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Fig. 3.— Projected mass distribution with a smoothing scale of FWHM= 4.′ and units of significance of ν = κ/σκ . The shear is used
without taking into account the LSS lensing eﬀect. The contours of significance start at 1σ with a step value of 1σ. The letters and numbers
denote the names of known background systems (Table 2) and the names of subhalos (Table 3), respectively.
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Fig. 13.— Subhalo mass function spanning 2 orders of magnitude of subhalo masses. The red solid and blue dotted lines are
the best-fit power-law model and Schechter function, respectively.
The best-fit powers are in remarkable agreement with CDM predictions. Green dashed lines are the mass function for spurious
peaks. The thick and thin dashed lines are the best-fit and the

Stacking

Measuring subhalo mass
of stacked satellite
galaxies

Li et al. 2013

Select satellites directly : Group finder
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Yang, Mo and vdBosch 2007, using
SDSS spectroscopic sample
1.A self-calibrated FOF method.
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2.Assign all galaxies to groups.


2.Estimate
group mass by
 ((()*
abundance matching.
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Satellite lensing in CFHT/Stripe82 data
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First measurement of subhalo lensing signal in groups.

log(Msub/h−1M⊙) = 11.68
± 0.67
satellite
gglensin
<log(Msub,theory/h−1M⊙)> = 11.30
log(Mstar/h−1M⊙)=10.51

Figure 1. Solid dots show the measured excess surface density
profiles, ∆Σ(R), around satellite galaxies in groups with assigned
masses in the range [1013 , 5 × 1014 ] h−1 M⊙ . In the upper panels,
the rp range of satellite galaxies is [0.1, 0.3]h−1 Mpc, while in the
lower panels, the range is [0.3, 0.5]h−1 Mpc. Errorbars reflect the
68% confidence intervals obtained using bootstrapping. The black
solid lines in the left-hand panels show the predictions of our fiducial model (see §3), while the dashed and dash-dotted lines show

Lensing around satellites in groups
with mass>5x10^13 solar mass
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Warm

CDM vs WDM
COCO simulations Bose+ 2016

3.3 keV WDM, COCO simulations Bose et al. 2017
The power spectrum of this WDM model is also
very similar to the “coldest” 7 kev sterile neutrino

Cold

Identity of Dark matter
COCO simulations Bose+ 2016

Li et al. 2016 arxiv 1512.06507

ft evolution of the dark matter density in cubes of 2 h 1 Mpc on a side, for a CDM (left) and 3.3 keV WDM Universe
to bottom, the snapshots for z = 10, z = 6, z = 1 and a zoom-in of a 1010 h 1 M halo in z = 0 are shown. The
3.3 keV model makes di↵erences hard to tell, especially at z = 1, where the largest objects look identical. At early
he formation of far more smaller objects in CDM can be clearly seen, whereas the equivalent regions in WDM are
rmation of the largest objects occur at roughly the same time and evolve in a similar fashion. In the bottom panel, we
010 h 1 M halo, where the lack of substructure in the WDM case relative to the CDM counterpart is stark.

How to find small haloes?
Most very small haloes don’t form galaxy

Substructure detection in
strong lenses

TMT/
ELT

HST/CSS-OS
/Euclid

Li et al. 2016 arxiv 1512.06507

Vegetti et al. 2012

VLBI

Perturbing Einstein ring
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Figure 2. The dashed bars show the projected number density
of subhaloes in the Einstein ring region for a lens with host halo
of 1013 h 1 M at redshift 0.2. The solid bars show the projected
number density of haloes along the line of sight. The width of the
bars show the mass bin sizes.
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Figure 4. The figures shows posterior distribution of mass and
redshift. The input interloper is at z=0.18 with a subhalo of mass
5 ⇥ 106 h 1 M . The contour shows 68% and 95% confidence level
for 2-d posterior distribution of fitted mass and redshift.

Figure 3. The x-axis is the subhalo mass detection limit. The
blue dashed line show the number density of subhaloes with mass
above the Mlow for a host halo mass of 1013 h 1 M at redshift 0.2,
which is derived by Xu et al. 2014. The red dashed line shows the
number density of subhaloes of a coco-warm universe. The blue
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results.
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Forecast

M_low=10^7 Msun
Upper: N_lens=20
Lower: N_Lens=100

Modeling the lens

PyAutoLens By Nightingale James

PyAutoLens By Nightingale James

Subhalo on Einstein ring

108Msun

Vegetti et al. 2012

Not significant enough

Sensitivity function

Lenses in Vegetti et al. 2014

Strong lensing Einstein ring systems o↵er a promising place to detect dark matter
substructures below 109 M through distortions they induced to the strong lensing
image. The abundance of substructures measured in this way can be used to distinguish
two most plausible dark matter particle candidates: cold dark matte ( CDM ) and
warm dark matter ( WDM ), the later of which predicted much less very low mass
substructures. However, the globular clusters that reside in the lens galaxies can also
induce distortions as those subhaloes, which may contaminate the results. In this
paper, we investigate the population of globular clusters in early type galaxies in the
nearby Virgo cluster. We find that the number density of substructures with mass
below 106 M is dominated by the globular clusters. We also show that the lensing
distortion from globular clusters is quite di↵erent from that of dark matter subhaloes,
thus can be distinguished with high resolution imaging.

Globular clusters
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globular clusters
In this paper
Xu et al.(Ref.?) have used the GC system of Milky Way
as a sample to estimate GC’s e↵ect in a lensing system.
•
However, as showed in figure(1), the Milky Way(displayed
as a triangle in figure(1)) is much smaller than those SLACS
galaxies, which suggests that the GC’s e↵ect may be less estimated by Xu. In fact, as the linear fitting result shows,
since Milky Way’s stellar mass is about ten times smaller
than the stellar mass of those typical SLACS galaxies, the
number of GCs in the Milky Way is around 30 times less
than that of SLACS galaxies. Therefore, a more precise estimation of GC’s e↵ect in strong lensing system is needed to
be done for massive galaxies.

QHH, RL et al. 2018

There are ~1000 of globular
clusters in massive early
galaxies.
The GCs can dominate the
subhaloes around the
Einstein radius.
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GLOBULAR CLUSTER CATALOG

Figure 1. the relation between Ngc and galaxy’s stellar mass.
The unit of mass is 109 M . XXXX, is there a h in unit? XXXX

Figure 2. The dashed bars show the projected number density
of subhaloes in the Einstein ring region for a lens with host halo
of 1013 h 1 M at redshift 0.2. The solid bars show the projected
number density of haloes along the line of sight. The width of the
bars show the mass bin sizes.

Effects of Globular Clusters
Figure 4. The figures shows posterior distribution of mass and
redshift. The input interloper is at z=0.18 with a subhalo of mass
5 ⇥ 106 h 1 M . The contour shows 68% and 95% confidence level
for 2-d posterior distribution of fitted mass and redshift.
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Table 2. the surface number density around the Einsteinmass.
ring Considering the halo mass function increase towards

Number
density of GCs

the low mass end, the higher the lens redshift is, the more
> 106 M the interlopers become.
important
7.21If± 2.33
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9.53 ± 3.79
and
redshift of the interloper, and ✓ is the angular position
4.07 ± 2.83
of the interloper. In other words, we can use a subhalo of
the unit is arcsec 2
Me↵ at redshift zlens to model an image perturbation caused
by the interloper of Mint at redshift zint .
We assume that the mass detection limit of subhaloes
4 THE LENSING EFFECT OF GCS
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results.
NFW profile (ref XXX), which has the form:
In the left and middle panels of figure 3, we compare the
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near the position ofhthe
substructure. The existence of the
where x = rrs and rs is the scale parameter. According to
substructure induces a distortion around it. The distortion
Navarro et al.(Ref.?), the two parameter can be determined
and the cumulative surface density of subhaloes in range
induced by the GC changes the brightness around its posiby concentration parameter c as,
tion by about 2%, while a subhalo generate no visible e↵ects
c 0000 RAS, MNRAS 000, 000–000
⇢s = ⇢crit c
(11)
on the plot. The result is easy to understand, because a GC
is much more condensed than the NFW subhalo. The radius of this GC is 72 pc, while the dark halo is much more
rs = r200 /c
(12)
extended with r200 ⇠ 3000 pc.
In the right panel of Fig.3, we show the results of a NFW
3
c3
where c = 200
and M200 = 200 43 ⇡r200
, where
3 ln(1+c) c/(1+c)
profile that is the best-fit to the King’s model of NGC5139.
r200 is the radius within which the average density equals
The best-fit mass of SUB2 model is 107.14 M , XXXX more
to 200 times of the critical density. We use the M200 c
massive than that of the GC, and c is 104.46 ,600 times larger
concentration relation derived by XXXX
than that predicted by ?. The amplitude of the brightness
We use King’s model to represent density profile of a
change caused by this ultra-densed NFW halo is comparable
name (VCC)
1226
1978
881
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> 105 M
53.61 ± 15.72
61.03 ± 27.17
24.94 ± 4.3
46.28 ± 15.43
34.67 ± 23.54

105 ⇠ 106 M
46.39 ± 13.62
52.98 ± 23.59
21.75 ± 3.72
36.75 ± 12.2
30.59 ± 20.78

GC vs NFW

QHH, RL et al 2018
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Strong lensing working group
•

Member: Ran Li (NAOC), Nan Li (Nottingham) , Dezi Liu (YNU),
Guoliang Li (PMO), Xiaoyue Cao (NAOC), Ye Cao (NAOC), Yun
Chen (NAOC), Yiping Shu (NAOC), Xin Wang (UCLA), Xiaolei
Meng (Tsinghua)， Dandan Xu (Tsinghua)….

•

Email list CSST_SLWG@googlegroups.com

•

Collaboration tool: https://tiangongslwg.slack.com/

•

http://linan7788626.github.io/
TiangongSurveyStrongLensingWorkingGroup/

•

Currently, aim to construct a set of strong lensing simulations
and produce some forecast papers.

Expectation for CSS-OS
•

~150000 galaxy scale strong
lens systems (currently ~400),
Including ~1000 double lens
system
Provide by Yiping Shu

•

Hundreds of massive clusters
with many multiple images

•

Accurate photo-z for both lens
and source.

Hubble HFF

Strong lensing science
cases of CSS-OS
•

Abundance of dark matter substructure and identity of dark matter

•

Testing GR

•

Inner density structure of galaxy clusters

•

Galaxy mass and structure

•

Dark matter fraction within galaxies and clusters

•

Shape of dark matter haloes

•

Evolution of Early type galaxies

•

……
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MOCK data for CSS-OS
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Lens Models
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Deflection Fields

Lensed Images
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(noise,
psf…)

Inputs
Outputs
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Light
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Summary
•

Galaxy-galaxy lensing can be a powerful tool to measure
subhalo mass for satellite galaxies in groups and clusters.

•

Subhaloes detected from Einstein ring systems provide a
promising way to distinguish WDM and CDM model.

•

20 lenses with M_low=1e7 Msun, or 100 lenses with
M_low=1e8 Msun can put strong constraints on WDM

•

LOS haloes dominate the total number of perturbers.

•

Understanding the sensitivity function is very important for
constraining the SHMF.

Strong lensing Einstein ring systems o↵er a promising place to detect dark matter
substructures below 109 M through distortions they induced to the strong lensing
image. The abundance of substructures measured in this way can be used to distinguish
two most plausible dark matter particle candidates: cold dark matte ( CDM ) and
warm dark matter ( WDM ), the later of which predicted much less very low mass
substructures. However, the globular clusters that reside in the lens galaxies can also
induce distortions as those subhaloes, which may contaminate the results. In this
paper, we investigate the population of globular clusters in early type galaxies in the
nearby Virgo cluster. We find that the number density of substructures with mass
below 106 M is dominated by the globular clusters. We also show that the lensing
distortion from globular clusters is quite di↵erent from that of dark matter subhaloes,
thus can be distinguished with high resolution imaging.

Globular clusters
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In this paper
Xu et al.(Ref.?) have used the GC system of Milky Way
as a sample to estimate GC’s e↵ect in a lensing system.
However,
as showed in figure(1), the Milky Way(displayed
❖
as a triangle in figure(1)) is much smaller than those SLACS
galaxies, which suggests that the GC’s e↵ect may be less estimated by Xu. In fact, as the linear fitting result shows,
since Milky Way’s stellar mass is about ten times smaller
than the stellar mass of those typical SLACS galaxies, the
number of GCs in the Milky Way is around 30 times less
than that of SLACS galaxies. Therefore, a more precise estimation of GC’s e↵ect in strong lensing system is needed to
be done for massive galaxies.

HQ, RL et al. in prep

There are ~1000 of
globular clusters in
massive early galaxies.

The GCs can dominate
the subhaloes around the
Einstein radius.
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GLOBULAR CLUSTER CATALOG

Figure 1. the relation between Ngc and galaxy’s stellar mass.
The unit of mass is 109 M . XXXX, is there a h in unit? XXXX

Effects of Globular Clusters

Figure 2. The dashed bars show the projected number density
of subhaloes in the Einstein ring region for a lens with host halo
of 1013 h 1 M at redshift 0.2. The solid bars show the projected
number density of haloes along the line of sight. The width of the
bars show the mass bin sizes.

Figure 4. The figures shows posterior distribution of mass and
redshift. The input interloper is at z=0.18 with a subhalo of mass
5 ⇥ 106 h 1 M . The contour shows 68% and 95% confidence level
for 2-d posterior distribution of fitted mass and redshift.

Number density of GCs Table 2. the surface number density around the Einstein ring
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on the plot. The result is easy to understand, because a GC
is much more condensed than the NFW subhalo. The radius of this GC is 72 pc, while the dark halo is much more
rs = r200 /c
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extended with r200 ⇠ 3000 pc.
In the right panel of Fig.3, we show the results of a NFW
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, where
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profile that is the best-fit to the King’s model of NGC5139.
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to 200 times of the critical density. We use the M200 c
massive than that of the GC, and c is 104.46 ,600 times larger
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change caused by this ultra-densed NFW halo is comparable
105 M

GC vs NFW
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Lyman-alpha forest

Viel et al. 2013

