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Evolution of SF galaxies
C. Schreiber et al.: The Herschel view of the dominant mode of galaxy growth from z = 4 to the present day

SFRMS (zref , M∗,ref ) − SFRMS (z, M∗ ). This last step is a small
correction: it reduces the measured dispersion by only 0.02 to
0.03 dex.
We stack these cutouts and again run the dispersion measurement procedure, including the bias correction. Interpolating
the measured dispersions in the five Herschel bands at λpeak as
described earlier, we obtain σSFR . As expected, the diﬀerence
between the flux dispersion at the peak of the SED and the SFR
dispersion is marginal, except for the lowest mass bins where it
can reach 0.05 dex. This is mainly due to the increasing contribution of the escaping UV light to the total SFR, as SFRIR /SFRUV
approaches unity in these bins.
There is a remaining bias that we do not account for in this
study, which is the impact of errors on the photo-zs and stellar
masses. As pointed out in section 2.4, the measured few percent
accuracy on the photo-zs only applies to the bright sources, and
we do not know how reliable the fainter ones are. We measure
statistical uncertainties on both these quantities, but this does not
take into account systematic errors coming from the library, or
gaps in the photometry. Intuitively, one can expect these errors
to increase the dispersion, but this would be true only if the true
error was purely random. It could be that our SED fitting technique is too simplistic in assuming a universal IMF, metallicity
and SFH functional form for all galaxies, and as such erases part
of the diversity of the population. This could in turn decrease the
measured dispersion (see discussion in Reddy et al. 2012). It is
therefore important to keep in mind that our measurement is tied
to the adopted modeling of stellar mass.
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Fig. 10. Evolution of the main sequence SFR with mass and redshift.
Our results from stacking are shown as colored filled circles, the colors
corresponding to the diﬀerent redshifts as indicated in the legend. We
complement these measurements by stacking sliding bins of mass (see
text) for visualization purposes only, in order to better grasp the mass
dependence of the SFR. In the background, we show as light gray curves
our best-fit relation for the main sequence (Eq. 9).
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4. Results
4.1. The main sequence SFR

4.2. Redshift evolution of the sSFR: the importance of
sample selection and dust correction

The first results we present concern the evolution of the main
sequence with redshift, as well as its dependence on stellar mass.
In section 4.2 we start by describing the redshift evolution of the
sSFR ≡ SFR/M∗ , and we then address the mass dependence of
the main sequence slope in section 4.3.
These results are summarized in Fig. 10 where, for the sake
of visualization, we also run our full stacking procedure on sliding bins of mass, i.e. defining a fine grid of M∗ and selecting galaxies within mass bins of constant logarithmic width of
0.3 dex. The data points are not independent anymore, since a
single galaxy is included in the stacked sample of multiple neighboring points, but this allows to better grasp the evolution of the
main sequence with mass. These “sliding averages” of the SFR
are displayed as solid colored lines, while the points obtained
with regular mass bins are shown as filled circles.
By fitting the latter, we parametrize the main sequence SFR
with the following formula, defining r ≡ log10 (1 + z) and m ≡
log10 (M∗ /109 M⊙ ):

We show in Fig. 11 the evolution of sSFR (≡ SFR/M∗ ) as a
function of both redshift and stellar mass. Our results at z ≤ 3 are
in good agreement with previous estimates from the literature,
showing the dramatic increase of the sSFR with redshift. At z =
4, we still measure a rising sSFR, reaching 5 Gyr−1 , i.e. a mass
doubling timescale of only 200 Myr.
However at this redshift, our measurement is substantially
higher than UV-based estimates (Daddi et al. 2009; Stark et al.
2009). More recent results (Bouwens et al. 2012; Stark et al.
2013; González et al. 2014) seem to be in better agreement, but
it is important to keep in mind that these studies mostly focus on
relatively low mass galaxies, i.e. typically 3 × 109 M⊙ . Therefore
the quoted sSFR values only formally apply to galaxies in this
range, i.e. to galaxies a factor of 10 to 100 times less massive
than those in our sample. Extrapolating their measurements to
match the mass range we are working with requires that we know
the slope of the sSFR–M∗ relation. In their study, Bouwens et al.
(2012) measured this slope from M∗ = 108 to 1010 M⊙ at z = 4
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Figure 2. SFR density as a function of the gas (atomic and molecular) surface
density. Red filled circles and triangles are the BzKs (D10; filled) and z ∼ 0.5
disks (F. Salmi et al. 2010, in preparation), brown crosses are z = 1–2.3 normal
galaxies (Tacconi et al. 2010). The empty squares are SMGs: Bouché et al.
(2007; blue) and Bothwell et al. (2009; light green). Crosses and filled triangles
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LBAs are similar to high-z starbursts!
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Mass-metallicity relation

Overzier+11

Santos-de-Oliveira et al., in prep
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Figure 4: Schematic diagram of the star-forming region associated with a DCO such as in
J0921+4509. The extreme conditions in the DCO generate a strong galactic wind and large
quantities of ionizing flux that clear out a cavity (wind-blown cavity in the figure) and parts
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The molecular gas in LBAs

•
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Flat, California

•

CO(1-0) survey of Lyman
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CARMA (~100h)

•
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Figure 2. SFR density as a function of the gas (atomic and molecular) surface
density. Red filled circles and triangles are the BzKs (D10; filled) and z ∼ 0.5
disks (F. Salmi et al. 2010, in preparation), brown crosses are z = 1–2.3 normal
galaxies (Tacconi et al. 2010). The empty squares are SMGs: Bouché et al.
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The conversion factor for
starburst galaxies
IR-bright galaxies: hot AND turbulent! =>
High CO luminosities
Narayanan+11

aCO ~ 4 (MW), aCO ~ 0.9 (ULIRGs)

The conversion factor for
metal-poor galaxies
Low aCO

High aCO
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Figure 3. Inferred dependence of the CO 1-0 luminosity to molecular gas mass,
conversion factor (

CO 1-0)

on gas phase oxygen abundance. The molecular gas mass

log CO = -1.9 (0.67) O +17 (5.8)
log CO = -1.3 (0.25) O +12.1 (2.2)
z 1 SFGs mass-metallicity
z 1 SFGs [NII]/H
binned averages
z=0 SFGs O([NII]/H )

High-z galaxies?

2.0

Israel 00
slope -2.5

2

(Msun/(K km s pc )

100

CO 1-0

1.5

Wilson95
slope -0.7

1.0

CO 1-0

10

log

-1

Arimoto96
slope -1

0.5
typical uncertainty

1

8.0
O

8.5

9.0

0

= 12 + log(O/H)Denicolo 02

Genzel+ 11

BUT: UV-bright galaxies are
turbulent
AND metal-poor!!
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) on gas phase oxygen abundance. The molecular gas mass
Figure 3. Inferred dependence of the CO 1-0 luminosity to molecular gas mass,
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Summary
•

Galaxies in the past had more gas and less metals;
how were they formed? Cold flows, mergers?

•

LBAs make an excellent case for local analogs to
star forming galaxies at z~2-3, and can be studied
in more detail

•

LBAs have a lot of very dense, turbulent gas, but
still follow S-K relation

•

The aCO problem: very unclear for high-z UV-bright
star-forming galaxies
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