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Abstract

We present the first direct spectroscopic measurement of the stellar velocity dispersion function (VDF) for massive
quiescent and star-forming galaxies at 0.6 < z < 1.0. For this analysis we use individual measurements of stellar
velocity dispersion from high-signal-to-noise-ratio spectra from the public Large Early Galaxy Astrophysics
Census (LEGA-C) survey. We report a remarkable stability of the VDF for both quiescent and star-forming
galaxies within this redshift range, though we note the presence of weak evolution in the number densities of star-
forming galaxies. We compare both VDFs with previous direct and inferred measurements at local and
intermediate redshifts, with the caveat that previous measurements of the VDF for star-forming galaxies are poorly
constrained at all epochs We emphasize that this work is the first to directly push to low stellar velocity dlspersmn
(0, >100 km s ') and extend to star-forming galax1es We are largely consistent with the high-sigma tail
measured from BOSS, and we find that the VDF remains constant from the median redshift of LEGA-C, z ~ 0.8, to
the present day.

Unified Astronomy Thesaurus concepts: Observational cosmology (1146); Galaxy evolution (594); Galaxy counts
(588); Galaxy physics (612); Galaxy formation (595); Galaxy dynamics (591); Galaxy kinematics (602); Surveys

(1671); Galaxies (573); Galaxy spectroscopy (2171); Dynamical evolution (421); Stellar dynamics (1596)

1. Introduction

Stellar velocity dispersion, o,, measured as the Gaussian
width of the line-of-sight velocity distribution of stars within a
galaxy, is a fundamental observable property of galaxies. It is a
key parameter in the fundamental plane of elliptical galaxies
(Djorgovski & Davis 1987) and can be used to probe galaxy
evolution (e.g., Shankar et al. 2009; Chae 2010; Bezanson et al.
2011, 2012). Stellar velocity dispersion is correlated with many
galaxy properties, including galaxy color and star formation
rate (Franx et al. 2008; Bell et al. 2012), as well as central
supermassive black hole (SMBH) mass (Shankar et al. 2009)
and dark matter halo properties (Zahid et al. 2018). The
velocity dispersion of a galaxy can also enable a measurement
of dynamical mass via the virial theorem (Taylor et al. 2010;
Cappellari et al. 2013; Zahid & Geller 2017). In sum,
measuring stellar velocity dispersions unlocks access to a wide
range of physical properties.

One way to provide a foundation for studying these scaling
relations is to measure how galaxies change through cosmic
time as a function of velocity dispersion. The velocity
dispersion function (VDF) yields the number density of
Original content from this work may be used under the terms
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galaxies as a function of stellar velocity dispersion. This
measurement is important not just for understanding galaxy
demographics, but also for a diverse variety of astrophysics
such as interpreting aggregate lensing signals (Turner et al.
1984), estimating SMBH populations (Shankar et al. 2009),
and constraining cosmological parameters (Mitchell et al.
2005). We note that the velocity dispersions used to compute
the VDF are typically integrated velocity widths from large
fractions of a galaxy, in contrast to dispersions measured within
a smaller region, which do not tend to include rotation
contributions, e.g., those utilized in older fundamental plane
works. Although for local quiescent galaxies this correction
might be small, the contribution of rotational support should be
more significant for star-forming galaxies (e.g., van de Sande
et al. 2018) or quiescent galaxies at earlier times (Toft et al.
2017; Bezanson et al. 2018a; Newman et al. 2018). The local
and low-redshift VDF has been thoroughly measured (local:
Mitchell et al. 2005; Choi et al. 2007; Shankar et al. 2009;
Chae 2010; Bezanson et al. 2011; Sohn et al. 2017; low-z:
Sheth et al. 2003; Bernardi et al. 2010; Bezanson et al. 2012),
with most studies focusing on early-type/quiescent galaxies.
Measuring individual stellar velocity dispersions is espe-
cially challenging as it requires moderate resolution spectra
with high signal-to-noise (S/N) in the stellar continuum (the
more easily observable ionized gas lines may often be absent
and/or may not necessarily probe the kinematics of the
galaxies). As a result, at intermediate and higher redshifts most
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works so far have relied on inferring velocity dispersions from
photometric data (Bezanson et al. 2011, 2012) or have made
assumptions about the evolution of the local relation (Shankar
et al. 2009; Chae 2010; Geng et al. 2021), with only Montero-
Dorta et al. (2017) spectroscopically measuring the VDF for
the most massive red sequence galaxies at z~~0.55. Each
respective inference method comes with different, significant
systematic uncertainties. This means that the VDF beyond the
local universe is poorly constrained, limiting the use of the
evolving VDF in other studies.

The Large Early Galaxy Astrophysics Census (LEGA-C)
survey resolves these issues by having a uniform selection
method, independent of color or morphology, that results in
minimal selection bias. Moreover, LEGA-C’s deep, high-S /N
(~20 A l) spectra allow for the extraction of stellar kinematics,
including robust stellar velocity dispersions for the vast
majority of the sample. Thus, in this paper we are able to
present the VDF as directly measured from the spectroscopic
stellar kinematics of a uniformly selected sample of quiescent
and star-forming galaxies at 0.6 < z < 1.0.

The paper is organized as follows: In Section 2 we outline
the LEGA-C sample and data processing procedures. Section 3
details our measurements of the VDF for the full sample, in
context with the current literature, which showcase the
remarkable stability of the VDF for both populations of
galaxies. Finally, in Section 4 we summarize our findings and
discuss their implications. We assume a flat ACDM cosmology
with Hy=70 km s~ ' Mpc ', Q,,=0.3, and Q4 =0.7.

2. Data

This work is based primarily on the LEGA-C survey (van
der Wel et al. 2016; Straatman et al. 2018; van der Wel et al.
2021; PI: van der Wel). LEGA-C is a deep, moderate-
resolution spectroscopic survey that targets massive galaxies
in the COSMOS field. Galaxy targets are brighter than
Kap =20.7-7.5 log (1]+81) at 0.6 < z < 1.0, which corresponds

M

to an approximate stellar mass limit of log () > 10.4.

Spectroscopic target selection relies on the Muzzin et al.
(2013a) v4.1 UltraVISTA catalog, and observations produce
spectra between ~6300 and 8800 A in the observed frame. Full
descriptions of the survey, data reduction, and quality can be
found in van der Wel et al. (2016), Straatman et al. (2018), and
van der Wel et al. (2021). Structural parameters, including a
best-fitting Sérsic profile, are derived from the HST/ACS
F814W image of each galaxy (Koekemoer et al. 2007; Massey
et al. 2010) using Galfit (Peng et al. 2002, 2010) following,
e.g., van der Wel et al. (2012). To separate between the
quiescent and star-forming populations, we adopt the standard
survey categorizations based on rest-frame U—V and V—J
colors according to Muzzin et al. (2013b).

The stellar velocity dispersions used in this work are derived
using the spatially integrated, optimally extracted spectra (see
Bezanson et al. 2018a, 2018b), having been fit using pPXF
(Cappellari & Emsellem 2004; Cappellari 2017) with a
nonnegative linear combination of theoretical single stellar
population templates (C. Conroy, private communication) and
Gaussian emission lines and broadening. In this paper, we
denote this observed, spatially integrated stellar velocity
dispersion as o”, ;, following Bezanson et al. (2018b). For a
subset of the LEGA-C data set, van Houdt et al. (2021)
developed Jeans modeling of the spatially resolved stellar
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kinematics. That work uses model dynamical masses to derive
an average inclination and aperture correction based on
projected galaxy shapes. We refer to this corrected stellar
velocity dispersion measurement as o, i, (since it can be used
alongside semimajor axis length and Sérsic index to compute
the dynamical mass using the virial theorem). We calculate
Ovir for our full sample as follows:

Ouvir = 0 1 (0.87 + 0.39 - 37800, D

where g is the projected axis ratio. These corrections are minor,
with average values of ~0.006 dex for quiescent galaxies and
~0.018 dex for star-forming galaxies. o, i is the stellar
velocity dispersion we use to measure our VDFs. We note that
0.vir does not attempt to disentangle ordered rotation, which
would also contribute to the overall spectral broadening and
should be accounted for when, e.g., describing the dispersion
support of a galaxy. Some previous studies of the VDF,
especially at low redshift, adopt a definition of stellar velocity
dispersion that attempts to disentangle ordered rotation.
Although this measurement is possible for ~800 galaxies in
the LEGA-C sample (van Houdt et al. 2021), the decreased
sample size and increased measurement uncertainty would
yield a less precise measurement of the VDF and would
systematically lower number densities at fixed velocity
dispersion. Furthermore, the virial definition of stellar velocity
dispersion provides a more complete accounting of the
gravitational orbits inside of the galaxies. We emphasize that
these definitional choices often lead to significant systematics
and likely dominate the offsets among VDF studies.

Our sample of 2586 galaxies is created by starting with the
primary LEGA-C sample (PRIMARY=1; 3017 galaxies) from
the DR3 catalog and making a redshift cut to only include
galaxies within 0.6 < zgpee < 1.0 (2868 galaxies). We then
remove observations that are not of a single galaxy with regular
morphology (FLAG_MORPH = 0; 2685 galaxies). The exclu-
sion of galaxies with irregular morphologies has negligible
effects on our results, with no significant difference between
VDFs created with and without this cut. Because completeness
corrections are essential to the current study, we also make a
cut to remove galaxies without a total correction value
(a reduction of 99 galaxies; see the following paragraph for a
discussion of total correction values).

Careful completeness corrections are enabled by the well-
defined selection of the LEGA-C sample (based on K-band
magnitudes). The team derived volume corrections to transform
the primary targets into a volume-limited sample. The
maximum redshift at which a galaxy would still be included
in the parent sample was calculated and used to derive the
standard V., correction. For sample targeting corrections,
because the probability of inclusion in LEGA-C only depends
on K,-band magnitude, correction values are merely the inverse
of the fraction of galaxies with a certain Ki-band magnitude
observed in UltraVISTA. Total correction factors, the product
of the volume and sample targeting corrections, range from
~0.72 to 36, with a median of ~2.3 (see Straatman et al. 2018
and Appendix A in van der Wel et al. 2021 for an expanded
discussion of the completeness corrections).

In addition, we introduce a third correction factor to account
for incompleteness in stellar velocity dispersion that arises from
the K-band magnitude selection of the LEGA-C sample. This
factor corrects for galaxies with o, > 100 km s~ that scatter to
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K-band magnitudes systematically missed by the LEGA-C
targeting. To estimate these correction factor, the Faber—
Jackson relation derived for the LEGA-C sample (Bezanson
et al. 2018b) is assumed to extend to low stellar masses. Thus, a
mock sample of velocity dispersions can be created using the
estimated 0.08 dex scatter in o, for quiescent galaxies, 0.11 dex
scatter for star-forming galaxies, and a scatter uncertainty of
0.01 dex. We count the number of galaxies fainter and brighter
than the K-band magnitude LEGA-C selection limit for a given
redshift and o bin, yielding the completeness of the LEGA-C
parent sample with respect to the full population in that redshift
and o bin. This process is repeated 3000 times, each time
randomly varying the mock stellar velocity dispersions
according to the scatter and its uncertainty, providing us with
population completeness correction for each galaxy. These
correction factors, which are multiplicatively combined, along
with the known effective volume of LEGA-C (3.664 x
10° Mpc?), facilitate the translation from galaxy counts to
number densities.

3. Quiescent and Star-forming Velocity Dispersion
Functions

In this section we present the primary results of this study:
the number density of galaxies at z ~ 0.8 as a function of stellar
velocity dispersion, or the VDF. We start by showing the
current state of the VDF literature in Figure 1. The upper row
shows local universe VDFs, which primarily rely on Sloan
Digital Sky Survey (SDSS) data. The bottom row shows VDFs
calculated at higher redshifts (out to z~ 1), including our
measurements (colored bands). Left panels include measure-
ments of the VDF for quiescent/early-type populations, with
measurements for star-forming galaxies on the right.

We calculate the number density of quiescent and star-
forming galaxies as a function of stellar velocity dispersion as
follows, computing ®(o, vi) in bins of 0.1 dex for o, ;>
100 km s~'. Galaxy counts are determined by computing a
weighted sum of the relevant sample of galaxies, in which each
galaxy is weighted by the total sample completeness correc-
tions (outlined in Section 2: Vmax, sample targeting, and
corrections for scatter between o, and the K-magnitude LEGA-
C survey selection). Number densities and their respective 1o
uncertainties of our full redshift range quiescent and star-
forming o, iy VDFs can be found in Table 1. The quoted 1o
uncertainties on ® include Poisson statistics, measurement
errors in individual stellar velocity dispersion measurements,
and cosmic variance (separately and added in quadrature). We
incorporate o, measurement uncertainties via a 1000-iteration
bootstrap resampling within the formal errors for each galaxy,
measuring ®(o, ;) in each iteration, and quote the scatter at
each bin. We note that while cosmic variance is insignificant
for most other studies, which probe orders-of-magnitude-larger
areas of the sky than the 1.4 deg® COSMOS field, this
systematic uncertainty can be significant, or even dominant, in
our error budget. In order to account for cosmic variance, we
generated 25 mock light cones using UniverseMachine DR1
data (Behroozi et al. 2019). These light cones span
0.6 <z< 1.0 and occupy a solid area of 1.4 deg’, to match
the LEGA-C footprint. Although mock galaxies in the
UniverseMachine model are not assigned stellar velocity
dispersions, we rank order by stellar mass and the scatter
among light cones is then estimated at a given number density
from the cumulative and binned stellar mass functions (SMFs),
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yielding consistent results in each case, with systematic
uncertainties ranging from 0.034 to 0.15 [Mpc > dex ']

Each other work utilizes different criteria to separate galaxy
populations and methods of computing velocity dispersions
and/or number densities. We note that these sample definitions
dominate the overall differences in normalization; e.g.,
Bernardi et al. (2010) demonstrated that at o ~ 100 km s !
the inferred number density of early-type galaxies can vary by
up to 1 order of magnitude based on the adopted morphological
classifications. We summarize the choices made in these
studies as follows. Except for Bezanson et al. (2012), Montero-
Dorta et al. (2017), and Sohn et al. (2017), all previous work
relies on morphological classifications to differentiate between
early- and late-type galaxies. Bezanson et al. (2012) uses the
same rest-frame U — V, V — J color split that is adopted in this
paper, and Montero-Dorta et al. (2017) and Sohn et al. (2017)
also split based on slightly different colors to isolate quiescent
and star-forming populations. We note that in addition to
complications related to differences in sample definitions, there
is a secondary effect introduced by the fact that the definition of
stellar velocity dispersion differs among studies. Partially this
difference stems from aperture effects, e.g., the difference
between oz, and op, ;3. However, we note that such corrections
are minor; adopting the o(R) from Cappellari et al. (2006), this
corresponds to a net shift of ~0.06 dex. Sheth et al. (2003),
Mitchell et al. (2005), Choi et al. (2007), Shankar et al. (2009),
Bernardi et al. (2010), Montero-Dorta et al. (2017), Sohn et al.
(2017), and Geng et al. (2021) all use directly measured stellar
velocity dispersions (Shankar et al. 2009 and Geng et al. (2021)
use them in the local universe to infer their intermediate
redshift results). On the other hand, Chae (2010) uses an L — o
transformation, while Bezanson et al. (2012) uses velocity
dispersions that are inferred from stellar masses and sizes. We
note that Chae (2010) and Geng et al. (2021) use strong-lensing
statistics and local SDSS data to construct their intermediate
redshift VDFs (though their methods differ), while Shankar
et al. (2009) use age indicators in local SDSS data. No previous
work corrects their velocity dispersions to o, i as is done in
this study, and each method is subject to a variety of systematic
uncertainties. However, we emphasize that the differences
between each work are subtle and negligible with respect to the
broad uncertainties of all prior measurements. We plot
publications that include direct measurements of the VDF
and 1o error bars in tabular form as bands and those that report
best-fitting modified Schechter functions as lines.

Looking at the upper left panel of Figure 1, it can be seen
that at high-velocity dispersions (log o, /km 5! ~2.35) there
is agreement among the various local quiescent VDFs of
previous works. All of the prior results in this panel also
broadly share a similar VDF shape, although the turnover (o,
see Equation (2)) occurs at slightly different velocity disper-
sions, creating disagreement at the low-velocity dispersion end.
This is most likely due to differences between how each work
categorizes their quiescent/early-type population. Turning now
to the upper right panel of Figure 1, we note that Bernardi et al.
(2010) provide a number of different morphological classifica-
tions, and for the sample shown we elect to include Sa, Sb, and
Scd galaxies. Published VDFs of local star-forming galaxies
exhibit exceptionally large systematic offsets (Chae 2010 does
not report uncertainties for their modified Schechter function
parameters). This is also the case for the intermediate redshift
star-forming VDFs in the bottom right panel. Both the
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Figure 1. Our measurements of the VDF in the context of previous literature measurements in the local universe (top row) and at higher redshifts (bottom row) and
split into quiescent (left) and star-forming (right) populations. Previous measurements vary significantly in sample selection and methodology, including reliance on
several indirect measurements of velocity dispersions. This work (colored bands) represents the first direct measurement of the VDF for the full population of galaxies
beyond the local universe, collapsing previous systematic uncertainties in our understanding of the evolving distribution of gravitational potential wells.

Chae (2010) and Bezanson et al. (2012) star-forming VDFs
differ from our low- and medium-dispersion results at the ~30-
level, though we emphasize that these measurements of the
VDF are based on inferred velocity dispersions: derived from
lensing and masses and sizes, respectively. Given that the
classification of star-forming galaxies was performed very
similarly to the current study (Bezanson et al. 2012), we expect
that this discrepancy is driven by systematically different
definitions of 0. We emphasize that the measurements of o
presented in this paper are the more direct, robust quantities.
Moving to the lower left panel, some previous measurements
of the intermediate redshift quiescent VDF from extrapolation

of local SDSS data (Shankar et al. 2009; Chae 2010) are in
tension with our VDF at high-velocity dispersions. On the other
hand, we find good agreement between our quiescent VDF and
both the high-mass red sequence VDF from Montero-Dorta
et al. (2017)10 and the quiescent VDF from Bezanson et al.
(2012) at high 0. Comparing our results to the VDFs of the first
row of Figure 1, for quiescent galaxies no significant evolution
exists since the median redshift of LEGA-C, z~ 0.8, to the
present day. For star-forming galaxies, given lack of consensus

19 we compare only to results that are above the reported 50% completeness
level.
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Table 1
Quiescent and Star-forming VDFs for 0.6 < z < 1.0
108 G e log @, (0. EPoi)  ev)  £(Tot) log @y +(0wi)  E(Poi)  Eev)  £(Tot) log @
(kms ) Mpc > dex 1) (Mpc 3 dex ') (Mpc 3 dex™ ")
06<z<1.0
2.05 —2.28 0.08 0.03 0.05 0.15 —1.75 0.02 0.01 0.04 0.06 —1.64 £+ 0.06
2.15 -2.25 0.03 0.02 0.04 0.05 —1.95 0.02 0.01 0.04 0.06 —1.78 £ 0.04
2.25 —2.27 0.02 0.01 0.04 0.05 —2.38 0.03 0.01 0.04 0.06 —2.02 £ 0.04
2.35 —2.56 0.02 0.01 0.04 0.05 —3.08 0.06 0.03 0.05 0.09 —2.45 +£0.04
2.45 —3.10 0.02 0.03 0.05 0.06 —3.85 0.10 0.06 0.08 0.14 —3.03 £+ 0.06
2.55 —4.18 0.09 0.09 0.12 0.17 - —4.18 £0.17
0.6 <z<0.7
2.05 —2.28 0.13 0.04 0.04 0.16 —1.91 0.04 0.02 0.03 0.06 —1.75 £ 0.07
2.15 —2.36 0.05 0.03 0.04 0.07 —2.16 0.04 0.02 0.04 0.06 —1.95 £ 0.05
2.25 —2.31 0.03 0.02 0.04 0.05 —2.59 0.06 0.03 0.04 0.08 —2.13 £ 0.04
2.35 —2.60 0.03 0.03 0.04 0.06 —3.33 0.16 0.07 0.06 0.19 —2.53 + 0.06
2.45 -3.15 0.05 0.06 0.05 0.09 -3.95 0.23 0.15 0.09 0.29 —3.09 £+ 0.09
2.55 —4.42 0.20 0.25 0.15 0.36 - —4.42 4+ 0.36
0.7<z<0.8
2.05 —2.03 0.10 0.05 0.05 0.20 —1.78 0.04 0.02 0.03 0.07 —1.59 £ 0.09
2.15 —2.25 0.05 0.03 0.04 0.07 —1.97 0.03 0.02 0.03 0.07 —1.78 £ 0.05
2.25 —2.30 0.03 0.02 0.04 0.06 —2.61 0.08 0.03 0.04 0.10 —2.13 £ 0.05
2.35 -2.72 0.03 0.03 0.04 0.06 -3.19 0.11 0.06 0.05 0.13 —2.59 £+ 0.06
2.45 —3.32 0.04 0.07 0.05 0.10 —4.05 0.34 0.15 0.11 0.38 —3.25+£0.10
0.8<z<09
2.05 —2.34 0.29 0.09 0.07 0.45 —1.71 0.06 0.02 0.04 0.08 —1.62 £ 0.11
2.15 -2.17 0.06 0.03 0.04 0.09 —1.91 0.04 0.02 0.04 0.08 —1.72 £ 0.06
2.25 —2.16 0.03 0.02 0.04 0.06 —2.26 0.05 0.02 0.04 0.08 —1.91 £ 0.05
2.35 —2.57 0.04 0.03 0.04 0.07 —3.13 0.14 0.05 0.05 0.17 —2.47 £ 0.06
2.45 —3.14 0.04 0.05 0.05 0.08 —3.88 0.17 0.12 0.08 0.22 —3.07 £ 0.08
2.55 —4.05 0.10 0.14 0.11 0.20 - —4.05 £0.20
09<z<1.0
2.05 —1.56 0.06 0.03 0.04 0.09 —1.56 £+ 0.09
2.15 —2.13 0.05 0.04 0.05 0.13 —1.81 0.04 0.02 0.04 0.09 —1.64 £0.07
2.25 —2.49 0.06 0.03 0.04 0.08 —2.18 0.04 0.03 0.04 0.10 —2.01 £0.07
2.35 —2.49 0.03 0.03 0.04 0.06 —2.87 0.09 0.05 0.05 0.14 —2.34 £0.06
2.45 -3.02 0.04 0.04 0.05 0.08 —3.76 0.17 0.10 0.08 0.21 —2.95 +£0.07
2.55 —4.00 0.15 0.13 0.10 0.22 —4.00 £ 0.22

Note. The 1o uncertainties of the log® values (Tot) are a combination of a 1000-iteration bootstrap resampling within the formal uncertainties of the o, yir
measurements for each galaxy (o, i), Poisson uncertainty (Poi), cosmic variance (cv), and uncertainty in o, ,; completeness corrections.

in the literature, we cannot draw any conclusions about relative
evolution between our intermediate redshift results and those
of z~0.

We turn now to a full discussion of our unique quiescent and
star-forming VDF measurements, which are unprecedented
beyond the local universe. The left panel of Figure 2 shows our
quiescent and star-forming o, ,;; VDFs for the full redshift
range of LEGA-C, 0.6 <z < 1.0 (the VDF for all galaxies is
shown in purple). The points with error bars are the directly
measured spectroscopic VDFs using LEGA-C data and the
empirical quantities are included in Table 1. We fit a modified
Schechter function (Sheth et al. 2003),

D() do — cp*(&)“ XpL=(0./7)°)

Ox

do,
s 2
L(a/B) g o @

to each VDF using emcee (Foreman-Mackey et al. 2013).
These models are shown as lines (in the left panel) and the

16%—-84% confidence bands are shown in all panels. See
Table 2 for each VDF’s best-fit modified Schechter function
parameters and the respective 1o confidence intervals of each
model parameter. As seen in previous studies at all epochs,
star-forming galaxies dominate the population at low-velocity
dispersion, while quiescent galaxies are most prevalent at
0, > 175kms ™.

In the other two panels of Figure 2 we subdivide the sample
into narrower redshift ranges, with quiescent galaxies in the
middle panel and star-forming in the right. In this case, the
internal comparison removes the systematic uncertainties in
classification and measurement of stellar velocity dispersions
that plague comparisons among studies in Figure 1. Focusing
first on the central panel, the most recent quiescent/early-type
z~ 0 VDF from the literature, Sohn et al. (2017), is shown as a
gray band for reference. Upon visual inspection we find no
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Figure 2. VDFs of quiescent (red), star-forming (blue), and all galaxies (purple) for 0.6 < z < 1.0 (left panel) and in bins of Az = 0.1 (center and right panels). The
points (left panel) and lines (center and right panels) are the VDFs calculated using the direct spectroscopic measurements from LEGA-C. The red, blue, and purple
bands are 1o ranges for the best-fit modified Schechter function. The gray band (center) and black line (right) are the most recent z >~ 0 VDFs from the literature for
each respective population (quiescent: Sohn et al. 2017; star-forming: Bernardi et al. 2010). Both galaxy populations exhibit remarkable stability in ®(o, ;) from
z ~ 1 until today, although there appears to be weak evolution of number densities for star-forming galaxies within the redshift range probed by LEGA-C.

Table 2
Best-fit Modified Schechter Function Parameters for Our o, i VDFs,
Computed Using Emcee (Foreman-Mackey et al. 2013)

Galaxy Type D, Oy @ I3
1073 (Mpc~3) (km s
0.6<z<1.0
All 11712 156%% 0.8742 2.1910%
Quiescent 196709 183739 22129 2.8504
Star-forming 10517 100+38 1.0%39 1.80+0:9
0.6<z<0.7
Quiescent 1.843 21840 1.7433 3.7+
Star-forming 78 10845 0.9+)8 20503
0.7<z<08
Quiescent 2.8737 172448 1.3%22 25503
1.1 80 0.9 0.9
Star-forming 1177 93+4#2 1.0%)3 1.8+39
0.8<z<09
Quiescent 2.4%)8 1455 2633 22719
0.6 80 1.6 0.7
Star-forming 1058° 1338 0.8+ 25428
09<z<1.0
Quiescent 1.6%%3 24972 1.1+22 41123
Star-forming 2147 11549 0.7+4¢ 2.0179%¢

Note. The values and corresponding 1o uncertainty ranges shown are the 16th,
50th, and 84th percentiles of the samples in the marginalized distributions from
the Markov Chain Monte Carlo (MCMC) results.

evolution in the number densities of quiescent galaxies, neither
within the redshift range probed by LEGA-C nor in comparison
with the local VDF. We perform two nonparametric tests to
validate this conclusion. First, we compare the number of
galaxies above velocity dispersion thresholds, including all
targeting and population correction factors. This test is a

model-independent test that is comparable to evaluating
evolution in normalization or ®,. Velocity dispersion thresh-
olds are chosen to be the lower bounds of the velocity
dispersion bins used to calculate the VDF. Our second test uses
the same velocity dispersion thresholds, but this time
investigates whether the shape of the VDF changes with
redshift. The weighted average velocity dispersion value above
each threshold is calculated for each redshift range, using the
individual corrections as weights. Then, for each sample of
galaxies in a particular redshift range and above a certain
velocity threshold, we bootstrap resample with replacement
(incorporating targeting correction factors) to find the accom-
panying standard deviation for each mean value. Both tests
yield a lack of evolution at every velocity dispersion threshold
for quiescent galaxies. We perform similar tests for the star-
forming population and report those results in the next
paragraph.

Looking now at the right panel, we again plot a z~ 0 VDF
for reference (black line; Bernardi et al. 2010). Within the
redshift regime probed by LEGA-C we find a hint of
decreasing number densities for star-forming galaxies, speci-
fically below o, ;= 150 km s~!, as our VDF amplitude test
showed evolution with respect to redshift for the two lowest
thresholds (log o, vi = 2.0 and 2.1), at the ~4.5¢ and 40 levels,
respectively. The shape test for star-forming galaxies returned
no significant evolution with redshift. We emphasize that given
the variety of potential systematic uncertainties in this VDF
measurement, we caution drawing any significant conclusions
from the tentative trend that is seen.

In Figure 3 we explicitly compare the relative fraction of
quiescent and star-forming galaxies as a function of velocity
dispersion for both LEGA-C’s full redshift range, as well as in
bins of Az=0.1. The turnover point between star-forming and
quiescent dominated (below and above the dashed line,
respectively) is around log o, ,;/km s7'~22 for each
relation, except for the highest redshift bin where this value
increases to ~2.3.
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Figure 3. The fraction of quiescent galaxies as a function of log o, yi. The
quiescent fraction for the full redshift range of LEGA-C (0.6 <z < 1.0) is
shown as a gray band. Points with error bars show the function in bins of
Az =0.1. The 50% threshold between quiescent or star-forming dominance is
designated by the dashed line. Quiescent galaxies dominate at high-velocity
dispersions, while star-forming galaxies are more common at low sigmas. The
crossover threshold of ~170 km s~' may evolve slightly (~10%) within the
LEGA-C redshift range.

4. Discussion and Conclusions

In this paper we demonstrate the remarkable stability of the
number densities of both star-forming and quiescent galaxies as
a function of directly measured stellar velocity dispersions
since z ~ 1. This work is made possible by the deep spectra and
well-defined targeting strategy of the LEGA-C spectroscopic
survey. We emphasize that above ~100 km s~ ' the VDF is
surprisingly stable. This result holds within the redshift regime
probed directly by LEGA-C (0.6 < z < 1.0) and in comparison
with VDFs measured in the local universe. Furthermore, this
stability appears to hold for both the quiescent and star-forming
populations of galaxies, although there may be a very weak
hint that the number densities of star-forming galaxies decrease
with time. This represents a fundamentally novel measurement
of the unchanging distribution of gravitational potential wells
beyond the local universe. We note that we do not account for
possible correlation between the VDF and the environment of
the galaxies, a relation that Sohn et al. (2017, 2020) have
shown is relevant for our understanding of galaxy formation.

The stability of the VDF differs from the differential
evolution seen in the SMF, which exhibits weak growth in
the population of massive quiescent galaxies and relatively
stable number densities of massive star-forming galaxies since
z~1 (e.g., Sobral et al. 2014; Davidzon et al. 2017). This
implies that even as quiescent galaxies join the sample, e.g., by
growing in mass, they must do so while maintaining a stable
central gravitational potential well. This could be explained by
inside-out growth via minor mergers (Bezanson et al. 2009;
Naab et al. 2009; van Dokkum et al. 2010). That stands in
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slight contrast to the differential build-up of low-velocity
dispersion galaxies presented in Bezanson et al. (2012), but we
are confident that our current measurements are more robust to
systematics than that previous work, which relied on inferred
velocity dispersions. Additionally, for star-forming galaxies the
hint of subtle number density evolution at fixed velocity
dispersion and no evolution of the SMF point toward slight
growth in size (taking o o \/g ).

Our results are superficially consistent with the evolution of
the simulated halo VDF (Weinmann et al. 2013), although we
note that those dark matter velocity dispersions were measured
at vastly different physical scales from the stellar velocity
dispersions of our galaxies. However, this parallel may suggest
a self-similarity between the baryonic and dark matter growth,
which is consistent with the findings of Zahid et al. (2018) that
the velocity dispersion of quiescent galaxies is correlated with
both the mass and velocity dispersion of the dark matter halo.
Within that context, our results suggest that there has been very
little evolution of the dispersions of the most-massive dark
matter halos since z ~ 1. On the other hand, the stability of the
VDF seen in this work perhaps reflects the imprint of an earlier
epoch, during which gravitational potential wells were set. We
note that the evolution of the stellar velocity dispersion
function has not been made within cosmological simulations
that include baryonic physics, e.g., EAGLE (Schaye et al.
2015) or IlustrisTNG (Pillepich et al. 2018). Such a
comparison could provide a stringent test of the efficiency of
galaxy formation in such models, as velocity dispersion can
provide the most model-independent comparisons between
simulated and empirical measurements.

Considering the relationship between stellar velocity disper-
sion and central SMBH mass (Shankar et al. 2009), our results
point toward the most-massive SMBHs having been formed
early on in the universe and remaining relatively unchanged
since at least z ~ 1 (relatively unchanged within the context of
the very steep Mgy o< o relation, e.g., McConnell & Ma 2013).

Pushing the current study to higher redshifts would provide
additional information regarding the formation and evolution of
massive galaxies. Advancing past z ~ 1 will require increased
integration times with more powerful infrared-sensitive spec-
trographs. We expect surveys using the next generation of
massively multiplexed IR spectrographs on large telescopes,
like MOONS (Maiolino et al. 2020) and the Subaru Prime
Focus Spectrograph (Takada et al. 2014), to provide measure-
ments of the VDF at even earlier times.
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2018), corner 2.0.1 (Foreman-Mackey 2016), emcee 3.0.0
(Foreman-Mackey et al. 2013), seaborn 0.10.1 (https://
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