pressure to density ratio) as a function of redshift,

w(z). The former has been measured with good precision
by CMB, supernova, and large-scale structure experiments
over the past 15–20 years, which have established extremely
strong evidence that dark energy is the dominant compo-
nent of the cosmic energy density in the late Universe. The
task now is to pin down the latter, as this offers some hope
of being able to differentiate between some of the different
scenarios.

Unfortunately, the space of possible dark energy models
is very large and diverse, and many models can be tuned
to reproduce almost any w(z) that could be observed. De-
termining the equation of state to high precision remains
an important task however, as one can still draw a num-
ber of useful conclusions from how it evolves. The most
important thing to check is whether the equation of state at
all deviates from the cosmological constant value, w =°1.
If dark energy truly is a cosmological constant, then un-
derstanding how the QFT vacuum gravitates, and solving
various severe fine-tuning issues, becomes the key to un-
derstanding cosmic acceleration. If the equation of state is
not constant, however, this points to the presence of new
matter fields or modifications of GR as the culprit.

Beyond this, it is also useful to know whether w ever
dips below °1. An equation of state below this is said to
be in the ‘phantom’ regime (Caldwell, 2002), which would
violate several energy conditions for a single, minimally-
coupled scalar field. A field that has additional interaction
terms (e.g. with the matter sector) can support a phantom
effective equation of state however (Raveri et al., 2017), and
so finding w < °1 would be a strong hint that there are
additional interactions to look for.

Finally, the actual time evolution of the equation of state
can also provide some useful clues about the physics of
dark energy. Many models exhibit a ‘tracking’ behaviour
for example, where w(z) scales like the equation of state
of the dominant component of the cosmic energy density
at any given time (e.g. wm = 0 during matter domination
and wr = 1/3 during radiation domination). Oscillating
equations of state, or those that make dark energy non-
negligible at early times (‘early dark energy’), correspond
to more exotic models.

In this section, we briefly discuss two methods for con-
straining the redshift evolution of dark energy with the
SKA: measuring the distance-redshift relation with 21cm
intensity mapping experiments, and measuring the expan-
sion directly using the redshift drift technique. For more
in-depth forecasts and discussion of distance and expan-
sion rate measurements that will be possible with SKA, see
Bull (2016). See §3 for predictions of typical w(z) functions
for a variety of dark energy and modified gravity models.

4.2.1 BAO measurements with 21cm intensity maps

The baryon acoustic oscillation (BAO) scale provides a sta-
tistical ‘standard ruler’ that can be used to constrain the
distance-redshift relation, and therefore the abundance
and equations of state of the various components of the
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Figure 13. The approximate redshift ranges of various current and future
large-scale structure surveys. 21cm intensity mapping surveys are shown
in green (bottom), spectroscopic galaxy redshift surveys in blue (middle),
and photometric/continuum surveys in red (top). WFIRST and SPHEREx
both have secondary samples (with lower number density or photometric
precision), which are shown as paler colours. Taken together, the SKA sur-
veys offer full coverage of the redshift range from 0 to & 6, using multiple
survey methods. The grey bands show an approximate division of the
full redshift range into different eras, corresponding to the dark-energy-
dominated regime, the onset of dark energy, the matter-dominated regime,
and the fully matter-dominated regime.

hint that collapses some of cosmology’s great problems into
a new understanding of fundamental physics.

In this section, we therefore focus on the novel contri-
butions that radio telescopes, and in particular the SKA,
will bring to observational cosmology. For completeness,
we will briefly mention more conventional observations
that are possible with the SKA, such as spectroscopic BAO
measurements, but defer to previous works for detailed
discussions of these.

4.2 Tests of cosmic acceleration

The cause of the accelerating expansion of the Universe is
one of the greatest open questions in fundamental physics.
Possible attempts at explanation include Einstein’s cosmo-
logical constant, often associated with the energy density of
the QFT vacuum; additional very light particle fields such as
quintessence; or some modification to the theory of gravity.
Any one of these explanations requires either the introduc-
tion of exciting new physics beyond the Standard Model, or
a much deeper understanding of the relationship between
quantum field theory and GR.

In order to learn about the phenomenology of this new
energy component, it is useful to try to measure at least
two quantities: the energy density of the dark energy to-
day, quantified by the parameter ≠DE,0, and its equation
of state (pressure to density ratio) as a function of redshift,

w(z). The former has been measured with good precision
by CMB, supernova, and large-scale structure experiments
over the past 15–20 years, which have established extremely
strong evidence that dark energy is the dominant compo-
nent of the cosmic energy density in the late Universe. The
task now is to pin down the latter, as this offers some hope
of being able to differentiate between some of the different
scenarios.

Unfortunately, the space of possible dark energy models
is very large and diverse, and many models can be tuned
to reproduce almost any w(z) that could be observed. De-
termining the equation of state to high precision remains
an important task however, as one can still draw a num-
ber of useful conclusions from how it evolves. The most
important thing to check is whether the equation of state at
all deviates from the cosmological constant value, w =°1.
If dark energy truly is a cosmological constant, then un-
derstanding how the QFT vacuum gravitates, and solving
various severe fine-tuning issues, becomes the key to un-
derstanding cosmic acceleration. If the equation of state is
not constant, however, this points to the presence of new
matter fields or modifications of GR as the culprit.

Beyond this, it is also useful to know whether w ever
dips below °1. An equation of state below this is said to
be in the ‘phantom’ regime (Caldwell, 2002), which would
violate several energy conditions for a single, minimally-
coupled scalar field. A field that has additional interaction
terms (e.g. with the matter sector) can support a phantom
effective equation of state however (Raveri et al., 2017), and
so finding w < °1 would be a strong hint that there are
additional interactions to look for.

Finally, the actual time evolution of the equation of state
can also provide some useful clues about the physics of
dark energy. Many models exhibit a ‘tracking’ behaviour
for example, where w(z) scales like the equation of state
of the dominant component of the cosmic energy density
at any given time (e.g. wm = 0 during matter domination
and wr = 1/3 during radiation domination). Oscillating
equations of state, or those that make dark energy non-
negligible at early times (‘early dark energy’), correspond
to more exotic models.

In this section, we briefly discuss two methods for con-
straining the redshift evolution of dark energy with the
SKA: measuring the distance-redshift relation with 21cm
intensity mapping experiments, and measuring the expan-
sion directly using the redshift drift technique. For more
in-depth forecasts and discussion of distance and expan-
sion rate measurements that will be possible with SKA, see
Bull (2016). See §3 for predictions of typical w(z) functions
for a variety of dark energy and modified gravity models.

4.2.1 BAO measurements with 21cm intensity maps

The baryon acoustic oscillation (BAO) scale provides a sta-
tistical ‘standard ruler’ that can be used to constrain the
distance-redshift relation, and therefore the abundance
and equations of state of the various components of the
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Clustering-lensing complementarity
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The Euclid Satellite
Turin, November 2019

St
ef

an
o 

C
am

er
a 

D
ar

k 
en

er
gy

 a
nd

 fu
nd

am
en

ta
l p

hy
si

cs
 w

ith
 E

uc
lid

 
9 

· I
V 

· 2
0

25



Euclid specs

 

 

3

Euclid Mission Summary 
 

Main Scientific Objectives
Understand the nature of Dark Energy and Dark Matter by: 

x Reach a dark energy FoM > 400 using only weak lensing and galaxy clustering; this roughly corresponds to 
1 sigma errors on wp and wa of 0.02 and 0.1, respectively. 

x Measure γ, the exponent of the growth factor, with a 1 sigma precision of < 0.02, sufficient to distinguish 
General Relativity and a wide range of modified-gravity theories 

x Test the Cold Dark Matter paradigm for hierarchical structure formation, and measure the sum of the 
neutrino masses with a 1 sigma precision better than 0.03eV. 

x Constrain ns, the spectral index of primordial power spectrum, to percent accuracy when combined with 
Planck, and to probe inflation models by measuring the non-Gaussianity of initial conditions parameterised 
by fNL to a 1 sigma precision of ~2. 

SURVEYS
 Area (deg2) Description 
Wide Survey 15,000 (required) 

20,000 (goal) 
Step and stare with 4 dither pointings per step. 

 
Deep Survey 40 In at least 2 patches of > 10 deg2 

2 magnitudes deeper than wide survey 
PAYLOAD

Telescope 1.2 m Korsch, 3 mirror anastigmat, f=24.5 m 
Instrument VIS NISP 
Field-of-View 0.787×0.709 deg2 0.763×0.722 deg2 
Capability Visual Imaging NIR Imaging Photometry 

 
NIR Spectroscopy 

Wavelength range 550– 900 nm Y (920-
1146nm), 

J (1146-1372 
nm)  

H (1372-
2000nm) 

1100-2000 nm 

Sensitivity 24.5 mag  
10σ extended source 

24 mag 
5σ point 
source 

24 mag 
5σ point 
source 

24 mag 
5σ point 
source 

3 10-16 erg cm-2 s-1 
3.5σ unresolved line 
flux 

Detector 
Technology 

36 arrays 
4k×4k CCD 

16 arrays 
2k×2k NIR sensitive HgCdTe detectors 

Pixel Size 
Spectral resolution 

0.1 arcsec 0.3 arcsec 0.3 arcsec 
R=250 

SPACECRAFT
Launcher Soyuz ST-2.1 B from Kourou 
Orbit Large Sun-Earth Lagrange point 2 (SEL2), free insertion orbit 
Pointing 25 mas relative pointing error over one dither duration 

30 arcsec absolute pointing error 
Observation mode Step and stare, 4 dither frames per field, VIS and NISP common FoV = 0.54 deg2 
Lifetime 7 years 
Operations 4 hours per day contact, more than one ground station to cope with seasonal visibility 

variations;  
Communications maximum science data rate of 850 Gbit/day downlink in K band (26GHz), steerable HGA 

Budgets and Performance 
 Mass (kg) Nominal Power (W) 
industry TAS Astrium TAS Astrium 
Payload Module 897 696 410 496 
Service Module 786 835 647 692 
Propellant 148 232   
Adapter mass/ Harness and PDCU losses power 70 90 65 108 
Total (including margin)  2160 1368 1690 

[Euclid ‘Red Book’, 2011]

St
ef

an
o 

C
am

er
a 

D
ar

k 
en

er
gy

 a
nd

 fu
nd

am
en

ta
l p

hy
si

cs
 w

ith
 E

uc
lid

 
9 

· I
V 

· 2
0

25



Euclid specs

 

 

3

Euclid Mission Summary 
 

Main Scientific Objectives
Understand the nature of Dark Energy and Dark Matter by: 

x Reach a dark energy FoM > 400 using only weak lensing and galaxy clustering; this roughly corresponds to 
1 sigma errors on wp and wa of 0.02 and 0.1, respectively. 

x Measure γ, the exponent of the growth factor, with a 1 sigma precision of < 0.02, sufficient to distinguish 
General Relativity and a wide range of modified-gravity theories 

x Test the Cold Dark Matter paradigm for hierarchical structure formation, and measure the sum of the 
neutrino masses with a 1 sigma precision better than 0.03eV. 

x Constrain ns, the spectral index of primordial power spectrum, to percent accuracy when combined with 
Planck, and to probe inflation models by measuring the non-Gaussianity of initial conditions parameterised 
by fNL to a 1 sigma precision of ~2. 

SURVEYS
 Area (deg2) Description 
Wide Survey 15,000 (required) 

20,000 (goal) 
Step and stare with 4 dither pointings per step. 

 
Deep Survey 40 In at least 2 patches of > 10 deg2 

2 magnitudes deeper than wide survey 
PAYLOAD

Telescope 1.2 m Korsch, 3 mirror anastigmat, f=24.5 m 
Instrument VIS NISP 
Field-of-View 0.787×0.709 deg2 0.763×0.722 deg2 
Capability Visual Imaging NIR Imaging Photometry 

 
NIR Spectroscopy 

Wavelength range 550– 900 nm Y (920-
1146nm), 

J (1146-1372 
nm)  

H (1372-
2000nm) 

1100-2000 nm 

Sensitivity 24.5 mag  
10σ extended source 

24 mag 
5σ point 
source 

24 mag 
5σ point 
source 

24 mag 
5σ point 
source 

3 10-16 erg cm-2 s-1 
3.5σ unresolved line 
flux 

Detector 
Technology 

36 arrays 
4k×4k CCD 

16 arrays 
2k×2k NIR sensitive HgCdTe detectors 

Pixel Size 
Spectral resolution 

0.1 arcsec 0.3 arcsec 0.3 arcsec 
R=250 

SPACECRAFT
Launcher Soyuz ST-2.1 B from Kourou 
Orbit Large Sun-Earth Lagrange point 2 (SEL2), free insertion orbit 
Pointing 25 mas relative pointing error over one dither duration 

30 arcsec absolute pointing error 
Observation mode Step and stare, 4 dither frames per field, VIS and NISP common FoV = 0.54 deg2 
Lifetime 7 years 
Operations 4 hours per day contact, more than one ground station to cope with seasonal visibility 

variations;  
Communications maximum science data rate of 850 Gbit/day downlink in K band (26GHz), steerable HGA 

Budgets and Performance 
 Mass (kg) Nominal Power (W) 
industry TAS Astrium TAS Astrium 
Payload Module 897 696 410 496 
Service Module 786 835 647 692 
Propellant 148 232   
Adapter mass/ Harness and PDCU losses power 70 90 65 108 
Total (including margin)  2160 1368 1690 

[Euclid ‘Red Book’, 2011]

St
ef

an
o 

C
am

er
a 

D
ar

k 
en

er
gy

 a
nd

 fu
nd

am
en

ta
l p

hy
si

cs
 w

ith
 E

uc
lid

 
9 

· I
V 

· 2
0

25



[Euclid Collaboration: Mellier et al.  SC 2024] ⊃

Euclid specs
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[Credits: I. Harrison]

Euclid specs
[Euclid Collaboration: Mellier et al.  SC 2024] ⊃
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Euclid science

• Euclid’s main scientific objectives: 

• Reach a precision on dark energy parameters (w0, wa) < (2%, 10%) 

• Measure the growth index γ better than 2% 

• Bound the sum of neutrino masses below 0.03 eV 

• Constrain primordial non-Gaussianity amplitude fNL with precision ~2
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Euclid science

• Euclid’s main probes: 

• Spectroscopic galaxy clustering survey 

• Photometric weak lensing survey 

• Euclid’s ancillary probes: 

• Clustering of the photometric galaxy sample (in fact, 3×2pt is a main probe) 

• Galaxy clusters (number counts and clustering) 

• Cross-correlation with cosmic microwave background 

• Hubble rate measurements with strong lensing
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Euclid facts

Launch: 1st July 2023
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Euclid facts

[Courtesy of G. Guzzo] St
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Euclid Collaboration: Euclid preparation. VII. Forecast validation for Euclid cosmological probes

Fig. 8. Marginalised 1� errors on cosmological parameters, relative to their corresponding fiducial values for a flat (upper panels) and non-flat
(lower panels) spatial geometry, in the (w0, wa) cosmology. Left (right) panels: pessimistic (optimistic) settings, as described in the text. The
histogram refers to di↵erent observational probes. For both a spatially flat and a spatially non-flat cosmology, we show results for GCs, WL,
GCs+WL, GCs+WL+GCph, and GCs+WL+GCph+XC. For wa we show the absolute error, since a relative error is not possible for a fiducial value
of 0.

For this set of cosmologies, we can also estimate the FoM for w0, wa, as defined in Eq. (49), which is an estimate of the
performance of the experiment in constraining a specific set of parameters. Results for the FoM for w0, wa are shown in Table 13 for
both the single probes (GCs, GCph, WL separately) and their di↵erent combinations, within the pessimistic and optimistic settings
described in Sect. 5.

The combination of all three probes (without cross-correlations) reaches a FoM of 122 (376) in the pessimistic (optimistic)
settings, for a spatially flat cosmology. Including cross-correlations has a substantial (positive) impact on the FoM, which reaches
441 in the pessimistic setting (i.e. enhancing it by a factor of 3.5) and improves up to 1245 in an optimistic setting (i.e. a factor
of 3.3 larger than in absence of cross-correlations). This demonstrates the importance, for a w0, wa scenario, of including cross-
correlations in order to fully exploit future Euclid data. This is confirmed when looking at the correlation matrix, plotted for this
model (in the optimistic setting) in Fig. 9 (this plot is obtained following Fig. 4 in Casas et al. 2017). The left panel shows the
photometric survey combination, without cross-correlation. The matrix is not diagonal, indicating the presence of correlations
among cosmological parameters. When XC terms are taken into account (right panel), the correlation matrix non-diagonal terms
are reduced, i.e. correlations among the corresponding parameters are removed; this in turn allows for better constraints on those
parameters.

The impact of GCph is substantially more significant in the optimistic setting, i.e. ideally, there is much gain in being able
to include as many multipoles as possible in the analysis, in order to retain information from the GCph. It is important to recall,
however, as discussed in Sect. 3.4.4, that the optimistic setting for this probe entirely neglects non-Gaussian terms in the analysis
and still includes all multipoles up to `max = 3000 for this specific probe; this might be regarded as too optimistic, as non-Gaussian
terms are estimated to become important earlier than that, and earlier than for cosmic shear. We still include results for this ideal
setting here to show the potential power that GCph could have, provided we could extend the analysis to such high multipoles.

A191, page 51 of 66

Euclid forecasts
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are reduced, i.e. correlations among the corresponding parameters are removed; this in turn allows for better constraints on those
parameters.

The impact of GCph is substantially more significant in the optimistic setting, i.e. ideally, there is much gain in being able
to include as many multipoles as possible in the analysis, in order to retain information from the GCph. It is important to recall,
however, as discussed in Sect. 3.4.4, that the optimistic setting for this probe entirely neglects non-Gaussian terms in the analysis
and still includes all multipoles up to `max = 3000 for this specific probe; this might be regarded as too optimistic, as non-Gaussian
terms are estimated to become important earlier than that, and earlier than for cosmic shear. We still include results for this ideal
setting here to show the potential power that GCph could have, provided we could extend the analysis to such high multipoles.
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Euclid Collaboration: Euclid preparation. VII. Forecast validation for Euclid cosmological probes

Fig. 8. Marginalised 1� errors on cosmological parameters, relative to their corresponding fiducial values for a flat (upper panels) and non-flat
(lower panels) spatial geometry, in the (w0, wa) cosmology. Left (right) panels: pessimistic (optimistic) settings, as described in the text. The
histogram refers to di↵erent observational probes. For both a spatially flat and a spatially non-flat cosmology, we show results for GCs, WL,
GCs+WL, GCs+WL+GCph, and GCs+WL+GCph+XC. For wa we show the absolute error, since a relative error is not possible for a fiducial value
of 0.

For this set of cosmologies, we can also estimate the FoM for w0, wa, as defined in Eq. (49), which is an estimate of the
performance of the experiment in constraining a specific set of parameters. Results for the FoM for w0, wa are shown in Table 13 for
both the single probes (GCs, GCph, WL separately) and their di↵erent combinations, within the pessimistic and optimistic settings
described in Sect. 5.

The combination of all three probes (without cross-correlations) reaches a FoM of 122 (376) in the pessimistic (optimistic)
settings, for a spatially flat cosmology. Including cross-correlations has a substantial (positive) impact on the FoM, which reaches
441 in the pessimistic setting (i.e. enhancing it by a factor of 3.5) and improves up to 1245 in an optimistic setting (i.e. a factor
of 3.3 larger than in absence of cross-correlations). This demonstrates the importance, for a w0, wa scenario, of including cross-
correlations in order to fully exploit future Euclid data. This is confirmed when looking at the correlation matrix, plotted for this
model (in the optimistic setting) in Fig. 9 (this plot is obtained following Fig. 4 in Casas et al. 2017). The left panel shows the
photometric survey combination, without cross-correlation. The matrix is not diagonal, indicating the presence of correlations
among cosmological parameters. When XC terms are taken into account (right panel), the correlation matrix non-diagonal terms
are reduced, i.e. correlations among the corresponding parameters are removed; this in turn allows for better constraints on those
parameters.

The impact of GCph is substantially more significant in the optimistic setting, i.e. ideally, there is much gain in being able
to include as many multipoles as possible in the analysis, in order to retain information from the GCph. It is important to recall,
however, as discussed in Sect. 3.4.4, that the optimistic setting for this probe entirely neglects non-Gaussian terms in the analysis
and still includes all multipoles up to `max = 3000 for this specific probe; this might be regarded as too optimistic, as non-Gaussian
terms are estimated to become important earlier than that, and earlier than for cosmic shear. We still include results for this ideal
setting here to show the potential power that GCph could have, provided we could extend the analysis to such high multipoles.
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Euclid Collaboration: Euclid preparation. VII. Forecast validation for Euclid cosmological probes

Fig. 8. Marginalised 1� errors on cosmological parameters, relative to their corresponding fiducial values for a flat (upper panels) and non-flat
(lower panels) spatial geometry, in the (w0, wa) cosmology. Left (right) panels: pessimistic (optimistic) settings, as described in the text. The
histogram refers to di↵erent observational probes. For both a spatially flat and a spatially non-flat cosmology, we show results for GCs, WL,
GCs+WL, GCs+WL+GCph, and GCs+WL+GCph+XC. For wa we show the absolute error, since a relative error is not possible for a fiducial value
of 0.

For this set of cosmologies, we can also estimate the FoM for w0, wa, as defined in Eq. (49), which is an estimate of the
performance of the experiment in constraining a specific set of parameters. Results for the FoM for w0, wa are shown in Table 13 for
both the single probes (GCs, GCph, WL separately) and their di↵erent combinations, within the pessimistic and optimistic settings
described in Sect. 5.

The combination of all three probes (without cross-correlations) reaches a FoM of 122 (376) in the pessimistic (optimistic)
settings, for a spatially flat cosmology. Including cross-correlations has a substantial (positive) impact on the FoM, which reaches
441 in the pessimistic setting (i.e. enhancing it by a factor of 3.5) and improves up to 1245 in an optimistic setting (i.e. a factor
of 3.3 larger than in absence of cross-correlations). This demonstrates the importance, for a w0, wa scenario, of including cross-
correlations in order to fully exploit future Euclid data. This is confirmed when looking at the correlation matrix, plotted for this
model (in the optimistic setting) in Fig. 9 (this plot is obtained following Fig. 4 in Casas et al. 2017). The left panel shows the
photometric survey combination, without cross-correlation. The matrix is not diagonal, indicating the presence of correlations
among cosmological parameters. When XC terms are taken into account (right panel), the correlation matrix non-diagonal terms
are reduced, i.e. correlations among the corresponding parameters are removed; this in turn allows for better constraints on those
parameters.

The impact of GCph is substantially more significant in the optimistic setting, i.e. ideally, there is much gain in being able
to include as many multipoles as possible in the analysis, in order to retain information from the GCph. It is important to recall,
however, as discussed in Sect. 3.4.4, that the optimistic setting for this probe entirely neglects non-Gaussian terms in the analysis
and still includes all multipoles up to `max = 3000 for this specific probe; this might be regarded as too optimistic, as non-Gaussian
terms are estimated to become important earlier than that, and earlier than for cosmic shear. We still include results for this ideal
setting here to show the potential power that GCph could have, provided we could extend the analysis to such high multipoles.
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FIG. 11. Results for the posterior distributions of w0 and
wa, from fits of the w0waCDM model to DESI in combina-
tion with CMB and three SNe datasets as labelled. We also
show the contour for DESI combined with CMB alone. The
contours enclose 68% and 95% of the posterior probability.
The gray dashed lines indicate w0 = �1 and wa = 0; the
⇤CDM limit (w0 = �1, wa = 0) lies at their intersection.
The significance of rejection of ⇤CDM is 2.8�, 3.8� and 4.2�

for combinations with the Pantheon+, Union3 and DESY5
SNe samples, respectively, and 3.1� for DESI+CMB without
any SNe.

⇤CDM and w0waCDM models for that combination. Be-
cause ⇤CDM is nested within w0waCDM, correspond-
ing to w0 = �1, wa = 0, Wilks’ theorem [141] implies
that ��

2

MAP
should follow a �

2 distribution with two
degrees of freedom under the assumption the null hypoth-
esis (⇤CDM model) holds, and assuming that errors are
Gaussian and correctly estimated. To translate ��

2

MAP

into familiar terms, we quote the corresponding frequen-
tist significance N� for a 1D Gaussian distribution,

CDF�2

�
��

2

MAP
| 2 dof

�
=

1p
2⇡

Z N

�N
e
�t2/2

dt , (22)

where the left hand side denotes the cumulative distribu-
tion of �

2. We also compute the Deviance Information
Criterion (DIC) [142–145], which takes into account the
Bayesian complexity of the model and penalizes including
extra parameters.

A. Results

From DESI DR2 BAO alone, we obtain rather weak
constraints on the parameters

w0 = �0.48+0.35
�0.17

wa < �1.34

)
DESI BAO, (23)

which mildly favor the w0 > �1, wa < 0 quadrant but
are cut o↵ by the priors. The upper bound on wa here
is the 68% limit, and wa = 0 is not excluded at 95%. As
was the case in DR1, BAO data alone define a degener-
acy direction in the w0-wa plane, but they do not show a
strong preference for dark energy evolution: the improve-
ment in �

2

MAP
relative to the ⇤CDM case of w0 = �1,

wa = 0 is equivalent to a preference of just 1.7�.
The minimal extension we consider, beyond BAO data

alone, is to add a high-redshift constraint from the early
universe. This can be achieved by imposing CMB-derived
priors on ✓⇤, !b and !bc, as described in Section IV.
These priors are independent of the late-time dark en-
ergy, and also marginalize over contributions such as the
late ISW e↵ect and CMB lensing. Therefore, they pro-
vide us with an early time physics prior that can help
us set the sound horizon and is based solely on early-
Universe information. The result from this data combi-
nation is

w0 = �0.43 ± 0.22

wa = �1.72 ± 0.64

�
DESI+(✓⇤, !b, !bc)CMB. (24)

While this is still bounded by the wa > �3 prior at the
lower end, the posterior already clearly disfavors ⇤CDM.
The ��

2

MAP
value decreases to �8.0, indicating a prefer-

ence for an evolving dark energy equation of state at the
2.4� level.

Replacing these minimal early-Universe priors with the
full CMB information leads to only a small shift in the
maginalized posteriors

w0 = �0.42 ± 0.21

wa = �1.75 ± 0.58

�
DESI+CMB, (25)

showing that most of the information that the CMB pro-
vides on w(z) comes from its role in anchoring early-
Universe values of (✓⇤, !b, !bc) and thus limiting the free-
dom for models to fit the low-redshift data without an
evolving dark energy component. Nevertheless, when in-
cluding the full CMB information the ��

2

MAP
decreases

to �12.5, corresponding to a 3.1� preference for evolv-
ing dark energy. This change in the ��

2

MAP
is driven

primarily by the inclusion of CMB lensing, the e↵ect of
which is (by construction) not captured in the minimal
early-Universe priors (see Appendix A for further discus-
sion and a comparison of posteriors with di↵erent choices
of CMB likelihoods).

SNe data alone provide a complementary degeneracy
direction in the w0-wa plane, as they measure w0 well
independently of wa, which is only weakly constrained.
The combination of SNe data with DESI BAO can there-
fore measure w0 and wa without having the posteriors
cut o↵ by the prior ranges we assumed. The marginal-
ized posterior results are listed in Table V and depend on
the choice of SNe dataset, with the significances of the
preference for the model over ⇤CDM ranging from 1.7�

to 3.3� as summarized in Table VI.

[DESI Collaboration: Abdul-Karim et al. 2025 (DR2)]
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FIG. 11. Results for the posterior distributions of w0 and
wa, from fits of the w0waCDM model to DESI in combina-
tion with CMB and three SNe datasets as labelled. We also
show the contour for DESI combined with CMB alone. The
contours enclose 68% and 95% of the posterior probability.
The gray dashed lines indicate w0 = �1 and wa = 0; the
⇤CDM limit (w0 = �1, wa = 0) lies at their intersection.
The significance of rejection of ⇤CDM is 2.8�, 3.8� and 4.2�

for combinations with the Pantheon+, Union3 and DESY5
SNe samples, respectively, and 3.1� for DESI+CMB without
any SNe.

⇤CDM and w0waCDM models for that combination. Be-
cause ⇤CDM is nested within w0waCDM, correspond-
ing to w0 = �1, wa = 0, Wilks’ theorem [141] implies
that ��

2

MAP
should follow a �

2 distribution with two
degrees of freedom under the assumption the null hypoth-
esis (⇤CDM model) holds, and assuming that errors are
Gaussian and correctly estimated. To translate ��

2

MAP

into familiar terms, we quote the corresponding frequen-
tist significance N� for a 1D Gaussian distribution,

CDF�2

�
��

2

MAP
| 2 dof

�
=

1p
2⇡

Z N

�N
e
�t2/2

dt , (22)

where the left hand side denotes the cumulative distribu-
tion of �

2. We also compute the Deviance Information
Criterion (DIC) [142–145], which takes into account the
Bayesian complexity of the model and penalizes including
extra parameters.

A. Results

From DESI DR2 BAO alone, we obtain rather weak
constraints on the parameters

w0 = �0.48+0.35
�0.17

wa < �1.34

)
DESI BAO, (23)

which mildly favor the w0 > �1, wa < 0 quadrant but
are cut o↵ by the priors. The upper bound on wa here
is the 68% limit, and wa = 0 is not excluded at 95%. As
was the case in DR1, BAO data alone define a degener-
acy direction in the w0-wa plane, but they do not show a
strong preference for dark energy evolution: the improve-
ment in �

2

MAP
relative to the ⇤CDM case of w0 = �1,

wa = 0 is equivalent to a preference of just 1.7�.
The minimal extension we consider, beyond BAO data

alone, is to add a high-redshift constraint from the early
universe. This can be achieved by imposing CMB-derived
priors on ✓⇤, !b and !bc, as described in Section IV.
These priors are independent of the late-time dark en-
ergy, and also marginalize over contributions such as the
late ISW e↵ect and CMB lensing. Therefore, they pro-
vide us with an early time physics prior that can help
us set the sound horizon and is based solely on early-
Universe information. The result from this data combi-
nation is

w0 = �0.43 ± 0.22

wa = �1.72 ± 0.64

�
DESI+(✓⇤, !b, !bc)CMB. (24)

While this is still bounded by the wa > �3 prior at the
lower end, the posterior already clearly disfavors ⇤CDM.
The ��

2

MAP
value decreases to �8.0, indicating a prefer-

ence for an evolving dark energy equation of state at the
2.4� level.

Replacing these minimal early-Universe priors with the
full CMB information leads to only a small shift in the
maginalized posteriors

w0 = �0.42 ± 0.21

wa = �1.75 ± 0.58

�
DESI+CMB, (25)

showing that most of the information that the CMB pro-
vides on w(z) comes from its role in anchoring early-
Universe values of (✓⇤, !b, !bc) and thus limiting the free-
dom for models to fit the low-redshift data without an
evolving dark energy component. Nevertheless, when in-
cluding the full CMB information the ��

2

MAP
decreases

to �12.5, corresponding to a 3.1� preference for evolv-
ing dark energy. This change in the ��

2

MAP
is driven

primarily by the inclusion of CMB lensing, the e↵ect of
which is (by construction) not captured in the minimal
early-Universe priors (see Appendix A for further discus-
sion and a comparison of posteriors with di↵erent choices
of CMB likelihoods).

SNe data alone provide a complementary degeneracy
direction in the w0-wa plane, as they measure w0 well
independently of wa, which is only weakly constrained.
The combination of SNe data with DESI BAO can there-
fore measure w0 and wa without having the posteriors
cut o↵ by the prior ranges we assumed. The marginal-
ized posterior results are listed in Table V and depend on
the choice of SNe dataset, with the significances of the
preference for the model over ⇤CDM ranging from 1.7�

to 3.3� as summarized in Table VI.

[DESI Collaboration: Abdul-Karim et al. 2025 (DR2)] [Euclid Collaboration: Cañas-Herrera  SC et al. (under review)]⊃
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• Cosmological perturbation 
[temperature fluctuations, density perturbations, …] 

• Two-point correlation function 

• Fourier-space power spectrum 

• Harmonic-space power spectrum
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• Cosmological perturbation 
[temperature fluctuations, density perturbations, …] 

• Two-point correlation function 

• Fourier-space power spectrum 

• Harmonic-space power spectrum 

Measurements: observational systematics, noise, cosmic variance
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Multi-wavelength synergies
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Multi-wavelength synergies

Galaxy clustering

Weak lensing

Intensity mappingGamma rays

CMB/CMB lensing
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• Comparing the clustering of different tracers of the underlying cosmic LSS 

• Exploit that on large scales the bias is deterministic despite the LSS being stochastic
[Seljak 2009; Seljak & McDonald 2009]
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Figure 13. The approximate redshift ranges of various current and future
large-scale structure surveys. 21cm intensity mapping surveys are shown
in green (bottom), spectroscopic galaxy redshift surveys in blue (middle),
and photometric/continuum surveys in red (top). WFIRST and SPHEREx
both have secondary samples (with lower number density or photometric
precision), which are shown as paler colours. Taken together, the SKA sur-
veys offer full coverage of the redshift range from 0 to & 6, using multiple
survey methods. The grey bands show an approximate division of the
full redshift range into different eras, corresponding to the dark-energy-
dominated regime, the onset of dark energy, the matter-dominated regime,
and the fully matter-dominated regime.

hint that collapses some of cosmology’s great problems into
a new understanding of fundamental physics.

In this section, we therefore focus on the novel contri-
butions that radio telescopes, and in particular the SKA,
will bring to observational cosmology. For completeness,
we will briefly mention more conventional observations
that are possible with the SKA, such as spectroscopic BAO
measurements, but defer to previous works for detailed
discussions of these.

4.2 Tests of cosmic acceleration

The cause of the accelerating expansion of the Universe is
one of the greatest open questions in fundamental physics.
Possible attempts at explanation include Einstein’s cosmo-
logical constant, often associated with the energy density of
the QFT vacuum; additional very light particle fields such as
quintessence; or some modification to the theory of gravity.
Any one of these explanations requires either the introduc-
tion of exciting new physics beyond the Standard Model, or
a much deeper understanding of the relationship between
quantum field theory and GR.

In order to learn about the phenomenology of this new
energy component, it is useful to try to measure at least
two quantities: the energy density of the dark energy to-
day, quantified by the parameter ≠DE,0, and its equation
of state (pressure to density ratio) as a function of redshift,

w(z). The former has been measured with good precision
by CMB, supernova, and large-scale structure experiments
over the past 15–20 years, which have established extremely
strong evidence that dark energy is the dominant compo-
nent of the cosmic energy density in the late Universe. The
task now is to pin down the latter, as this offers some hope
of being able to differentiate between some of the different
scenarios.

Unfortunately, the space of possible dark energy models
is very large and diverse, and many models can be tuned
to reproduce almost any w(z) that could be observed. De-
termining the equation of state to high precision remains
an important task however, as one can still draw a num-
ber of useful conclusions from how it evolves. The most
important thing to check is whether the equation of state at
all deviates from the cosmological constant value, w =°1.
If dark energy truly is a cosmological constant, then un-
derstanding how the QFT vacuum gravitates, and solving
various severe fine-tuning issues, becomes the key to un-
derstanding cosmic acceleration. If the equation of state is
not constant, however, this points to the presence of new
matter fields or modifications of GR as the culprit.

Beyond this, it is also useful to know whether w ever
dips below °1. An equation of state below this is said to
be in the ‘phantom’ regime (Caldwell, 2002), which would
violate several energy conditions for a single, minimally-
coupled scalar field. A field that has additional interaction
terms (e.g. with the matter sector) can support a phantom
effective equation of state however (Raveri et al., 2017), and
so finding w < °1 would be a strong hint that there are
additional interactions to look for.

Finally, the actual time evolution of the equation of state
can also provide some useful clues about the physics of
dark energy. Many models exhibit a ‘tracking’ behaviour
for example, where w(z) scales like the equation of state
of the dominant component of the cosmic energy density
at any given time (e.g. wm = 0 during matter domination
and wr = 1/3 during radiation domination). Oscillating
equations of state, or those that make dark energy non-
negligible at early times (‘early dark energy’), correspond
to more exotic models.

In this section, we briefly discuss two methods for con-
straining the redshift evolution of dark energy with the
SKA: measuring the distance-redshift relation with 21cm
intensity mapping experiments, and measuring the expan-
sion directly using the redshift drift technique. For more
in-depth forecasts and discussion of distance and expan-
sion rate measurements that will be possible with SKA, see
Bull (2016). See §3 for predictions of typical w(z) functions
for a variety of dark energy and modified gravity models.

4.2.1 BAO measurements with 21cm intensity maps

The baryon acoustic oscillation (BAO) scale provides a sta-
tistical ‘standard ruler’ that can be used to constrain the
distance-redshift relation, and therefore the abundance
and equations of state of the various components of the
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Figure 13. The approximate redshift ranges of various current and future
large-scale structure surveys. 21cm intensity mapping surveys are shown
in green (bottom), spectroscopic galaxy redshift surveys in blue (middle),
and photometric/continuum surveys in red (top). WFIRST and SPHEREx
both have secondary samples (with lower number density or photometric
precision), which are shown as paler colours. Taken together, the SKA sur-
veys offer full coverage of the redshift range from 0 to & 6, using multiple
survey methods. The grey bands show an approximate division of the
full redshift range into different eras, corresponding to the dark-energy-
dominated regime, the onset of dark energy, the matter-dominated regime,
and the fully matter-dominated regime.

hint that collapses some of cosmology’s great problems into
a new understanding of fundamental physics.

In this section, we therefore focus on the novel contri-
butions that radio telescopes, and in particular the SKA,
will bring to observational cosmology. For completeness,
we will briefly mention more conventional observations
that are possible with the SKA, such as spectroscopic BAO
measurements, but defer to previous works for detailed
discussions of these.

4.2 Tests of cosmic acceleration

The cause of the accelerating expansion of the Universe is
one of the greatest open questions in fundamental physics.
Possible attempts at explanation include Einstein’s cosmo-
logical constant, often associated with the energy density of
the QFT vacuum; additional very light particle fields such as
quintessence; or some modification to the theory of gravity.
Any one of these explanations requires either the introduc-
tion of exciting new physics beyond the Standard Model, or
a much deeper understanding of the relationship between
quantum field theory and GR.

In order to learn about the phenomenology of this new
energy component, it is useful to try to measure at least
two quantities: the energy density of the dark energy to-
day, quantified by the parameter ≠DE,0, and its equation
of state (pressure to density ratio) as a function of redshift,

w(z). The former has been measured with good precision
by CMB, supernova, and large-scale structure experiments
over the past 15–20 years, which have established extremely
strong evidence that dark energy is the dominant compo-
nent of the cosmic energy density in the late Universe. The
task now is to pin down the latter, as this offers some hope
of being able to differentiate between some of the different
scenarios.

Unfortunately, the space of possible dark energy models
is very large and diverse, and many models can be tuned
to reproduce almost any w(z) that could be observed. De-
termining the equation of state to high precision remains
an important task however, as one can still draw a num-
ber of useful conclusions from how it evolves. The most
important thing to check is whether the equation of state at
all deviates from the cosmological constant value, w =°1.
If dark energy truly is a cosmological constant, then un-
derstanding how the QFT vacuum gravitates, and solving
various severe fine-tuning issues, becomes the key to un-
derstanding cosmic acceleration. If the equation of state is
not constant, however, this points to the presence of new
matter fields or modifications of GR as the culprit.

Beyond this, it is also useful to know whether w ever
dips below °1. An equation of state below this is said to
be in the ‘phantom’ regime (Caldwell, 2002), which would
violate several energy conditions for a single, minimally-
coupled scalar field. A field that has additional interaction
terms (e.g. with the matter sector) can support a phantom
effective equation of state however (Raveri et al., 2017), and
so finding w < °1 would be a strong hint that there are
additional interactions to look for.

Finally, the actual time evolution of the equation of state
can also provide some useful clues about the physics of
dark energy. Many models exhibit a ‘tracking’ behaviour
for example, where w(z) scales like the equation of state
of the dominant component of the cosmic energy density
at any given time (e.g. wm = 0 during matter domination
and wr = 1/3 during radiation domination). Oscillating
equations of state, or those that make dark energy non-
negligible at early times (‘early dark energy’), correspond
to more exotic models.

In this section, we briefly discuss two methods for con-
straining the redshift evolution of dark energy with the
SKA: measuring the distance-redshift relation with 21cm
intensity mapping experiments, and measuring the expan-
sion directly using the redshift drift technique. For more
in-depth forecasts and discussion of distance and expan-
sion rate measurements that will be possible with SKA, see
Bull (2016). See §3 for predictions of typical w(z) functions
for a variety of dark energy and modified gravity models.

4.2.1 BAO measurements with 21cm intensity maps

The baryon acoustic oscillation (BAO) scale provides a sta-
tistical ‘standard ruler’ that can be used to constrain the
distance-redshift relation, and therefore the abundance
and equations of state of the various components of the
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Figure 13. The approximate redshift ranges of various current and future
large-scale structure surveys. 21cm intensity mapping surveys are shown
in green (bottom), spectroscopic galaxy redshift surveys in blue (middle),
and photometric/continuum surveys in red (top). WFIRST and SPHEREx
both have secondary samples (with lower number density or photometric
precision), which are shown as paler colours. Taken together, the SKA sur-
veys offer full coverage of the redshift range from 0 to & 6, using multiple
survey methods. The grey bands show an approximate division of the
full redshift range into different eras, corresponding to the dark-energy-
dominated regime, the onset of dark energy, the matter-dominated regime,
and the fully matter-dominated regime.

hint that collapses some of cosmology’s great problems into
a new understanding of fundamental physics.

In this section, we therefore focus on the novel contri-
butions that radio telescopes, and in particular the SKA,
will bring to observational cosmology. For completeness,
we will briefly mention more conventional observations
that are possible with the SKA, such as spectroscopic BAO
measurements, but defer to previous works for detailed
discussions of these.

4.2 Tests of cosmic acceleration

The cause of the accelerating expansion of the Universe is
one of the greatest open questions in fundamental physics.
Possible attempts at explanation include Einstein’s cosmo-
logical constant, often associated with the energy density of
the QFT vacuum; additional very light particle fields such as
quintessence; or some modification to the theory of gravity.
Any one of these explanations requires either the introduc-
tion of exciting new physics beyond the Standard Model, or
a much deeper understanding of the relationship between
quantum field theory and GR.

In order to learn about the phenomenology of this new
energy component, it is useful to try to measure at least
two quantities: the energy density of the dark energy to-
day, quantified by the parameter ≠DE,0, and its equation
of state (pressure to density ratio) as a function of redshift,

w(z). The former has been measured with good precision
by CMB, supernova, and large-scale structure experiments
over the past 15–20 years, which have established extremely
strong evidence that dark energy is the dominant compo-
nent of the cosmic energy density in the late Universe. The
task now is to pin down the latter, as this offers some hope
of being able to differentiate between some of the different
scenarios.

Unfortunately, the space of possible dark energy models
is very large and diverse, and many models can be tuned
to reproduce almost any w(z) that could be observed. De-
termining the equation of state to high precision remains
an important task however, as one can still draw a num-
ber of useful conclusions from how it evolves. The most
important thing to check is whether the equation of state at
all deviates from the cosmological constant value, w =°1.
If dark energy truly is a cosmological constant, then un-
derstanding how the QFT vacuum gravitates, and solving
various severe fine-tuning issues, becomes the key to un-
derstanding cosmic acceleration. If the equation of state is
not constant, however, this points to the presence of new
matter fields or modifications of GR as the culprit.

Beyond this, it is also useful to know whether w ever
dips below °1. An equation of state below this is said to
be in the ‘phantom’ regime (Caldwell, 2002), which would
violate several energy conditions for a single, minimally-
coupled scalar field. A field that has additional interaction
terms (e.g. with the matter sector) can support a phantom
effective equation of state however (Raveri et al., 2017), and
so finding w < °1 would be a strong hint that there are
additional interactions to look for.

Finally, the actual time evolution of the equation of state
can also provide some useful clues about the physics of
dark energy. Many models exhibit a ‘tracking’ behaviour
for example, where w(z) scales like the equation of state
of the dominant component of the cosmic energy density
at any given time (e.g. wm = 0 during matter domination
and wr = 1/3 during radiation domination). Oscillating
equations of state, or those that make dark energy non-
negligible at early times (‘early dark energy’), correspond
to more exotic models.

In this section, we briefly discuss two methods for con-
straining the redshift evolution of dark energy with the
SKA: measuring the distance-redshift relation with 21cm
intensity mapping experiments, and measuring the expan-
sion directly using the redshift drift technique. For more
in-depth forecasts and discussion of distance and expan-
sion rate measurements that will be possible with SKA, see
Bull (2016). See §3 for predictions of typical w(z) functions
for a variety of dark energy and modified gravity models.

4.2.1 BAO measurements with 21cm intensity maps

The baryon acoustic oscillation (BAO) scale provides a sta-
tistical ‘standard ruler’ that can be used to constrain the
distance-redshift relation, and therefore the abundance
and equations of state of the various components of the
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Clustering/lensing & γ rays

[Credits: NASA/DOE/Fermi-LAT Collaboration] St
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Fig. 4. S/N for UHECR flux
anisotropies from di↵erent combi-
nations of data, namely UHECR AC in
the leftmost panel, XC in the central

panel, and the combination of all data
in the rightmost panel. In each panel,
the left half shows the cumulative
S/N as a function of the maximum
multipole, `max, whereas the right half

is for the cumulative S/N as a function
of the minimum multipole, `min. The
horizontal dashed line marks the 3�
threshold for detection.
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ent energy cuts, and the three horizon-
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1, 2, and 3� detection.
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4. Conclusions and outlook

In this work we have introduced a new observable for UHECR
physics: the harmonic-space XC between the arrival directions
of UHECRs and the distribution of the cosmic LSS as mapped
by galaxies (Eq. (16)). We have developed the main theoretical
tools necessary to model the signal and its uncertainties.

The take-away points of this study are as follows.
– The XC can be easier to detect than the UHECR AC for a

range of energies and multipoles (see Figs. 3 and 5). This
performance is mostly driven by the sheer number of galax-
ies that can trace the underlying LSS distribution, which is
assumed to be the baseline distribution for both the UHECR
flux and the galaxy angular distribution.

– The XC is more sensitive to small-scale angular anisotropies
than the AC; conversely, the AC is more sensitive to large-
scale anisotropies. This finding could therefore be instru-
mental in understanding properties of UHECR sources that
would not be accessible otherwise.

– It is in principle possible to optimise the XC signal by assign-
ing optimal redshift-dependent weights to sources in the

galaxy catalogue in order to match the UHECR radial ker-
nel as determined by UHECR energy losses. Since matching
the kernels has a strong impact on the XC, it could be possi-
ble to use this e↵ect to reverse engineer the injection model
(which defines the radial kernel).

– The great disruptor of UHECR anisotropies is the GMF.
The XC, with its higher S/N and sensitivity to small angular
scales, could be very useful in understanding the properties
of the GMF (although we have not explored this angle here).
Moreover, it may be possible, in the near future, to exploit a
tomographic approach to disentangle the e↵ects of interven-
ing magnetic fields from di↵erent injection spectra and study
di↵erent regions of the sky separately.

In our treatment we do not take any experimental uncertainties
into account, with the exception of the experimental UHECR
angular resolution. Moreover, we limit ourselves to a proton-
only injection model and do not include the e↵ects of the
intervening magnetic fields. This choice was made in order to
underline the physics behind our proposal and method. This
method can be readily generalised and extended to include the
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multipole, `max, whereas the right half

is for the cumulative S/N as a function
of the minimum multipole, `min. The
horizontal dashed line marks the 3�
threshold for detection.
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ent energy cuts, and the three horizon-
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1, 2, and 3� detection.
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colours refer to di↵erent energy cuts,
and the horizontal dashed line shows the
thresholds for 3� detection.

4. Conclusions and outlook

In this work we have introduced a new observable for UHECR
physics: the harmonic-space XC between the arrival directions
of UHECRs and the distribution of the cosmic LSS as mapped
by galaxies (Eq. (16)). We have developed the main theoretical
tools necessary to model the signal and its uncertainties.

The take-away points of this study are as follows.
– The XC can be easier to detect than the UHECR AC for a

range of energies and multipoles (see Figs. 3 and 5). This
performance is mostly driven by the sheer number of galax-
ies that can trace the underlying LSS distribution, which is
assumed to be the baseline distribution for both the UHECR
flux and the galaxy angular distribution.

– The XC is more sensitive to small-scale angular anisotropies
than the AC; conversely, the AC is more sensitive to large-
scale anisotropies. This finding could therefore be instru-
mental in understanding properties of UHECR sources that
would not be accessible otherwise.

– It is in principle possible to optimise the XC signal by assign-
ing optimal redshift-dependent weights to sources in the

galaxy catalogue in order to match the UHECR radial ker-
nel as determined by UHECR energy losses. Since matching
the kernels has a strong impact on the XC, it could be possi-
ble to use this e↵ect to reverse engineer the injection model
(which defines the radial kernel).

– The great disruptor of UHECR anisotropies is the GMF.
The XC, with its higher S/N and sensitivity to small angular
scales, could be very useful in understanding the properties
of the GMF (although we have not explored this angle here).
Moreover, it may be possible, in the near future, to exploit a
tomographic approach to disentangle the e↵ects of interven-
ing magnetic fields from di↵erent injection spectra and study
di↵erent regions of the sky separately.

In our treatment we do not take any experimental uncertainties
into account, with the exception of the experimental UHECR
angular resolution. Moreover, we limit ourselves to a proton-
only injection model and do not include the e↵ects of the
intervening magnetic fields. This choice was made in order to
underline the physics behind our proposal and method. This
method can be readily generalised and extended to include the
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Figure 9: The energy spectrum of the DGRB (black points) as recently measured by the Fermi LAT
[9]. Gray boxes around each data point denote the uncertainty associated with the Galactic di↵use
emission. The solid color lines indicate the expected gamma-ray emission from unresolved sources, for
4 di↵erent well-established astrophysical populations: blazars (in orange), MAGNs (in green), SFGs (in
blue) and MSPs (in red). Color bands represent the corresponding uncertainties on the emission of each
population. Estimates are taken from Ref. [25] (blazars), Ref. [29] (MAGNs), Ref. [161] (SFGs) and
Ref. [38] (MSPs).

(with a consequent IC gamma-ray emission extending to high latitudes) is con-
sidered. Furthermore, Ref. [239] investigates the possibility of a gas cloud with a
mass of few 1010M�, extending to hundreds of kpc from the center of the MW.
This halo would be theoretically well motivated, as it would alleviate the problem
of the missing baryons in spiral galaxies. A similar object around spiral galaxy
NGC 1961 would also explain the di↵use X-ray detected in Ref. [240]. Hints of
such large halo could be already present in hydrodynamical N -body simulations of
our Galaxy [241, 242, 239]. The gamma-ray emission associated with pion decay
in this hypothetical gas halo would be able to explain between 3% and 10% of the
Fermi LAT DGRB in Ref. [8], depending on the exact size of the halo.

Other possibilities not considered in the list above include emission from massive
black holes at z ⇠ 100 [243], from the evaporation of primordial black holes [244, 245],
from the annihilations at the boundaries of cosmic matter and anti-matter domains [246]
and from the decays of Higgs or gauge bosons produced from cosmic topological defects
[247].

We conclude this section by discussing Fig. 9. The image gathers the most recent
predictions for the “guaranteed” components to the DGRB, i.e. the emission associated
with unresolved blazars, MAGNs, SFGs and MSPs (see sections from 2.2.1 to 2.2.4).
They are taken from the results of Refs. [25, 29, 161, 38], respectively and they are

28

[Fornasa & Sánchez-Conde 2015]
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Ref. [38] (MSPs).

(with a consequent IC gamma-ray emission extending to high latitudes) is con-
sidered. Furthermore, Ref. [239] investigates the possibility of a gas cloud with a
mass of few 1010M�, extending to hundreds of kpc from the center of the MW.
This halo would be theoretically well motivated, as it would alleviate the problem
of the missing baryons in spiral galaxies. A similar object around spiral galaxy
NGC 1961 would also explain the di↵use X-ray detected in Ref. [240]. Hints of
such large halo could be already present in hydrodynamical N -body simulations of
our Galaxy [241, 242, 239]. The gamma-ray emission associated with pion decay
in this hypothetical gas halo would be able to explain between 3% and 10% of the
Fermi LAT DGRB in Ref. [8], depending on the exact size of the halo.

Other possibilities not considered in the list above include emission from massive
black holes at z ⇠ 100 [243], from the evaporation of primordial black holes [244, 245],
from the annihilations at the boundaries of cosmic matter and anti-matter domains [246]
and from the decays of Higgs or gauge bosons produced from cosmic topological defects
[247].

We conclude this section by discussing Fig. 9. The image gathers the most recent
predictions for the “guaranteed” components to the DGRB, i.e. the emission associated
with unresolved blazars, MAGNs, SFGs and MSPs (see sections from 2.2.1 to 2.2.4).
They are taken from the results of Refs. [25, 29, 161, 38], respectively and they are
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Dark matter indirect searches
[SC et al.  (ApJL 2013)]

The Astrophysical Journal Letters, 771:L5 (6pp), 2013 July 1 Camera et al.
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Figure 3. Left: EGB emission as a function of observed energy for the four extragalactic components described in the text. Data are from Abdo et al. (2010b). Right:
γ -ray angular PS at E > 1 GeV for the same models of the left panel. The observed angular PS is summarized by the black band (Ackermann et al. 2012a).
(A color version of this figure is available in the online journal.)

where E0 = 100 MeV and AS is a factor that depends on which
specific luminosity is chosen as the characterizing parameter (as
we will describe below).

The GLF of blazars is computed following the model de-
scribed in Inoue & Totani (2009) with the AGN X-ray lu-
minosity function from Ueda et al. (2003) and with the nu-
merical value of parameters derived in Harding & Abazajian
(2012) by fitting Fermi-LAT data on EGB diffuse emission and
anisotropies. The spectrum is taken to be a power law with
α = 2.2, and L is the γ -ray luminosity at 100 MeV (which
leads to AS = (1 + z)−α). We assume that no blazars fainter
than the luminosity cutoff Lmin = 1042 erg s−1 can exist at any
redshift, while Lmax(z) is the maximum luminosity above which
a blazar can be resolved (for 5 yr Fermi-LAT, it is computed
taking Fmax = 2 × 10−9 cm−2 s−1 for E > 100 MeV). The rela-
tion between halo-mass and blazar luminosity can be described
through mh = 1011.3 M⊙(L/1044.7 erg s−1)1.7 following Ando
et al. (2007b), where the blazar γ -ray luminosity is linked to the
mass of the associated supermassive black hole, which is in turn
related to the halo mass. The description of mh(L) suffers from
sizable uncertainties which propagate to the prediction of the
one-halo term. However, as can be seen from Figures 1 (middle)
and 2 (middle), where we introduce an alternative model (model
B) which dramatically increases mh(L) with respect to our
benchmark case (model A), the blazar contribution remains
largely subdominant.

For the GLF of SFGs, we follow results from the Fermi-
LAT Collaboration (Ackermann et al. 2012b), which are based
on the infrared (IR) luminosity function derived in Rodighiero
et al. (2010), and the rescaling relation between γ -ray and
IR luminosity obtained analyzing resolved SFGs (Ackermann
et al. 2012b). The spectrum is assumed to be a power law
with α = 2.7, similar to the Milky Way case, and L is the
γ -ray luminosity between 0.1 and 100 GeV (which leads to
AS = (α − 2)/(1 + z)2). The dependence of the SFG–shear
PS on the m(L) relation is milder than for blazars. In this
case, the relation could, in principle, be computed from the
relation between γ -ray luminosity and star formation rate
(SFR; Ackermann et al. 2012b), the Schmidt–Kennicutt law
(connecting SFR and gas density), and the ratio of gas to total
galactic mass. This leads to different relations for each different
sub-population of SFGs (e.g., ellipticals are much brighter than
spirals of the same mass); on the other hand, we do not have

γ -ray data to compute the specific GLF of the sub-populations,
thus we have to derive an effective averaged relation. Assuming
a power-law scaling m = A × 1012 M⊙(L/1039 erg s−1)B and
a maximum galactic mass of mmax = 1014 M⊙, we can find
A and B using, e.g., the Milky Way data (m ≃ 1012 M⊙ and
L ≃ 1039 erg s−1) and requiring that the mass associated with
the maximum luminosity ∼1043 erg s−1 (this can be computed
from the maximum observed IR luminosity (Rodighiero et al.
2010) rescaled to γ -ray frequency (Ackermann et al. 2012b))
not to exceed mmax. We found A ≃ 1 and B ≃ 0.5. This is just
a simple benchmark model, and we estimated the impact of the
associated uncertainty (by varying A and B within reasonable
ranges) in Figures 1 (right) and 2 (right).

3. RESULTS

For the sake of clarity, we focus on a benchmark annihilating
(decaying) DM scenario, where the WIMP has a mass of
100 GeV (200 GeV), annihilation (decay) rate of (σav) =
8×10−26 cm3 s−1 (τd = 3×1026 s) and dominant final state b̄b.
The characteristics of the DM particle are chosen to saturate (at
least in one particular energy range) the EGB emission, without
violating the experimental constraints.4 In particular, we note
that, although we take DM to be a significant component of the
EGB at E ! 1 GeV in Figure 3 (left), it is basically impossible
to obtain an evidence for DM from the angular PS of γ -rays
alone because the latter is dominated by the blazar contribution.

In Figure 4, we show the ingredients of Equation (2) for
the computation of the shear/γ -ray cross-correlation angular
PS: the window function for the cosmic shear signal nicely
overlaps with the DM window function, both for annihilating
and decaying DM, while this happens only at intermediate
redshifts for the SFG window function and only at high redshifts
for the case of blazars. This suggests that a tomographic
approach could be a powerful strategy to further disentangle
different contributions in the angular PS (this will be pursued in
a future work; S. Camera et al. 2013, in preparation). The shear
signal is stronger for larger DM masses. The same is also true

4 The annihilation rate is degenerate with the clumping factor in setting the
size of the signal: different clustering schemes providing larger boost factors
could accommodate smaller values of (σav), still obtaining similar predictions
for the angular PS.
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Dark matter indirect searches
[SC et al.  (ApJL 2013)]
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(A color version of this figure is available in the online journal.)

for the γ -ray signal from DM and this fact gives a large one-
halo contribution which dominates starting from k ! 1 h Mpc−1

in Figure 4 (right). Galaxies have masses !1014 M⊙, thus they
correlate with the shear signal of lower-mass halos and the
one-halo contribution becomes important at slightly smaller
scale k " 1 h/Mpc−1. Since the bulk of unresolved blazars
in 5 yr Fermi-LAT will be hosted in relatively small halos
at large redshift, the one-halo term of the blazar/shear PS is
suppressed. Thus, an important result is that, since both the
shear and DM-induced γ -ray signals are stronger for larger
halos, their cross-correlation is more effective with respect to
the case of astrophysical sources. This, together with the sizable
overlapping of the DM γ -ray and shear window functions at
low redshift, leads to the expectation of a sizable DM signal in
the angular PS, which is indeed what we find in Figure 5. For
ℓ ! 100, the two-halo term dominates for all the sources, thus
the relative size is roughly given by the relative contribution in
the total EGB emission. At ℓ " 100, the one-halo term starts to
be important in the DM case which grows more rapidly than the
astrophysical sources. At ℓ " 103, the one-halo term also takes

over in the SFG spectrum which is brought again close to the
DM curve. Blazars are largely subdominant in the whole range
of multipoles.

The observational forecasts for the cross-correlation between
DES or Euclid and Fermi-LAT are shown for the benchmark
models considered in this work (for error estimates, we take
observational performances from Atwood et al. (2009), The
Dark Energy Survey Collaboration (2005), and Laureijs et al.
(2011)). Figure 5 shows that a DM signal can be disentangled
in the angular PS at ℓ ! 103. The same conclusion can be
derived for DM models with different mass and annihilation/
decay channels, provided the DM is a significant component
of the total γ -ray EGB (at least in one energy bin) as in our
assumptions.

4. CONCLUSIONS

In this Letter, we discussed the cross-correlation angular
PS of weak-lensing cosmic shear and γ -rays produced by
WIMP annihilations/decays and astrophysical sources. We
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Dark matter indirect searches

• Bounds from non-detections: 

• Clustering of galaxies [SDSS LRGs] × UGRB [Fermi (76 mth)] 

• Cosmic shear [CFHTLenS+RCSLenS] × UGRB [Fermi (76 mth, 85 mth)] 

• Cosmic shear [Subaru HSC] × UGRB [P8 (85 mth)] 

• Cosmic shear [CFHTLenS+RCSLenS+KiDS] × UGRB [Fermi P8 (84 mth)]

[Shirasaki et al. 2015]

[Shirasaki et al. 2014, 2016]

[Shirasaki et al. 2018]

[Tröster, SC et al. 2017]
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[Fornasa et al. (2016)]

[Ammazzalorso, SC et al. (PRL 2020)]

[De Angelis, SC et al. (2018)]
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Dark matter indirect searches

aforementioned cross-correlations have the potential to dis-
entangle signatures due to astrophysics from dark matter
(see also Ref. [7]). More generally, the method can provide
valuable information on the redshift distribution and on the
clustering properties of the unresolved γ-ray source popula-
tions, including blazars, AGNs, and star-forming galaxies.
Since cross-correlations of the UGRB with gravitational

lensing have been proposed as a probe, several observa-
tional attempts have followed [8–11], but none so far have
detected the signal. Here, we report the first detection of
such a cross-correlation. We used 108-month γ-ray data
from Fermi-LAT and first year (Y1) shear measurements
from the Dark Energy Survey (DES). In the following, we
describe details of the analysis and discuss the results.
Analysis and results.—The observable we probe is the

cross-correlation between the unresolved component of
the γ-ray emission and gravitational shear. To this aim, the
Fermi-LAT data have been preprocessed to produce the
relevant energy-dependent response functions of the detec-
tor and full-sky maps of photon intensities in several energy
bins. Resolved γ-ray sources and the bright Galactic plane
emission have been masked with energy- and flux-depen-
dent masks, in order to minimize the sky fraction removal.
Furthermore, we have subtracted a model of the Galactic
plane emission. Galactic foreground emission does not lead
to false detection of a cross-correlation, since it does
not correlate with the large-scale structure measured by
gravitational shear, but it increases the variance of the
measurements (see Supplemental Material [12] and, e.g.,
Refs. [8,9,11,50,51]). The weak lensing information is
extracted by measuring the mean tangential ellipticity of
source galaxies in the DES footprint around pixels
weighted by their UGRB flux. The shear catalog is divided

in redshift bins in order to perform a tomographic analysis.
As an illustration of the overlapping area between DES and
Fermi-LAT, Fig. 1 shows the DES footprint and the Fermi-
LAT map for photon energies in the 1–10 GeV interval.
We measure the cross-correlation between the UGRB

and gravitational shear through its two-point angular
correlation function. Specifically, we adopt the following
estimator (see also Ref. [52]):

ΞarðθÞ ¼ Ξsignal
Δθh;ΔEa;Δzr − Ξrandom

Δθh;ΔEa;Δzr

¼
P

i;je
r
ij;tI

a
j

R
P

i;jI
a
j

−
P

i;je
r
ij;tI

a
j;random

R
P

i;jI
a
j;random

; ð1Þ

where Ξsignal
Δθh;ΔEa;Δzr is the correlation function in the configu-

ration space of the two observables measured in different
angular (Δθh), γ-ray energy (ΔEa), and lensing source-
galaxy redshift (Δzr) bins. The correlation is obtained by
summing the products of tangential ellipticity of source
galaxies i relative to a pixel j, erij;t, multiplied by the Fermi-
LATphoton intensity flux in theath energy bin and in pixel j,
Iaj . The sum runs over all unmasked pixels j and all sources i
in the redshift bin of the shear catalog, and it is performed in
each of the different photon energy bins (labeled by a) and
source-galaxy redshift bins (labeled by r). Lastly, R is the
mean response of ellipticity to shear for sources in the
redshift bin, determined by the METACALIBRATION algorithm
[53,54] to be between 0.54 and 0.73 for the source-galaxy
redshift bins used here.
From the correlation function, we removeΞrandom

Δθh;ΔEa;Δzr , the
measurement of tangential shear around random lines of
sight. This is done by setting Iaj;random ¼ 1 anywhere within

FIG. 1. DES Y1 (solid, used in this Letter) and final (dashed) sky coverage superimposed on the Fermi-LAT γ-ray map for photons in
the 1–10 GeVenergy range. The Galactic plane and point-source emissions are clearly visible. The plot is in McBryde-Thomas flat polar
quartic projection.

PHYSICAL REVIEW LETTERS 124, 101102 (2020)

101102-3

[Ammazzalorso, SC et al. (PRL 2020)]
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Dark matter indirect searches
[Ammazzalorso, SC et al. (PRL 2020)]

• Bounds from detection (@5.3σ) 

• Cosmic shear [DES Y1] 

• UGRB [Fermi (9 yr)]

origin, though this term shows lower statistical significance
than the one-halo component. Concerning the redshift
dependence of the signal, the statistical significance is
almost equally distributed among the lower and higher
redshift bins. The allowed regions for the parameters of the
phenomenological model are shown in Fig. 3, while the
cross-correlation function for the best fit of the phenom-
enological model are shown in the left panel of Fig. 2: the
PSF-like term due to pointlike sources well reproduces the
behavior of the measured cross-correlation up to about
1 deg scale. We note here that for the subset of high E and
small θ, comprising 88 data points, we do obtain a
distinctive signal without application of the matched filter.
The χ2null ¼ 137 for these points corresponds to a p value of
0.0006, meaning that the null hypothesis is excluded at
3.5σ in this subset.
Discussion.—In the following, we attempt a physical

interpretation of the signal detected in the previous section.
Star-forming galaxies and misaligned AGNs are not
expected to be able to produce a sufficiently hard energy
spectrum, which thus points to a dominant blazar compo-
nent. Particle dark matter in terms of WIMPs can also
provide a hard spectrum, especially if the annihilation
channel is predominantly leptonic or, in the case of a
hadronic final state, if the dark matter mass is large (above a
few hundred GeV).
Blazars are compact sources and, for our purposes, they

can be considered as pointlike; i.e., their size is, on average,
much smaller than the Fermi-LAT PSF. Also the size of the
halo hosting blazars rarely exceeds the Fermi-LAT PSF.

This has a consequence that the angular correlation
function for the one-halo term essentially follows from
the detector PSF. Conversely, the relevant dark matter halos
have a larger angular extent, and the corresponding one-
halo correlation function thus drops more slowly with
angular scale. On very large scales, the correlation func-
tions of the two components have a similar angular
behavior, since the two-halo power spectra differ only
by the bias terms. The fact that our signal is detected with
high significance only on small scales therefore points
toward blazars as the dominant source. In order to inves-
tigate this interpretation, we perform the statistical tests
discussed in the previous section with a physical model,
based on a detailed characterization of the components
expected to produce the cross-correlation signal: blazars
(BLZs), misaligned active galactic nuclei (mAGN), star-
forming galaxies (SFGs) and possibly dark matter (DM).
The physical cross-correlation function model reads

Ξar
physðθÞhIai ¼ A1h

BLZ × Ξ̂ar
BLZ;1hðθÞ þ A2h

BLZ × Ξ̂ar
BLZ;2hðθÞ

þ AmAGN × Ξ̂ar
mAGNðθÞ þ ASFG × Ξ̂ar

SFGðθÞ

þ ADM × Ξ̂ar
DMðθ;mDMÞ: ð5Þ

The model parameters are free normalizations for the
astrophysical sources, A1h

BLZ, A
2h
BLZ, AmAGN, and ASFG, the

mass of the dark matter particle mDM, and its velocity-
averaged annihilation rate hσannvi, expressed in terms of the
“thermal” cross section hσannvith ¼ 3 × 10−26 cm3 s−1
through the normalization ADM ≡ hσannvi=hσannvith. Note

FIG. 3. (Left) Constraints on the normalization and spectral index parameters of the phenomenological model (the redshift dependence
parameters are unconstrained and not shown in the plot). (Right) Constraints on the parameters of the dark matter and blazar models
described in Eq. (5). The blazar model assumes a single population matching the properties of Fermi resolved sources. The dark matter
model assumes annihilation in the τþτ− channel. In both panels, 2D contours refer to the 68% and 95% C.L. regions. The dashed and
solid vertical lines in the 1D subplots denote the 68% and 95% C.L. constraints of the 1D profile likelihood distributions.

PHYSICAL REVIEW LETTERS 124, 101102 (2020)

101102-6

St
ef

an
o 

C
am

er
a 

Sy
ne

rg
ic

 c
os

m
ol

og
y 

ac
ro

ss
 th

e 
sp

ec
tr

um
 

8 
· I

 · 
20

25



Dark matter indirect searches
[Ammazzalorso, SC et al. (PRL 2020)]

• Bounds from detection (@5.3σ) 

• Cosmic shear [DES Y1] 

• UGRB [Fermi (9 yr)] 

• Bounds from detection (@??σ) 

• Cosmic shear [DES Y3] 

• UGRB [Fermi (12 yr)]

origin, though this term shows lower statistical significance
than the one-halo component. Concerning the redshift
dependence of the signal, the statistical significance is
almost equally distributed among the lower and higher
redshift bins. The allowed regions for the parameters of the
phenomenological model are shown in Fig. 3, while the
cross-correlation function for the best fit of the phenom-
enological model are shown in the left panel of Fig. 2: the
PSF-like term due to pointlike sources well reproduces the
behavior of the measured cross-correlation up to about
1 deg scale. We note here that for the subset of high E and
small θ, comprising 88 data points, we do obtain a
distinctive signal without application of the matched filter.
The χ2null ¼ 137 for these points corresponds to a p value of
0.0006, meaning that the null hypothesis is excluded at
3.5σ in this subset.
Discussion.—In the following, we attempt a physical

interpretation of the signal detected in the previous section.
Star-forming galaxies and misaligned AGNs are not
expected to be able to produce a sufficiently hard energy
spectrum, which thus points to a dominant blazar compo-
nent. Particle dark matter in terms of WIMPs can also
provide a hard spectrum, especially if the annihilation
channel is predominantly leptonic or, in the case of a
hadronic final state, if the dark matter mass is large (above a
few hundred GeV).
Blazars are compact sources and, for our purposes, they

can be considered as pointlike; i.e., their size is, on average,
much smaller than the Fermi-LAT PSF. Also the size of the
halo hosting blazars rarely exceeds the Fermi-LAT PSF.

This has a consequence that the angular correlation
function for the one-halo term essentially follows from
the detector PSF. Conversely, the relevant dark matter halos
have a larger angular extent, and the corresponding one-
halo correlation function thus drops more slowly with
angular scale. On very large scales, the correlation func-
tions of the two components have a similar angular
behavior, since the two-halo power spectra differ only
by the bias terms. The fact that our signal is detected with
high significance only on small scales therefore points
toward blazars as the dominant source. In order to inves-
tigate this interpretation, we perform the statistical tests
discussed in the previous section with a physical model,
based on a detailed characterization of the components
expected to produce the cross-correlation signal: blazars
(BLZs), misaligned active galactic nuclei (mAGN), star-
forming galaxies (SFGs) and possibly dark matter (DM).
The physical cross-correlation function model reads

Ξar
physðθÞhIai ¼ A1h

BLZ × Ξ̂ar
BLZ;1hðθÞ þ A2h

BLZ × Ξ̂ar
BLZ;2hðθÞ

þ AmAGN × Ξ̂ar
mAGNðθÞ þ ASFG × Ξ̂ar

SFGðθÞ

þ ADM × Ξ̂ar
DMðθ;mDMÞ: ð5Þ

The model parameters are free normalizations for the
astrophysical sources, A1h

BLZ, A
2h
BLZ, AmAGN, and ASFG, the

mass of the dark matter particle mDM, and its velocity-
averaged annihilation rate hσannvi, expressed in terms of the
“thermal” cross section hσannvith ¼ 3 × 10−26 cm3 s−1
through the normalization ADM ≡ hσannvi=hσannvith. Note

FIG. 3. (Left) Constraints on the normalization and spectral index parameters of the phenomenological model (the redshift dependence
parameters are unconstrained and not shown in the plot). (Right) Constraints on the parameters of the dark matter and blazar models
described in Eq. (5). The blazar model assumes a single population matching the properties of Fermi resolved sources. The dark matter
model assumes annihilation in the τþτ− channel. In both panels, 2D contours refer to the 68% and 95% C.L. regions. The dashed and
solid vertical lines in the 1D subplots denote the 68% and 95% C.L. constraints of the 1D profile likelihood distributions.
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Radio-optical cosmic shear

PoS(AASKA14)023

Weak lensing with the Square Kilometre Array M. L. Brown

Figure 1: Left panel: The redshift distribution of source galaxies for a 1000 deg2 weak lensing survey
requiring 2 years observing time on the SKA1-early facility. Also shown is the redshift distribution for the
1500 deg2 VST-KiDS optical lensing survey. The n(z) extends to higher redshifts in the radio survey and
probes a greater range of cosmic history. Right panel: The corresponding constraints on a 5-bin tomographic
power spectrum analysis. For both experiments, we assumed an RMS dispersion in ellipticity measurements
of grms = 0.3 and the tomographic bins have been chosen such that the bins are populated with equal numbers
of galaxies. Note how the radio survey extends to higher redshifts where the lensing signal is stronger and
therefore easier to measure. Open triangles denote 1s upper limits on a bandpower. Note that only the auto
power spectra in each bin are displayed though much cosmological information will also be encoded in the
cross-correlation spectra between the different z-bins.

Figure 2: As Fig. 1 but for a 5000 deg2 weak lensing survey requiring 2 years observing time on the
full SKA1 facility. Also shown for comparison are the n(z) distribution and forecasted power spectrum
constraints for the 5000 deg2 Dark Energy Survey.

ing photometric and spectroscopic redshift estimates for the background galaxy population. For
SKA1-early, we have assumed that we have no spectroscopic redshift information and that we have
photo-z estimates from overlapping optical surveys with errors sz = 0.05(1+ z) up to a limiting
redshift of 1.5. To model the much larger uncertainties expected for the high-z radio galaxies, we
adopt sz = 0.3(1+ z) so that a z = 2 galaxy has a redshift uncertainty of ± ⇠ 1. For SKA1, we
additionally assume that we will have spectroscopic redshifts from overlapping HI observations
for 15% of the z < 0.6 population. Finally for SKA2, we assume we have spectroscopic redshifts
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Radio-optical cosmic shear
[Brown, SC et al. (2015)]

PoS(AASKA14)023

Weak lensing with the Square Kilometre Array M. L. Brown

Figure 1: Left panel: The redshift distribution of source galaxies for a 1000 deg2 weak lensing survey
requiring 2 years observing time on the SKA1-early facility. Also shown is the redshift distribution for the
1500 deg2 VST-KiDS optical lensing survey. The n(z) extends to higher redshifts in the radio survey and
probes a greater range of cosmic history. Right panel: The corresponding constraints on a 5-bin tomographic
power spectrum analysis. For both experiments, we assumed an RMS dispersion in ellipticity measurements
of grms = 0.3 and the tomographic bins have been chosen such that the bins are populated with equal numbers
of galaxies. Note how the radio survey extends to higher redshifts where the lensing signal is stronger and
therefore easier to measure. Open triangles denote 1s upper limits on a bandpower. Note that only the auto
power spectra in each bin are displayed though much cosmological information will also be encoded in the
cross-correlation spectra between the different z-bins.

Figure 2: As Fig. 1 but for a 5000 deg2 weak lensing survey requiring 2 years observing time on the
full SKA1 facility. Also shown for comparison are the n(z) distribution and forecasted power spectrum
constraints for the 5000 deg2 Dark Energy Survey.

ing photometric and spectroscopic redshift estimates for the background galaxy population. For
SKA1-early, we have assumed that we have no spectroscopic redshift information and that we have
photo-z estimates from overlapping optical surveys with errors sz = 0.05(1+ z) up to a limiting
redshift of 1.5. To model the much larger uncertainties expected for the high-z radio galaxies, we
adopt sz = 0.3(1+ z) so that a z = 2 galaxy has a redshift uncertainty of ± ⇠ 1. For SKA1, we
additionally assume that we will have spectroscopic redshifts from overlapping HI observations
for 15% of the z < 0.6 population. Finally for SKA2, we assume we have spectroscopic redshifts
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Radio-optical cosmic shear
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Radio-optical cosmic shear
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Radio-optical cosmic shear
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Radio-optical cosmic shear
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Radio-optical cosmic shear
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Radio-optical cosmic shear
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Radio-optical cosmic shear
[SC et al. (2015); Bacon, SC et al. (2020)]
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Radio-optical cosmic shear
[SC et al. (2015); Bacon, SC et al. (2020)]
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Radio-optical cosmic shear
[SC et al. (2015); Bacon, SC et al. (2020)]

SKA weak lensing III: mitigating systematics 4751

Figure 3. Marginal joint 1σ error contours in the dark energy equation-of-state parameter plane. The black cross indicates the "CDM fiducial values for dark
energy parameters, namely {w0, wa} = {−1, 0}. Blue, red and green ellipses are for radio and optical/near-IR surveys and their cross-correlation, respectively.
The left-hand (right-hand) panel is for Stage III(IV) DETF cosmic shear surveys. Dashed, dot–dashed and dotted contours refer to amplitudes of the residual
systematic power spectrum with variance σ 2

sys = 10−7, 10−6 and 5 × 10−5, respectively. All contours but those for the cross-correlation are biased (i.e. they
are not centred on the black cross) due to the presence of residual, additive experimental systematics (Section 3.1).

previous case of residual (or additive) systematics. First, a calibra-
tion error term will be also present in the cross-correlation power
spectrum. This is because this multiplicative systematic term, be-
ing attached to the cosmological signal in the fashion of an overall
amplitude, will not cancel out when correlating data sets obtained
in different bands of the electromagnetic spectrum – opposite to
what will happen for the residual (additive) systematic effect dis-
cussed in Section 3.1. Secondly, such a term will most likely present
a redshift-bin dependence, inherited from γ mul(z). Nevertheless, it
is important to emphasize that the multiplicative calibration er-
ror γ mul(z) will be different for radio and optical/near-IR, and the
cross-correlation of the measurements will bear a combination of
the two. Therefore, in the worst case scenario where the calibration
error is so severe as to seriously threaten the precision of parame-
ter estimation, the confidence regions for radio or optical/near-IR
autocorrelations (shown for instance in Fig. 3) will be scattered
around the parameter space with no apparent correlation, whereas
the cross-correlation of the two will contain information on both
calibration errors. Hence, an a posteriori reconstruction can be per-
formed, where we could iteratively try to remove two multiplicative
systematic effects, i.e. for radio and optical/near-IR data, by using
three variables, namely the two autocorrelation cosmic shear power
spectra and their cross-correlation.

To illustrate this, we generate 20 random calibration errors
γ mul

X,i , 10 for the 10 radio redshift bins and 10 for the 10
optical/near-IR bins, (uniformly) randomly picked in the range
0 per cent, 10 per cent. By doing so, we construct a matrix M, with
entries

Mij = Amul

(
γ mul

Xi
+ γ mul

Yj

)
, (11)

Figure 4. Same as the right-hand panels of Fig. 3, but for calibration errors
(Section 3.2). Note that, in this case, the contours obtained via the cross-
correlation of DES and SKA1 too is biased. Conversely, the self-calibrated
combination of all auto- and cross-correlations, with the inclusion of nui-
sance parameters for calibration errors, is not (black ellipse).

and overall amplitude parameter Amul, which we marginalize over.
This matrix multiplies the cosmic shear tomographic matrix CXY

ℓ .
The results are presented in Fig. 4, where, as opposed to Fig. 3, the
green ellipse of the cross-correlation of radio and optical/near-IR

MNRAS 464, 4747–4760 (2017)
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Radio-optical cosmic shear

Dark matter abundance, ΩDM

[Ingrao, SC et al.  (in prep.)]

PRELIMINARY!
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Radio-optical cosmic shear

Dark matter abundance, ΩDM

[Ingrao, SC et al.  (in prep.)]
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Radio-optical cosmic shear

Dark matter abundance, ΩDM

[Ingrao, SC et al.  (in prep.)]

PRELIMINARY!

St
ef

an
o 

C
am

er
a 

Sy
ne

rg
ic

 c
os

m
ol

og
y 

ac
ro

ss
 th

e 
sp

ec
tr

um
 

8 
· I

 · 
20

25



Radio-optical cosmic shear

Clumpiness of the Universe, 8σ

[Ingrao, SC et al.  (in prep.)]

PRELIMINARY!
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The SKA Observatory
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The SKA Observatory

• The SKA Observatory (formerly known as ‘Square Kilometre Array’) will be the largest 
radio-telescope on Earth and will be built in two locations
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Towards the SKAO
[Courtesy of A. Bonaldi]
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Towards the SKAO
[Courtesy of A. Bonaldi]
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• Cosmological perturbation 
[temperature fluctuations, density perturbations, …] 

• Two-point correlation function 

• Fourier-space power spectrum 

• Harmonic-space power spectrum 

• Example: harmonic-space power spectrum of cosmic microwave background
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Correlators
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f(t,x) → ∆T (n̂) = T (t0, n̂)− T̄ (t0)
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[Planck Collaboration 2018]
Correlators
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Baryon acoustic oscillations
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Baryon acoustic oscillations
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Figure 7. The isolated BAO feature in the correlation function of DESI DR1 data before (open
circles) and after reconstruction (solid circles). A 1-D BAO fitting is performed for BGS, ELG1, and
QSO, while the rest is fitted for the 2-D BAO scales. The solid and dashsed lines are the best fit
BAO models to the unblinded DESI DR1 before (open circles) and after reconstruction (solid circles),
respectively.

the RascalC covariance matrice (the black solid and dashed lines with the gray shade for
the 1� dispersion).

The BAO feature appears moderately sharpened by reconstruction in the LRGs redshift
bins, while the improvement is less obvious for other tracers. One can see that the Abacus-2

DR1 mocks replicate the observed level of the BAO sharpening in the DESI DR1 data.
Hence, we qualitatively find that the reconstruction of the data is performing as expected
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Baryon acoustic oscillations
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Figure 8. The isolated BAO feature in the monopole and quadrupole before (open circles) and after
reconstruction (solid circles) in the power spectrum. The solid and dashsed lines are the best fit
BAO models to the unblinded DESI DR1 before (open circles) and after reconstruction (solid circles),
respectively. The unit in the y axis h�2Mpc2 is omitted due to the limited space.

given the survey configuration and the reconstruction method we chose. In the next section,
where the results of the BAO fits are discussed, we make quantitative comparisons on the
aforementioned aspects and show that all tracers had moderate gain from reconstruction at
the level consistent with the mocks.

7.2 BAO measurements from the DESI DR1 galaxies

In this section, we present the BAO fitting of all galaxy and quasar tracers using the default
fitting method defined in Section 4.3. We focus on the fitting results in configuration space for
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Redshift-space distortions

St
ef

an
o 

C
am

er
a 

Sy
ne

rg
ic

 c
os

m
ol

og
y 

ac
ro

ss
 th

e 
sp

ec
tr

um
 

20
 · 

XI
I ·

 2
0

24



Redshift-space distortions
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Redshift-space distortions
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Redshift-space distortions
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Redshift-space distortions
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Redshift-space distortions
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2138 N. Padmanabhan et al.

Figure 4. The LasDamas galaxy correlation function, averaged over the 160 simulations, as a function of the separation perpendicular (⊥) and parallel (||)
to the line of sight. The correlation functions have been scaled by r2 to highlight the BAO feature. The top panels show the unreconstructed correlation
functions, while the bottom panels show the reconstructed correlation functions; the left- and right-hand panels are real and redshift space, respectively. The
BAO feature is visible as a ring at ∼110 Mpc h−1 in the top-left panel. Redshift-space distortions destroy the isotropy of the correlation function (top-right
panel). Reconstruction both sharpens the BAO feature (highlighted in the bottom-left panel) and restores the isotropy (bottom-right panel) of the correlation
function on the BAO scale.

Figure 5. Left-hand panel: the angle-averaged correlation function in real space, before (red circles) and after (blue squares) reconstruction and averaging over
the 160 LasDamas simulations. The reconstruction algorithm assumes the default parameters described in the text. The acoustic feature is clearly sharpened
after reconstruction. Right-hand panel: same as the left-hand panel, except in redshift space. Also shown for comparison is the average reconstructed real-space
correlation (dashed line). In addition to sharpening the acoustic feature, the reconstruction algorithm also reduces the effects of redshift-space distortions on
the correlation function.

unreconstructed correlation function is larger on small scales, with
the trend reversed on intermediate scales. This is reconstruction
reversing the infall of galaxies into overdensities. The second is that
the unreconstructed correlation function is higher just before the
BAO feature, due to pairs flowing out of the BAO feature. These
flows are responsible for the smoothing of the BAO feature. The

fact that the reconstructed correlation function is lower just before
the BAO feature and then higher at the BAO peak is from the fact
that reconstruction has moved these objects back into the BAO ring.

One metric to quantify the degree of reconstruction is to compare
the values of !nl (see equation 10) before and after reconstruction.
While !nl is poorly constrained in any single simulation, we can

C⃝ 2012 The Authors, MNRAS 427, 2132–2145
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/427/3/2132/1098449 by guest on 19 D
ecem

ber 2024

[P
ad

m
an

ab
ha

n 
et

 a
l. 

20
12

]

St
ef

an
o 

C
am

er
a 

Sy
ne

rg
ic

 c
os

m
ol

og
y 

ac
ro

ss
 th

e 
sp

ec
tr

um
 

20
 · 

XI
I ·

 2
0

24

Simulation



Redshift-space distortions

[P
ad

m
an

ab
ha

n 
et

 a
l. 

20
12

]

Longitudinal comoving separation [h–1 Mpc]

Tr
an

sv
er

se
 co

m
ov

in
g s

ep
ar

at
io

n 
[h

–1
 M

pc
]

2142 N. Padmanabhan et al.

Figure 12. The 2D reconstructed correlation function, but without the
redshift-space distortion corrections (i.e. setting f = 0 in the reconstruc-
tion algorithm). While the BAO feature is more prominent, redshift-space
distortion still strongly distorts the BAO feature.

Finally, we consider varying the inputs to the constrained realiza-
tions. We consider two alternative power spectra – one with the BAO
feature erased and the other with no clustering signal – and we find
that reconstruction is robust to these choices as well. These results
are dependent on the geometry of the survey and could possibly
change for different geometries.

5 R E C O N S T RU C T I N G DATA

We now apply reconstruction to the DR7 data set. Our fiducial
choice of parameters is a 15 Mpc h−1 smoothing length, a galaxy
bias of 2.2 and the WMAP7 cosmology. Fig. 13 plots the angle-
averaged DR7 correlation function before and after reconstruction.
We find that reconstruction on the DR7 data demonstrates the same
features seen in the LasDamas simulations. The amplitude of the
intermediate-scale correlation function decreases due to the correc-
tion of redshift-space distortions, while the transition into the BAO
feature at ∼80–100 Mpc h−1 is sharpened.

The correlated nature of the errors makes it difficult to quanti-
tatively assess the impact of reconstruction on these data. Fig. 14
plots the χ2 surface for α both before and after reconstruction.
We note that the χ2 minimum after reconstruction is visibly nar-
rower, indicating an improvement in the distance constraints. This
improvement is also summarized in the first two lines of Table 4

which shows that reconstruction reduces the distance error from 3.5
to 1.9 per cent. These distance constraints are also consistent with
the errors estimated from the LasDamas simulations.

Fig. 14 also plots the χ2 surface for a template without a BAO
feature, using the ‘no-wiggle’ form of Eisenstein & Hu (1998). The
lack of a well-defined minimum either before or after reconstruction
indicates that our distance constraints are indeed coming from the
presence of a BAO feature and not any broad-band features in the
correlation function. The difference in χ2 between the templates
with and without a BAO feature also provides an estimate of the
significance of the BAO detection in these data. Reconstruction
improves this detection significance from 3.3σ (consistent with
previous measurements) to 4.2σ . This is not the only measure of
the detection significance possible; Paper II discusses these in more
detail.

As before, we would like to demonstrate the robustness of the
results to the various parameters of the reconstruction algorithm.
Table 4 lists the recovered distances varying the smoothing scale,
input bias, growth rate (f ) and prior power spectrum; for each of
these cases, we recover distances consistent with the fiducial choices
of parameters.

Our final test is the impact of the assumed fiducial cosmology. We
consider two cases in Table 4: flat $CDM cosmologies with %m =
0.2 and 0.35. In both of these cases, we adjust the Hubble constant
and the baryon density %b to keep the physical densities %b h2 and
%mh2 equal to their WMAP7 values. This prescription leaves the
CMB unchanged, but alters the distance–redshift relation. We find
that the estimated values of α are significantly different from the
fiducial case. However, note that the physical observable is not α, but
DV /rs = α(DV /rs)fid. Comparing this across the three cosmologies
(second column, Table 4), we find it insensitive to the choice of
cosmology.

The distance information from these BAO measurements may
be summarized into a probability distribution p(DV /rs), plotted in
Fig. 15 and summarized in the second column of Table 4. Unlike α,
these measurements no longer make reference to a fiducial cosmol-
ogy. One may however freely convert between p(α) and p(DV /rs)
by multiplying the latter by (DV /rs)fid. We use the results in Fig. 15
to explore the cosmological consequences of these measurements
in Paper III. If we assume a perfectly measured sound horizon,
these measurements can be converted into a distance measurement
in Gpc. Using a sound horizon of 152.76 Mpc, we get a distance
to z = 0.35 of 1.356 ± 0.025 Gpc. Note that these numbers do

Figure 13. The unreconstructed (left) and reconstructed (right) DR7 angle-averaged correlation function. The error bars are the standard deviation of the 160
LasDamas simulations. These errors are however highly correlated from bin to bin and therefore no conclusions as to significance should be drawn from these
figures. The solid line is the best-fitting model to these data. As in the simulations, the acoustic feature appears sharpened.
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Figure 14. The H� auto-power spectrum for the MeerKLASS L-band deep-
field foreground cleaned by removing #fg = 10 PCA modes. The red solid
line is the noise estimate from measuring the average power of 10 Gaussian
random fields with rms given by fN (Equation 20). The grey dotted line is the
observational H� power spectrum model (Equation 47) and the black dashed
line is the combination of this H� model plus the thermal noise estimate.

sation leakage etc. We do not pursue these ideas in this paper since
they warrant their own detailed investigation.

5.6 Cross-correlation power with GAMA

We now focus on the cross-correlation with the GAMA galaxies
for the remainder of the paper. In Figure 15 we present the cross-
correlation power spectrum between the GAMA galaxies and the
MeerKLASS deep field. All points are positive so none are lost to
the log scaling, indicating a strong, positive correlation. Generally,
a good agreement with the model is obtained. We performed a null
test on the result by substituting the GAMA mock galaxies (from
Section 3.3) in place of the real galaxies. The mocks should not
correlate with the intensity maps, and indeed, the resulting cross-
power converges to zero once averaged over a sufficient number
of mocks. The fitted amplitude of the model is equivalent to an
inferred parameter of)H� = 0.166 mK, with all other values in Table 1
assumed. We discuss this further in Appendix C, but do not focus on
parameter inference in detail due to the large statistical noise owing
to the small overlap footprint between MeerKLASS and GAMA.

The error bars for the cross-power in Figure 15 are obtained using
the scatter from the foreground transfer function as discussed in Sec-
tion 5.3. The error size appears to be over-predicted based on the scat-
ter of the data points, which have a reasonably tight agreement with
the model relative to what the error bars reflect. This is supported by
examining the reduced j

2 which we find to be j2
dof ⌘ j

2/#dof = 0.42.
A j

2
dof < 1 is conventionally indicative of overinflated errors. Using

the reduced j
2 however is not a reliable test where there are non-

linear contributions, as is likely the case for these observations that
are still prone to residual systematics. In these cases, the number
of degrees of freedom cannot be robustly determined (Andrae et al.
2010). For our case we simply assume #dof = 13, for our 14 :-bins
minus a single fitted degree of freedom, representing the amplitude
fit. Furthermore, noise within the data causes high uncertainty in

Figure 15. The cross-correlation power spectrum between GAMA galaxies
and the MeerKLASS L-band deep field, foreground cleaned by removing
#fg = 10 PCA modes. The black dashed line represents a model given by
Equation 49 with a fitted scale-independent amplitude.

j
2 estimates, which despite the relatively low noise levels we are

now reaching, may still be a concern. Alternatives to j
2 have been

proposed, and specifically for 21cm applications (e.g. Tauscher et al.
2018), but these have not been pursued in this work. We only use the
j

2 as an approximate guide, mainly for relative comparisons between
different cases.

For the estimation of j
2, we include the full contribution from

off-diagonals in the :-bin covariance C, which can be trivially esti-
mated for our error estimation method, simply the covariance over
%̂

rec
8

(:) = %̂rec (:) + X%̂rec
8

(:) (see Section 5.3). The j
2 is then esti-

mated from

j
2 = ( p̂ � pmod)T C�1 ( p̂ � pmod) , (55)

where p̂ is the data vector and pmod the corresponding model. We
present the normalised covariance matrix (or correlation matrix) in
Figure 16, showing evidence that the :-bins are slightly correlated,
especially at low-: . This could be contributing to the large error bars,
hence why we include the full covariance in the j

2 estimation.
To investigate the errors from the cross-power further, we plot the

full distributions for the reconstructed power spectra %̂
rec
8

from each
8th mock in the foreground transfer function computation. Figure 17
shows this for each :-bin, including an additional low-: bin which
we otherwise exclude due to the large error on these scales. We centre
the distributions on the model and normalise by it, to aid comparison
with the case of no :-cuts (red results), which includes the areas
of :-space with low signal-to-noise (discussed in Section 5.4). The
plot shows how the distributions have some non-Gaussian features,
which could also impact error estimation, along with the correlated
:-bins shown by the covariance. We find the average kurtosis across
all :-bins for the :-cut case to be �0.476, indicating the distribution
is flatter than a normal distribution with more contribution in the
tails. This could also widen the central percentiles and thus increase
the error bar size.

Figure 17 shows a mild improvement in performance for the case
with :-cuts. The distributions around the model are less broad at
low-: , which is expected since this was one of the regions where
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