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Part I: Introduction



Questions

● What is dark matter?
○ What is the mass of the dark matter particle(s)?
○ How does dark matter interact with itself and/or with baryonic 

matter?
● What is dark energy?

○ Is it a cosmological constant, or does it evolve in time?
○ Does general relativity fail to describe the Universe on large 

scales?



Probes of dark matter and dark energy

● Galaxy clusters
● Galaxy dynamics
● Cosmic microwave background
● Galaxy clustering
● Gravitational lensing
● Stellar streams from merging 

galaxies

● Supernovae
● Merging black holes/neutron stars



A toy description of galaxy evolution
● Galaxies turn gas into stars
● Galaxies merge with other galaxies

● Huge diversity in galaxy population
● The dark matter distribution influences 

the evolution of galaxies, and vice-versa
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Madau & Dickinson (2014)

Dark 
matter Galaxies

● Gas infall rate and 
temperature

● Merger rate

● Adiabatic contraction 
(inflowing gas)

● Feedback (outflows)

Stellar mass



Observational challenges

● Galaxy evolution is a multi-dimensional problem. Many relevant parameters: 
stellar mass, morphology, size, star formation rate, environment, central black 
hole mass, etc...

● Observations have errors. Observed space is not an accurate description of 
the truth, but a convolution with an error function

● Processes occur on cosmological time-scales. Need model to map 
progenitors to descendants
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Solution

● Combine different datasets
● Forward model



Part II: a generalized stellar-to-halo mass 
relation



Early-type galaxies
● Very little star formation activity, little 

gas, spheroidal stellar distribution
● Two-phase evolution scenario: 

intense star formation activity up to z 
~ 2, then growth by mergers

● Rapid size evolution

What are the properties of their 
dark matter halos?

● If merger history changes with halo 
mass, there should be a correlation 
between size and halo mass at fixed 
stellar mass

Newman et al. (2012)



Gravitational lensing
Strong

● Two or more images of the same source
● Typical image separation for z~0.5 lens, 

10kpc
● Very high precision in determination of 

total projected mass
● Requires chance alignment between lens 

and source (rare event)
● Applications: time-delay cosmology, 

substructure detection

Weak

● Small image distortion: galaxies are 
preferentially aligned tangentially wrt 
center of mass distribution

● Degeneracy between intrinsic galaxy 
shape and lensing distortion: need to 
statistically combine many background 
sources and many lenses

● Strongest constraints at 100kpc-1Mpc 
scales



Challenges in weak lensing

● Observable: tangential shear
● Signal strength: ~0.01
● Noise: ~0.3
● Traditional approach: 

○ group lens galaxies (or clusters) 
in bins based on an observable 
property (e.g. stellar mass)

○ Stack the weak lensing data 
over all lenses in the bin

● Problems:
○ Not all lenses are the same, 

some information is lost
○ Observational scatter introduces 

biases, especially when working 
in many dimensions

● Example: measuring weak lensing 
signal of lenses in bins of different 
size and same stellar mass
○ Observational errors scramble 

galaxies in the stellar mass-size 
plane

Mock mass-size relation

Sonnenfeld & Leauthaud (2018)



Bayesian hierarchical inference

● Sample of measurements from objects belonging to the same family
● Simultaneously infer parameters describing the population as a whole, as well 

as parameters describing individual objects

Individual lens parameters (e.g. 
stellar mass, halo mass, etc.)

Prior distribution is a function of 
the population hyper-parameters

Population hyper-parameters (e.g. 
average halo mass, scatter, etc.)

Data (e.g. shear measurements, 
stellar mass measurements)



Bayesian hierarchical inference

Sonnenfeld & Leauthaud (2018)

Halo mass 
hyper-parameters

Size 
hyper-parameters

Stellar mass 
hyper-parameters



Bayesian hierarchical inference: Examples (1)

Hinton et al. (2018, DES collaboration)



Bayesian hierarchical inference: Examples (2)

Schneider et al. (2015)



Hyper Suprime-Cam Survey

● ~1,000 square degrees
● Depth ~26 mag 

(i-band)
● Typical seeing 0.7”



● 10,000 massive galaxies (M* > 10^11) from BOSS CMASS sample (median 
redshift z~0.55)

● Stellar masses and sizes from HSC grizy photometry
● HSC weak lensing shape measurements on 140 square degrees
● Bayesian hierarchical inference of halo mass-stellar mass-size-Sersic index 

relation



Dependence of halo 
mass on galaxy 

half-light radius, at 
fixed stellar mass



Sonnenfeld et al. (2019)



Part III: strong lensing constraints on the 
stellar IMF of massive galaxies



The stellar initial mass function (IMF): main 
systematic in stellar mass measurements

These stars contribute very little to 
the light of a galaxy, but contribute a 
lot to the mass: uncertainty in M/L of 

up to a factor of 2!

Xu et al. (2017)

How stellar masses are measured:
● Measure light distribution
● Assume a stellar population model
● Fit model parameters based on observed light
● Extrapolate model down to very small stars



Strong lensing constraints on stellar IMF

● Strong lensing constrains total mass (upper limit on stellar mass)
● Statistical sample and/or complementary information (e.g. weak lensing, 

stellar kinematics) can help us disentangle stellar and dark matter mass 
(under some assumptions on stellar and dark matter profile)

IMF mismatch parameter



Finding strong lenses

● Current size of SuGOHI 
sample: ~200 grade A/B 
lenses

● ~80 in CMASS (22 with 
spectroscopy)



Statistical strong lensing

● The sample: 22 lens galaxies from CMASS (same as WL study) with 
spectroscopic data

● Goal: infer distribution of IMF mismatch parameter of the sample
● Bayesian hierarchical model, with prior on halo mass from weak lensing
● Strong lensing selection effects are modeled explicitly

Prior on halo mass distribution 
from weak lensing



Sonnenfeld et al. (in prep.)



Part IV: future prospects



Future prospects

● Weak lensing:
○ Extend analysis of HSC data to explore the relation between halo 

mass (and/or halo concentration) and various observed 
properties: velocity dispersion, group richness (see work by L. 
Kawinwanichakij), black hole mass, galaxy formation time

● Strong lensing:
○ Bring sample of SuGOHI lenses to ~1,000
○ Follow-up observations from PFS
○ Simultaneous strong and weak lensing analysis
○ Break the degeneracy between halo density profile and stellar 

IMF
○ Head-start in the LSST era (10,000 ~ 100,000 lenses)





Prime focus spectrograph

● Galaxy evolution: ~200,000 galaxies at 0.7 < z < 2.0
● Transition phase from star-forming to quiescent: key for 

understanding quenching.
● Modeling/data analysis challenge: how to observationally disentangle 

various effect that are linked to quenching? (e.g. halo mass, stellar 
mass, environment, outflows)



Summary

● Understanding the galaxy-halo connection is key for both cosmology and 
galaxy evolution science

● Observational challenges require appropriate inference tools. Key is forward 
modeling

● HSC weak lensing is allowing exploration of dependence of halo mass on 
various galaxy properties

● Combination with other datasets (X-ray, SZ, richness,...) will help improve 
halo mass estimates

● HSC strong lensing is allowing measurements of the stellar IMF of massive 
galaxies (PFS will allow full exploitation): head start in the statistical strong 
lensing era


