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Alessandro Rettura!
JPL - Caltech!

The KMOS Spectroscopy of  
Galaxy Clusters at 0.8 < z <1.6




To study in details the physical processes that shape the properties of cluster galaxies at both 
intermediate redshift (0.8< z < 1.2), and at higher redshift (1.2 < z < 1.6). !
!
Catching galaxy transformations in the act in a cosmic epoch of active stellar 
mass build-up and when the Red Sequence in clusters becomes fully established.!
!
To exploit the 3D capabilities provided by new instruments (VLT, Gemini, Magellan, ALMA) 
to map out the kinematical structure, spatial distribution and overall properties 
of the ionized and molecular gas components of galaxies.!

Cluster galaxies in 3D: main science drivers!

ALMA: CO rotation curve (Cen A)! ALMA: Dense cold gas (CO) distribution 
(Antennae)!

Westoby et al. (2012) ApJS, 199, 1!

Ionized gas!
Cold gas kinematics! Cold gas distribution!



The Team!

R.Demarco (co-PI, UdeC, Chile)!
Y. Jaffé  (UdeC, Chile)!
J. Nantais (UdeC, Chile)!
Y. Sheen (UdeC, Chile)!
H. Messias (UdeC, Chile)!
C. Lidman (AAO, Australia)!
M. Hilton (UKZN, SouthAfrica)!

!
!

A. Rettura (co-PI, JPL-Caltech, CA)!
P. Rosati (UFerrara, Italy)!
S. Mei (ParisMeudon, France)!
M. Huertas-C. (P-Meudon, France)!
V. Strazzullo (CEA-Paris, France)!
D. Stern (JPL-Caltech, CA)!
 !

 !



A new cluster survey with !

•  6 galaxy clusters at 0.83 < z <1.62 (>100 galaxies)!

•  Detect the distribution of the ionized gas via the Hα 
emission line!

•  Study the kinematics of the ionized gas!

•  Directly probe the effect of environment in SF 
quenching!

•  Census of Star Formation in the densest environments"



KMOS sample of high-z clusters of galaxies (44 h total)!

NAME! REDSHIFT! SELECTION! PHOTOMETRY! SPECTROSCOPY! ESO Period!

RX J0152-1357! 0.84! X-Ray!
ACS/WFC-3, Hawk-I/ISAAC, 
Spitzer, Chandra, VLA, Herschel! yes (FORS2)! 92!

XMM J1229+0151! 0.98! X-Ray ! ACS/WFC-3, Hawk-I/ISAAC! yes! 93!

RDCS J1252-2927! 1.24! X-Ray!
ACS/WFC-3 ISAAC, Spitzer, 
Chandra!

yes (FORS2)! 93!

XMM J2235.3-2557! 1.39! X-Ray! ACS/WFC-3, Hawk-I/ISAAC! yes (FORS2)! 93!

XMM J2215-1738! 1.45! X-Ray! ACS/WFC-3, Hawk-I/ISAAC! yes! 92!

ClG J0218-0510! 1.62! IR-Xray! ACS/WFC-3, Hawk-I/ISAAC! yes! 92!

VLT/KMOS program P.I. (P92, P93): Demarco R. (UdeC, Chile)!
!

H� emission down to a SFRlim~5M� yr-1 --- S/N=10 Å-1!



KMOS observations of RXJ0152-13 (z=0.84)!

H� within the YJ-band grating!
So far: 1/7 OBs observed; 1.0 of  7 hrs !



KMOS observations of RXJ0152-13 (z=0.84)!

z-band, 2.8�x2.8�! KMOS H� map (~0.7 hrs)! Data reduction with SPARK!



Summary!
• Work in progress:  2 / 44hrs  data taken at Paranal!

•  IFU observations of High-z cluster galaxies 
(combined with morphological information and color 
maps derived from HST),                                     
will allow us to relate the distribution and kinematics  
of the ionized gas to the global and local 
environment in an epoch of increased cosmic star 
formation.!

STAY  TUNED… !
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Figure 2. Dusty star-forming galaxies can be cleanly separated from quiescent galaxies when using two rest-frame colors. The panels show the galaxy distribution
in the rest-frame U−V vs. V−J plane for the same redshift bins as in Figure 1. Galaxies with SFRUV+IR > 40 M" yr−1 are again shown in orange. These galaxies
occupy a region that is distinct from the quiescent galaxies. The solid line and colored bands indicate the red/blue or quiescent/dusty+star-forming selection developed
by Labbé et al. (2005) and Williams et al. (2009). The reddening vector for one magnitude of extinction in the V band is indicated, assuming a Calzetti et al. (2000)
reddening law. Again, only galaxies with MIPS coverage are included in this figure.
(A color version of this figure is available in the online journal.)

Figure 3. Rest-frame U−V color distributions, with U−V corrected for the (non-evolving) slope of the color–mass relation from Borch et al. (2006) (see Figure 1).
The histograms are normalized by the total number of galaxies in each redshift bin. The distribution for all galaxies with log M/M" > 10.6—slightly lower than our
completeness limit at z = 2—is shown in the thin, gray histograms. The top panels show the color distribution split between sources with SFRUV+IR greater (orange,
hatched) or less (black, solid) than 40 M" yr−1. The bottom panels show the color distribution for red/blue galaxies selected as in Figure 2. The vertical dashed line
in the bottom panels indicates the Borch et al. (2006) red-sequence selection limit, extrapolated to z = 2. The inset numbers show the number of galaxies in the
“quiescent” and “star-forming” samples that have SFRUV+IR greater (“y”) or less (“n”) than 40 M"yr−1.
(A color version of this figure is available in the online journal.)

2008), emphasizing the need for precise redshift measurements.
Furthermore, the definition of “quiescence” varies from one
study to another. Arnouts et al. (2007) define galaxies to be
quiescent when they are best fitted by a non-evolving (local)
elliptical galaxy template. As can be seen in Figure 1, passive
evolution ensures that quiescent galaxies at z > 1.5 cannot have
the colors of local elliptical galaxies, and thus such a selection
will fail to identify this population.

4. STELLAR MASS FUNCTIONS

Having robustly divided the sample into quiescent and star-
forming galaxies, we now study the evolution of the stellar

mass function split by galaxy type. We first show the evolution
of all galaxies in the top panels of Figure 4 (see also, e.g.,
Fontana et al. 2006; Marchesini et al. 2009; Pozzetti et al.
2010). These mass functions are computed by simply counting
galaxies in stellar mass and redshift bins. We do not adopt the
Vmax formalism (Avni & Bahcall 1980) as we only consider
stellar masses where the NMBS is complete. We fit Schechter
(1976) functions with fixed faint-end slope to the densities in
each redshift bin to demonstrate only that the mass functions
have reasonable shapes. Our stellar mass completeness limits
do not allow us to constrain the faint-end slope at z > 1, and
strong degeneracies between the Schechter parameters (e.g.,
Marchesini et al. 2009) would make the parameter values and
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Figure 4. Stellar mass functions for the full NMBS sample (top panels) and split using the quiescent/star-forming selection shown in Figure 2 (middle panels). The
points shown are simple redshift histograms divided by the volume of the NMBS, with Poisson error bars. Representative Schechter (1976) function fits are shown,
with the rest-frame slope fixed to α = −0.99,−1.4, and −0.7 for the full, star-forming, and quiescent samples, respectively. The dotted lines show the local stellar
mass function of all (black), early-type (red), and late-type (blue) galaxies (Bell et al. 2003), scaled as described in the text. The light hatched regions show the 90%
completeness limit for red galaxies at the high-redshift end of each bin. Note that we determine number and mass densities below by simply counting objects at masses
where the NMBS is complete, rather than integrating the Schechter functions. The bottom panels show the fraction of red, quiescent galaxies as a function of stellar
mass and redshift. The dotted line shows the ratio of the Bell et al. (2003) early and early+late Schechter functions, while the solid lines show the ratio of the Schechter
function fits to the NMBS mass functions. Quiescent galaxies clearly evolve much more rapidly than star-forming galaxies, driving the evolution of the total mass
function at the high-mass end. Here and in the figures below, all galaxies are shown whether or not they have MIPS coverage. The data for the mass functions, total
and separated by star-forming type, are provided in Table 1.
(A color version of this figure is available in the online journal.)

their evolution with redshift difficult to interpret given the simple
analysis used here. We defer a more detailed analysis of the
NMBS stellar mass functions, including a full accounting of
systematic errors and incompleteness, to a future paper.

We include in Figure 4 the z = 0.1 mass function from
Bell et al. (2003) for comparison, which we have scaled to
our assumed cosmology. Additionally, we scale the Bell et al.
(2003) stellar masses down by a factor of 1.2 to account for
the difference between a “diet-Salpeter” IMF and the Kroupa
(2001) IMF we use to estimate stellar masses. It is apparent
from the total mass functions that the mass function evolves
gradually from z = 0 to z = 2, with no indications for sudden
or dramatic changes in particular redshift ranges.

The mass functions are split into quiescent and star-forming
galaxies in the middle panels of Figure 4. The dotted lines
indicate the Bell et al. (2003) local mass functions of early- and
late-type populations separated by color. It is clear that the mass
functions of the quiescent and star-forming samples evolve in
significantly different ways. Massive galaxies (M > 1011 M")
at z < 1 are almost entirely in the quiescent population. The
number of massive quiescent galaxies decreases steadily with
increasing redshift, while the mass function of the star-forming
sample evolves very little up to z = 2 for M ! 1010.8 M".
The differential evolution is such that the two populations are
approximately equal in number at z = 2 for these galaxies with
M > 1010.8 M" (Figure 4, bottom panels). Thus, we observe
directly in the galaxy population up to z = 2 the argument made

by Bell et al. (2007), who noted that the IR-luminous (massive)
starburst galaxies observed at z " 1 must later migrate to the
red sequence to avoid dramatically overpredicting the number
of massive, blue galaxies observed locally. Furthermore, we
demonstrate here that the evolution of the total galaxy population
is mostly due to the evolution of the quiescent galaxies: the star-
forming population is similar at all redshifts, and it is the rise
of quiescent population with cosmic time that is responsible for
the gradual evolution of the total mass function.

The shape of the quiescent mass function may also evolve
with redshift, although we are severely hampered by incom-
pleteness at low masses and high redshifts. Taking the data
at face value, we find that massive quiescent galaxies above
1011 M" evolve more slowly than those at lower masses, but
deeper data at the low-mass end and spectroscopic redshifts
at the high-mass end are needed to confirm this. We note that
this evolution would be qualitatively consistent with the recent
(z < 1) buildup of low-mass red galaxies found by Rudnick
et al. (2009), both in cluster and field populations.

5. NUMBER AND MASS DENSITY EVOLUTION

5.1. Full Galaxy Sample

To further quantify the evolution of star-forming and quies-
cent galaxies, we now consider the evolution of their number
and mass densities with redshift. We measure these quantities
directly from the data by simply counting objects above the mass
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Figure 4. Stellar mass functions for the full NMBS sample (top panels) and split using the quiescent/star-forming selection shown in Figure 2 (middle panels). The
points shown are simple redshift histograms divided by the volume of the NMBS, with Poisson error bars. Representative Schechter (1976) function fits are shown,
with the rest-frame slope fixed to α = −0.99,−1.4, and −0.7 for the full, star-forming, and quiescent samples, respectively. The dotted lines show the local stellar
mass function of all (black), early-type (red), and late-type (blue) galaxies (Bell et al. 2003), scaled as described in the text. The light hatched regions show the 90%
completeness limit for red galaxies at the high-redshift end of each bin. Note that we determine number and mass densities below by simply counting objects at masses
where the NMBS is complete, rather than integrating the Schechter functions. The bottom panels show the fraction of red, quiescent galaxies as a function of stellar
mass and redshift. The dotted line shows the ratio of the Bell et al. (2003) early and early+late Schechter functions, while the solid lines show the ratio of the Schechter
function fits to the NMBS mass functions. Quiescent galaxies clearly evolve much more rapidly than star-forming galaxies, driving the evolution of the total mass
function at the high-mass end. Here and in the figures below, all galaxies are shown whether or not they have MIPS coverage. The data for the mass functions, total
and separated by star-forming type, are provided in Table 1.
(A color version of this figure is available in the online journal.)

their evolution with redshift difficult to interpret given the simple
analysis used here. We defer a more detailed analysis of the
NMBS stellar mass functions, including a full accounting of
systematic errors and incompleteness, to a future paper.

We include in Figure 4 the z = 0.1 mass function from
Bell et al. (2003) for comparison, which we have scaled to
our assumed cosmology. Additionally, we scale the Bell et al.
(2003) stellar masses down by a factor of 1.2 to account for
the difference between a “diet-Salpeter” IMF and the Kroupa
(2001) IMF we use to estimate stellar masses. It is apparent
from the total mass functions that the mass function evolves
gradually from z = 0 to z = 2, with no indications for sudden
or dramatic changes in particular redshift ranges.

The mass functions are split into quiescent and star-forming
galaxies in the middle panels of Figure 4. The dotted lines
indicate the Bell et al. (2003) local mass functions of early- and
late-type populations separated by color. It is clear that the mass
functions of the quiescent and star-forming samples evolve in
significantly different ways. Massive galaxies (M > 1011 M")
at z < 1 are almost entirely in the quiescent population. The
number of massive quiescent galaxies decreases steadily with
increasing redshift, while the mass function of the star-forming
sample evolves very little up to z = 2 for M ! 1010.8 M".
The differential evolution is such that the two populations are
approximately equal in number at z = 2 for these galaxies with
M > 1010.8 M" (Figure 4, bottom panels). Thus, we observe
directly in the galaxy population up to z = 2 the argument made
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starburst galaxies observed at z " 1 must later migrate to the
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of massive, blue galaxies observed locally. Furthermore, we
demonstrate here that the evolution of the total galaxy population
is mostly due to the evolution of the quiescent galaxies: the star-
forming population is similar at all redshifts, and it is the rise
of quiescent population with cosmic time that is responsible for
the gradual evolution of the total mass function.

The shape of the quiescent mass function may also evolve
with redshift, although we are severely hampered by incom-
pleteness at low masses and high redshifts. Taking the data
at face value, we find that massive quiescent galaxies above
1011 M" evolve more slowly than those at lower masses, but
deeper data at the low-mass end and spectroscopic redshifts
at the high-mass end are needed to confirm this. We note that
this evolution would be qualitatively consistent with the recent
(z < 1) buildup of low-mass red galaxies found by Rudnick
et al. (2009), both in cluster and field populations.

5. NUMBER AND MASS DENSITY EVOLUTION

5.1. Full Galaxy Sample

To further quantify the evolution of star-forming and quies-
cent galaxies, we now consider the evolution of their number
and mass densities with redshift. We measure these quantities
directly from the data by simply counting objects above the mass
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Figure 4. Stellar mass functions for the full NMBS sample (top panels) and split using the quiescent/star-forming selection shown in Figure 2 (middle panels). The
points shown are simple redshift histograms divided by the volume of the NMBS, with Poisson error bars. Representative Schechter (1976) function fits are shown,
with the rest-frame slope fixed to α = −0.99,−1.4, and −0.7 for the full, star-forming, and quiescent samples, respectively. The dotted lines show the local stellar
mass function of all (black), early-type (red), and late-type (blue) galaxies (Bell et al. 2003), scaled as described in the text. The light hatched regions show the 90%
completeness limit for red galaxies at the high-redshift end of each bin. Note that we determine number and mass densities below by simply counting objects at masses
where the NMBS is complete, rather than integrating the Schechter functions. The bottom panels show the fraction of red, quiescent galaxies as a function of stellar
mass and redshift. The dotted line shows the ratio of the Bell et al. (2003) early and early+late Schechter functions, while the solid lines show the ratio of the Schechter
function fits to the NMBS mass functions. Quiescent galaxies clearly evolve much more rapidly than star-forming galaxies, driving the evolution of the total mass
function at the high-mass end. Here and in the figures below, all galaxies are shown whether or not they have MIPS coverage. The data for the mass functions, total
and separated by star-forming type, are provided in Table 1.
(A color version of this figure is available in the online journal.)

their evolution with redshift difficult to interpret given the simple
analysis used here. We defer a more detailed analysis of the
NMBS stellar mass functions, including a full accounting of
systematic errors and incompleteness, to a future paper.

We include in Figure 4 the z = 0.1 mass function from
Bell et al. (2003) for comparison, which we have scaled to
our assumed cosmology. Additionally, we scale the Bell et al.
(2003) stellar masses down by a factor of 1.2 to account for
the difference between a “diet-Salpeter” IMF and the Kroupa
(2001) IMF we use to estimate stellar masses. It is apparent
from the total mass functions that the mass function evolves
gradually from z = 0 to z = 2, with no indications for sudden
or dramatic changes in particular redshift ranges.

The mass functions are split into quiescent and star-forming
galaxies in the middle panels of Figure 4. The dotted lines
indicate the Bell et al. (2003) local mass functions of early- and
late-type populations separated by color. It is clear that the mass
functions of the quiescent and star-forming samples evolve in
significantly different ways. Massive galaxies (M > 1011 M")
at z < 1 are almost entirely in the quiescent population. The
number of massive quiescent galaxies decreases steadily with
increasing redshift, while the mass function of the star-forming
sample evolves very little up to z = 2 for M ! 1010.8 M".
The differential evolution is such that the two populations are
approximately equal in number at z = 2 for these galaxies with
M > 1010.8 M" (Figure 4, bottom panels). Thus, we observe
directly in the galaxy population up to z = 2 the argument made

by Bell et al. (2007), who noted that the IR-luminous (massive)
starburst galaxies observed at z " 1 must later migrate to the
red sequence to avoid dramatically overpredicting the number
of massive, blue galaxies observed locally. Furthermore, we
demonstrate here that the evolution of the total galaxy population
is mostly due to the evolution of the quiescent galaxies: the star-
forming population is similar at all redshifts, and it is the rise
of quiescent population with cosmic time that is responsible for
the gradual evolution of the total mass function.

The shape of the quiescent mass function may also evolve
with redshift, although we are severely hampered by incom-
pleteness at low masses and high redshifts. Taking the data
at face value, we find that massive quiescent galaxies above
1011 M" evolve more slowly than those at lower masses, but
deeper data at the low-mass end and spectroscopic redshifts
at the high-mass end are needed to confirm this. We note that
this evolution would be qualitatively consistent with the recent
(z < 1) buildup of low-mass red galaxies found by Rudnick
et al. (2009), both in cluster and field populations.

5. NUMBER AND MASS DENSITY EVOLUTION

5.1. Full Galaxy Sample

To further quantify the evolution of star-forming and quies-
cent galaxies, we now consider the evolution of their number
and mass densities with redshift. We measure these quantities
directly from the data by simply counting objects above the mass
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- Selected using NIR grism spectroscopy

- UVJ colour-colour selection identifies quiescent galaxies at 1 < z < 2

7. Description of the proposed programme and attachments

Description of the proposed programme (continued)

information we will obtain continuous coverage of the H� and H� Balmer absorption lines, which are sensitive
to the presence of A stars and hence powerful indicators of recent (⇠<1 Gyr) star formation (e.g., Mendel et
al. 2013; Bezanson et al. 2013). Additional stellar population parameters such as metallicity and ↵-element
abundance can be derived using fainter absorption features (e.g., Fe4383, Ca4227, Fe5015) in stacked data, or
in the individual spectra of bright targets. Along with continuum information the selected spectral windows
provide access to the [O III] and/or [O II] emission lines, which can be used to quantify the presence of low-level
residual star-formation, as well as diagnose LINER or AGN activity (e.g., Yan et al. 2006).
Science goals. With these observations we will address:
The evolution of galaxy structure — Mergers are expected to transform the disky, compact quiescent
galaxies observed at high redshift into the early-type galaxy population we observe locally (e.g., van der Wel
et al. 2011). Such violent interactions should have a corresponding impact on galaxies’ stellar dynamics.
Establishing the connection between galaxy structure – available from high-resolution CANDELS imaging –
and stellar dynamics accessible by KMOS is therefore crucial to understanding the role of mergers vs. secular
processes in the formation of early-type galaxies.
The relationship between galaxies and their haloes — VIRIAL will provide a flux-limited sample of
galaxy stellar kinematics, and allow us to directly probe the connection between galaxies and their halos at
high redshift for the first time. In phenomenological models of quenching the suppression of star formation
depends on both galaxy stellar mass and environment (e.g., Peng et al. 2010). The parent 3D-HST sample
will allow us to study quiescent galaxies in the context of the full density field and explore connections between
galaxy properties and their host environment (e.g., Wilman et al. 2010).
Quenching — As part of VIRIAL we will obtain rest-frame optical spectra that probe Balmer absorption lines
and the 4000Å break, both of which are sensitive diagnostics of recent star-formation activity and can be used
to di↵erentiate between various physical models of the quenching process. The observed correlation of galaxy
structure and star-formation activity (e.g., Wuyts et al. 2011) suggests that central stellar mass density
plays an important role in regulating star-formation. However, establishing a causal relationship between
bulge growth and quenching requires more precise assessment of star-formation histories than is possible using
photometric data alone.

Attachments (Figures)
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Figure 1. (a) VIRIAL will provide velocity dispersion measurements, and hence dynamical masses, for >200
galaxies at z > 1.2. Symbols indicate stellar vs. dynamical mass for galaxies with 1.2 < z < 2.0 drawn from
the literature, while the underlying greyscale shows the distribution of SDSS galaxies in the same parameter
space. Black lines and shading show the expected coverage of VIRIAL targets (see Boxes 7 and 8). (b) We
identify passive galaxies based on their U�V and V �J colours in two di↵erent redshift slices corresponding
to the KMOS IZ and YJ filters. Black points show the distribution of selected VIRIAL targets. Underlying
shading shows the distribution of U�V and V�J colour for galaxies in the parent 3D-HST sample colour-coded
by mean specific-SFR.
References: Bell et al. 2012, ApJ, 753, 167 •Bezanson et al. 2009, ApJ, 697, 1290; 2013, ApJ, 764, 8 •Brammer et al. 2012, ApJS,
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Science.goals

See.Alessandra.Beifiori’s.KMOS.talk.tomorrow!

Move to an era of less biased high redshift ETG surveys (rather 
than pointed observations of the brightest/most massive systems)

- fill out “known” scaling dynamical relations (Faber Jackson, FP)

- Constrain star-formation histories using Balmer/metal lines

4 Bezanson et al.

Fig. 2.— FP and mass FP. Symbols as in Fig.1. Lines indicate z ∼ 0(solid black) and redshift-dependent (gray dashed and shaded
regions) relations. Top Row: Rest-frame g′-band FP. Assuming no evolution in slope, the FP zeropoint evolves strongly with redshift.
Bottom Row: Mass FP. Despite their structural evolution, galaxies at all redshifts lie on a very stable mass FP.

ness dimming (see e.g. HB09) as:

〈µe,g′〉 = mg′ + 2.5 log(2πRe
2)− 10 log(1 + z). (4)

Sample incompleteness is significant at high red-
shift and would bias measurements of the slope of the
FP (e.g. Jorgensen et al. 1996), however Holden et al.
(2010) found that the form of the FP does not
evolve strongly with redshift. As shown in many
other studies, there is strong evolution in the ze-
ropoint (see also e.g. van Dokkum & Franx 1996;
van Dokkum & van der Marel 2007; Holden et al. 2010;
Toft et al. 2012, and references therein). We assume the
HB09 slope ([a, b] = [1.404, 0.761]) and fit zeropoint and
evolution as follows. First we fit the SDSS zeropoint
(c = c(z = 〈 zSDSS〉)) by minimizing mean absolute or-
thogonal residuals from the plane:

∆ =
| log Re − a logσ − b Ie,g′ − cz |√

1 + a2 + b2
, (5)

for galaxies in the SDSS sample, with bootstrap resam-
pling to estimate errors (following e.g. Jorgensen et al.
1996). For errors on the z ∼ 0 zeropoint, we add ∼ 10%
error in quadrature to account for systematic sources of
error. Fixing [a, b, c], we draw samples from the SDSS
and high-z samples and fit for the redshift evolution.
In the mass FP, we replace Ie,g′ with stellar mass sur-

face density:

Σ! ≡
(

M!

2πRe
2

)

(6)

The bottom row of Fig.2 shows the evolution of the mass
FP, which follows:

log Re = α log σ + β logΣ! + γz, (7)

in which the redshift-dependent zeropoint scales as γz =
γ + δ log (1 + z − 〈zSDSS〉). Again we assume the HB09
slope [α,β] = [1.6287,−0.840] of the mass FP (from
M/Lspec) and orthogonally fit the z ∼ 0 zeropoint
〈γ〉 = 4.475± 0.001 with bootstrap errors and add ∼ 10%
systematic error. This fit is similar to the value ob-
tained by HB09 (γ = 4.42), despite subtle differences
e.g. in sample selection, aperture corrections, and size
measurements. We fit redshift evolution of the mass FP,
δ = −0.095± 0.043, for the complete sample with boot-
strap resampling.
Best-fit FP and mass FP are included in Fig.2 and

Fig.3 (black solid line: z ∼ 0, gray dashed line: redshift-
dependent) and reported in Table 1.
We calculate scatter about log Re using the biweight

sigma to calculate the outlier resistant rms in:

∆FP = log Re − (a log σ+ b Ie,g + c+ d(z − 0.063)) (8)

and

∆MFP = log Re−(α log σ+β logΣ!+γ+δ log(1+z−0.063)).
(9)

We measure a scatter of 0.110 ± 0.009 in the SDSS FP
and 0.106 ± 0.001 in the mass FP, of which 0.0624 and
0.076 respectively are due to observational errors. Uncer-
tainties in observed scatter are estimated with bootstrap
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Figure 4. (a) Balmer EWs vs. velocity dispersion for massive galaxies. The majority of galaxies in this sample have the highest velocity dispersions known at any
redshift. Unlike the uniformly old, dead stellar populations in comparable galaxies at z ∼ 0, many of these galaxies have strong Balmer lines, implying recent
quenching. (b) Top: age vs. HδA for BC03 SSP templates of varied metallicity. Bottom: HδA distribution from high-dispersion (log σ > 2.4) galaxies in the SDSS
(gray) and z ∼ 1.5 distribution (purple) with individual galaxies included as Gaussians of width equal to their measurement errors. In striking contrast with local
high-dispersion galaxies, which have uniformly weak Balmer lines and old luminosity-weighted ages, this sample exhibits a broad distribution of EWs including many
with strong Balmer lines and young ages. (c) Balmer EWs vs. rest-frame U − V colors relative to BC03 SSP (gray) and double-burst (green and orange) models. Even
though the colors and Balmer lines suggest a similar range in ages for the galaxies in this sample, the galaxies do not follow the simple model tracks which suggests
the importance of dust or secondary bursts of star formation in these systems.
(A color version of this figure is available in the online journal.)

extremely high velocity dispersions are rare, locally and z ∼ 1.5
(e.g., Bezanson et al. 2011). Based on the steep high-dispersion
tail of the velocity dispersion function (VDF), galaxies with high
σinf are more likely to be scattered above the σinf–σ0 relation than
to have intrinsically high σ0. For a sample of galaxies drawn
from this distribution, the relation will veer from one-to-one at
high dispersions. We simulate this effect by selecting samples of
galaxies uniformly in σinf from the local Φ(σ0) (Bernardi et al.
2010) plus 0.06 dex scatter between σ0 and σinf . We include a
polynomial fit to the resulting relation (red line) in Figure 3(a).
The data suggest that the scatter between inferred and measured
velocity dispersion may be higher at z ∼ 1.5 (Bezanson et al.
2011), which may be real, possibly indicating that these galaxies
are less homogeneous and/or virialized than local massive
galaxies. We note that although galaxies in this sample are
compact relative to the local-size–mass relation (vdS12), all
have visually prominent bulge components (see Figure 2) and
an average Sérsic n = 4.2, much like local massive galaxies.

For completeness, we directly compare stellar and dynamical
masses in Figure 3(b) (also vdS12). Dynamical masses were
calculated for each galaxy from its size, velocity dispersion,
and best-fit Sérsic index (e.g., Bertin et al. 2002; Cappellari
et al. 2006; Taylor et al. 2010):

Mdyn = KV(n)σ 2 re

G
. (4)

The most massive galaxies in the sample lie directly on top of
the local relation, while the lower mass galaxies lie closer to the
one-to-one line. There is a hint that overall stellar masses are
closer to dynamical masses at higher redshifts, increasing the
median ratio from log(M#/Mdyn) = 0.27 dex locally to 0.09 dex
at z ∼ 1.5. However, the local stellar-to-dynamical mass relation
exhibits a fair amount of scatter, and due to the biased nature
of this sample of galaxies it is hard to disentangle whether
this offset is due to evolution and/or selection effects. In all
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Trevor Mendel (on behalf of Ryan Houghton)
PIs: Roger Davies (Oxford) / Ralf Bender (MPE)

Co-Is: Alessandra Beifiori, Jeffrey Chan, David Wilman, Roberto Saglia, 
Russell Smith, John Stott, Michele Cappellari 
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• Stars in local cluster ETGs formed 6-10 Gyrs ago (1 < z < 2) – 

Sanchez-Blazquez+06,09; Trager+08; Houghton+12
• What stopped the SF? What conditions did stars form in?
• NIR gives rest frame V-band at z ~ 1.5

• Derive&stellar&composi/on&from&well&understood&spectral&features,&
before&low7z&star&forma/on,&size&evolu/on&&&when&differences&
pronounced.&Compare&directly&to&low7z&(eg&Coma).

• Avoids&use&of&blue&indices&(Jorgensen+05,Barr+05)

• 24 IFUs => 24x longer integration, no slit losses, enabling 
absorption line spectroscopy

zf=2

zf=3

zf=5
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4 clusters at z>1 based on available HST imaging and 
atmospheric transmission windows:
– z=1.04 CaH+K to Mgb in one shot (iz)
– z=1.39, z=1.46, z=1.60 (V-band feats. in trans windows)


���������������
• >20 galaxies per cluster with 

S/N>5 per pixel
• Testing beam switching and 

OSO modes
• Priorities: red sequence, z-

confirmation, mag/mass limit

KMOS-clusters: galaxy selection 
Selection based on priority: 
1- pre-existing spectroscopic membership catalogs on red-sequence below J(AB)< 
22.5 mag (or equivalently z(AB)<23.0mag, H(AB)< 22.0mag)  
2- galaxies on the red sequence  
3- galaxies below the red sequence and  spectroscopically confirmed 
(4- faint galaxies below the red-sequence with spec-z, needed to fill the setup"[OIII]) 

> 20 galaxies in each cluster! (i.e. 1 or 2 KMOS pointings)  



PRELIMINARY%�������
• Data reduction still very much in progress
• Pushing background systematics down to the single count level is 

difficult
• Have to be careful in treating stellar populations (Charlie’s talk)
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• 4 clusters, >80 cluster galaxies with HST 
imaging, V-band spectra and kinematics
– Stellar population studies of V-band indices at z=1.5
• Ages of cluster galaxies before dilution

– Coeval or dispersed formation?
– Global or isolated quenching ?

• Abundances: Fe and Mg measurements
– Star formation timescales and enrichments

– Compare dynamical and stellar population masses
• DM / IMF constraints? 

See%Alessandra%Beifiori’s%talk%tomorrow!



Johan&Richard&&

CRAL&/&Lyon&Observatory&

&

with%Mark%Swinbank%(Durham),%Kirsten%Knudsen%(Onsala)%and%other%collaborators.%

Distant&Lensed&Galaxies&&

through&3D&spectroscopy&&



•  Typical&magnificaBons&reach&>&10&or&more&

near&the&centre&of&lensing&clusters,&with&an&

improved&spaBal&resoluBon&

•  Combining&lensing&clusters&and&IFUs&is&the&

best&way&to&measure&resolved&properBes&

(dynamics,&chemical&abundances,&SF&regions)&

in&~&108&Msol&galaxies&

•  A&good&knowledge&of&the&cluster&mass&

distribuBon&is&needed&to&measure&and&correct&

the&lensing&effects.&

Lensing&clusters&+&IFUs&



2.25&hours&on&lensed&galaxies&behind&Abell&1689&

&

KMOS[SV&



New&program&(P93):&4&hours&on&Abell&2744&and&AS1063&to&

follow[up&mulBple&images&at&0.8&<&z&<&5&

&

•  Measurements&of&SFR,&metalliciBes&and&gas&dynamics&in&108&Msol.&

stellar&mass&galaxies&through&nebular&lines&at&1<z<5&

•  MUSE&test&observaBons&of&the&same&field:&ouelows&

&

KMOS[SV&results&



ALMA[cycle&0&program&

~&50&poinBngs&covering&the&high&magnificaBon&region&at&1.3&mm,&total&

Bme&6.7&hours&reaching&0.5&mJy&per&poinBng&in&the&conBnuum&(4σ)&

[&Deep&1.3mm&conBnuum&

image,&1&mJy&LIRG&@&z=2.6&

&

[&Stacked&CO&lines&for&30&low[

luminosity&galaxies&at&known&

1.5<z<3.0&
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The characteristics of dusty starburst 
galaxies in the proto-cluster around radio 

galaxy 4C23.56 at z = 2.48 revealed by JVLA

Collaborators : Ryohei Kawabe, Daisuke Iono, Kotaro Kohno, 
Yoichi Tamura, Kenta Suzuki, Bunyo Hatsukade, Kouichiro 

Nakanishi, Tadayuki Kodama, Seiji Kameno, Ichi Tanaka, Kenichi 
Tadaki, Soh Ikarashi, Junko Ueda, Hideki Umehata, Toshiki Saito 
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#19

Backgrounds : 
Environmental effects in massive galaxy formation in high 

redshift — high dense region of protocluster 
A case study : Protocluster surrounding 4C23.56

Minju Lee!
(The University of 

Tokyo/ NAOJ)
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Zoom-in JVLA detection of 
AzTEC27 - PdB8

Cyan and red contour  
= CO(5-4) Blue and Red

1’’ ~ 19.6 kpc

Yellow contour = 1.8 mm

JVLA counterparts
 of A

zTEC/

ASTE SMGs up to
 50%

AzTEC/ASTE beam size(~30’') JVLA beam size(~0.6’’)

# are AzTEC IDs

lapguest

lapguest
For ASTE/PdBI observations
Zeballos et al., in prep
Suzuki et al., in prep
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SED model fitting

!3

AzTEC27-PdB8 SED fitting AzTEC27-PdB7 SED fitting

AzTEC&27 PdB8 PdB7
SFR(HAE)&(L⊙/yr) 110 310
Sv(1.8&mm)&(>Jy) 440±100 220±80

L’CO(5E4) 6.20 4.33
νCO(5E4) 165.0 165.6
Δ 910 215
Sv(3&GHz)&(>Jy) 12.4 <&5.52



Thu, 13Mar, 2014 Minju Lee @ESO-3D

Future works in progress and scheduled

1. Source counts of 3 GHz in the field of 4C23.56 

2. The redshift distribution of sources around 4C23.56, and SMG 
association to the protocluster 

3. Future observations scheduled at high spatial/spectral resolution 
with ALMA and JVLA 

!4

Please come to poster #19 and 
talk with me!



Metallicity evolution, metallicity 
gradients, and gas fractions at 

z~3.4 “AMAZE & LSD”

P. TRONCOSO, ESO-3D2014

       P. Troncoso, R. Maiolino,        
V. Sommariva, G. Cresci, F. Mannucci, 

A. Marconi,  M. Meneghetti, A. 
Grazian, A. Cimatti, A. Fontana,         

T. Nagao, L. Pentericci

A&A 563, A58 (2014)
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- Change on SF 

e�ciency at z~3? 

Strong feedback by 

UV �eld & SNe?

- Mergers?

- Pris#ne gas excess?

Massive, low-SFR galaxies 

present higher devia#on 

respect to FMR.

LBGs at z~3 are metal poorer than lower-z galaxies of the same M
*
 and SFR

z~3.4

0<z<2.5

z~3.4

0<z<2.5

P. TRONCOSO, ESO-3D2014

0<z<2.5

z~3.4



Massive rota�ng disk

Cresci et al.10
Gnerucci et al. 11
Troncoso et al. 14

Spa#al an#correla#on between metallicity and SFR

P. TRONCOSO, ESO-3D2014

   Peak of star forma�on is spa#ally correlated with 

the minimum of metallicity

Likely due to prominent 
in�ows of pristine gas which 

boost the star formation 
but also dilute the metals.



Surface star formation rate 
anticorrelates with metallicity.
Likely due to prominent in�ows of 
pristine gas which boost the star 

formation but also dilute the 

metals.

SSFR  ~                 (via SK law)

Spa#al an#correla#on between metallicity and SSFR

SSFR  ~                  (via SK law)

P. TRONCOSO, ESO-3D2014


