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Among different probes, the weak lensing effect is uniquely important 

Large-scale structures  bend the light rays gravitationally
Observables: tiny shape distortion and flux change  shear and magnification

Gravitational in origin  unique probe to study the dark side of the universe
dark matter and dark energy, law of gravity

Sensitive to both the cosmic expansion and the large scale structures

• Introduction



Nonlinear evolution  Phase coupling  Cosmic density field is non-Gaussian 

Non-Gaussian statistics beyond 2pt are needed to fully reveal the 
cosmic information embedded in the large-scale structures

Density field from simulation Phase-randomized field with same P(k)

Coles & Chiang, 2000, Nature



Non-Gaussian statistics are abundant

Euclid Collaboration HOWLS team et al. 2023



Weak lensing peak statistics have become a common non-Gaussian application  

LOS matter concentrations (×lensing efficiency)  high WL signals  peaks in 
the WL mass maps  nonlinear and non-Gaussian features

Liu,X. et al. 2015

Shear field

Mass map

Significant excess over that of the Gaussian random field
especially at the high peak end non-Gaussian information

By Z.W. Li



Peak statistics have been applied to different surveys (e.g., Liu,X. et al. 2015, 
Liu,J. et al. 2015, Liu, X. et al. 2016, Kacprzak et al. 2016, Martinet et al. 2018, 
Shan et al. 2018, Zurcher et al. 2022, Liu,X. et al. 2023, Harnois-Deraps et al. 
2024)

(Liu et al. 2023, HSC Y1, 
tomography, high peaks SN>3.5, 
halo model  based)

(Harnois-Deraps et al. 2023, 
KiDS1000+DES-Y1,
-4<S/N<4, Emulator based)

All the peak analyses are in terms of 
peak height distribution



With deep learning, in Ribli et al. 2019, they analyzed the WL convergence map 
features, and found that the statistics of steepness (profile) of WL peaks carry 
additional cosmological information in comparison with the peak height statistics

Laplace operator Roberts cross  kernels

Laplace operator  second derivative
Roberts cross kernels  first derivative



• WL peak steepness statistics – adding the shape information 
 Simulation studies and modeling  (Li,Z.W. et al. 2023)

With ray-tracing simulations, we perform analyses to compare  the two statistics systematically
-- different noise levels and smoothing scales

In the Stage IV era   peak steepness statistics can indeed give better cosmological constraints

Mathematically, for a peak, its first derivatives are zero by 
definition. The steepness of a peak is reflected by its 
second derivatives



Assumption: Single massive halos contribute dominantly to WL peaks (M≧M*~1014h-1Msun)
 valid for high peaks – theoretically similar to cluster abundance, but different 

observables without the need to calibrate the mass-observable relation
Including the shape noise and the LSS projection effects 
 adopt Gaussian approximation forward modelling approach 

Steepness model for high peaks 
(Li,Z.W. et al. 2023 , Fan,Z.H. et al. 2010, Yuan,S. et al. 2018)

high peak
low peak



 adopt Gaussian approximation forward modelling approach 

Steepness model for high peaks 
(Li,Z.W. et al. 2023 , Fan,Z.H. et al. 2010, Yuan,S. et al. 2018)

Physical ingredients: HMF, density profile, geometric distances
Incorporate systematics relatively straightforwardly: Baryonic effects halo profile, HMF, LSS
IA effects  lensing profile of clusters of galaxies, shape noise properties (Zhang et al. 2025)



The model works well for both height and steepness statistics for high peaks

From the model, we can calculate the dependence of the two statistics on 
different physical parameters



Different sensitivities to the physical parameters (from our model) 

Steepness  statistics:

More sensitive to halo profile (M-c)
-- M-c relation is mass and redshift dependent
-- different weight on halo mass function 

More sensitive to LSS projection effects (cosmological info.)

In addition to cosmological constraints, steepness statistics 
can probe the density profile of halos, which encodes 
information of 

-- the baryonic effects 
-- dark matter properties

 Unique advantage of peak steepness statistics



 First application of the WL peak steepness analyses to HSC S16A data  
(Li, Z.W. et al. 2026)

Number density ~18 armin-2

Form shear field to convergence
-- smoothing scale 1.5 arcmin
-- corresponding shape noise 𝞂N~0.018

Building filling factor maps from galaxy 
distribution  exclude areas with f<0.6 
to mitigate the mask effects 



Mock validation: Built mocks from N-body simultions with the same spatial and redshift 
distribution of sources – mask effects, convergence reconstrunction, dark matter halo 
properties, MCMC pipeline

 using our peak model utilizing the HMcode-like approch to account for the baryonic
effects reflected by the amplitude A of the mass-concentration relation of halos 

 Excellent agreements with the input cosmological 
parameters and A~3.34(3.31) well consistent with 
DM-only case of A=3.13 from HM2016

 By combining peak height and steepness analyses

Can indeed constrain M-c relation simultaneously
with cosmological parameters

Potentially probe the baryonic effects from 
WL peak data only  control the induced bias

and probe astrophysics 



Observational results from HSC-SSP S16A

Comparing to the predictions with dark 
matter only ingredients (green dashed)

 The observed steepness count distribution 
systematically shifts to lower values

 The height distribution is not as
sensitive to A as the steepness distribution

 The advantage of adding the shape
information to the peak analyses



The lower A  consistent with strong baryonic effects

HSC Y3 3*2pt (Li,X.C. et al.2023) 

Mead et al. 2015, HMCode2016

DES Y3 small-scale 2pt (Arico et al.2023), BCM  

Applied the 
tight prior of [2,3]



Tests on different systematics

 B-mode test 
B-mode peak height and steepness distributions are very much consistent with
that of the pure noise maps  – No significant B-mode contanminations

 Galaxy intrinsic alignments (IA contaminations)
Using simulations with IA settings (Zhang, T.Y. et al. 2022, 2025) 
– IA effects are much smaller than statistical uncertainties



 Cluster member galaxy contaminations
Member galaxies in the shear sample dilute the lensing signals of their host
clusters and decrease the local shape noise – included in the model calculations 



 WL peak steepness analyses can provide sensitive constraints on 
halo profile  baryonic physics/dark matter properties

 Our first application to HSC data demonstrated well the feasibility in 
observational anlayses

 The lower A value from data is consistent with relatively strong bayonic 
feedback

 Potential to probe the physics of dark matter

 Very promising means in Stage IV WL survey analyses

 Discussion



 Our current analyses: contribute all bayonic effects to halo profile (like HMcode 
2016 for power spectrum)   pointing to positive baryonic effects

 We are implementing the Baryon Correction Model (BCM) into the peak model 
(dark matter+gas+stellar, change halo mass and profile) 
 more physical information regarding baryonic feedback

 The effective area used in our analyse in ~60deg2  cosmic variance?

We noticed the overlaps between some of the HSC S16A areas with eROSITA 
X-ray superclusters  -- case studies 

 Apply to HSC Y3  

eRASS1 X-ray superclusters (Liu, A. et al.2024) 



• Modeling the IA effects on WL high peak statistics

Galaxy intrinsic alignments are a major systematics in WL studies γ obs = γ +γ I

The IA effects on WL 2pt analyses have been 
studied systematically and extensively.

Their impacts on non-Gaussian statistics including WL 
peak statistics  need to be investigated carefully

Harnois-Deraps et al. infusion approach （𝛿- NLA）

Works well for relatively low peaks, and not accurate enough for high peaks
where small-scale one-halo term is dominant (satellite galaxies)  (e.g., Schneider 
& Bridle 2010, Kacprzak et al. 2016 ).



Simulation studies of IA impacts on WL peak statistics (Zhang et al. 2022, ApJ)

Using cosmological simulations with semi-analytical galaxy formation (Wei et al. 2018)

Central IA – given by the simulation
We change satellite IA to study their impacts on WL peaks

High-IA : radially aligned satellites
Low-IA: randomly orientated satellites 



From “observed” galaxy ellipticities  convergence maps  peaks

156 * (3*3 deg2)~1400 deg2

For comparison, we also generate no-IA samples by first randomly
rotating all the galaxies to eliminate IA and then adding lensing signals

Euclid-like source distribution
Blue – low IA
Red -- high IA

Satellite IA plays the dominant role affecting peak statistics in non-tomographic studies  



How do the IA effects arise?

Source sample contains cluster member galaxies
 Affect their host cluster peak signals
 Closely related to the dilution effect

Matched peak comparison

High peaks are affected more significantly
For Euclid-like, ~40-20% decrease of peaks with 
S/N>~4 for σθ ~40o-80o

Source distribution

Cluster contributing high peak



For source galaxies in narrow redshift bins

-- The behaviors are different: satellite IA affects cluster WL signals insignificantly 
because no foreground cluster members are in the source sample 
-- IA contributes (both central and satellite) additional noise  affects peak statistics

Pure Gaussian model comparisons 

Summary of IA effects on WL peaks
-- Decrease cluster WL signals because of their members in the shear sample
-- Change the noise properties

Incorporate IA into our model 
-- reduce the cosmological bias
-- constrain IA simultaneously, particularly satellite IA 



Theoretical modeling for the impact of IA on WL peaks (Zhang et al. 2025, ApJ)

Theoretical model for high peaks – Halo based (Fan et al. 2010, Yuan et al. 2018)

IA changes the lensing profile of the halos and noise properties

Source sample contains cluster member galaxies

Calculating the lensing profile changes

-- Estimate the member excess ratio from clusters and the
source galaxy catalog considering different bins of (z, M)

-- Single halo simulations to obtain the profile change 
-- Further the noise change is calculated 

by considering the number density change and IA  



IA changes the lensing profile of the halos and the noise properties

2D Excess fraction Profile change 

noise change 



Model test at the one-halo level



The full model test: one-halo profile and noise corrections from single halo simulations 
+ large scale IA contributions to the noise 

The model works well to mitigate the IA induced bias and provide a potential to probe 
satellite IA from WL peak analyses

Tomographic studies can help break the degeneracy between IA parameters
and cosmological parameters.



• Chinese Space Station Survey Telescope - CSST

Wright, A.H. et al. 2024



Gong et al. 2026



Sky coverage: nearly 100% overlap with Euclid

Cosmological probes: WL, galaxy clustering (photometry and slitless spectroscopy) , 
clusters, strong lensing, …
-- compatible with other Stage IV surveys + great complementarities 

single exposure

From end-to-end 
simulations



Cosmological forecast

Potential synergies with Euclid (Liu,D.Z. et al. 2023)

CSST





Blending problem: With the increase of depth, the problem of galaxy blending 
becomes increasingly troublesome, particularly for ground-based observations

 Combining data from CSST and Euclid would be more straightforward than combining 
ground-based data and Euclid; also can be done uniformly over the whole survey areas.

Blending fraction Total blends 



PSF chromaticity
-- PSF is wavelength dependent
-- stars and galaxies have different SEDs
-- the extrapolation of PSF measured from stars to galaxies

can have biases, especially for Euclid with the broad VIS band
-- galaxies have color gradients  additional biases

CSST can provide enough number of high 
S/N >50 narrower bands data for Euclid 
calibration

CSST



 With the upcoming Stage IV surveys, non-Gaussian statistical analyses are crucially important

 Peak steepness analyses provide added value 
– sensitive to halo density profile, which encodes important astrophysical and physical info.

 Understanding different systematics are critical 

 Synergetic studies between different Stage IV surveys can be greatly beneficial

Thank you 

• Summary


