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Abstract. Star-formation is one of the main processes that shape galaxies, and together with
black-hole accretion activity the two agents of energy production in galaxies. It is important on a
range of scales from star clusters/OB associations to galaxy-wide and even group/cluster scales.
Recently, studies of star-formation in sub-galactic and galaxy-wide scales have met significant
advances owing to: (a) developments in the theory of stellar evolution, stellar atmospheres, and
radiative transfer in the interstellar medium; (b) the availability of more sensitive and higher
resolution data; and (c¢) observations in previously poorly charted wavebands (e.g. Ultraviolet,
Infrared, and X-rays). These data allow us to study more galaxies at ever-increasing distances
and nearby galaxies in greater detail, and different modes of star formation activity such as
massive star formation and low level continuous star formation in a variety of environments.
In this contribution we summarize recent results in the fields of multi-wavelength calibrations
of star-formation rate indicators, the Stellar Initial Mass function, and radiative transfer and
modeling of the Spectrale Energy Disrtributions of galaxies.

Keywords. stars: luminosity function, mass function, binaries (including multiple): close, galax-
ies: star clusters, galaxies: fundamental parameters, infrared: galaxies, ultraviolet: galaxies,
X-rays: binaries
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1. Multi-wavelength Calibrations of SFR

1.1. General Characteristics of Star Formation Calibrations

Measuring accurate star formation rates (SFRs) is a crucial step in any study of galaxy
evolution. As an example, the evolution of the SFR density with redshift is one of the
major diagnostics to study galaxy evolution and any model of galaxy formation and
evolution must reproduce this evolution. Before drawing any firm conclusions about the
validity of theoretical models it must be stressed that large uncertainties come from the
difficulty in measuring accurately the star formation rate (e.g., Davé 2008). Various cali-
brators are used, covering the full electromagnetic spectrum, from the X-ray through the
ultraviolet (UV), the optical, the infrared (IR), all the way to the radio. Both continuum
emission and emission lines have been calibrated in terms of SFR. The derivation of SFR
relies on conversion factors depending on the indicator used. In this subsection we present
the general way to derive SFR from direct stellar emission and then discuss the uncer-
tainties of the calibrations due to variations of the star formation histories. The effect
of dust attenuation will be discussed in Section 1.3. Complete reviews of different star
formation indicators were published recently (Calzetti 2012; Kennicutt & Evans 2012;
Boissier 2012).

1.1.1. Basic Equation and Standard Calibrations
The fundamental equation to link the intrinsic luminosity emitted by stars at wave-
length A\ and time ¢ is

LAt //MW 8) SFR(t — ) v(m) dm df (1.1)
M

10w

where F)(m,#) are the evolutionary stellar tracks, ¢(m) the initial mass function, and
SFR(t) the star formation rate. From this fundamental equation there are two ways to
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Figure 1. Evolution of luminosity for several filters from the UV to the NIR for a constant

SFR of 1 Mg yr ~!. The luminosity is normalised to its value obtained after 1 Gyr. See Boissier
(2012) for more details.
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derive SFRs. One can use stellar population synthesis models to fit a large set of data at
different wavelengths; the current SFR is an output parameter of the fit (with the stellar
mass and other parameters depending on the specific code used). Another popular way to
proceed is to derive simple recipes. One assumes a SFR constant over a timescale 7 and
the SFR becomes simply proportional to the luminosity integrated over 7. The timescale
7 is chosen in order that the luminosity at wavelength A reaches a steady state:

M,L,, -1
SFR = / / (m, 0)SFR(t — 0)¢(m) dm da) x L(X) (1.2)
Miow

The value of the conversion factor C' = SFR/L(}) is calculated with a spectral synthesis
code. The SFR calculated using a conversion factor can be different from the average
of the star formation activity during 7 if the actual SFR is strongly varying during this
period. The assumption of a constant SFR is likely to be valid on short timescales only
and SFR should be derived from the emission of stars with short lifetimes, preferen-
tially in the ultraviolet or for recombination lines of ionizing photons. The evolution of
the luminosity at different wavelength is illustrated in Figure 1. It is clearly seen that
the timescale to reach a steady state increases with wavelength from ~ 100 Myr in the
ultraviolet to more than 1 Gyr in optical-near IR. The timescale found for ionizing pho-
tons (i.e., recombination lines) is of the order of few Myr (Boissier 2012; Kennicutt &
Evans 2012). There is some evidence (see next subsection) for a SFR constant over a few
hundred Myr, at least in the nearby universe; standard calibrations can be calculated,
as was done in the popular review of Kennicutt (1998). The calibration depends also
strongly on the initial mass function (e.g., Meurer et al. 2009, Pflamm-Altenburg et al.
2009) as discussed in Section 3 of this review.

1.1.2. Impact of a Varying Star Formation Rate

The assumption of a constant star formation rate is quite strong. It is important to
check that the condition is fulfilled before using standard calibrations. In the nearby
universe the tight correlation found between the Ha and UV luminosity of galaxies is a
strong argument in favor of a rather constant star formation rate for whole galaxies over
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Figure 2. UV luminosities corrected for dust attenuation plotted against the Ha ones for
galaxies in the nearby universe; both luminosities are corrected for dust attenuation. See Hao
et al. (2011) for more details.
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the typical timescale for the UV light to reach a steady state (i.e., ~300 Myr) as illustrated
in Figure 2. Nearby dwarf galaxies are likely to experience rapid changes in their star
formation rates (Weisz et al. 2012), implying an apparent deficit of Ha emission with
respect to the UV one. However, it was found difficult to distinguish between variations
of the recent star formation history and that of the initial mass function by comparing
the Ha and UV emission of these objects (Meurer et al. 2009; Boselli et al. 2009; Lee
et al. 2009; Fumagalli et al. 2011; Weiz et al. 2012).

At high redshift, timescales become shorter and the assumption of a constant star
formation rate over several hundreds of Myr may not be valid. It is nicely illustrated by
Schaerer et al. (2013) who explored a large number of star formation histories described
by declining or rising functions in addition to constant and delayed star formation. Their
models and the corresponding ratio of the SFR to the bolometric stellar luminosity Ly is
shown in Figure 3. At z ~ 4 Schaerer et al. show that the standard calibrations assuming
constant star formation must be used with much caution, with strong implications on
the SFR-stellar mass relation.

1.2. Far-Infrared Calibrations

In the IRAS and ISO eras (e.g., Hunter et al. 1986; Lehnert & Heckman 1996), infrared
luminosities from wavelengths less than 200um proved to be good star formation rate
tracers. Since the successful launch of the Spitzer Space Telescope, infrared luminosities
have been widely used as important tools to calculate the star formation rates of galaxies.
Recent studies enabled by Spitzer observations indicate that mid-IR luminosities (such
as 8um and 24um) of galaxies also have good correlations with 1.4GHz and Ha/Pa
luminosities (e.g. Wu et al. 2005; Calzetti et al. 2007; Zhu et al. 2008; Kennicutt et al.
2009; Calzetti et al. 2010).

However, Alonso-Herrero et al. (2006) shows that the Spitzer-8um-Po relations are
different for nuclear regions and HII regions of luminous infrared galaxies, possibly be-
cause of diffuse 8um emission associated with nuclear regions. Also many dwarf galaxies
do not follow the general correlation of star-forming galaxies (Wu et al. 2005). What
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Figure 3. From Schaerer et al. (2012). Left panel: various star formation histories. Right
panel: SFR/ Ly, for the various star formation histories as a function of time.
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would affect the mid-IR properties? Many efforts (Engelbracht et al. 2005; Wu et al.
2006; Wu et al. 2007; Siebenmorgen et al. 2004) have shown that both metallicity and
AGN activity can affect the mid-IR properties of galaxies. This will bias the estimate
of star formation rates. Some other factors, such as extinction and morphological type
(Li et al. 2007) can also affect the calculation of star formation rates. In fact the most
intrinsic factors involve the radiation field and dust. The strength and intensity of the
radiation field, as well as the chemical content and the distribution of dust grain sizes,
determine the deviation of the mid-IR-SFR relation for star-forming galaxies. Meanwhile,
in many early-type galaxies, the contamination from the some diffuse regions, which are
associated with old stellar populations rather than with current star formation, can also
play important roles in the emission arising from mid-IR bands.

As the mid-IR luminosity can trace the dust-obscured star formation and the Ha
luminosity can trace the unobscured star formation, a combined Ha/24pm luminosity
is introduced by Calzetti et al. (2007) and can trace the star formation rates almost
linearly (see also § 1.3). Zhu et al. (2008) and Kennicutt et al. (2009) confirmed Calzetti
et al. (2007)’s results and obtain the similar relation for combined Ha/8um luminosity.
The combined Ha/mid-IR luminosities are more robust to flucgtuations in radiation
field and dust content, and thus give an overall more reliable estimate of galaxy SFRs.
For example, dwarf galaxies obey the same correlation as normal star-forming galaxies.
However, as Spitzer was not a survey facility and its coverage was limited to a relatively
small portion of the sky, the mid-IR bands cannot be widely used as star formation rate
indicators. After the release of the AKARI full sky survey (Yuan et al. 2011), the mid-IR
luminosity could be widely employed. Moreover, the WISE 22um band is quite similar
to the Spitzer 24pm band.

After cross-matching star-forming galaxy data between WISE and that of SDSS,
a similar correlation was established between the combined Ha/22pum luminosity and
extinction-corrected Ha luminosity (Figure 4) as Zhu et al. (2008) did for Spitzer 24um.
The coefficient b = 0.020 is similar to that of Zhu et al. (2008) and Kennicutt et al.
(2009). For galaxies at higher redshift (z > 0.35) with only [OII]3727 emission line data
available, the [OII]3727 luminosity was employed instead of the Ho luminosity; a good
correlation between the combined [OI1]3727/22um luminosity and extinction-corrected
Ha luminosity is shown in Figure 4.

At longer (sub-millimeter) wavelengths the properties of galaxies were still unclear be-
fore the Herschel era. The Herschel data opened a new window to studying the cool dust
universe. For example, Dominguez et al. (2012) found the total IR luminosity is a good
star formation tracer in nearby galaxies by using Herschel PACS data. However, whether
or not a single SPIRE sub-millimeter band of Herschel can trace star formation of galax-
ies is still questionable. Using Herschel ATLAS science demonstration phase data cross-
identified with SDSS DR7 spectra, a sample of 297 galaxies was constructed and classified
into five morphological types; more than 40% of galaxies are peculiar/compact galaxies.
The peculiar galaxies show higher far-infrared /sub-millimeter luminosity-to-mass ratios
than other types. Wu and collaborators analyzed the correlations of far-infrared/sub-
millimeter and Ha luminosities for different morphological types and different spectral
types. The Spearman rank coefficient decreases and the scatter increases with the wave-
length increasing from 100pum to 500pm. These trends indicate that a single Herschel
SPIRE band is not adequate for tracing star formation activity in galaxies. Finally, AGNs
contribute proportionally less to the far-infrared /sub-millimeter luminosity; AGN galax-
ies show little difference from star-forming galaxies in these diagnostics. However, the
earlier type galaxies present significant deviations from the best-fitting of star-forming
galaxies.
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Figure 4. Correlations between the combined Ha/ WISE(22pm) luminosity, the combined
[OI1]3727/ WISE(22pm) luminosity, and the extinction-corrected Ha luminosity.

1.3. Composite Indicators of Star Formation Rates

Composite star formation rate indicators combine emission from unobscured star for-
mation at wavelength \; and emission from obscured star formation that reappears at
wavelength A,

L<)\l)corrected - L()\1>observed + G,L()\Q), (13>
where L(A1)corr has been previously calibrated as a star formation rate indicator (e.g.,
Kennicutt 1998; see also Figure 2). The ability to reliably combine two photometric mea-
surements to yield an extinction-corrected SFR is a powerful tool for situations where
spectroscopy-based extinction estimates are unavailable. Recent examples of such combi-
nations include Ha+24 pum or IR+UV (Hirashita et al. 2003; Iglesias-Péramo et al. 2006;
Buat et al. 2007; Calzetti et al. 2007; Elbaz et al. 2007; Daddi et al. 2007; Leroy et al.
2008; Zhu et al. 2008; Kennicutt et al. 2009; Liu et al. 2011; Wuyts et al. 2011). A direct
corollary to this approach is that the ratio of the obscured and unobscured components

can be used to estimate the amount of attenuation by dust (Prescott et al. 2007; Moore
et al. 2010; Hao et al. 2011), i.e.,

A(Ha) = 2.51og[1 + a(Ha)v L, (24pm)/L(Ha)) (1.4)

A(FUV) = 2.510g[1 4+ a(FUV)L(IR)/L(FUV)]. (1.5)
The latter relation involves the so-called “infrared excess” that is frequently used to
quantify the amount of attenuation by dust in galaxies (e.g., Meurer et al. 1995; see
Figure 5).

The dependence of the calibration constant (a(Ha) or a(FUV) in the above two in-
stances) on region size is described in § 1.4. Table 1 summarizes these calibration coeffi-
cients from literature studies of either “global” (spatially-integrated) emission or localized
emission, where available.

The scatter for all the different (global) composite indicators are similarly (and some-
what surprisingly) tight. In contrast, corrections for UV extinction via UV colors result
in nonlinearities and scatters 2.5 times larger (Hao et al. 2011).
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Table 1. Coefficients for Select Composite SFR Tracers

Composite SFR Relation Coefficient a Dispersion Region Reference
(dex)

L(Ha)cor = L(Ha)obs + aL(8pm) 0.011 + 0.003 011  Global (1), (2)

L(Ha)corr = L(Ha)obs + aL(24um) 0.020 £ 0.005 0.12 Global (1), (2)

L(Ha)corr = L(Ha)ons + aL(24pm)  0.031 % 0.006 0.3  Local (3)

L(Ha)corr = L(Ha)obs + aL(70um) 0.011 +0.001 0.24 Local (4)

L(Ha)eorr = L(Ha)ops + aL(TIR) 0.0024 £ 0.0006  0.09  Global (1)

L(FUV)eorr = L(FUV)ops 4+ aL(TIR)  0.46 £ 0.12 0.09  Global (5)
L(FUV)corr = L(FUV)ops + aL(25pm) 3.89 4+ 0.15 0.13 Global (5)

References: (1) Kennicutt et al. 2009; (2) Zhu et al. 2008; (3) Calzetti et al. 2007; (4) Li et al.

2013; (5) Hao et al. 2011

1.4. SFR Calibrations and Their Dependence on Region Size

Inspection of Table 1 shows a ~35% difference in the coefficient between the global and
local Ha+24 SFR indicators. The reason for this discrepancy is tied to the sizescale
over which the measurements are carried out. While the global coefficient stems from
studies of spatially-integrated emission, the local coefficient derives from the Calzetti
et al. (2007) study of “HII knots” of size ~200-600 pc. An important aspect of the
Calzetti et al. study is the subtraction of the “background” emission from each local
photometric measurement, which effectively removes the smooth galaxy emission that
underlies each HII knot. Comparisons with models shows that perhaps up to 50% of
a galaxy’s infrared emission derives from interstellar dust grains heated by the diffuse
radiation field that is unrelated to localized sites of star formation (Kennicutt et al.
2009).
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Figure 5. Example of the “IRX-3” relation for quantifying attenuation by dust as a function
of observed UV color (from Dale et al. 2009). The relation is tighter for starbursting systems,
and more loosely defined for normal star-forming galaxies.
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Likewise, infrared monochromatic SFR indicators can also show a region size depen-
dence, and for similar reasons as described above. For example, Li et al. (2013) find that
the SFR calibration coefficient for 70 um data changes by a factor ~2 for apertures span-
ning 0.1-10 kpc; their interpretation is that ~50% of the total 70 pym emission comes
from dust that is heated by stellar populations not associated with current star formation
(see Figure 6).

1.5. Measuring star formation rates with Spectral Energy Distributions

Star formation rates are basic output parameters of codes aimed at fitting spectral en-
ergy distributions (SED). By comparing data with models, one can attempt to derive
some physical parameters related to the star formation history and dust attenuation in a
homogeneous way and simultaneously for all galaxies of a given sample and at different
redshifts. In practice, the current SFR, the stellar mass, and the amount of dust attenu-
ation are commonly derived from broad-band photometry. Without spectral information
and given the high degree of degeneracy in the SEDs, details about the star formation
history are difficult to constrain implying an uncertainty on the determination of SFR.
We refer to Walcher et al. (2010) for an exhaustive review on SED fitting techniques.

With the availability of mid- and far-IR data for large samples of galaxies, codes
that combine stellar and dust emission to analyse SEDs are particularly useful. The
standard approach consists of solving the radiation transfer in model galaxies to build
self-consistent SEDs from the UV to the far-IR (see e.g. Bruzual & Charlot, 2003, for a
detailed description of these models, or refer to Popescu et al. 2011, and Silva et al. 1998).
These sophisticated models require complex calculations and are not directly applicable
to large samples of galaxies. Another tool consists of models based on a simple energetic
budget where the global dust emission corresponds to the difference between the emitted
and observed stellar light (da Cunha et al. 2008; Noll et al. 2009). These codes, based on
synthetic stellar population modeling and simple emission properties for the dust, are well
suited to analysing large datasets at the expense of an oversimplification of the physical
processes at work in galaxies. An example of spectral energy distributions generated by
the CIGALE code (Noll et al. 2009; http://cigale.oamp.fr) is shown in Figure?.

NGC5055
+

100Myr;,_ (@ Combined
. Y Li et al. (2010) -
NGE§945 & 1Gyr 4

Combined
L no bek sub

Crn

: 10Gye |
Li et ol. (2010) 2h,
no beck sub

Colzetti e!]l. (2010)

1 1 1

100 1000 10000
Region Size (pc)

Figure 6. Region size dependence of the 70 ym SFR calibration coefficient (taken from Li
et al. 2013).
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1.6. X-ray Emission as a Star-Formation Rate Tracer

X-ray emission from normal galaxies (i.e., not dominated by luminous active galactic
nuclei [AGN]) originates from a variety of components that vary dependent upon galaxy
type and physical properties (see, e.g., Fabbiano 1989, 2006 for reviews). For late-type
star-forming galaxies, X-ray emitting populations associated with both young and old
stellar populations are expected to provide dominant contributions (i.e., high-mass and
low-mass X-ray binaries, supernovae and their remnants, hot gas from starburst flows,
and young stars). Passive early-type galaxies, without significant star-formation activity,
have X-ray emission dominated by low-mass X-ray binaries (LMXBs) and hot X-ray
emitting gas (e.g., O’Sullivan et al. 2001; Gilfanov 2004; Boroson et al. 2011). For star-
forming galaxies, it has been observed that the X-ray power output is directly correlated
with the emission from other wavebands that are associated with star-formation activity
(e.g., UV, Ha, total IR, and radio), suggesting that X-ray emission may provide a useful
measure of the current SFR in galaxies (hereafter the X-ray/SFR correlation). Such a
prospect is attractive from a practical standpoint, since X-ray emission is penetrating in
nature, and therefore has the potential to provide an independent view of star-formation
activity in galaxies that does not suffer significantly from absorption. Understanding the
calibration of the X-ray/SFR correlation, its scatter, and its cosmic evolution has been a
rapidly advancing area of research. In this section we briefly highlight some recent results
with emphasis on hard X-ray emission as a tracer of the SFR.

1.6.1. The X-ray/SFR Correlation in the Local Universe

The local X-ray/SFR correlation has been calibrated for star-forming galaxies over
~5 orders of magnitude in SFR (e.g., Ranalli et al. 2003; Colbert et al. 2004; Persic &
Rephaeli 2007; Lehmer et al. 2010; Iwasawa et al. 2009; Pereira-Santaella et al. 2011;
Mineo et al. 2012a,b). Given the multiple components contributing to the X-ray emis-
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Figure 7. Example of SEDs generated by the CIGALE code assuming an age of 1 Gyr, an
exponentially decreasing SFR with a decay time 7 = 10 Gyr and different dust attenuation in
the V' band (from Noll et al. 2009).
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sion from normal galaxies, recent calibrations of the X-ray/SFR correlation have focused
on separating these components either spectrally (e.g., Lehmer et al. 2010 make use
of 2-10 keV emission dominated by X-ray binaries), or by spatially decomposing the
emitting components into point sources (X-ray binaries) and diffuse emission (hot gas,
unresolved binaries, and stars; see, e.g., Mineo et al. 2012a,b). Thanks to resolved imag-
ing of nearby galaxies with Chandra and XMM-Newton, we know that the X-ray/SFR
correlation at energies above ~1 keV is primarily driven by bright X-ray binaries. Of
the bright X-ray binaries in star-forming galaxies, LMXBs and HMXBs are expected
to provide substantial contributions, which are expected to trace the relatively old and
young stellar populations, respectively.

To account for the LMXB and HMXB contributions to the galaxy-wide hard X-ray
emission, Lehmer et al. (2010) gathered a Chandra-observed sample of 66 nearby normal
galaxies with good measurements of SFR and M, and fit their data to the following
relation:

Ly 19 xev = aM, + BSFR (16)

where Ly 1 ey is the galaxy-wide integrated 2-10 keV power output, and « and [
are constants, which to first order account for the emission of LMXBs and HMXBs,
and their scaling with M, and SFR, respectively. For a Kroupa (2001) IMF, the best-fit
values of these constants are a = (9.05 & 0.37) x 10 ergs s™' M and 8 = (1.62 &
0.22) x 10% ergs s7' (Mg yr=!)~!. The residual scatter in this relation is ~0.34 dex,
which is a ~0.14 dex improvement over a direct scaling of a direct linear scaling of
Ly_10 kev vs. SFR. More recently, Mineo et al. (2012a) studied in detail nearby galaxies
with high specific-SFRs (SFR/M, > 10~!° yr=!) and utilized spatial decomposition of
X-ray point sources to directly compute the HMXB X-ray luminosity functions of each
galaxy. Through this independent analysis, they provided a direct calibration for how
the HMXB luminosity of galaxies scales linearly with SFR (i.e., 8 from Equation 1.6).
This analysis produced a scaling similar to that found by Lehmer et al. (2010) once
differences between X-ray bandpass and IMF were accounted for. Despite the general
agreement between the X-ray/SFR, correlation, there remains significant scatter on the
order of ~0.3-0.4 dex. The remaining scatter is likely to be both intrinsically statistical
and physical in nature. Some unaccounted for physical dependencies to the correlation
in Equation 1.6 include dependencies on stellar age and metallicity (see, e.g., the models
from Fragos et al. 2013).

1.6.2. Cosmic Evolution of the X-ray/SFR Correlation

With the advent of ultradeep surveys with Chandra (e.g., the Chandra Deep Fields;
see Brandt & Hasinger 2005 and Brandt & Alexander 2010 for reviews), it has become
possible to study X-ray faint, cosmologically-distant normal galaxies, the majority of
which are powered by star-formation processes. At the flux limit of the deepest X-ray
survey to date, the 4 Ms Chandra Deep Field-South (CDF-S; Xue et al. 2011), the sky
density of normal galaxies may already be larger than that of AGN (Lehmer et al. 2012).
Initial investigations have placed first-order constraints on the evolution of the normal-
galaxy X-ray luminosity function (e.g., Norman et al. 2004; Ptak et al. 2007; Tzanavaris
& Georgantopolous 2008), which have provided evidence for a rapidly increasing normal-
galaxy X-ray luminosity density with redshift (proportional to [1+2]2~%), consistent with
the rising star-formation rate density of the Universe (e.g., Hopkins et al. 2004).

Analysis of the X-ray detected normal galaxies have shown that the X-ray/SFR cor-
relation appears to hold out to z &~ 1 (e.g., Cowie et al. 2012; Mineo et al. 2012¢; Ranalli
et al. 2012; Symeonidis et al. 2012; Vattakunnel et al. 2012). Powerful X-ray stacking
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Figure 8. (Left Panel) The local X-ray/SFR correlation from Lehmer et al. (2010). The data
shown in this plot are compiled from local normal galaxies (triangles; Colbert et al. 2004),
LIRGs (circles; Lehmer et al. 2010), and LIRGs/ULIRGs (black squares; Iwasawa et al. 2009).
The solid line represents the expected correlation given how HMXB and LMXB emission scale
with SFR and M., respectively, and how M, scales with SFR. (Right Panel) Mean values of
Ly_19 xev /SFR from the stacking analyses presented in Basu-Zych et al. (2012). The best-fit red-
shift-dependent parameterization is shown as solid curves (Equation 1.6.2), and the population
synthesis prediction from Fragos et al. (2013) is shown with dashed curves.

studies of large populations of normal star-forming galaxies selected by morphology and
galaxy physical properties (e.g., SFR and stellar mass) have provided more sensitive in-
sight into how the X-ray/SFR correlation has evolved over the majority of cosmic history.
Using the 4 Ms CDF-S, Basu-Zych et al. (2012) utilized results from the literature (e.g.,
Reddy & Steidel 2004; Laird et al. 2006; Lehmer et al. 2008) and large samples of thou-
sands of Lyman-break galaxies to show that the X-ray/SFR correlation undergoes very
mild evolution out to z & 4, which can be parameterized as follows:

log Lo 19 kev = Alog(1 + z) + Blog SFR + C, (1.7)

where A = 0.93 + 0.07, B = 0.65 + 0.03, and C' = 39.80 + 0.03 are fitting constants.
Additional indirect support for mild evolution of the X-ray /SFR correlation with redshift
has been provided by Dijkstra et al. (2012) who used the observed SFR density evolu-
tion of the Universe to show that the unresolved SB CXRB can be fully explained by a
Lx /SFR ratio o« (1+42)?, where b is constrained to be less than 1.4; consistent with Equa-
tion 1.6.2. The mild increase in the X-ray/SFR correlation is predicted from the X-ray
binary population synthesis modeling of Fragos et al. (2013) (see Fig. 1). The population
synthesis models predict that since higher redshift galaxies have lower metallicities, this
enables the production of a more massive and numerous compact object population and
more luminous X-ray binaries for a given SFR (see, e.g., Linden et al. 2010). Such a
dependence of the Lx /SFR ratio on metallicity may provide some physical explanation
for some of the scatter observed in the local X-ray/SFR correlation. Future studies of
both nearby and distant galaxies will be needed to more confidently parameterize the
effects of metallicity (and other physical parameters) on X-ray binary emission.

2. Local Star Formation

In a Cosmological or Extragalactic context, we are interested in understanding why
stars form where they do, whether the efficiency varies, and what factors influence the
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initial mass function (IMF) of the stars, rather than the details of the collapse of a cloud
core to a star. Over the last decade, it has become very clear that the star formation
rate per co-moving volume was much higher in the past, some 10 or 20 times the current
rate at a redshift of z ~ 0.5 — 1 (e.g., Heavens et al. 2004; Wilkins et al. 2008). In turn,
this shows that the transformation rate of gas into stars was considerably (factor of a
few at least) higher when the universe was roughly half its current age. Galaxies at that
time were smaller and of lower metallicity, such that naively at least one would expect
that the molecular-to-atomic gas mass ratio would be lower than today (Young et al.
1989; Casoli et al. 1998), making the higher efficiency even more surprising. This may or
may not be the case and one of the issues for the next generation of telescopes—ALMA
and SKA for the molecular and atomic gas respectively—is the measure of the amount
of each type of gas present in “average” spirals out to redshift unity or so. Even for
such powerful instruments, it will not be easy to measure the HI, CO, and submillimeter
continuum fluxes in order to estimate the gas masses. Furthermore, it is important to
spatially resolve the galaxies, separating the central kpc from the disk due to the different
gas temperatures and densities, in order to physically interpret the observational results.
However, for galaxies in the Local Group, at less than 1 Mpc, molecular clouds can
be resolved with large antennae and interferometers. Recent studies (e.g., Engargiola
et al. 2003; Rosolowsky et al. 2008; Gardan et al. 2007; Gratier et al. 2010; Leroy et al.
2006; Nieten et al. 2006), following the precursor work by Neininger et al. (1998) and
Wilson et al. (1997), have provided interesting results, enabling a comparison of the
ISM of galaxies of a variety of sizes, morphologies, and metallicities. Fortunately, within
1 Mpc we have a number of small star-forming galaxies—M33, the Magellanic Clouds,
NGC 6822, and IC10, in addition to the Milky Way and Andromeda (M31).

An equally interesting alternative is that the IMF has evolved substantially, such that
the measured star formation rates simply show that the number of massive stars has
increased. The parameter space for this alternative is being reduced due to the number
of concordant studies made at different wavelengths and the construction of galaxy Star
Formation Histories. Nonetheless, the assumption, often implicit, that the IMF remains
constant with cosmological epoch, host galaxy, or local conditions, requires further testing
whenever possible.

It is generally believed that the star formation cycle starts with clouds of atomic gas
(but see Allen et al. 1997), some of which condenses to form molecular hydrogen (Hy),
from which the stars form in the densest fragments. The most massive stars then create
HII regions and photo-dissociation regions (PDRs) and finally disperse much of the cloud.
In a way probably linked to the large-scale dynamics (e.g., spiral arms), the scattered
material forms clouds anew.

The Atomic gas: The atomic hydrogen is quite extended in galaxies, extending to
several times the optical extent in isolated objects. The HI has two stable phases—one
warm (~ 5000K) and diffuse and the other cool (~100K) and much denser. Presumably it
is this phase which is linked to molecular cloud formation and the subsequent stars. Deep
high resolution HI measurements, notably by Braun et al. (1997), have shown that the
cool phase dominates within the optically bright parts of spirals but that the outer parts
(beyond Rys5) contain essentially gas in the warm phase. However, the recent GALEX
UV observations show that star formation proceeds further out in galactic disks than
was believed previously and is spatially correlated with the HI, indicating that there
must be a mechanism compressing the warm HI such that it passes into the cool dense
phase and then into molecular gas and stars, even where the stellar content is very low.
It is not currently clear whether the stellar IMF is necessarily truncated, because the
UV is observed further out than Ho emission, or whether high mass stars are rare and
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short-lived enough that their probability of detection is very low (Boissier et al. 2007).
Going to smaller, lower metallicity, and more irregular objects, the warm phase appears
to dominate throughout as narrow HI line profiles are not seen. In general, molecular gas
(see below) is not observed in these objects but star formation is clearly present.

In spirals, the vast majority of the star formation takes place within Ry5 but in isolated
objects the rate of flow of gas from the outer disk to the inner disk is not sufficient to
replenish the gas gone into stars. Recent very deep observations (Sancisi et al. 2008;
Oosterloo et al. 2007) show that extra-planar gas is present in spirals. Does it come from
the gradual inflow from past tidal encounters or is it gas that has cooled out from the
warm ionized halo gas, becoming neutral and denser than its surroundings and falling
towards the disk? The upcoming long-wavelength instruments, SKA and the pathfinders,
will extend this work, particularly the southern instruments which have access to the
Magellanic Clouds, enabling truly high-resolution observations of the atomic component
and how its properties change in the vicinity of molecular clouds.

The Molecular gas: Molecular gas is the direct fuel for star formation. The primary
tracer of Hy is the CO molecule, the most abundant with an electric dipole moment,
observed in its rotational transitions at 115 GHz and multiples thereof. A secondary
tracer is the continuum emission of the cool dust near the Rayleigh-Jeans part of the
spectrum. Because both are metal-dependent, it is unclear to what extent and how these
tracers can be used to estimate the Hy mass and thus the Star Formation Efficiency
(SFE), the rate of star formation per unit molecular gas, especially in low-metallicity
systems. One naturally expects that if the nature of star formation varies with e.g.,
galaxy morphology, then this will be apparent in the SFE, whether due to a change in
the IMF (and thus the estimate of the SF rate) or to a real change in the efficiency of
conversion of Hy into stars. It is thus important to properly estimate the Hy mass.

The correlation both in space and velocity between molecular clouds and the HI is
excellent at large scales but breaks down when close to the cloud scale (~100 pc). A major
outstanding question is what provokes the transformation of HI into Hy. Comparing the
total gas surface density with the SFR as determined from the Ha brightness, Kennicutt
et al. (1989) found that a global Schmidt law of ogp o E};fs reproduced the data in his
sample and that the Toomre (1964) stability criterion provided a good estimate of the
gas surface density threshold for star formation. It now appears clear, with better CO
data than was available at the time of those articles, that within individual galaxies the
SFR follows the Hy surface density at scales larger than that of GMCs (e.g., Bigiel et al.
2008). Many lines of reasoning point to a threshold HI column density for Hy and star
formation (e.g., Schaye et al. 2004; Martin & Kennicutt 2001) but so far this has not
been unequivocally observed. And it is clear that while Hy (CO in most cases) only forms
where HI is present and is more likely to form where HI column densities are higher, for
any given (high) HI column density there can be quite a bit of Hy or often none at all.
Gardan et al. (2007) showed that in M33 the likelihood of Hy formation per unit gas
surface density diminished with radius beyond about 4 kpc. In addition to the Toomre
criterion, pressure has been proposed (Elmegreen & Parravano 1994; Blitz & Rosolowsky
2006) as the factor driving Hy and star formation. While the formalisms proposed provide
reasonable results in the bright regions of spirals, they do not predict discrete features
such as cut-offs or rings of star formation.

An interesting result, mentioned in passing by Blitz & Rosolowsky (2006) and Leroy
et al. (2006) and focussed on by Gardan et al. (2007) followed by Gratier et al. (2010)
and Braine et al. (2010), is that the small, subsolar metallicity, galaxies M33 and IC10
seem to have a higher SFE than the large spirals that dominate the universe today
(Murgia et al. 2002; Kennicutt 1998). Dib et al. 2011 have shown that in low metallicity
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environments the stellar winds are weaker, such that molecular clouds stay intact for
longer and transform more of their Hy into stars although this is probably not the only
cause of the increased SFE. An increase in the SFE is at least partially responsible for
the increase in the star formation rate per co-moving volume with redshift (Combes et al.
2012).

While the transformation of HI into Hy appears to be a medium to large scale process,
affected by spiral arms, pressure (related to the stellar surface density), and large-scale
compression such as by SN shock waves, the collapse to form stars appears to be a rather
local process; this is supported by the apparent constance of the stellar IMF. The basic
scenario for low-mass (i.e., solar-like) stars—gravitational collapse of a cool dense core,
formation of a disk and bipolar outflows perpendicular to the disk along the magnetic field
lines accompanied by an increase of the central temperature, dispersal of disk from stellar
winds and arrival of the star on the ZAMS—occurs at a tiny fraction of a parsec. Massive
star formation is more problematic as for spherical accretion, the radiation pressure from
the protostar should stop stellar growth. Several processes can overcome this problem
but require a dense environment and high accretion rates, possibly driven by large scale
(1-100 parsec) inflow along the filaments making up large-scale cloud structure. For these
reasons, combined with the generally less massive clouds (Gratier et al. 2012; Rosolowsky
et al. 2005) and clusters (Corbelli ef al. 2011 in the outer parts of spirals, and the idea
that the mass of the most massive star in a cluster varies with the cluster mass (Weidner
et al. 2011), it appears that massive stars are more easily formed in the inner parts of
spirals. Tracing the upper end of the stellar mass function is difficult because these stars
have very short main-sequence lifetimes and remain embedded, making it difficult to
separate a single very massive star from several less massive stars.

Star formation can be detected in many ways at many different wavelengths—(far)
ultraviolet, Ha, mid- and far-infrared emission from dust grains, thermal and non-thermal
radio continuum emission, as well as other recombination lines and broad-band colors.
Some suffer from extinction or require the presence of metals or magnetic fields. It has
been known for decades now that star formation generates bipolar outflows. Observing
clear signatures of inflow or accretion, although necessary for star formation, has not
proved so easy. As such, directly measuring accretion rates or identifying gas inflow
is one of the limiting factors in studying star formation and particularly massive star
formation.

Galactic and Extragalactic star formation studies are now meeting each other as galac-
tic astronomers try to observe star formation throughout the Galaxy (Schuller et al. 2009;
Molinari et al. 2010) and on large scales as extragalactic astronomers resolve star forming
regions in nearby galaxies. The latter studies have lower spatial resolution but do not
suffer from the distance uncertainties or extinction inherent to studies of our galactic
plane. Instruments with high spatial and spectral resolution such as ALMA are expected
to contribute greatly to the field of star formation, both by observing protostars in detail
and by observing the nearest galaxies with the same linear resolution as earlier studies
of the Milky Way.

3. Initial Mass Functions

The initial stellar mass function (IMF) determines the number of newly formed stars,
dN, per (initial stellar) mass interval, dm. The IMF is not measurable (Kroupa et al.
2013) but has been inferred on a star-by-star basis only in star clusters and associations,
i.e. on parsec scales. Access to the whole stellar mass range down to the regime of
brown dwarfs is only possible in the local region of the Milky Way, whereas counting
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massive stars is possible to some extend in nearby Local Group galaxies. Because stars of
different masses contribute differently to photometric pass-bands, the knowledge of the
functional form as well as the mass limits of the IMF are of fundamental importance for
the determination of star formation rates of galaxies. As these galaxies lie beyond the
region where star counts are possible, it has to be assumed that the IMF determined in
the Milky way can be applied on extragalactic systems.

3.1. The IMF in correlated star-formation events

Stars form in the densest regions of molecular clouds. These correlated star-formation
events (CSFEs) comprise from a few to millions of stars formed within characteristically
1 Myr and within a region with a radius of less than a pc (Marks & Kroupa 2012).
Some of these CFSEs, commonly also sinply known as embeeded star clusters, emerge to
become long-lived, gravitationally bound star clusters.

The empirical IMF inferred from Milky Way CFSEs shows a remarkable universality in
its functional form. The form of this universal or canonical IMF is most simply described
by a two-part power-law in the stellar regime,

&(m) = Z—Z oxm” (3.1)
with slopes a; ~ 1.3 between 0.07 Mg and 0.5 Mg, and ay = 2.3 above 0.5 Mg, where
the value of as is commonly referred to the “Massey-Salpeter” power-law index. Note
that this definition of the IMF refers to single objects, i.e. all multiple systems such as
binaries or triples are split up to single stars before counting (Kroupa et al. 2013). The
upper mass limit is discussed in detail in Sec. 3.3.

Different functional forms are also used in the literature. The most widely used form
beside the two-part power law is the log-normal form for stellar masses below 1 Mg
but with the same power-law part for m > 1 Mg (Kroupa et al. 2013). This leads to a
mathematically more complex object without the gain of physical reality. The physical
origin of the form of the IMF is still unclear and subject of theoretical and observational
research. But Andre et al. (2010) point out the remarkable similarity between the pre-
stellar core mass function and the stellar IMF, “suggesting a ~ one-to-one correspondence
between core mass and star/system mass with M, sys = € Moore and € = 0.4 in Aquila.”

3.2. The sub-stellar mass regime

It has been known for some time that brown dwarfs (BDs) are unlikely to form from
direct gravitational collapse in a molecular cloud such that the observationally deduced
mass function contains a significant surplus of brown dwarfs (Padoan & Nordlund 2002,
Padoan et al. 2007, Andersen et al. 2011, Hennebelle 2012). Interestingly, several authors
have claimed good agreement with the empirical (Chabrier 2003) IMF, but scrutiny of the
published work shows consistently significant disagreement (Thies, Pflamm-Altenburg &
Kroupa, in prep.). The reason is that the distribution of density maxima in a cold but
turbulent molecular cloud has very few peaks which can collapse through eigengravity
at the mass scale of a BD such that not much further material is accreted. Although
Withworth et al. (2007) and Whitworth et al. (2010) argue that BDs form a continu-
ous extension of the stellar distribution, the observational and theoretical evidence they
provide strongly suggests that BDs and stars have different properties in terms of their
pairing (Thies & Kroupa 2007, Thies & Kroupa 2008).

Recent work, however, came to the conclusion that the pairing properties of BDs and
stars do not show that BDs are significantly different from stars (Reggiani & Meyer
2011). But this result originates from the usage of the low-mass IMF from Bochanski
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et al. (2010) who fitted a log-normal with ¢ = 0.34 to a sample of 14 million stars
between 0.1 and 0.8 Mg. When extrapolating this very tight log-normal function into
the BD-regime drawing BDs is highly suppressed and few star-BD binaries are created
in Monte-Carlo simulations, in agreement with the observations. On the other hand,
when using the IMF which describes the BD-mass regime properly, a significant fraction
of BD-star binaries are expected (Kroupa et al. 2003, Thies & Kroupa 2007, Thies &
Kroupa 2008). The usage of the Bochanski-IMF for BD Monte-Carlo experiments is not
understandable as Bochanski et al. (2010) explicitly write in their abstract, ” We stress
that our results should not be extrapolated to other mass regimes”.

Kroupa et al. (2003) have tested the hypothesis that BDs and stars follow the exact
same distribution functions and exclude this hypothesis with very high confidence. The
various flavours of BDs that can in principle arise (collisional, photo-evaporated, ejected
embryos) have been discussed (Kroupa & Bouvier 2003b) with the result that in the
present-day star-forming conditions mostly the ejected embryo flavour dominates. The
original suggestion of this scenario has been updated by Stamatellos et al. (2007), Thies
et al. (2010), and Basu & Vorobyov (2012) by the argument that the gravitationally
pre-processed material in outer accretion disks is able to cool sufficiently rapidly upon
compression to allow direct gravitational collapse at the BD mass scale. The resulting
IMF of BDs compares remarkably well with the observationally deduced BD IMF (g =
0.3). The resulting binary properties of BDs are also accounted for naturally (Thies et al.
2010).

The BD IMF is thus a nearly flat power-law from the opacity limit for fragmentation
(my =~ 0.01 M) to an upper limit which transgresses the hydrogen burning limit. In
principle, arbitrarily massive “BDs” can form in very massive disks around massive stars
such that here the origin of stars vs BDs becomes blurred. Because massive stars are
exceedingly rare the stellar population formed through this disk-fragmentation channel
is negligible in comparison to the “normal” stellar population which results from direct
molecular cloud fragmentation.

Thus in order to correctly account for a stellar population with BDs most of the BD
population must be added in terms of a separate distribution function, as is also the case
for planets which follow their own mass distribution. The BD IMF can be expressed as
a nearly flat power-law with a continuous log-normal extension from the stellar regime
being ruled out.

A single continuous log-normal form for the stellar/BD IMF such as the Chabrier form
is therefore ruled out by the data.

3.3. The high-mass end of the IMF — a size-of-sample effect?

It is widely assumed that the IMF can be interpreted as an environmentally independent
probability density distribution function. This IMF has a constant functional form (see
Sec. 3.1) and a constant upper stellar mass limit of ~150 Mg (Weidner & Kroupa 2004,
Oey & Clarke 2005, Figer 2005, Koen 2006). In a recent study Crowther et al. (2010) find
that a few massive stars in the very young massive cluster R136 greatly exceed an upper
limit of 150 M. However, these few outliers can be understood as the stellar merger
product in the very dense central region of R136 although the initial stellar masses were
smaller than 150 Mg (Banerjee, Kroupa & Oh 2012).

In this context drawing an O star from the IMF is much less probable than drawing a
low-mass star. As a consequence, in low-mass star clusters the IMF is not fully populated
and they are void of massive stars due to the size-of-sample effect. However, serious doubts
arose over the last decade that the IMF can be interpreted as a pure invariant probability
density distribution function.

https://doi.org/10.1017/51743921314011934 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921314011934

Multiwavelength SFR Calibrations 511

The high-mass slope, ag (m > 1 Mg), fitted to the set of high-mass stars in individual
CSFEs, shows a distribution centred around the Salpeter-Massey index of a3 = 2.3. At
first sight this seems to be consistent with the expectation from random drawing. How-
ever, despite their youth the observed CSFEs are already dynamically evolved. Therefore,
the initial as-spread due to random drawing gets even larger as a result of dynamical
evolution. N-body simulations of star clusters show that the as-distribution resulting
from random drawing and dynamical evolution is broader than the observed distribution
of the high-mass slope (Kroupa 2001, Kroupa 2002). There are two possibilities for solv-
ing this discrepancy. The predominant finding of a Salpeter-Massey value of ag = 2.3 is
a sociological effect. Or the initial a3-distribution must be narrower than expected from
random drawing. But this means that the IMF in CSFEs can not be interpreted as a
pure invariant probability density distribution function (Kroupa et al. 2013). Instead, if
the IMF is a probability distribution function, it must be a constrained one. Or it may
not be a probability density function at all.

If the most-massive stars in a CSFE are determined by the size-of-sample effect, as
expected from random drawing, then low-mass clusters are typically void of massive
stars. Very few CSFEs would exist in which the stellar populations are dominated by one
massive O star. Furthermore, some massive stars would then have formed in complete
isolation. De Wit et al. (2004, 2005) analyse the Galactic-O-star catalogue and found
that 4 per cent of the Galactic O stars are candidates for massive star formation in
isolation. Gvaramadze et al. (2012) analyse these candidates thoroughly. The majority
are identified as being runaways based on bow-shock detections and using results from
orbit back-tracing from Schilbach & Réser (2008). The remaining set of candidates is then
reduced to one per cent. This little number of O-stars, for which a parent star cluster can
not be found, is in agreement with the expectation of two-step ejection, where a massive
binary is ejected dynamically from a young star cluster with a subsequent disintegration
in the Galactic field due to supernova explosion of the primary. As the new moving
direction of the secondary is arbitrary runaway can not be traced back to its parent star
cluster (Pflamm-Altenburg & Kroupa 2010). There is therefore no significant evidence
that massive stars can form in isolation.

If the most-massive-star in a CSFE is determined by the size-of-sample effect than
a relation between the mass of the most-massive stars and the total stellar mass of
the CSFE with a broad scatter emerges. In order to compare this prediction with the
observations an unbiased set of CSFEs is required and are selected by the following two
criteria: i) All star clusters must be younger than ~4 Myr in order to exclude star clusters
where the most-massive star has already exploded in a supernova (such clusters would
have a less massive most-massive star). ii) All star clusters must be still embedded in
their natal gas (otherwise the star clusters can have already expanded due to the effect of
gas expulsion (Kroupa et al. 2001) and may have lost a significant fraction of their stars
and are therefore reduced in mass). A thorough analysis by Weidner & Kroupa (2006)
and Weidner et al. (2010) shows that the observed relation between the most-massive
star and the stellar mass of the CSFE lies statistically significantly below the predicted
relation from the random sampling ansatz, therewith ruling out an invariant probability
density distribution interpretation of the IMF. Considering dynamical ejections of the
most-massive stars, this conclusion is not affected (Oh & Kroupa 2012, Pflamm-Altenburg
- in prep.).

Contrary to the results above, Maschberger & Clarke (2008) came to the conclusion
that “the data are mot indicating any striking deviation from the expectations of random
drawing”. But they restricted their analysis to the low-mass star cluster data from Wei-
dner & Kroupa (2006) and complemented them with additional low-mass star clusters
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including the data set from Testi et al. (1997, 1998). After finding a KS-probability of
10~ for an agreement with random sampling they removed the Testi-data from their
sample. After subsequently reducing the sample even further they finally end up obtain-
ing a KS-probability of 20 per cent for an agreement with random sampling. But, the need
of giving up the picture of a randomly sampled constant IMF described above is driven
by the result from the whole data of most-massive stars in star clusters and not only
by a tiny subset of low-mass star clusters as employed by Maschberger & Clarke (2008).
Furthermore, they have tested no alternatives. And finding that model A explains the
observations does not imply that model B is immediately shown to be wrong. It should
be mentioned here that the work by Maschberger & Clarke (2008) has been wrongly
cited by Lamb et al. (2010). They write: “Maschberger & Clarke (2008) complement the
WEKO06 data set with a sample of very small clusters from Testi et al. (1997) and find
that the resultant ensemble of clusters does not significantly deviate from the expectations
of a universal stellar IMF, when examining the correlation between the number of stars
in a cluster (N) and mpya 7. Such false citations to work which selects data in order to
achieve a pre-conceived result, as seems to be the case, lead to appreciable damage to
scientific progress.

The observational result that the formation of massive stars require a compact high-
mass environment is supported by the recent work by Hsu et al. (2012). They examine the
young stellar content of the low-density star-forming region L 1641 in the Orion A cloud
and find that it is deficient in O and B stars to a 3—4 ¢ significance level. This is in-line
with the result from hydrodynamical star-formation simulations, where the upper mass
limit of stellar groups scales with the number of stars of these subgroups (Maschberger
et al. 2010).

We can finally summarise that there is very strong evidence that the IMF can not
be treated as a pure invariant probability density distribution function and that the
formation of high-mass stars is not characterised by the size-of-sample effect but requires
a massive and compact. ie. dense, environment.

3.4. IMF wvariations under extreme conditions

The above discussion considers the IMF in young star forming regions in the Milky
Way. The functional slope of the IMF seems to be universal whereas the population of
the high-mass regime can not be driven by pure statistics. However, recent analyses of
observations show that the functional form of the IMF may have been different under
extreme conditions, which are not present in the star forming regions in the vicinity of
the Milky Way considered above.

Two indications exist that the IMF may have been bottom-heavy in cases of high
metallicity: 1) A hint at a possible variation of the IMF in the MW has emerged due
to present-day star-formation events possibly producing more low-mass stars than previ-
ously. This has been quantified as a metallicity dependence, a ~ 1.3+ 0.5[Fe/H] (Kroupa
et al. 2013). ii) From the study of massive elliptical (E) galaxies, it has emerged that
the IMF may have been significantly bottom heavy when the E galaxies formed. Based
on spectral analyses Cenarro et al. (2003) inferred o = 3.41 + 2.78[Fe/H] — 3.79[Fe/H]?
(for 0.1 < m/Mg < 100, although not explicitly stated in the paper). iii) A more recent
analysis by van Dokkum & Conroy (2010, 2011) also suggests an increasingly bottom
heavy IMF with increasingly massive E galaxies. This may be related to the postulated
cooling-flow-accretion population of low-mass stars (Kroupa & Gilmore 1994).

An unusual IMF in massive ellipticals is also reported by Cappellari et al. (2012)
based on their larger mass-to-light ratios. The authors conclude that this can be due
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to an bottom-heavy IMF (enriched by faint low-mass stars) as well as a top-heavy IMF
(enriched by non-luminous remnants of high-mass stars).

Whitworth et al. (1994) had already suggested that massive stars may preferentially
form in shocked gas. As reviewed in Kroupa et al. (2013) there has been much obser-
vational evidence for top-heavy IMFs in star-bursts. As these are observationally unre-
solved, this evidence was indirect and largely ignored. Observations of the assembly of
the stellar population over cosmological epoch have also been pointing to top-heavy IMF's
in the cosmological past, as otherwise there would be more low-mass stars locally than
are observed. Three independent more-direct lines of evidence for the IMF becoming
top-heavy with star-formation rate density have recently emerged:

Firstly: It is well known that ultra-compact dwarf galaxies (UCDs), which have a mass
scale of 105 — 108 M, have larger dynamical mass-to-light (M/L) ratios than normal
stellar populations. This is unlikely due to exotic dark matter as the phase-space available
in UCDs would not accommodate significant amounts of dark matter. Instead, a top-
heavy IMF would have lead to an overabundance of stellar remnants in UCDs which
would enhance their dynamical M/L ratios. Thus, the variation of the required ag,m >
1 Mg, can be sought to explain the dynamical M/L ratia (Dabringhausen et al. 2009).

Secondly: A larger-than-expected fraction of UCDs have low-mass X-ray bright sources
(LMXBs). In globular clusters (GCs), LMXBs are known to be formed from the dynami-
cal capture of stars by stellar remnants mostly in the core of the GCs. As the star evolves
the remnant accretes part of the star’s envelope thus becoming detectable with X-rays.
The LMXB population is constantly depopulating and needs to be replenished by new
capture events. Indeed, the theoretically expected scaling of the fraction of GCs with
LMXB sources with GC mass is nicely consistent with the observed data assuming an
invariant stellar MF. Applying the same theory to UCDs uncovers a break-down of this
agreement as the UCDs have a surplus of LMXB sources. By adding stellar remnants
through a top-heavy IMF when the UCDs were born, i.e. by allowing as to vary with
UCD birth mass, consistency with the data can be sought (Dabringhausen et al. 2012).

Thirdly: Low-concentration GCs have been found by de Marchi et al. (2007) to be
depleted in low mass stars while high-concentration GCs have a normal MF. This is
contrary to the energy-equipartition driven depopulation of low mass stars because more
concentrated clusters ought to have lost more low mass stars. It is also not consistent
with any known theory of star formation, because the low-concentration clusters are
found to typically have a higher metallicity which would, if anything, imply a surplus
of low-mass stars. The currently only physically plausible explanation is to suppose that
the young GCs formed compact and mass segregated and that the expulsion of residual
gas unbound a part of the low-mass stellar population. By constraining the necessary
expansion of the proto-GCs, correlations between metallicity, a3 and tidal field strength
emerge which constrain the very early sequence of events that formed the Milky Way as
well as the dependency of a3 on density and metallicity of the CSFE which can lead to
a bound long-lived globular cluster after emergence from the natal cloud (Marks et al.
2012).

Putting all this together (Marks et al. 2012, Kroupa et al. 2013), a consistent variation
of ag with density and metallicity of the CSFEs emerges: for m > 1 Mg,z > —0.89:
az = —0.41z + 1.94 with # = —0.14[Fe/H] + 0.991og,,(ps ), where ps = p/(10° Mypc—?)
and p is the density in M, /pc?. This translates into a star-formation rate density (SFRD)
assuming the CSFEs form within 1 Myr.

Thus, CSFEs with SFRD < 0.1 M /(pc® Myr) can be assumed to have an invariant
IMF with a3 = ay (subject to the possible variation with metallicity discussed above),
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while CSFEs with larger SFRDs tend towards top-heavy IMFs whereby the trend is
enhanced at lower-metallicities.

3.5. The IGIMF

The previous sections consider the stellar content in correlated star-forming events (CS-
FEs), i.e. essentially in embedded star clusters which need not be gravitationally bound
on emergence from their natal clouds. But when converting galaxy-wide photometric and
spectroscopic data into physical properties (e.g. SFRs) the galaxy-wide IMF has to be
known.

As stars form in CSFEs, i.e. in embedded star clusters or clusterings (Lada & Lada
2003, Allen et al. 2007), the galaxy wide-IMF has to be calculated by adding all IMFs
of all CSFEs in a galaxy, irrespectively of whether the distribution functions are pure
probability density functions or whether they are, at the other extreme, optimally sam-
pled distributions (Kroupa et al. 2013). This is the basic tenet of the integrated galactic
initial mass function (IGIMF) theory (Kroupa & Weidner 2003, Weidner et al. 2004).

In deriving the analytical IGIMF theory, the following empirical star formation laws
need to be considered: (i) The functional form of the IMF in each CSFE is invariant for
SFRD < 0.1 Mg/ (pc® Myr), becoming top-heavy for lager values of SFRD (Sec. 3.4).
(ii) The most-massive star in each CSFE scales with the stellar mass of the CSFE ac-
cording to the observations (Sec. 3.3). (iii) Observations show that the mass of the most-
massive CSFE (i.e. young star cluster) scales with the current SFR of a galaxy (Weidner
et al. 2004). This means that low-mass CSFEs are void of high-mass stars, and low-SFR
galazies do not host high-mass CSFEs.

The combination of these empirical relations leads to an IGIMF which differs from the
canonical IMF in a CSFE. The IGIMF becomes steeper in the stellar high-mass regime
with decreasing SFR (Weidner & Kroupa 2005, Pflamm-Altenburg et al. 2007). Thus with
decreasing SFR the fraction of high-mass stars among all newly formed stars decreases,
which is called the IGIMF-effect. At high galaxy-wide SFRs, the IGIMF becomes top-
heavy relative to the canonical IMF. At low SFRs the IGIMF becomes top-light relative
to the canonical IMF.

Consequently, as low-SFR galaxies have a smaller fraction of ionising stars, these galax-
ies have a higher SFR-Ha-luminosity ratio than Milky Way type galaxies (Pflamm-
Altenburg et al. 2007). Thus, if using a classical linear SFR-Ha-luminosity relation the
SFRs of dwarf galaxies are underestimated by up to two orders of magnitude. Correcting
the obtained SFRs for the IGIMF effect it emerges that dwarf galaxies are not ineffi-
cient in forming stars but have the same star-formation efficiency as Milky-Way type
galaxies. That is, it emerges that the SFR scales linearly with the gas mass of the galaxy
(Pflamm-Altenburg et al. 2009) and that galaxies have constant gas depletion time-scales
of =3 Gyr.

In contrast to the Ha luminosity which has its origin in the presence of ionising high-
mass stars, long-lived B-stars contribute most to the far ultraviolet (FUV) luminosity.
Thus the IGIMF-effect is very much stronger for Ha-radiation than for the FUV-flux.
This has been predicted in Pflamm-Altenburg et al. (2009) and is in remarkable agree-
ment with the observations by Lee et al. (2009).

The IGIMF-model can be refined into a local surface-density framework, where the
mass of the locally most-massive CSFE scales with the local gas density. This formula-
tion of the local IGIMF (LIGIMF) explains simultaneously the observed Ha cut-off in
the disks of star forming galaxies and their extended FUV-disks (Pflamm-Altenburg &
Kroupa 2008).
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Yields of chemical elements are effected by the IGIMF-effect as well. As the fraction of
high-mass stars decreases with decreasing SFR the effective oxygen yield should decrease
(Koppen et al. 2007). This automatically leads to a mass-metallicity relation of galaxies
as observed (Tremonti et al. 2004). In order to explain the observed mass-metallicity
relation of galaxies in terms of an invariant IMF, metal enriched outflows must be postu-
lated to be active in dwarf galaxies to account for the required low effective oxygen yields.
On first sight this might be plausible as lower-mass galaxies have shallower gravitational
potentials than large disk galaxies, and expanding supernova shells containing freshly
produced metals might escape easier from dwarf galaxies. In order to break the degener-
acy between the IGIMF-model, on the one-hand side, and the constant IMF model plus
metal enriched outflows, on the other hand side, one has to concentrate on galaxies with
different SFRs but equal gravitational potentials. This can be done by comparing low-
surface brightness galaxies (LSBs) with normal disk galaxies having the same rotational
velocity which is a proxy for the deepness of the gravitational potential. For the same
potential, the constant-IMF model combined with metal enriched outflows would pre-
dict that the effective yields are higher for LSBs than for normal disk galaxies, because
normal disk galaxies have higher SFRs and larger feedback by supernovae and metals
should escape easier reducing the effective, i.e. detectable, yields. The IGIMF-model, on
the other hand, predicts that the effective yields are higher for normal disk galaxies than
for LSBs because normal disk galaxies have higher SFRs and therefore flatter IGIMFs
and a larger fraction of high-mass stars. An analysis of effective oxygen yields of high-
and low-surface brightness galaxies show that the IGIMF model is in agreement with the
observations (Pflamm-Altenburg et al. 2011).

Furthermore, as Fe and a-elements have their main contribution from supernovae for
which the stellar progenitors have different masses, the IGIMF-effect predicts different
yields for both types of elements. Observations show that the [a/Fe] abundance ratio
decreases with decreasing velocity dispersion of early type galaxies. As lower-mass ellip-
tical (E) galaxies had smaller SFRs than high-mass E galaxies, the production rate of
a-elements should decrease faster with decreasing velocity dispersion than the produc-
tion rate of Fe. Recci et al. (2009) show that the observations are in agreement with the
expectation from the IGIMF-theory.

3.6. The IGIMF — ruled out?

Despite the most remarkable success of the IGIMF theory to naturally explain a large
variety of observational results, a number of authors claim to have falsified the theory.
These works are often cited by others uncritically as evidence against the IGIMF theory.
Here we briefly touch upon these works noting that a more thorough analysis will be
presented elsewhere.

The successful prediction of the Ha/UV luminosity ratio in dwarf galaxies by the
IGIMF theory has been challenged recently. Fumagalli et al. (2011) made Monte-Carlo
simulations of star forming galaxies by randomly sampling both distribution functions:
the star cluster mass function (CMF) of a star-forming galaxy and the IMF in each star
cluster. Therewith they unknowingly apply the basic tenet of the IGIMF theory because
they assume the IGIMF to be the result of the integration over all star clusters. They
nevertheless conclude “that a truncation in the IMF in clusters is inconsistent with the
observations”. But the description of their publicly available code (da Silva et al. 2012)
reveals that the relation of the most-massive star and the mass of the star cluster has
been implemented as a truncation limit of the IMF and not as the observed most-massive
star of the particular star cluster. This means that the additional under-sampling effect
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in their calculations leads to wrong results. The IGIMF has been implemented wrongly
by Fumagalli et al. (2011).

Calzetti et al. (2010) tested if low-mass star clusters are void of very massive-stars
due to physical constraints, as stated by the IGIMF theory which in turn is based on
the best observational material available from fully resolved star-forming regions, rather
than being purely statistical, as would be the case if the IMF and IGIMF were identical
and pure probability density distribution functions. In order to perform their test, they
used extragalactic observations: if the upper mass regime of the IMF in star clusters
is populated according to the size-of-sample effect then low-mass clusters must have
the same Ha-luminosity /star-cluster-mass ratio as high-mass star clusters if the sample
of low-mass star clusters is sufficiently large. They came to the conclusion that their
“results for NGC5194 show no obvious dependence of the upper mass end of the IMF
on the mass of the star cluster down to ~1(0° Mg ”. However, a thorough perusal of
their Figure 1 shows that the 1o error ellipse is slightly closer to the IGIMF-model than
to the expectation of pure random sampling. Other issues with this work by Calzetti
et al. (2010) will be published soon, and it is clear that their statements are based on an
incorrect account of the biases at work in extragalactic observations of individual star
clusters.

Weisz et al. (2012) compare the spread of Ha luminosities of galaxies with the same
FUV-luminosity. They argue that “these results demonstrate that a variable IMF alone
has difficulty explaining the observed scatter in the Hoa-to-FUV ratio”. They favour that
the variability in the star formation history is responsible for the observed spread. How-
ever, Weisz et al. (2012) utilize a fully populated IMF, which is scaled to match the
observed luminosities. This means that even in low-star formation rate galaxies, where
the classical picture of the IMF requires the size-of-sample effect, their IMF is fully popu-
lated. In their model, dwarf galaxies would have fractions of O stars with the correspond-
ing fraction of their hard-photon flux, which is unphysical. Thus again, this approach at
testing the IGIMF theory suffers from an unphysical approach.

Taking the analytical IGIMF theory, according to which all distribution functions
are optimally sampled density distributions following the empirical correlations stated
above, then the predictions of this theory are precise. In comparing with observational
data, such as extragalactic ones, it needs to be remembered that the observational data
always carry observational uncertainties (random errors) and biases (systematic errors)
which can never be removed. Thus, an observational ensemble of star-forming galaxies
will always show a significant scatter which may, however, be unphysical.

The IGIMF-model as an analytic formulation can not account for fluctuations in the
upper mass regime of the IMFs in star clusters (e.g. through stochastically occurring
stellar mergers). An extended formulation of the IGIMF-theory may be capable to pre-
dict physical spreads of Ha luminosities of galaxies in the future. But first it has to
be clarified how the upper mass regime of the IMF is populated and which physical
processes are responsible for the spread in the high-mass regime of the IMF. The only
clear fact at the moment is that this regime can not be populated according to the
size-of-sample effect, that is, the IMF is not a pure probabilistic distribution function
(Sect. 3.3). As such, the analytical IGIMF theory is based on the observed relation of
the most-massive star in a CSFE as a function of the CSFE stellar mass, and on the
observed relation of the most-massive young CSFE as a function of the current SFR of a
galaxy. These relations determine the typical mass of the most-massive star in a CSFE
and the typical mass of the most-massive young star cluster in a galaxy. Consequently,
the analytical IGIMF-theory specifies the typical galaxy-wide IMF of a galaxy for a given
SFR.
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Nevertheless, the published papers discussed here (e.g. Fumagalli et al. 2011, Sharma
et al. 2011, Relano et al. 2012) are wrongly misused as evidence against the basic concept
of the IGIMF theory. Detailed perusal of this published work shows that so far there is
no rigorous evidence against the IGIMF-theory as being the correct description of star
formation in galaxies.

4. SFR determinations from SED modelling

During this meeting we have discussed a lot about different methods of deriving star
formation rates in galaxies and what the advantages and disadvantages of using different
calibrations are (see the comprehensive review talk by Veronique Buat at this meeting;
see also review by Calzetti 2012). During the session on SFR determinations from SED
modelling, but also throughout the meeting, two SED modelling approaches have been
presented and discussed: the energy balance method and the radiative transfer modelling.

The energy balance method relies on the conservation of energy between the stellar light
aborbed by dust and that emitted (by the same dust) in the mid-IR/far-IR /submm. This
is by far a superior method to only fitting SED templates in a limited spectral range (see
talk by Denis Burgarella). Nonetheless, the energy-balance method is not a self-consistent
analysis, since the SED of dust emission is not calculated according to the radiation fields
originating from the stellar populations in the galaxy under study, but rather according
to some templates. The templates can be either empirical (Xu et al. 1998, Devriendt
et al. 1999, Sajina et al. 2006, Marshall et al. 2007) or theoretical (Dale & Helou 2002,
Draine & Li 2007, Natale et al. 2010). At this meeting we saw applications of two energy
balance methods, MAGPHYS (da Cuhna et al. 2008) and CIGALE (Burgarella et al.
2005, Noll et al. 2009). The energy balance method is a useful tool when dealing with
large statistical samples of galaxies for which little information is available regarding
morphology/type, orientation and overall size. This advantage comes nevertheless with
the disadvantage that the energy balance methods cannot take into account the effect on
the dust attenuation and therefore also on the dust emission of the different geometries
of stars and dust present in galaxies of different morphological types, neither can it take
into account the anisotropies in the predicted stellar light due to disk inclination (when
a disk geometry is present). These methods can therefore only be used in a statistical
sense, when dealing with overall trends in galaxy populations.

The radiative transfer method is the only one that can self-consistently calculate the
dust emission SEDs based on an explicit calculation of the radiation fields heating the
dust, consequently derived from the attenuated stellar populations in the galaxy under
study. At this meeting we saw applications of the RT model of Popescu et al. (2011).
This method can take advantage of the constraints provided by available optical infor-
mation like morphology, disk-to-bulge ratio, disk inclination (when a disk morphology
is present) and size. As opposed to the energy balance method, this advantage comes
with the disatvantage that such information is not always easily available. Nonetheless
these radiation transfer methofs could perhaps be adapted to incorporate this informa-
tion (when missing) in the form of free parameters of the model, though such attempts
have not yet been made. Another drawback of these methods was that radiative transfer
calculations are notorious for being computationally very time consuming, and as such,
detailed calculations have been mainly used for a small number of galaxies (Popescu
et al. 2000, Misiriotis et al. 2001, Popescu et al. 2004, Bianchi 2008, Baes et al. 2010,
MacLachlan et al. 2011, Schechtman-Rook et al. 2012, de Looze et al. 2012a,b). This sit-
uation has been recently changed, with the creation of large libraries of radiative transfer
model SEDs, as performed by Siebenmorgen & Krugel (2007) for starburst galaxies,
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Figure 9. The attenuation-inclination relation from Driver et al. (2007). The symbols deliniate
the empirical relation derived for disks from the Millenium Galaxy Survey while the solid line
is the prediction from the model of Tuffs et al. (2004).

Groves et al. (2008) for star-forming regions/starburt galaxies and Popescu et al. (2011)
for spiral galaxies.

Reviews on determination of star-formation in galaxies have so far not included discus-
sions on the use of radiative transfer methods, with the exception of the review of Kylafis
& Misiriotis (2006). With the new developments resulting in the creation of libraries of
RT models, we can now start to include radiative models as main topics of discussion.
Indeed, at this meeting we emphasised that they are in fact the most realible way of de-
riving star formation rates in galaxies. In this way the SFRs are derived self-consistently
using information from the whole range of the electromagnetic spectrum, from the UV
to the FIR/submm, incorporating information with morphological constraints (primar-
ily from optical imaging). Here we did not consider radio and Xray emission, though
these emissions have been discussed in other sessions of this meeting (e.g. talk by Bret
Lehmer). In particular the SED modelling has been discussed in conjunction with the
most difficult cases, namely those of translucent galaxies: galaxies with both optically
thin and thick components. In one way optically thin galaxies are more easily dealt with,
since most of the information on SFR can be derived from the UV. Very optically thick
cases are also easy from this point of view, since SFR can be derived from their FIR
emission, providing one can isolate the AGN powered emission. But the most difficult
cases are the translucent galaxies. These are essentially the spiral galaxies in the Local
Universe, and probably a large fraction of the star forming dwarf galaxies - which dom-
inate the population of galaxies in the Local Universe, and which also host most of the
star formation activity taking place in the local Universe. We showed in this meeting how
important it is to quantify this star formation activity. We also discussed how important
it is to quantify the star formation activity in the high redshift Universe; it is just that
for the moment we do not have enough detailed information to be able to do the same
type of analysis that we can now do for the Local Universe. Here I will summarise the
main points we addressed:

1. Why is it so difficult to calibrate SFR in spiral galazies and why do we need to follow
the fate of photons with radiative transfer calculations?

e Fundamentally, any fixed observed luminosity in dust emission can be powered either
by a small fraction of a large quantity of optical light from older stellar populations, or
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by a large fraction of a small quantity of UV light from younger stellar populations. Only
radiation transfer techniques can unravel this dichotemy.

e Because of the disky nature of these systems, the direct UV and optical light is highly
anisotropic, and the attenuation of the stellar photons will depend on the viewing angle
and wavelength. Fig. 9 illustrates the strong dependence of the observed luminosity of
stellar disks on the viewing angle.

e Dust in galaxies has a very complex structure, containing both diffuse components
on kiloparsec scales, as well as localised components, at the pc scales, associated with the
star forming regions. The escape of radiation from these two components is very different,
as it is the heating of dust in the diffuse medium and in the star-forming clouds.

e Disk galaxies have different morphological components, in particular disks and
bulges. The attenuation characteristics of disks is very different from those of bulges
(see Fig. 10) and these need to be properly taken into account when dealing with the
integrated emission from galaxies.

e Different stellar populations have different spatial distributions with respect to
the dust distribution, and again their attenuation characteristics will differ, as will their
contribution to heating the dust. Fig. 10 illustrates the different behaviour of the varia-
tion of attenuation of light coming from different stellar populations with inclination and
dust opacity. Fig. 11 also shows how the dust and PAH emission SEDs are changed for
various contributions coming from the old and young stellar populations in the disk, as
well as from the old stellar populations in the bulge.

2. Why do SFR calibrators work?

SED modelling tools based on self-consistent radiative transfer calculations can be used
to predict the scatter in the SFR calibration relations, as a function of the main intrinsic
parameters that can affect these relations. Several of these relations have been presented.
In Fig. 12 we only show predictions for the SFR calibration based on monochromatic FIR
luminosities when the dust opacity changes. The predictions are based on the model of
Popescu et al. (2011). The figure shows a very large scatter in the correlations. A similar
large scatter is predicted for correlations corresponding to various contributions coming
from the old stellar populations, or for the clumpiness of the ISM. For the UV calibrators
large scatters are also predicted when some of the relevant parameters (viewing angle,
dust opacity, bulge-to-disk ratio and clumpiness of the ISM) vary. Overall it is apparent
from these plots that the predicted scatter in the SFR correlations due to a broad range
in parameter values is larger than observed in reality. The question then arises of why
are the SFR calibrators working, despite, for example, the very crude dust corrections
that have been so far used in the community? A possible answer is the existence of some
scaling parameters, which do not allow a continuous variation in parameter space, in
particular for dust opacity or stellar luminosity. Recent work from Grootes et al. (2013)
proved the existence of a well-defined correlation between dust opacity and stellar mass
density. The correlation was derived on data coming from Galaxy and Mass Assembly
(GAMA) survey (Driver et al. 2011) and the Herschel ATLAS survey (Eales et al. 2011),
in combination with the model of Popescu et al. (2011). These finding give support to the
interpretation of the existence of fundamental physical relations that reduce the scatter
in the SFR correlations.

3. A word of caution

We have identified some points where things should be treated more carefully in the
future:

e The energy balance method should not be used on scales smaller than the scalelength
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Figure 10. Predictions for the attenuation-inclination relation for different stellar components
from Tuffs et al. (2004). From bottom to top the curves correspond to central face-on B band

optical depth 75 of 0.1,0.3,0.5,1.0,2.0,4.0,8.0

of the disk, as the energy is not conserved below these scales. The role of long range
photons in the diffuse ISM should not be underestimated, in particular by considering an
average free path of photons in the disk. This is because the free path of photons firstly
depends on radial position in the galaxy (disk), where dust opacity is known to decrease
monotonically with radius (e.g. Boissier et al. 2004, Popescu et al. 2005). Secondly, there
is also a vertical distribution of dust, and the free path of photons in vertical direction will
be different from that in radial direction. One also needs to add the contrast between arm
and interarm regions. Finally, the escape of photons from star-forming clouds is strongly
anisotropic and fragmented, because of the fragmentation of the clouds themself. Thus,
in some directions the stellar light is completely absorbed by dust, while there are lines
of sight from which the radiation freely escapes in the surrounding diffuse medium. The
multiple facets of the transfer of radiation in galaxies, including the effect of scattered
light, means that energy balance method should not be applied on a pixel by pixel basis,
as sometimes employed in the literature.

e Mid-IR emission should not only be identified with “small grain” emission, where by
small grain we mean stochastically-heated grains. In fact in the range 24 — 60pum most
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Figure 11. Predictions for dust and PAH emission SEDs based on the model of Popescu et al.
(2011). In going clock-wise from the top-left, the different panels show the effect of changing the
dust opacity, the luminosity of the young stellar populations (SFR), the luminosity of the old
stellar populations (old) and the bulge-to-disk (B/D) ratio. In each panel only one parameter
at a time is changed, while keeping the remaining ones fixed.
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Figure 12. Predictions for the relation betwween the 70 ym (left) and 160 gm luminosity versus
SFR based on the model of Popescu et al. (2011). From bottom to top the curves correspond to
central face-on B band optical depth values of 0.1,0.3,0.5,1.0,2.0,4.0 and 8.0.

of the dust emission is powered by big grains heated at equilibrium temperatures by the
strong radiation fields in the star-forming complexes.

e The ratio between mid-IR (PAH range) emission to FIR emission cannot be inter-
preted only in terms of relative abundances of PAH to big grains. One should also take
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Figure 13. Dust effects on the derived scalelength of disks fitted with exponential functions
(left) and on the derived effective radius of disks fitted with variable index Sérsic functions, from
Pastrav et al. (2013). Both plots are for the B band. From bottom to top curves are for a central
face-on dust opacity in the B band of 0.1,0.3,0.5,1.0,2.0,4.0,8.0.

into account the change in the colour and intensity of the radiation fields heating the
dust, which also result in strong variations of mid-IR to FIR emission.

e Do we really need to accurately know the absolute star-formation rates in galaxies?
Perhaps we can live with some approximations, which would be good enough to allow us
to derive trends in galaxy populations over cosmic time. A definitive no has been given
to this suggestion. An inability to measure absolute SFR would severely limit our ability
to constrain physical models of galaxies and the evolving universe. For example, only if
we have absolute measurements of SFR will we be able to relate measurements of SFR
to measurements of gas content of galaxies in terms of physical models predicting the
amount of gas in the ISM and the efficiency of conversion of the ISM into stars. Pavel
Kroupa also gave convincing statistical argumentation on the need to measure accurate
SFRs in the discussion session.

4. What else have we learned?

e Applications of self-consistently calculated model SEDs strongly rely on scaling them
according to measurements of the surface area of the stellar disk of the modelled galaxy,
which, in turn, depends on an accurate decomposition of the main morphological compo-
nents of galaxies as observed in the UV /optical. Bogdan Pastrav showed that the derived
scale-sizes of stellar disks of galaxies are strongly affected by dust (see Fig. 13), and that
a proper determination of the intrinsic distributions of stellar emissivity, and thus of
star-formation rates, needs to self-consistently take into account these effects.

e Several panchromatic surveys, with detailed information on bulge-to-disk ratio, in-
clination and disk size are underway, making these databases ideal for determinations of
SFR using radiative transfer models. Andreas Zezas presented “The Star-Formation Ref-
erence Survey” (Ashby et al. 2011), a unique statistical sample of 369 galaxies selected
to cover all types of star-forming galaxies in the nearby universe. The survey overlaps
with the SDSS and NVSS areas and has GALEX, SDSS, 2MASS, Spitzer and NVSS
multiband photometry and planned bulge-disk decompositions of optical images, which
will make it ideal for self-consistent and systematic determinations of SFRs. It will also
asses the influence of AGN fraction and environment on SFR.
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e Denis Burgarella presented applications of the CIGALE SED fitting method on the
Lyman break galaxies at 2.5 < z < 4 detected in the Far-infrared with Herschel and
implication for star formation determinations at high redshift.

e Andrew Hopkins showed results on SFRs derived from applications of the energy
balance method on the GAMA survey. Applications of radiative transfer techniques to
the de-reddening of GAMA galaxies by Grootes et al. (2013) were presented in the review
of C. Popescu.
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