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ABSTRACT

In the local Universe, the efficiency for converting baryonic gas into stars is very low. In dark matter halos where galaxies form and
evolve, the average efficiency varies with galaxy stellar mass and has a maximum of about 20% for Milky-Way-like galaxies. The low
efficiency at higher mass is believed to be the result of some quenching processes, such as the feedback from active galactic nuclei. We
perform an analysis of weak lensing and satellite kinematics for SDSS central galaxies. Our results reveal that the efficiency is much
higher, more than 60%, for a large population of massive star-forming galaxies around 1011 M�. This suggests that these galaxies
acquired most of the gas in their halos and converted it into stars without being significantly affected by quenching processes. This
population of galaxies is not reproduced in current galaxy formation models, indicating that our understanding of galaxy formation
is incomplete. The implications of our results on circumgalactic media, star-formation quenching, and disk galaxy rotation curves are
discussed. We also examine systematic uncertainties in halo-mass and stellar-mass measurements that might influence our results.
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1. Introduction

In the standard Λ cold dark matter cosmogony, galaxies are
believed to form and evolve within dark matter halos. The bary-
onic gas in halos cools radiatively, condenses, and is then con-
verted into stars (White & Rees 1978; Fall & Efstathiou 1980).
The global efficiency for converting baryonic gas into stars is
very low (Bregman 2007), about 10%. Within halos, the effi-
ciency is usually defined as M∗/Mh/ fb, where M∗, Mh, and fb
are the stellar mass, halo mass, and cosmic mean baryon fraction,
respectively. So, the efficiency is equivalent to the stellar mass–
halo mass relation (SHMR). The efficiency is found to vary
strongly with the halo mass and stellar mass of central galax-
ies, which are the dominant galaxies in halos. The efficiency
reaches a maximum of about 20% for Milky-way-like galax-
ies and declines quickly toward lower and higher masses (e.g.,
Yang et al. 2003, 2009; Leauthaud et al. 2012; Moster et al.
2013; Lu et al. 2014; Hudson et al. 2015; Mandelbaum et al.
2016; Wechsler & Tinker 2018; Behroozi et al. 2019).

The efficiency is expected to be the result of many phys-
ical processes occurring in and around galaxies, and its mass
dependence may reflect the relative importance of individ-
ual processes. For example, the decline on the low-mass
side may be produced by supernova feedback and stellar
winds (e.g., Kauffmann & Charlot 1998; Cole et al. 2000). The
gravitational potential wells associated with these low-mass
galaxies are expected to be shallow, such that these pro-
cesses can effectively prevent star formation and the growth

of galaxies. In contrast, at the high-mass end, where effects
of supernova feedback may not be important, the suppres-
sion of the star-formation efficiency is usually believed to be
caused by the energetic feedback from active galactic nuclei
(AGNs; e.g., Silk & Rees 1998; Croton et al. 2006; Fabian 2012;
Heckman & Best 2014), although other processes might also be
at work, such as morphological quenching and virial shock heat-
ing (e.g., Dekel & Birnboim 2006; Martig et al. 2009).

The low efficiency described above is the average for galax-
ies of a given stellar mass. It is clearly interesting to check
whether the efficiency varies with galaxy properties other than
the stellar mass. There is a growing amount of evidence that red,
quiescent, and early-type galaxies reside in more massive halos
than blue, star-forming, and late-type galaxies of the same stel-
lar mass (e.g., More et al. 2011; Rodríguez-Puebla et al. 2015;
Mandelbaum et al. 2016; Behroozi et al. 2019; Lange et al.
2019b; Bilicki et al. 2021; Posti & Fall 2021; Xu & Jing 2022;
Zhang et al. 2021), indicating that the efficiency for star-forming
galaxies is higher than for quiescent galaxies. Moreover, the
efficiency also seems to be related to galaxy morphology
(e.g., Mandelbaum et al. 2006; Xu & Jing 2022). For exam-
ple, Posti et al. (2019) find that the efficiency for disk galaxies
increases monotonously with increasing stellar mass and devi-
ates significantly from that for the total galaxy population at the
massive end. Zhang et al. (2021) find that the host galaxies of
optical AGNs have stellar mass-halo mass ratios similar to those
of star-forming galaxies but different from those of quiescent
galaxies. The mean halo mass of these AGNs is around 1012 M�

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This article is published in open access under the Subscribe-to-Open model. Subscribe to A&A to support open access publication.

A85, page 1 of 16

https://doi.org/10.1051/0004-6361/202142866
https://www.aanda.org
mailto:ziwen@mail.ustc.edu.cn
mailto:whywang@ustc.edu.cn
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org


A&A 663, A85 (2022)

(see also Mandelbaum et al. 2009), where the star-formation effi-
ciency peaks. This hints that AGNs tend to be triggered in
galaxies with high star-formation efficiency. Another interest-
ing finding is that the peak efficiency declines and the peak
position shifts to lower masses as cosmic time progresses (e.g.,
Hudson et al. 2015). However, other works that use very differ-
ent approaches have reported different results (e.g., Moster et al.
2013; Lu et al. 2015; Behroozi et al. 2019).

One important step in evaluating the efficiency is to
measure the halo mass for a galaxy sample or for indi-
vidual galaxies. In the literature, many methods have been
developed to infer the halo masses from observational data,
such as weak lensing, satellite kinematics, rotational veloc-
ity, galaxy clustering, galaxy abundance, X-ray emission, and
the Sunyaev–Zel’dovich effect (SZ effect). Galaxy–galaxy lens-
ing and satellite kinematics are two powerful tools for mea-
suring halo mass and have been investigated in great detail
(e.g., van den Bosch et al. 2004; Mandelbaum et al. 2006, 2016;
Conroy et al. 2007; More et al. 2011; van Uitert et al. 2011;
Leauthaud et al. 2012; Tinker et al. 2013; Wojtak & Mamon
2013; Velander et al. 2014; Hudson et al. 2015; Viola et al.
2015; Zu & Mandelbaum 2015; Shan et al. 2017; Luo et al.
2018; Lange et al. 2019a; Zhang et al. 2021). In this paper we
combine the data of both galaxy-galaxy lensing and satellite
kinematics to measure halo masses of galaxy samples with dif-
ferent stellar masses and star-formation rates (SFRs) and to then
evaluate the efficiency of converting baryonic gas into stars for
those samples. We check our results by using galaxy clustering.

The paper is organized as follows. Section 2 presents the
sample selection and our method of using lensing and satel-
lite kinematics to infer halo mass. In Sect. 3 we show our
main results for different galaxies, test uncertainties, and make
comparisons with other results. We discuss the implications of
our results in Sect. 4. Finally, we summarize our results in
Sect. 5. Throughout this paper, we assume the Planck cosmol-
ogy (Planck Collaboration XIII 2016): Ωm = 0.307, Ωb = 0.048,
ΩΛ = 0.693, and h = 0.678. The cosmic mean baryon fraction is
fb = Ωb/Ωm = 0.157.

2. Samples and methods of analysis

2.1. Sample properties

Our galaxy sample was selected from the New York Univer-
sity Value Added Galaxy Catalog (NYU-VAGC; Blanton et al.
2005b) of the Sloan Digital Sky Survey (SDSS) Data Release
(DR) 7 (Abazajian et al. 2009). Galaxies with r-band Petrosian
magnitudes r ≤ 17.72, with redshift completeness >0.7, and
with a redshift range of 0.01 ≤ z ≤ 0.2 were selected. We
only focused on central galaxies that are the most massive galax-
ies within dark matter halos, and the halo-based group catalog
of Yang et al. (2007) was adopted to identify centrals1. NYU-
VAGC provides measurements of the sizes of a galaxy, R50 and
R90, which are the radii enclosing 50 and 90% of the Petrosian
r-band flux of the galaxy, respectively2. The concentration of a
galaxy, defined as C = R90/R50, is usually used to indicate the
morphology of the galaxy (Shimasaku et al. 2001; Strateva et al.
2001). It also provides colors, for example (g − r)0.1, and the
Sèrsic radial profile fits for galaxies.

1 The galaxy group catalog is publicly available at https://gax.
sjtu.edu.cn/data/Group.html
2 The galaxy size data can be downloaded at http://sdss.
physics.nyu.edu/vagc/

We cross-matched our sample with the MPA-JHU DR7
catalog3 to obtain the measurements of stellar mass (M∗)
(Kauffmann et al. 2003a) and SFRs (Brinchmann et al. 2004).
The stellar mass was obtained by fitting the SDSS ugriz pho-
tometry to models of galaxy spectral energy distribution (SED),
and the results are in excellent agreement with those obtained
by Moustakas et al. (2013) using photometry in 12 UV, optical,
and infrared bands. The SFR was derived using both the spec-
troscopic and photometric data of the SDSS. We define star-
forming galaxies as those on the star-formation main sequence
given by log(SFR) = 0.73 log M∗ − 7.3 (Bluck et al. 2016).
The dispersion of the main sequence is about 0.3 dex (e.g.,
Speagle et al. 2014; Kurczynski et al. 2016). We, therefore,
identify galaxies above log(SFR) = 0.73 log M∗ − 7.6 as star-
forming galaxies.

As shown below, we used the weak lensing shear cata-
log measured from the Dark Energy Camera Legacy Survey
(DECaLS; Dey et al. 2019) to measure the halo masses of our
galaxies. We thus only focused on galaxies within the DECaLS
region. This selection excludes about 32% of galaxies. In this
way, we selected two samples of central galaxies, one for star-
forming galaxies, which consists of 129 278 galaxies with M∗ ≥
108.8 M�, and the other for the total population, which consists
of 304 162 galaxies in the same mass range and is used for com-
parison. We divided each of the two samples into six subsam-
ples, equally spaced in the logarithm of stellar mass with a bin
size of 0.5 dex. The second most massive subsample, which is of
particular importance for our analysis, has a mean stellar mass of
M∗ ∼ 1011 M� and contains a total of 106 125 galaxies, including
22 099 star-forming galaxies. The stellar mass range, the mean
stellar mass, and the galaxy number for each of the subsamples
are provided in Table 1.

2.2. Weak lensing measurements

The shear catalog4 used here to measure galaxy–galaxy lensing
signals is based on the DECaLS DR8 imaging data (Dey et al.
2019; Zou et al. 2019). The shape of each galaxy was measured
using the FOURIER_QUAD pipeline, which has been shown
to yield accurate shear measurements even for extremely faint
galaxy images (signal-to-noise ratio <10) when applied to both
simulations (Zhang et al. 2015) and real data (Zhang et al. 2019
for the CFHTLenS data and Wang et al. 2021 for the DECaLS
data). The whole shear catalog covers about 9000 square degrees
in the g, r, and z bands, containing shear estimators from
190, 246, and 300 million galaxy images, respectively. We
note that the images of the same galaxy in different expo-
sures are counted as different images in the FOURIER_QUAD
method.

Photometric redshifts of galaxies in the shear catalog were
calculated using the random forest regression method (Breiman
2001), a machine learning algorithm based on decision trees.
Eight parameters were used in training the algorithm, including
the r-band magnitude, (g − r), (r − z), (z −W1), and (W1 −W2)
colors, half-light radius, axial ratio, and shape probability. The
photo-z error was estimated for each individual shear galaxy
by perturbing the photometry of the galaxy. Specifically, the
uncertainty was assumed to follow a Gaussian distribution with
the standard deviation equal to the photometric error; a random
value generated from the distribution was added to the observed

3 https://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/
4 The DECaLS shear catalog is publicly available at https://gax.
sjtu.edu.cn/data/DESI.html

A85, page 2 of 16

https://gax.sjtu.edu.cn/data/Group.html
https://gax.sjtu.edu.cn/data/Group.html
http://sdss.physics.nyu.edu/vagc/
http://sdss.physics.nyu.edu/vagc/
https://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/
https://gax.sjtu.edu.cn/data/DESI.html
https://gax.sjtu.edu.cn/data/DESI.html


Z. Zhang et al.: High efficiency in massive star-forming galaxies

Table 1. Properties of star-forming and total galaxy samples in the DECaLS region.

log M∗ range (a) log M̄∗/M� (b) Nc,gal
(c) Ns,gal

(d) log Mh/M� (e) Efficiency ( f ) LcSK mass (g) LcSK eff. (h)

Star-forming
[8.84, 9.34] 9.14 7940 213 10.99+0.43

−0.51 0.089+0.197
−0.056 11.27+0.37

−0.32 0.047+0.052
−0.027

[9.34, 9.84] 9.64 16 903 756 11.44+0.22
−0.35 0.102+0.127

−0.04 11.13+0.11
−0.11 0.207+0.061

−0.046
[9.84, 10.34] 10.13 33 826 1,452 11.57+0.11

−0.14 0.233+0.087
−0.053 11.56+0.06

−0.07 0.241+0.042
−0.031

[10.34, 10.84] 10.61 47 759 2,829 11.92+0.06
−0.07 0.308+0.05

−0.04 11.89+0.04
−0.04 0.335+0.034

−0.031

[10.84, 11.34] 11.03 22 099 1,272 12.03+0.08
−0.09 0.629+0.142

−0.109 12.01+0.05
−0.04 0.66+0.069

−0.067
[11.34, 11.82] 11.43 749 85 12.45+0.22

−0.35 0.61+0.755
−0.238 12.47+0.35

−0.25 0.58+0.454
−0.32

Total
[8.84, 9.34] 9.14 8984 357 11.15+0.42

−0.57 0.063+0.169
−0.039 11.02+0.15

−0.16 0.084+0.036
−0.024

[9.34, 9.84] 9.64 19 777 1417 11.63+0.17
−0.23 0.066+0.047

−0.021 11.49+0.09
−0.08 0.09+0.018

−0.017
[9.84, 10.34] 10.15 48 753 3975 11.8+0.09

−0.1 0.141+0.036
−0.026 11.82+0.04

−0.05 0.135+0.016
−0.012

[10.34, 10.84] 10.64 105 577 15 408 12.2+0.04
−0.04 0.175+0.018

−0.016 12.19+0.02
−0.02 0.178+0.008

−0.009
[10.84, 11.34] 11.09 106 125 27 873 12.59+0.03

−0.03 0.198+0.013
−0.012 12.62+0.02

−0.02 0.186+0.008
−0.007

[11.34, 11.84] 11.47 14 946 16 584 13.37+0.02
−0.02 0.08+0.004

−0.004 13.32+0.03
−0.03 0.09+0.007

−0.007

Notes. (a)The stellar mass range. (b)The mean stellar mass. (c)The number of central galaxies. (d)The number of satellite candidates. (e)The halo
mass obtained from galaxy-galaxy lensing. ( f )The efficiency obtained from galaxy–galaxy lensing. (g)The halo mass (log Mh/M�) obtained from
the lensing calibrated satellite kinematics method. (h)The efficiency obtained from the lensing calibrated satellite kinematics method.

flux in each band to obtain a “perturbed” flux; the perturbation
was repeated multiple times, and the standard deviation of the
photo-z estimates from the perturbations was used as the error of
the photo-z (see Zhou et al. 2021, for more details).

Here we only used the r- and z-band data because we find
that the g-band images have some quality issues. The details of
the image processing pipeline of the DECaLS data are given in
another work (Zhang et al., in prep.). The overlapping region
of DECaLS with SDSS DR7 is about 4744 square degrees. The
estimator, the excess surface density (ESD),

∆Σ(R) = γt(R)Σcrit, (1)

is measured using the probability distribution function (PDF)
symmetrization method (Zhang et al. 2017), which minimizes
the statistical uncertainty. We note that due to the scatter as
well as the uncertainty of the background galaxy redshifts, the
PDF-symmetrization method should be modified slightly. The
details are given in a companion paper (Li et al., in prep.), which
also includes a general discussion about different sources of sys-
tematic errors in the measurement of the excess surface density
within the framework of the PDF-symmetrization method. In
Fig. 1 we show the ESD for both star-forming and total galaxy
populations. The error bars are estimated using 150 bootstrap
samples (Barrow et al. 1984).

Following previous studies (e.g., Mandelbaum et al. 2008;
Leauthaud et al. 2010; Luo et al. 2018), we modeled the ESD
using three components:

∆Σ = ∆Σstellar + ∆ΣNFW + ∆Σ2h. (2)

The first term is the contribution of the stellar mass of galax-
ies. We adopted the stellar mass directly from the observa-
tional data and modeled it as a point mass. The second term
is the contribution of the dark matter halo, assumed to have a
Navarro–Frenk–White (NFW; Navarro et al. 1997) density pro-
file, described by two free parameters: the mass mh and the
concentration c. Specifically, mh is the mass contained in a

spherical region of radius r200m, within which the mean mass
density is equal to 200 times the mean matter density of the Uni-
verse. The distributions of the halo mass and concentration for a
fixed galaxy stellar mass are usually quite broad. In our model-
ing, we used a single NFW profile with two free parameters, mh
and concentration, to fit the data point, ignoring the dispersion
in them. Since our analysis focuses only on the average infor-
mation of halos, the bias produced by ignoring the dispersion
is expected to be small, as shown in Mandelbaum et al. (2016)
and discussed further in Sect. 3.3. Following Mandelbaum et al.
(2016), we also ignored the effect of off-centering, which is neg-
ligible for the mh estimation of central galaxies according to our
tests. The third term, referred to as the two-halo term, was cal-
culated by projecting the halo-matter cross-correlation function,
ξhm, along the line of sight. Here ξhm = b(mh)ξmm, with ξmm
being the linear matter–matter correlation function and b(mh)
the linear halo bias (Tinker et al. 2010), both generated using
COsmology, haLO and large-Scale StrUcture toolS (COLOS-
SUS Diemer 2018). We sampled the posterior distribution of
the two parameters, mh and c, using the Monte Carlo Markov
chain (MCMC) provided by the public open software emcee
(Foreman-Mackey et al. 2013). Both COLOSSUS and emcee are
under the MIT License. The best fitting profiles are presented in
Fig. 1. The quoted mass, mh, is the median value of the pos-
terior, and its error bar indicates the 16 and 84% range of the
posterior.

We note that mh accounts for the contribution from cold dark
matter, diffuse gas, and satellites around centrals, but does not
include the contribution from the central galaxies that is modeled
by ∆Σstellar. The total mass of the halo, which is used to calculate
the conversion efficiency in the following and should include all
the components within the virial radius of the halo, is thus Mh =
mh + M∗. In general, M∗ � mh, and so Mh is very close to mh.
However, for halos with very high efficiency, central galaxies can
also make a significant contribution to the total halo mass. In the
rest of the paper, halo mass refers to the total mass of the halo,
Mh.
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Fig. 1. Excess surface density (ESD) from the DECaLS shear catalog and the corresponding best fitting results. The symbols in the 12 panels
show the ESD profiles obtained by stacking the lensing signals for galaxies in each stellar mass bin, as indicated in each panel. Results are shown
separately for star-forming galaxies (first and third columns) and the total population (second and fourth columns). The error bars correspond to
the standard deviation of 150 bootstrap samples. We fit the ESD by using three components, the stellar mass term (dotted lines with stars), the
one-halo term (dashed lines), and the two-halo term (dash-dotted lines). The sum of these components are shown with solid lines.

2.3. Weak lensing calibrated satellite kinematics method

The kinematics of satellite galaxies provides an important probe
of the gravitational potential wells of the dark matter halos (e.g.,
McKay et al. 2002; van den Bosch et al. 2004; More et al. 2011;
Wojtak & Mamon 2013; Lange et al. 2019a,b; Abdullah et al.
2020; Seo et al. 2020). For a central galaxy of mass M∗ in a
given subsample, we identified its satellite candidates from a
reference galaxy sample. For our analysis, we define the refer-
ence sample as a magnitude-limited sample following the fol-
lowing selection criteria: r-band Petrosian apparent magnitude
of r < 17.6, r-band Petrosian absolute magnitude in the range
(−24,−16), and redshift in the range 0.01 < z < 0.2 (Wang & Li
2019; Zhang et al. 2021). The candidates were defined as those
that satisfy the following criteria: |∆v| ≤ 3vvir, rp ≤ rvir, and
Ms < M∗. Here: rp and ∆v are the projected distance and the
line-of-sight velocity difference between the central in ques-
tion and its satellite, respectively; rvir and vvir are, respectively,
the virial radius and virial velocity calculated using the mean
halo mass of the subsample derived from weak lensing; and
Ms is the stellar mass of the satellite. The numbers of satel-
lite candidates for different central galaxy samples are listed in
Table 1.

Figure 2 shows the PDFs of ∆v for the selected satellites
associated with different (total and star-forming) central galaxy
subsamples. We used a Gaussian plus a constant,

A
√

2πσv
e−∆v2/2σ2

v + d, (3)

to fit the PDFs. Here, the Gaussian component represents the
true satellites, and the constant component is used to account
for the interlopers that are not physically associated with the
centrals (see also McKay et al. 2002; Brainerd & Specian 2003;
van den Bosch et al. 2004; Conroy et al. 2007). An MCMC tech-
nique was used to perform the fitting. As can be seen from the
figure, the ∆v distributions are well fitted by the two-component
model, and the contribution of the interlopers is negligible.
Given that the uncertainty of an SDSS galaxy redshift is about
35 km s−1, the error of ∆v is σe =

√
2 × 35 = 49.5 km s−1. So,

the velocity dispersion, σs, of satellites can be estimated from
the best fitting Gaussian after correcting for the redshift uncer-

tainties, σs =

√
σ2
v − σ

2
e . The estimate of σs may be affected by

the uncertainty of the halo masses that are used to determine rvir
and vvir. As a check, for each sample we compared the σs cal-
culated using three different halo masses, corresponding to the
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Fig. 2. Distribution of the line-of-sight velocity difference (∆v) between central galaxies and their satellite candidates. The solid lines with error bars
show the PDF of ∆v. The dashed lines show the Gaussian-plus-a-constant fits to the data points. The error bars correspond to the standard deviation
of 100 bootstrap samples. The upper row shows the results for star-forming centrals, while the lower row is for the total central population. The
results of the star-forming and total samples in different stellar mass bins are shown in different columns. We note that the scales of the vertical
axes are different for different panels.

Fig. 3. Halo mass–satellite velocity dispersion relation. The open (solid)
diamonds show the velocity dispersion (σs) of satellites versus the host
halo masses for total (star-forming) central galaxies. The halo masses
are measured from DECaLS lensing data. Different colors indicate dif-
ferent stellar mass bins of central galaxies. The error bars for halo mass
indicate the 16% and 84% of the posterior distribution obtained from
the MCMC fitting to the stacked lensing profiles. The error bars for σs
represent the 16% and 84% of the posterior distribution obtained from
the fitting to the distribution of the satellite-central velocity difference.
The solid line represents the best fit to the data points for the total galaxy
sample.

16%, 50%, and 84% of the posterior distribution obtained from
the MCMC fitting to the stacked lensing profiles of the sample
in question. We find that the three values of σs so obtained are in
general consistent with one another (see Appendix A for details).
We thus conclude that the uncertainty in the halo mass has little
impact on the estimate of σs.

In Fig. 3 we show σs vs. Mh, the lensing mass measurement,
for both the total and star-forming samples. One can see a strong
correlation between the two parameters. We fit the data points

for the total sample with a power-law model, and the constrained
relation is

log(Mh/M�) = (3.08± 0.05) log(σs/km s−1) + (5.33± 0.11). (4)

Remarkably, the slope of the relation is in excellent agreement
with what is expected from the virial scaling relation (M ∝ σ3)
seen in numerical simulations (Evrard et al. 2008). A similar
slope has been obtained in previous studies that measured halo
mass using abundance matching, satellite kinematics, the caustic
technique, the SZ effect, and the virial theorem (e.g., Yang et al.
2007; More et al. 2011; Rines et al. 2013, 2016; Abdullah et al.
2020), although some other studies find different results (e.g.,
Viola et al. 2015). Our tests show that both weak lensing and
satellite kinematics can provide robust and consistent measure-
ments of the host halo masses of galaxies. The star-forming
galaxies also closely follow the trend defined by the total sample,
demonstrating that the lensing masses for star-forming galaxies
are also robust.

Thus, we can derive the host halo masses for the star-forming
and total subsamples from their measured σs (Fig. 2) using the
σs−Mh relation. But, since σs is also used in fitting the rela-
tion, the uncertainties in σs and in the relation are expected to
be correlated. In order to avoid this correlation, we designed a
new way to calculate the σs−Mh relation. Specifically, for each
stellar mass bin, we only used data points (σs vs. Mh) in the
rest of the stellar mass bins to fit the σs−Mh relation so that the
derived relation is independent of the galaxy sample in question.
In Appendix B we show the best fitting σs−Mh relations for all
six stellar mass bins.

We then combined the σs of galaxy sample with its corre-
sponding σs−Mh relation to derive the halo mass. The errors of
the halo masses were obtained by considering both the uncer-
tainties in σs and the Mh−σs relation. Both σs and the Mh−σs
relation were derived using MCMC fitting, which can provide
their posterior distributions. For galaxies in a given stellar mass
bin, we can randomly generate a σs value and a Mh−σs rela-
tion from their posterior distributions and predict a halo mass by
combining the two. In practice, we generated 30 000 predictions
of the halo mass for each subsample and used the 16% and 84%
of the mass distribution to represent the uncertainties. The halo
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Fig. 4. Stellar mass–halo mass relation. The red symbols with error
bars show the SHMR calculated using the halo mass obtained from
the fits to the stacked lensing mass profiles from the DECaLS shear
catalog, while the black ones are based on the LcSK method. For clar-
ity, we shift the black symbols slightly toward the left. The error bars
reflect the 16% and 84% of the posterior distribution. The diamonds
and squares show the results for star-forming and total populations,
respectively. The shadow region represents the range covered by curves
published in Yang et al. (2009), Moster et al. (2010), Leauthaud et al.
(2012), Kravtsov et al. (2018), and Behroozi et al. (2019).

mass estimated in this way is referred to as the weak lensing cali-
brated satellite kinematics (LcSK) halo mass and is also denoted
by Mh.

Finally, we want to note that the uncertainties of the LcSK
masses in different stellar mass bins are correlated. Therefore, if
one wants to use these data points to constrain a galaxy forma-
tion model, one should consider the covariance among different
stellar mass bins.

2.4. Galaxy clustering analysis

Galaxy clustering can be used to measure the large-scale envi-
ronment and to infer the halo mass for a sample of selected
galaxies. In this paper we adopt the projected two-point cross-
correlation function (2PCCF) to quantify the clustering of galax-
ies. We first estimated the 2PCCF using

ξ(rp, rπ) =
NR

ND

GD(rp, rπ)
GR(rp, rπ)

− 1, (5)

where NR and ND are the galaxy numbers in the random and ref-
erence samples, respectively; rp and rπ are the separations per-
pendicular and parallel to the line of sight, respectively; GD is
the number of cross pairs between the selected galaxy sample
and the reference sample; and GR is that between the selected
galaxy sample and the random sample. To obtain the pro-
jected 2PCCF, we integrated ξ along the line of sight, wp(rp) =∫ ∆s
−∆s ξ(rp, rπ)drπ, with ∆s = 40 h−1 Mpc, which is sufficiently

large so as to include almost all correlated pairs. The errors
on the measurements of the 2PCCF were estimated by using
100 bootstrap samples.

The reference sample used here is the same as that described
in Sect. 2.3. Based on this reference sample, we constructed a
random sample in the following way (see also Li et al. 2006, for
more details). We generated ten duplicates for each galaxy in
the reference sample and randomly placed them in the SDSS
sky coverage. All other properties, including the stellar mass and
redshift of the duplicate galaxies, are the same as those of the
original galaxy. Thus, the random sample has the same survey
geometry and the same distribution of galaxy properties as the
reference sample.

The 2PCCFs of the star-forming galaxy sample cannot be
directly compared with those of the total galaxy sample, because
the two samples may have different redshift distributions. In
order to make a fair comparison, it was necessary to construct a
control sample that matches the star-forming sample. For a star-
forming galaxy in a given stellar mass bin, we selected, from
the total galaxy subsample in the same stellar mass bin, n galax-
ies whose redshift are within 0.005 of the star-forming galaxy in
question. We chose n = [1, 1, 1, 2, 4, 19] for the six galaxy stel-
lar mass bins (see Sect. 2). The number of control galaxies, n,
was chosen according to the ratio in size between the total and
star-forming galaxy subsamples. This control sample was then
used to estimate the 2PCCFs to compare with the corresponding
star-forming galaxies.

3. Results

3.1. The stellar mass–halo mass relation

Figure 4 and Table 1 show the halo mass (Mh) obtained from
weak lensing (lensing mass) and from the LcSK method, sep-
arately for the total and star-forming central galaxies of dif-
ferent stellar masses. Both estimates give very similar results,
as is expected from the tight correlation between the veloc-
ity dispersion and the lensing mass (Fig. 3). For comparison,
we also show the results in the literature obtained using vari-
ous methods, including galaxy groups, abundance matching, the
conditional luminosity function, weak lensing, and the empiri-
cal model (Yang et al. 2009; Moster et al. 2010; Leauthaud et al.
2012; Kravtsov et al. 2018; Behroozi et al. 2019). As one can see
from the figure, the SHMR for our total galaxy sample closely
follows the trend defined by previous results. In contrast, for
a given stellar mass, the halo mass of star-forming galaxies is
lower than that of the total sample, and the difference becomes
larger and more significant at the high-mass end. This is broadly
consistent with previous weak-lensing and satellite kinematics
studies that find that star-forming or blue galaxies reside in less
massive halos than quiescent or red galaxies of the same stellar
mass (see, e.g., Mandelbaum et al. 2006, 2016; More et al. 2011;
Lange et al. 2019b; Zhang et al. 2021) as well as with results
obtained from some empirical models constrained by observa-
tional data (e.g., Rodríguez-Puebla et al. 2015; Behroozi et al.
2019).

3.2. The conversion efficiency

Assuming that the baryon fraction within halos is equal to the
cosmic fraction ( fb), the overall conversion efficiency can be rep-
resented by M∗/( fbMh). Here Mh is the total mass of a dark
matter halo and M∗ is the stellar mass of the central galaxy
within the halo. In the left panel of Fig. 5, we show this conver-
sion efficiency as a function of stellar mass for the total galaxy
sample, with the halo mass measured directly from the weak
lensing data. The efficiency for the total galaxy sample peaks
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Fig. 5. Baryon conversion efficiency as a function of stellar mass. In the left panel, the symbols with error bars show the efficiency calculated
using the halo mass obtained from the fits to the stacked lensing mass profiles. The black symbols show the results from the DECaLS shear
catalog, while the green ones are obtained from the SDSS shear catalog (see Appendix C). The solid and open symbols show the results for
the star-forming and total populations, respectively. Error bars indicate the 16% and 84% of the posterior distribution obtained from the MCMC
fitting. In the right panel, the symbols with error bars show the efficiency calculated using the LcSK method. The error bars reflect the 16% and
84% of the posterior distribution obtained from the LcSK. The solid (dashed) gray lines show the results for star-forming (total) galaxies in the
hydro-simulation IllustrisTNG. The shadow region in the two panels covers the range obtained before, as in Fig. 4.

roughly at M∗ ∼ 1010.6 M� and decreases toward both lower-
and higher-mass ends, in good agreement with previous results
(e.g., Wechsler & Tinker 2018). The same panel also shows the
results for the star-forming central galaxies defined in Sect. 2.
The efficiency of star-forming galaxies roughly follows the trend
of the total population at the low-mass end but deviates from it
and continues the increasing trend toward the massive end. For
star-forming galaxies of M∗ ∼ 1011 M�, the efficiency reaches
a value of 0.629+0.142

−0.109, much higher than the maximum value
of ∼0.2 for Milky-Way-like galaxies with M∗ ∼ 1010.6 M�. At
M∗ > 1011 M�, the high efficiency seems to remain, although
with a larger uncertainty. This high efficiency indicates that most
of the baryonic gas in the host halos of those massive star-
forming galaxies has already assembled into galaxies and been
converted into stars.

We can also use the halo mass obtained from the LcSK
method to estimate the conversion efficiency (Sect. 2.3), and the
results are presented in the right panel of Fig. 5 and in Table 1.
The results are very similar to those obtained from the weak lens-
ing data. For example, the efficiency for the second most massive
star-forming sample is 0.66+0.069

−0.067. However, the LcSK method
significantly reduces the uncertainty of the efficiency in most of
the stellar mass bins.

As mentioned above, many previous studies have found
that star-forming or blue galaxies tend to reside in smaller
halos than quenched or red galaxies of the same stellar mass
(e.g., More et al. 2011; Hudson et al. 2015; Mandelbaum et al.
2016; Lange et al. 2019b; Behroozi et al. 2019; Posti et al. 2019;
Bilicki et al. 2021). This is consistent with our results that
the conversion efficiency is higher for star-forming galaxies

than for quenched galaxies. However, in comparison with our
results, the implied conversion efficiency is significantly lower
and has larger uncertainties in many of the earlier studies.
For example, Mandelbaum et al. (2006, 2016) find a peak effi-
ciency of 0.35+0.92

−0.17 for late-type galaxies and 0.351+0.165
−0.089 for

blue galaxies, respectively. Dutton et al. (2011) find that the
mean peak efficiency for their late-type galaxies is around 0.3.
Rodríguez-Puebla et al. (2015) find that the M∗-to-Mh ratio of
their blue centrals has a peak value of 0.051, corresponding to
a conversion efficiency of 0.325 assuming fb = 0.157. These
results appear to be in conflict with ours, and we will come
back to this issue later. Recently, Posti et al. (2019) modeled the
rotation curves of local disk galaxies and inferred the halo mass
of individual galaxies. They find that the mean conversion effi-
ciency for about 20 massive disk galaxies is about 0.5, albeit
with large uncertainties. Our results are in broad agreement with
theirs. However, our results were obtained from a large sample
of 22 099 star-forming galaxies, indicating that the high conver-
sion efficiency is a common property for massive star-forming
galaxies.

3.3. Tests of uncertainties

A number of factors may affect the estimates of the halo mass.
As a test, we repeated our analysis using an independent weak-
lensing shear catalog obtained by Luo et al. (2017) from SDSS
DR7 (Abazajian et al. 2009) imaging data using a totally differ-
ent method (see Appendix C). As shown in Fig. 5, the results
obtained from the SDSS data agree well with those from the
DECaLS data. However, the SDSS results have much larger
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Fig. 6. Ratio of the 2PCCF between star-forming galaxies and the total
control galaxies as a function of the projected distance (rp) in different
stellar mass bins. Error bars are the standard deviation of the 2PCCF
ratio among 100 bootstrap samples. The horizontal dashed line in each
panel indicates the theoretical ratio from a halo bias model (Tinker et al.
2010) that uses the halo mass measured from weak lensing as the input.
For clarity, we only show the results for the four highest-mass bins,
where the uncertainties in lensing mass measurements are relatively
small.

uncertainties because of the shallower imaging data used to mea-
sure the weak lensing shear.

Galaxy clustering provides another test because of its depen-
dence on halo mass (Mo & White 1996; Tinker et al. 2010).
Figure 6 shows the ratio of the 2PCCF, in the range 5 Mpc <
rp < 20 Mpc, between star-forming galaxies and the total pop-
ulation in four high-mass bins (see Sect. 2.4 for the method for
estimating the 2PCCF). In each panel the theoretical prediction
using the linear halo bias model (Tinker et al. 2010) is shown,
and the halo mass was derived from the DECaLS weak lens-
ing measurements. As one can see, the model predictions agree
very well with the observational results on large scales, where
the linear halo bias model is valid. However, halo bias may also
depend on the halo assembly history, in addition to halo mass
(e.g., Gao et al. 2005; Wang et al. 2007). If there is a correlation
between the properties of the central galaxy in a halo and the
assembly of the halo, then the halo bias model used here may
not be an accurate description of star-forming and quenched cen-
trals. Unfortunately, this potential correlation is not understood
well enough to quantify the effect it may have on our results.

As discussed above, the conversion efficiency obtained here
for massive star-forming galaxies appears to be higher than that
obtained in some previous investigations. One cause of the dis-
crepancy may be that galaxy samples used in these investiga-
tions are different from ours. For example, Mandelbaum et al.
(2016) and Bilicki et al. (2021) split galaxy samples accord-
ing to galaxy color, instead of the SFR used here. As a test,
we repeated our analysis by separating red and blue galax-
ies according to Eq. (1) in van den Bosch et al. (2008), sim-
ilarly to how it was done in Mandelbaum et al. (2016). The
SHMRs obtained from the red and blue populations are shown
in Fig. 7, in comparison with the results taken from Table B1 of

Fig. 7. Comparison of our SHMR with those of Mandelbaum et al.
(2016) and Bilicki et al. (2021). The diamonds, the lines with error
bars, and the shaded regions are the SHMRs from our results,
Mandelbaum et al. (2016), and Bilicki et al. (2021), respectively. The
solid symbols show the results calculated using the DECaLS shear
catalog. The red and blue represent the red and blue galaxy samples,
respectively.

Mandelbaum et al. (2016)5 and from Bilicki et al. (2021). As
one can see, our results are in good agreement with theirs, which
provides additional support to the reliability of our mass esti-
mates. In particular, blue galaxies of M∗ ∼ 1011 M� have an aver-
age halo mass of 12.31+0.07

−0.07 from Mandelbaum et al. (2016) and
12.39+0.15

−0.08 from Bilicki et al. (2021), corresponding to a conver-
sion efficiency of 0.338+0.062

−0.052 and 0.262+0.053
−0.077, respectively, much

lower than that for star-forming galaxies of the same stellar mass
(Fig. 5 and Table 1). This suggests that the calculated efficiencies
are sensitive to the sample selection, and that the discrepancy
between our results (samples selected according to the SFR)
and their results (samples selected according to galaxy colors)
is entirely due to the difference in the sample selection.

Other potential problems may also exist in the halo mass
estimation. If a fraction of the selected galaxies are satellites,
instead of centrals, a systematic bias can be introduced, as our
modeling of the lensing measurements assumes that all galax-
ies are centrals. Contamination by satellites is expected to lead
to an overestimation of the halo mass (Mandelbaum et al. 2006,
2016), and so the conversion efficiency may be underestimated
in our results. To check the impact of this effect, we conducted
an analysis by using an additional selection criterion to reduce
the contamination of satellites in our central galaxy samples.
Specifically, we required that a central galaxy be the most mas-
sive one among all its neighbors that have projected distances
of less than 1 Mpc and line-of-sight velocity differences smaller
than 1000 km s−1 relative to the galaxy in question. This leads
to a sample of 4900 star-forming galaxies in the second most
massive bin. The halo mass obtained from lensing for this sam-
ple is log MhM� = 12.06+0.16

−0.21, very close to the value obtained

5 To be consistent, the stellar masses are adopted from the MPA-JHU
catalog, and their halo masses are uncorrected; see the paper for the
correction.
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Fig. 8. Comparison of the MPA-JHU stellar mass with the stellar masses
from NYU-VAGC (blue) and Salim et al. (2016) (red) for central star-
forming galaxies. The solid lines show the median value of the residual,
while the shaded regions show the 25% and 75% of the residual distri-
bution.

above, demonstrating that the effect of satellite contamination is
negligible in our results.

Another bias in the halo mass estimate may arise because
halos of galaxies in a given sample can span a large range in
mass. The stacked lensing signal around the sample galaxies
is, therefore, an average of many different halo profiles, and
using a single NFW profile to fit the average profile may intro-
duce a bias. Detailed tests by Mandelbaum et al. (2016) using
a mock catalog constructed from a semi-analytic galaxy for-
mation model suggest that the best fitting mass underestimates
the mean halo mass by about 10%, quite independent of the
stellar mass and galaxy color. At M∗ ∼ 1011 M�, the actual
mean halo mass may be about 1.14 times the best fitting halo
mass. Taking this correction into account, the conversion effi-
ciency for star-forming galaxies in this mass range changes to
0.629/1.14 = 0.552. One should keep in mind that the correc-
tion factor may depend on the used galaxy formation model. As
we see below, our results are not well reproduced by the current
galaxy formation models.

Yet another important source of uncertainty comes from the
estimate of the stellar mass. The statistical uncertainty of the stel-
lar mass is usually 0.3 dex (e.g., Kauffmann et al. 2003b). Our
galaxy sample is large enough that the statistical error in the
mean stellar mass is small. However, the systematic uncertain-
ties, such as those produced by the adopted initial mass function,
the star-formation history, the stellar library, and the dust atten-
uation, may not be negligible (see Moustakas et al. 2013, for a
brief introduction). It is in general difficult to evaluate such sys-
tematic uncertainties within a specific model of the stellar popu-
lation. One common practice is to perform a consistency check
by comparing the stellar masses of the same object measured
with different techniques and/or from different data. The MPA
masses used here have been used in many comparison studies in
the literature. For example, Moustakas et al. (2013) showed that
the MPA masses are in excellent agreement with theirs based on
the fits to SEDs in 12 UV, optical, and infrared bands. As a check,
we made a similar comparison for central star-forming galaxies,
as they are the most relevant to our results. In Fig. 8 we com-

pare the MPA masses with those given in NYU-VAGC and those
obtained by Salim et al. (2016). Different approaches and/or data
were used to derive stellar masses in these three databases. As
one can see, there are some systematic differences among the
three masses. At M∗ ∼ 1011 M�, the difference between the
MPA mass and the other two is about 0.05 dex, and the MPA
mass appears to lie between the two masses. Thus, our results
are robust as long as the systematic bias in the stellar mass is not
much larger than the difference among the three mass estimates
compared here.

4. Discussion

One possible explanation for the large M∗-to-Mh ratio reported
here is that the host halos are splashback halos (e.g.,
Ludlow et al. 2009) that entered the virial radii of more mas-
sive halos at some point and were severely stripped by the tidal
field. However, splashback halos are usually much more strongly
clustered than other halos of the same mass (Wang et al. 2009)
because they are spatially close to massive halos. This is clearly
inconsistent with the fact that the massive star-forming galax-
ies are less clustered than the total population of the same mass
(Fig. 6). Moreover, environmental effects may quench the star
formation in splashback halos, and so their galaxies are not
expected to be star forming. Thus, this possibility can be ruled
out.

Another possibility is that some processes that are sup-
posed to prevent the growth of massive galaxies did not operate
on these galaxies in the past. Figure 9 shows the distribu-
tions of galaxy concentration for star-forming and total galax-
ies with M∗ ∼ 1011 M�. One can see that star-forming galaxies
have much smaller concentrations than galaxies of the same
mass from the total sample. The activities of AGNs, which
are thought to be capable of quenching star formation, are
expected to be more prominent in more concentrated galax-
ies (e.g., Kauffmann et al. 2003a; Zhang et al. 2021). Previous
theoretical and observational studies have found that the effi-
ciency of star-forming galaxies may be suppressed by several
feedback processes, such as supernova and AGN feedback in
the low and high stellar mass ends, respectively. Our results
suggest that AGN feedback must be inefficient in suppressing
cold gas acquisition and star formation in massive star-forming
galaxies. Active galactic nucleus feedback may still be effec-
tive in quenching the star formation in other massive galaxies
of M∗ ∼ 1011 M� and may thus produce a much lower conver-
sion efficiency in them. As shown in Table 1, the number of mas-
sive star-forming galaxies (M∗ ∼ 1011 M�) is much smaller than
that of the total galaxy population of the same mass. Thus, this
absence of effective AGN feedback only applies to a relatively
small fraction of the total galaxy population.

These massive star-forming galaxies have already converted
more than 60% of their halo gas into stars. Based on CO and
HI observations, Saintonge et al. (2016) find that these galax-
ies on average contain about ∼1010 M� in cold gas. Thus, the
total baryon mass in these galaxies is more than 70% of the
total baryons in their halos. This leaves less than 30% of the
baryons in the circumgalactic medium (CGM). Thus, observa-
tions of the CGM may provide an independent way to check our
results. The CGM can be probed in a number of ways, such as
via quasar absorption line systems (e.g., Tumlinson et al. 2017),
extended X-ray emission (e.g., Anderson et al. 2013), and the
SZ effect (e.g., Lim et al. 2018). Many studies have found evi-
dence for the existence of CGM in galaxies with a wide range
of stellar mass (e.g., Tumlinson et al. 2017). However, a detailed
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Fig. 9. Probability distributions of galaxy concentration (C = R90/R50)
for the total galaxy sample (green line) and the massive star-forming
galaxy sample (black line) of M∗ ∼ 1011 M�.

comparison with our results is not straightforward. As shown in
Table 1, star-forming galaxies of 1011 M� make up only about
one-fifth of the total population of the same mass. It is thus inap-
propriate to compare our results directly with those of studies
that did not separate the star-forming galaxies from the total pop-
ulation. For low-ionization line systems observed in star-forming
galaxies, such as MgII, the absorbing gas is believed to be asso-
ciated with outflow (e.g., Lan & Mo 2018). The total amount
of gas involved may not be large, which is consistent with our
results.

The mean density of the CGM around massive star-forming
galaxies is expected to be less than that around other galaxies.
Therefore, the timescale for gas cooling, which is inversely pro-
portional to the gas density, is much longer. The ability of mas-
sive star-forming galaxies to acquire additional gas to maintain
a high SFR should be significantly suppressed. Our results sug-
gest that the well-known flattening of the SFR–M∗ relation for
star-forming galaxies at the massive end (Whitaker et al. 2014;
Saintonge et al. 2017) is caused by the decrease in gas supply.
It is consistent with the analysis based on atomic and molecular
gas within galaxies (Saintonge et al. 2016).

The high galaxy-to-halo mass ratio for massive star-forming
galaxies may have important implications for their rotation
curves. To demonstrate this, we selected galaxies with M∗ ∼
1011 M� and a Sèrsic index of n ∼ 1 from the SDSS galaxy
sample. These massive disk galaxies have a wide distribution of
Sèrsic r0 (which is equal to the disk scale length for n = 1),
ranging from 2.5 to 6.3 kpc, where both n and r0 are taken from
the NYU-VAGC catalog (Blanton et al. 2005a). To derive the
rotation curve, we assumed an exponential mass profile with a
typical disk scale length of 4.4 Kpc for a massive disk galaxy
and an NFW profile for its host dark matter halo. In Fig. 10
we show the rotation curve for a halo mass of Mh = 1012 M�
(with concentration c = 13), about the average value for star-
forming galaxies with M∗ ∼ 1011 M�. For comparison, we also
show the rotation curve for a disk galaxy residing in a halo of
1012.6 M� (c = 11), as expected from our total galaxy sample
with M∗ ∼ 1011 M� (see Fig. 4). For Mh = 1012.6 M�, the pre-
dicted rotation curve is quite flat at large radii, as is observed
for many disk galaxies. In contrast, for Mh = 1012 M�, the rota-

Fig. 10. Rotation curves for two disk galaxies with a stellar mass
of 1011 M� but with a halo mass of 1012 M� (star-forming, blue) and
1012.6 M� (total, green). The two disk galaxies have the same stellar
mass exponential profiles, with a disk scale length of 4.4 kpc and a Sèr-
sic index of n = 1. Dark matter halos are assumed to have an NFW pro-
file with the concentration-mass relation from Zhao et al. (2009); c = 13
for the blue line, and c = 11 for the green line.

tion curve reaches a peak at ∼10 kpc and gradually decreases
at larger radii. This type of rotation curve is not common for
the general disk population but has been found for some local
galaxies (e.g., Corbelli et al. 2010; Posti et al. 2019). Modeling
their rotation curves shows that these galaxies indeed have a high
conversion efficiency (Posti et al. 2019). Our results show that
this type of rotation curve should be expected for massive star-
forming disks.

Finally, we examined whether current galaxy formation
models can reproduce our results. In the right panel of Fig. 5,
we show the results obtained from the Illustris-TNG simu-
lation (Pillepich et al. 2018), which implements a series of
baryonic physics, such as AGN feedback, to suppress star for-
mation in massive galaxies (see Appendix D for a brief descrip-
tion of the simulation). As can be seen from the figure, the
simulation result for the total sample has a peak around a stel-
lar mass between 1010.5 and 1011 M�, consistent with the obser-
vational results. However, the simulation fails to reproduce the
high conversion efficiency for the observed massive star-forming
galaxies. Indeed, massive star-forming galaxies in the simulation
closely follow the total population over almost the entire stellar
mass range. It is likely that the AGN feedback implemented in
the simulation is too strong for these galaxies. We also examined
the Eagle simulation (Schaye et al. 2015) and find that it can-
not reproduce the high conversion efficiency observed for mas-
sive star-forming galaxies either. Thus, our finding presents a
challenging problem for current simulations in their modeling of
feedback and star formation.

5. Summary

Based on the shear catalog of DECaLS imaging data, we have
derived the halo mass of central galaxies selected from the
SDSS. We have developed an LcSK method to improve the halo
mass measurements. We then obtained the efficiency for con-
verting baryons into stars within halos, defined as M∗/Mh/ fb, for
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both the total galaxy population and galaxies in the star-forming
main sequence. Our main results are summarized as follows.

– The SHMR for the total galaxy population we obtained is in
good agreement with previous studies. The conversion effi-
ciency peaks around Milky-Way-like galaxies and declines
toward both lower and higher stellar mass ends.

– The conversion efficiency of star-forming galaxies increases
monotonically with stellar mass and reaches a value of more
than 60 percent at M∗

>
∼ 1011 M�. Thus, these galaxies have

converted most of their halo gas into stars.
– Our tests show that the measurements of the halo mass are

consistent with the results obtained from the SDSS shear cat-
alog and from galaxy clustering.

– Massive star-forming galaxies are expected to have rotation
curves that are peaked at about two disk scale lengths and
decline at larger distances, quite different from the flat rota-
tion curves commonly observed for the general disk popula-
tion.

– The high conversion efficiency observed for massive star-
forming galaxies is not reproduced by current cosmological
gas simulations.

– We have tested a number of systematic effects that may affect
our results and find that none of them can change our con-
clusions significantly.

Our finding has important implications for the understanding of
galaxy formation and star-formation quenching. The high con-
version efficiency observed for massive star-forming galaxies
indicates that AGN feedback may not have had an important
effect on the conversion of gas into stars in these particular galax-
ies. The fact that current cosmological hydrodynamic simula-
tions cannot reproduce such a high conversion efficiency indi-
cates that our current understanding of feedback is still incom-
plete, at least for massive star-forming galaxies. Clearly, the
observational results presented here provide an important con-
straint on modeling feedback processes in galaxy formation, and
we will come back to this in a future paper.
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Strateva, I., Ivezić, Ž., Knapp, G. R., et al. 2001, AJ, 122, 1861
Tinker, J. L., Robertson, B. E., Kravtsov, A. V., et al. 2010, ApJ, 724, 878
Tinker, J. L., Leauthaud, A., Bundy, K., et al. 2013, ApJ, 778, 93
Tumlinson, J., Peeples, M. S., & Werk, J. K. 2017, ARA&A, 55, 389
van den Bosch, F. C., Norberg, P., Mo, H. J., & Yang, X. 2004, MNRAS, 352,

1302
van den Bosch, F. C., Aquino, D., Yang, X., et al. 2008, MNRAS, 387, 79
van Uitert, E., Hoekstra, H., Velander, M., et al. 2011, A&A, 534, A14
Velander, M., van Uitert, E., Hoekstra, H., et al. 2014, MNRAS, 437,

2111
Viola, M., Cacciato, M., Brouwer, M., et al. 2015, MNRAS, 452, 3529
Wang, L., & Li, C. 2019, MNRAS, 483, 1452
Wang, H. Y., Mo, H. J., & Jing, Y. P. 2007, MNRAS, 375, 633
Wang, H., Mo, H. J., & Jing, Y. P. 2009, MNRAS, 396, 2249
Wang, H., Zhang, J., Li, H., & Shen, Z. 2021, ApJ, 911, 10
Wechsler, R. H., & Tinker, J. L. 2018, ARA&A, 56, 435
Whitaker, K. E., Franx, M., Leja, J., et al. 2014, ApJ, 795, 104
White, S. D. M., & Rees, M. J. 1978, MNRAS, 183, 341
Wojtak, R., & Mamon, G. A. 2013, MNRAS, 428, 2407
Xu, K., & Jing, Y. 2022, ApJ, 926, 130
Yang, X., Mo, H. J., & van den Bosch, F. C. 2003, MNRAS, 339, 1057
Yang, X., Mo, H. J., & van den Bosch, F. C. 2009, ApJ, 695, 900
Yang, X., Mo, H. J., van den Bosch, F. C., et al. 2007, ApJ, 671, 153
Zhang, J., Luo, W., & Foucaud, S. 2015, J. Cosmol. Astropart. Phys., 2015,

024
Zhang, J., Zhang, P., & Luo, W. 2017, ApJ, 834, 8
Zhang, J., Dong, F., Li, H., et al. 2019, ApJ, 875, 48
Zhang, Z., Wang, H., Luo, W., et al. 2021, A&A, 650, A155
Zhao, D. H., Jing, Y. P., Mo, H. J., & Börner, G. 2009, ApJ, 707, 354
Zhou, R., Newman, J. A., Mao, Y.-Y., et al. 2021, MNRAS, 501, 3309
Zou, H., Gao, J., Zhou, X., & Kong, X. 2019, ApJS, 242, 8
Zu, Y., & Mandelbaum, R. 2015, MNRAS, 454, 1161

A85, page 12 of 16

http://linker.aanda.org/10.1051/0004-6361/202142866/31
http://linker.aanda.org/10.1051/0004-6361/202142866/31
http://linker.aanda.org/10.1051/0004-6361/202142866/32
http://linker.aanda.org/10.1051/0004-6361/202142866/32
http://linker.aanda.org/10.1051/0004-6361/202142866/33
http://linker.aanda.org/10.1051/0004-6361/202142866/34
http://linker.aanda.org/10.1051/0004-6361/202142866/35
http://linker.aanda.org/10.1051/0004-6361/202142866/36
http://linker.aanda.org/10.1051/0004-6361/202142866/37
http://linker.aanda.org/10.1051/0004-6361/202142866/38
http://linker.aanda.org/10.1051/0004-6361/202142866/39
http://linker.aanda.org/10.1051/0004-6361/202142866/40
http://linker.aanda.org/10.1051/0004-6361/202142866/41
http://linker.aanda.org/10.1051/0004-6361/202142866/42
http://linker.aanda.org/10.1051/0004-6361/202142866/43
http://linker.aanda.org/10.1051/0004-6361/202142866/44
http://linker.aanda.org/10.1051/0004-6361/202142866/45
http://linker.aanda.org/10.1051/0004-6361/202142866/46
http://linker.aanda.org/10.1051/0004-6361/202142866/47
http://linker.aanda.org/10.1051/0004-6361/202142866/47
http://linker.aanda.org/10.1051/0004-6361/202142866/48
http://linker.aanda.org/10.1051/0004-6361/202142866/48
http://linker.aanda.org/10.1051/0004-6361/202142866/49
http://linker.aanda.org/10.1051/0004-6361/202142866/50
http://linker.aanda.org/10.1051/0004-6361/202142866/51
http://linker.aanda.org/10.1051/0004-6361/202142866/52
http://linker.aanda.org/10.1051/0004-6361/202142866/53
http://linker.aanda.org/10.1051/0004-6361/202142866/54
http://linker.aanda.org/10.1051/0004-6361/202142866/55
http://linker.aanda.org/10.1051/0004-6361/202142866/56
http://linker.aanda.org/10.1051/0004-6361/202142866/57
http://linker.aanda.org/10.1051/0004-6361/202142866/58
http://linker.aanda.org/10.1051/0004-6361/202142866/59
http://linker.aanda.org/10.1051/0004-6361/202142866/60
http://linker.aanda.org/10.1051/0004-6361/202142866/61
http://linker.aanda.org/10.1051/0004-6361/202142866/62
http://linker.aanda.org/10.1051/0004-6361/202142866/63
http://linker.aanda.org/10.1051/0004-6361/202142866/64
http://linker.aanda.org/10.1051/0004-6361/202142866/65
http://linker.aanda.org/10.1051/0004-6361/202142866/66
http://linker.aanda.org/10.1051/0004-6361/202142866/67
http://linker.aanda.org/10.1051/0004-6361/202142866/68
http://linker.aanda.org/10.1051/0004-6361/202142866/69
http://linker.aanda.org/10.1051/0004-6361/202142866/70
http://linker.aanda.org/10.1051/0004-6361/202142866/71
http://linker.aanda.org/10.1051/0004-6361/202142866/72
http://linker.aanda.org/10.1051/0004-6361/202142866/73
http://linker.aanda.org/10.1051/0004-6361/202142866/73
http://linker.aanda.org/10.1051/0004-6361/202142866/74
http://linker.aanda.org/10.1051/0004-6361/202142866/75
http://linker.aanda.org/10.1051/0004-6361/202142866/76
http://linker.aanda.org/10.1051/0004-6361/202142866/77
http://linker.aanda.org/10.1051/0004-6361/202142866/78
http://linker.aanda.org/10.1051/0004-6361/202142866/79
http://linker.aanda.org/10.1051/0004-6361/202142866/79
http://linker.aanda.org/10.1051/0004-6361/202142866/80
http://linker.aanda.org/10.1051/0004-6361/202142866/81
http://linker.aanda.org/10.1051/0004-6361/202142866/82
http://linker.aanda.org/10.1051/0004-6361/202142866/82
http://linker.aanda.org/10.1051/0004-6361/202142866/83
http://linker.aanda.org/10.1051/0004-6361/202142866/84
http://linker.aanda.org/10.1051/0004-6361/202142866/85
http://linker.aanda.org/10.1051/0004-6361/202142866/86
http://linker.aanda.org/10.1051/0004-6361/202142866/87
http://linker.aanda.org/10.1051/0004-6361/202142866/88
http://linker.aanda.org/10.1051/0004-6361/202142866/89
http://linker.aanda.org/10.1051/0004-6361/202142866/90
http://linker.aanda.org/10.1051/0004-6361/202142866/91
http://linker.aanda.org/10.1051/0004-6361/202142866/92
http://linker.aanda.org/10.1051/0004-6361/202142866/93
http://linker.aanda.org/10.1051/0004-6361/202142866/94
http://linker.aanda.org/10.1051/0004-6361/202142866/95
http://linker.aanda.org/10.1051/0004-6361/202142866/96
http://linker.aanda.org/10.1051/0004-6361/202142866/96
http://linker.aanda.org/10.1051/0004-6361/202142866/97
http://linker.aanda.org/10.1051/0004-6361/202142866/98
http://linker.aanda.org/10.1051/0004-6361/202142866/99
http://linker.aanda.org/10.1051/0004-6361/202142866/100
http://linker.aanda.org/10.1051/0004-6361/202142866/101
http://linker.aanda.org/10.1051/0004-6361/202142866/102
http://linker.aanda.org/10.1051/0004-6361/202142866/103


Z. Zhang et al.: High efficiency in massive star-forming galaxies

Appendix A: Testing the impact of halo mass
uncertainties on σs

Fig. A.1. Comparison of the satellite velocity dispersion obtained using
three different halo masses in the estimates of rvir and vvir. The left col-
umn shows the results for star-forming samples and the right column for
the total samples. Different rows represent different stellar mass bins. In
each panel, the three data points are for halo masses that correspond to
16, 50, and 84 percentage points of the mass distribution, respectively,
as labeled on the horizontal axis.

We used the halo mass to determine rvir and vvir, which are
used to identify satellite candidates around centrals. The satel-
lite velocity dispersion can thus be affected by the uncertainties
in the halo mass obtained from weak lensing. To test this, we
adopted two additional halo masses to derive the velocity dis-
persion. These two halo masses correspond to the 16 and 84 per-
centiles of the posterior distribution obtained from the MCMC
fitting to the stacked lensing profiles, and they may be considered
as the lower and upper halo mass limits, respectively. Figure A.1
compares the σs obtained from the two halo mass limits and the
medium halo mass adopted in the main text. The results show
that, for most of the stellar mass bins where the sample sizes
are sufficiently large, the value of σs is not significantly affected
by the halo mass uncertainty. For some of the stellar mass bins
where the sample sizes are small, such as the lowest stellar mass
bin (see Table 1), the halo mass uncertainty is large and may
have a significant impact on the estimate of σs.
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Appendix B: The Mh-σs relations for different
stellar mass bins

To avoid the correlation between the uncertainties in σs and in
the Mh-σs relation, we derived the Mh-σs relation using a slightly
different method. For a given galaxy sample in a stellar mass bin,
we used the complementary sample consisting of all galaxies in
other stellar mass bins to fit the Mh-σs relation. The relations so

obtained for different stellar mass bins are shown in Table B.1. As
one can see, these relations are consistent with one another and
with Eq. 4 within error bars. It is clear that theσs of a galaxy sam-
ple in a stellar mass bin is quite independent of the complementary
sample used for the calibration. Thus, we can use the value of the
σs for the galaxy sample, in combination with the corresponding
Mh-σs relation, to derive the halo mass and conversion efficiency
for the sample. The results are shown in Table 1.

Table B.1. Halo mass-satellite velocity dispersion relations.

log M∗ range(a) σs-Mh relation(b)

[8.84, 9.34] log(Mh/M�) = (3.08 ± 0.05) log(σs/s−1km) + (5.35 ± 0.11).
[9.34, 9.84] log(Mh/M�) = (3.09 ± 0.05) log(σs/s−1km) + (5.32 ± 0.12).

[9.84, 10.34] log(Mh/M�) = (3.07 ± 0.05) log(σs/s−1km) + (5.37 ± 0.12).
[10.34, 10.84] log(Mh/M�) = (3.08 ± 0.05) log(σs/s−1km) + (5.34 ± 0.13).
[10.84, 11.34] log(Mh/M�) = (3.05 ± 0.05) log(σs/s−1km) + (5.42 ± 0.11).
[11.34, 11.84] log(Mh/M�) = (2.92 ± 0.1) log(σs/s−1km) + (5.71 ± 0.22).

Notes. (a) The stellar mass bins. (b) The corresponding σs-Mh relations.
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Appendix C: Measurements with the SDSS shear
catalog

As an independent test, we also used a different shear cat-
alog (Luo et al. 2017) based on SDSS DR7 (Abazajian et al.
2009). The difference between the two samples is twofold.
First, the shape measurement method here uses a traditional
second-moment estimator to evaluate the ellipticity; secondly,
the coverage of the SDSS DR7 is much larger than the DECaLS
region that overlaps with our lens samples. There are 190,730

galaxies with M∗ ≥ 108.8 M� in the star-forming sample
and 445,135 galaxies with M∗ ≥ 108.8 M� in the total sam-
ple. However, the deeper imaging, together with the PDF-
symmetrization method, gives much smaller statistical errors
than the SDSS DR7 catalog. We repeated the modeling as
described above to extract the halo mass. The results are consis-
tent with those obtained from the DECaLS shear data but with
larger error bars, as shown in Fig. 5. The ESDs and best fitting
results obtained from the SDSS shear catalog are presented in
Fig. C.1.

Fig. C.1. Same as in Fig. 1 but for the SDSS shear catalog.
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Appendix D: The IllustrisTNG simulation used for
comparison

Fig. D.1. SFR−M∗ diagram for model galaxies. The figure shows the
result for central galaxies in IllustrisTNG. The solid line is the demar-
cation line used to identify star-forming galaxies, which is the same as
the one used in the observation. We note that a large fraction of the
galaxies have very low SFRs. These galaxies fall outside the boundary
of the plot.

The IllustrisTNG simulations were run with AREPO (Springel
2010), which implements a moving-mesh technique. The sim-
ulations include sub-grid physical models for gas cooling, star
formation, metal enrichment, and stellar and AGN feedback.
In this paper, we use the simulation TNG100-1, which has
a box size of ∼ 100 Mpc. The dark matter particle mass is
7.5 × 106 M� and the average gas cell mass is about 1.39 ×
106 M�. Galaxies with M∗ ≥ 108.8 M� are well resolved in the
simulation. Central galaxies are defined as the most massive
galaxies in their host halos. Galaxy stellar mass is the sum of
all stellar particles within the gravitationally bound substruc-
ture, and the SFR is calculated from all gas cells in the same
region. The halo mass, directly taken from the simulation, is
the mass contained in spherical regions, within each of which
the mean mass density is 200 times of the cosmic mean matter
density.

In Fig. D.1 we show the SFR-stellar mass relation for cen-
tral galaxies in the simulation. The simulation can reproduce the
star-forming main sequence well, and most star-forming galax-
ies in the plotted stellar mass range are well above the demar-
cation line used in our observational data. We thus decided to
use the same demarcation criteria to identify star-forming galax-
ies. The efficiency as a function of stellar mass for both star-
forming galaxies and total galaxy populations is presented in
Fig. 5.
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