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Figure 11. Growth in the star-forming (left) and quiescent (right) SMFs relative to the z ≈ 0 star-forming and quiescent SMFs from Moustakas et al. (2013). Shaded
regions show 1σ Poisson and SED-fitting uncertainties. Cosmic variance uncertainties are neglected for clarity but range between 0.05 and 0.14 dex. Each redshift
interval here at z ! 0.4 has been chosen to span roughly 1.2 Gyr of galaxy evolution. We find that the growth in the number density of star-forming galaxies is
remarkably uniform at Log(M/M⊙) < 10. The quiescent SMF, however, exhibits a rapid increase toward lower stellar masses. Specifically, at Log(M/M⊙) " 10
quiescent, galaxies increase in number by a factor of 15–30, whereas star-forming galaxies increase by only a factor of 1.5–2. Despite the large difference in these
growth rates, star-forming galaxies still remain the dominant population at low masses at all redshifts.
(A color version of this figure is available in the online journal.)

Figure 12. Cosmic stellar mass densities as a function of redshift evaluated from the best-fit Schechter functions to the total SMF (left) and the star-forming and
quiescent SMFs (right). We show the total stellar mass density (integrated over 9 < Log(M/M⊙) <13) with 1σ uncertainties determined from Monte Carlo simulations
on our SMFs. Other symbols show results from previous works from deep NIR surveys: Moustakas et al. (2013, black diamond, Mo13), Baldry et al. (2012, gray
square, B12), Muzzin et al. (2013, purple triangles, Mu13), Ilbert et al. (2013, brown squares, I13), and Santini et al. (2012, green circles, S12). The dashed black line
is a least-squares fit to the ZFOURGE data: Log(ρ) = −0.33(1 + z) + 8.75. Also shown are high-redshift mass densities inferred from a UV-selected galaxy sample
with a correction for incompleteness at low masses (Reddy & Steidel 2009, cyan triangles, R09). Our measured mass densities are in good agreement with these
previous works.
(A color version of this figure is available in the online journal.)

CANDELS Early Release Science program in conjunction with
deep (Ks ∼ 25.5) imaging from Hawk-I. Although their work
covers significantly less area than we present here (33 arcmin2

versus 316 arcmin2), our measurements agree within 1σ un-
certainties. Measurements from the recent UltraVISTA survey
(McCracken et al. 2012), which covers ∼1.6 deg2 to a depth
of Ks = 23.4, are presented in Ilbert et al. (2013) and Muzzin
et al. (2013). Our results are in excellent agreement at all red-
shifts except 1.5 < z < 2.5 with Muzzin et al. (2013). The
difference between our result and Muzzin et al. (2013) is mostly
due to the large difference in the faint end slope: Muzzin et al.

(2013) measure a slope of ∼ − 0.9, whereas we find −1.33 for
the best-fit single-Schechter function at 1.5 < z < 2.0. Muzzin
et al. (2013) note that α is not well constrained by their data and
do not rule out a low-mass slope as steep as ours.

Another estimate of the stellar mass density was provided
by Reddy & Steidel (2009), who used an optically selected
sample of star-forming galaxies at 1.9 < z < 3.4 to argue
that the low-mass end of the SMF is quite steep and may have
been underestimated by previous studies; they concluded that
a large fraction of the stellar mass budget of the universe was
locked up in dwarf galaxies. However, these authors were not
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Table 2
Best-fit Double-Schechter Parameters

Total

Redshift Log(M∗)a α1 Log(Φ∗
1)b α2 Log(Φ∗

2)b χ2
red

0.20 < z < 0.50 10.78 ± 0.11 −0.98 ± 0.24 −2.54 ± 0.12 −1.90 ± 0.36 −4.29 ± 0.55 0.3
0.50 < z < 0.75 10.70 ± 0.10 −0.39 ± 0.50 −2.55 ± 0.09 −1.53 ± 0.12 −3.15 ± 0.23 0.5
0.75 < z < 1.00 10.66 ± 0.13 −0.37 ± 0.49 −2.56 ± 0.09 −1.61 ± 0.16 −3.39 ± 0.28 0.6
1.00 < z < 1.25 10.54 ± 0.12 0.30 ± 0.65 −2.72 ± 0.10 −1.45 ± 0.12 −3.17 ± 0.19 0.8
1.25 < z < 1.50 10.61 ± 0.08 −0.12 ± 0.49 −2.78 ± 0.08 −1.56 ± 0.16 −3.43 ± 0.23 0.3
1.50 < z < 2.00 10.74 ± 0.09 0.04 ± 0.62 −3.05 ± 0.11 −1.49 ± 0.14 −3.38 ± 0.20 0.8
2.00 < z < 2.50 10.69 ± 0.29 1.03 ± 1.64 −3.80 ± 0.30 −1.33 ± 0.18 −3.26 ± 0.23 0.4
2.50 < z < 3.00 10.74 ± 0.31 1.62 ± 1.88 −4.54 ± 0.41 −1.57 ± 0.20 −3.69 ± 0.28 1.3

Star-forming

Redshift Log(M∗) α1 Log(Φ∗
1) α2 Log(Φ∗

2) χ2
red

0.20 < z < 0.50 10.59 ± 0.09 −1.08 ± 0.23 −2.67 ± 0.11 −2.00 ± 0.49 −4.46 ± 0.63 0.3
0.50 < z < 0.75 10.65 ± 0.23 −0.97 ± 1.32 −2.97 ± 0.28 −1.58 ± 0.54 −3.34 ± 0.67 0.3
0.75 < z < 1.00 10.56 ± 0.13 −0.46 ± 0.63 −2.81 ± 0.10 −1.61 ± 0.17 −3.36 ± 0.28 0.9
1.00 < z < 1.25 10.44 ± 0.11 0.53 ± 0.73 −2.98 ± 0.14 −1.44 ± 0.11 −3.11 ± 0.16 0.8
1.25 < z < 1.50 10.69 ± 0.12 −0.55 ± 0.69 −3.04 ± 0.12 −1.62 ± 0.24 −3.59 ± 0.35 0.2
1.50 < z < 2.00 10.59 ± 0.10 0.75 ± 0.70 −3.37 ± 0.16 −1.47 ± 0.10 −3.28 ± 0.13 0.9
2.00 < z < 2.50 10.58 ± 0.18 2.06 ± 1.43 −4.30 ± 0.39 −1.38 ± 0.15 −3.28 ± 0.18 0.7
2.50 < z < 3.00 10.61 ± 0.22 2.36 ± 1.84 −4.95 ± 0.49 −1.67 ± 0.19 −3.71 ± 0.25 0.8

Quiescent

Redshift Log(M∗) α1 Log(Φ∗
1) α2 Log(Φ∗

2) χ2
red

0.20 < z < 0.50 10.75 ± 0.10 −0.47 ± 0.20 −2.76 ± 0.09 −1.97 ± 0.34 −5.21 ± 0.48 0.2
0.50 < z < 0.75 10.68 ± 0.07 −0.10 ± 0.27 −2.67 ± 0.05 −1.69 ± 0.24 −4.29 ± 0.33 0.9
0.75 < z < 1.00 10.63 ± 0.12 0.04 ± 0.44 −2.81 ± 0.05 −1.51 ± 0.67 −4.40 ± 0.56 0.4
1.00 < z < 1.25 10.63 ± 0.12 0.11 ± 0.44 −3.03 ± 0.05 −1.57 ± 0.81 −4.80 ± 0.61 0.8
1.25 < z < 1.50 10.49 ± 0.11 0.85 ± 1.07 −3.36 ± 0.30 −0.54 ± 0.66 −3.72 ± 0.44 0.6
1.50 < z < 2.00 10.77 ± 0.18 −0.19 ± 0.96 −3.41 ± 0.23 −0.18 ± 1.21 −3.91 ± 0.51 1.9
2.00 < z < 2.50 10.69 ± 0.14 −0.37 ± 0.52 −3.59 ± 0.10 −3.07 ± 16.13 −6.95 ± 1.66 0.7
2.50 < z < 3.00 9.95 ± 0.23 −0.62 ± 2.63 −4.22 ± 0.41 2.51 ± 2.43 −4.51 ± 0.62 1.7

Notes.
a In units of M⊙.
b In units of Mpc−3 dex−1.

α1, Log(Φ∗
1), α2, and Log(Φ∗

2) are 10.79, −0.74, −2.44, −1.75,
and −3.69, respectively.

3.4. Buildup of the Star-forming and Quiescent Populations

In Figure 11, we show the growth in the number density
of galaxies as a function of mass in several redshift bins for
the star-forming and quiescent subpopulations. We show this
growth by normalizing our star-forming/quiescent SMFs to the
most recent measurements of the star-forming/quiescent SMFs
at z ≈ 0 from SDSS (Moustakas et al. 2013). The redshift
ranges at z > 0.4 in Figure 11 are chosen to track the evolution
in similar time intervals of approximately 1.2 Gyr.

At Log(M/M⊙) < 11, where we have sufficient statistics
to trace the evolution of the mass function, we find that the
SMF of star forming galaxies grows moderately with cosmic
time, by 1.5–2.5× since z ∼ 2. There is a hint that it actually
decreases with time at z < 0.6. Only between 2 < z < 3 do we
observe a large jump in the number of star-forming galaxies at
Log(M/M⊙) > 10. These results are consistent with previous
works which have generally found that the star-forming SMF
evolves relatively weakly with redshift (Arnouts et al. 2007; Bell
et al. 2007; Pozzetti et al. 2010; Brammer et al. 2011; Muzzin
et al. 2013).

The growth of quiescent galaxies since z ≈ 2 is much more
rapid than that of star-forming galaxies (e.g., Arnouts et al.

2007; Bell et al. 2007). At masses greater than 1010 M⊙ we
find roughly a factor of six increase between z = 2 and
z = 0, in agreement with previous studies; however, at lower
masses, there is a 15–30× increase. This is the first clear
detection of a decline in the low-mass quiescent population
toward high-redshift that is not affected by incompleteness. This
rapid evolution causes the quiescent fraction to increase by about
a factor of five for low-mass galaxies (<1010 M⊙) from ≈7% at
z = 2 to ≈34% at z = 0.

3.5. Cosmic Stellar Mass Density

Obtaining a precise estimate of the integrated stellar mass
density in the universe requires probing the SMF well below
M∗. Most recent attempts at intermediate redshifts have been
made using NIR selected surveys, which make it possible to
define highly complete samples down to some stellar mass limit.
However, if this limit does not reach significantly below M∗ then
the integrated stellar mass density depends on an extrapolation
of the observed SMF using the best-fit Schechter parameters
(e.g., Marchesini et al. 2009; Santini et al. 2012; Ilbert et al.
2013; Muzzin et al. 2013), which may be poorly constrained
and may depend sensitively on the exact—and uncertain—level
of completeness near the nominal mass-completeness limit.

In Figure 12, we show our measurements for the evo-
lution of the cosmic stellar mass densities (ρ) of all,
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The challenge is that we cannot connect
high-redshift progenitors to
low-redshift descendants
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 LEGA-C: science drivers

• Star-formation histories of individual galaxies

• Growth of disk galaxies

• The path to passiveness (quenching)

• Maintaining passiveness

• Growth through merging

Answers through high-quality spectroscopy of many distant galaxies:
— Stellar populations (star-formation histories)
— Stellar dynamics



• 128 night allocation

• December ’14 - Spring ’18

• R = 3000, λ = 6000 - 9000 Å
• >3000 galaxies at  0.6 < z < 1.0

• 20h integrations; typical S/N=20/Å

• DR1 in September 2016

• DR2 in September 2017

 LEGA-C: a VLT/VIMOS Public Survey

Large Early Galaxy Astrophysics Census (van der Wel et al. 2016)
COSMOS/Ultra-VISTA field
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Figure 1. The LEGA-C sample includes a diverse galaxy population. Targeted galaxies are shown in the star formation rate

versus stellar mass (the star-forming ”main sequence”) in the left panel and in e↵ective radius versus stellar mass in the right

panel. All spectra are fit by a combination of absorption line templates to model the stellar continuum and gaussian emission

lines to model the ionized gas. All galaxies with successful dynamical fits are indicated by circles, where blue circles indicate

those galaxies with emission lines and gray for those without. Targets with poorly fit spectra are included as gray crosses.

2012), and S-COSMOS (Sanders et al. 2007). Stellar
masses are measured as in the Muzzin et al. (2013a)
data release, but with fixed spectroscopic redshift, us-
ing the Fitting and Assessment of Synthetic Templates
(FAST) code (Kriek et al. 2009) and assuming Bruzual
& Charlot (2003) templates, a Kroupa (2001) initial
mass function, exponentially declining star formation
histories, and a Calzetti XXX dust law. Star forma-
tion rates are measured from the UV fluxes plus rera-
diated dust emission measured from the MIPS 24µm
flux following the “UV+IR” SFR procedure outlined in
Whitaker et al. (2012).
Figure a shows the SFR versus stellar mass for galaxies

in the primary LEGA-C Y1+Y2 sample. The Whitaker
et al. (2012) relation for the star forming MS is in-
cluded as a blue line and transparent band with color
density indicating 0.3 dex gaussian scatter about the
relation. Open circular symbols indicate galaxies for
which spectra include emission lines and filled circles in-
dicate galaxies without emission lines in the LEGA-C
spectra. Black crosses indicate galaxies for which dy-
namical modeling failed, which could be attributed to
a number of categories (XXX finish this with new re-
lease/fits/flags. .. this should be minimal). Multiple
objects in a slit - particularly when both contribute to
the continuum, failed extraction, significant fringing . .
.
Of particular note is the fact that galaxies with emis-

sion lines are not confined to the locus of star-forming
galaxies (e.g. as identified photometrically) often re-
ferred to as the star forming main sequence (MS). Ad-
ditionally LEGA-C spectra uncover a significant pop-
ulation of quiescent galaxies with emission lines. This
result is unique at high redshifts to the depth and dy-
namic range probed by the LEGA-C survey. Detailed

studies of the stellar populations of these spectra will .
. . (Pacifici + in prep?).

2.3. HST COSMOS ACS Imaging and Morphologies

Morphologies of the LEGA-C galaxies are measured
from the HST ACS F814W v.2.0 mosaic (Koekemoer
et al. 2007; Massey et al. 2010). Each galaxy is modeled
by a single Sérsic profile following the procedure outlined
in van der Wel et al. (2014). These fits produce best fit
e↵ective (half-light) radii, Sérsic indices, axis ratios, and
position angles for the full sample. Figure 2.2b includes
the e↵ective radius (semi-major axis) versus stellar mass
for the LEGA-C Y1+2 sample. van der Wel et al. (2014)
relations for star-forming and quiescent at z ⇠ 0.75 are
indicated by blue and red bands respectively.

2.4. X-Ray Point Source Detections

Catalogs of X-ray detections in the COSMOS field
exist based on data collected by the XMM and Chan-
dra telescopes. The XMM-COSMOS survey provides
the XMM Point-like Source Catalog (Cappelluti et al.
2009). This catalog includes detection fluxes and like-
lihoods in three bands (0.5-2.0 keV, 2.0-4.5 keV, and
4.5-10.0 keV). The Chandra COSMOS Legacy survey
also includes three bands of X-ray fluxes (0.5-2.0 keV,
2.0-5.0 keV, and 5.0-10.0 keV) across the entire COS-
MOS field, we include data from the v.2.1 C-COSMOS
bright source catalog. We match the LEGA-C catalog
to both the XMM-COSMOS and C-COSMOS sources
within a 1” radius.

2.5. Stellar and Ionized Gas 1D Kinematics

Gas phase and stellar velocity dispersions for every
galaxy are measured for this work as the gaussian line
width (for emission lines) and broadening (for the stellar
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Figure 2. LEGA-C spectra of a star-forming galaxy (ID: XXXXXXX, top panel) and a quiescent galaxy (ID: YYYYYY,

bottom panel). All galaxies are fit with a combination of stellar population templates (red) to model the continuum and

gaussian emission lines (blue) to model ionized gas lines, the combined fit is indicated by a purple line. The ACS F814W image

of each galaxy is included in the upper right corner and emission and absorption features are labeled with vertical lines.

continuum) in the optimally extracted one-dimensional
spectra. This modeling utilizes the python version of the
Penalized Pixel-Fitting (pPXF) software (Cappellari &
Emsellem 2004). This fitting software allows for model-
ing of galaxy spectra as a combination of one or more
stellar or stellar population templates and emission lines
convolved with a gaussian broadening as well as multi-
plicative and additive polynomials to account for uncer-
tainties in the overall galaxy shape. We adopt a third
order mulitplicative polynomial and an additive poly-
nomial with one degree of freedom per 100Å of wave-
length coverage fit, however we verify that due to the
extremely high signal-to-noise nature of these spectra
that the fits are largely insensitive to polynomial choice
with a second order or greater multiplicative polyno-
mial. Continuum templates are Conroy+ high resolu-
tion theoretical templates, which we verify agree with

fits using empirical-based Vazdekis (1999) templates to
within XX%.
Gas velocity dispersions are measured from the width

of a combination of emission lines ([NeV], [NeVI], H10,
H9, H8, H✏, H�, H�, H�,H↵, [OII] doublet, [NeIII], [SII]
doublet, [OIII], and [NI], depending on the wavelength
coverage). The normalization of each line is allowed to
vary, but the line widths are fixed for all lines together.
Emission and absorption templates are fit simultane-
ously and a fit is accepted if the gas templates contribute
at least XXX% of the flux in one part of the spectrum.
If this is not the case, or if the redshifts of the stellar and
gas templates di↵er by too much (|zgas�zstars| > 0.003)
we refit with stellar templates alone. We visually in-
spect all fits to verify that this process correctly identi-
fies emission lines.
Formal errors in measured velocity dispersions are es-

timated by pPXF. The LEGA-C survey is designed to

𝜎star = 152+/-10 km/s
𝜎gas = 165+/-2 km/s

Spectral decomposition



Spectral decomposition

𝜎star = 152+/-10 km/s
𝜎gas = 165+/-2 km/s
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we refit with stellar templates alone. We visually in-
spect all fits to verify that this process correctly identi-
fies emission lines.
Formal errors in measured velocity dispersions are es-

timated by pPXF. The LEGA-C survey is designed to

𝜎star = 222+/- 6 km/s
𝜎gas = —
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Figure 4. The distribution of LEGA-C and SDSS galaxies on the D
n

4000–EW(H�) plane in di↵erent stellar mass bins. (a) The
colors dots are individual LEGA-C galaxies, color-coded by sSFR. Galaxies with sSFR < 10�10 yr�1 are in red. The contours
represent the density distribution of the SDSS sample. Contours levels are 0.05, 0.20, 0.40, and 0.80 times of the peak value. (b)
Blue filled contours are the distribution of the completeness-corrected LEGA-C galaxies. Contours levels are 0.05, 0.20, 0.40,
and 0.80 times of the peak value in each panel. The dashed contours represent for the SDSS sample.
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Measure SFHs of individual galaxies

AASTEX SFHs OF Z⇠1 GALAXIES IN LEGA-C 5

Figure 2. Spectra of 12 LEGA-C galaxies with the best fitting model obtained from combining the 12 template spectra
using MCMC. The bottom-right figure, in each plot, is the reconstructed star formation history. The MCMC resultant mass,
luminosity, mass-weighted age and colour excess values are shown in red.



Outline

• Introduction & the LEGA-C survey

• Stellar populations at z~1

• Integrated gas vs. stellar dynamics  

• Spatially resolved kinematics

• Dynamical modeling



Faber-Jackson relations6 Bezanson et al.

Figure 4. Mass Faber-Jackson relations for the full LEGA-C Y1+2 sample. Galaxies fit with emission and absorption templates

are indicated by open symbols, those with only absorption are filled circles. Left panel shows the relation for velocity dispersion

measured from the absorption features and the right panel for emission features. In each panel solid blue lines indicate the

running mean values in bins and gray filled bands indicate the standard deviation in each bin with greater than five datapoints.

Best-fit mass FJ relations to �? (black solid line) to �g (dotted black line) are shown in each panel and are very similar, indicating

that either measure can be used to estimate galaxy dynamics, however the absorption relation is much tighter, with a vertical

scatter of 0.11 dex relative to 0.19 dex measured from emission lines. This increased scatter translates to an uncertainty of

⇠ 0.16dex in dynamical mass.

which is consistent within 1� with other fits, but the
parameters have higher associated uncertainties.
These best-fit mass FJ relations agree well between

the gas and stellar velocity dispersions; at fixed mass
velocity dispersions agree within 0.1 dex. The observed
scatter is significantly higher when gas velocity disper-
sions are used (0.19 dex, right panel) than for stellar ve-
locity dispersions (0.11 dex). This di↵erence in quadra-
ture between the scatter in the two relations (0.15dex)
is very similar to the scatter between �g and �star (0.15
dex), the slight discrepancy (0.01 dex) can be attributed
to the slope of the mass FJ. This implies that although
population-averaged scaling relations can be reliably
measured from emission line kinematics, the scatter in
the relations will be significantly overestimated by al-
most 0.1dex.
We find that the scatter between the measured stel-

lar and gas velocity dispersions persists for all subsets
of this population of massive galaxies. In Figure 5 we
explore residuals between gas and stellar sigmas with
stellar populations (top row) and galaxy structures (bot-
tom row). In Figure 5a, which shows the residuals versus
stellar mass shows that scatter decreases slightly at the
highest stellar masses. However, emission line occur-
rence rates also decreases at the highest masses. The
scatter in measured velocity dispersions is roughly con-
stant with both UV+IR SFR (Figure 5b) and IR SFR
(Figure 5c). One might expect that the correspondence

between gas and stellar structures and kinematics would
correlate more strongly with stellar structures, however
we do not find evidence for this in the bottom row of
panels. Instead we find roughly constant scatter be-
tween gas and stellar velocity dispersions as a function
of slit misalignment (Figure 5d). Figure 5e shows that
the scatter in � increases somewhat for the most elon-
gated (b/a . 0.45) and roundest (b/a & 0.8) galaxies.
In the case of the most elongated galaxies, this could re-
flect scatter in the spatial profiles of emission lines and
the optimal extraction of the 1-D spectra. The roundest
galaxies may have more scatter in the relation between
gas and stellar velocity dispersions because the measures
probe di↵erent disk versus bulge morphologies. Figure
5f shows the scatter between �g and �? is minimized for
galaxies with intermediate light profile shapes (Sérsic
1 . n . 2.5), and higher scatter at purely disk-like and
bulge-like values. In all bins, except at the lowest masses
(logM?/M� < 10), the average log �gas/�? is less than
0.1 dex.

4. DISCUSSION AND CONCLUSIONS

The extraordinary high S/N spectroscopy from the
LEGA-C survey opens up a new window into the kine-
matics probed by the stellar continuum in massive galax-
ies at a large lookback time, while the magnitude-limited
survey design facilitates an investigation of trends within
the galaxy population both with respect to the stellar

Bezanson, van der Wel et al., in prep.
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4

Figure 3. False-color HST/ACS/F814W+VLA/3GHz images of radio sources with visible jets in the 3GHz data, along with
the corresponding LEGA-C optical spectra (black) with the best-fitting stellar continuum model (red).

Barisic+17

VLA data from Smolcic+17

Bezanson, van der Wel et al., in prep.
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Bezanson, van der Wel et al., in prep.
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Figure 5. Residuals between stellar and gas velocity dispersions as a function of di↵erent stellar population (top row) and

structural (bottom row) properties.

populations and the galaxy structures. Most spectro-
scopic surveys of high redshift galaxy kinematics are lim-
ited by either depth and/or resolution to emission line
studies. This combination has facilitated the compari-
son between stellar kinematics and those derived from
gaussian fits to emission lines in 10XX massive galaxies
at z ⇠ 0.8. The excellent agreement on average between
the stellar and gas velocity dispersions implies that the
observational less expensive quantity, �g can be reliably
used to measure overall scaling relations for galaxies for
which emission lines are present. Interestingly, we find
that the stellar mass Faber-Jackson relation is remark-
ably similar for the population of all galaxies, measured
from stellar velocity dispersions, and for galaxies with
emission lines from �g. However the uncertainty in the
measured relation and observed scatter is significantly
increased relative to the intrinsic values.
We emphasize that there is significant scatter between

�? and �g for galaxies of all structures and stellar pop-
ulations. Overall the 0.16dex scatter is slightly lower
for galaxies with intermediate axis ratios, Sérsic indices,
and the highest masses, but in all cases is & 0.1 dex.
Although this may seem like a small price to pay to
rely on emission line spectroscopy, we caution that for
any individual galaxy this translates to an uncertainty
of ⇠ 0.15 dex on � when velocity dispersion is measured
from emission lines. This uncertainty propagates to an
uncertainty of 0.21 dex or 50% on the dynamical mass
of a galaxy, on top of the other measurement errors and

systematic uncertainties such as the Virial constants.
This uncertainty on its own is comparable to system-
atic uncertainties in the stellar masses of high redshift
galaxies (e.g. Muzzin et al. 2009).
We are unable to identify a specific population of

galaxies for which scatter between �s varies dramatically
or the two measures are systematically o↵set. How-
ever, it is easy to imagine selecting a galaxy popula-
tion, particularly at high redshift, that also happens to
have significantly discrepant stellar and ionized gas dis-
tributions, which leads to di↵erences between ionized
gas � and the intrinsic or stellar � for the full popula-
tion. This could be at play, for example, in the compact
star-forming galaxies observed at z ⇠ 2 to have system-
atically lower �g than expected from their high stellar
masses and small e↵ective radii (e.g. Barro et al. 2014;
van Dokkum et al. 2015; Barro et al. 2016). Given the
1� scatter of 0.16dex, it would be easy to account for
a factor of 1.5-2 in converting �g to �predicted, which is
su�cient for all but the most extreme few galaxies.
The fact that the scatter is biased with respect to �g

implies that selections in emission line widths or veloc-
ity dispersions will be similarly biased with respect to
the intrinsic properties. Therefore, although it would
be tempting, for example, to probe the distribution of
gravitational potential wells by measuring the velocity
dispersion function using emission line kinematics, one
would have to be extremely careful in correcting for this
bias.

REFERENCES
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and the highest masses, but in all cases is & 0.1 dex.
Although this may seem like a small price to pay to
rely on emission line spectroscopy, we caution that for
any individual galaxy this translates to an uncertainty
of ⇠ 0.15 dex on � when velocity dispersion is measured
from emission lines. This uncertainty propagates to an
uncertainty of 0.21 dex or 50% on the dynamical mass
of a galaxy, on top of the other measurement errors and

systematic uncertainties such as the Virial constants.
This uncertainty on its own is comparable to system-
atic uncertainties in the stellar masses of high redshift
galaxies (e.g. Muzzin et al. 2009).
We are unable to identify a specific population of

galaxies for which scatter between �s varies dramatically
or the two measures are systematically o↵set. How-
ever, it is easy to imagine selecting a galaxy popula-
tion, particularly at high redshift, that also happens to
have significantly discrepant stellar and ionized gas dis-
tributions, which leads to di↵erences between ionized
gas � and the intrinsic or stellar � for the full popula-
tion. This could be at play, for example, in the compact
star-forming galaxies observed at z ⇠ 2 to have system-
atically lower �g than expected from their high stellar
masses and small e↵ective radii (e.g. Barro et al. 2014;
van Dokkum et al. 2015; Barro et al. 2016). Given the
1� scatter of 0.16dex, it would be easy to account for
a factor of 1.5-2 in converting �g to �predicted, which is
su�cient for all but the most extreme few galaxies.
The fact that the scatter is biased with respect to �g

implies that selections in emission line widths or veloc-
ity dispersions will be similarly biased with respect to
the intrinsic properties. Therefore, although it would
be tempting, for example, to probe the distribution of
gravitational potential wells by measuring the velocity
dispersion function using emission line kinematics, one
would have to be extremely careful in correcting for this
bias.
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— Tully-Fisher relation of emission lines galaxies
     see next talk by Caroline Straatman

— Stellar rotation
     Bezanson, van der Wel et al., subm.

— Dynamical modeling
      van Houdt, van der Wel et al., in prep.

What do we do with it?

Spatially Resolved Kinematics
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SFR = 6 Msol/yr

V5 / σ0

V5 / σ0 = 135/185 = 0.73



Stellar rotation distribution
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Figure 6. Observed rotational support of LEGA-C galaxies

versus stellar mass for star-forming (blue diamonds) and qui-

escent galaxies (red circles). Average uncertainties, shown

as blue and red errorbars in the upper right, are higher for

the star-forming galaxies (⇠ 0.1) than for quiescent galax-

ies (⇠ 0.04) in the LEGA-C sample. The right panel in-

dicates the histograms in rotational support between the

star-forming and quiescent populations; the distributions are

overlapping but on average star-forming galaxies show higher

V5/�0 than quiescent galaxies overall and at fixed mass.

degrees of rotational support that reflect their intrinsic
structure (spheroidal/triaxial and disk-like/oblate, re-
spectively). At the same time, among the 10 most mas-
sive galaxies with stellar masses > 2 ⇥ 1011M�, only 2
show evidence for rotation. This is suggestive that the
only way that galaxies can grow to such large masses
is by a mechanism that reduces the angular momentum,
that is, dissipationless merging. In the following section,
we analyze the CALIFA dataset to further explore the
question of quantifying this evolution.
Although we focus on the quiescent sample only for

this paper, we note that as expected, the star-forming
and quiescent galaxy populations di↵er in dynamics as
well as stellar populations. Figure 6 shows the observed
rotational support (|V5|/�0) versus stellar mass for all
galaxies with photometric axes within 45o of the N-
S slits. Quiescent galaxies are indicated by red cir-
cles and star-forming galaxies by blue diamonds. The
star-forming galaxies have more rotational velocity than
quiescent galaxies, as found in the local Universe (e.g.
Cortese et al. 2016). Figure 1 demonstrates the known
bimodality of these two populations in size and specific
star formation rate, this figure provides the first evi-
dence for dynamical bimodality at high redshift based
on stellar kinematics. The two populations overlap in
observed phase space, however their distributions dif-
fer significantly (see histograms in the right panel). A
two-sample K-S test rejects the possibility that they are

drawn from the same distribution with a p = 4⇥ 10�12,
or p = 1 ⇥ 10�8 for massive logM?/M� > 10.4 galax-
ies. Average values of errors on V5/�0 for the star-
forming and quiescent sub-samples are indicated by blue
and red errorbars in the upper right corner. Uncertain-
ties in the |V5|/�0 values, especially for the star-forming
population, contribute significantly to the broadening
of the distribution. Therefore, this discrepancy may be
stronger in the intrinsic properties of the two popula-
tions. We leave the analysis of the dynamics of star-
forming galaxies and of the joint population to future
studies (Straatman et al. in prep, van Houdt et al. in
prep).

4. CALIFA STELLAR KINEMATICS AND THE
REDSHIFT EVOLUTION OF ROTATIONAL

SUPPORT

The Calar Alto Legacy Integral Field Area (CALIFA)
survey provides an excellent census of the spectroscopic
properties of local (0.005 < z < 0.03) galaxies of all
morphological and spectral types (Sánchez et al. 2012;
Walcher et al. 2014). The CALIFA team has promptly
provided reduced data products in public data releases
in addition to derived spectroscopic properties. For this
project we include CALIFA galaxies from Data Release 3
(DR3, Sánchez et al. 2016), stellar kinematics maps from
Falcón-Barroso et al. (2017), and spectroscopic classifi-
cations based on ionized gas lines from Cano-Dı́az et al.
(2016). Using this dataset, we use intensity, stellar ve-
locity, and stellar velocity dispersion fields in two spatial
dimensions and extract profiles along a variety of axes
and replicate the LEGA-C kinematic analysis on a local
sample, quantifying intrinsic properties and simulating
the e↵ects of seeing on the measured LEGA-C rotation
curves.

4.1. The CALIFA Dataset

Of the 667 galaxies in the full DR3, 300 are included
in the Falcón-Barroso et al. (2017) analysis of stellar
kinematics. This sample of galaxies, which have been
observed with both low (V500) and medium (V1200)
resolution gratings, is deemed to be representative of the
full CALIFA sample in magnitude, size, and redshift and
spans a wide range of morphological types. As in the
LEGA-C sample, Falcón-Barroso et al. (2017) remove
strongly interacting galaxies from this kinematic sam-
ple. Falcón-Barroso et al. (2017) analyze IFU datacubes
for each galaxy, which are Voronoi binned to S/N ⇠ 20
and the stellar kinematics are measured in each bin
by fitting a combination of stellar templates convolved
with a gaussian line-of-sight velocity dispersion. These
fits yield maps of velocity and velocity dispersion at
each spaxel, which the authors provide on the CAL-
IFA website (http://califa.caha.es/?q=content/
science-dataproducts). Falcón-Barroso et al. (2017)
also provide stellar masses assuming a Chabrier (2003)
IMF and e↵ective radius, ellipiticity, and position angle
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Figure 2. Stellar rotation curves (black) and velocity dispersion profiles (red) for the 35 highest mass (logM⇤/M� > 11) quiescent
galaxies, ordered by ascending velocity. The rotational velocity is defined as the velocity of the best-fitting arctangent function at a radius
of 5 kpc from the central pixel. Rotational support can be visually estimated for each galaxy by comparing the vertical height of the gray
band with the central velocity dispersion (central red symbol).
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Figure 12. Rotational support ((V5/�0)
⇤) versus stellar mass for the simulated CALIFA z ⇠ 0 galaxies (left panel), LEGA-C

galaxies at z ⇠ 0.8 (center panel), and the ratio of the averages (right panel). At the highest mass end (logM
?

/M� & 11.25) the

rotational support is very similar, but at lower masses, the LEGA-C sample exhibits similar or slightly more rotational support

than CALIFA galaxies at fixed mass. However, when compared to more massive descendants (red symbols and dashed line)

galaxies at z ⇠ 0.8 exhibit 50� 100% higher rotational support than local galaxies.

Figure 13. Rotational support ((V5/�0)⇤) versus central velocity dispersion (�0) for the simulated CALIFA z ⇠ 0 galaxies

(left panel), LEGA-C galaxies at z ⇠ 0.8 (center panel), and the ratio of the averages (right panel). At fixed central velocity

dispersion, which is likely more stable than stellar mass, the higher redshift galaxies exhibit more rotational support than their

local counterparts by a factor of ⇠ 1.5� 2.

Although the authors emphasize the representative red-
shifts, sizes, and absolute magnitudes of the resulting
sample with respect to the full CALIFA dataset, the 75
galaxies that are eliminated due to poor quality stellar
kinematic maps could introduce additional bias in the
kinematic properties of quiescent galaxies. Finally, we
have not attempted to match the LEGA-C and CALIFA
samples in volume or environment or explicitly link in-
dividual progenitor and descendant galaxies. While we
note that this could strengthen our conclusions about
the redshift evolution of the dynamical structures of qui-
escent galaxies, this is beyond the scope of this paper.

5. DISCUSSION AND CONCLUSIONS

In this paper, we present the first results from spatially
resolved stellar kinematics of a large sample of massive,
quiescent galaxies at large lookback time, drawn from

ESO’s Public Spectroscopic LEGA-C Survey. As op-
posed to earlier work on smaller samples (van der Marel
& van Dokkum 2007; Moran et al. 2007; van der Wel &
van der Marel 2008) our sample is not selected on the
basis of visual morphology, but rather by a lack of star
formation, preventing a possible bias against disk-like,
passive galaxies. The exceptional depth of the LEGA-C
spectroscopic survey allows for spatially resolved kine-
matic modeling of the continuum beyond two e↵ective
radii of galaxies at z ⇠ 1.
We have demonstrated that galaxies at z ⇠ 0.8 follow

a similar trend of decreasing rotational support with in-
creasing stellar mass as local early-type galaxies (e.g.,
Cappellari et al. 2007; Emsellem et al. 2011). But also
like their local counterparts (e.g., Veale et al. 2017),
there exist examples of very massive fast-rotators in the

 

(Sanchez+12)

Previous work: 25 z~1 ellipticals (van der Wel+08)
2 z~2 lensed galaxies (Newman+15; Toft+17)
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Although the authors emphasize the representative red-
shifts, sizes, and absolute magnitudes of the resulting
sample with respect to the full CALIFA dataset, the 75
galaxies that are eliminated due to poor quality stellar
kinematic maps could introduce additional bias in the
kinematic properties of quiescent galaxies. Finally, we
have not attempted to match the LEGA-C and CALIFA
samples in volume or environment or explicitly link in-
dividual progenitor and descendant galaxies. While we
note that this could strengthen our conclusions about
the redshift evolution of the dynamical structures of qui-
escent galaxies, this is beyond the scope of this paper.

5. DISCUSSION AND CONCLUSIONS

In this paper, we present the first results from spatially
resolved stellar kinematics of a large sample of massive,
quiescent galaxies at large lookback time, drawn from

ESO’s Public Spectroscopic LEGA-C Survey. As op-
posed to earlier work on smaller samples (van der Marel
& van Dokkum 2007; Moran et al. 2007; van der Wel &
van der Marel 2008) our sample is not selected on the
basis of visual morphology, but rather by a lack of star
formation, preventing a possible bias against disk-like,
passive galaxies. The exceptional depth of the LEGA-C
spectroscopic survey allows for spatially resolved kine-
matic modeling of the continuum beyond two e↵ective
radii of galaxies at z ⇠ 1.
We have demonstrated that galaxies at z ⇠ 0.8 follow

a similar trend of decreasing rotational support with in-
creasing stellar mass as local early-type galaxies (e.g.,
Cappellari et al. 2007; Emsellem et al. 2011). But also
like their local counterparts (e.g., Veale et al. 2017),
there exist examples of very massive fast-rotators in the

The decrease in rotational support implies
significant merging activity

(Sanchez+12)

Previous work: 25 z~1 ellipticals (van der Wel+08)
2 z~2 lensed galaxies (Newman+15; Toft+17)



How we (mis-)treated the CALIFA data…

Stellar rotation in passive galaxies

Recall Alfred Tiley’s talk
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Figure 14. Stellar rotation curves (black) and velocity dispersion profiles (red) for the highest mass (logM⇤/M� > 11.4) sample

of quiescent massive galaxies in the CALIFA stellar kinematics sample, ordered by ascending velocity. Rotational velocity is

measured from best-fit arctangent functions at a radius of 5kpc from the central pixel. Measured rotational velocities and

velocity dispersions in Voronoi bins along the position angle are indicated by light gray and pink solid lines, respectively. Best-

fit arctangent rotation curve along the galaxy position angle is indicated by gray solid line, and along N-S or E-W simulated

LEGA-C position angle is shown as solid black line.
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Figure 14. (Continued) Stellar rotation curves (black) and velocity dispersion profiles (red) for the lowest mass quiescent

galaxies in CALIFA, ordered by ascending velocity.

indicated by a black, solid line. The velocity dispersion profiles measured along the position angle are shown as pink
lines and the best-fit arctangent function fit to the rotation curve at the position angle are included as a gray solid
line. The dependence of the measured velocity dispersion profiles on position angle is negligible and central velocity
dispersions di↵er by ⇠1% on average. The rotation curves exhibit a stronger dependence on position angle, but the
e↵ect is small, comprising an average decrease in velocity dispersion of 8%. We emphasize that this does not account
for any possible misalignment between the kinematic and photometric axes, which can be misaligned by as much as
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Dynamical modeling
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Jeans axisymmetric model
(Cappellari12 software)

Dynamical modeling



Free parameters: 

•  MGE stellar mass
•  NFW dark matter
•  Inclination
•  Anisotropy

M = 2.7 x 1011 Msol
(V5 / σ0)intr = 1.3

Dynamical modeling

Jeans axisymmetric model
(Cappellari12 software)



Virial mass — k(n) Reff σ2/G  —   vs.  stellar mass



Jeans mass vs.  virial mass



Jeans mass (stellar component) vs. stellar mass



Takeaway points

• LEGA-C aims at characterizing the ages/kinematics of stars in z~1 galaxies

• Integrated gas velocity dispersions are not always a proxy for galaxy mass

• Passive galaxies at z~1 rotate faster than their present-day descendants

• We are beginning to dissect the radial distribution of stellar and dark matter


