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ABSTRACT

We present a parameterless approach to predict the shape of the infrared (IR) luminosity function
(LF) at redshifts 2 <2. It requires no tuning and relies on only three observables: (1) the redshift
evolution of the stellar mass function for star-forming galaxies, (2) the evolution of the specific star
formation rate (sSFR) of main-sequence galaxies, and (3) the double-Gaussian decomposition of the
sSFR distribution at fixed stellar mass into a contribution (assumed redshift- and mass-invariant)
from main-sequence and starburst activity.

This self-consistent and simple framework provides a powerful tool for predicting cosmological observ-
ables: observed IR LFs are successfully matched at all z <2, suggesting a constant or only weakly
redshift-dependent contribution (8%—14%) of starbursts to the star formation rate density. We sep-
arate the contributions of main-sequence and starburst activity to the global IR LF at all redshifts.
The luminosity threshold above which the starburst component dominates the IR LF rises from
log(Lir/Le) =11.4 to 12.8 over 0 < z < 2, reflecting our assumed (1+z)*®-evolution of sSFR in main-
sequence galaxies.

Subject headings: cosmology: observations — galaxies: evolution — galaxies: luminosity function, mass

function — galaxies: starburst — surveys

1. INTRODUCTION

Determining the galaxy stellar mass function (MF)
and the star formation rate (SFR) distributions —
e.g. the infrared (IR) luminosity function (LF) -
is among the foremost goals of extragalactic sur-
veys targeting (and linking) nearby (e.g.
2003, Baldry et all 2011, [Sanders et _all2003, [Goto et all
2011, Bothwell et al! 2011) and distant galaxies (e.g.,
Bell et _all 2007, Tlbert et _all 2010, [Le Floc’h et _al. 2003,
Magnelli et a ,I[M Rodighiero QL all[2010). The ques-
tion whether the joint evolution of MFs and IR LFs
is self-consistent has received comparatively little atten-
tion, excepting studies confronting stellar MFs at z < 3—
5 Wlth the integrated, higher-redshift star formation
SF) history (e.g., Wilkins et all 2008,

. The common link between the stellar mass
(M,) and SFR of galaxies is the specific star forma-
tion rate (sSFR). Star-forming galaxies (SFGs) at both
high and low redshifts obey a tight relation (dispersion
<0.3dex) — the “galaxy main sequence” — according to
which sSFR is a constant or slowly decreasing function
of M, (e.g., Brinchmann et all 2004, [Daddi et all 2007,
Elbaz et alll2007, 2011, Noeske et alll2007, Damen et _all
2009, [Pannella et all 2009, [Karim et all 2011). SFGs
on the main sequence are complemented by “starburst-
ing” galaxies (a few percent of the total population;

e.g.,[Rodighiero et all[2011)) with highly elevated sSFRs.

leferences between the shape of the IR spectral en-
ergy distribution (SED; [Elbaz et all [2011) of these two
kinds of systems and the different efficiency with which
they convert molecular gas to stars (Daddi et all[2010D,
|Genzel et all 2010) have given rise to the notion of “bi-

modal” star formation.

* E-mail: mark.sargent@cea.fr
1 CEA Saclay, DSM/Irfu/Service d’Astrophysique, Orme des
Merisiers, F-91191 Gif-sur-Yvette Cedex, France

The stellar MF of SFGs is well-fitted by a Schechter func-
tion (e.g., Bell et all 2007, Tbert et all [2010), whereas
the TR LF (used here as proxy for the SFR distribu-
tion) is generally parameterized as a double-exponential
(e.g., ILe Floc’h et all 2005) or double-power-law func-
tion (e.g., Magnelli et alll2009). A possible astrophysical
origin of this difference is the occurrence of burst-like
and “normal” (main-sequence-like) SF activity among
SFGs. The evolving shape of IR LFs hence implicitly
contains information on the relative importance of the
two modes of SF in the past (e.g., [Franceschini et all
2001, Béthermin et all[2011)).

In this Letter, we show how the contribution of main-
sequence and starburst galaxies to IR LFs at z <2 can
be predicted (Section B]) using a simple scheme relying
on basic observables (the evolution of sSFR in main-
sequence galaxies and the sSFR distribution at fixed M,;
see Section [2) and starting from the evolution of the stel-
lar MF of SFGs.

2. (S)SFR AND M,; BASIC CHARACTERIZATION
OF STAR-FORMING GALAXIES

2.1. Stellar Mass Functions and Main-sequence
Evolution at z < 2

Schechter function fits to the stellar MF of SFGs vary
with sample selection (e.g. the color cut adopted to
separate blue from red galaxies; Baldry et all[2011]) and
the comparison of different measurements is additionally
complicated by covariance among Schechter parameters.
Nevertheless, the general consensus in the literature is
that, for SFGs, the low-mass end slope a and character-
istic mass M* change little at 0 < z <2, while the nor-
malization ®* is roughly constant out to z ~ 1, followed
by a ~3-fold drop over 1<z <2 (e.g., Bell et all 2007,
[Pozzetti et alll2010, Brammer et all[2011)).

In the following we will use the fits by [Peng et all
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Fic. 1.—: Evolution of characteristic density (a) and

mass (b) of the MF of star-forming galaxies, of the
sSFR of main-sequence galaxies with M, /Mg =5x1010
(¢; open symbols indicate stacking results), and of the
cosmic SFRD at z<2 (d; shaded area shows evolution
predicted in this analysis). Solid lines in panels (a)—(c)
trace average evolutionary trends (Section 2)). In panel
(a) grey error bars at z <1.1 denote cosmic variance esti-
mates from [Scoville et all (2007). (See references for key

to authorship abbreviations.)

(2010) of the MFs in [bert et all (2010) which in-
clude both sources with intermediate and high SF
activity (i.e. should encompass the entire star-
forming population). Assuming a fixed a=-1.3, the
error- Welghted mean characteristic mass at z<2 is
log((M*)/Mg) =10.96£0.01 (Fig. MH). Density fluc-
tuations in the COSMOS field at intermediate redshift
(e.g. 2~0.3) cause significant scatter among ®* mea-
surements at z < 1. For simplicity we adopt a constant

3 All data were converted to a WMAP-7 cosmology
(Larson et all 2011) with (Ho [kms™! Mpc™'], Qm, Q1) = (70.4,
0.273, 0.727) and a[Chabriel (2003) IMF.

average of log(®*) =-3.02+0.01 which is consistent with
all data below z ~ 1 if both measurement and cosmic vari-
ance errors are accounted for (Fig. Ma). After z~1, ®*

decreases as (1+2z)" % 4015753

Fig. [lc shows the redshlft evolution of the sSFR of
SFGs with M, /Mg ~5x10'°. This evolution is well doc-
umented in recent literature on the SF main sequence at
2z < 2. Here we use results based on a combination of mid-
IR and UV data (Daddi et al! 2007, Elbaz et al! 2007,
Noeske et all [2007), far-IR data 2011 M.
Pannella et al. 2012, in preparation) and radio contin-
uum imaging (Karim et all[2011). Error bars denote the
uncertainty on the average sSFR(z) rather than intrinsic
scatter (generally ~0.3 dex); they hence are often masked
by the plotting symbols. The sSFR-measurements at
z>0 define a tight trend that is well-fitted by a power
law (1+2)28+091 (equivalent to eq. 13 in

2011)) and which, furthermore, accurately connects to the
z =0 measurement of [Elbaz et all (2007; underlying data
from Brinchmann et all [2004). As a slight exception to
the generally excellent agreement between the (1+42)%8-
evolution and observations, the sSFR measurements of
Noeske et all (2007) are offset to lower sSFRs by about
1.5 0 — possibly due to their shallow mid-IR data which
might also be responsible for the steeper decline of sSSFR
with M, these authors find — but seem to follow the same
evolutionary slope. The sample of [Karim et al! (2011) is
identical to the one used to compute the MF of panels
(a) and (b). As explicitly discussed by these authors,
the evolution and slope/normalization of the sSFR ver-
sus M, relation are selection-dependent; the lower sSFRs
they find at z <0.5 thus reflect the growing importance
of the “intermediate”-activity population at low redshift.

2.2. Decomposition into Main-sequence and Starburst
Contribution

Using a combination of BzK- and Herschel/PACS-
selected SFGs at 1.5 <z <2.5 from the COSMOS and
GOODS fields, Rodighiero et al! (2011) showed that the
sSFR- dlstrlbutlon of galaxies at fixed M, tapers out
into a broad tail of starbursting galaxies beyond the SF
main sequence (sSFRs of these starbursts may exceed
main-sequence values more than 10-fold). By imposing a
hard sSFR-cut above which SFGs are considered “star-
bursts”, [Rodighiero et all (2011]) estimated that merely
2% of massive (M, /Mg >1019) galaxies have a burst-
like nature and contribute <10% to the SFR-density
(SFRD). We now decompose the sSFR, distributions of

ighi (2011) into two Gaussian components
(subsequently identified as main-sequence and burst-like
SF activity, respectively):

N (sSFR) |y, = (1)
o 2
Z AX exp <_ (SSFR <stFR>X) > '
20%
Xe{MS, SB}

The physical motivation behind this approach is that,
e.g., galaxy interactions need not strongly boost SF (e.g.
Di Matteo et all[2007), and that — at fixed M, — it thus
appears more natural if the importance of burst-like SF
activity successively grows with increasing (s)SFR. We
interpret the double-Gaussian shape as follows: indi-
vidual SFGs are “hybrid” objects harboring both main-
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Fic. 2.—: Left: double-Gaussian decomposition (main-sequence, MS, and starburst, SB, activity) of the sSFR distri-
bution at fixed M, > 10" M, for galaxies at z ~ 2. sSFR-distributions are re-aligned as described in Section Z2 Grey
bands span 95% confidence regions; white (black) cores trace the preferred main-sequence/starburst (total) distribu-
tion. Text inserts: best-fit parameters (median of the posterior probability distribution and 95% confidence limits) for

the normalized double-Gaussian plotted.

Right: double-Gaussian parameter covariance; light grey, dark grey, and black areas extend to the 3, 2 and 1o confi-
dence contours. Offsets are parametrized in fractions of the preferred value (X € {MS, SB}): amplitudes Ax — linear;
peak position (sSFR)x and width ox — logarithmic. Panels along upper edge show the MCMC output distributions.
Note: in the journal Fig. [A presents a reduced version of this plot to comply with ApJL panel restrictions.

sequence and burst-mode SF activity in relative propor-
tions that vary according to their sSSFR. SFGs well offset
from the locus where the main-sequence and starburst
Gaussian have equal amplitudes are increasingly domi-
nated by only one mode of SF.
In their analysis, [Rodighiero et all (2011; see their Fig.
2) find that the distributions of sSFR at 1.5 < z < 2.5 in
four stellar mass bins spanning 10 <log(M, /Mg) <11.5
are self-similar, albeit displaced in sSFR according to
M 0-21£0-04 (implying a slope of ~0.79 for the main se-
quence in the SFR versus M, plane) and with differ-
ent amplitudes that reflect the shape of the MF. This
self-similarity yields much better constraints on the free
parameters of the double-Gaussian decomposition than
could be obtained by decomposing stellar mass bins indi-
vidually. Having re-scaled the data of [Rodighiero et al!
) to a common reference frame (see Fig. 2] left), we
estimated the six free parameters describing our double-
Gaussian distribution with a Monte Carlo Markov Chain
(MCMC; 10° realizations). We provide best-fit param-
eters of a normalized] distribution (amplitude/position

4 The direct fit for, e.g., galaxies at z=2 with
10.33 <log(M4 /M) < 10.66 gives (Asp, (sSFR)sB, osp) =

(2270 3x107% Mpc—3 dex 1, 0.89370 5% Gyr—1, 024370 573 dex)
and (Ams, (sSFR)ms, oms) = (70.041.4, 0.30375:00%

0.188+0.003) in identical units. Errors quoted are 95% con-
fidence limits.

of the starburst Gaussian are expressed relative to the
main-sequence Gaussian) in Fig. The posterior prob-
ability distributions of the individual parameters are well
behaved (viz., unimodal) but subject to some covariance,
especially among the parameters of the starburst compo-
nent (cf. Fig. 2l right).

With our double-Gaussian decomposition of the (s)SFR
distribution, we obtain a modified estimate of the con-
tribution of starburst activity to the SFRD at z~2
of 14.2717% (68% confidence limits) as opposed to
Rodighiero et all (2011) who find ~10% when consider-
ing only sources with sSFR/(sSFR)ums >4. We do not
update the computation of the number density of star-
bursts in i (2011)) because galaxies below
their sSSFR-threshold are likely hybrid sources where nor-
mal and burst-like SF coexist.

3. RESULTS

To construct IR (8-1000 um) LFs for the interval z <2
we make two assumptions: (1) the double-Gaussian de-
composition of Fig. Bl performed for galaxies at z~2,
remains valid at all z < 2, implying an unchanged con-
tribution to the SFRD of normal and burst-like SF ac-
tivity; (2) the slope of the main sequence (measured to
be ~0.79) and the double-Gaussian decomposition do not
change at masses below those studied by
(2011). The comparison of predicted IR LFs with obser-
vations will reveal whether these simplifications are justi-
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region resulting from uncertainties on the evolution of the stellar MF, the cosmic evolution of sSFR and the double-
Gaussian decomposition of Section Overlaid literature measurements (see legend and additional exElanations in

text) match the predictions well. At z~ 0 we also plot the double-Schechter decomposition of Yun et all

line).
Bottom: predicted IR luminosity density distributions.

fied. We also assume that low-sSFR outliers to the main
sequence do not contribute significantly (e.g.

2012) to the IR LF. Although little is known about the
low-sSFR tail of the distributions in Fig. 2l this simplifi-
cation seems justified as most of these sources are passive
galaxies undergoing little obscured SF.

The mapping of the stellar MF to an IR LF is effectively
a convolution of the MF and a variable double-Gaussian

y orange

kernel with (1) normalization fixed by the shape of the
MF and (2) main-sequence peak position that — given
the redshift — is uniquely determined by the position of
the SF main sequence in the (s)SFR versus M, plane.
Thanks to our starburst vs. main-sequence decomposi-
tion, we can then also identify the individual contribution
of normal and burst-like SF activity to the IR LF.

Fig. Bl shows our predicted IR LFs (see also Table
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Fic. 4.—: (a): Constraints on the fractional contribu-

tion fSB(psrr) of starbursts to the cosmic SFRD at z =0
and 2, compared to simulation-based evolutionary pre-
dictions in [Hopkins et all (2010) (dotted area).

(b): Redshift evolution of the cross-over luminosity for
equal contributions of normal and burst-like star for-
mation to IR LFs (black; 68% confidence region high-
lighted). Light grey curves: luminosities at which main-
sequence activity contributes 90% (10%) to the global
IR LF. Hatched branches: low-redshift evolution as-
suming the best-fit /5B (pspr, z=0)=7.671%°% of panel
(a). Main-sequence star formation domlnates the ULIRG
regime at z 2 0.9 (dotted vertical line).

M) and luminosity density distributions for five red-
shift bins spanning 0< z <2.1. The starburst compo-
nent (dark grey) has a reduced amplitude and is shifted
to higher luminosities than the main-sequence contri-
bution (light grey). We compare our prediction with
measurements of the z>0 IR LFs of

) and [Rodighiero et all (2010), both based on
Spitzer/MIPS 24 pm photometry. We also plot the LF of
Magnelli et all (2011) who combine MIPS 24 and 70 pm
datal. The 1.4GHz LFs for (color-selected) SFGs in
Smolci¢ et all (2009) and [Strazzullo et all (2010) have
been converted to Lig by applying the IR-radio rela-
tion which holds out to at least z~2 (see

; for a corresponding analysis conducted on the sam-

ple of [Smolci¢ et all 2009). These observations closely
5 The Herschel/PACS-based IR LFs in [Gruppioni et all (2010)

are consistent with Spitzer studies. We refrain from overplotting
their LFs because they do not help constrain the starburst contri-
bution.

agree with our predicted IR LF. At high luminosities a
marginally significant excess is observed for some data
points from |[Le Floc’h et all (2005), Smolcic et al! (2009)
and [Strazzullo et all (2010), likely caused by residual
contamination from active galactic nucleus (AGN) re-
lated processes that affect mid-IR and radio continuum
fluxes more than far-IR emission. Note that our “model”
IR LF's deliberately include the contribution to the SFRD
from SE activity in AGN hosts.

We emphasize that our formalism is “anchored” to z ~2
where the double-Gaussian decomposition is directly
constrained by the data of [Rodighiero et all (2011))
more stringent test is whether the local IR LF can be
correctly reproduced if our framework is left to evolve
to z=0. In this respect, the agreement of our pre-
dicted z ~0 IR LF with the local IR LF's ofm
(2003) and |Goto et all (2011)) far up the faint-end slope is
encouraging and indicates that the simplifying assump-
tions noted at the beginning of this section (i.e. in-
variance of the decomposition with redshift and stellar
mass) are legitimate. At the faint end, our LF rises as
AN/dLr oc Lig ~1*4, in broad agreement with, e.g., the re-
cent measurement of the faint-end slope (Schechter v =-
1.51+0.08) of the SFR distribution of

(2011). The exact a we predict depends on the slope
of the sSFR-M, relation and the inclusion of low-sSFR
outliers (neglected here) to the main sequence could also
cause some additional steepening. At bright Lig our split
of the z~0 LF matches an earlier double-Schechter de-
composition of the local IRAS LF into a “spiral galaxy”
and starburst component by [Yun et all ; plotted in
orange in Fig. [Bover the luminosity range for which their
decomposition fits their IRAS data).

Finally we plot (Fig. [ld; hatched area) our evolution-
ary prediction for the SFR-density (psrr) — obtained
by integrating the LFs of Fig. Bl — which is consistent
with literature data. The cosmic SF history has been
traced by countless studies, of which we show two re-
cent analyses relying on ext1nct1on free tracers of SFR

%Jmﬂ_aﬂ 2011, radio continuum;
, far-IR emission), plus the evolutlon inferred from
extinction-corrected UV data in[Reddy & Steidel (2009).

4. DISCUSSION

By performing a double-Gaussian fit (Fig. Bl to
the distribution of (s)SFR at fixed M, reported in
[Rodighiero et all (2011)), we have re-estimated the star-
burst contribution (14.2+77%) to the SFRD at z ~ 2. We
then introduce a self-consistent framework which success-
fully predicts the evolution of IR LFs at all z<2. This
approach improves over the conceptually similar analy-
sis of (2007) by quantifying the relative im-
portance of main-sequence and burst-like SF since z ~ 2.
The bimodal nature of our LF model — tabulated in Ta-
ble [ for reference — defines a cross-over IR-luminosity
(Lfffss) above which starburst activity dominates over

“quiescent” (main-sequence) SF activity. In Fig. @b we
illustrate the evolution of L from log(Lig/Le) =11.4
to 12.8 at 0<z<2, as well as similar thresholds (sep-
arated by approx. one decade of Ljg) where main-
sequence and starburst activity contributes 90% (10%)
to the total IR LF. These thresholds evolve in parallel by
a factor (1+2)%% if we assume a redshift-invariant star-
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burst fraction and a constant slope of the main sequence
in the (s)SFR versus M, plane, i.e. in our framework
the luminosity evolution of the SFR-distribution reflects
the cosmic evolution of sSFR in main-sequence galaxies.
Similarly, the density scale at L{R>>® mirrors the density
evolution of the MF of SFGs.

We reproduce the well-known fact that most lo-
cal ULIRGs are starbursts (e.g., [Sanders & Mirabel
[1996). At 22>0.9 the majority of ULIRGs are main-
sequence galaxies. Importantly, however, their high SFR
(>100 M) is not triggered by merging as in most local
ULIRGsS but is a secular process linked to large gas reser-
voirs in these high-redshift disks (e.g.,

[Tacconi et all [2010). Local and distant ULIRGs are in-
trinsically different objects for which direct comparisons
should be avoided; the selection of galaxy populations by
Lir is problematic since any conclusion will depend on
the redshift-range considered.

It is natural to link starbursts to merging activity
even though not all high-sSFR outliers display un-
mistakable signs of galaxy-galaxy interactions (e.g.,
Kartaltepe et all [2011). The fact that the evolution
of the IR LF is compatible with a universal starburst
fraction is surprising since merger rates are expected
to decrease with cosmic time (e.g., [Kitzbichler & Whitd
2008). Some cosmological hydrodynamic simulations
(e.g., Hopkins et all 2010) predict an increase of the
merger-induced, burst-like contribution to the SFRD
from a few percent locally to ~12% (Fig. HMla), in
apparent contradiction to the approach adopted here.
If one leaves the relative amplitudes of starburst and
main-sequence Gaussian distributions free to vary in
the fit of the local IR LF, a starburst contribution

FSB(psrr) =T7.672%%% (68% confidence limits) to the lo-
cal SFRD is derived. This value lies between the pre-
diction of IHkamsﬁ_aJJ (2010) and the observationally
estimated 15%-20% in, e.g., Brinchmann et all (2004) or
Kennicutt et all Qﬂkj) and is also consistent with non-
evolution out to z=2. By drawing random pairs of
fSB(pSFR) at =0 and 2 from within the error distribu-
tions of our measurements we were nevertheless able to
determine that there is a 75% probability that f5B(psrr)
increases out to z=2. Generally speaking, the good
match between our predicted and the observed LF's sug-
gests that variations of starburst fraction with mass, as
well as the neglected contribution of low-sSFR outliers
to the main sequence do not strongly influence the shape
of the IR LF.

The success of this simple picture at z <2 motivates an
extension to higher redshift using the known evolution
of the sSFR (e.g. |Gonzalez et all [2010) and provides a
powerful framework for the prediction of cosmological
observables, e.g. the evolution of molecular gas reser-
voirs in normal and starburst galaxies (M. T. Sargent et
al. 2012, in preparation) or source counts in the IR, mak-
ing use of the distinctly different SED for main-sequence
and starburst galaxies (M. Béthermin et al. 2012, in
preparation).

We thank E. Le Floc’h, G. Lagache, and H. Aussel
for helpful discussions. J. Mullaney, M. Pannella, G.
Rodighiero, V. Strazzullo, and an anonymous referee
provided feedback and/or data. M.T.S., M.B. and E.D.
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IR LFs at z < 2: main-sequence and starburst contributions

TABLE 1
PREDICTED IR LFSs AT z~1 (68% CONFIDENCE LIMITS; CF. F1a. [B)).
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NOTE. — MS: main sequence; SB: starburst; tot: MS+SB. LFs at z#1

follow by applying a luminosity scaling (1+2)%® with density fixed for z <1
and with density varying according to ®(z) o< (14+2) %% at 1 <z < 2.



