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The overall picture

Millenium Run - z=0

The overall picture

Millenium Run - z=0

• When and how have the galaxies that we see today formed?

• How efficient was galaxy assembly at different z?
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F IG . 3.— Top panel: Evolution of the stellar mass function
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).
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✓ feedback processes
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Moustakas et al. (2013)

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

See e.g. Peng et al. (2010)
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A wealth of deep near- and mid-IR surveys
IR galaxy surveys are necessary to study stellar masses of high-z galaxies

H.J. McCracken et a

Several surveys carried out over last decade
w/ different area/depth combinations
Multi-wavelength data essential for
SED analysis

UltraVISTA

(McCracken et al. 2012)

Y, J, H & Ks + NB118
(see B. Milvang-Jensen’s poster)

Fig. 1. Schematic layout of UltraVISTA observations, show
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tively). TheUltra-deep:
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coverage in YJHKs of the contiguous region and to NB118
servations of the ultra-deep stripes.

The CANDELS survey

CANDELS

H~27 AB mag - 0.25 sq. deg.
H~28 AB mag - GOODS fields

Grogin et al. (2011)
Koekemoer et al. (2011)

Spitzer surveys
At z>3, mid-IR surveys are necessary to study stellar masses
Spitzer matching data necessary and unique

✓ SCANDELS (PI Fazio) -

50h/pointing

✓ SCOSMOS+SPLASH (PI Sanders/Capak)

STRIPE 1

STRIPE 2

STRIPE 3

entire COSMOS field at ~10h/pointing

CANDELS

✓ SMUVS (PI Caputi) - just started!

SMUVS

1800 h on Spitzer
three ultra-deep stripes at ~40h/pointing
benefits from homogeneous data in
COSMOS
SMUVS (PI Caputi)
Spitzer Exploration Science

The GSMF up to z~5 - high-mass end
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Fig. 5. Galaxy stellar mass function up to Ilbert
z = 4 foretthe
samal.full
(2013)
ple. Each colour corresponds to different redshift bins of variable 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 variance and the uncertainties created during the template fitting procedure. The open triangles and squares correspond to the local
estimates by Moustakas et al. (2013) and Baldry et al. (2012),
respectively.

The assembly rate of massive galaxies proceeded
much faster at 2<z<5 than at 0<z<2.

Fig. 6. Galaxy stellar mass function up to z
forming population (top panel) and for the qu
(middle panel). Symbols are the same as Fig
panel shows the percentage of quiescent gal
of stellar mass in the same redshift bins.

Fig. 5.— Stellar mass functions of all galaxies, quiesce
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The GSMF up to z~6-7 - intermediate stellar masses
Grazian et al.: The high-z stellar mass function in CANDELS

CANDELS

18

Grazian et al. (2015)

K Duncan et al.
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 GOODSSouth 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
a parametric STY Maximum Likelihood fit.

their primary galaxy selection in the i775 and z850 ACS bands ancy is found again with the Caputi et al. (2011) GSMF at z # 5,
respectively (sampling the UV rest-frame wavelengths at z ≥ 4). and again we suspect that the different selection criterion may
Although we are using deeper WFC3/IR data, the have played a role. At z # 7 our GSMF10slightly differs from the
González et al. (2011) GSMFs extend to lower masses than Duncan et al. (2014) one at M ∼ 3×10 M& , but this can be due
our mass function determinations. This is because the to the low number statistics of the adopted samples. Nonetheless,
González et al. (2011) GSMF estimate is based on the UV lu- it is worth noting that the GSMFs at z ≥ 5 shown in Fig.6
minosity function, rather than on a directly mass-selected sam- (by Stark et al. (2009), González et al. (2011), Lee et al. (2012),
ple. In the next section we will discuss these differences in more Duncan et al. (2014)) have been derived from similar photometdetail, and will also investigate the nature of the galaxies at the ric databases (including the GOODS-South field), so the cosmic
variance scatter may not be a dominant effect in this case.
high-mass end and the relation between mass and UV light.
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See also Mortlock et al. (2011), Santini et al. (2012), etc.

Duncan et al. (2014)

Emerging trends
* There is a significant evolution in the GSMF from z~6-7 down to z~2-3
Mainly number density evolution

* Characteristic slope () is significantly higher at z>2-3 than z=0-1
General consensus, although values not as high
as initially thought

* The cosmic stellar mass density rises from ~ a few % (z=6) to ~40% (z=2)

Stellar mass assembly was very efficient overall
over period elapsed at 2<z<6

Outstanding Problems
* Still significant differences in GSMF results at z>5: cosmic variance + other issues

✓ zphot uncertainties
✓ different methods to derive stellar masses
homogeneous analysis of further surveys necessary to constraint galaxy models
* Strong assumptions (metallicities, IMF) - don’t lead to disagreements, but still there
* The importance of TP-AGB stars in the rest near-IR
not so important as once thought?
See Maraston et al. (2006), but also Kriek et al. (2008), Zibetti et al. (2013)

The effect of emission lines
Emission lines can affect stellar mass determinations of high-z galaxies
However, importance depends strongly on galaxy colour

S. de Barros et al.: Impact of nebular emission at high redshift

sistent with typical values found in
09; Hildebrandt et al. 2010).
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n the 68% confidence limit. The
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ked redshift probability distribution
and high redshift.
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Fig. 3. 3.6µm-4.5µm colour histogram for a subsample of z
Barros’
Thursday
✏ [3.8, 5] objects. de
In blue,
wetalk
showonobjects
that are best fit with
nebular emission and in red, we show objects that are best fit
without nebular emission. Both for a decreasing SFH.
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F IG . 9.— Left panel: Stellar mass growth histories of galaxies of different masses. Lines
present day that was in place (in any progenitor galaxy) at a given redshift for our best fit
(ICL) remaining at the present day in place at a given redshift. Note that plots for 1015 M!
halos. Shaded regions in both panels shown the one-sigma posterior distribution.
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✓ galaxy mergers? cold accretion?
✓ importance of gas outflows? (stellar feedback)
needs deep spectroscopy
currently difficult at z>2

Fraction of Stellar Growth from In Situ Star Formation

We know very little about the physics of stellar mass assembly
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F IG . 10.— The fraction of stellar mass growth in galaxies due to in situ star
formation (as opposed to growth by galaxy-galaxy mergers) as a function of
halo mass and redshift.

✓ dust-obscured star formation?
needs far-IR data

are significantly different than at lower reshifts, with more
stellar mass per unit halo mass. However, concerns about the
feedback
in massive
reliabilityAGN
of the stellar
mass functions
at those galaxies
redshifts (see
§3.1) urge caution in interpreting the physical meaning of this
result.
A useful perspective on these results can be obtained by
considering the historical stellar mass to halo mass ratio of
halos, as shown in Fig. 8. Despite the large systematic uncertainties, it is clear that halos go through markedly different phases of star formation. This evolution is most apparent for massive halos, as observations have been able to
probe the properties of the progenitor galaxies all the way to
z = 8. Specifically, high-redshift progenitors of today’s bright-
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Stellar mass - metallicity relation

Oxygen abundance
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Fig. 13.— ISM metallicity as a function of stellar mass at z = 0, 1, 2, and 3 predicted by the SAMs. The green line denotes the prediction
of the Croton model, the blue line denotes the prediction of the Somerville model, and the error bars on them show the 1-σ scatter of the
model galaxy samples. The dark and light red bands encompass 67% and 95% predictive posterior regions of the Lu model. The black
dashed lines in each panel are the observational results of Tremonti et al. (2004) for z = 0.07, Savaglio et al. (2005) for z = 0.7, Erb et al.
(2006) for z = 2.2, and Maiolino et al. (2008) for z ∼ 3 − 4.

Lu et al. (2014)

models cannot reproduce GSMF and other galaxy properties consistently at high z
5. DISCUSSION AND CONCLUSION

trials. Both models, however, still overpredict the low
mass number density somewhat, a common problem with
such techniques. For the Lu model, we have performed
the calibration using MCMC machinery, which allows

See also e.g. Cousin et al. (2015)

We have used three independently developed semianalytic models (SAMs), the Croton model, which is
similar to the one presented in Croton et al. (2006),

Gas outflows in galaxies up to z~3
A&A proofs: manuscript no. Outflows_arxiv_v4

Karman et al. (2014)

evidence of galaxy outflows still scarce to constrain galaxy models
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The James Webb Space Telescope
The JWST will be *the* telescope
to discover the first galaxies,
and the building blocks of massive
galaxies at high z
Primary mirror ø = 6.5 m
4 instruments on board:
MIRI, NIRCam,
NIRSpec, NIRISS

Launch due in 2018

Integrated Science
Instrument Module
testing to be completed
at the end of this year
Credit: NASA, Chris Gunn

JWST science -- example 1
9

z=4 -- M~10 Msun
1e-06

No source
confusion!!!

Flux density (Jy)

CANDELS HST
deep

MIRI 5.6 µm
5h

oldest galaxy
with Av=0

H~29.5
Needs
H~29.2
NIRCam H
(NIRCam)
3h

1e-09

1000

JWST will
probe the lowmass end of
the GSMF up
to z~7
10000
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JWST science -- example 2
10

z=7 -- M~3x10 Msun

We only see this
today
1e-06

Flux density (Jy)

MIRI 12.8 µm
~3 h

CANDELS HST
deep

MIRI will cover
optical/near-IR SED

MIRI crucial
to constrain old
stellar populations
and stellar masses

Needs H~28.5
1e-09
1000

JWST will
discover the
bulk of galaxy
populations at
z>7

10000

Rest Wavelength (Angstroms)

ESA/NASA JWST conference

ESTEC, Noordwijk - 12-16 October 2015

Euclid science

✓ ultimate statistics (all sky!)

✓ deep survey:

40 x UltraVISTA

✓ spectroscopic redshifts

A high precision era for stellar mass assembly

Talk this morning by A. Cimatti

Summary
❖ Good constraints to GSMF up to z~5, and first constraints at higher z
Emerging trends:
- mainly density evolution
- increasing slope
- ~40% STMD at 2<z<6

Limitations:
- zphot/Mst uncertainties
- systematic effects
- galaxy models at near-IR

❖

The physics of galaxy stellar mass assembly is still very poorly known
resolving galaxies with good S/N at z>3 currently challenging >> JWST & ALMA

❖

JWST and Euclid -- wait for them: it is worth it !
JWST: finding the building blocks of massive galaxies & physics of stellar mass assembly
Euclid: the ultimate probe of galaxy stellar mass assembly to z~2-3

Thanks!

Size-Mass Relation from CANDELS/3D-HST

G. Popping et al.
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Figure 5. Size-stellar mass distribution of late- and early-type galaxies (same symbols as in Figure 2). A typical 1 error bar for individual
objects in the higher-redshift bins is shown in the bottom-right panel. The lines indicate model fits to the early- and late-type galaxies as
described in Section 3.1. The dashed lines, which are identical in each panel, represent the model fits to the galaxies at redshifts 0 < z < 0.5.
The solid lines represent fits to the higher-redshift samples. The mass ranges used in the fits are indicated by the extent of the lines in
the horizontal direction. Strong evolution in the intercept of the size-mass relation is seen for early-type galaxies and moderate evolution
is seen for the late-type galaxies (also see Figure 6). There is no significant evidence for evolution in the slope (also see Figure 6). The
parameters of the fits shown here are given in Table 1.

van der Wel et al. (2014)

constant slopes suggest SF quenching/end
because of our conservative sample selection (see Section
Muzzin et al. (2013), which we use here to compute this
2.4) we
are notassembly
biased against faint,
ratio. We also allow for 1% of outliers: these are objects
mass
leadlargetoobjects.
universal relation
The uncertainty in size, log R , is computed as outthat are not part of the galaxy population, for example,
e↵

lined by van der Wel et al. (2012). A random uncertainty
of 0.15 dex in m⇤ is included in our analysis by treating
it as an additional source of uncertainty in Re↵ : for a
size-mass relation with a given slope, an o↵set in m⇤
translates into an o↵set in Re↵ . Hence, the calculation
of P stays one-dimensional. The fiducial slopes we use
to convert log Re↵ into m⇤ are ↵ = 0.7 for early-type

...but what happens at higher z?

log Re [pc]

?

0.75

3.0
2.5

z = 1.0-1.5

3.5
3.0
2.5
2.0
4.0

log Re [pc]

1

0.50
z = 1.5-2.0

3.5
3.0
2.5
2.0
4.0

log Re [pc]

5

z = 0.5-1.0

3.5

2.0
4.0

10

1.00

3.5

2.0
4.0

1

GOODS-S + UDS

fgas

Stellar mass - size relation

z = 2.0-2.5

0.25

3.5
3.0
2.5

z = 2.5-3.0
catastrophic redshift estimates or misclassified stars. Fi2.0
nally, in order to avoid being dominated by the large
8
9
10
11
12
number of low-mass galaxies, we also assign a weight to
log M [M ]
each galaxy thatq is inversely proportional to the number
density. This ensures that each mass range carries equal
weight in the fit. The number density is taken from theFigure 14. Galaxy scale radius as a function of stellar mass fo
Muzzin et al. (2013) mass functions.

Popping et al. (2015)

