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• 128-night Public Spectroscopic Survey with VLT / VIMOS 
• Observations: December 2014 - Spring 2018 

• R = 3000, λ = 6000 - 9000 Å (HR Red) 
• Primary sample: 2500 galaxies (K-selected) at  0.6 < z < 1.0 
• 20h integrations; typical S/N = 20/Å 

• Stellar ages and metallicities 
• Dynamical masses 
• Gas-phase metallicities

Large Early Galaxy Astrophysics Census



Large Early Galaxy Astrophysics Census

• Anna Gallazzi (Arcetri) — Chemistry/Abundances
• Camilla Pacifici (STScI) — Star formation histories
• Rachel Bezanson (Arizona) — Dynamics

Eric Bell (Michigan)
Gabriel Brammer (STScI)
Stephane Charlot (IA Paris)
Priscilla Chauke (MPIA)
Marijn Franx (Leiden)
Ivo Labbe (Leiden)
Michael Maseda (MPIA)
Juan Carlos Munoz (ESO)

PI:  Arjen van der Wel (MPIA)

co-I’s:

Survey Manager: 
• Kai Noeske (MPIA)

Survey Scientists:  

Adam Muzzin (Leiden)
Hans-Walter Rix (MPIA)
David Sobral (Lisbon)
Jesse van de Sande (Leiden)
Ros Skelton (Capetown)
Pieter van Dokkum (Yale)
Vivienne Wild (St. Andrews)
Christian Wolf (ASU)



Λ Cold Dark Matter and Galaxy Formation

Central question in galaxy formation 

How does gas assemble and convert to stars in the centers of  DM halos?

simulation by Greg Stinson

Galaxy formation is an unsolved problem with no `ab initio’ predictive theory

dark matter cool gas stars

Planck Millenium Simulation
(Springel+05)



How do galaxies assemble their stellar bodies?

Collection of large samples at large lookback times

• Redshift surveys
• Multi-wavelength photometric surveys
• Hubble Space Telescope imaging surveys
• Deep spectroscopic surveys?
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EVOLUTION OF THE MASS FUNCTION8

Fig. 6.— Top panels: The SMFs of all galaxies in different redshift bins from 0.2 < z < 4.0. The black points represent the SMFs
determined using the 1/Vmax method and the black solid curves are the SMFs determined using the maximum-likelihood method. The
gray shaded regions represent the total 1σ uncertainties of the maximum-likelihood analysis, including cosmic variance and the errors from
photometric uncertainties as derived from the MC simulations. Overplotted in the 0.2 < z < 0.5 bin are the SMFs from Cole et al. (2001),
Bell et al. (2003), and Baldry et al. (2012). In the remaining redshift bins the dotted curve is the total SMF from UltraVISTA in the 0.2
< z < 0.5 bin. Middle panels: SMFs as with the top panels, but for the quiescent galaxies (red points, red solid curves) and star-forming
galaxies (blue points, blue solid curve). The orange and cyan shaded regions represent the total 1σ uncertainties of the maximum-likelihood
analysis for quiescent and star-forming galaxies, respectively. Bottom panels: Fraction of quiescent galaxies as a function of Mstar.
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UltraVISTA: adapted from Muzzin et al. (2013)



How do galaxies assemble their stellar bodies?

Collection of large samples at large lookback times

• Redshift surveys
• Multi-wavelength photometric surveys
• Hubble Space Telescope imaging surveys
• Deep spectroscopic surveys?



CANDELS + 3D-HST: van der Wel et al. (2014a)

Evolution of the Size Distribution



• No change in M* (in Schechter) over 10 Gyr
• Evolution in number density
• Quenching
• Star formation inside-out
• Assembly through merging

We have a detailed census and phenomenological description …

Where we are now…

The majority of all stars formed in disk galaxies 
with similar mass as the present-day Milky Way

(van der Wel et al. 2014b)

… allowing us to make sweeping statements, e.g.,



Where we are now…

Profound insights into galaxy formation

The Astrophysical Journal Letters, 792:L6 (6pp), 2014 September 1 van der Wel et al.
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Figure 3. Reconstructed intrinsic shape distributions of star-forming galaxies in our 3D-HST/CANDELS sample in four stellar mass bins and five redshift bins. The
model ellipticity and triaxiality distributions are assumed to be Gaussian, with the mean indicated by the filled squares, and the standard deviation indicated by the
open vertical bars. The 1σ uncertainties on the mean and scatter are indicated by the error bars. Essentially all present-day galaxies have large ellipticities, and small
triaxialities—they are almost all fairly thin disks. Toward higher redshifts low-mass galaxies become progressively more triaxial. High-mass galaxies always have
rather low triaxialities, but they become thicker at z ∼ 2.
(A color version of this figure is available in the online journal.)

Figure 4. Color bars indicate the fraction of the different types of shape defined in Figure 2 as a function of redshift and stellar mass. The negative redshift bins
represent the SDSS results for z < 0.1; the other bins are from 3D-HST/CANDELS.
(A color version of this figure is available in the online journal.)

Letter allows us to generalize this conclusion to include earlier
epochs.

At least since z ∼ 2 most star formation is accounted for by
!1010 M⊙ galaxies (e.g., Karim et al. 2011). Figures 3 and 4
show that such galaxies have disk-like geometries over the same
redshift range. Given that 90% of stars in the universe formed
over that time span, it follows that the majority of all stars in the
universe formed in disk galaxies. Combined with the evidence
that star formation is spatially extended, and not, for example,
concentrated in galaxy centers (e.g., Nelson et al. 2012; Wuyts
et al. 2012) this implies that the vast majority of stars formed in
disks.

Despite this universal dominance of disks, the elongatedness
of many low-mass galaxies at z ! 1 implies that the shape of
a galaxy generally differs from that of a disk at early stages
in its evolution. According to our results, an elongated, low-
mass galaxy at z ∼ 1.5 will evolve into a disk at later times, or,
reversing the argument, disk galaxies in the present-day universe
do not initially start out disks.13

As can be seen in Figure 3, the transition from elongated
to disky is gradual for the population. This is not necessarily

13 This evolutionary path is potentially interrupted by the removal of gas and
cessation of star formation.
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Figure 2. To facilitate a better intuitive understanding of the model shape
parameters (triaxiality and ellipticity), we distinguish three crudely defined
three-dimensional shapes of objects. Objects with three similarly long axes are
defined as spheroidal; objects with two similarly long and one short axis are
defined as disky; objects with one long axis and two similarly short axes are
defined as elongated. A model population—generated to reproduce an observed
axis ratio distribution—should be thought of as a cloud of points in the parameter
space shown in this figure, distributed as prescribed by the best-fitting values of
T, σT , E, and σE (see the text for details). Each of the three regions will contain
a given fraction of those points, that is, a fraction of the population.
(A color version of this figure is available in the online journal.)

(1−C) and triaxiality ((1−B2)/(1−C2)). In order to facilitate
an intuitive understanding of our results, we define three broad
geometric types, shown in Figure 2: disky (A ∼ B > C),
elongated (A > B ∼ C), and spheroidal (A ∼ B ∼ C).

The goal is to find a model population of triaxial ellipsoids
that, when seen under random viewing angles, has the same
p (q) as an observed galaxy sample. Our model population
has Gaussian distributions of the ellipticity (with mean E and
standard deviation σE) and triaxiality (with mean T and standard
deviation σT ). Such a model population has a known p (q) which
we adjust to include the effect of random uncertainties in the
axis ratio measurements—these are asymmetric for nearly round
objects. Then, given that each observed value of q corresponds
to a known probability, we calculate the total likelihood of the
model by multiplying the probabilities of each of the observed
values. We search a grid of the four model parameters to find
the maximal total likelihood.

In Figure 1 we show observed axis ratio distributions
(histograms), and the probability distributions of the corre-
sponding best-fitting model populations (smooth lines). The
models generally match the data very well. Even in the worst
case (bottom right panel) the model and data distributions are
only marginally inconsistent, at the 2σ level. A triaxial model
population with parameters (E, σE, T , σT ) corresponds to a
cloud of points in Figure 2 and, hence, with certain fractions of
the three geometric types. The colored bars in Figure 1 represent
these fractions for the best-fitting triaxial models. This illustrates
the connection between projected shapes and intrinsic shapes: a
broad p (q) reflects a large fraction of disky objects, whereas a

narrow distribution with a peak at small q is indicative of a large
fraction of elongated objects. A narrow distribution with a peak
at large q would indicate a large fraction of spheroidal objects.

In Figure 3 we provide the modeling results for the full red-
shift and mass range probed here: for each stellar mass bin we
show the redshift evolution of the four model parameters, in-
cluding the uncertainties obtained by bootstrapping the samples.
Finally, in Figure 4 we show the full set of results in the form of
the color coding defined in Figure 2.

4. EVOLUTION OF INTRINSIC SHAPE DISTRIBUTIONS

The small values of T and the large values of E for present-day
star-forming galaxies (Figure 3) imply that the vast majority are
thin and nearly oblate. Indeed, according to our classification
shown in Figure 1 between 80% and 100% are disky, as is
generally known and was demonstrated before on the basis of
similar axis ratio distribution analyses by Vincent & Ryden
(2005) and Padilla & Strauss (2008). Importantly, the intrinsic
shape distribution of star-forming galaxies does not change over
a large range in stellar mass (109–1011 M⊙).

Toward higher redshifts star-forming galaxies become grad-
ually less disk-like (Figures 1, 3, and 4). This effect is most pro-
nounced for low-mass galaxies. Already in the 0.5 < z < 1.0
redshift bin in Figure 3 we see evolution, mostly in the scatter
in triaxiality (σT ). That is, there is substantial variety in intrin-
sic galaxy shape. Beyond z = 1, galaxies with stellar mass
109 M⊙ typically do not have a disky geometry, but are most
often elongated (Figure 3). Galaxies with mass 1010 M⊙ show
similar behavior, but with evolution only apparent at z > 1.5.
This geometric evidence for mass-dependent redshift evolution
of galaxy structure is corroborated by the analysis of kinematic
properties of z = 0–1 galaxies by Kassin et al. (2012).

Disky objects are the most common type (!75%) among
galaxies with mass >1010 M⊙ at all redshifts z " 2. A
population of spheroidal galaxies is increasingly prominent
among massive galaxies at z > 2. A visual inspection of such
objects reveals that at least a subset are mergers, but an in-depth
interpretation of this aspect we defer to another occasion.

It is interesting to note that ellipticity hardly depends on
mass and redshift (Figure 3). That is, despite strong evolution
in geometry, the short-to-long axis ratio remains remarkably
constant with redshift, and changes little with galaxy mass. A
joint analysis of galaxy size and shape is required to explore the
possible implications.

Note that our definition of geometric shape is unrelated to the
common distinction between disks and spheroids on the basis
of their concentration parameter or Sérsic index. As a result we
distinguish between the observation that most low-mass star-
forming galaxies at z ∼ 2 have exponential surface brightness
profiles (e.g., Wuyts et al. 2011) and our inference that these
galaxies are not, generally, shaped like disks in a geometric
sense. This illustrates that an approximately exponential light
profile can correlate with the presence of a disk-like structure
but cannot be used as a definition of a disk.

5. DISCUSSION

Star formation in the present-day universe mostly takes
place in >109 M⊙ galaxies and in non-starburst galaxies. Since
essentially all such star-forming galaxies are disky and star
formation in disk galaxies occurs mostly over the full extent of
the stellar disk, it follows immediately that essentially all current
star formation takes place in disks. The analysis presented in this
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The majority of all stars formed in disk galaxies 
with similar mass as the present-day Milky Way

(van der Wel et al. 2014b)
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Figure 4. Color bars indicate the fraction of the different types of shape defined in Figure 2 as a function of redshift and stellar mass. The negative redshift bins
represent the SDSS results for z < 0.1; the other bins are from 3D-HST/CANDELS.
(A color version of this figure is available in the online journal.)

Letter allows us to generalize this conclusion to include earlier
epochs.

At least since z ∼ 2 most star formation is accounted for by
!1010 M⊙ galaxies (e.g., Karim et al. 2011). Figures 3 and 4
show that such galaxies have disk-like geometries over the same
redshift range. Given that 90% of stars in the universe formed
over that time span, it follows that the majority of all stars in the
universe formed in disk galaxies. Combined with the evidence
that star formation is spatially extended, and not, for example,
concentrated in galaxy centers (e.g., Nelson et al. 2012; Wuyts
et al. 2012) this implies that the vast majority of stars formed in
disks.

Despite this universal dominance of disks, the elongatedness
of many low-mass galaxies at z ! 1 implies that the shape of
a galaxy generally differs from that of a disk at early stages
in its evolution. According to our results, an elongated, low-
mass galaxy at z ∼ 1.5 will evolve into a disk at later times, or,
reversing the argument, disk galaxies in the present-day universe
do not initially start out disks.13

As can be seen in Figure 3, the transition from elongated
to disky is gradual for the population. This is not necessarily

13 This evolutionary path is potentially interrupted by the removal of gas and
cessation of star formation.
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The Challenge

Understanding the 3 Phases of Galaxy Formation

• What is the evolutionary history of star-forming disks?

• Why do those disks stop growing, and galaxies become quiescent?

• To what extent do quiescent galaxies keep growing by merging?

We need ages, chemical composition and dynamical masses 
of a large sample of galaxies at large loopback time. 



Addressing the central question

How do galaxies assemble their stellar bodies?

Collection of large samples at large lookback times

• Redshift surveys
• Multi-wavelength photometric surveys
• Hubble Space Telescope imaging surveys
• Deep spectroscopic surveys?



The legacy of SDSS spectra

non-star-forming
early-type galaxies

star-forming
late-type galaxies
Kauffmann+03

log (stellar mass)

Age-sensitive features



non-star-forming
early-type galaxies

star-forming
late-type galaxies

log (stellar mass)

σ† =206 km/s

Metal-sensitive features

Gallazzi+05

† σ: stellar velocity dispersion, measured from Doppler broadening of absorption lines

σ† =59 km/s

The legacy of SDSS spectra



• 128-night Public Spectroscopic Survey with VLT / VIMOS 
• Observations: December 2014 - Spring 2018 

• R = 3000, λ = 6000 - 9000 Å (HR Red) 
• Primary sample: 2500 galaxies (K-selected) at  0.6 < z < 1.0 
• 20h integrations; typical S/N = 20/Å 

• Stellar ages and metallicities 
• Dynamical masses 
• Gas-phase metallicities

Large Early Galaxy Astrophysics Census



Large Early Galaxy Astrophysics Census

ESO Survey Management Plan Form Phase 1

Figure 2: Stellar mass-color (left) and color-color (right) distribution of the K-band selected target sample (black and
red points) from the COSMOS/UltraVISTA catalog (Muzzin et al. 2013, ApJS 206, 8) at z = 0.6� 1.0. The light gray
points show the full COSMOS/UltraVISTA catalog (without the K-band magnitude limit). The red points are those
who have been assigned slits in our mask designs. The targets span a wide range in mass and color. The color dispersion
is primarily due to age di�erences and variation in dust properties, as labeled in the right-hand panel. A population of
passive galaxies is well-defined in color-color space due to the Balmer/4000Å break traced by the U � V color.

Figure 3: Left: Distribution of S/N vs. redshift in our galaxies in our sample. The points represent the parent sample;
the red points are those that will be observed. The top, inset panel shows the cumulative number of galaxies as a function
of minimum S/N , black for the parent sample, red for the survey sample. Right: Rest-frame wavelength range for the
spectra of the survey sample. The variation at fixed redshift is due to the variation in slit position. Vertical lines indicate
the location of important spectral features.

ESO-USD (usd-help@eso.org) page 3 of 14

K-band selected from UltraVISTA (Muzzin et al. catalog) in the COSMOS field

ESO Public Spectroscopic Surveys Phase 1 proposal

Figure 5: Left: Example of one of our mask designs. The solid lines represent the layout the four VIMOS detectors
(accurate to 3 arcsec). The dashed line delineate the preferred location of slits to optimize wavelength coverage (See
Sec. 4, p.8). The points represent potential targets in the parent sample, where the red points are included in the
actual mask design that, accounting for slit collisions. The gaps between the detectors and the restrictions imposed
by wavelength coverage leaves gaps in the sky coverage. Right: Footprint of the 32 planned masks, color-coded by
chronological order to illustrate the survey’s progress: red is done first, blue last. Interlacing the positions of the masks
full sky coverage with minimal overlap in the E-W direction is achieved. Only the detector gaps in the N-S direction
remain.

as D4000, and the higher-order Balmer lines. The line strengths are used to measure light-weighted stellar
ages and metallicities (↵/Mg is assumed to be solar): a set of Bruzual-Charlot single stellar population models
is used to create a large set template spectra with realistic, complex star-formation histories and a range in
metallicity. Comparing the measured index values and their associated uncertainties with the model values
provides the probability density function of the parameters of interest; each model is weighed by its likelihood.

For S/N = 20 Å
�1

spectra the uncertainty in age and metallicity is 0.1 dex and 0.2 dex, respectively.

This combined spectral and structural catalog will enable community studies of the galaxy population analogous
to those carried out with SDSS.

OPO, ESO (opo@eso.org) page 13 of 14

32 VIMOS pointings



Typical spectrum from redshift surveys



What LEGA-C Spectra Reveal
16

• Redshift: 0.70 (6.3 Gyr ago)

• Stellar mass:
   M* = 1.4 +/- 0.5 x 1011 Msol
   (~2.5-3 x Milky Way)

HST image



What LEGA-C Spectra Reveal

Ca Ca CaHδ Hɣ

Hβ

G Fe Ca

Fe Fe Fe

• Redshift: 0.70 (6.3 Gyr ago)

• Stellar mass:
   M* = 1.4 +/- 0.5 x 1011 Msol
   (~2.5-3 x Milky Way)

• Stellar velocity dispersion:
   154 +/- 6 km/s 

• Dynamical mass:
   1.5 +/- 0.3 x 1011 Msol
       
• Mean stellar age: 
   2.9 +/- 0.3 Gyr 

• Metal content:
   65% +/- 7% solar

16



What LEGA-C Spectra Reveal

   σ =101 km/s     age: =1.2 Gyr    Z = 48% solar 

Post-starburst galaxies (mergers?):
Young stellar population / no ongoing star formation



What LEGA-C Spectra Reveal

  σ = 97 km/s     age  = 3.0 Gyr    Z =115% solar 

Star-forming galaxies (disks with spirals):
Old stellar population / ongoing star formation



What LEGA-C Spectra Reveal

   σ = 186 km/s     age = 3.3 Gyr    Z = 102% solar 

Dusty star-forming galaxies / edge-on disks:
Old stellar population / ongoing star formation

~2500 such spectra; ~600 in hand now 
(DR1 in June 2016 — vdWel et al. 2016, in prep.)



What LEGA-C Spectra Reveal

Distribution of age indicators: D4000 and Hδ

Figure 3: HδA is plotted as a function of Dn(4000) for 20% solar, solar and 2.5 times solar metallicity
bursts (blue, red and magenta lines), and for 20% solar, solar and 2.5 solar continuous star formation
histories (blue, red and magenta symbols). A subset of the SDSS data points with small errors are
plotted as black dots. The typical error bar on the observed indices is shown in the top right-hand
corner of the plot.

10

Kauffmann+03 (SDSS; z < 0.1)



What LEGA-C Spectra Reveal

Distribution of age indicators: D4000 and Hδ

~150 LEGA-C galaxies

Gallazzi, vdWel et al. 2016, in prep.



What LEGA-C Spectra Reveal

Stellar mass vs. stellar age

~500 LEGA-C galaxies

Pacifici, vdWel et al. 2016, in prep.



Goals of LEGA-C

Understanding the physics of the 3 phases of galaxy evolution

• The Star Formation phase 
Reconstruct the star formation history across the galaxy population 

• The Quenching Phase 
Identify what conditions trigger star formation quenching, and how it proceeds 

• The Stellar Accretion phase 
Show to what extent galaxies galaxies continue to grow after quenching 



Summary

• LEGA-C is a 128-night survey with VLT/VIMOS: deep continuum 
spectroscopy of ~2500 galaxies at z = 0.6 — 1  

• LEGA-C will reveal the physics of galaxy formation by measuring the 
evolution of stellar populations over the past 7 Gyr 

• Observations started in 10 months ago; we have collected 22% of data 

• First Data Release (spectra) by June 1st, 2016 

• Second Data Release (spectra + phys. parameters) by Dec 1st, 2016 

Thank you



B-band photometry described in x 2.2 is fitted with the projection
of a parameterized, oblate axisymmetric, constant axial ratio lu-
minosity distribution. The results of the modeling are fairly in-
sensitive to variations in the unknown inclination (van der Marel
& vanDokkum 2007a, 2007b). In the discussion belowwe adopt
for each galaxy the inclination angle that is most likely, given the
probability distribution of intrinsic axial ratios derived from large
galaxy catalogs of the local universe.

Given the three-dimensional luminosity density, the Jeans equa-
tions are solved under the assumptions of a constant M /L and a

two-integral distribution function f ¼ f (E; Lz), where E is the
energy and Lz the angular momentum around the symmetry axis.
Themodels have v2R " v2z , so their velocity distribution is isotropic
in the meridional plane. The ratio of v2! to v

2
R is determined by the

requirement of hydrostatic equilibrium. The second azimuthal
velocity moment is split into mean and random components ac-
cording to the convenient parameterization

v! ¼ k v2! # v2R

! "1=2
: ð1Þ

Fig. 1.—Profiles of mean velocity v for 25 field early-type galaxies at redshifts 0:6 < z < 1:2. The points indicate the measured velocity at each spatial pixel in the
spectroscopic slits. The solid curves show the predictions of the best-fitting models. For comparison, dotted curves are the corresponding predictions when seeing
convolution and pixel/slit binning are not taken into account. The visual morphology, the redshift, and the inferred rotation parameter k are given for each object. An
asterisk indicates that the maximum value for k that is physically possible is adopted instead of the best-fitting value for k. The ID numbers correspond to those given in
van der Wel et al. (2005), where more information regarding the photometric and kinematic properties can be found.

VAN DER WEL & VAN DER MAREL262 Vol. 684

Resolved stellar kinematics at z = 1
van der Wel & van der Marel 2008


