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OUTLINE

• Evolution of the Size-Mass Photometric Scaling Relation

• The LEGA-C Survey

• The Faber-Jackson Relation and Fundamental Plane at z~1

• Spatially Resolved Stellar Dynamical Structure at z~1

How do galaxies evolve after they cease to form stars?



28 Gyr of Galaxy Evolution

z = 0

z = 1

z = 2

z = 3

By now the universe has produced
90% of all the stars it will ever make

integral of SFH 
(Madau & Dickinson 2014)



CANDELS (Grogin+11, Koekemoer+11)
The Cosmic Assembly Near-IR Deep Extragalactic Legacy Survey

• HST near-IR imaging at ~0.18” (distant galaxies are ~1” across)
• to depth H(AB)~27 (109 M⊙ in stars at z~2)
• 800 sq. arcmin: sizes and shapes for several x105 galaxies
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Fig. 2.—Relations between size and (total) stellar mass (left panel) and between the average stellar density inside the effective radius and stellar mass (right
panel). Large symbols with error bars are the quiescent galaxies. Small symbols are SDSS galaxies, with galaxies that are not on the red sequence in lightz ∼ 2.3
gray. The dotted lines indicate the expected location of galaxies with stellar velocity dispersions of 200, 300, and 500 km s!1. The high-redshift galaxies are much
smaller and denser than SDSS galaxies of the same stellar mass.

Uncertainties in the structural parameters of faint galaxies
are difficult to estimate, as they are usually dominated by sys-
tematic effects. For each galaxy, we added the residual image
of each of the other galaxies (excluding 1256-1967) in turn,
repeated the fit, and determined the rms of the seven values
obtained from these fits. The uncertainties listed in Table 1 are
2# these rms values, to account for additional systematic un-
certainties. These were assessed by changing the size of the
fitting region, scrambling the subpixel positions of the galaxies,
and changing the drizzle grid.

The Keck images offer an independent test of the reliability
of the fit parameters. Fitting the Keck images with a range of
stellar PSFs (including stars in the field of view) gives results
that are consistent with the NIC2 fits within the listed uncer-
tainties. As an example, for 1030-1813, we find kpc,r p 0.73e

, and from the Keck image. In the follow-n p 1.6 b/a p 0.32
ing, we will use the values derived from the higher signal-to-
noise ratio (S/N) NIC2 images; our conclusions would not
change if we were to use the Keck results for 1030-1813, 1256-
0, and 1256-1967.

4. SIZES AND DENSITIES

The most remarkable aspect of the galaxies is theirz ∼ 2.3
compactness. The circularized effective radii range from 0.5
to 2.4 kpc, and the median is 0.9 kpc. To put this in context,
this is smaller than many bulges of spiral galaxies (including
the bulges of the Milky Way and M31, which have r ≈ 2.5e

kpc; van den Bergh 1999). In the left panel of Figure 2, the
sizes are compared to those of SDSS galaxies. The SDSS data
were taken from the New York University Value-Added Galaxy
Catalog (Blanton et al. 2005) in a narrow redshift range, with
various small corrections (M. Franx et al., in preparation). Dark
gray points are galaxies on the red sequence, here defined as

. Stellar masses for theu! g p 0.1 log M " (0.6 ! 0.2) z ∼
galaxies were taken from Kriek et al. (2008a) and corrected2.3

to a Kroupa (2001) initial mass function (IMF). The median
mass of the galaxies is M,. The median11z ∼ 2.3 1.7 # 10

of SDSS red sequence galaxies with massesr (1.5–1.9) #e

M, is 5.0 kpc, a factor of ∼6 larger than the median size1110
of the galaxies.z ∼ 2.3

The combination of small sizes and high masses implies very

high densities. The right panel of Figure 2 shows the relation
between stellar density and stellar mass, with density defined
as (i.e., the mean stellar density within3r p 0.5M/[(4/3)pr ]e

the effective radius, assuming a constant stellar mass-to-light
[ ] ratio with radius). The median density of theM/L z ∼ 2.3
galaxies is M, kpc!3 (with a considerable rms scatter103 # 10
of 0.7 dex), a factor of ∼180 higher than the densities of local
red sequence galaxies of the same mass.

We note that it is difficult to determine the morphologies of
the galaxies, as they are so small. Nevertheless, it is striking
that several galaxies are quite elongated (see Fig. 1). The most
elongated galaxies are also the ones with the lowest n-values
(the correlation between n and is formally significant at theb/a
199% level9), and a possible interpretation is that the light of
a subset of the galaxies is dominated by very compact, massive
disks (see § 5).

5. DISCUSSION

We find that all ( ) of the quiescent, massive galaxies"0100 %!11

at spectroscopically identified by Kriek et al. (2006)AzS p 2.3
are extremely compact, having a median effective radius of
only 0.9 kpc. This result extends previous work at z ∼ 1.5
(Trujillo et al. 2007; Longhetti et al. 2007; Cimatti et al. 2008)
and confirms other studies at similar redshifts that were based
on photometric redshifts and images of poorer quality (Zirm
et al. 2007; Toft et al. 2007). Our study, together with the
spectroscopy in Kriek et al. (2006) demonstrating that the H-
band light comes from evolved stars, shows that the small
measured sizes of evolved high-redshift galaxies are not caused
by photometric redshift errors, active galactic nuclei, dusty
starbursts, or measurement errors.

It is remarkable that all nine galaxies are so compact; even
the largest galaxy in the sample (HDFS1-1849) is significantly
offset from the relations of red galaxies in the nearby universe
(see Fig. 2). We do not find any galaxy resembling a fully
assembled elliptical or S0 galaxy, which means that such ob-
jects make up less than ∼10% of the population of quiescent
galaxies at . This result effectively rules out simplez ∼ 2.3

9 There is no significant correlation between and n, or between andr re e

.b/a

van Dokkum et al. (2008)



• >1000hr allocation

• December ’14 - April ’18

• >3000 galaxies at  0.6 < z < 1.0

• 20h integrations; typical S/N=20/Å

• DR2 in June 2018

Large Early Galaxy Astrophysics Census (van der Wel et al. 2016)
COSMOS/Ultra-VISTA field

 LEGA-C: a VLT/VIMOS Public Survey

Stellar kinematics & stellar populations
at large look-back time
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Figure 4. Stack of reduced spectra with fuse = 1. To create the stack, the individual spectra were normalized, smoothed with a 5 pixel wide
box filter and resampled to rest-frame wavelengths, and sorted according to their observed stellar velocity dispersion. Zeroes (dark colors)
were used for rest-frame wavelengths that were not covered. The many emission and absorption features are clearly visible even if they are
overlapping (e.g., H�A at low observed velocity dispersion) and can be seen to vary according to physical properties, e.g. Balmer emission line
strength decreases towards increasing velocity dispersion, likewise G4300 absorption increases.

locity dispersions, or, e.g., stronger G4300 absorption. In
some cases both the absorption line and emission line infill
are clearly visible (e.g., HeI, CaH, H�). Examples of indi-
vidual spectra are shown in Figure 10 in the Appendix.

In addition to spectral quality flags we release an inter-
pretation flag (fint), which is set to one if the interpretation
of any of the value added quantities needs extra attention.
For example, in the case of a merging system, the measured
quantities may be derived from the sum of the spectra of two
galaxies. Since the quality of the spectra in these cases is
good, fint is a separate flag from fuse and some sources with
fuse = 1 may also have fint = 1.

4. CONNECTING DYNAMICAL AND STELLAR
POPULATION PROPERTIES

In this section we illustrate the new parameter space that
can be explored with the LEGA-C dataset: until now it was
not possible to examine at once at higher redshift the dy-
namical and stellar population properties of large samples of
galaxies of all types.

4.1. Observed stellar velocity dispersion versus H�A

In Figure 5 we show observed stellar velocity disper-
sion (catalog: SIGMA STARS PRIME) versus H�A (cata-
log: LICK HD A) for a sample selected to have fuse = 1,
fint = 0 and S/N measured at 4000 Å of > 10 pix�1. We
investigate observed stellar velocity dispersion rather than

observed gas velocity dispersion, as the central potential well
of a massive galaxy is dominated by stars and intrinsic ion-
ized gas dispersion does not trace collisionless orbits, al-
though Bezanson et al. (in preparation) show that the two
quantities are very similar within LEGA-C. H�A is an ab-
sorption feature mainly present in the spectra of A�type
stars. It can be used as an age indicator of the stellar popula-
tion, although at a fixed age more metal-rich populations may
exhibit stronger H� absorption as well. In this Subsection and
the next we ignore metallicity effects, but in Section 4.3 we
will discuss the potential of LEGA-C to investigate age and
metallicity effects using the wealth of high SNR absorption
features detected in the spectra.

As can be seen in Figure 5, the galaxies follow a broad
trend, with higher observed velocity dispersions for galaxies
with lower H�A. Although galaxies at the high dispersion
end (> 200 km s�1) can exhibit a range of ages, as traced
by H�A, they appear to be predominantly old (H�A< 2 Å).
Galaxies with high H�A may have large observed velocity
dispersions (> 200 km s�1), but those are relatively few.
Similarly, there are few old galaxies with observed velocity
dispersions < 150 km s�1.

Some galaxies scatter away from the bulk of the sample.
There is a small group of apparent outliers with H�A> 8 Å,
but these have values within the range predicted by SFH
models to be occupied by very young, actively star-forming
galaxies (e.g., Gallazzi et al. 2014; Wu et al. 2018). The

1442 spectra of z~0.8 galaxies

Data Release 2 (Straatman, vdW+, subm.)



The Faber-Jackson relation
6 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, vdW+ subm.



The Faber-Jackson relation6 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, vdW+ subm.



The Fundamental Plane for 600 z~0.8 galaxies

Use of stellar surface mass density 
removes stellar M/L induced tilt 

Previous works: van der Wel+05, Treu+05, Holden+12, Jorgensen&Chiboucas13, Bezanson+15

For the first time we can measure 
the tilt of the FP 

at large look-back time



z = 0.68
Mstar = 4 x 1010 Msol
SFR = 28 Msol/yr

Spatially Resolved Kinematics
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4 Bezanson and van der Wel et al.

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 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).

Stellar rotation in massive, passive galaxies
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Stellar rotation distributionLEGA-C: Increased Rotational Support in Quiescent Galaxies at z ⇠ 0.8 13

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

Bezanson, van der Wel et al. (2018)



Stellar rotation in passive galaxies
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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

 

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) Bezanson, van der Wel et al. (2018)



z = 0.75
Mstar = 9 x 1010 Msol
SFR = 6 Msol/yr

Jeans axisymmetric model
(Cappellari12 software)

Jeans dynamical modeling

van Houdt, van der Wel et al. (in prep.)

(σ2 + V2) ≡ Vrms ∼ σe (cf. Cappellari’s talk)



Jeans axisymmetric model
(Cappellari12 software)

Jeans dynamical modeling

van Houdt, van der Wel et al. (in prep.)

Free parameters: 

•  stellar M/L
•  NFW halo
•  Inclination
•  Anisotropy

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

(cf. Cappellari’s talk)(σ2 + V2) ≡ Vrms ∼ σe



Dynamical Structure of z~0.8 galaxies

van Houdt, van der Wel et al. (in prep.)
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van Houdt, van der Wel et al. (in prep.)



Dynamical Structure of z~0.8 galaxies

van Houdt, van der Wel et al. (in prep.)



Dynamical Structure of z~0.8 galaxies

van Houdt, van der Wel et al. (in prep.)



Stellar Populations

Stellar Populations at z ⇠ 1 9

Figure 6. The distribution of LEGA-C and SDSS galaxies on the Dn4000–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
Dn4000 correlates with sSFR, where high sSFR galaxies have small Dn4000. The cross in the bottom-left corner is the typical
uncertainty. The EW(H�) uncertainty is smaller than the EW(H�) distribution at Dn4000, therefore, our measurements resolve
the recent star-formation histories of individual galaxies through EW(H�). (b) The same LEGA-C galaxies as in panel (a),
color-coded by the star-forming/quiescent classification in the UVJ two-color scheme. The star-forming galaxies and quiescent
galaxies are roughly separated by Dn4000 ' 1.55 and EW(H�) ' 2Å. (c) Distributions of completeness-corrected LEGA-C
and SDSS samples. Blue filled contours represent the LEGA-C sample and the dashed contours represent the SDSS sample.
Contours levels are at the 0.05, 0.20, 0.40, and 0.80 times the peak value for each sample. The LEGA-C sample exhibit a
bimodal distribution on the Dn4000–EW(H�) plane, while the SDSS sample does not. (d) An illustration of how galaxy evolves
on the Dn4000–EW(H�) plane with di↵erent SFH. Four SFH are shown (top to bottom): SSP, 0.5, 2, and 4 Gyr ⌧ decaying
time. All models are with solar metallicity. The models with 2 and 4 Gyr ⌧ decaying time occupy almost the same loci. The
contour levels are the same as in panel (c).
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Dynamical Structure vs. Stellar Populations
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b)       LOESS smoothed
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Figure 2: Linking stellar dynamics (V/�)e and observed shape (ellipticity ✏e) with luminosity-weighted stellar age within one effective radius.
In panel a) the colour coding reflects young (blue) and old (red) stellar population age of each individual galaxy and symbol size indicates the
total stellar mass of the galaxy, whereas in panel b) we use the LOESS smoothing algorithm to recover the mean underlying trend in age. The
median uncertainty on (V/�)e and ✏e is shown in the bottom-right corner of panel b), and the median uncertainty on log Age is ±0.15 dex.
Theoretical predictions for the edge-on view of axisymmetric galaxies with anisotropy �z = 0.6 ⇥ ✏intr are shown as the solid magenta line14.
The dotted lines show the model with different viewing angle from edge-on (magenta line) to face-on (towards zero ellipticity). Galaxies with
different intrinsic ellipticities ✏intr=0.85-0.35 (top to bottom) are indicated by the dashed lines.
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b)       Late-Type Galaxies
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Figure 3: Luminosity-weighted stellar age in the (V/�, ✏e) diagram, split by visual morphological type. Galaxies with early-type morphology
(Ellipticals and S0s) are shown in panel a), galaxies with late-type morphology (Sa-Sd, irregulars) are shown in panel b). The colour coding
highlights the LOESS smoothed stellar population ages. The LOESS algorithm is applied separately to the two individual subsamples. Lines
similar to Figure 2.

theorem that links velocity anisotropy, rotation and intrinsic shape13.
We use the best-fitting relation from a high-quality subset of galaxies
from the SAURON sample �z = 0.6 ± 0.1 ⇥ ✏intr

14, i.e., we assume
that all galaxies are mildly anisotropic. An axisymmetric, oblate ro-
tating spheroid with varying intrinsic ellipticity and anisotropy, when

observed edge-on, is shown as the solid magenta line14. On this line,
nearly round spherical galaxies reside on the bottom left; flattened ro-
tating disks are on the top right. The dashed lines show galaxies with
constant intrinsic ellipticities, but observed with varying viewing angle
from face-on (zero ellipticity) to edge-on (towards the magenta line).

2

Symbol size: stellar mass
Color: Stellar population age

z=0 (SAMI; van de Sande et al. 2018) z=0.8 (LEGA-C; van Houdt et al. in prep.)

LICK_HD_A > 4
2 < LIKC_HD_A < 4
LICK_HD_A < 2
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Figure 2: Linking stellar dynamics (V/�)e and observed shape (ellipticity ✏e) with luminosity-weighted stellar age within one effective radius.
In panel a) the colour coding reflects young (blue) and old (red) stellar population age of each individual galaxy and symbol size indicates the
total stellar mass of the galaxy, whereas in panel b) we use the LOESS smoothing algorithm to recover the mean underlying trend in age. The
median uncertainty on (V/�)e and ✏e is shown in the bottom-right corner of panel b), and the median uncertainty on log Age is ±0.15 dex.
Theoretical predictions for the edge-on view of axisymmetric galaxies with anisotropy �z = 0.6 ⇥ ✏intr are shown as the solid magenta line14.
The dotted lines show the model with different viewing angle from edge-on (magenta line) to face-on (towards zero ellipticity). Galaxies with
different intrinsic ellipticities ✏intr=0.85-0.35 (top to bottom) are indicated by the dashed lines.

0.0 0.2 0.4 0.6 0.8
 Ellipticity εe

0.0

0.2

0.4

0.6

0.8

1.0

1.2

R
a
ti

o 
of

 o
rd

er
ed

 t
o 

ra
n

d
om

 m
ot

io
n

 (
V

 /
 σ

 )
e

a)       Early-Type Galaxies

0.0 0.2 0.4 0.6 0.8

     

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

 

 

 

 

 

 

0.0 0.2 0.4 0.6 0.8
 Ellipticity εe

0.0

0.2

0.4

0.6

0.8

1.0

1.2

R
a
ti

o 
of

 o
rd

er
ed

 t
o 

ra
n

d
om

 m
ot

io
n

 (
V

 /
 σ

 )
e

+

1.0

0.8

0.6

0.4

0.2

lo
g
 A

g
e 

[G
y
r]

b)       Late-Type Galaxies

0.0 0.2 0.4 0.6 0.8

     

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

 

 

 

 

 

 

Figure 3: Luminosity-weighted stellar age in the (V/�, ✏e) diagram, split by visual morphological type. Galaxies with early-type morphology
(Ellipticals and S0s) are shown in panel a), galaxies with late-type morphology (Sa-Sd, irregulars) are shown in panel b). The colour coding
highlights the LOESS smoothed stellar population ages. The LOESS algorithm is applied separately to the two individual subsamples. Lines
similar to Figure 2.

theorem that links velocity anisotropy, rotation and intrinsic shape13.
We use the best-fitting relation from a high-quality subset of galaxies
from the SAURON sample �z = 0.6 ± 0.1 ⇥ ✏intr

14, i.e., we assume
that all galaxies are mildly anisotropic. An axisymmetric, oblate ro-
tating spheroid with varying intrinsic ellipticity and anisotropy, when

observed edge-on, is shown as the solid magenta line14. On this line,
nearly round spherical galaxies reside on the bottom left; flattened ro-
tating disks are on the top right. The dashed lines show galaxies with
constant intrinsic ellipticities, but observed with varying viewing angle
from face-on (zero ellipticity) to edge-on (towards the magenta line).
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Reconstruction of Star Formation Histories

(see the SFHs of 108361, 211736, and 130052 in Figure 4).
However, some galaxies were quiescent for several gigayears
and then had a renewed period of growth, either due to SF
rejuvenation, or merging with a younger population. A merger
could result in either an integration of the younger population

with no further activity, or trigger bursts of SF. This young
population of stars accounts for ∼10% of the mass of these
galaxies (e.g., 206042, 131869, and 131393 in Figure 4). We
will explore the frequency of such rejuvenation events in more
detail in a follow-up study.

Figure 4. Sample of emission line subtracted 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 converged walkers are shown in gray). The MCMC resultant mass,
luminosity, mass-weighted age, and dust reddening values are shown in red. The spectra are ordered by a MWá ñ.
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Summary & Conclusions

• LEGA-C: stellar dynamical scaling relations and stellar populations at z~1

• Evolution in the tilt of the Mass Fundamental Plane?

• Significant decrease in rotation of passive galaxies with cosmic time

• Dynamical state and stellar population content strongly correlated at z~1

How do galaxies evolve after they cease to form stars?

Answer: 
Substantially, loosing 30-50% of their rotational support 

between z~0.8 and the present

This is direct evidence for the `dry’ merging scenario
invoked to explain size evolution


