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Millenium Run - z=0

• When and how have massive galaxies formed?
• How efficient was (massive) galaxy assembly at different z?
• When did galaxies become massive galaxies for the first time?



  Stellar mass assembled by z~3

very efficient period of 
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FIG. 3.— Top panel: Evolution of the stellar mass function from z = 0
to z = 8 in the best fitting model (colored lines), compared to observations
(points with error bars; for clarity not all data is shown). Bottom panel:
Observational constraints on the cosmic star formation rate (black points),
compared to the best-fit model (red solid line) and the posterior one-sigma
distribution (red shaded region).

I) used in this work.

5. RESULTS

The method presented above results in a posterior distribu-
tion for the set of parameters describing models that match
observed stellar mass functions, specific star formation rates,
and cosmic star formation rates from z = 0 to z = 8. All data
results in this paper are available for download online.4 Our
best-fitting parameters with one-sigma limits are as follows:

Intrinsic Parameters:

! = exp(!4a2)
log10(") =!1.777+0.133

!0.146+ (!0.006+0.113
!0.361(a!1)+ (!0.000+0.003

!0.104)z)! +
!0.119+0.061

!0.012(a!1)
log10(M1) = 11.514+0.053

!0.009+ (!1.793+0.315
!0.330(a!1)+ (!0.251+0.012

!0.125)z)!
#=!1.412+0.020

!0.105+ (0.731+0.344
!0.296(a!1))!

$ = 3.508+0.087
!0.369 + (2.608+2.446

!1.261(a!1)+!0.043+0.958
0.071 z)!

% = 0.316+0.076
!0.012 + (1.319+0.584

!0.505(a!1)+0.279+0.256
!0.081z)!

log10(Mh,ICL) = 12.515+0.050
!0.429+ (!2.503!0.202

!2.078)(a!1)

4 http://www.peterbehroozi.com/data.html
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FIG. 4.— The best fitting model (red line) and posterior one-sigma distri-
bution (red shaded region) for the evolution of the specific star formation rate
from z = 0 to z = 8, compared to observational estimates (black points).

&0.5 = 0.799+0.028
!0.355

Systematic Parameters:

µ=!0.020+0.168
!0.096+0.081+0.078

!0.036(a!1)
'= 0.045+0.110

!0.051 + (!0.155+0.133
!0.133)(a!1)

( = 0.218+0.011
!0.033 +!0.023+0.052

!0.068(a!1)
) = 0.070+0.061+0.017

!0.008(z!0.1)
ci(z) = 0.273+0.103

!0.222(1+ exp(1.077+3.502
!0.099! z))!1

b= 0.823+0.043
!0.629

Our total *2 error for the best-fit model from all sources
(observational and theoretical) is 245. For the number of ob-
servational data points we use (628), the nominal reduced *2

is 0.4. While the true number of degrees of freedom is not

Behroozi et al. (2013); Madau & Dickinson (2014)

3.2 Gyr

~40% today’s 
stellar mass density
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  The GSMF as cosmological probe of galaxy assembly

✓ star formation

✓ gas consumption

✓ feedback processes

Evolution of the Stellar Mass Function 11

Fig. 3.— (Upper panel) SDSS-GALEX SMF for all (black
squares), quiescent (red diamonds), and star-forming (blue points)
galaxies at z ! 0.1. (Lower panel) Fraction of quiescent galax-
ies as a function of stellar mass. The massive end of the SMF
is overwhelmingly comprised of quiescent galaxies, while below
M " 3 # 1010 M! star-forming galaxies increasingly dominate
the global galaxy population. Quantitatively, the fraction of quies-
cent galaxies ranges from " 25% around " 3# 109 M! to " 95%
around " 3# 1011 M!.

mass, and the vertical error bars indicate the quadrature
sum of the Poisson and sample variance uncertainties in
each stellar mass bin. We tabulate the SMF for each
sample in Table 3. The lower panel of this figure shows
the variation in the fraction of quiescent galaxies with
stellar mass.
Figure 3 conveys several striking (albeit well-known)

results. First, the massive end of the SMF is al-
most entirely comprised of quiescent galaxies, while star-
forming galaxies vastly outnumber quiescent galaxies at
the low-mass end (see, e.g., Blanton & Moustakas 2009,
and references therein). Above ! 2 " 1011 M! more
than ! 90% of galaxies are quiescent, whereas below
! 1010 M! star-forming galaxies outnumber quiescent
galaxies by more than a factor of three. The stellar mass
at which each population begins to outnumber the other
is M ! 3 " 1010 M!, in good agreement with previous
studies (e.g., Bell et al. 2003; Kau!mann et al. 2003b;
Baldry et al. 2004). Integrating the observed distribu-
tions above M = 109 M! yields a total stellar mass
density of 2.36 " 108 M! Mpc"3, of which approxi-
mately 60% resides in quiescent galaxies.37 For com-
parison, Baldry et al. (2004) find that 54%# 60% of the
stellar mass density at z $ 0.1 is in red, early-type galax-
ies, where the precise result depends on the method used
to derive stellar masses.
We compare our results to previously published mea-

37 Note that galaxies with M < 109 M! contribute a negligible
amount to the overall stellar mass budget of the nearby Universe
(see also Brinchmann et al. 2004).

surements of the local SMF in Figure 4, adjusting
where necessary for di!erences in the adopted IMF and
cosmological parameters. We plot the SDSS-GALEX
SMF using filled black squares, and the results from
Cole et al. (2001), Bell et al. (2003), Li & White (2009),
and Baldry et al. (2012) using orange diamonds, red
circles, green triangles, and blue squares, respectively.
Overall, our results agree reasonably well with these
studies, although there are some notable di!erences. The
agreement between our SMF and the recent measure-
ment by Baldry et al. (2012), who analyzed a sample of
! 105 galaxies at z < 0.06 over 143 deg2 with spectro-
scopic redshifts from the SDSS and GAMA (Driver et al.
2011) surveys, is especially good. Unfortunately, the
Baldry et al. (2012) sample included too few galaxies
with stellar masses M ! 3 " 1011 M! for them to reli-
ably measure the massive end of the SMF.
Compared to Li & White (2009), the exponential tail

of our SMF falls o! less steeply, which is somewhat sur-
prising given that they analyzed a comparably large sam-
ple of SDSS galaxies. However, Bernardi et al. (2010)
argue that Li & White likely underestimated the stel-
lar masses of the most massive galaxies in their sample
for two reasons: first, Li & White used Petrosian mag-
nitudes, which are known to underestimate the fluxes of
galaxies with extended surface brightness profiles such as
the spheroidal galaxies that dominate the massive end of
the SMF (see also Blanton et al. 2011); and second, Li
& White derived stellar masses using the standard set
of K-correct basis templates (Blanton & Roweis 2007),
which can underestimate the stellar masses of massive
early-type galaxies dominated by very old stellar popu-
lations (see Bernardi et al. 2010 and Appendix B).
Finally, Figure 4 shows that the SMF measured by

Bell et al. (2003) lies systematically above our SMF at
all stellar masses. Bell et al. constructed their SMF from
a sample of ! 7000 galaxies distributed over ! 400 deg2

Fig. 4.— Comparison of our measurement of the SMF at z ! 0.1
for all galaxies against previous determinations from the litera-
ture, adjusted to our adopted cosmology and IMF where necessary.
Overall, our results agree well with these previous studies, albeit
with some notable di!erences (see Section 5.1).

Moustakas et al. (2013)

z=0

 The GSMF is a powerful statistical tool to study 
the evolution of stellar mass assembly

Many physical processes folded in:

✓ environment

See e.g. Peng et al. (2010)
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37 Note that galaxies with M < 109 M! contribute a negligible
amount to the overall stellar mass budget of the nearby Universe
(see also Brinchmann et al. 2004).

surements of the local SMF in Figure 4, adjusting
where necessary for di!erences in the adopted IMF and
cosmological parameters. We plot the SDSS-GALEX
SMF using filled black squares, and the results from
Cole et al. (2001), Bell et al. (2003), Li & White (2009),
and Baldry et al. (2012) using orange diamonds, red
circles, green triangles, and blue squares, respectively.
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studies, although there are some notable di!erences. The
agreement between our SMF and the recent measure-
ment by Baldry et al. (2012), who analyzed a sample of
! 105 galaxies at z < 0.06 over 143 deg2 with spectro-
scopic redshifts from the SDSS and GAMA (Driver et al.
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Moustakas et al. (2013)

z=0

 The GSMF is a powerful statistical tool to study 
the evolution of stellar mass assembly

Trace back in time...
Massive 
galaxies



  Deep blank galaxy surveys:  a tool to probe the high z Universe

Select galaxies on near- / mid-IR images to trace old stellar populations
 best proxy for stellar mass selectionH.J. McCracken et al.: first UltraVISTA data release

Fig. 1. Schematic layout of UltraVISTA observations, showing
deep and ultra-deep regions (hatched and filled regions respec-
tively). The data described in this paper correspond to a uniform
coverage in YJHKs of the contiguous region and to NB118 ob-
servations of the ultra-deep stripes.

on the VISTA telescope at Paranal as part of the UltraVISTA
survey program. VIRCAM is a wide-field near-infrared camera
consisting of 16 2048 ⇥ 2048 Raytheon VIRGO HgCdTe arrays
arranged in a sparse-filled array with gaps between each array of
0.90 & 0.425 of a detector in X and Y respectively (Emerson &
Sutherland 2010). The mean pixel scale is 0.34⌥⌥pixel�1 (Dalton
2006).

The sky coverage of the 16 non-contiguous detectors is
called a “pawprint”. A contiguous region of size 1.5⇤ ⇥1.23⇤ can
be covered by means of six pawprints suitably spaced in right
ascension and declination with random 60⌥⌥ jitter o�sets in both
directions (two ⇧ 0.1⇤ bands at the top and bottom of the field
receive half the exposure time).

Specifically, three pawprints with identical RA and with
Dec di�ering by 5.5⌥ = 47.5% of a detector height make up
a set of four stripes (corresponding to the ultra-deep stripes in
UltraVISTA), and another three pawprints shifted by 95% of a
detector width in RA make up another set of stripes, which to-
gether form a contiguous region where most pixels in the result-
ing stack are covered by two of the six pawprints.

Fig. 1 illustrates the layout of UltraVISTA observations
showing the deep survey, which will cover the full survey area,
and the ultra-deep part, which covers half of this area in a series
of ultra-deep stripes. The first season of UltraVISTA data de-
scribed in this paper comprises six contiguous pawprints in four
broad-band filters covering the deep survey area, each with equal
exposure times, and narrow band observations on the ultra-deep
stripes; subsequent observing seasons are expected to concen-
trate exclusively on the ultra-deep stripes.

The observations, carried out in service mode, are specified
by observation blocks (OBs). The characteristics of the OBs
used in UltraVISTA season one are listed in Table 1. Most of
the season one OBs comprise images jittered around the centre
of a single pawprint position, with the jitters being drawn from
a random, uniform distribution over a box of side length 120⌥⌥
(random jitters are necessary because of persistence e�ects in
VIRCAM and are also essential to derive a good sky frame).

The exception to this was the “NB118 three paws” OBs
(Table 1, which comprised images jittered around the centres of
the three pawprints forming the ultra-deep stripes. For OBs con-
taining more than a single pawprint per OB, the nesting (Table 1)
is important, and we did not use the optimal value. These OBs
had a nesting of “FJPME” such that F (filter) is the outermost
loop, and E (expose) is the innermost loop. The important as-
pect here is that the three pawprints (P) (spaced exactly by 5.5⌥
in Dec) are completed before a random jitter (J) is applied. This
means that the faint persistent images (i.e. fake sources that are
memories of a bright star at that x,y position on the detector in
the one or two previous exposures) will be present in the stack at
positions located 5.5⌥ (and 11⌥) away from bright stars in DEC.
We deal with this by masking the persistent images in the in-
dividual NB118 images (see Milvang-Jensen et al., in prep. for
details of the procedure). For the other UltraVISTA OBs, the
faint persistent images are fully removed by the sigma clipping
used in producing the stacks, thanks to the random jitters applied
between each single exposure. The first season of observations
described here comprise around 200 OBs in total. The average
e⇥ciency (calculated as the total exposure time divided by total
execution time these OBs) was 77%.

In light of our experience gained in the season one observa-
tions described here, from season 2 onwards we modified some
of the OBs. For Y , we changed the DIT to 60 sec (with NDIT
= 2), since 30 sec was unnecessarily short; for H, we changed
the DIT to 10 sec (with NDIT = 6), for the same reason. For
NB118, we changed the DIT to 120 sec (with NDIT = 1), since
300 sec was unnecessarily long. We also changed our observa-
tion strategy to jitters centered around a single pawprint per OB,
and changed the total exposure time per OB to 1 hour (corre-
sponding to 30 jittered exposures in an OB).

2.2. Image selection and grading

VIRCAM images are transferred to the Cambridge Astronomy
Survey Unit (CASU)5 for pre-preprocessing and removal of the
instrumental signature. This includes dark subtraction, correc-
tion for rest anomaly, flat-fielding, initial sky-subtraction, de-
striping, non-linearity corrections and gain normalisation(Irwin
2004). CASU subsequently provides these pre-processed images
for each survey, as well as stacks of images from a single OB and
pawprint, comprising typically 30 or 60 images.

For UltraVISTA we start from the individual pre-processed
images, rather than the stacked OB blocks, for a number of rea-
sons: firstly, the OB blocks are combined at CASU at the native
pixel scale of the instrument, which means that in good seeing
conditions (median FWHM ⌅ 0.6⌥⌥) VIRCAM data is under-
sampled. For this reason it is preferable to re-sample these data
at a finer pixel scale; secondly, one of the principal scientific
aims of the UltraVISTA project is to make measurements of dis-
tant (z > 6) and faint (Ks ⌃ 24) galaxies. To do this requires
extremely accurate removal of the sky background for each in-
dividual image; in the version of the CASU pipeline we used, a
single sky background was used for all images coming from a
given OB, and objects were not masked using the deepest pos-
sible mask. Given that the sky background is known to vary on
shorter timescales, this process may lead to a systematic mag-
nitude o�set at faint magnitudes near bright sources. For these
reasons we use an iterative sky-background removal technique

5 http://casu.ast.cam.ac.uk/surveys-projects/vista/
technical/data-processing

3

UltraVISTA/COSMOS

Ks~24.0; 25.1 (3; AB) F160W~27 (3; AB)

CANDELS



  Spitzer matching surveys at 3.6 and 4.5 microns
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 The GSMF up to z=4-5 from large-area surveys

GSMF high-mass end well constrained to z~4
(incomplete at higher z)
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Fig. 5. Galaxy stellar mass function up to z = 4 for the full sam-
ple. Each colour corresponds to di!erent redshift bins of vari-
able step size. Fits are shown in the mass range covered by our
dataset. The filled areas correspond to the 68% confidence level
regions, after accounting for Poissonian errors, the cosmic vari-
ance and the uncertainties created during the template fitting pro-
cedure. The open triangles and squares correspond to the local
estimates by Moustakas et al. (2013) and Baldry et al. (2012),
respectively.

A crucial step in our fitting procedure is to account for the
uncertainties in the stellar mass. These uncertainties could bias
our estimate of the high-mass end (Caputi et al. 2011). Since the
galaxy density exponentially decreases towards massive galax-
ies, errors in the stellar mass scatters more galaxies into the mas-
sive end than the reverse (Eddington 1913). Our procedure to
avoid this bias is detailed in Appendix A. First, we find that the
stellar mass uncertainties are well characterised by the product
of a Lorentzian distribution L(x) = !

2"
1

( !2 )2+x2
with ! = 0.04(1+z)

and a Gaussian distribution G with # = 0.5. Then, we convolve
the double Schechter function $ by the stellar mass uncertain-
ties: $convolved = $ " (L#G). Finally, we fit $convolved to the Vmax
non-parametric data. Therefore, the best-fit parameters that we
provide in Table 2 are deconvolved by the expected stellar mass
uncertainties and do not su!er from Eddington bias.

5. Results: Evolution of the Galaxy Stellar Mass
Function and Stellar Mass Density

The galaxy stellar mass functions are computed with a sample of
220,000 galaxies selected at Ks < 24. We keep only the sources
in areas with good image quality, representing an area of 1.52
deg2. We remove the stars and X-ray detected AGNs (Brusa et
al. 2007). Figure 5 and Figure 6 show the galaxy stellar mass
functions for the full sample, the quiescent and the star-forming
populations. The best fit parameters are given in Table 2. In this
Section, we describe our results out to z = 4.

Fig. 6. Galaxy stellar mass function up to z = 4 for the star-
forming population (top panel) and for the quiescent population
(middle panel). Symbols are the same as Figure 5. The bottom
panel shows the percentage of quiescent galaxies as a function
of stellar mass in the same redshift bins.

Fig. 8. Stellar mass density as a function of cosmic time. Black
and red points correspond to the full and quiescent populations,
respectively. The circles correspond to our new results using
UltraVISTA. Solid and open red circles correspond to the two-
colour and sSFR selected quiescent galaxies, respectively. The
green shaded area corresponds to the cosmic SFR compiled by
Behroozi et al. (2012) and integrated over cosmic time as de-
scribed in section 6.1. The dashed line corresponds to the
best fit over the mass density data.

8

Ilbert et al. (2013)

7

Fig. 5.— Stellar mass functions of all galaxies, quiescent galaxies, and star-forming galaxies in di!erent redshift intervals. The
shaded/hatched regions represent the total 1! uncertainties of the maximum-likelihood analysis, including cosmic variance and the er-
rors from photometric uncertainties as derived using the MC realizations. The normalization of the SMF of quiescent galaxies evolves
rapidly with redshift, whereas the normalization for star-forming galaxies evolves relatively slowly. In particular, there is almost no change
at the high-mass end of the star forming SMF, whereas there is clear growth at the high-mass end of the quiescent population. There is
also evidence for evolution of the low-mass end slope for quiescent galaxies. At low-redshift a double Schechter function fit is required to
reproduce the total SMF.

multiwavelength photometry) using a set of models. The
e!ect of photometric uncertainties on the derived zphot
and Mstar is a non-trivial function of color, magnitude,
and redshift caused by a range of data depths in various
bands within the survey.
In order to calculate uncertainties in the SMFs due to

photometric uncertainties we perform 100 Monte Carlo
(MC) realizations of the catalog. Within each realiza-
tion the photometry in the catalog is perturbed using
the measured photometric uncertainties. New zphot and
Mstar are calculated for each galaxy using the perturbed
catalog. The 100 MC catalogs are then used to recalcu-
late the SMFs and the range of values gives an empirical
estimate of the uncertainties in the SMFs due to un-
certainties in Mstar and zphot that propagate from the
photometric uncertainties.
In addition to these zphot and Mstar uncertainties, the

uncertainty from cosmic variance is also included us-
ing the prescriptions of Moster et al. (2011). In Figure
4 we plot the uncertainty in the abundance of galax-
ies with Log(Mstar/M!) = 11.0 due to cosmic variance
as a function of redshift. Cosmic variance is most pro-
nounced at the high-mass end where galaxies are more
clustered, and at low redshift, where the survey volume
is smallest. Also plotted in Figure 4 are the cosmic vari-
ance uncertainties from other NIR surveys such as FIRE-
WORKS (Wuyts et al. 2008), MUYSC (Quadri et al.
2007; Marchesini et al. 2009), NMBS (Whitaker et al.
2011), and the UDS (Williams et al. 2009). These sur-
veys cover areas that are factor of ! 50, 16, 4, and 2
smaller than UltraVISTA, respectively. Figure 4 shows
that the improved area from UltraVISTA o!ers a factor
of 1.5 improvement in the uncertainties in cosmic vari-

ance compared to even the best previous surveys, and
that over the full redshift range the uncertainty from
cosmic variance is ! 8 - 15% at Log(Mstar/M!) = 11.0.
The total uncertainties in the determination of the

SMFs are derived as follows. For the 1/Vmax method,
the total 1! random error in each mass bin is the quadra-
ture sum of the Poisson error, the error from photo-
metric uncertainties as derived using the MC realiza-
tions, and the error due to cosmic variance. For the
maximum-likelihood method, the total 1! random errors
of the Schechter function parameters ", M"

star, and ""

are the quadrature sum of the errors from the maximum-
likelihood analysis, the errors from photometric uncer-
tainties as derived using the MC realizations, and the
error due to cosmic variance (a!ecting only the normal-
ization "").

4. THE STELLAR MASS FUNCTIONS, MASS DENSITIES
AND NUMBER DENSITIES TO Z = 4

4.1. The Stellar Mass Functions

In Figure 5 we plot the best-fit maximum-likelihood
SMFs for the star-forming, quiescent, and combined pop-
ulations of galaxies. Figure 5 illustrates the redshift evo-
lution of the SMFs of the individual populations, which
we discuss in detail in § 5. To better illustrate the relative
contribution of both star-forming and quiescent galaxies
to the combined SMF, in Figure 6 we plot the SMFs de-
rived using the 1/Vmax method (points), as well as the
fits from the maximum-likelihood method (filled regions)
in the same redshift bins. The SMFs of the combined
population are plotted in the top panels, and the SMFs
of the star-forming and quiescent populations are plotted
in the middle panels. Within each of the higher redshift

Muzzin et al. (2013)

COSMOS

UltraVISTA 

UKIDSS / UDS 
KC et al. (2011)

0.6 sq. deg 
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  The updated GSMF at 3<z<5 
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based on 78 galaxies 
in COSMOS

Number density of >2x10   Msun galaxies drops by (at least) a dex at z>611

  The GSMF at z~6-7

Grazian et al.: The high-z stellar mass function in CANDELS

Fig. 6. The stellar mass function of galaxies at 3.5 ! z ! 7.5 in the CANDELS UDS and GOODS-South fields (blue filled and open circles).
The masses are derived using the BC03 libraries with exponentially-declining star-formation histories, and without any contribution from nebular
lines or continuum. AGN were not included in the present sample. The dotted lines indicate the GSMF at z = 0.6 in the UDS and GOODS-
South fields. The dark-green pentagons show the mass function derived by González et al. (2011) (G11), while the cyan stars indicate the result of
Caputi et al. (2011) (C11), which was obtained with a di!erent stellar library (Bruzual (2007)) that includes a stronger contribution from TP-AGB
stars. The black triangles are from Pérez-González et al. (2008) (PG08), the red (empty and filled) squares from Marchesini et al. (2009) (M09)
and Marchesini et al. (2010) (M10), respectively. The magenta points are the GSMF of Santini et al. (2012a) (S12). The grey circles come from
Fontana et al. (2006) (F06) while the magenta triangles are from Stark et al. (2009) (S09). The red and green dashed lines show the best fit GSMFs
of Lee et al. (2012) (L12) and Duncan et al. (2014) (D14), respectively. The solid continuous curves show the Schechter function derived through
a parametric STY Maximum Likelihood fit.

their primary galaxy selection in the i775 and z850 ACS bands
respectively (sampling the UV rest-frame wavelengths at z " 4).

Although we are using deeper WFC3/IR data, the
González et al. (2011) GSMFs extend to lower masses than
our mass function determinations. This is because the
González et al. (2011) GSMF estimate is based on the UV lu-
minosity function, rather than on a directly mass-selected sam-
ple. In the next section we will discuss these di!erences in more
detail, and will also investigate the nature of the galaxies at the
high-mass end and the relation between mass and UV light.

At z " 5 the number of available GSMF is much smaller,
and the general agreement improves. We suspect that this is
due to the fact that, in general, the surveys adopted to estimate
the GSMF at extreme redshifts are of superior quality, and that
the strong signature provided by the IGM absorption makes the
photo-z more robust in this redshift range. The main discrep-

ancy is found again with the Caputi et al. (2011) GSMF at z # 5,
and again we suspect that the di!erent selection criterion may
have played a role. At z # 7 our GSMF slightly di!ers from the
Duncan et al. (2014) one at M $ 3%1010 M&, but this can be due
to the low number statistics of the adopted samples. Nonetheless,
it is worth noting that the GSMFs at z " 5 shown in Fig.6
(by Stark et al. (2009), González et al. (2011), Lee et al. (2012),
Duncan et al. (2014)) have been derived from similar photomet-
ric databases (including the GOODS-South field), so the cosmic
variance scatter may not be a dominant e!ect in this case.

5.2. The Mass-to-light ratio of galaxies at z " 3.5

As already mentioned, most previous attempts to derive the
GSMF at very high redshift (z > 3) have been carried out
through the conversion of rest-frame UV light into masses
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  Outstanding Problem

Limited spectroscopic confirmation for massive galaxies at z>3

W. Karman et al.: UV spectra of massive galaxies at z ! 3
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 Outline

    Massive galaxies at high z

State-of-the-art and open questions

   The role of FLARE in the study of massive galaxy assembly at high z

The importance of FLARE’s unique capabilities

Complementarity to JWST & Euclid



  FLARE imaging - expected statistics

1 - extrapolated 
from existing LF,
based on HST 

near-IR selections

2 - obtained by 
integrating GSMF

Redshift
Total Nsrc
28 mag

100 sq.deg.

Nsrc
 M>10    Msun 
100 sq.deg.

3.5<z<4.5 6x10 250,000

4.5<z<5.5 3.5x10 150,000

5.5<z<6.5 1.8x10 28,000

6.5<z<7.5 1.5x10 5,000

7.5<z<8.5 500,000 ?

z>9 20,000 ?
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  Galaxy clustering analysis at high z

Poor constraints on galaxy clustering at z>2

  

Present “state of the art” - galaxy clustering 
at z>2 – this is really the best we have now, 

and the selection is in rest-frame UV

Open symbols 
– photo-zs

   Filled symbols 
– spectro-zs

VUDS

selection biases - difficult to connect galaxy populations at different z



    Connecting galaxies to DM haloes

A. Durkalec et al.: The evolution of clustering length, bias and halo mass at 2<z<5
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Fig. 7. The evolution of the number-weighted average host halo mass given by Eq. 10 for the three redshift ranges analysed in
this study. The red filled circles indicate mass estimations from VUDS. Black and grey symbols represent the results of previous
work based on spectroscopic and photometric surveys respectively. The solid black lines indicate how a host halo of a given mass
M0 at z = 0 evolves with redshift, according to the model given by van den Bosch (2002). The solid red line represents the halo
mass evolution derived using Eq. 21, with the HOD parameters obtained from the best-fit HOD model at a redshift z ! 3. The
dashed red line is using the HOD best-fit parameters for z ! 2.5. VUDS galaxies with a typical L! luminosity are likely to evolve
into galaxies with a luminosity >L! today.

a halo with a given mass M0 at z = 0 can be traced back in time
using a simple formula:
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where z f and " are free fitting parameters that depend on halo
mass and cosmological parameters. To obtain these fitting pa-
rameters we follow the analytical formula from van den Bosch
(2002). We then trace the evolution of the galaxy population
sampled by VUDS from z ! 3 to the present epoch to predict
the mass of halos hosting the present day descendants of the
VUDS galaxies. We find that in this model the typical VUDS
halo with a mass "MH# ! 1011.75M% at z ! 3 should evolve
into a halo with a mass "MH# ! 1013.5M% at z = 0. In the local
SDSS galaxy sample Zehavi et al. (2011) found that halos with
these masses are typically occupied by star forming galaxies
with luminosity Mr < $20.5. According to the van den Bosch
(2002) model the star forming galaxies at z ! 3 in VUDS with

a typical characteristic luminosity L! would likely evolve into
galaxies equivalent to or brighter than L! at the present day.

The above comparison assumes that each halo is occupied
by only one galaxy. This is not expected to generally be the
case, and the above picture, while broadly correct might need
to be adjusted. In order to trace the evolution of dark matter
haloes and the hosted galaxy population in a more realistic way
we use both the halo mass growth model!(M0, z) and the halo
occupation function "Ng|M# at redshift z = 3. The average halo
mass Mh as a function of redshift z is measured taking (see Eq.
10 for comparison):

"Mh#(z) =
)

dM!$1(M, z)n(M, z)
"Ng|M#
ng(z)

, (21)

here the !$1(M, z) is the inverse mass growth function pro-
posed by van den Bosch (2002) (Eq. 20), n(M, z) is the dark
matter mass function, and ng the galaxy number density. This
allows us to trace the history of the typical dark matter halo
hosting the average VUDS galaxy from a redshift z = 3 to the
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Durkalec et al. (2015a)
  

Present “state of the art” - halo-to-stellar mass ratio at z>2.

 What is the halo mass associated with a maximal star formation 
efficiency and is it really 10^12 M_sun? 

When, why, how fast star formation was truncated in massive 
galaxies?

Durkalec et al. 2015b
Euclid will provide statistics, but stellar masses 

at z>3 require observations at  >1 µm



    Caveat for FLARE imaging:  limited bands for zphot

Bisigello, KC et al., in prep.
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Figure 2. Spectroscopic redshifts versus photometric redshifts. On the left we used 8 NIRcam broad bands. On the
centre we used the same NIRcam bands, HST/F435W and HST/F606W bands that are outside NIRcam wavelength
range. On the right we used the same NIRcam and HST bands as in the centre plus VLT/U band.
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Figure 3. Spectroscopic redshifts versus photometric redshifts. On the left we used 8 NIRcam broad bands plus 2
MIRI bands, F560W and F770W. On the centre we used NIRcam bands and MIRI/F560W, while on the right we
used NIRcam broad bands and MIRI/F770W.
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Figure 4. Spectroscopic redshifts versus photometric redshifts. On the left we used 8 NIRcam broad bands,
HST/F435W, HST/F606W and 2 MIRI bands, F560W and F770W. On the centre we used NIRcam bands,
HST/F435W, HST/F606W and MIRI/F560W, while on the right we used NIRcam broad bands, HST/F435W,
HST/F606W and MIRI/F770W.
Observations at wavelengths lower than 0.7µm or the MIRI/F770W band are necessary to remove low-redshift

0 2 4 6 8 10
zphot

8 NIRcam bands

0

20

40

60

80

N

z=7

�z=-0.05 �0.08

0 2 4 6 8 10
zphot

8 NIRcam bands

0

20

40

60

80

N

z=8

�z=-0.07 �0.17

8 NIRcam broad bands,S/N=5

0 2 4 6 8 10
zphot

8 NIRcam bands

0

20

40

60

80
N

z=9

�z=-0.05 �0.11

0 2 4 6 8 10
zphot

8 NIRcam bands

0

20

40

60

80

N

z=10

�z=-0.11 �0.22

0 2 4 6 8 10
zphot

8 NIRcam+F560W bands

0

20

40

60

80

N

z=7

�z=-0.02 �0.06

0 2 4 6 8 10
zphot

8 NIRcam+F560W bands

0

20

40

60

80

N

z=8

�z=-0.04 �0.14

8 NIRcam+F560W bands,S/N=5

0 2 4 6 8 10
zphot

8 NIRcam+F560W bands

0

20

40

60

80

N

z=9

�z=-0.07 �0.13

0 2 4 6 8 10
zphot

8 NIRcam+F560W bands

0

20

40

60

80

N

z=10

�z=-0.08 �0.20

zphot tests for JWST

Optical ancillary data necessary for FLARE fields
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    FLARE spectroscopy

 1 sq. arcmin IFU like VLT/MUSE
powerful for different science cases

Massive galaxies

✓complete census of galaxy dynamics for M>10    Msun galaxies up to z~3-4 over ~1 sq.deg.

dynamics of stars (continuum) + gas (Pa; H)
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JWST can do this on individual objects - FLARE will bring large stats
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Fig. 7. [O ii] velocity map of galaxy 38 at z = 0.607. The coordinates are
shown on the axes, and the velocity is given for every pixel by its colour.
This figure clearly illustrates the power of MUSE for 2D spectroscopy.

double peaked and asymmetric. Second, the peak Ly↵ emission
is at 1216.15 Å, see Fig. 9, resulting in a redshift of 100 km s�1

compared to the other UV-emission lines. This velocity di↵er-
ence is significantly smaller than observed in z = 2 � 3 Lyman
break galaxies (⇠ 400 km s�1; e.g. Shapley et al. 2003; Steidel
et al. 2010), but comparable to the di↵erences found for z = 5.7
Ly↵ Emitters (LAEs) (Diaz et al., in prep.) and LAEs in sev-
eral other studies (e.g. Christensen et al. 2012a; Hashimoto et al.
2013; Shibuya et al. 2014). Third, we measure that the velocity
di↵erence between the red and the blue peak is �v = 350 km
s�1, half of what is found in star forming (Kulas et al. 2012)
and massive galaxies (Karman et al. 2014) at z ⇠ 3. The cen-
ter of the absorption trough is slightly blueshifted compared to
the observed emission lines. Last, we see that the spatial profile
of the Ly↵ peaks is very homogeneous with a constant velocity
over both sources and two clear elliptical shapes. However, this
homogeneous shape is likely the result of the seeing during the
observations.

We also identified three additional galaxies based on
Ly↵ emission that were not reported before, and we show the
stacked full-resolution 1D spectra of each of these galaxies in
Fig. 9. The first galaxy, ID 51, lies at a short distance from
source 49 at 5140 Å. The line has a clear asymmetry with a
red tail and no other features at other wavelength are evident.
Therefore, we determine the redshift to be z = 3.228.

The second source, ID 50, is a line emitter with an arc-like
structure, see Fig. 2d. This emission line has a central wave-
length of 5006.3 Å and no other emission is found for this
source. Assigning Ly↵ to this emission results in a redshift
z = 3.117. There is a clear red and blue peak in this source,
and we measured a velocity di↵erence of 500 km s�1 between
the two peaks.

The third new high redshift galaxy that we found is source
52. It is located slightly below the arc identified as 7a by Monna
et al. (2014) and has two slightly elongated emission features at
6216.3 Å, see Fig. 2b. The profile of this emission line is asym-
metric with a red wing, but we do not find a second peak, see
Fig. 9. If this emission corresponded to a restframe optical nebu-
lar emission line, e.g. H↵, other emission lines should be visible
in our data. Because we do not find any other emission line and
given the profile of the emission, we conclude that these emis-
sion lines must be Ly↵ and that both detections are very likely
new multiply lensed images of the same galaxy at z = 4.113. The

Fig. 8. MUSE 1D spectrum of source 49b, with wavelength on the hor-
izontal axis and the flux on the vertical axis. The spectrum is zoomed
in on the emission lines identified as C iv, He ii, and O iii]. Lines and
legends are the same as in Fig. 4.

location of the images are consistent with submitted lens mod-
els for the Frontier Fields, and a fainter third image is predicted
north-west of the field.

The highest redshift source that we found is a galaxy at red-
shift z = 6.107. This galaxy is discussed in detail as a quintiply
lensed galaxy by Balestra et al. (2013), Richard et al. (2014a),
and Johnson et al. (2014). We identified both lensed images
(53a&b) that were reported before in our field, and show the
stacked Ly↵ profile in Fig. 9. In Fig. 2a we have marked a tenta-
tive additional source that has the same redshift as the multiply
lensed z = 6.107 galaxy. Although the signal at this location is
weak, the source appears and disappears at identical wavelength
(around 8641.3 Å) as the sources 53a&b. This additional image
is not predicted by the lens models, and there is no clear detec-
tion in any of the HST images. If this is the same source, we can
use the ratio of the Ly↵ line flux in di↵erent images to calculate
the magnitude at di↵erent wavelengths. We find a flux ratio of
5-10, and when we compare the expected magnitudes to the lim-
its in the HST images, we find that for the lower ratio the source
should be visible in the F105W band, and for the higher ratio
we expect a 2� measurement. We caution that this is a tentative
detection, and we call this galaxy 53c, but we emphasise that it
still needs to be confirmed whether this is indeed another image
of the multiply lensed source, or a companion galaxy.

The small di↵erence in redshift that we and Richard et al.
(2014a) find compared to Balestra et al. (2013), z = 6.107 versus
z = 6.110, is likely due to a di↵erence in spectral resolution
and the proximity of a weak sky line. Contrary to Balestra et al.
(2013) we do not detect any continuum in any of the images.
Although the exposure time is comparable, the brightest image
is close to the edge of our field, and this causes an increased
noise level in our datacube. Therefore, the weak continuum that
was observed previously, is lost to the locally increased noise in
our observations.

4. Narrow-band images

We exploited the large wavelength range of MUSE to construct
narrowband images of ⇠ 5 � 10 Å wide from 6000 Å to 9300 Å.
We created these in order to look for emission lines or weak
continuum detections corresponding to additional high redshift
galaxies, which were not identified through visual inspection
of the datacube. We placed the narrowbands around the atmo-
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A&A proofs: manuscript no. karman_muse_datapaper_final

Fig. 2. Snapshot of our MUSE pointing towards Abell S1063. Left: A slice of reduced MUSE data cube centred at 7250 Å with �� = 1.25 Å.
Right: Zoom-ins of the four regions with LAEs marked on the left panel, where the wavelength is centred at the peak of Ly↵ for galaxies 53a,c
52a,b, 49a,b, and 50 in panels A, B, C, and D, respectively. In zoom-in A, we placed a circle around the weak additional detection of the quintiply
lensed galaxy at z = 6.107.

Fig. 3. Distribution map of the identified cluster galaxies. Squares cor-
respond to passive galaxies, while stars indicate active galaxies, where
their classification is based on the presence or absence of optical emis-
sion lines. The galaxies have been coloured according to their velocity
relative to the cluster, with bluer colours meaning higher velocities to-
wards us, and redder colours corresponding to higher velocities away
from us.

in which we also indicate their classification. It is clear from this
figure that the number density of cluster members increases to-
wards the centre of the cluster, and that almost all bright objects
with a visible continuum are part of the cluster. The two active
galaxies do not appear to be at the cluster outer regions, as would
be expected if they were recently accreted by the cluster. How-
ever, because this only involves two galaxies, this could well be
due to projection e↵ects.

In Figs. 4 and 5 we show two example spectra of bright clus-
ter galaxies to illustrate the spectral properties. Figure 4 shows
the spectrum of object 2. We see a bright continuum, with two
strong absorption lines between 5220 and 5320 Å, identified as
the Ca ii H and K lines. Furthermore, we see a clear absorption
feature at the G-band, and all Balmer lines are in absorption. Ab-
sorption of the Mg i line at 5175 Å rest frame also indicates an
old stellar population and is clearly visible in the spectrum. In
agreement with the purely old population, there are no emission
lines visible over the whole wavelength range.

Object 9, Fig. 5, shows strong absorption lines around
4000 Å, easily recognisable as the Ca ii and H � lines. The
4000 Å break is clear, and we see a small but broad ab-
sorption corresponding to H �. Although all of these proper-
ties indicate that the stellar population is old, we find some
[O ii] �� 3726.0, 3728.8 Å and clear [N ii] �6585 Å emission.
Because there is no [O iii] emission visible, it is unlikely that
an AGN is responsible for the [O ii] emission, as AGN have a
higher ionisation level. Post-starburst galaxies sometimes show
weak [O ii] emission, however, the H � equivalent width mea-
sured for this object, EW ⇡ 0.5 Å, is significantly less than the
EW = 3 � 5 Å observed in post-starburst galaxies. Therefore,
we conclude that this emission of [O ii] indicates a young stellar
population coexisting with the underlying old stellar population.

We show the spectrum of one cluster galaxy (object 5) clas-
sified as active in Fig. 6. There is no clear continuum recognised
by visual inspection for this source, but we do see several emis-
sion lines, including [O ii], H �, H �, and [O iii]. The only strong
emission line that we do not detect is H↵, as it is hidden behind
a skyline. However, we see a weak signal at the red side of the
skyline, indicating that the H↵ line may also be strong. When
spatially collapsing the data, we see that a continuum is visible,
including the strongest absorption features.
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    FLARE spectroscopy 

Massive galaxies

JWST can do this on individual objects - FLARE will bring large stats

✓ zspec for strongest line emitters up to z~16

H to z~6.6; OIII to z~9; H to z~9.3, CIII to z~16

✓ (Further) AGN line diagnostics 

NeV at 1.9<z<13 (only limited by sensitivity)

✓ BPT diagram and gas metallicities at 1<z<6.5

 1 sq. arcmin IFU like VLT/MUSE
powerful for different science cases

evolution of sSFR with redshift - efficiency of stellar mass assembly in different haloes at 
different z.



    FLARE spectroscopy - what JWST cannot (easily) do

Massive galaxies

✓ massive galaxy close environment up to very high z

map all galaxies within massive galaxy DM haloes

discover/confirm protoclusters

✓ spec maps of bright extended structures

Is there any bright Ly blob at z>7?

A&A proofs: manuscript no. main

Fig. 1: Left panels: details of the LAB multiple images in
the HFF colour composite image using the HST/ACS F435W,
F606W and F814W filters. The circles show the compact source
in the centre (ID 1) and the filamentary substructure (IDs 2 and
3). Right panels: colour composite images using the Ly!, C iv
and He ii emissions (blue, green and red channels, respectively)
of the two LAB in the MUSE footprint, with a smooth kernel of
1!!. The crosses indicate the substructure positions.

2009; Yang et al. 2010). Note that Prescott et al. (2012) argue
that their non-detection of He ii in narrowband imaging suggests
extended emission of He ii around a LAB.

In this work, we report the discovery of one of the first mul-
tiply lensed LABs. Located behind the Hubble Frontier Fields1
(HFF; P.I.: J. Lotz) cluster Abell S1063 (AS1063), it is one of
the intrisically-faintest LABs found to date, and the faintest to
also show C iv and He ii emission. We will demonstrate that the
properties of this LAB are consistent with resonant scattering of
an embedded source, shedding light on the origin of faint LABs.
The layout of this paper is as follows. We present the data and
method in Sect. 2, our results in Sect. 3, and our conclusions in
Sect. 4. Throughout this work we use the standard flat !CDM
cosmology, with H0 = 70 km s"1 Mpc"1 and "M = 0.3, we
use a Chabrier IMF, and all magnitudes refer to the AB system.

2. Methodology
2.1. Data

We observed AS1063 with the Multi Unit Spectroscopic Ex-
plorer (MUSE) mounted on the Very Large Telescope (VLT) at
Paranal for a total of 3 hours of exposure time. The observations
were collected as part of the Science Verification, and the data

1 http://www.stsci.edu/hst/campaigns/frontier-fields/

have been presented in Karman et al. (2015). We refer the reader
to that work for a description of the data reduction, and provide a
quick overview of the data reduction here. The data was reduced
with the standard pipeline version 0.18.2 and we verified that
using a later version does not make a significant di#erence. The
final datacube covers a field of 1 arcmin2 in the South-West half
of AS1063, and spans a spectral range of 4750 through 9350 Å.

We re-examined the datacube after the first publication, in-
specting specifically those positions with photometrically deter-
mined multiple images. We reported in Caminha et al. (2015)
the redshifts of 2 new multiply lensed sources, of which one
is an extended Ly! source, i.e. the LAB studied in this work.
We extracted spectra at the positions of the multiple images
within our field of view, ! = 22:48:44.98; " = "44:32:19.1 and
! = 22:48:42.91; " = "44:32:09.0, with di#erently sized aper-
tures, to constrain the size and extent of this emission.

2.2. Strong lens model

This LAB is multiply lensed into three multiple images (A, B
and C, see Fig. 1) and highly distorted and magnified by the
gravitational potential of the foreground galaxy cluster AS1063.
To compute the intrinsic properties of the LAB we corrected the
observations from the strong lensing e#ects. We used an up-
dated model of our previous strong lensing model ID F1-5th,
presented in Caminha et al. (2015) to map the quantities between
the source and image (observed) planes.We improved this model
by fixing the redshift of the Ly! blob and we included two ex-
tra multiple images (structures of the Ly! blob) identified in the
HFF images (see the left panels of Fig.1) to improve the con-
straints in that region. In this model we used only spectroscopi-
cally confirmed families, totalling to 30 multiple images belong-
ing to 10 multiple image families of which 8 are in di#erent
redshifts. The mean o#set between the observed and model pre-
dicted positions of the images 1, 2 and 3, see the left panels of
Fig. 1, is # 0!!.1, ensuring that our model reproduces the intrinsic
properties of these sources very well. The multiple images A and
B are in the MUSE footprint and the mean magnification factors
over the extended region of the Ly! emission are 6.1 ± 0.5 and
5.0 ± 0.4, respectively.

3. The multiply lensed Lyman-! blob
We found several emission lines in the spectrum of the LAB,
which we identified as Ly!, C iv##1548,1551 Å, He ii#1640 Å,
and O iii]1666 Å, determining the redshift to be z = 3.117. We
show the Ly!, C iv, and He ii emission lines of spectra of im-
age A in Fig. 2. The Ly! line has a typical asymmetric pro-
file with a red tail and a small blue second peak separated by
$ 600 km s"1 from the red peak. The C iv doublet is clearly de-
tected, and shows a narrow line profile, while the He ii line is
detected at $ 4.8$ and is broader. The width of the C iv lines re-
mains unresolved, i.e. the width is equal to the instrumental res-
olution, while the signal to noise of the He ii lines is too low to
reliably measure its width. Although broad emission lines would
indicate AGN activity, narrow emission lines can be produced by
both AGN and SF.

In Fig. 3, we show a colour composite image using the HFF
images of the South-West region of AS1063. The Ly! extended
emission (green contours) of each multiple image extend up to
# 10!!. Embedded in the emission we identified three compact
sources, marked by red crosses, shown in details in the left panels
of Fig. 1. One is very bright and lies in the centre of the emission
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  Summary

❖  FLARE (MUSE-like) spectroscopy will enable study of close environment of massive 
galaxies and serendipitous search for extended line emission plausibly associated with  
massive protoclusters at high z  

❖ FLARE will allow for cosmological studies of galaxy clustering versus stellar mass to 
very high z 
  ‘precision’ cosmology only limited by zphot quality (systematics)

‘unique’ FLARE science - unlikely to be done with JWST

❖ Need of optical ancillary data for zphot - FLARE imaging is unlikely to be self-sufficient!

❖ FLARE imaging will achieve an unprecedented level of statistics to study massive 
galaxies up to very high z 
   key question:  are there very massive (>2x10    Msun)  galaxies at z>6?11



Thanks!


