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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:

ν = exp(!4a2)
log10(ε) =!1.777+0.133

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

!0.104)z)ν +
!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)ν
α=!1.412+0.020

!0.105+ (0.731+0.344
!0.296(a!1))ν

δ = 3.508+0.087
!0.369 + (2.608+2.446

!1.261(a!1)+!0.043+0.958
0.071 z)ν

γ = 0.316+0.076
!0.012 + (1.319+0.584

!0.505(a!1)+0.279+0.256
!0.081z)ν

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).

ρ0.5 = 0.799+0.028
!0.355

Systematic Parameters:

µ=!0.020+0.168
!0.096+0.081+0.078

!0.036(a!1)
κ= 0.045+0.110

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

ξ = 0.218+0.011
!0.033 +!0.023+0.052

!0.068(a!1)
σ = 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 χ2 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 χ2

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

Behroozi et al. (2013); Madau & Dickinson (2014)
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  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
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broad-band filters covering the deep survey area, each with equal
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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 different 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) = τ

2π
1

( τ2 )2+x2
with τ = 0.04(1+z)

and a Gaussian distribution G with σ = 0.5. Then, we convolve
the double Schechter function φ by the stellar mass uncertain-
ties: φconvolved = φ ∗ (L×G). Finally, we fit φconvolved 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 suffer 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 different redshift intervals. The
shaded/hatched regions represent the total 1σ 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
effect 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 offers 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 1σ 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 1σ random errors
of the Schechter function parameters α, M∗

star, and Φ∗

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 (affecting only the normal-
ization Φ∗).

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)

KC et al. (2011)

COSMOS
UltraVISTA 
1.5 sq. deg 
Ks~24 (AB)

IRAC selected
Ks~24 (AB)

UKIDSS / UDS 
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  The updated GSMF at 3<z<5 
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  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 different 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
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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 differences 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 different selection criterion may
have played a role. At z # 7 our GSMF slightly differs 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
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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 effect 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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  New Spitzer data in COSMOS 
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Spitzerʼs largest window to the early Universe
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will be (almost) completed in Sep 2016 -- stay tuned!

PI Caputi

~35 h / pointing 

~1800 h total

Spitzer 
Exploration 

Science Program



  Outstanding Problem

Limited spectroscopic confirmation for massive galaxies at z>3

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

Fig. 2

Article number, page 5 of 18

Karman, KC et al. (2014)  -- see also VUDS survey biased to optically bright galaxies
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too faint for current 
spectrographs!
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   Galaxy stellar mass assembly at z>3

Achievements and limitations 
The crucial role of Spitzer

A complete picture of galaxy buildup in the early Universe with JWST

  The building blocks of today’s galaxies

The first steps of galaxy stellar mass assembly

With thanks to the high-z MIRI team



 Stellar mass assembly with JWST

When and how have the building blocks of today’s 
(massive) galaxies formed?
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 The first steps of stellar mass assembly

How much stellar mass was formed in the first billion years?

What is the maximal stellar mass in a single galaxy?

STScI



    Stellar masses with JWST 

CANDELS 
GOODS-S
galaxies

at 
4<z<7

Bisigello, KC et al. (2016)  For extensive zphot testing see
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    Stellar masses with JWST 
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Figure 12. Photometric redshifts obtained for the BC03 simulated galaxies with (F150W) S/N = 10 at di↵erent fixed
redshifts. From top to bottom: redshifts z = 7, 8, 9 and 10. Photometric redshifts in each column are obtained with
di↵erent combinations of bands. From left to right: 8 NIRCam broad bands; 8 NIRCam broad bands, MIRI F560W
and MIRI F770W; 8 NIRCam broad bands and MIRI F560W only; 8 NIRCam broad bands and MIRI F770W only.
Each row corresponds to one of the four specific input redshifts. The vertical lines indicate the 3� interval around the
mean normalised redshift di↵erence.

The result of this poorer-quality photometry is that
the output redshift distributions are broader and sec-
ondary peaks at lower redshifts become more significant
(Fig 15). The incorporation of MIRI photometry has a

http://jwstetc.stsci.edu/etc/

significant e↵ect in reducing the overall outlier fraction:
it goes down from 10.1% with NIRCam data only to 3.0%
after adding the two MIRI bands (Table 8). Note that,
among the two MIRI filters, F560W appears to have a
more important e↵ect in improving the z

phot

determina-

    Stellar mass recovery for JWST galaxies

MIRI data very 
important to recover 

stellar masses at high z

Bisigello, KC et al. (2016)  

Bisigello, KC et al., in prep.
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  Summary

❖ Spitzer images + deepest near-IR surveys allow us to constrain GSMF up to z~6-7

but not consensus yet on low-mass end 

❖ JWST will probe the GSMF low-mass end at high z

building blocks of today’s galaxies at early cosmic times

❖ JWST will open up stellar mass assembly studies at z>7

investigate the very first steps of galaxy buildup

definitive constraints for galaxy formation theories



Thanks!


