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Abstract
We present the velocity dispersion measurements of four massive ∼1011Me quiescent galaxies at 3.2 < z < 3.7
based on deep H and K-band spectra using the Keck/MOSFIRE near-infrared spectrograph. We ﬁnd high velocity
dispersions of order σe ∼250 km s−1 based on strong Balmer absorption lines, and we combine these with size
measurements based on HST/WFC3 F160W imaging to infer dynamical masses. The velocity dispersions are
broadly consistent with the high stellar masses and small sizes. Together with evidence for quiescent stellar
populations, the spectra conﬁrm the existence of a population of massive galaxies that formed rapidly and
quenched in the early universe z > 4. Investigating the evolution at constant velocity dispersion between z ∼3.5
and z ∼2, we ﬁnd a large increase in effective radius 0.35 ± 0.12 dex and in dynamical-to-stellar mass ratio
á log (Mdyn M *)ñ of 0.33 ± 0.08 dex, with low expected contribution from dark matter. The dynamical masses for
our z ∼3.5 sample are consistent with the stellar masses for a Chabrier initial mass function (IMF), with the ratio
* )ñ = -0.13  0.10 dex suggesting an IMF lighter than Salpeter may be common for massive
á log (Mdyn MCh
quiescent galaxies at z > 3. This is surprising in light of the Salpeter or heavier IMFs found for high velocity
dispersion galaxies at z ∼2 and cores of present-day ellipticals, which these galaxies are thought to evolve into.
Future imaging and spectroscopic observations with resolved kinematics using the upcoming James Webb Space
Telescope could rule out potential systematics from rotation and conﬁrm these results.
Uniﬁed Astronomy Thesaurus concepts: Galaxy evolution (594); Galaxy kinematics (602); High-redshift
galaxies (734)
lower-mass galaxies are more common and AGN feedback
invoked by simulations to quench galaxies depends on mass.
Independent conﬁrmation of the stellar masses is therefore
needed.
Measuring stellar velocity dispersions of a galaxy provides a
strong consistency check on its stellar mass and size.
Massive ∼1011Me quiescent galaxies at z ∼2 are found to have
extremely compact rest-frame optical sizes with half-light sizes
of order re = 1–2 kpc (van der Wel et al. 2014). The sizes are
much smaller than those of their descendants at low redshift,
implying strong size growth with time, most likely driven by
minor merging (Naab et al. 2009; Hopkins et al. 2009). The
combination of mass and size implies that the predicted stellar
velocity dispersions are very high (∼200–400 km s−1), which
can be tested with deep ground-based NIR spectroscopy. High
velocity dispersions have since been conﬁrmed at 1 < z < 2 (e.g.,
van Dokkum et al. 2008; Bezanson et al. 2013; van de Sande
et al. 2013; Belli et al. 2014a, 2017), but the situation at z > 3 is
much less clear. Extremely compact ∼0.5 kpc sizes have been
reported from HST F160W (Straatman et al. 2015) and groundbased adaptive optics K-band imaging (Kubo et al. 2018),

1. Introduction
Recent spectroscopic detections of massive quiescent
galaxies (MQG) at z > 3 (Marsan et al. 2017; Glazebrook
et al. 2017; Schreiber et al. 2018a; Valentino et al. 2020;
Forrest et al. 2020) present challenges for galaxy evolution
theory due to their rapid early formation, high stellar masses,
and abrupt quenching, within the ﬁrst 1.5 billion years of the
universe. In addition, these galaxies have substantial old stellar
populations and studying them can provide insights into the
formation conditions of stars during the epoch of reionization.
Tensions between theoretical predictions and observations of
MQG at 3 < z < 4 have existed since their discovery, with
number densities in the Illustris (Wellons et al. 2015) and
Mufasa (Davé et al. 2016) simulations a factor of ten lower
than observed (Schreiber et al. 2018a). The latest generations of
hydrodynamical simulations, such as Illustris TNG (Nelson
et al. 2019), have started to close the gap in number densities
(see discussion in Merlin et al. (2019)), although observed
galaxies still seem to form their stars and quench earlier
(Schreiber et al. 2018a). Critical in these comparisons is that
the stellar masses of observed MQGs are correct, because
1
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2–3 times smaller than at z ∼2. However, H-band F160W
images from HST trace the rest-frame UV, which may be a poor
proxy for the distribution of stellar mass, and corresponding
velocity dispersion measurements are still lacking.
Finally, having kinematic and size information offers the
opportunity to explore the relation between dynamical mass
and stellar mass of quiescent galaxies at z > 3. Systematic
changes of Mdyn/M* with time could point to changes in the
fraction of dark matter within the effective radius or variation in
the initial stellar mass function IMF (e.g., see Mendel et al.
(2020), and discussion therein). The dense cores of the most
massive early type galaxies today have large fractions of lowmass stars (Salpeter IMF or heavier) (e.g., Cappellari et al.
2013a; van Dokkum et al. 2017), therefore one might expect
similarly dense galaxies at high redshift to have bottom-heavy
IMFs as well.
Massive quiescent galaxies z > 3 are a factor 3–10 times
less numerous and an order of magnitude fainter in rest-frame
optical (from redshift dimming) compared to z ∼2. Obtaining
the high-resolution and high signal-to-noise spectra required
for measuring stellar velocity dispersions of these galaxies is
very challenging due to the requirement of deep near-infrared
spectra to target stellar populations in the rest-frame optical.
Presently, there have been no measurements of the stellar
velocity dispersions of MQG at z > 3 with accompanying
HST imaging in literature to date. Recently, Tanaka et al.
(2019) presented a stellar velocity dispersion measurement of
a quenching galaxy at z = 4.01 with a high stellar velocity
dispersion consistent with the stellar mass. However,
there was no HST imaging available, and this limited the
conﬁdence on size constraints when considering the dynamical mass.
This paper presents the measurement of four velocity
dispersions of massive quiescent galaxies 3.2 < z < 3.7 using
deep H and K-band spectra (taken from the Schreiber et al.
(2018a) sample), all with WFC3/F160W HST imaging
enabling high-resolution size measurements. This is the largest
sample of the highest-redshift massive quiescent galaxies with
integrated stellar velocity dispersion measurements to date.
The paper is organized as follows: Section 2 outlines the
galaxy sample, data reduction and galaxy properties, Section 3
outlines the analysis of the spectra including velocity
dispersion measurements and dynamical mass modeling, and
Section 4 presents a discussion of the results and conclusions.
Throughout this paper, we use AB magnitudes and adopt a
ﬂat ΛCDM cosmology with ΩΛ = 0.7, ΩM = 0.3 and
H0 = 70 km s−1 Mpc−1.

that are spectroscopically conﬁrmed at z > 3 with clear
detection of the continuum (Schreiber et al. 2018a). For the
four brightest galaxies (K < 22.5), we were able to measure
robust velocity dispersions. It is possible that this sample is
biased toward recently quenched galaxies that are brighter and
show stronger Balmer absorption lines. Spectral completeness
is a complex function of depth, wavelength coverage, redshift,
magnitude, size, and SED shape. Despite the potential bias
toward lower M/L ratios and younger post-starburst populations, the properties are consistent with the broader UVJselected quiescent galaxy sample in Schreiber et al. (2018a) in
terms of the mass, size, and UVJ color distributions, and hence
there is no indication that such a bias might inﬂuence our
results or conclusions.
2.2. Observations and MOSFIRE Reduction
All spectral data are taken from the Schreiber et al. (2018a)
sample with no new observations. A detailed description for the
observations and data reduction is presented in Schreiber et al.
(2018a), for which a summary follows. All galaxies were
observed in the H- and K-band spectra using the MOSFIRE
(McLean et al. 2012) spectrograph, a multi-object infrared
spectrograph installed on the Keck I telescope, on top of
Maunakea in Hawaii. The galaxies were observed on several
masks across multiple nights, all observed with standard
ABBA exposures, nodding along the slit with a 0 7 slit for
mask conﬁgurations. Seeing conditions were 0 63–0 8 in Hband and 0 55–0 75 in K-band. Individual exposures lasted
120 and 180 s in the H- and K-bands, respectively. The total
exposure times for the four galaxies in our sample are as
follows: ZF-COS-20115 had 4.2h and 14.4h in H- and K-band,
respectively, and 3D-EGS-18996, 3D-EGS-40032, and 3DEGS-31322 all had 0.8h and 4.8h in H- and K-band,
respectively.
The data were reduced using the publicly available 2015A
MOSFIRE DRP release. Uncertainties are determined for each
spectral element by bootstrapping the individual exposures,
which produces errors that are larger than the formal
uncertainties from the MOSFIRE DRP. The 1D spectra are
binned (inverse-variance weighted) by a factor of three, which
reduces spectrally-correlated noise while increasing the signalto-noise ratio per bin. The ﬁnal binning of each 1D spectrum
is 6 Å pixel−1, close to the nominal R ∼3000 resolution of
MOSFIRE with 0 7 slits. The median signal-to-noise ratios of
the spectra are in the range SNRK = 5–7. The reduced spectra
are shown in Figure 1.
2.3. Spectral Energy Distribution Modeling

2. Sample and Data

Stellar masses and star formation rates were calculated in
Schreiber et al. (2018a) using FAST++, which is a C++
implementation of FAST (Kriek et al. 2009) developed by
Corentin Schreiber.13 These quantities are used in this paper
without any additional analysis; however, a brief description of
the methods and inputs are described here for reference. FAST
++ performs simultaneous ﬁtting of the UV-IRAC photometry
and NIR spectra, and is able to handle a large parameter grid
for modeling, complex star formation histories (SFHs), and
additional observational constraints such as LIR priors. Stellar
mass, SFR, dust extinction, and stellar age are all derived by

2.1. Spectral Sample
The data sample comprises deep H- and K-band spectra of
photometrically selected MQGs at 3 < z < 4. The parent
sample was preselected from multiwavelength photometric
catalogs: the ZFOURGE and 3D-HST catalogs (Skelton et al.
2014; Straatman et al. 2016) across the CANDELS ﬁelds
EGS/AEGIS, GOODS-South, COSMOS, and UDS (Grogin
et al. 2011; Koekemoer et al. 2011). The galaxies were
selected to have photometric redshifts of 3 < z < 4, massive
log(M*/Me) 10.3, and UVJ color–color selected to separate
quiescent from star-forming galaxies (Whitaker et al. 2011).
Spectroscopic follow-up of 12 galaxies resulted in 8 galaxies

13
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Figure 1. Left panel: velocity dispersion measurements for four massive quiescent galaxies at 3.2 < z < 3.7. Black solid line is the 1D galaxy spectrum, solid red line
is the pPXF best-ﬁt spectrum, and gray bars denote the 1σ uncertainty. Gray vertical bands indicate where there is either no ﬂux determined or masked regions due to
low sky transmission or emission line regions, and these have been masked in the pPXF ﬁtting. Spectra are shown as observed ﬂux, corrected for slit-loss as in
Schreiber et al. (2018a). Vertical blue and orange dashed–dotted lines show absorption and emission line features from left to right: [O II], Hη, Hξ, Ca II H & K, Hδ, Hγ,
Hβ, and [O III]. Right panel: H-band WFC3/F160W HST image stamps used in determining half-light radius re and other physical properties as in Table 2. Top right
inset shows the residuals from our size modeling with the same pixel scale and stretch as the HST images.
Table 1
Galaxy Properties from Literature
ID
ZF-COS-20115
3D-EGS-40032
3D-EGS-18996
3D-EGS-31322

z

H
(AB mag.)

K
(AB mag.)

3.715
3.219
3.239
3.434

24.39 ± 0.03
22.92 ± 0.02
22.75 ± 0.01
23.72 ± 0.03

22.43 ± 0.02
21.59 ± 0.03
21.60 ± 0.02
22.20 ± 0.04

M*
(1011Me)

Av
(AB mag.)

SFR10a
(Me yr−1)

sSFR
(Gyr−1)

tquenchb
(Gyr)

zformc

+0.16
1.150.09
+0.16
2.030.14
+0.04
0.980.06
+0.12
0.980.08

+0.1
0.30.1
+0.1
0.40.1
+0.1
0.00.0
+0.2
0.30.2

+0.7
0.00.0
+3.7
6.1-3.4
+1.0
1.00.9
+2.3
0.00.0

+0.01
0.000.00
+0.02
0.03-0.02
+0.01
0.010.01
+0.02
0.000.00

+0.19
0.510.24
+0.14
0.510.20
+0.09
0.330.10
+0.25
0.280.02

+0.8
6.10.7
+1.3
5.00.4
+0.3
4.30.1
+1.6
4.90.4

Notes.
a
SFR averaged over the last 10 Myr.
b
Time since the SFR has fallen below 10% of the peak SFR period.
c
Redshift where 50% of the stellar mass has formed.

ﬁtting Bruzual & Charlot (2003) models assuming Chabrier
(2003) IMF and a Calzetti (2001) dust attenuation law. SFH
modeling was carried out using a parametric form with
exponential rise, decline, and quenching. The ﬁnal SFH
modeling involved marginalizing over these parametric

quantities to produce values such as the current SFR and
stellar mass, as well as additional nonparametric quantities
describing the SFH, such as quenching and formation epochs.
The stellar mass for ZF-COS-20115, originally determined in
Glazebrook et al. (2017), was revised after deblending of a
3
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Table 2
Structural and Kinematic Properties
ID
ZF-COS-20115
3D-EGS-40032
3D-EGS-18996
3D-EGS-31322

σe
(km s−1)

re
(kpc)

n

qobs

Mdyn
(1011Me )

283 ± 52
275 ± 56
196 ± 48
301 ± 119

0.66 ± 0.08
2.40 ± 0.19
0.63 ± 0.05
0.61 ± 0.05

4.10 ± 0.99
3.72 ± 0.18
3.34 ± 0.21
4.76 ± 0.85

0.61 ± 0.07
0.77 ± 0.02
0.83 ± 0.02
0.53 ± 0.03

0.72 ± 0.27
2.59 ± 0.78
0.36 ± 0.13
0.71 ± 0.42

nearby ALMA-detected galaxy, reducing the stellar mass by
0.17 dex. A detailed description of the modeling is presented in
Schreiber et al. (2018a). Table 1 shows a summary of the stellar
masses, SFR, and other derived quantities from Schreiber et al.
(2018a). As the random uncertainties on the stellar mass are
very low, we adopt a minimum 0.08 dex error reﬂecting
systematic errors associated with using different spectral
energy distribution (SED) models (Ilbert et al. 2010; Pforr
et al. 2012). To check for systematic errors when comparing to
lower-redshift samples from the literature, we compared the
stellar masses of the 1.4 < z < 2.1 sample of Mendel et al.
(2020) based on FSPS to those derived with FAST at a median
offset of −0.05 dex.
The modeling indicates that the stellar masses are high
(1–2 × 1011Me), dust attenuation is low, and the galaxies
formed in a brief burst about 0.5–1.0 Gyr earlier, with very low
levels of ongoing star formation (speciﬁc star formation rates
sSFR < 0.03 Gyr−1) based on SED ﬁtting. This picture is
conﬁrmed by analyzing the spectra, which show deep Balmer
series and Ca II H&K absorption lines for all galaxies. For one
galaxy, 3D-EGS-18996, we ﬁnd [O III] in emission, and for
another, 3D-EGS-40032, [O II] emission is weakly detected.
Nevertheless, all galaxies have sSFR  0.1 Gyr−1 based on
[O II] emission or Hβ absorption alone; a factor of ∼15 below
the galaxy main sequence at this redshift (see Schreiber et al.
2018a). In addition, ZF-COS-20115 has stringent limits on dust
obscured SFR (sSFR < 0.1 Gyr−1) based on a nondetection in
deep ALMA imaging (Schreiber et al. 2018b).

log(Mdyn/M*)
+0.16
-0.20.25
+0.13
0.11-0.20
+0.15
-0.440.23
+0.21
-0.140.43

re, which we add in quadrature to account for systematic error
due to PSF choice. While F160W samples rest-frame near-UV
(3500 Å) and sizes of lower-redshift samples are usually
measured in the rest-frame optical, Straatman et al. (2015) ﬁnd
no signiﬁcant wavelength dependence for massive compact
quiescent galaxies at z ∼2.5. We therefore do not apply a
correction for band-shifting. Applying the correction of van der
Wel et al. (2014) to rest-frame r-band would reduce the
effective radius by 18%.
We compared our total ﬂuxes used in SED ﬁtting to the total
ﬂux based on the Sérsic ﬁt, ﬁnding good agreement within 2%–
3%. Therefore, we did not adjust our stellar mass for missing
light.
3. Analysis
3.1. Velocity Dispersion
We measure the observed stellar line-of-sight velocity
dispersions (LOSVD) of our galaxy sample using pPXF
(Cappellari 2017), which utilizes a maximum penalized
likelihood approach to ﬁtting spectra to a library of stellar or
stellar population templates and determines galaxy kinematics.
For our analysis, we use the Indo–US stellar library templates
(Valdes et al. 2004) with R ∼4200, which are smoothed to the
binned resolution of the reduced spectra of R ∼3000.
We mask out portions of the spectra where telluric
atmospheric absorption bands are signiﬁcant and also where
the spectra are potentially impacted by [O II] or [O III] emission
lines. Good ﬁts to the continuum are obtained for all galaxies,
as shown in Figure 1. We do not introduce additional freedom
(e.g., additive/multiplicative polynomial) to attempt better
match to the continuum. The results are not sensitive to this
choice. As our 1D spectra are optimally extracted with a
Gaussian kernel based on the PSF, i.e., seeing-limited, we
correct our velocity dispersions within the aperture to velocity
dispersions within re as per van de Sande et al. (2013), resulting
in a mean correction of 0.02 dex. The measured velocity
dispersions including aperture corrections are shown in
Table 2. We ﬁnd large velocity dispersions for all galaxies
ranging from 200 − 300 km s−1.
We derive LOSVD uncertainties using Monte Carlo
simulations. We take the best-ﬁt spectrum to the observed
data from pPXF and perturb its ﬂux 1000 times by a random
value drawn from a Gaussian with a standard deviation
consistent with the uncertainties of the observed spectrum
(determined as outlined in Section 2.2). The LOSVD for each
iteration is determined and the standard deviation of all 1000
Monte Carlo simulations is used as the error for the LOSVD.
These errors are larger than the formal pPXF uncertainties by a
factor of 1.1–2.2.
To test potential systematic errors of our measurements, we
ran pPXF for multiple scenarios. We exclude the Hβ line and

2.4. Structural Properties
The structural properties were measured on H-band WFC3/
F160W HST images, in a manner similar to that of van der Wel
et al. (2012), albeit without the use of their pipeline software
GALAPAGOS. Single-component Sérsic proﬁles were ﬁt
using GALFIT (Peng et al. 2010), providing the half-light
radius along the semimajor axis resma , Sérsic index n, and axis
ratio q = b/a. We use semimajor axis rather than harmonic
mean radius (resma ab ), as it has been shown to be less
sensitive to galaxy shape (Cappellari et al. 2013a). We
manually subtracted the local background for each source by
measuring the mode of the pixel distribution after masking
sources. Faint neighboring sources at r > 1 3 were masked,
while close neighbors were ﬁtted simultaneously. Point-spread
functions (PSFs) were taken from van der Wel et al. (2012).
The results are shown in Table 2.
We ﬁnd excellent agreement with the results of van der Wel
et al. (2014), all within uncertainties except for 3D-EGS-40032,
which has a nearby neighbor and is smaller by 25%. All
sources are compact (re = 0 08–0 3) with very high integrated
SNR ∼50–150 (within re < 0 3), resulting in small formal
uncertainties. Comparing results using different PSFs for
similar sources, Straatman et al. (2015) found 7% variation in
4
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ﬁnd consistent results, suggesting that emission line-inﬁlling is
not signiﬁcant for these galaxies. To explore dependence on
stellar library, we use the MILES stellar library (SanchezBlazquez et al. 2006; Falcón-Barroso et al. 2011) and ﬁnd that
the results agree within the uncertainties.
To investigate stability and consistency, we take the best-ﬁt
spectrum for each galaxy and smooth it to simulate different
velocity dispersions, perturbing the ﬂux by observational errors
as per the Monte Carlo simulation above. We are able to
recover velocity dispersions for the range 150–500 km s−1
within the pPXF uncertainties, which shows that we should be
able to recover dispersions and uncertainties from data of this
quality. The median residuals for the recovered velocity
dispersions are small (17 km s−1), compared to the typical
errors from our MCMC analysis, and therefore do not indicate
signiﬁcant systematic error.
Finally, we note that, for 3D-EGS-31322, the spectroscopic
redshift probability within Δz ± 0.01 is p = 84% from
Schreiber et al. (2018a), due to a small secondary peak in the
redshift probability distribution at z = 3.51, and is therefore
considered less certain compared to the rest of the sample
(p = 100%). We fail to recover a velocity dispersion at the
secondary redshift. Therefore, we are more conﬁdent in the
quoted redshift, due to the robustness of the recovered velocity
dispersion, which is a higher-order effect (line width compared
to line center). Additionally, we note that its inclusion in the
analysis that follows in Section 4 does not change the
qualitative result presented in the discussion therein.

4. Discussion and Conclusions
Figure 2 presents the structural and kinematic properties of
our sample compared to MQG samples from lower redshifts.
At low redshift z ∼0.1, we show UVJ selected galaxies in the
SDSS/GAMA sample. For this sample, the velocity dispersions are taken from the SDSS Legacy Sample from SDSS
DR14 (Abolfathi et al. 2018) with Sérsic-ﬁt parameters from
(Kelvin et al. 2012) and stellar mass estimates (Taylor et al.
2011) from GAMA DR3 (Baldry et al. 2018). At intermediate
redshift, we adopt the sample of 58 MQG from 1.4 < z < 2.1
from Mendel et al. (2020), which includes other recent
literature (Cappellari et al. 2009; Newman et al. 2010; Toft
et al. 2012; Bezanson et al. 2013; van de Sande et al. 2013;
Belli et al. 2014a, 2014b; Barro et al. 2016; Belli et al. 2017)
using observations from VLT/KMOS, VLT/XShooter, and
Keck/MOSFIRE. At z > 3, we include the quenching galaxy
(sSFR ∼0.2 Gyr−1) at z = 4.01 recently reported by Tanaka
et al. (2019).14 All the Mdyn values for the various redshift
populations have been calculated in a manner consistent with
that described in Section 3.2.
The ﬁrst signiﬁcant result for our 3 < z < 4 MQG sample is
that the dynamical masses of are broadly consistent with the
derived SED masses for a Chabrier (2003) IMF (see Figure 2).
The stellar mass is an important input in AGN feedback models
in hydrodynamical simulations (Merlin et al. 2019), and
therefore its conﬁrmation is further evidence of the existence
of a population of quiescent galaxies within the ﬁrst two billion
years, with early star formation and rapid quenching.
Further insights on this population come from inspecting
the re, σe, and M* planes of Figure 2. The size–stellar mass
distributions suggests that massive quiescent galaxies at
3 < z < 4 are signiﬁcantly more compact than at z ∼2 (Straatman et al. 2015; Tanaka et al. 2019). However, the marginally
resolved HST/WFC3 sizes are based on rest-frame near-UV
light, which may not reﬂect the distribution of stellar mass
(although SED modeling shows no evidence of signiﬁcant dust
attenuation in the integrated properties). The high stellar
velocity dispersions measured here provide independent
evidence for the concentration of large stellar mass within
small radii. Overall, the distributions of re, σe, and Mdyn at ﬁxed
stellar mass suggests the MQG population continues to change
with increasing redshift toward smaller sizes, larger velocity
dispersions, and lower dynamical mass.
Tracing populations across redshift is complicated by
progenitor bias, whereby newly quenched galaxies enter the
population that are not progenitors of the lower-redshift
populations. One way to relate descendants and progenitors
is to select galaxies at ﬁxed cumulative number density (e.g.,
Van Dokkum et al. 2010). Alternatively, galaxies can be
selected at ﬁxed central velocity dispersion (e.g., Mendel et al.
2020). Central velocity dispersions have been shown in
simulations to be relatively stable through dissipationless
mergers, which are the main size-growth mechanism for
MQGs in simulations (Naab et al. 2009; Hopkins et al. 2009)
and supported by observations (van de Sande et al. 2013; Belli
et al. 2014a, 2017; Mendel et al. 2020). Matching galaxies from
the z ∼2 sample within Δσ < 0.05 dex of the galaxies in our
sample, we ﬁnd an average size growth since 3 < z < 4 of

3.2. Dynamical Masses
The tight relationship between size, mass, and stellar
velocity dispersion for elliptical galaxies is understood to
come from virial equilibrium conditions. For dynamically
pressure-supported galaxies, an estimate of the total mass can
be derived from the following equation:
Mdyn =

b (n) s 2e re
,
G

(1 )

where re is the half-light radius, σe is the LOSVD within the
half-light radius, β(n) is the virial coefﬁcient, which is used to
account for structural and orbital nonhomology, and G is the
gravitational constant. We use an analytical approximation for
the virial coefﬁcient as a function of Sérsic index, n, described
by Cappellari et al. (2006):
b (n) = 8.87 - 0.831n + 0.0241n2 ,

(2 )

where β has been calibrated to estimate the total mass for
nearby elliptical galaxies in the SAURON and ATLAS3D
samples (Cappellari et al. 2006, 2013a). For errors in
dynamical masses, we add in quadrature the errors for the
LOSVD, re, and Sérsic indices. The errors are mostly
dominated by the error in the LOSVD, with 60%–90%
contribution compared to the error of re and n. We neglect
covariance between re and n and Mdyn and M* (due to
luminosity-derived stellar masses) because they are subdominant. The dynamical masses, alongside the LOSVD and
structural properties, are shown in Table 2. The derived
dynamical masses are substantial, ranging from 0.4–2.6 ×
1011Me.

14

We note that HST imaging was not available for this galaxy, so an assumed
β = 5 was used for the Mdyn value, with the conservative errors in re derived in
Tanaka et al. (2019). We excluded this galaxy from Mdyn/M* comparisons.

5
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Figure 2. Comparison of physical properties for massive quiescent galaxies at various epochs. In each panel, the same galaxies are shown: ZF-COS-20115, 3D-EGS40032, 3D-EGS-18996, and 3D-EGS-31322 are shown as the blue circle, orange square, green triangle, and red diamond respectively. Quenching galaxy from Tanaka
et al. (2019) is shown as an open purple circle. Brown squares represent the 1.4 < z < 2.1 sample from Mendel et al. (2020). The SDSS/GAMA z ∼0.1 sample is
shown as a log density shading in blue, with white dashed–dotted contour representing the 68th percentile. Median errors for z ∼2 population are shown for reference
in the upper left portion of each panel. Panel (a): re–M*. Panel (b): re–σe. Dashed line and solid line black arrows show the expected minor and major merger evolution
for the quantities in each panel, with blue arrows showing the observed evolution at ﬁxed σe. Panel (c): M*–σe. Panel (d): dynamical mass versus stellar mass from
SED modeling. Dotted black line shows the 1v1 line for a Chabrier IMF; dotted gray line shows that for a Salpeter IMF. Dynamical mass for the Mendel et al. (2020)
sample in panel (d) corresponds to MVIR from their paper.

0.35 ± 0.12 dex, stellar mass increase of 0.05 ± 0.05 dex, and
increase of Δlog(Mdyn/M*) = 0.33 ± 0.08 dex. Taken at face
value, the size growth is stronger than is easily accounted for
with minor mergers (although at low signiﬁcance). This has
also been observed at lower redshift in similar studies
(Newman et al. 2012; Mendel et al. 2020), and may mean
other processes such as stellar mass loss from AGN feedback
(Fan et al. 2008; Choi et al. 2018) could be contributing to the
evolution in size.
Figure 3 shows the offset in the ratio of dynamical to stellar
mass, sometimes called the IMF offset parameter α, which is
found to correlate with central velocity dispersion σe and
appears to not have evolved signiﬁcantly since z ∼2 (Cappellari
et al. 2013b; Mendel et al. 2020). Together with IMF gradients
found in nearby massive ellipticals (van Dokkum et al. 2017),
the observations support a formation scenario in which compact
massive galaxies at high redshift form the central regions of
massive ellipticals today, with the outer parts built up later
through (mostly minor) mergers. This scenario predicts that
high velocity dispersion galaxies at z > 2 have Salpeter-like or
heavier IMFs, as is the case at z ∼2. It is therefore surprising to
ﬁnd such low dynamical-to-stellar mass ratios at 3 < z < 4.

Figure 3. IMF parameter: α vs. σe. Sample and marker layout are the same as
in Figure 2, but instead using the mass-follows-light models for the z ∼2
sample from Mendel et al. (2020), which have a tighter α–σ relation. Error
ellipse in the bottom right represents the correlated errors for the 3.2 < z < 3.7
sample. Dotted lines are for a Chabrier and Salpeter IMF normalization. Blue
solid line is the IMF–σe relation for the ATLAS3D+SLACS sample derived in
Posacki et al. (2015), with blue shaded area representing the 1σ scatter.
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upon work supported by the National Science Foundation
under Cooperative Agreement No. AST0525280
C. M. S. S. acknowledges support from the Research
Foundation – Flanders (FWO) through Fellowship 12ZC120N.
Software: pPXF (Cappellari et al. 2006; Cappellari 2017),
GALFIT (Peng et al. 2010), astropy (Robitaille et al. 2013;
Price-Whelan et al. 2018), SExtractor (Bertin & Arnouts 1996).

It is possible that our assumptions about the galaxy
kinematics are incorrect: more complex kinematic structures
such as rotationally supported galaxies, as seen in strongly
lensed z ∼2 MQGs (Toft et al. 2017; Newman et al. 2018),
could increase Mdyn by a factor 2 if Vr/σ ∼2, allowing for
IMFs steeper than Chabrier. In addition, the distribution of
F160W light (rest-frame 3500 Å) may not follow the distribution of stellar mass if the galaxies have M/L gradients. We note
that the dark matter fraction in the central parts of massive
quiescent galaxies at z ∼2 is estimated to be small
fDM[ < re] = 7% (Mendel et al. 2020), and it is expected to
be even smaller at z > 3 given the extremely small effective
radii re < 1 kpc.
The most extreme galaxies with very low Mdyn/M* ratios,
such as 3D-EGS-18996, could even point toward a top-heavy
IMF, which may be present in galaxies with intense starbursts
(Weidner et al. 2013) from which MQGs are likely formed. To
evaluate the impact of a top-heavy IMF, we reﬁtted our sample
for stellar mass using a range of high-mass slopes in the IMF.
Starting from a Chabrier IMF with a slope of γ = dn/dlog
M = −1.35, we ﬂattened the slope to γ = −1 and only found a
reduction in stellar mass by 0.1 dex. The reason for the modest
reduction is that, in older stellar populations, high-mass stars
have mostly disappeared, so ﬂattening of the IMF slope has
little effect.
Without resolved kinematics and better stellar population
modeling of these galaxies, it is currently not possible to
distinguish between the various scenarios. In addition,
observational biases and selection biases cannot be ruled out.
To better understand the 3 < z < 4 MQG population, it is
imperative to not only increase the sample size to see if the
observed trends remain, but also utilize the upcoming James
Webb Space Telescope to provide resolved rest-frame optical
imaging and deep integrated spectra to constrain the IMF,
alongside resolved spectra to enable rotational velocity
measurements to determine dynamical mass.
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