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Figure 3 | Spectral Energy Distribution Fitting of z8 GND 5296. a) The results of fitting stellar population models to the observed photometry of z8 GND 5296.
The best-fit model for z =7.51 (if the detected emission line is Lyα) is shown by the blue spectrum, while the alternate redshift of z = 1.78 (if the line is [O I I ]) is
shown by the red spectrum. The vertical error bars show the 1σ flux errors, while the horizontal error bars (in both panels) denote the bandpass FWHM covered by the
filter. b) The measured χ2 for each band for the best-fit model at each redshift. The lack of detectable optical flux, particularly in the deep F814W image, as well as
the extremely red IRAC color, strongly favor the high-redshift solution (reduced χ2 [z = 7.51] = 0.8 versus χ2 [z = 1.78] = 14.7). Additionally, the low-redshift
model exhibits no star-formation, thus this stellar population should not have detectable [O I I ] emission. The best-fitting high-redshift model shows that this galaxy
has a stellar mass of about 109 M⊙ , with a 10-Myr-averaged star-formation rate (SFR) of ∼330 M⊙ yr−1 (68% C.L. 320 – 1040 M⊙ yr−1 ). The large SFR may be
responsible for the ability of Lyα to escape this galaxy.

but it is predicted to be about 5× fainter than [O
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High-z MF as a powerful way to constrain physics of galaxy formation

l
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Figure 1. Galaxy stellar mass functions at z = 0, 0.5, 1, 2, 3, 4, 5, and 6 predicted by the Croton model (green), the Somerville model (blue), and

of feedback in modifying the galaxy luminosity function
for which the dark and light red bands enclose 67% and 95% posterior probabilities, and the red solid line denotes the median prediction. The solid

model predictions with stellar mass uncertainties convolved, and the dashed lines show the raw model predictions with no uncertainties convolved. Th
estimates for z = 0 are from Moustakas et al. (2013), Baldry et al. (2008), and Baldry et al. (2012). For z = 0.5–6, the data are from Moustaka
Marchesini et al. (2009), Santini et al. (2012), Caputi et al. (2011), Lee et al. (2012), González et al. (2011), and Stark et al. (2013) for each relevant re
in each panel. Note that only the z = 0 stellar mass function (Moustakas et al. 2013) is used to calibrate the models.

Previous Study on Galaxy Stellar
Mass Functions at z=4-7
l

Galaxy Stellar Mass Function (MF) at z=4,5,6,7
(Gonzalez et al. 2011)

Sample & Data:
l

l
l

WFC3 in ERS field (33 arcmin2)
+ Spitzer GOODS-S (~23 hr/pt)
LBG selection
Sample size:
l ~300 (z~4)
l 78 (z~5)
l 24 (z~6)

Methodology: LF x (M/L) = MF
Public LF (Bouwens+07)

M – L distribution: (M/LUV) =f(LUV,z)

z=5
z=4

z=6

MF

Assumption on the constant
(M/LUV)=f(LUV) at z=4-7

Now we can do a better job
without this assumption !

New Datasets: Deep and Wide
larger area coverage (~290 arcmin2; GOODS-S & N + HUDF),
sample size (>25 times), and redshift range (up to z=8)

l

Two major datasets:

1) HST/NIR data from CANDELS & HUDF
2) Spitzer/IRAC data from S-CANDELS (2x
existing integration time) & RAC Ultra Deep
Field 2010 Survey

l

Sample size: ~7000
l
l
l
l

z=4: ~4000
z=5: ~2000
z=6: ~700
z=7: ~300

PSF-matched IRAC photometry:
TFIT/TPHOT (developed by E. Merlin)
S-CANDELS 3.6µm - Model (H-band + kernel)

= Residual

SED Fitting Prescriptions
l
l
l
l
l
l
l
l

HST: B,V, i, I814, z, Y, J, J140, H + IRAC: 3.6, 4.5 µm
Bruzual & Charlot 2003 SPS models
Rising/constant/declining SFHs
Metallicity: [0.02,0.2,1] Zsun
Nebular emission (Salmon et al. 2014)
Dust: Calzetti, E(B-V)=0.0-0.8 with a 0.02 step
Age: 10 Myr – age of the universe
Madau IGM prescription

Stellar Mass - UV Luminosity Relation
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-

Fig. 5.—

with the inferred (dust-uncorrected) SFRs down to 2 orders of magnitude lower than that on the M-L relation
(to be derived in the following section). Identified as the
ones lying o↵ the best-fit relation by more than 1 dex,
these outliers take up 6% (155/2624) of the total sample
at z = 4. The fraction is observed to decrease as redshift
increases to 3% (12/365) at z = 6. At z = 7, somewhat

extremely UV luminous populations at higher redshifts
in the UV LFs (e.g., Finkelstein et al. 2014; Bouwens et
al. 2014; ?), we regard the former as a more plausible
scenario.
3 Interestingly, we do not find such populations in the
opposite (low-mass) side at a given UV luminosity. The
lack of bright and low-mass galaxies (lower-left region

Weak redshift evolution in
the normalization
towards lower M/L ratios

Median Stacked SEDs in Each UV Luminosity Bin

7

Fig. 5.— From upper-left to lower-right, stacked SEDs at z = 4, 5, 6, 7 corresponding to blue filled stars in Figure 4 (median flux-stacked
SEDs in each UV luminosity bin of 0.5 mag with MUV < 17 and more than 10 (for z = 4, 5, 6) or 5 (for z = 7) galaxies). The stacked
SEDs are denoted by filled stars and downward arrows (indicating 1 upper limits for bands with S/N < 1). The solid lines and squares
indicate the best-fit SPS models and model bandpass-averaged fluxes. The best-fit SPS models for stacked SEDs with S/N < 1 in 3.6 µm
are shown as dotted lines.

Stellar Mass - UV Luminosity Relation
11

-

Constant scatter of
0.4-0.5 dex (c.f., z=0-2 SF
main-sequence scatter ~0.3
dex)

-

Constant slope (~ -0.5) ~
marginally steeper than a
constant M/L (=-0.4)

-

Weak redshift evolution in
the normalization

o Red: this study
o Blue: z=4 relation (Gonzalez
+11), without nebular emission
o Green: Stark+13, corrected
for nebular emission inferred
from z=4.
o Dark Green: Duncan+14
o Salmon Pentagons: Salmon
+14
whist28 From upper-left to lower-right, stellar mass vs. rest-frame UV luminosity at z = 4, 5, 6, 7. For reference, SFR inferred

Fig. 8.—
from the UV luminosity and the Kennicutt (1998) conversion assuming no dust is shown in the upper x-axis. Small dark grey filled circles
indicate objects with IRAC detection (& 2 at 3.6 µm), while light-grey filled circles are those with non-detections in IRAC (< 2 at 3.6
µm). Error bars represent the 68% confidence intervals in stellar mass and UV luminosity. Large black circles are median stellar mass
in each UV luminosity bin of 0.5 mag, among which red filled circles indicate bins with MU V < 17 and more than 10 (for z=4,5,6) or
5 (for z=7) galaxies. Error bars are standard deviation in stellar mass in each UV luminosity bin. Blue stars indicate the median mass
marginalized over all other parameters from our stacking analysis in Section 4.2. Error bars on them denote the 1 uncertainty, including
both photometric error and sample variance. We derive the best-fit relation (blue solid line) by fitting these blue filled stars, and denote
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with S-CANDELS data

11.— The evolution of the Schechter function parameters. We fit for evolution with redshift, using our results from z = 4 to 8, and showing those from
uwens et al. (2014) for completeness. Contrary to previous studies, we find no significant evolution in M∗ . We find moderate (4σ) evolution in α, towards
eper slopes at higher redshift. The strongest evolution is in the characteristic number density ϕ∗ , which evolves to lower values at higher redshift at >5σ
nificance.
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IG . 12.— Left) The evolution of the UV luminosity function from z = 4 to 8, where the circles and lines denote our step-wise and Schechter-parameterized
minosity functions, respectively. Right) Contours of covariance between α and M∗ at z = 4, 5, 6, 7 and 8. The contours denote the 68% and 95% confidence
els, while the small circles show the best-fitting values.

all redshifts, our fiducial values are consistent with the
magnitude-scatter” values within 10% at M ≥ −21.5, and
pically consistent within 2-3%. The sole exception is in
e brightest bin (−22 at z = 4–6, and −21.5 at z = 7 and 8),
here our fiducial number density values are higher by ∼15% (60% at z = 7, where there is only a single galaxy in this
n). We thus examine the Schechter fit, to see if this brightd difference affects our results. We find that values of both
∗
and α derived when allowing galaxies to shift between
ns are consistent with our fiducial values within 1%. We
nclude that the relatively small )∼20%) uncertainties in the
solute magnitudes of our galaxies do not have a significant
pact on our luminosity function results.
6.3. Non-parametric Evolution

Given that our results show that the Schechter functional
rameters may not be a robust method of tracking galaxy
olution (e.g., a non-evolving value of M∗ does not mean the
laxy populations are not evolving), we examine the evolun in a non-parametric way. In Figure 14 we show the evolun of the step-wise luminosity function, plotting the number
nsity corresponding to galaxies at MUV = −21 and −19 vers redshift, showing results from our study as well as from
e literature at a variety of redshifts. This figure highlights
me interesting trends. First off, at high-redshift, we find that

the brighter galaxies are becoming more common faster than
faint-galaxies. This trend halts at z = 4, where bright galaxies have the same abundance down to redshift 2, and then
turn over. Faint galaxies, however, continue rising in abundance down to z = 2, where they also turn over. This figure
highlights the phenomenon of downsizing, where bright/large
galaxies grow faster at early times (e.g., Cowie et al. 1996, see
also Lundgren et al. 2014). This is different than the expectation one would get simply from examining Schechter fits, as
the luminosity functions don’t evolve much over the range 2
< z < 4. Given that the trends here mimic the evolution of the
cosmic SFR density, we fit the function provided by Madau &
Dickinson (2014) to our data for both number densities, given
by

New mass function

ϕ(z) = A

(1 + z)α
M⊙ yr−1 Mpc−3 .
1 + [(1 + z)/B]γ

(6)

The evolution with redshift is thus proportional to (1 + z)α at
low redshift, and (1 + z)α−γ at high redshift. Fitting the data in
this way, we confirm that at z > 3, bright galaxies change in
abundance faster, as (1 + z)−4.9±0.4, than faint galaxies, which
go as (1 + z)−3.3±0.3.
Another interesting aspect is to compare the trends observed to our predicted abundance of bright z = 9 galaxies
(see §7), shown as the red circle at z = 9. We find that this

One more step toward the intrinsic MF
- can we recover the intrinsic slope, normalization, and scatter of M-L distribution?
Mock galaxy simulations
l
l

Synthetic galaxy photometry from CANDELSSAMS (Somerville; GOODS-S realization)
Populate the M*-MUV plane with mock galaxies
w/ the same # and Muv dist. as the real sample
– Log-normal distribution w/ various input slope (0.2-0.8) and scatter
–

l

Assign realistic errors & perturb photometry

l

SED fitting

l

Recover M-L distribution

l

Stacking

l

Derive the best-fit M-L relation

(20 realizations for each input slope and redshift)

The Nitty-Gritty in the Spirit of the Workshop

Mock Galaxy Simulation Example

Mock Galaxy Simulation Example

Recovered M-L Distribution w/ Best-fit Masses
With current dataset, M/L relation hard to be recovered at z>6 with best-fit mass
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Recovered M-L Distribution w/ Best-fit Masses
With current dataset, M/L relation hard to be recovered at z>6 with best-fit mass

Mock Galaxy Simulation Example

Recovered M-L Distribution w/ Marginalized Median Masses
Better in terms of scatter, but be cautious: bias in low S/N data
-

-

Bayesian likelihood analysis
following Kauffmann et al. (2003)
Compute the 4-dimensional
posterior PDF of [age, dust,
metallicity, SFH] using the χ2
array w/ flat priors in parameter
grids
1D posterior PDF for stellar mass
marginalized over all the other
parameters à get median mass

Mock Galaxy Simulation Example

Recovered M-L Distribution w/ Marginalized Median Masses
Better in terms of scatter, but be cautious: bias in low S/N data
-

-

Bayesian likelihood analysis
following Kauffmann et al. (2003)
Compute the 4-dimensional
posterior PDF of [age, dust,
metallicity, SFH] using the χ2
array w/ flat priors in parameter
grids
1D posterior PDF for stellar mass
marginalized over all the other
parameters à get median mass

Mock Galaxy Simulation Example

Recovered M-L Distribution w/ Marginalized Median Masses
Stacking helps, but only to some extent
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Recovered M-L Distribution w/ Marginalized Median Masses
Stacking helps, but only to some extent

Mock Galaxy Simulation Example

Recovered M-L Distribution w/ Marginalized Median Masses
The intrinsic M-L distribution can be recovered better with prudence

f(z)

One more step toward the intrinsic MF
- can we recover the intrinsic slope, normalization, and scatter of M-L distribution?
Mock galaxy simulations
l

Synthetic galaxy photometry from
CANDELS-SAMS (Somerville; GOODS-S
realization)

l

Populate the M-L plane with mock galaxies
w/ the same # and Muv dist. as the real sample
– w/ various input slope -(0.2-0.8) and scatter
–

l

Assign realistic errors & perturb photometry

l

Photo-z

p

l

SED fitting

l

Recover M-L distribution

l

Stacking

l
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Fig. 6.— From upper-left to lower-right, probability distribution
function of the recovered M–L slope as a function of intrinsic slope
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Fig. 5.— From upper-left to lower-right, stellar mass vs. rest-frame UV luminosity at
the UV luminosity and the Kennicutt (1998) conversion assuming no dust is shown in t
indicate objects with IRAC detection (& 2 at 3.6 µm), while light-grey filled circles are t
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- MFs of SFGs
Song+15 (in prep)
Gonzalez+11
Grazian+14
Duncan+14

Fig. 9.— wltlya

MFs as a Schechter (1976) function,

1,000 mass functions of which the minimum and maximum represent 2 upper and lower limit, respectively.
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Galaxy Growth at z=4-7
-

Steep low-mass-end slope (α)
Redshift evolution:
No evolution in M*
Steepening α

Imprint on MF
of the sudden
drop in SFRD
atparamez>8 ?
Schechter

Fig. 21.— Redshift evolution of the best-fit
ters for the asymmetric-scatter SMFs. We find the low-mass-end
slope, ↵, evolves toward a steeper value with increasing redshift,
asymptoting the faint-end slope of the UV LF. We observe no significant evolution in M ⇤ .
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Fig. 22.— Redshift evolution of our asymmetric-scatter SMFs
at z = 4 7. For reference, grey thick line denoting z ⇠ 0 SMF
(Baldry et al. 2012) is shown together.

The observed evolution is mainly driven by the decreasing normalization ⇤ rather than a change in M ⇤ ,
consistent with studies at lower redshift (e.g. Ilbert et
al. 2013), but..we find steepening alpha. This steepening has an implication on the di↵erential mass growh of
galaxies We find stronger evolution for galaxies below
the characteristic mass compared to massive galaxies ? -

Fig. 4.— The evolution of the cosmic star-formation rate density at z ⇠ 4 11 in galaxies down to the current detection limits in
HUDF data corresponding to > 0.7 M yr 1 . The dark red circle corresponds to the SFRD constraints from the HFF cluster A2744
parallel field derived here. Green squares show previous estimates combining the CANDELS/GOODS data with the ultra-deep imag
over the HUDF (see Oesch et al. 2014). Blue triangles correspond to previous estimates from CLASH cluster searches (Bouwens et
2012a; Zheng et al. 2012; Coe et al. 2013). The lower redshift SFRD estimates are dust corrected LBG UV LFs from Bouwens et al. (20
2012b) with 1 uncertainty indicated by the gray band. Their empirical extrapolation is shown as the upper gray dashed line. Overall,
data are more consistent with a faster decline, as found in Oesch et al. (2014). This is indicated by the lower dashed line. The orange
shows an average of several theoretical model predictions shown in Figure 11 of Oesch et al. (2014). These include semi-analytical/empir
models (Trenti et al. 2010; Lacey et al. 2011; Tacchella et al. 2013) and SPH simulations (Finlator et al. 2011; Jaacks et al. 2013). A
shown is the SFRD of the Illustris simulation (purple line; Vogelsberger et al. 2014; Genel et al. 2014), slightly shifted to account for I
di↵erences in converting UV luminosities to SFRs. All these theoretical models agree with each other within ±0.2 dex, and reproduce
rapid decline in the observed cosmic SFRD at z > 8 very well.

field and 1.1 z ⇠ 10 sources in the parallel. For the bestfit LF evolving in ⇤ from Oesch et al. (2014), we predict
0.46 images in the cluster and 0.49 sources in the parallel
field.
If these numbers are similar for all the other five HFF
clusters, the Frontier Field program is thus expected to
find between 6 to 14 new z ⇠ 10 galaxy candidates assuming the two di↵erent z ⇠ 10 UV LFs of Oesch et al.
(2014) are representative. We stress, that these numbers depend strongly on the exact evolution of the UV
LF at z > 8 (see also Coe et al. 2014). Nevertheless, at
z ⇠ 10 alone, the HFFs are likely to more than double
the number of reliable LBG candidates known to date.
4. THE COSMIC SFRD AT Z ⇠ 10
We now combine the first HFF cluster and blank field
around A2744 to derive a new, independent estimate of
the cosmic SFRD. From Figure 3 it is clear that the two
images of JD1 behind A2744 which satisfy our selection
criteria will result in a higher cosmic SFRD at z ⇠ 10

With the assumed Schechter function parameters
log ⇤ = 4.27 Mpc 3 mag 1 , M⇤ = 20.12 mag, a
↵ = 2.02, we predict a total of only 0.46 galaxy i
ages in the cluster field. Considering the cluster fi
alone, finding two images therefore requires a hig
normalization, ⇤ , by a factor 4.4+5.7
2.9 compared to
XDF/HUDF12 LF. Such an increase would, however,
sult in a total of 2.2 predicted galaxies in the HFF par
lel blank field, which is marginally inconsistent with n
finding any candidate with J125 H160 > 1.2.
We combine the two constraints from the HFF clus
and parallel field by multiplying the Poissonian pro
bilities of finding 2 or 0 sources in the two fields, resp
tively, for a given UV LF normalization ⇤ . This resu
3
in a combined best fit of log ⇤ = 3.9+0.3
0.5 Mpc mag
which is completely consistent, but 0.4 ± 0.4 dex hig
than found in the ultra-deep fields.
Using this LF normalization, we estimate a cosm
SFRD from the A2744 fields of log ⇢˙⇤ = 2.8+
M yr 1 Mpc 3 integrated down to a SFR of
1
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F IG . 11.— The evolution of the Schechter function parameters. We fit for evolution with redshift, using our results from z = 4 to 8, and showing those from
Bouwens et al. (2014) for completeness. Contrary to previous studies, we find no significant evolution in M∗ . We find moderate (4σ) evolution in α, towards
steeper slopes at higher redshift. The strongest evolution is in the characteristic number density ϕ∗ , which evolves to lower values at higher redshift at >5σ
significance.

z=4
z=5
z=6
z=7
z=8

10−5
10−6

−2.0
−2.5
−3.0

−22 −21 −20 −19 −18
Absolute 1500Å Magnitude

−23

−22

−21 −20
M*1500

−19

F IG . 12.— Left) The evolution of the UV luminosity function from z = 4 to 8, where the circles Fig.
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at all redshifts, our fiducial values are consistent with the
“magnitude-scatter” values within 10% at M ≥ −21.5, and
typically consistent within 2-3%. The sole exception is in
the brightest bin (−22 at z = 4–6, and −21.5 at z = 7 and 8),
where our fiducial number density values are higher by ∼1520% (60% at z = 7, where there is only a single galaxy in this
bin). We thus examine the Schechter fit, to see if this brightend difference affects our results. We find that values of both
M∗ and α derived when allowing galaxies to shift between
bins are consistent with our fiducial values within 1%. We
conclude that the relatively small )∼20%) uncertainties in the
absolute magnitudes of our galaxies do not have a significant
impact on our luminosity function results.

– a factor of magnitude increased

sample
– the deepest Spitzer/IRAC data
yet-to-date with a deblending
photometry
Non-parametric Evolution
Given that our results show that the Schechter functional
parameters may not be a robust method of tracking galaxy
– credibility test via mock galaxy
evolution (e.g., a non-evolving value of M does not mean the
galaxy populations are not evolving), we examine the evolusimulations
tion in a non-parametric way. In Figure 14 we show the evolu6.3.

∗

tion of the step-wise luminosity function, plotting the number
density corresponding to galaxies at MUV = −21 and −19 versus redshift, showing results from our study as well as from
the literature at a variety of redshifts. This figure highlights
some interesting trends. First off, at high-redshift, we find that

.— Redshift evolution of our asymmetric-scatter SMFs
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low redshift, and (1 + z)α−γ at high redshift. Fitting the data in
this way, we confirm that at z > 3, bright galaxies change in
abundance faster, as (1 + z)−4.9±0.4, than faint galaxies, which
go as (1 + z)−3.3±0.3.
Another interesting aspect is to compare the trends observed to our predicted abundance of bright z = 9 galaxies
(see §7), shown as the red circle at z = 9. We find that this
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Fig. 22.— Redshift evolution of our asymmetric-scatter SMFs

