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Cosmic fields beyond 2pt: 
practical challenges and opportunities
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Cosmic Microwave 
Background (CMB)

Large-Scale Structure (LSS)
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Early-universe physics Gravity, dark matter, dark energy
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Galaxy positions
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The LSS is a powerful probe for
Early-universe physics
ΛCDM (gravity, dark energy, dark matter)
Astrophysics (galaxy evolution)
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CMB lensing Galaxy lensing Sunyaev-Zeldovich 
Effect Galaxy positions
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Compared to CMB
More overall information
The information is more complex
Non-Gaussianity
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Three-point correlation

Complex structures 
(filaments/voids)
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Full-field
Number counts

Complex structures 
(filaments/voids)
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+ Simple measurement 
and modeling 

+ Require less data and 
more robust to nuisance 
parameters

- Less information
- Can only test limited 

range of models

We Are Here

10 years from now?

10 years ago
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Bridging the gap between communities
(Many of you are working on this!)



Towards robust HOS: scale-dependent CDFs
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• How much information is there in the field? And how much can we practically 
extract considering both systematic effects and computational limitations?

• The answer to these questions depends on

• The science question of interest (w/LCDM, EDE, fNL, non-CDM)

• The dataset (density/galaxy, redshift, noise, systematics)

• The implementation (statistics, inference, sampling)



A simple exploration

24

• Assuming 
• wCDM
• DES Y3-like lensing 
• Fixed scale
• Moments and CDFs*

• A simple analysis says that we gain 
significantly (3x in area) going from 
2pt to 3pt, and much less after that

Recall Bhuv and Sihao’s talk

* no directional information



Next, redo all the 2pt tests…
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• New systematic effects could appear at higher order 

But that may not be sufficient! 
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Correlation of 
signal and noise

at all orders

Datag    
  Model

10 100 (arcmin)

Gatti, Jeffrey et al. (2023)



Robust HOS
• For data in the near future and wCDM/LCDM, having a 3pt-level pipeline could 

bring us a long way way to extracting all the accessible non-Gaussian information

• Ensuring that the analysis is robust to all sources of systematic effects (at least at the 
3pt level) is crucial for having HOS be trusted to the same level as 2pt

• It is encouraging that people are working on these (sometimes tedious) tasks and 
working together with people familiar with 2pt analyses

27
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wCDM/LCMD
• Most literature today use HOS to 

extract information beyond 2pt in 
the field to constrain wCDM/LCDM

• This makes sense since gravity is 
highly non-Gaussian, there’s a lot of 
information we are leaving behind 
when we only do 2pt

10 M. Gatti, et al.
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Figure 4. Posterior distributions of the cosmological parameters ⌦m, f8, and (8 for the second moments, third moments, and the combination of second and
third moments. We note that our fiducial analysis include small-scale galaxy-galaxy lensing ratios (a.k.a. shear ratios, §4). The 2D marginalised contours in
these figures show the 68 per cent and 95 per cent confidence levels.

and third moments individually, and from the combinations of the
two. Third moments are much less constraining than second moments
alone, but they are characterised by a slightly di�erent degeneracy tilt
in the f8-⌦m plane compared to second moments. The marginalised
mean values of (8, ⌦m, and f8 for the combination of second and
third moments, along with the 68% confidence intervals, are:

⌦m = 0.27 ± 0.03 (27)

f8 = 0.83 ± 0.05 (28)

(8 = 0.784 ± 0.013 (29)

We report the constraints from the analysis of second and third mo-
ments individually in Table 2, and for (8 we aditionally provide a
visual comparison in Fig. 5. The combined moments analysis places
a 1.7 per cent constraint on (8 and a 10 per constraint on⌦m, improv-
ing by ⇠ 15 and ⇠ 25 per cent over constraints from second moments
only. This level of improvement is expected (G20), and is due to the
additional non-Gaussian information probed by third moments and
the degeneracy breaking when second and third moments are com-
bined. Table 2 also reports the ?-values for the goodness-of-fit tests;
these are well above the ?-value = 0.01 threshold. The unblinded
data vectors, along with the best-fitting models from our posteriors,
are shown in Fig. 3. We caution the reader from any j2-by-eye es-
timate, as the di�erent scales are highly correlated (especially for

second moments, where adjacent scales have a correlations higher
than 90 per cent). Constraints from second and third moments are
consistent with each other, although it is evident from Fig. 4 that they
probe di�erent parts of the parameter space in the f8-⌦m plane.

In Appendix F we use PPD to quantify the internal consistency of
our data sets. In particular, we tested the compatibility between sec-
ond and third moments constraints, between small and large scales,
and between parts of the data vector using di�erent redshift bins.
These tests were performed prior to unblinding, using blinded data
vectors, and were repeated after unblinding (although only the com-
patibility of second and third moments was considered as an unblind-
ing criterion).

The results reported here were obtained using the FLASK covari-
ance; in addition, we tested that our results do not change significantly
when using the covariances estimated using the T17 or PKDGRAV
simulations (Appendix G).

6.1 Intrinsic alignment constraints and impact of the SR
likelihood

Intrinsic alignment (IA) is a potentially important contribution to the
shear signal. We show in Fig. 6 the posterior of the IA parameters
�IA and [IA for the combination of second and third moments. Our

MNRAS 000, 1–27 (0000)

Gatti, Jain, CC et al. (2022)
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What else can we do with this information?
• We can try to test different models of the early universe (e.g. primordial non-

Gaussianity, or PNG) 

z=1100 z=18.3 z=5.7 z=1.4 z=0.030



What else can we do with this information?
• However, gravity is highly non-Gaussian, the low-redshift observables contain both 

primordial and late-time non-Gaussianity (cf. CMB)

z=1100 z=18.3 z=5.7 z=1.4 z=0.031



What else can we do with this information?
• But, perhaps not all hope is lost, we do know fairly well how to forward-model 

gravity. Can we disentangle the primordial and late-time non-Gaussianity via 
simulations?  
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The Ulagam Simulations

• N-body simulation suite designed for full-
sky analyses of wide-field surveys for fNL 

• Initial conditions from Quijote (Villaescusa-
Navarro et al. 2020) and Quijote-PNG 
(Coulton et al. 2022)

Accurate to k < 1 [h/Mpc], ℓ < 1000

https://ulagam-simulations.readthedocs.io/

“The World”

33

https://ulagam-simulations.readthedocs.io/
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Gravitational potential
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Presence of second scalar field

Presence of “non-canonical” kinetic terms
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Analysis setup
• Weak lensing convergence maps

• Moments (N=2-5), CDFs

• Fisher forecast on constraints on fNL

• Simulation covariance at fiducial 
cosmology

• Compare DES Y3, DES Y6, LSST Y1, 
LSST Y10

35



In which order is the information stored?

LSST Y10-like

36

A reasonable scale to look at is ~10’ (5-15 Mpc) 



Comparison between datasets
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Comparison between datasets
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DES Y6 competitive with BOSS
LSST Y10 competitive with DESI

LSST Y10 is 8x weaker than 
DESI (depend on galaxy bias)

LSST Y10 is 2x weaker than 
DESI (depend on galaxy bias)



Lensing HOS for early-universe physics
• We expect lensing HOS could contribute meaningfully to the constraints on fNL

• Advantages of doing this: 
• Independent cross-check with scale-dependent galaxy bias measurements
• Offer potential detection of scale-dependent PNG
• Lensing simulations are faster than galaxies
• Combined with galaxies could potentially calibrate galaxy bias

• Be imaginative in new things we can already test!

38
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Full-field inference
• The ultimate level of modeling the LSS is when we have a field-level model of what 

we see — maps of initial conditions + cosmological and nuisance parameters
• Individually we know how to do these steps, the most non-trivial step is evolving 

gravity over cosmic time 

z=1100 z=18.3 z=5.7 z=1.4 z=0.040



Forward-model structure formation
There is a spectrum of implementations to forward-model structure formation

N-body FastPM LPT
Lognormal
Gaussian

Full physics
Computationally expensive

Approximate physics
Computationally cheap

41
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Forward-model structure formation
There is a spectrum of implementations to forward-model structure formation

N-body FastPM LPT
Lognormal
Gaussian

Full physics
Computationally expensive

Approximate physics
Computationally cheap

 JaxPM 
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JaxPM-based field-level inference framework
• https://github.com/DifferentiableUniverseInitiative/JaxPM 

• Example: 2s (LPT), 90s (JaxPM) for single HMC step
• LSST Y10-like, 5 redshift bins
• 5x5 deg^2, 400x400x4600 Mpc/h, 200x200x128 pixels

• Require sampling ~5M parameters (!!)

42

(2023)

https://github.com/DifferentiableUniverseInitiative/JaxPM


The challenge of sampling

43

Lots of fine-tuning is still needed to recover contours that make sense (ongoing work…)
Focus on being constantly grounded by the 2pt analysis we think we know how to do, and fair 
comparison between different methods

LPT, weak lensing convergence field, 25 deg2
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Summary & Outlook
• The gain in beyond 2pt statistics depends on the science, the dataset, and how we 

extract the signal — it may not always make sense to go to the highest order

• There are practical challenges that we are working on to make HOS more robust

• There is great opportunities for learning about the new physics via lensing HOS

• Field-level inference is the final frontier — lots of work needed to do full-physics
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-0.015 0.01∑Weak lensing mass

The community has 
made a lot of 
progress making 
these maps!



-0.015 0.01∑
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Vikram, CC, Jain et al. (2015)
CC, Vikram, Jain et al. (2015)Weak lensing mass

150 deg2

3.4 M galaxies

SV (2015)

DES Collaboration



-0.015 0.01∑
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CC et al. (2018)

Y1 (2018)

Weak lensing mass
DES Collaboration

1,300 deg2

35 M galaxies



-0.015 0.01∑
49

Jeffrey, Gatti, CC et al. (2021)

Y3 (2021)

Weak lensing mass
DES Collaboration

4,300 deg2

100 M galaxies



-0.015 0.01∑
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Preliminary 

Blinded

Y6 (2024)

DES Collaboration
Weak lensing mass

~4,300 deg2

~150 M galaxies

expected
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Summary & Outlook
• The gain in beyond 2pt statistics depends on the science, the dataset, and how we 

extract the signal — it may not always make sense to go to the highest order

• There are practical challenges that we are working on to make HOS more robust

• There is great opportunities for learning about the new physics via lensing HOS

• Field-level inference is the final frontier — lots of work needed to do full-physics
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