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ABSTRACT

We use MMT spectroscopy and deep Subaru Hyper Suprime-Cam (HSC) imaging to compare the

spectroscopic central stellar velocity dispersion of quiescent galaxies with the effective dispersion of the

dark matter halo derived from the stacked lensing signal. The spectroscopic survey (the Smithsonian

Hectospec Lensing Survey) provides a sample of 4585 quiescent galaxy lenses with measured line-

of-sight central stellar velocity dispersion (σSHELS) that is more than 85% complete for R < 20.6,

Dn4000 > 1.5 and M? > 109.5M�. The median redshift of the sample of lenses is 0.32. We measure

the stacked lensing signal from the HSC deep imaging. The central stellar velocity dispersion is directly

proportional to the velocity dispersion derived from the lensing σLens, σLens = (1.05 ± 0.15)σSHELS +

(−21.17± 35.19). The independent spectroscopic and weak lensing velocity dispersions probe different

scales, ∼ 3kpc and & 100 kpc, respectively, and strongly indicate that the observable central stellar

velocity dispersion for quiescent galaxies is a good proxy for the velocity dispersion of the dark matter

halo. We thus demonstrate the power of combining high-quality imaging and spectroscopy to shed

light on the connection between galaxies and their dark matter halos.

Keywords: Quiescent galaxies – Galaxy dark matter halos – Weak gravitational lensing – Spectroscopy

1. INTRODUCTION

In the standard hierarchical structure formation sce-

nario, each observable galaxy inhabits a dark matter

halo. Probing the relationship between the galaxy and

its halo is a continuing challenge. Quiescent galaxies

have been central to these investigations partly because

they are the most massive galaxies.

We focus on the central stellar velocity dispersion

of quiescent galaxies, a quantity that is well-correlated

with other characteristic observables (Faber & Jackson

1976; Djorgovski & Davis 1987). The velocity dispersion

provides a promising connection between the observable

galaxy with its dark matter halo (e.g. Schechter 2015;

youtsumi@slac.stanford.edu

∗ Based on data collected at Subaru Telescope, which is operated
by the National Astronomical Observatory of Japan.

Wake et al. 2012; van Uitert et al. 2013; Zahid et al.

2016).

For a small sample of nearby quiescent objects, Faber

& Jackson (1976) first demonstrated the clear corre-

lation between the central stellar velocity dispersion

and galaxy luminosity. Since then, others have demon-

strated this correlation for larger samples and they have

identified scaling relations between the central stellar

velocity dispersion and other observables (e.g. Bernardi

et al. 2003, 2004; Spindler & Wake 2017). The empiri-

cally determined fundamental plane relating the veloc-

ity dispersion, the effective radius and the mean surface

brightness within the effective radius has been an impor-

tant benchmark in the study of quiescent galaxies (Djor-

govski & Davis 1987). Bernardi et al. (2003); Hyde &

Bernardi (2008) recast the fundamental plane in terms

of the stellar mass accounting, in principle, for mass-

to-light ratio variations. Cappellari et al. (2013) further

investigate the relationship between stellar mass and ve-
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locity dispersion. The observed relations provide the

foundation for examining the relationship between the

velocity dispersion and the dark matter halo as probed

by lensing observations.

Weak gravitational lensing provides a powerful tool

for connecting observable parameters with the otherwise

invisible dark matter halo (e.g., Bartelmann & Schnei-

der 2001). From the first detection of the weak lensing

signal associated with an ensemble of galaxies (Tyson

et al. 1984), a host of studies have provided more and

more impressive measures of the dark matter profiles as

a function of various observables (Brainerd et al. 1996;

Hudson et al. 1998; Fischer et al. 2000; McKay et al.

2001; Smith et al. 2001; Hoekstra et al. 2003, 2004; Shel-

don et al. 2004; Mandelbaum et al. 2006b; Gavazzi et al.

2007). van Uitert et al. (2013) derive the amplitude of

the weak lensing signal around galaxies as a function of

the central stellar velocity dispersion to determine the

projected distribution of dark matter. They find that

the lensing signal of galaxies is equally well traced by the

stellar mass and the central stellar velocity dispersion.

Strong lensing has also provided important constraints

on the properties of the dark matter halo. For example,

Schechter et al. (2014) show that “velocity dispersions”

estimated from Einstein ring radii result in a fundamen-

tal plane that is substantially tighter than the classical

relation based on spectroscopically measured stellar ve-

locity dispersions.

Wake et al. (2012) and Bogdán & Goulding (2015)

argue that the central stellar velocity dispersion of a

quiescent galaxy is a probe of its host dark matter halo.

Schechter (2015) suggests that that the observed stellar

velocity dispersion is a good proxy for the halo velocity

dispersion. Zahid et al. (2018) use the Illustris-1 simu-

lations (Nelson et al. 2015) to show that the observed

central stellar velocity dispersion is proportional to the

dark matter halo velocity dispersion for both central and

satellite galaxies; for satellite galaxies the central stellar

velocity dispersion traces the dark matter halo velocity

dispersion at the time of infall.

Here we combine deep Hyper Suprime-Cam (HSC,

Miyazaki et al. 2018) imaging with MMT spectroscopy

(Fabricant et al. 2005) to compare the weak lensing sig-

nal with spectroscopic central stellar velocity disper-

sions for 4585 quiescent galaxies. Our study uses the

deeper HSC imaging to extend the similar analysis of

van Uitert et al. (2013) to greater redshift. We also com-

pare the observational results with predictions based on

the Illustris-1 simulations.

We describe the imaging and spectroscopy in Sec-

tion 2. We outline the method of analysis in Section

2.4. The resulting relations between the effective veloc-

ity dispersion derived from weak lensing and the stel-

lar mass are in Section 3.2. In Section 3.2 we demon-

strate the one-to-one correspondence between the lens-

ing and spectroscopic velocity dispersions. We high-

light the correspondence between the observational re-

sults and the predictions of the Illustris-1 simulations.

In the discussion (Section 4) we outline subtle issues

and potential limitation in the analysis and interpre-

tation of the results. We conclude in Section 5. We

use WMAP9 Flat ΛCDM cosmology throughout this pa-

per (H0 = 69.3km/Mpc/s,Ωm0 = 0.286,Ωb0 = 0.0463)

(Hinshaw et al. 2013).

2. THE DATA

Our goal is to compare the spectroscopic central stel-

lar velocity dispersions of quiescent objects with the ef-

fective dispersion derived from the weak lensing signal

for these objects acting as gravitational lenses. We base

our measurement of the relationship between the spec-

troscopic and lensing signal on two independent surveys.

We derive the lensing signal from HSC data covering

the F2 field of the Deep Lens Survey (Wittman et al.

(2002); Section 2.1). The spectroscopy of the lenses

comes from the highly complete SHELS survey for galax-

ies with R < 20.6 (Geller et al. 2005, 2014, 2016, Section

2.2)

2.1. Shape Catalog

We use the HSC-i band imaging data for the DLS

F2 field (9h18m00s,+30◦00′00′′) (Wittman et al. 2002)

described in (Utsumi et al. 2016, U16) for shape mea-

surements. The original DLS F2 field is a 2 × 2 deg2

region but the HSC pointings extend beyond the origi-

nal boundaries of the F2 field (see Figure 1 of U16). The

exposure is 240 sec for each pointing. The typical seeing

for the HSC imaging is in the range 0.5–0.7 arcsec.

The images were processed with the standard reduc-

tion packages for the HSC Subaru Strategic Survey Pro-

gram (HSC SSP; Aihara et al. 2018), the hscPipe sys-

tem (Bosch et al. 2018). We ran version 3.10.2 to reduce

the F2 data. The hscPipe system generates a reduced

stacked image by applying a standard reduction scheme

for the HSC images, subtracting bias, trimming overscan

regions, applying astrometric and photometric calibra-

tion, and solving mosaicing solutions and stacking.

Rather than using the shape catalog in Utsumi et al.

(2016) derived with lensfit, we use the catalog produced

by hscPipe. The hscPipe catalog is based on an inte-

grated algorithm that takes information from the instru-

mental signature removal process into account. Further-

more lensfit derives shape parameters by performing the

fit on a thumbnail image of the galaxy. This procedure
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Figure 1. Galaxy number density as a function of apparent
HSC-i magnitude (Cmodel) for the subsample measured by
hscPipe for F2 (black open circle) and the subsample used
in lensfit in Utsumi et al. (2016, (black crosses)). The red
open circle represents galaxies survived the lensing cut. The
five curves show deep number counts based on Suprime-Cam
imaging Furusawa et al. (2008). Agreement between the HSC
and Suprime-Cam counts is excellent.

sometimes fails and reduces the number of usable galax-

ies. hscPipe recovers some of these galaxies. To con-

struct a clean object catalog, we follow the HSC SSP

approach to produce the shape catalog (Mandelbaum

et al. 2018). Appendix A lists the cuts we make to re-

fine the sample (the lensing cut). We require objects

that are not contaminated by artifacts including, for ex-

ample, cosmic rays and diffraction spikes. We include

only objects that are not blended with a neighboring

object.

The resultant number of measured galaxies is ∼10%

larger than in the original Utsumi et al. (2016) shape

catalog. The updated number is compatible with deep

number counts based on Suprime-Cam imaging by Fu-

rusawa et al. (2008). They derived the galaxy number

counts for five i-band Suprime-Cam 32′× 27′ pointings.

The small differences among the counts in these indepen-

dent fields reflect cosmic variance on the Suprime-Cam

scale.

We choose "shape.hsm.regauss.*" measured by the

re-Gaussianization technique with an elliptical Laguerre

expansion method (Hirata & Seljak 2003) for the shape

parameter, e. We then compute the differential tangen-

tial surface mass density for each lensing galaxy

∆Σ(R) = Σ̄(< R)− Σ(R) = g(R)Σcr (1)

where the critical surface mass density is

Σcr =
c2

4πG

Ds

DlDls
(2)

and D represents the angular diameter distance to the

lens (l), source (s) and between the the two(ls). g is the

reduced shear defined as

g =
〈e〉
2R

(3)

where R = 1− 0.3652 and

〈e〉 =

∑
i eiwi∑
i wi

, where wi =
1

0.3652 + σ2
i

. (4)

Once we obtain ∆Σ(R) for each lensing galaxy, we com-

pute an appropriate weighted average for each lensing

subsample to construct the stacked lensing signal.

We compute the covariance matrix

Cij =

〈(∆Σ(Ri)− 〈∆Σ(Ri)〉) (∆Σ(Rj)− 〈∆Σ(Rj)〉)〉 , (5)

where Ri is the radius of the i-th bin. For each sample

we perform 100 bootstrap resamplings, In the plots, we

take the diagonal component Cii (standard deviation

for each bin) as a measure of the error in the stacked

lensing shear signal at each radius; we use the full co-

variance matrix Cij for fitting (Section 2.4). Use of the

full covariance Cij for fitting improves agreement with

previous relations between stellar mass and velocity dis-

persion (Figure 6).

2.2. The Lenses

The sample of lensing galaxies is a subset of the

Smithonian Hectospec Lensing Survey (SHELS; Geller

et al. (2005, 2014, 2016)). The redshift survey covers

the DLS F2 field. The redshift survey is 95% complete

to a limiting magnitude R = 20.6, where the magni-

tudes are extrapolated Kron-Cousins R-band total mag-

nitudes. Redshifts, stellar masses and Dn4000 indices

for galaxies in F2 are included in Geller et al. (2014).

In the full SHELS survey sample, Zahid et al. (2016)

derived the central stellar velocity dispersion for 4585

quiescent galaxies. Zahid et al. (2016) review tests of

the SHELS velocity dispersion against overlapping ob-

jects in the SDSS. They also discuss the small aper-

ture correction. They select galaxies with R < 20.6,

log(M∗/M�) > 9.5 and Dn4000 > 1.5 for velocity

dispersion measurement.The stellar mass limit ensures

that only a small fraction of galaxies have velocity dis-

persions near the limit set by the Hectospec resolu-

tion, ∼ 90 kms−1. More than 85% of the objects in
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the total sample have a measured velocity dispersion.

The main incompleteness occurs in the redshift range

0.6 < z < 0.7.

The Dn4000 index is the flux ratio between two spec-

tral windows adjacent to the 4000 Å break (Balogh

et al. 1999). Woods et al. (2010) demonstrate that the

Dn4000 index is useful for segregating quiescent and

star-forming galaxies. Following Woods et al. (2010),

Zahid et al. (2016) defined galaxies having Dn4000 ≥ 1.5

quiescent galaxies. Zahid et al. (2016) measured the

line-of-sight (LOS) velocity dispersions σ from stellar

absorption lines observed through the 1′′.5 fiber aperture

of Hectospec. They correct the dispersion to a fiducial

physical aperture of 3 kpc, approximately the effective

radius of a typical quiescent galaxy (e.g., Schechter et al.

2014). These aperture corrections are generally small.

The median observational uncertainty in the measured

dispersion σ is 38 kms−1.

2.3. The Background Galaxy Redshift Distribution

We use photometric redshifts to calculate the critical

surface mass density. Schmidt & Thorman (2013) derive

a photometric redshift catalog for the original 2 deg2

DLS F2 region. The depth of the photo-z catalog is

comparable with the full catalog of sources we detect;

thus the photo-z catalog can be used to derive the source

redshift distribution.

Schmidt & Thorman (2013) derived photo-zs by ap-

plying the the BPZ (Beńıtez 2000) code to deep B, V , R

and z imaging with 5σ limiting magnitudes of 26.0, 26.3,

26.5 and 23.8 mag in 5 σ, respectively. The BPZ code

provides a best redshift estimate, zb, based on Bayesian

priors. Hereafter we use this zb as the source photo-zs.

The HSC imaging survey extends outside the origi-

nal DLS survey footprint (See Figure 1 in Utsumi et al.

(2016)). Thus we do not have photo-zs for all of the

galaxies. To estimate Σcr throughout the region cov-

ered by the HSC imaging, we simply assume that the

background galaxy distribution in the original F2 region

applies to the entire survey region. We then estimate

Σcr statistically using the critical surface mass density

weighted mean redshift:

〈z〉 =

〈(∫ ∞
zl

dzs(zsΣcr(zl, zs))
−1P (zs)/Azl

)−1
〉

zl

,(6)

where zl is the redshift of the lensing galaxy, P (zs) is

the normalized background lensed galaxy redshift distri-

bution, and Azl =
∫∞
zl
dzs(Σcr(zl, zs))

−1P (zs) is a nor-

malization factor.

Figure 2 displays redshift distributions of the lensing

galaxies (purple dashed) and of the galaxies with photo-

zs (values of zb) that survive the lensing cut (blue dot-

0.0 0.5 1.0 1.5 2.0
redshift

0.0

0.1

0.2

0.3

0.4

0.5

P(
z)

dz

lensing galaxies
galaxies survive the lensing cut
Weighted mean zs distribution

Figure 2. Redshift distribution of lensing galaxies (purple
dashed), source galaxies that survive the lensing cut (blue
dotted). The green solid curve shows the distribution of
critical mass density weighted source redshifts.

ted). The Figure also shows the average of the crit-

ical surface mass density weighted mean source red-

shifts for the set of lenses (within the bracket in equa-

tion 6) (green solid). The value of 〈z〉 and its disper-

sion are 0.93 ± 0.10, corresponding to a relative error

in the surface critical mass density Σcr in the range

−0.04 < δΣcr/Σcr < +0.06.

The normalization factor Azl is equivalent to the crit-

ical surface mass density for each galaxy.

2.4. Model

We follow the procedure used for clusters of galaxies

(Oguri & Takada 2011) to construct a stacked lensing

model for individual galaxies. To represent the mat-

ter distribution in the lens, we use an SIS (Singular

Isothermal Sphere) rather than NFW (Navarro, Frenk,

& White, Navarro et al. 1997) profile although some pre-

vious lensing studies of ensembles of individual galaxies

show that the NFW profile is a better model.

Our data only allow determination of the profile on

scales > 100 kpc. Figure 8 of Mandelbaum et al. (2006a)

shows that on these scales, the SIS and NFW profiles are

indistinguishable within the uncertainties in our mea-

surements. This scale coincides with the range where

the dark matter halo of a galaxy dominates the lensing

signal (van Uitert et al. 2013).
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Because the Subaru images are deep, light from the

extended galaxy halo and associated structure in the

outskirts of galaxies at radii up to 100 kpc corrupt the

lensing signal. We note that this radius is significantly

larger than the typical re for the F2 field (Damjanov

et al. 2019). The depth of the HSC images make it dif-

ficult to measure the shapes of the background galaxies

projected within 100 kpc of the lens centers. Thus we

limit the minimum separation between the center of the

lens and the source to 100 kpc.

Because we compare the lensing signal with spectro-

scopic velocity dispersions, the SIS model is a direct,

simple way to quantify the lensing profile. We employ

Equation 7 to quantify the stacked lensing signal:

∆Σ(R) = (1 + b)
[
∆ΣSIS(R) + ∆ΣSIS

off (R)
]
. (7)

The first term in the square brackets corresponds to

the lensing contribution from the dark matter halo sur-

rounding the central quiescent galaxy.

∆ΣSIS(R) =
σ2

SIS

2G

1

R
(8)

where σSIS is the velocity dispersion for a singular

isothermal sphere.

The second term, the one halo term, is a fitting func-

tion that represents the complex lensing contribution

from massive halos offset from the position of the lens-

ing galaxy, and/or from foreground/background massive

halos within the lensing kernel. We assume that the off-

set characterizing this term results from a random pro-

cess that obeys a Gaussian distribution with a typical

scale of Roff .

∆ΣSIS
off (R) =

∫
kdk

2π
J2(kR)κ̃(k) exp

(
−1

2
k2R2

off

)
(9)

where κ̃(l) is the Fourier transform of an singular

isothermal sphere with a velocity dispersion of σext:

2πσ2
ext/(2Gk).

The factor (1 + b) represents a calibration factor that

takes the Photo-z calibration error into account.

Assuming the 2 model profiles specified by 4 param-

eters (σSIS, σext, Roff , b), we perform 100,000 Markov

Chain Monte Carlo resamplings using the Adaptive

Metropolis sampler. We use a uniform distribution for

the prior distribution of σSIS: 0 < (σSIS/km s−1) <

600. The other parameters are moderately degener-

ate. We thus use informative priors: (σext/km s−1) ∈
f(300, 50, 0, 600), (Roff/Mpc) ∈ f(1, 0.5, 0, 3), b ∈
f(0, 0.05,−0.15, 0.15), where f(µ, s, a1, a2) represents a

truncated normal distribution with a mean µ and a stan-

dard deviation s in the range (a1, a2). We determine

the prior distributions for σext and Roff from the fact

that posterior distributions based on flat priors with the

same boundaries are scattered around µ, s. We choose

the prior for b to represent the uncertainty in the source

distribution. Figure 3 (a) shows an example of the poste-

rior distribution. The posterior distributions are nearly

indistinguishable from the priors. In other words, there

is little constraint on b.

Figure 3 (b) shows one of the resulting fits to the data.

Although our model is simple, the fit overlays the data

throughout the range. In other words, the model ac-

counts adequately for the available data.

We also check the level of the B-mode signal, the lens-

ing signal rotated by 45 degree. The B-mode tests for

systematics in the data; ideally there should be no sig-

nal in the B-mode. The level of the B-mode signal is

consistent with zero within the statistical errors.

3. RESULTS

We begin by describing the properties of the subsam-

ples of the data segregated by velocity dispersion and

stellar mass (Section 3.1). Based on these subsamples

we compute the lensing shear profiles (Section 3.1). In

Section 3.2 we discuss the scaling relations that are the

central result of this investigation.

3.1. Lensing Profiles

We apply the stacked lensing analysis and model fit-

ting to subsamples of the redshift survey segregated by

central stellar velocity dispersion and by stellar mass.

Although stellar mass and velocity dispersion are corre-

lated, the scatter in velocity dispersion at fixed stellar

mass is large. Here we define the subsamples we use to

measure the lensing signal.

First, we construct a subsample segregated by stellar

mass, the stellar mass subsample. We construct this

sample in order to compare our results with previous

relations between stellar mass (M?) and velocity disper-

sion (σv) derived independently of weak lensing (Zahid

et al. 2016). We use four stellar mass bins: 10.0 <

log(M?/M�) < 10.5, 10.5 < log(M?/M�) < 11.0,

11.0 < log(M?/M�) < 11.5, and 11.5 < log(M?/M�) <

12.5. To characterize each stellar mass bin, we calcu-

late the mean 〈M?〉Σ,cr and standard deviation 〈(M? −
〈M?〉)2〉Σ,cr of the stellar masses both weighted by sigma

critical.

Second, we explore the stacked lensing signals based

on bins in spectroscopic velocity dispersion, the velocity

dispersion subsample.

We divide the lensing galaxies into four bins: 150 <

(σv/kms−1) < 200, 200 < (σv/kms−1) < 250, 250 <

(σv/kms−1) < 300, and 300 < (σv/kms−1) < 350. To

derive a velocity dispersion characteristic of each sub-
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Figure 3. (a) Posterior distribution for model parameters in the most massive velocity dispersion bin. (b) Fit for the most
massive velocity dispersion bin (solid purple). The derived shear, denoted by circles with errors, corresponds to the sum of the
SIS (blue dashed curve) and 1 halo terms (green dash-dotted curve).

sample, we compute the weighted median velocity dis-

persions and velocity dispersion as we do for the stellar

mass. Shear signals from subsamples outside of these

ranges produce B-mode signals roughly equal to the E-

mode signal. We thus do not consider them.

Subsample Number of galaxies

10.0 < log(M?/M�) < 10.5 798

10.5 < log(M?/M�) < 11.0 2106

11.0 < log(M?/M�) < 11.5 1297

11.5 < log(M?/M�) < 12.5 170

150km/s < σv < 200km/s 1394

200km/s < σv < 250km/s 910

250km/s < σv < 300km/s 392

300km/s < σv < 350km/s 125

Table 1. Subsamples of lensing galaxies

Figure 4 shows properties of the subsamples. The

redshift distribution in the left column shows that the

most massive galaxies are present throughout the sam-

ple redshift range; the lowest stellar mass objects are

only present at lower redshift as expected for an initially

magnitude limited redshift survey. The middle and the

right column each shows clear hard limits depending on

whether stellar mass or velocity dispersion is used to

segregate the sample. At fixed stellar mass the range of

central stellar velocity dispersion is large.

0

500

0

500

1000

0

500

0.0 0.5
z

0

40

10 12
log(M /M )

0 250 500
SHELS[km/s]

SHELS M

Figure 4. Distributions of redshift, stellar mass and veloc-
ity dispersion for the velocity dispersion (purple) and stellar
mass (orange) subsamples. The lowest velocity dispersion
(lowest stellar mass) bins are in the top row; the highest ve-
locity dispersion (stellar mass) bins are in the bottom row.

Zahid et al. (2016) discuss the choice of independent

variable, M? or σ, in the context of selection from a

magnitude-limited survey. Depending on the choice, the
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relation between σ −M? could be affected by observa-

tional incompleteness. Because the observed magnitude

is nearly a direct proxy for the stellar mass, the magni-

tude limit in a narrow range of redshift is a direct proxy

for the stellar mass limit (see Damjanov et al. (2019),

Figure 7). The set of measured central stellar veloc-

ity dispersions is essentially complete above this stellar

mass threshold (Section 2.2 of this paper and references

therein). In contrast, the stellar mass distribution in a

narrow range of σ is not complete because the redshift

survey is magnitude limited. When we use the stellar

mass as the independent variable, both the stellar mass

distribution and the resulting distribution of central stel-

lar velocity dispersion are biased in the same way. Thus

the relation will be free from the incompleteness issue.

For the direct comparison of central stellar and lensing

velocity dispersions, these selection issues have no im-

pact on the results. The results including the mean and

a standard deviation may be biased, but both the spec-

troscopic and lensing samples are biased in exactly the

same way by construction. In other words we compare

lensing and spectroscopic velocity dispersions for identi-

cal sets of objects. Thus the results are not affected by

the small incompleteness in the spectroscopic survey.

Figure 5 shows the stacked lensing shear profiles for

bins in stellar mass (upper panel) and velocity dispersion

(lower panel). The curves show the model fit for each

subsample as indicated in the legend.

The lensing signal is clearly apparent in every case on

scales from 0.1 Mpc to 10 Mpc. Furthermore the model

fits provide a good description of the stacked lensing

profiles for the upper two stellar mass bins as well as for

the upper two velocity dispersion bins. For the highest

stellar mass bin and for the highest velocity dispersion

bin, the inner part of profile fit to the simple SIS model

represents the data remarkably well.

In the lowest mass bin the SIS fit is acceptable, but the

agreement is not as impressive as for the higher bins in

stellar mass and velocity dispersion. In the lowest stellar

mass and velocity dispersion bins, a bump in the profiles

around a few Mpc is especially obvious. The bump is

present but less obvious in the higher stellar mass and

higher velocity dispersion bins. This bump results from

the 1 halo term that arises from miscentering relative

to surrounding dark matter halos and/or dark matter

halos superimposed in redshift within the lensing kernel

(See Section 4.2 for a discussion of this term).

3.2. Velocity dispersion scaling relation

We first examine the scaling relation between the lens-

ing velocity dispersion σLens and stellar mass M? (Figure

6). The SHELS sample binned in stellar mass is the ba-

sis for this plot. The lensing velocity dispersion, σLens

is the median of the posterior distribution (or 50% per-

centile) for galaxies in each stellar mass bin; we use the

32% and 68% percentile of the posterior distribution to

represent the 1 sigma equivalent error.

For comparison, Figure 6 also shows the relation

between the SHELS spectroscopic velocity dispersion

σSHELS (Zahid et al. 2016) and stellar mass once again

based on binning the data in stellar mass. For this com-

parison, we weight the individual SHELS velocity dis-

persions by Σcr to mimic the lensing efficiency; we use

the standard deviation as the error in the bin. In ad-

dition to the overall relation the colored lines show the

relations for between SHELS spectroscopic velocity dis-

persion and stellar mass segregated in redshift from Za-

hid et al. (2016). The bluer color refers to lower redshift;

the bluest curve represents a sample from the SDSS.

The slopes and amplitudes of the σLens and σSHELS

versus M? relations are consistent within the errors. The

range of the SHELS relation indicated by the colored

curves overlap both the lensing and the spectroscopic

results confirming their mutual consistency.

It is worth noting here that the stellar masses carry

a systematic absolute uncertainty of ∼ 0.3 dex (Zahid

et al. 2016). These systematic issues can affect the am-

plitude but not the slope of the relation. Furthermore,

although we use photometric redshift to estimate the

background distribution statistically, the estimate re-

mains uncertain because of the limited number of pho-

tometric pass bands. The uncertainty in the mean back-

ground redshift of ±0.1 produces an uncertainty in the

lensing amplitude of ∼ 5%. We take the uncertainty

into account and marginalize over when deriving other

parameters. Obviously this systematic error in mean

background redshift should not affect slopes of relations

between, for example, σLens and M?.
Figure 7 makes the more direct comparison of the

lensing derived velocity dispersion, σLens, and the cen-

tral spectroscopic velocity dispersion, σSHELS. The lens-

ing velocity dispersions slightly exceed the spectroscopic

measurements.

We fit the points with a line in the unit of km s−1:

σLens = (1.05± 0.15)σSHELS + (−21.17± 35.19) (10)

The derived parameters are consistent with a slope of

1 and an intercept of 0 within errors. As in the case

of the σ −M? relation, the systematic differences may

result in part from error in the estimation of the mean

background redshift of the sources. We emphasize again

that an error in the mean source redshift does not affect

the slope of the relation.
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Figure 5. (a) Stacked lensing signal for the lensing galaxy subsamples segregated by stellar mass. (b) Stacked lensing signal
for lensing galaxies binned in central stellar velocity dispersion. The overlaid curves represent the best fits to the lensing profiles.

The superimposed curves in Figure 7 show results

from the Illustris-1 simulations (Zahid et al. 2018).

The dashed curves show relations between the total

dark matter halo velocity dispersion and the total stel-

lar velocity dispersion for centrals (blue) and satellites

(green). The red curve denoted by σh,? vs σT,? uses the

simulations to mimic the data; the relations shows the

total stellar velocity dispersion as a function of a line-

of-sight proxy that mimics the observations. Here we

note that the simulated relations overlay the lensing re-

sults impressively. We discuss this plot in more detail

in Section 4.5.

4. DISCUSSION

There are several observational and theoretical issues

that affect both the derivation and the interpretation

of the scaling relations in Section 3.2. Here we review

and discuss these issues to place the lensing results in a

broader context.

We begin by reviewing the investigation by van Uitert

et al. (2013) of the relationship between the central stel-

lar velocity dispersion and weak lensing. Their approach

parallels ours but for a sample of lenses at lower redshift

derived from the SDSS. They address issues common to

their work and ours and they reach a similar conclusion

about the power of the central stellar velocity dispersion

as a proxy for the velocity dispersion of the dark matter

halo.

Second we discuss the likely interpretation of 1-halo

term or, as we use it here, fitting function (Oguri &

Takada 2011) (Section 4.2). Then we discuss the limita-

1010 1011 1012

M /M

100

50
60
70
80
90

200

300

400
[k

m
/s

]

SDSS
SHELS (0.2 < z < 0.3)
SHELS (0.4 < z < 0.5)
SHELS (0.6 < z < 0.7)

Lens-M
SHELS-M

Figure 6. Velocity dispersion as a function of stellar mass.
Circles represent the lensing velocity dispersion, σLens on the
ordinate; squares represent the central spectroscopic velocity
dispersion, σSHELS. Solid lines show relations for different
reshifts from Table 1 (After ”The Full Sample as a Function
of Redshift” in Zahid et al. (2016)). From bluish to reddish
colors, the lines show the result for SDSS, SHELS (0.2 < z <
0.3), SHELS (0.4 < z < 0.5), SHELS (0.6 < z < 0.7). The
squares are shifted by 1% for clarity.
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Figure 7. Comparison of lensing and spectroscopic veloc-
ity dispersions, σLens versus σSHELS. The solid thick line is
the best fit linear relation: σLens = (1.05 ± 0.15)σSHELS +
(−21.17 ± 35.19)

in the unit of km/s. The dotted lines show relations
between the velocity dispersion of the dark matter halo as a
function of the stellar velocity dispersion for central (blue)
and satellite (green) galaxies from Zahid et al. (2018). The

(yellow) curve shows the relation between the 3D stellar
velocity dispersion, σT,∗, and a simulated line-of-sight

measurement, σh,∗.

tions that may arise from two underlying astrophysical

issues: (1) evolution in the σ −M? relation with red-

shift (Section 4.3) and (2) the impact of the distinction

between central and satellite galaxies on the scaling re-

lations (Section 4.4). Finally we discuss the meaning of

σLens and σSHELS in the context of the Illustris-1 hydro-

dynamical simulations (Section 4.5)

4.1. Comparison Sample Based on SDSS

Because of the ubiquitous dark matter halos of galax-

ies, determination of the masses of galaxies is a continu-

ing challenge. The spectroscopically derived central stel-

lar velocity dispersion for quiescent galaxies has a long

history as a potential mass indicator (e.g. Wake et al.

2012; Bogdán & Goulding 2015). Previous investigators

explore the correlations between velocity dispersion and

other, perhaps less direct, mass proxies including lumi-

nosity (Faber & Jackson 1976) and stellar mass (Taylor

et al. 2010). van Uitert et al. (2013) explore the more

direct relationship between velocity dispersion and the

dispersion derived from weak lensing for the largest sam-

ple to date.

van Uitert et al. (2013) selected a sample of 4000

bulge-dominated (presumably largely quiescent) lensing

galaxies at redshift z < 0.2 from the SDSS. They de-

rived the lensing signal from RCS2 (Gilbank et al. 2011)

photometry. They take their central stellar velocity dis-

persions, σvU , from the SDSS DR 7 (Abazajian 2008).

In contrast with van Uitert et al. (2013) our selection

of lensing galaxies is based on the spectroscopic param-

eter Dn4000 rather than photometric parameters. Our

sample is at a median redshift z = 0.32. Thus the sam-

ples of lenses are complementary. The HSC photometry

provides a source density of ∼ 20 arcmin−2 in contrast

with the source density ∼ 6.7 arcmin−2 derived from the

RCS2.

Our approach is similar to the analyis of van Uitert

et al. (2013) in many ways. They also use an SIS model

to interpret the lensing signal and they fit the signal

over a range of radii, 50 kpc to 1 Mpc, similar to the

range we probe. As they emphasize, the dark matter

halo dominates in this radial range.

Mandelbaum et al. (2006a) (in their Figure 8) show

that an isothermal profile is indistinguishable from an

NFW profile over the range of scales we consider. A

joint strong- and weak-lensing analysis also shows that

the average total mass density profile is consistent with

isothermal over two decades in radius (3-300 h−1 kpc,

approximately 1-100 effective radii, Gavazzi et al. 2007).

van Uitert et al. (2013) fit a relation σLens = aσvU + b

and find coefficients: a = 0.88 ± 0.21 and b = −5 ± 50

km s−1 (displayed in their Figure 4), completely con-

sistent with our result in Figure 7 (a = 1.05± 0.15 and

b = −21.17±35.19 km s−1). van Uitert et al. (2013) con-

clude as we do that the stellar velocity dispersion, σvU

corresponds remarkably well to the velocity dispersion

returned by the lensing analysis, σLens.

4.2. The 1-halo Fitting Function

We estimate two additional parameters during the fit-

ting procedure σext and Roff that characterize the 1-

halo term. In the original approach where the analysis

is applied to the offset between the weak lensing cen-

ter of a cluster and its apparent optical or X-ray center

(Oguri & Takada 2011), the two parameters of this 1-

halo term represent, respectively, the velocity dispersion

of the cluster and the offset between the lensing and its

counterpart measured with other techniques.

When we apply this formalism to individual galaxy

lenses, these terms measure, respectively, the typical

velocity dispersion and offset from surrounding and/or

projected dark matter halos. In general these nearby
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Figure 8. Parameters for the 1-halo term. MCMC realiza-
tions and aggregated numbers are displayed. We derive the
1-halo fitting parameters by taking the median along with
the 16% and 84% ranges as the 1-sigma error in 2D space.

or superimposed halos are groups. In the original ap-

plication to lensing by a massive cluster, the issue of

superimposed halos along the line of sight can safely

be ignored because the massive cluster generally domi-

nates the lensing signal. In the case of individual galaxy

lenses, several more massive systems, whether nearby

or superimposed, can contribute to the lensing profile.

Thus in the galaxy-galaxy lensing case the 1-halo term

serves as a convenient fitting function with a less direct

physical interpretation than in the massive cluster case.

This 1-halo term is responsible for the bumps at large
scale in Figure 5. Not surprisingly the term is more

important for galaxies with either low central stellar ve-

locity dispersion or low stellar mass.

We derive the 1-halo fitting parameters by taking the

median along with the 16% and 84% ranges as the 1-

sigma error in 2D space. Figure 8 shows these parame-

ters as a function of σLens. Neither σext nor Roff changes

significantly as a function of σLens, although statistical

errors are large.

The values of both σext and Roff may be significantly

affected by cosmic variance. The F2 field contains a

large number of massive clusters (e.g. Utsumi et al.

2014) at redshifts between 0.3 and 0.4 where the satel-

lites are detectable and thus probably contribute signifi-

cantly to these parameters. The resulting parameters in

the 1-halo term could differ for a region containing fewer

massive systems at redshifts where they can contribute

significantly to the lensing signal.

The parameter σext is related to the satellite fraction

f (e.g., Mandelbaum et al. 2006b). The conversion is:

1/f = (σLens/σext)
2 + 1. The nearly constant σext as

a function of σLens that we measure implies a decrease

in f from 0.8 to 0.5 as σLens increases. Mandelbaum

et al. (2006b) show that the satellite fraction decreases

with increasing stellar mass and presumably with the

velocity dispersion because it is correlated with stellar

mass. Thus the behavior of σext as a function of σLens is

reasonable. The satellite fractions we derive here exceed

the fractions Mandelbaum et al. (2006b) derive from a

larger sample. For example f = 0.2 for elliptical galaxies

in the maximum luminosity bin they consider. They also

demonstrate that the satellite fraction increases with the

local number density (see Figure 8, Mandelbaum et al.

(2006b)). Because the number of massive clusters in the

F2 field is large (e.g. Starikova et al. 2014; Geller et al.

2016), it is reasonable that the satellite fraction for F2 is

larger. In fact, our results are in the range Mandelbaum

et al. (2006b) obtain at comparable high local densities.

4.3. Redshift Evolution of the σ-M? Relation

When we construct the σ-M? relation (Section 3.2),

we simply bin the SHELS data in stellar mass and de-

rive the median lensing velocity dispersion, σLens in each

stellar mass bin. Each of the stellar mass bins spans a

significant redshift range (See Figure 4). In this ap-

proach, we thus tacitly ignore any redshift evolution in

the relation between the central stellar velocity disper-

sion and stellar mass.

Based on previous work, we can justifiably ignore

any redshift dependence in this relation for these mas-

sive galaxies (M? & 1010.3M�) over the redshift range

0.1 . z . 0.7 explored here. Zahid et al. (2016) show

that for the SHELS data, the redshift evolution of the

slope of the σSHELS−M? relation is consistent with zero.

The colored dashed lines in Figure 6 show the Zahid

et al. (2016) results (from their Table 1) as a function

of redshift. Clearly they overlap the lensing results.

Size evolution of the quiescent population compli-

cates interpretation of the σ −M? relation. The tradi-

tional fundamental plane encapsulates the interdepen-

dence of the luminosity, velocity dispersion, and size for

the quiescent population (e.g. Djorgovski & Davis 1987;

Dressler et al. 1987). Hyde & Bernardi (2009) demon-

strated that the there is also a fundamental plane relat-

ing stellar mass with central stellar velocity dispersion

and size. Zahid et al. (2016) show that ther is no signif-

icant evolution in this stellar mass fundamental plane.

Furthermore, Damjanov et al. (2019) show that there is
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little evolution in size for galaxies with M? & 1011M�
in the SHELS redshift range.

At redshifts beyond the range of SHELS, Belli et al.

(2014) argue that at redshifts between 0.9 and 1.6, the

smaller sizes of massive galaxies at a fixed stellar mass

account for the observed evolution in the relation be-

tween stellar mass and velocity dispersion. At a fixed

stellar mass, sizes are smaller and central stellar ve-

locity dispersions are correspondingly larger. Extend-

ing a combined spectroscopic and weak lensing study to

greater redshift would enable an understanding of the re-

lationship between the dark matter halo properties and

the evolution observed by Belli et al. (2014).

4.4. Central and Satellite Galaxies

Central galaxies develop in the center of the associ-

ated dark matter halo; satellites are generally accreted

later and orbit the central. The difference in formation

history could lead to a difference in the relationship be-

tween the central line-of-sight stellar velocity dispersion

that we measure and the velocity dispersion of the asso-

ciated dark matter halo (see e.g. Vale & Ostriker 2005;

Conroy et al. 2006; Spindler & Wake 2017).

Zahid et al. (2018) demonstrate that for central galax-

ies the Illustris-1 simulated stellar velocity dispersion is

an excellent proxy for both the halo velocity dispersion

and the halo mass. Figure 7 shows their simulated re-

lation between the total stellar and total halo velocity

dispersion for centrals (blue). We identify the stellar ve-

locity dispersion with σSHELS and the halo velocity dis-

persion with σLens. The agreement between the observa-

tions and the Illustris-1 simulation results is remarkable.

The green line in Figure 7 shows the Illustris-1 relation

from Zahid et al. (2018) for satellite galaxies. Remark-

ably, even though satellite galaxy halos are stripped,

the total stellar velocity dispersion remains an excellent

proxy for the total dark matter halo dispersion. The

central stellar velocity dispersions of the satellites are

insensitive to the stripping that occurs after their infall,

but the masses reflect the stripping history. Thus the

relations between central stellar velocity dispersion and

halo velocity dispersion are nearly coincident for centrals

and satellites.

Finally, Zahid et al. (2018) show that when analyzing

a magnitude limited redshift survey like SHELS, distinc-

tion between central and satellite galaxies is unneces-

sary. For M? > 1010.5M� more than 2/3 of the galaxies

in the redshift sample are centrals. Thus for the mas-

sive galaxies we investigate from SHELS, we analyze the

sample without making this distinction.

4.5. Significance of the Spectroscopic and Lensing

Velocity Dispersions

There are at least two fundamental distinctions be-

tween the spectroscopic velocity dispersion, σSHELS we

measure and the simulated quantities. The blue and

green lines in Figure 7 represent the relation between

the total stellar and halo velocity dispersions. They are

also measured in 3D and thus naturally take both spa-

tial and velocity anisotropy into account. For lensing

velocity dispersion, σLens, we fit the data to an isother-

mal sphere where the 1D and 3D dispersions are identi-

cal. The effective lensing aperture covers a region where

the dark matter halo dominates. In contrast, the spec-

troscopic observations measure the line-of-sight stellar

velocity dispersion projected within a small aperture on

the sky.

Zahid et al. (2018) use the Illustris-1 simulations to ex-

plore this issue. They compute the line-of-sight stellar

velocity dispersion within the projected half-light radius,

re. The yellow line in Figure 7 shows the relationship

between this proxy for the observed dispersion and the

total stellar velocity dispersion. The slightly shallower

slope of this relation probably reflects a combination of

effects including the larger effective radii of more mas-

sive galaxies, the dependence of velocity dispersion on

aperture, and both geometric and velocity anisotropy.

Because these effects are all secondary, the Illustris-1

results are completely consistent with the observed re-

lation between σLens and σSHELS.

5. CONCLUSION

A combination of spectroscopy and weak lensing for a

large, well-selected samples of galaxies can provide in-

sight into the relation between the galaxies we observe

and their ubiquitous dark matter halos. Here we com-

bine data from two large telescopes, the MMT and Sub-

aru, to compare the central stellar velocity dispersion

measured spectroscopically with the dispersion of the

dark matter halo measured by weak lensing.

We derive the basic sample of quiescent galaxy lenses

from the SHELS survey (Geller et al. 2005, 2014, 2016).

This survey provides a set of 4585 lenses with measured

line-of-sight central stellar velocity dispersion (σSHELS)

that is more than 85% complete for R < 20.6, Dn4000>

1.5 and M? > 109.5M� (Zahid et al. 2016). The median

redshift of the sample of lenses is 0.32. We measure the

stacked lensing signal from HSC deep imaging (Utsumi

et al. 2016).

We compute the stacked lensing signal for lenses

binned separately in stellar mass M? and central stel-

lar velocity dispersion σSHELS. Following previous work,
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We use an SIS model with velocity dispersion σLens to

fit the lensing signal on scales & 100 kpc.

We confirm the well-known relation in σLens vs M?.

Zahid et al. (2016) determined from σSHELS, and it over-

laps the σ −M? relations that span the redshift range

of the SHELS survey.

We discuss various issues that could impact the de-

termination of σLens including the fitting function, the

evolution of the σ − M? relation, the distinction be-

tween central and satellite galaxies, and issues in com-

paring the spectroscopic σSHELS with σLens. We con-

clude that the relationship between the spectroscopically

determined velocity dispersion, σspec = σSHELS and the

lensing results, σLens is insensitive to all of these issues.

The central stellar velocity dispersion σSHELS is di-

rectly proportional to the velocity dispersion derived

from the lensing σLens. The independent spectroscopic

and weak lensing velocity dispersions probe completely

different scales, ∼ 3kpc and & 100 kpc, respectively, and

strongly support the notion that that observable central

stellar velocity dispersion for quiescent galaxies is a good

proxy for the velocity dispersion of the dark matter halo.

Our result agrees with and extends the earlier, similar

investigation by van Uitert et al. (2013). Their sample

of 4000 selected quiescent galaxy lenses is based on pho-

tometry rather than spectroscopy. Their lenses are at

redshift z < 0.2 rather than a median of 0.32.

The Prime Focus Spectrograph on the Subaru tele-

scope (PFS; Tamura et al. 2018) and multi-band deep

imaging covering large areas such as HSC SSP (Ai-

hara et al. 2018); Legacy Survey of Space and Time

(LSST) will be conducted at the Vera C. Rubin Obser-

vatory (Ivezić et al. 2019), promising an exciting plat-

form for extending this work to much larger samples and

to higher redshift. Larger samples will provide a basis

for tests of systematic effects. These larger samples will

also enable exploration of the dependence of the relation

between the spectroscopically and lensing derived veloc-

ity dispersions and other characteristics of the lenses in-

cluding stellar mass and size. Large, deep spectroscopic

surveys combined with superb imaging will enable ex-

tension of the comparison of dispersion to greater red-

shift where they may provide interesting clues to the

relative evolution of the stellar and dark matter halo

components of galaxies.
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Ivezić, c., Kahn, S. M., Tyson, J. A., et al. 2019, ApJ, 873,

111, doi: 10.3847/1538-4357/ab042c

Mandelbaum, R., Seljak, U., Cool, R. J., et al. 2006a,

MNRAS, 372, 758, doi: 10.1111/j.1365-2966.2006.10906.x

Mandelbaum, R., Seljak, U., Kauffmann, G., Hirata, C. M.,

& Brinkmann, J. 2006b, MNRAS, 368, 715,

doi: 10.1111/j.1365-2966.2006.10156.x

Mandelbaum, R., Miyatake, H., Hamana, T., et al. 2018,

PASJ, 70, S25, doi: 10.1093/pasj/psx130

McKay, T. A., Sheldon, E. S., Racusin, J., et al. 2001, arXiv

e-prints, astro. http://arxiv.org/abs/astro-ph/0108013

Miyazaki, S., Komiyama, Y., Kawanomoto, S., et al. 2018,

PASJ, 70, S1, doi: 10.1093/PASJ/PSX063

Navarro, J. F., Frenk, C. S., & White, S. D. M. 1997, ApJ,

490, 493, doi: 10.1086/304888

http://doi.org/10.1088/0067-0049/182/2/543
http://doi.org/10.1093/PASJ/PSX066
http://doi.org/10.1117/12.857297
http://doi.org/10.1086/308056
http://doi.org/10.1016/S0370-1573(00)00082-X
http://doi.org/10.1088/0004-637X/783/2/117
http://doi.org/10.1086/308947
http://doi.org/10.1086/426336
http://doi.org/10.1086/374256
http://doi.org/10.1088/0004-637X/800/2/124
http://doi.org/10.1093/PASJ/PSX080
http://doi.org/10.1086/177537
http://doi.org/10.1093/mnras/stt644
http://doi.org/10.1086/503602
http://doi.org/10.3847/1538-4357/aaf97d
http://doi.org/10.1086/164948
http://doi.org/10.1086/164947
http://doi.org/10.1086/154215
http://doi.org/10.1086/497385
http://doi.org/10.1086/301540
http://doi.org/10.21105/joss.00024
http://doi.org/10.1086/527321
http://doi.org/10.1086/519237
http://doi.org/10.1086/499399
http://doi.org/10.3847/0067-0049/224/1/11
http://doi.org/10.1088/0067-0049/213/2/35
http://doi.org/10.1088/0004-6256/141/3/94
http://ascl.net/1304.002
http://doi.org/10.1088/0067-0049/208/2/19
http://doi.org/10.1046/j.1365-8711.2003.06683.x
http://doi.org/10.1046/j.1365-8711.2003.06350.x
http://doi.org/10.1086/382726
http://doi.org/10.1086/306026
http://doi.org/10.1111/j.1365-2966.2009.14445.x
http://doi.org/10.1111/j.1365-2966.2009.14783.x
http://doi.org/10.3847/1538-4357/ab042c
http://doi.org/10.1111/j.1365-2966.2006.10906.x
http://doi.org/10.1111/j.1365-2966.2006.10156.x
http://doi.org/10.1093/pasj/psx130
http://arxiv.org/abs/astro-ph/0108013
http://doi.org/10.1093/PASJ/PSX063
http://doi.org/10.1086/304888


14

Nelson, D., Pillepich, A., Genel, S., et al. 2015, Astronomy

and Computing, 13, 12, doi: 10.1016/j.ascom.2015.09.003

Oguri, M., & Takada, M. 2011, PhRvD, 83, 23008,

doi: 10.1103/PhysRevD.83.023008

Schechter, P. L. 2015, arXiv e-prints.

http://arxiv.org/abs/1508.02358

Schechter, P. L., Pooley, D., Blackburne, J. A., &

Wambsganss, J. 2014, ApJ, 793, 96,

doi: 10.1088/0004-637X/793/2/96

Schmidt, S. J., & Thorman, P. 2013, MNRAS, 431, 2766,

doi: 10.1093/mnras/stt373

Sheldon, E. S., Johnston, D. E., Frieman, J. A., et al. 2004,

AJ, 127, 2544, doi: 10.1086/383293

Smith, D. R., Bernstein, G. M., Fischer, P., & Jarvis, M.

2001, ApJ, 551, 643, doi: 10.1086/320219

Spindler, A., & Wake, D. 2017, MNRAS, 468, 333,

doi: 10.1093/mnras/stx427

Starikova, S., Jones, C., Forman, W. R., et al. 2014, ApJ,

786, 125, doi: 10.1088/0004-637X/786/2/125

Tamura, N., Takato, N., Shimono, A., et al. 2018, in

Society of Photo-Optical Instrumentation Engineers

(SPIE) Conference Series, Vol. 10702, Proc. SPIE,

107021C, doi: 10.1117/12.2311871

Taylor, E. N., Franx, M., Brinchmann, J., et al. 2010, ApJ,

722, 1, doi: 10.1088/0004-637X/722/1/1

Tyson, J. A., Valdes, F., Jarvis, J. F., & Mills A.˜P., J.

1984, ApJL, 281, L59, doi: 10.1086/184285

Utsumi, Y., Miyazaki, S., Geller, M. J., et al. 2014, ApJ,

786, 93, doi: 10.1088/0004-637X/786/2/93

Utsumi, Y., Geller, M. J., Dell’Antonio, I. P., et al. 2016,

ApJ, 833, 156, doi: 10.3847/1538-4357/833/2/156

Vale, A., & Ostriker, J. P. 2005, MNRAS, 371, 1173,

doi: 10.1111/j.1365-2966.2006.10605.x

van Uitert, E., Hoekstra, H., Franx, M., et al. 2013, A&A,

549, A7, doi: 10.1051/0004-6361/201220439

Wake, D. A., van Dokkum, P. G., & Franx, M. 2012, ApJL,

751, L44, doi: 10.1088/2041-8205/751/2/L44

Wittman, D. M., Tyson, J. A., Dell’Antonio, I. P., et al.

2002, in Proc. SPIE, Vol. 4836, Survey and Other

Telescope Technologies and Discoveries, ed. J. A. Tyson

& S. Wolff, 73–82, doi: 10.1117/12.457348

Woods, D. F., Geller, M. J., Kurtz, M. J., et al. 2010, AJ,

139, 1857, doi: 10.1088/0004-6256/139/5/1857

Zahid, H. J., Geller, M. J., Fabricant, D. G., & Hwang,

H. S. 2016, ApJ, 832, 203,

doi: 10.3847/0004-637X/832/2/203

Zahid, H. J., Sohn, J., & Geller, M. J. 2018, ApJ, 859, 96,

doi: 10.3847/1538-4357/aabe31

http://doi.org/10.1016/j.ascom.2015.09.003
http://doi.org/10.1103/PhysRevD.83.023008
http://arxiv.org/abs/1508.02358
http://doi.org/10.1088/0004-637X/793/2/96
http://doi.org/10.1093/mnras/stt373
http://doi.org/10.1086/383293
http://doi.org/10.1086/320219
http://doi.org/10.1093/mnras/stx427
http://doi.org/10.1088/0004-637X/786/2/125
http://doi.org/10.1117/12.2311871
http://doi.org/10.1088/0004-637X/722/1/1
http://doi.org/10.1086/184285
http://doi.org/10.1088/0004-637X/786/2/93
http://doi.org/10.3847/1538-4357/833/2/156
http://doi.org/10.1111/j.1365-2966.2006.10605.x
http://doi.org/10.1051/0004-6361/201220439
http://doi.org/10.1088/2041-8205/751/2/L44
http://doi.org/10.1117/12.457348
http://doi.org/10.1088/0004-6256/139/5/1857
http://doi.org/10.3847/0004-637X/832/2/203
http://doi.org/10.3847/1538-4357/aabe31


15

APPENDIX

A. LENSING CUTS

In the selection of weak lensing sources, we require that the following parameters be zero.

• deblend.nchild – Number of children for this object,

• deblend.skipped – Deblender skipped this source,

• flags.badcentroid – the centroid algorithm used to feed centers to other algorithms failed,

• centroid.sdss.flags – the centroid.sdss measurement did not fully succeed,

• flags.pixel.edge – source is in region masked EDGE or NO DATA,

• flags.pixel.interpolated.center – source’s center is close to interpolated pixels,

• flags.pixel.saturated.center – source’s center is close to saturated pixels,

• flags.pixel.cr.center – source’s center is close to suspected CR pixels,

• flags.pixel.bad – source is in region labeled BAD,

• flags.pixel.suspect.center – source’s center is close to suspect pixels and

• flags.pixel.clipped.any – source footprint includes CLIPPED pixels’

The measurement algorithm assumes unblended objects. To filter out the blended objects, we use blendedness param-

eters log10(blendedness.abs.flux) < −0.375.

In addition to the basic cuts above, we apply additional cuts to the set of objects identified as galaxies with a flag

of classification.extendedness. We include only measurements with a high signal to noise ratio as indicated by

the following cuts:

• shape.hsm.regauss.resolution> 1/3,

• flux.kron / flux.kron.err> 5, and

• flux.cmodel/flux.cmodel.err> 15.

We also reject highly elongated galaxies |e| > 2.02, which are likely to be blended sources.
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