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Key questions

• Were actively star-forming galaxies at high-z 
similar to their local counterparts?

• What triggered star-formation at high-z?

• What was the role of mergers? 

• What shut off the cosmic star formation 
since z ~ 1?

to understand the environment where most 
stellar masses in the universe were formed
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The Peak Epoch of Cosmic Star 
Formation and Galaxy Assembly Activities

Hopkins & Beacom 05; Perez-Gonzales et al. 2008

et al. (2006). A parallel set of assumptions to step (2) regarding
the generation of SNe Ia lead to predictions for the SN Ia rate
density, and this is explored in some detail with tantalizing im-
plications regarding the extent of the SN Ia delay time.

In x 2 we update the SFH data compilation of Hopkins (2004)
and address some of the assumptions that affect the normalization.
We identify the best parametric fit to the most robust subset of this
data in x 3, consistent with the !e limits fromSK. In x 4we present
the results of this fitting in terms of the stellar and metal mass
density evolution and the SN II and SN Ia rate evolution. The im-
plications for the assumed IMF and SN Ia properties are discussed
further in x 5.

The 737 cosmology4 is assumed throughout, with H0 !
70 km s"1 Mpc"1, !M ! 0:3, and !" ! 0:7 (e.g., Spergel et al.
2003).

2. THE DATA

The compilation of Hopkins (2004) was taken as the starting
point for this analysis, shown in Figure 1 as gray points. These
data are reproduced from Figure 1 of Hopkins (2004) and use
their ‘‘common’’ obscuration correction where necessary. Ad-
ditional measurements are indicated in color in Figure 1. For
z P 3, these consist of FIR (24 "m) photometry from the Spitzer
Space Telescope (Pérez-González et al. 2005; Le Floc’h et al.
2005) and UVmeasurements from the SDSS (Baldry et al. 2005),
GALEX (Arnouts et al. 2005; Schiminovich 2005), and the
COMBO17 project (Wolf et al. 2003). At z ! 0:05, a new radio
(1.4 GHz) measurement is shown (Mauch 2005), which is highly
consistent with the FIR results, as expected from the radio-FIR
correlation (Bell 2003a). Also at low redshift (z ! 0:01) is a new
H#-derived measurement (Hanish et al. 2006). At higher red-
shifts, additional SFHmeasurements come from the Hubble Ultra
Deep Field (UDF; Thompson et al. 2006) and from various pho-
tometric dropout analyses, probing rest-frame UV luminosities
(Bouwens et al. 2003a, 2003b, 2006; Ouchi et al. 2004; Bunker
et al. 2004). The UDFmeasurements of Thompson et al. (2006)
are derived through fitting spectral energy distributions to the
UDF photometry using a variety of templates with a range of
underlying assumptions. In particular, this includes different IMF
assumptions for different templates. Although we show these
measurements in Figure 1 for illustrative purposes (having scaled
them, assuming they were uniformly estimated using a Salpeter
1955 IMF), we do not include them in subsequent analyses, as
there is no clear process for scaling these measurements to our as-
sumed IMFs in the absence of a commonoriginal IMF assumption.

2.1. SFR Calibrations

Throughout we assume the same SFR calibrations as Hopkins
(2004). Uncertainties in the calibrations for different SFR indi-
cators will correspond to uncertainties in the resulting SFH nor-
malization for that indicator. Issues regarding SFR calibrations
are detailed in Moustakas et al. (2006), Kennicutt (1998), and
Condon (1992). Perhaps the most uncertain calibrations are the
radio (1.4 GHz) and FIR indicators (although the [O ii] indicator
has a similar level of uncertainty). For FIR SFRs, Kennicutt
(1998) indicates a variation of about 30% between calibrations
in the literature. Bell (2003a) refines the 1.4 GHz calibration
of Condon (1992), following an exploration of the origins of the
radio-FIR correlation, and the implication is that the radio SFR
calibration has about the same uncertainty as the FIR, assuming

no contamination by emission from an active galactic nucleus
(AGN). More significantly, however, for individual galaxies
there can be large differences, up to an order of magnitude, in the
SFRs inferred through different indicators (e.g., Hopkins et al.
2003), although on average for large samples there is a high level
of consistency. This is reflected in the overall consistency be-
tween SFR densities, $̇#, estimated from different indicators, with
at most about a factor of 2 or 3 variation (which also includes
the uncertainty in dust obscuration corrections, where relevant).
This scatter is still notably larger than the uncertainties in in-
dividual SFR calibrations and is suggestive of the overall level
of systematic uncertainty in the individual calibrations. It is likely
that this reflects subtleties such as low-level AGN contamination
in various samples, the difficulties with aperture corrections where
necessary, dust obscuration uncertainties (discussed further be-
low), and other issues. It is for these reasons that we neglect the
details of the underlying SFR calibrations, as their small formal
uncertainties are dominated by these larger systematics. Fur-
thermore, the effect of these systematics between different SFR
indicators acts to increase the scatter in the overall SFH compi-
lation, rather than to systematically shift all measurements in
a common direction. So even the factor of 2Y3 variation here
cannot be viewed precisely as an uncertainty on the SFH nor-
malization. In this sense, the level of consistency between $̇#
measurements using dramatically different samples and SFR in-
dicators, over the whole redshift range up to z $ 6, is actually
quite encouraging.

2.2. Dust Obscuration Corrections

The issue of dust corrections is complex and has been ad-
dressed by many authors (e.g., Buat et al. 2002, 2005; Bell
2003b; Calzetti 2001). Hopkins (2004) compared assumptions4 Thanks to Sandhya Rao (Rao et al. 2006) for this terminology.

Fig. 1.—Evolution of SFR density with redshift. Data shown here have been
scaled, assuming the SalA IMF. The gray points are from the compilation of
Hopkins (2004). The hatched region is the FIR (24 "m) SFH from Le Floc’h
et al. (2005). The green triangles are FIR (24 "m) data from Pérez-González et al.
(2005). The open red star at z ! 0:05 is based on radio (1.4 GHz) data from
Mauch (2005). The filled red circle at z ! 0:01 is the H# estimate from Hanish
et al. (2006). The blue squares are UV data from Baldry et al. (2005), Wolf et al.
(2003), Arnouts et al. (2005), Bouwens et al. (2003a, 2003b, 2005a), Bunker et al.
(2004), and Ouchi et al. (2004). The blue crosses are the UDF estimates from
Thompson et al. (2006). Note that these have been scaled to the SalA IMF,
assuming they were originally estimated using a uniform Salpeter (1955) IMF.
The solid lines are the best-fitting parametric forms (see text for details of which
data are used in the fitting). Although the FIR SFHof Le Floc’h et al. (2005) is not
used directly in the fitting, it has been used to effectively obscuration-correct the
UV data to the values shown, which are used in the fitting. Note that the top
logarithmic scale is labeled with redshift values, not (1% z).
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density of the order of 30%–40% (depending on the redshift)
with respect to the average density. For example, the stellar mass
density locked in galaxies with M > 1011 M! at z > 2 is 15%–
20% lower in CDF-S than the average of the three fields, a
slightly lower underdensity than that observed by van Dokkum
et al. (2006) comparing three"100 arcmin2 fields (they calculate
a 40% difference of the CDF-S with the average).

Figure 5 shows that there is a relatively large increase (by a
factor of "1.4) in the stellar mass density of the universe in the
last 4 Gyr (from z " 0:4 to z # 0). This large difference could be
due to an overestimation of the local stellar mass density (sug-
gested by, for example, Fontana et al. 2004) or an underestimation
of the density at z " 0:3 (for example, if low-mass objects below
our detection limit have a nonnegligible contribution to the stellar
mass density at this redshift). However, all the estimations of the
local density are very similar (differences of less than 5% between
our value and those found by Salucci & Persic 1999, Cole et al.
2001, and Bell et al. 2003; even higher values are found by
Fukugita et al. 1998, Kochanek et al. 2001, and Glazebrook et al.
2003), and the same occurs for the different estimations at 0:2 <
z < 0:4 (Brinchmann & Ellis 2000; Borch et al. 2006). As we
discussed in x 5.4, this significant recent evolution of the stel-
lar mass density is mainly due to a "60% increase in the num-
ber density of galaxies with 109PM P 1011 M!. Assuming an
average value of the cosmic SFR density of approximately
0.03 M! yr$1 at 0:0 < z < 0:4 (Hopkins & Beacom 2006; see
also Tresse et al. 2007 and Fig. 7), and a 28% gas recycle factor
(see x 7.1 for details), we calculate that the stellar mass density of
the universe has grown by 108:0%0:1 M! Mpc$3 from z # 0:4 to
z # 0:0 (in"4.3 Gyr) by just star formation. This is 55% % 10%
of the stellar mass density change at z < 0:4. Therefore, the re-
maining change in stellar mass density ("107:9%0:1 M! Mpc$3)
must have occurred by either accretion of small satellite galaxies
or major mergers between gas-depleted galaxies (i.e., mergers
accompanied by very little star formation), as also suggested by
Tresse et al. (2007). In addition, given that both in the local uni-
verse and at 0:2 < z < 0:4 the SMFs steepen at low stellar masses
(M P 109:0 M!), the minor merger possibility (accretion ofM P
109:0 M! galaxies producing very few or even no new stars at all )
seems to be favored, to the detriment of the existence of major
mergers.

The evolution in the previous 3–4 Gyr (between z " 1:0 and
z " 0:4) was slightly slower. About 25% of the local stellar mass
density was assembled in that period, adding up a total decrease
of about 50% in the stellar mass density from z # 0 to z # 1.

At z " 1:0 (8 Gyr ago), the evolution of the stellar mass
density of the universe becomes faster (approximately a factor
of 2), just when the cosmic SFR density reaches a maximum
(see, e.g., Pérez-González et al. 2005) and the galaxies withM k
1010:5 M! dominate the production of stars in the universe. The
rate at which the universe is creating stars stays at approximately
a constant level or decays very slowly from z " 1 up to at least
z " 2 (10 Gyr ago). Between z " 1 and z " 2, the density of gal-
axies withM k 1010:5 M! decreases significantly (by a factor of
3–4). This population of galaxies, evolving rapidly at 1 < z < 2
(in about 2 Gyr), seems to be dominated by early-type objects
(see, e.g., Abraham et al. 2007).

Beyond z " 2, the errors in the stellar mass density estimates
and the differences between the observed and extrapolated val-
ues become increasingly larger. We find that the rate at which
stars are being formed remains constant or even increases slightly,
while the giant galaxies with M "1012:0 M! are finishing the
assembly of most of their stellar mass.

These different steps in the assembly of the cosmic stellar
mass density depicted in Figure 5 are consistent with the latest
results on the evolution of the observed UV luminosity density
of the universe (Tresse et al. 2007) and the evolution of the SFR
density (Pérez-González et al. 2005; Hopkins & Beacom 2006)
up to z " 5. The luminosity density presents a maximum at
around z # 1:2, with a value approximately 6 times larger than
the local UV luminosity density. At z > 1:2, the luminosity and
SFR density evolution is consistent with a constant. Our results
are also consistent with the hydrodynamical models of Nagamine
et al. (2006), which predict that"60% of the present stellar mass
density was already formed by z # 1. However, the discrepancy is
significant at z > 1, where these models predict a larger stellar
mass density than any observation (i.e., they predict a quicker
formation of the most massive galaxies). The semianalytic mod-
els of Cole et al. (2000)match our results better at z # 3–4, where
they predict a stellar mass density of about 10% the present value,
but they fail to reproduce the evolution at low redshift.

5.6. Quantifying ‘‘Downsizing’’

The preceding discussion of the evolution of the cosmic stel-
lar mass density is clearly consistent with a ‘‘downsizing’’ sce-
nario for galaxy formation. We quantify some properties of this
downsizing theory in Figure 6, were we plot the fraction of the
total local stellar mass density already assembled in galaxies of
a given stellar mass at each redshift. This figure shows that the
most massive systems (M k 1012:0 M!;widest orange solid line)
formed first (they assembled more than 80% of their total stellar
mass before z # 3) and very rapidly (about 40% of their mass
was assembled in 1 Gyr between z # 4 and z # 3). Systems with
masses 1011:7 < M < 1012:0 M! assembled their stellarmassmore
slowly: from z " 4 to z " 2:5 (1.5 Gyr), they assembled around

Fig. 6.—Fraction of the local stellar mass density already assembled at a given
redshift for several mass intervals (wider lines referring to more massive sys-
tems). Only results for masses above our 75% completeness level at each redshift
are shown. [See the electronic edition of the Journal for a color version of this
figure.]
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Actively Star-forming Galaxies 
Across the Cosmic Time

decomposed their sample into the contribution of nonevolving
galaxies that dominate the 15 !m counts at low redshift and
distant starbursts responsible for the increase of the IR energy
density. Given the negligible role of these starbursts at z! 0,
their evolution must therefore be stronger than that of the global
sample. This may explain why the evolving parameters that
they derived are slightly larger than ours (i.e., "L " 3:5#1:0

$3:5,
"D " 3:8#2:0

$2:0). Note that this approach was also used by Xu
et al. (2001) and led to a qualitatively similar trend.

8.3. The Evolving Contribution of Infrared-luminous Galaxies
to Star Formation Activity up to z!1

The constraints on the evolution of  IR(L; z) can be used to
derive the relative importance of galaxies in a given luminosity
range and how their contribution to the star formation history
evolves with redshift. Using the fit and the parameterization dis-
cussed in the previous section, we compare in Figure 14 the
evolution of the IR energy density!IR produced by IR-luminous

galaxies (i.e., LIRGs + ULIRGs) and fainter sources (i.e., LIR <
1011 L%). Uncertainties affecting our results are still significant
due to the degeneracy previously described. Accordingly, the range
of possible solutions was estimated from the 3 # isoprobability
contours shown in Figure 12, excluding the combinations of "D

and "L that overproduce the counts at faint fluxes.
This evolution is also represented in terms of an ‘‘IR-equivalent

SFR’’ using the calibration from Kennicutt (1998). For com-
parison we show integrated SFR densities estimated in various
redshift bins and taken from the literature (for references see the
compilation by Hopkins 2004). It should be noted that we have
not estimated the contribution of the AGN IR emission to !IR.
Following the arguments discussed in x 5.2, we believe that such
contribution results in a 10%–15% overestimate in the true SFR.
On the other hand, this IR-SFR estimate does not take into ac-
count the contribution of the unabsorbed UV light produced by
the young stars. As a result, we are likely underestimating the
total SFR density by a factor ranging between !20%–30% at

Fig. 14.—Evolution of the comoving IR energy density up to z " 1 (green filled region) and the respective contributions from low-luminosity galaxies (i.e.,
LIR<1011 L%; blue filled area), IR-luminous sources (i.e., LIR&1011 L%; orange filled region), and ULIRGs (i.e., LIR&1012 L%; red filled region). The lower and
upper curves delimiting these regions result from the degeneracy in the evolution of  IR (see x 7 for more details). The solid line evolves as (1# z)3:9 and represents the
best fit of the total IR luminosity density at 0P zP1. Estimates are translated into an IR-equivalent SFR density given on the right vertical axis, where an absolute
additional uncertainty of!0.3 dex should be added to reflect the dispersion in the conversion between luminosities and SFR. Note that the percentage of the contribution
from each population is likely independent of this conversion. The dashed line corresponds to the SFR measured from the UV luminosity not corrected from dust
extinction. The dotted line represents the best estimate of the total SFR density as the sum of this uncorrected UV contribution and the best fit of the IR-SFR (solid line).
At z! 1 IR-luminous galaxies represent 70% ' 15% of the comoving IR energy density and dominate the star formation activity. Open diamonds and vertical and
horizontal bars represent integrated SFR densities and their uncertainties estimated within various redshift bins and taken from the literature (Connolly et al. 1997;
Tresse &Maddox1998; Treyer et al. 1998; Flores et al. 1999; Cowie et al. 1999; Haarsma et al. 2000; Machalski & Godlowski 2000; Sullivan et al. 2001; Condon et al.
2002; Sadler et al. 2002; Serjeant et al. 2002; Tresse et al. 2002;Wilson et al. 2002; Pérez-González et al. 2003; Pozzi et al. 2004; see the compilation by Hopkins 2004).

LE FLOC’H ET AL.186 Vol. 632

Le Floc’h et al. (2005)

ULIRG
LIRG
NSF

Total
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Structures of local and high-z ULIRGs  Rujopakarn et al., 2011

How are high-z starbursts different from locals? 
Hints from early Spitzer data

for the Brandl template, and those reported for the SINGS sam-
ple. The strength of the 8.6!mfeature in SMMJ163554.2+661225
relative to those at 6.2 and 7.7 !m, is within the 10%Y90% vari-
ation within the SINGS sample. In addition, the flux ratios of
SMM J163554.2+661225 are a closematch to those of the Brandl
et al. (2006) average starburst template; while 7.7 !m is rela-
tively stronger than the template, the difference is comparable to
the standard deviation of line ratios for individual galaxies that
were averaged to create the template. Thus, we conclude that this
z ! 2:5 galaxy has aromatic feature flux ratios that are consis-
tent with those observed for lower luminosity, z ! 0 starbursting
galaxies.

While the other spectra in the sample have lower signal-to-
noise ratios, they are still sufficient, in the aggregate, to test whether
high-redshift galaxies have markedly different aromatic flux ra-
tios. Figure 4 compares, for four aromatic feature flux ratios, the
observed ratios in our sample with those measured for the low-
redshift (Brandl et al. 2006) template. Although the error bars in
individual measurements are sizable, Figure 4 confirms the re-
sult seen for SMM J163554.2+661225: star-forming galaxies at
1 < z < 3 have aromatic feature ratios consistent with those of
z ! 0 star-forming galaxies.

Variations in aromatic feature ratios have been reported in cer-
tain H ii regions—this may be attributable to variations in size,
composition, and ionization state of the carriers (Draine & Li
2007 and references therein). In particular, large PAHs emit more
strongly at 11.3 !m, and neutral PAHs emit much more strongly
at 3.3 and 11.3 !m than charged PAHs (Draine & Li 2007;
Galliano 2006; Allamandola et al. 1989). That our measured fea-
ture ratios at z > 1 are consistent with those measured at z " 0
suggests that the dust grain size and ionization distributions are
not strongly evolving.

4.2. Evidence for Compact Source Accretion

Active galactic nuclei are detectable inmultiple ways—by the
dust they heat that radiates in the mid-IR; byX-rays emitted from
the accretion disk coronae; and by high-excitation or broad emis-
sion lines.We now examine the evidence for AGN activity in our
extended sample.

The first AGN diagnostic we examine is X-ray luminosity,
plotted in Figure 5 against aromatic luminosity. Most of the sam-
ple are X-ray nondetections, at limiting luminosities that rule out
X-ray-loud QSOs or bright Seyfert galaxies, although an X-ray-
weak or highly obscured AGN could still be present (see Donley
et al. 2005; Alonso-Herrero et al. 2006a).
Two of the four galaxies from the literature, and three of the

galaxies in our program are detected in X-rays: two have no ap-
parent aromatic features (sources A2261a and A2390a); and the
other, source A2390b, is interesting in that it contains a luminous
X-rayYemitting AGN, yet its spectrum still shows aromatic fea-
tures. That source emits roughly equal power in the 7.7 !m aro-
matic feature (scaled from the 11 !m feature) and at 10Y30 keV,
reminiscent of the more luminous z ! 1:15 source CXO GWS
J141741.9+522823 discussed by Le Floc’h et al. (2007).
We now consider a second AGN diagnostic, the relative con-

tribution of aromatic versus continuum emission to the mid-IR
flux. At low redshift, low aromatic feature equivalent widths have
been demonstrated as an effective AGN diagnostic (Armus et al.
2007; Brandl et al. 2006). However, it is extremely difficult to
measure equivalent widths accurately for the high-redshift IRS
sources, due to the limited wavelength baseline, the fact that the
aromatic features have broad wings, and most importantly, im-
perfect sky subtraction which adds a (positive or negative) pedestal
to each spectrum. For example, for SMM J163554.2+661225
(our highest quality spectrum), we cannot measure an accurate
equivalent width due to the difficulty in determining the true con-
tinuum level. We are able to set a lower limit of >0.4 !m (rest-
frame, conservatively assuming a high continuum level), which
is a typical value for low-redshift star-forming galaxies. For the
other spectra in the sample, equivalent widths are even harder to
measure.
Therefore, we instead create an aromatic-to-mid-IR flux ratio,

which we define as the ratio of the flux in the 7.7 !mPAH feature
(in ergs s#1 cm#2, as fit by PAHFIT) to the MIPS photometry at
24 !m (in Jy, corrected for bandwidth compression to z ! 0.)
This metric does not suffer as strongly from the difficulty in de-
termining the continuum level. In the low-redshift, star-forming
comparison sample we construct in x 4.4, this ratio ranges from
(7Y32) ; 10#11.We thus take 7 ; 10#11 as a dividing line between
spectra dominated by star formation (above the value), and spectra
with substantial AGN contribution (below the value). This dis-
criminant selects the following mid-IR spectra18 as having sub-
stantial AGN contribution: A370a,MS 0451a, A1689a, A2218c,
A2261a, and A2390a. Thus, of 19 galaxies with adequate spec-
tra, six show strong indications of AGN contribution to their
mid-IR outputs.

Fig. 3.—IRS spectrum of z ! 2:516 lensed source SMM J163554.2+661225
behind Abell 2218 (solid thick line). Overplotted are two z " 0 spectral tem-
plates: the starburst galaxy NGC 2798 from Dale et al. (2006; thin solid line);
and the average of 13 starburst galaxies from Brandl et al. (2006; thin dashed
line). Crosses show the wavelengths of known aromatic components from Smith
et al. (2007).

TABLE 6

Aromatic Ratios for SMM J163554.2+661225

Lines

(1)

Ratio

(2)

SINGS

(3)

Starburst

(4)

7.7 !m/6.2 !m ........... 3:6$ 0:2 3.6 (1.3Y4.8) 3.9

7.7 !m/8.6 !m ........... 4:9$ 0:4 5.7 (4.7Y9.0) 5.1

6.2 !m/8.6 !m ........... 1:36$ 0:1 1.5 (1.2Y3.0) 1.3

Notes.—Col. (1): Line wavelengths (!m); Col. (2): measured flux ratios;
Col. (3): median flux ratios and 10%Y90% range of variation from the SINGS
sample (Smith et al. 2007); Col. (4): flux ratios of the average starburst template
of Brandl et al. (2006).

18 ForA2390b, we scale from the flux in the 11!maromatic feature, using the
average 7.7/11 !m flux ratio of 3.6 from Smith et al. (2007).
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Figure 5. The relationship between SED peak and total infrared luminosity for the local sample (black filled circles) and 70 µm sample (red open squares),
split into three luminosity bins (SBs, LIRGs and ULIRGs), outlined by the vertical dashed lines. The solid line is the peak–LIR relationship of the Rieke et al.
(2009) templates. Note that for a given LIR, many high-redshift galaxies have on average significantly colder SEDs that peak at longer wavelengths.

regions of this plot, signifying that for a given LIR, high-redshift
galaxies have on average colder SEDs that peak at longer wave-
lengths. Since the SED peak seems to evolve from the local to the
high-redshift Universe, we might also expect it to evolve with red-
shift within the 70 µm sample, i.e. from z ! 0.1 to !2. However, we
are unable to examine this because, as mentioned earlier, the LIR–z
plane is not sufficiently sampled. Under the circumstances, we rely
on the more unbiased comparison between local and high-redshift
sources by examining the distribution in peak wavelength separately
for the three luminosity classes (Fig. 6). SBs in both samples seem
to be broadly consistent, as the SB population in the 70 µm sample
is at quite a low mean redshift (z ! 0.2) and cosmic evolution in the
z ! 0 to !0.2 interval is not expected to be prominent. However,
there are a few exceptions, with some 70 µm selected SBs being
colder than local equivalents, but since these sources are at low
redshifts, this could be a selection effect due to the much deeper
MIPS survey. As described in Section 3.2.2, this argument does not
apply to the higher redshift, higher luminosity sources, and hence
any differences in the types of objects picked up by the two surveys
will be solely due to evolution.

Figs 5 and 6 show that, although there is some overlap in the
types of objects selected in the two surveys, it seems that the SEDs
of a substantial number of high-redshift LIRGs and ULIRGs peak at
longer wavelengths than their local counterparts. Such a hypothesis
was proposed in S08, where fitting locally derived SED templates
underestimated the far-IR emission of a large fraction of high-
redshift objects. Also, it seems that the galaxies in the 70 µm sample
span approximately the same range in SED peak, whatever their
luminosity class, in contrast to the narrower local distribution, which
notably shifts towards shorter wavelengths at higher luminosities.

Although the majority of local LIRGs peak at !75 µm, with a
smaller fraction at !100 µm (mean !peak ! 77 µm), high-redshift
LIRGs span a wide range in SED peak up to 160 µm, with a mean
of !105 µm. This effect is even more pronounced in the ULIRGs,
where the average peak in the SEDs shifts from an average local
value of !60 µm to a high-redshift value of !92 µm.

4.3 Sub-mm colours

In Sections 4.1 and 4.2, we presented strong evidence that
the 70 µm sample is not simply a redshifted version of sources
in the local Universe. What naturally follows is a comparison with
the SubMillimetre Galaxy (SMG) population, comprising mostly
of cold galaxies at high redshift. Due to the negative K-correction
and sensitivity limits, SMGs discovered in blank-field surveys are
mostly in the 1.5 < z < 3.5 redshift range (e.g. Chapman et al.
2005), as the 350–850 µm wavelength range corresponds to 140–
340 µm < !rest < 78–188 µm, effectively sampling near the SED
peak for a wide range of sources.

Using the SK07 fits, we predict 350 and 850 µm flux densities
for the LIRGs and ULIRGs in the 70 µm sample, with uncertainties
derived from the range of best-matched templates (see Section 3.1)
and plot the evolution of the f 350/f 850 colour with redshift (Fig. 7).
We compare with LIRG and ULIRG SMG data from Kovács et al.
(2006, hereafter K06) and Coppin et al. (2008) (hereafter C08). Also
plotted are the R09 tracks, to represent the local IR galaxies. As the
LIRGs in the 70 µm sample are at an average redshift of 0.4, we
predict the sub-mm flux densities they would have if their redshifts
were increased by 0.7 and 1.5, in order to bring them to a similar
redshift range as the K06 and C08 LIRGs (top panel). Similarly,

C" 2009 The Authors. Journal compilation C" 2009 RAS, MNRAS 397, 1728–1738
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Figure 7. Pa! luminosity vs. the monochromatic luminosity at the rest-frame 24 µm. The left panel shows L(Pa!) vs. L(24 µm), and the right panel shows L(Pa!)
vs. the ratio L(24 µm)/L(Pa!). In both panels, the symbols and lines are the same. The measured value for SMM J163554.2+661225 is shown as the large, red-filled
circle. The light-red-shaded area indicates the error bar on the ratio for SMM J163554.2+661225. Note that L(24 µm) for SMM J163554.2+661225 may be lower
by !40% owing to crowded photometry (see Section 3.2). Squares show local ultraluminous IR galaxies (ULIRGs, LIR ! 1012 L") from Dannerbauer et al. (2005,
D05), with L(24 µm) estimated using the method discussed in the text. Diamonds show local luminous IR galaxies (LIRGs, LIR = 1011–1012 L") from the sample of
Alonso-Herrero et al. (2006, AH06); the diamond indicated by the circle corresponds to the galaxy IC 860, which is problematic according to AH06. The range of the
ordinate in the right panel excludes IC 860. Triangles show local star-forming H ii regions in M51 Calzetti et al. (2005, C05). Stars show starburst and low-metallicity
galaxies from Calzetti et al. (2007, C07) and Engelbracht et al. (2005, E05). The short-dashed line shows the best-fit relationship to local luminous IR galaxies from
Alonso-Herrero et al. (2006). The long-dashed line shows the best fit to local galaxies and star-forming regions from Calzetti et al. (2007). The short-dashed line
shows the best-fit relation for individual H ii regions (Calzetti et al. 2005). The rest-frame 24 µm luminosity for SMM J163554.2+661225 is significantly lower (by
! 0.3–0.5 dex) with respect to local galaxies of similar Pa! luminosity. In contrast, the L(24 µm)/L(Pa!) for SMM 163554.2+661225 is consistent with that found
in individual star-forming regions.

SMM J163554.2+661225 has an estimated total IR luminos-
ity, LIR = (5–10)#1011 L", comparable to local ultraluminous
IR galaxies (ULIRGs, LIR ! 1012 L"). Figure 7 includes data
for local ULIRGs from the sample of Dannerbauer et al. (2005),
where we combine their Pa! measurements with IRAS 25 µm
measurements from the literature.10 The Dannerbauer et al. mea-
surements of Pa! come from long-slit near-IR spectroscopy, and
we have made no attempt to correct for emission outside the slit.
The Pa! emission in many of local ULIRGs likely results from
very compact nuclear regions, and therefore the spectroscopic
slit should contain most of this emission. Nevertheless, we re-
moved from the local ULIRG sample those objects with 2MASS
isophotal diameters >15$$, and we also removed those objects
with spectroscopic signatures of the AGN. These steps excluded
roughly one-third of the sample, including the most egregious
outliers. Nevertheless, we caution that significant uncertainty
may remain due to primarily unknown Pa! emission outside
the spectroscopic slit or other aperture effects.

Even with these caveats the local ULIRGs follow the ex-
trapolation of the local L(24 µm) and L(Pa!) relation, but
they show a large scatter. We suspect that the large scatter re-
sults for the reasons discussed above, and there may be addi-
tional components to the dust heating beyond ionization from
early-type stars, including the AGN and the ambient galactic
emission. However, only one galaxy in the local ULIRG sam-
ple has L(24 µm)/L(Pa!) and L(Pa!) comparable to SMM
J163554.2+661225, and this galaxy (IRAS 04384–4848) has
a highly uncertain dust correction (Dannerbauer et al. 2005).
This implies that no (or at best, few) low-redshift ULIRGs have

10 See Moshir et al. (1992); the NASA Extragalactic Database (NED),
http://nedwww.ipac.caltech.edu/

similar physical conditions producing comparable ratios of mid-
IR-to-Pa! luminosity.

Kennicutt et al. (2009) combined H! emission-line measure-
ments (uncorrected for dust extinction) and IR continuum mea-
surements of local star-forming galaxies, and derive SFR cali-
brations of the form, " = 7.9 # 10%42 # [L(H!)obs + a#L(#)].
For the IRAC 8 µm and MIPS 24 µm rest-frame bands, they
obtained a8 = 0.011 and a24 = 0.020. Using the mid-IR lu-
minosities for SMM J163554.2+661225 derived above, and
L(H!)obs = 3.7#108 L" (Kneib et al. 2004), we obtain " & 45
and 80 M" yr%1, for the 8 µm and 24 µm luminosities, respec-
tively. These are lower by factors of 4 and 2 compared to that
derived from the Pa! luminosity, but they are within the dis-
persion reported by Kennicutt et al. (2009). The intrinsic SFR
of SMM J163554.2+661225 is also considerably larger than the
objects used to calibrate these relations (see also Moustakas &
Kennicutt 2006), and it is possible that the calibrations do not
apply under extrapolation. Larger samples of luminous, high-
redshift galaxies are needed to test these relations.

5.4. The Nature of SMM J163554.2+661225

SMM J163554.2+661225 appears to host heavily obscured
star formation at a rate, " ! 170 M" yr%1. The hydrogen
ionization rate is Q0 = (1.6 ± 0.3) # 1055 $ s%1, implying
SMM J163554.2+661225 may contain as many as ' 106 O-stars
(Sternberg et al. 2003). Given the estimate for the molecular-
gas mass (M[H2] ! 4.5 # 109 M"; Kneib et al. 2005), this
galaxy could sustain this SFR for t ' 30 Myr. The starburst
in SMM J163554.2+661225 has had a duration of "100 Myr
based on the analysis of rest-frame UV-to-near-IR SED (see
the Appendix) and supported by the strength of the possible

Rigby+08

Symeonidis+09

Papovich+09

Need to understand the structures of 
SF regions in high-z galaxies!

z = 2.5 LIRG

local
NSF

z = 2.5 LIRG

Local HII 
Regions

Local
LIRGS
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Galaxies with SFR > 20 Msun/yr 
can be completely obscured

1080 REDDY ET AL. Vol. 712

Figure 9. Comparison between the direct tracer of bolometric luminosity
(Lbol = LIR + LUV) and that obtained by combining LUV with the Meurer
prediction of the dust attenuation.
(A color version of this figure is available in the online journal.)

underestimate their attenuation is likely to be a physical effect,
as opposed to one driven by luminosity-dependent biases in the
calibrations between mid-IR and total-IR luminosity.

Deviation of the these ULIRGs from the Meurer relation
can be seen more clearly in Figure 9, where we compare
the direct tracer of bolometric luminosity (sum of infrared
and UV luminosities) with that obtained when we combine
the UV luminosity with the Meurer prediction for the dust
attenuation. Over the luminosity range probed by the data, the
Meurer relation successfully predicts the bolometric luminosity

for LIRGs, but significantly underpredicts the luminosity of
ULIRGs. This naturally translates to a disagreement between
the SED-derived SFRs and those derived from summing the IR
and UV-based SFRs for ULIRGs at these redshifts, since the
SED-derived SFRs assume the Calzetti extinction curve (right
panel of Figure 8). The critical point is that the Meurer relation
can be used reliably up to Lbol ! 1012 L" at z # 2, and thus is
valid for typical star-forming galaxies at these redshifts.

5.3. Young Galaxies with Inferred Star-formation Ages of
!100 Myr

We now turn to the 49 galaxies with ages !100 Myr;
this young sample constitutes $13% of the sample of 392
galaxies. Only 4 of the 49 galaxies are detected directly at
24 µm (Figure 10). About three-fourths of the young galaxies
undetected at 24 µm have limits in IRX that imply that they lie
below the Meurer relation. Stacking the 24 µm data results
in a conservative 5! limit in IRX that suggests that these
young galaxies are in general less attenuated than their older
counterparts at a fixed value of ". This result is further supported
by a stack of the X-ray data for the 31 young galaxies in the
GOODS-N field that places a 5! upper limit in IRX that is still
0.5 dex lower than the Meurer expectation.

These observations suggest that an SMC-like (as opposed
to a Calzetti) extinction curve may be more appropriate in
describing young galaxies in our sample. Because the ages are
derived from the stellar population modeling (Section 3) and
are therefore degenerate with respect to the assumed extinction
curve (Calzetti), it seems prudent to determine how the inferred
ages are perturbed under the assumption of an SMC extinction
curve. Adopting an SMC curve will generally yield older ages
relative to the Calzetti assumption because in the SMC case
a smaller fraction of the optical minus near-infrared color is
attributed to dust and a larger fraction is attributed to an older
stellar population (e.g., Shapley et al. 2001).

Figure 10. Same as Figure 6 for galaxies younger than 100 Myr, where ages are determined from stellar population modeling assuming the Calzetti (left panel) and
SMC (right panel) extinction curves. The open squares and small downward-pointing arrows denote galaxies detected and undetected, respectively, at 24 µm. The
large light blue and yellow downward-pointing arrows denote the 5! limits from stacks of the 24 µm and X-ray data, respectively, for the <100 Myr galaxies. Also
shown are direct measurements based on CO and Spitzer IRS observations of the two lensed LBGs, MS1512%cB58 and the Cosmic Eye, and the form of the SMC
extinction curve presented in Pettini et al. (1998). There are fewer points in the right panel since ages determined with the SMC curve are generally older than those
derived with the Calzetti curve. Thus, the fraction of galaxies considered “young” (<100 Myr) is significantly smaller for the SMC case relative to the Calzetti case
(see the text).
(A color version of this figure is available in the online journal.)

Reddy+10
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Extinction spread in high-z starbursts is largeNear- and Mid-IR Spectroscopy of Gravitationally Lensed Star-Forming Galaxies 11

0.1226 (Osterbrock & Ferland 2006) for Te = 10,000 K
at the low-density limit. The AH!, APa!, and ABr! are
given by interpolation using the Rieke & Lebofsky (1985)
extinction law, which for Av of 1 mag are 0.8 mag, 0.15
mag, and 0.04 mag, respectively.
Alternatively, the extinction can be estimated from the

optical and IR SFR values by taking the latter to be a
fiducial SFR. The assumption is secure in our sample of
IR luminous galaxies, where direct UV leakage from the
galaxy is expected to be small (Rieke et al. 2009 and
references therein). This alternative extinction estimate,
AIR

v , following Choi et al. (2006) is

AIR
H! = 2.5 log

!

SFRIR

SFRH!

"

(2)

The AIR
H! can then be converted to the AIR

v via the
Rieke & Lebofsky (1985) extinction law. When avail-
able, we use the far-IR SFRIR to calculate the AIR

v , oth-
erwise the value estimated from the 24 µm L(TIR) is
used.
The AH!/Spitzer

v method assumes a foreground screen
of dust and therefore is a lower limit, whereas the AIR

v
does not. The comparison of measurements from both
methods, tabulated in Table 5, shows that in three out
of four galaxies where IR recombination lines are well
detected (Abell 2218b, Abell 2218a, and Abell 1835a),
both methods agree within the range of uncertainty,
which suggests that the nature of the dust distribution
in these galaxies is roughly uniform, resembling the the
foreground screen assumption. The other object with a
well-detected Pa! (the 8 O’clock arc), however, shows

a 1.8 mag di!erence between AH!/Spitzer
v and AIR

v . The
latter disagreement indicates an inhomogeneous mixture
of dust in the 8 O’clock arc and highlights the diversity
of the dust distribution scenarios at redshift 1 < z < 3.
Abell 2218a, Abell 1835a, cB58, the Clone, and the

8 O’clock arc have extinction measurements from opti-
cal and/or rest-frame optical spectroscopy in the litera-
ture that can be compared with our IR measurements.
Richard et al. (2011) found E(B!V )star of 0.18 for Abell
2218a from SED fitting, implying Av of 0.6 mag, assum-
ing the R = 3.1 law. Abell 1835a has extinction mea-
surements by Nesvadba et al. (2007) using H!/H" ratio
of E(B ! V ) = 1.3! 1.6, implying Av of 4.0! 5.0 mag.
Teplitz et al. (2000) measured E(B!V ) of 0.27 for cB58
from the H!/H" line ratio, implying Av of 0.4 mag. For
the Clone, Hainline et al. (2009) measured E(B!V ) us-
ing the H!/H# line ratio to be 0.28, which implies Av of
0.9 mag. The extinction of the 8 O’clock arc were mea-
sured by Finkelstein et al. (2009) using weighted mean of
to H!, H", and H# line ratios be Av = 1.17± 0.36 mag
(using only H!/H" yields E(B! V )gas of 0.97, implying
Av of 1.3 mag); and by Dessauges-Zavadsky et al. (2011)
to be E(B!V )gas = 0.30±0.04 mag, implying Av of 0.9
mag. From Table 5, the extinction measurements from
IR recombination lines for Abell 2218a, Abell 1835a, and
the 8 O’clock arc, where we have secure IR line detec-
tions are 3.3±0.4 mag, 5.9±0.4 mag, and 2.8±0.3 mag,
respectively. While our sample size is too small to draw
a general conclusion, the comparison suggests that the
optical measurements may sample systematically lower
extinction regions, in agreement with local LIRGs and

Fig. 7.— Optical extinction, Av, from this work compared to
the distribution of Choi et al. (2006) from the Spitzer First-Look
Survey (FLS) with mean redshift of z = 0.8. Our points are shown
in filled squares, except for the cB58 point (empty square), where
we adopt the AIR

v value as an extinction estimate (see Section 3.4).
The Choi et al. (2006) points are AIR

v measured by comparing the
IR SFR, which is taken as a fiducial value, with the optical SFR
measured from the H!, H", and [OII] emission lines. These are
shown in red, blue, and grey circles, respectively. The intrinsic
spread of points towards higher extinction of the Choi et al. sample
may be larger if the line non-detections (upward arrows), which
are likely due to large extinction, could have been measured. The
intrinsic spread of extinction at high-z is far wider than previously
known from optical-based measurements.

ULIRGs (e.g., Alonso-Herrero et al. 2006).

The AH!/Spitzer
v values for Abell 2667a and the Clone

are negative because the formal fits to the Pa! and Br!
line yield values (or flux limits) lower than those expected
for the extinction of 0 mag (as shown in the simulated Av
in Figures 3 and 4); the line is undetected), albeit with
a considerable uncertainty. For cB58, the line flux for

both Pa! and Br! are negative and thus the AH!/Spitzer
v

can not be formally calculated and we report a 1-$ upper

limit as cB58’s AH!/Spitzer
v . Given the general agreement

between AH!/Spitzer
v and AIR

v in a majority of objects
with secure measurements of Pa! and Br!, we adopt an

average value of AH!/Spitzer
v and AIR

v as a representative
value of Av (except for the cB58 and the Clone for which
we adopt the AIR

v value).
We present our final Av estimates as a function of

L(TIR) from the 24 µm indicator in Figure 7. Again,
the 24 µm L(TIR) is used here because Abell 2667a and
the 8 O’clock arc lack far-IR L(TIR) estimates. Our
measurements are compared with the AIR

v measurements
by Choi et al. (2006), who study the extinctions of ob-
jects selected in the near-IR and mid-IR from the Spitzer
First Look Survey (FLS), which have a mean redshift of
z = 0.8 and luminosities ranging from the sub-LIRG to
ULIRG range. Their extinction measurements are ob-
tained by comparing the SFR estimates from the H!,
H", and [OII] line fluxes with those from IR luminosities.
That is, they estimated the extinction using the ratio of
SFR from the individual optical indicators to the IR SFR
estimates, e.g. SFRH!/SFRIR, SFRH"/SFRIR, etc. The
Choi et al. distribution of extinction values shows a cor-
relation between AIR

v and L(TIR) with a formal fit of

Rujopakarn et al. 2012a

requires extinction-free SF tracers

Individual gravitationally lensed galaxies at 1.5 < z < 3 Rujopakarn et al., 2012
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Extinction-free 
Tracers of 

Star Formation

• Paα (nearly extinction free) 

• Mid-IR

• Radio non-thermal 
continuum

1.87 μm; 0.2’’

24 μm; 5.8’’

20 μm; 0.6’’

4-8 GHz; 0.3’’
36 km using A-array

6.5 m; 2018

0.85 m

2.4 m; local only*

* Paα at z ~ 2 (redshifted to 5 μm) needs JWST to achieve 0.2” resolution
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The most basic structural parameter: 
physical size (i.e., diameter)

High-resolution radio studies of HDF/HFF sources 1189
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Figure C1 – continued

C! 2005 RAS, MNRAS 358, 1159–1194

The Astrophysical Journal, 726:93 (11pp), 2011 January 10 Rujopakarn et al.

Figure 2. HST ACS imaging of the subsample of our compilation in the GOODS field in B, V, i, and z. The circles indicate the size of the circularized diameter
for the star-forming region in the corresponding galaxy. The bar at the lower left corner of the images in the right column represents a physical scale of 5 kpc. We
found that ! 2/3 of the subsample in GOODS display isolated, quiescent star-forming galaxies, while a few cases show obvious signs of galaxy interaction as well
as disturbed morphologies that can be associated with asymmetric clumps of star formation, especially at high redshift. See the electronic edition of the journal for
Figures 2(b)–2(d).

(A color version and an extended version of this figure are available in the online journal.)

Apart from many high-resolution observations of high-
redshift SMGs that find them to be physically extended systems,
recent observations of the 158 µm [C ii] line provide another
probe into the environment of the star-forming regions. The
[C ii] line is an important cooling line for the photodissocia-

tion regions at the surfaces of molecular clouds. Combining this
[C ii] line with the CO (1–0) line yields a color–color diagram
of L[C ii]/LIR versus LCO(1–0)/LIR that is sensitive to both the
incident UV flux and the gas density. Hailey-Dunsheath et al.
(2010) study the environment of the z = 1.3 galaxy MIPS
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VLA+MERLIN 1.4 GHz continuum observation in HDF (Muxlow+05)
0.2” - 0.5” resolution; all but one of 92 galaxies resolved

Synchrotron radio continuum
(1) High-res; (2) Extinction-free view of SF; (3) no old stars

Can’t be measured from optical imaging

Structures of local and high-z ULIRGs  Rujopakarn et al., 2011
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Morphology of Star-Forming Regions at high-z

Muxlow et al. 2005; Rujopakarn et al. 2011

The Astrophysical Journal, 726:93 (11pp), 2011 January 10 Rujopakarn et al.

Figure 2. HST ACS imaging of the subsample of our compilation in the GOODS field in B, V, i, and z. The circles indicate the size of the circularized diameter
for the star-forming region in the corresponding galaxy. The bar at the lower left corner of the images in the right column represents a physical scale of 5 kpc. We
found that ! 2/3 of the subsample in GOODS display isolated, quiescent star-forming galaxies, while a few cases show obvious signs of galaxy interaction as well
as disturbed morphologies that can be associated with asymmetric clumps of star formation, especially at high redshift. See the electronic edition of the journal for
Figures 2(b)–2(d).

(A color version and an extended version of this figure are available in the online journal.)

Apart from many high-resolution observations of high-
redshift SMGs that find them to be physically extended systems,
recent observations of the 158 µm [C ii] line provide another
probe into the environment of the star-forming regions. The
[C ii] line is an important cooling line for the photodissocia-

tion regions at the surfaces of molecular clouds. Combining this
[C ii] line with the CO (1–0) line yields a color–color diagram
of L[C ii]/LIR versus LCO(1–0)/LIR that is sensitive to both the
incident UV flux and the gas density. Hailey-Dunsheath et al.
(2010) study the environment of the z = 1.3 galaxy MIPS
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Figure C1 – continued

C! 2005 RAS, MNRAS 358, 1159–1194
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Figure C1 – continued
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Figure C1. The radio structures of the sources in the 10-arcmin field. The radio images are shown contoured and overlaid on the astrometrically aligned
optical fields which are displayed in false colour (CI = –1, 1, 2, 3, 4, . . . ,10 ! 10 µJy beam"1). All coordinates are in J2000 and the leading 12h and +62# have
been omitted from the right ascension and declination scales respectively. Where no optical field is shown, the region lies outside either the CFHT (Barger et al.
1999) or HST WFPC2 images (Williams et al. 1996). The angular resolution of the radio image (in arcsec) is indicated in Table A1 and in the figure together
with a hatched beam area. The origin of the optical field shown for each source is given in Table A1.
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Physical Size Differences of Local and High-z ULIRGs

Rujopakarn et al. 2011

U/LIRGs beyond the local volume are much larger (3-10 kpc) 
than local U/LIRGs (sub-kpc) at similar LIR

The Astrophysical Journal, 726:93 (11pp), 2011 January 10 Rujopakarn et al.

Figure 3. Physical sizes of star-forming galaxies at various redshifts and IR
luminosities. Galaxies shown in color-coded stars and gray dots have diameters
determined by radio observations (24 µm for the local normal star-forming
galaxies), while those shown in color-coded downward triangles and gray
downward triangles have diameters determined with CO observations, which
could yield systematically larger values (particularly for low-J CO transitions),
the symbols signify upper limits in size. High-redshift LIRGs, ULIRGs, and
SMG have similar sizes to local normal star-forming galaxies, while local LIRGs
and ULIRGs are significantly smaller.
(A color version of this figure is available in the online journal.)

1428 that has L(TIR) !1013 L" and report that its L[C ii]/LIR
is a factor of !4 higher than for local ULIRGs while the
LCO(1–0)/LIR ratios are comparable, indicating a similar inci-
dent UV flux in both populations but that the gas density of
MIPS 1428 is !100# lower than those in local ULIRGs. This
behavior suggests a galaxy-wide starburst. Ivison et al. (2010c)
apply this analysis using Herschel measurements, resulting in
a similar finding for SMMJ2135 at z = 2.3. The star-forming

Figure 4. IR luminosity surface density, !L(TIR), as a function of IR luminosity
for star-forming galaxies at various redshifts with the same color scheme as
Figure 3. The correlation seen in local starbursts and intermediate- and high-
redshift LIRGs, ULIRGs, and SMGs indicates a general relationship in their
conditions for star formation. On the other hand, local LIRGs and ULIRGs
represent a different class of objects with star formation likely driven by some
other process, such as galaxy interactions and mergers.
(A color version of this figure is available in the online journal.)

environments in these two high-redshift galaxies appear to be
similar to M82 and other normal starburst galaxies rather than
to local ULIRGs (Hailey-Dunsheath et al. 2010; Ivison et al.
2010c). SMMJ2135 is a particularly noteworthy case because
it is lensed by 32#, which allowed Swinbank et al. (2010a)
to observe it with the SMA at 0.$$3 # 0.$$2 resolution. They re-
solved the galaxy into four !100 pc massive star-forming re-
gions distributed across the projected distance of 1.5 kpc, di-
rectly confirming the distributed nature of the galaxy-wide star
formation.

Figure 5. Left: the logarithmic ratio of 24 µm and 1.4 GHz flux densities, q24, for high-redshift star-forming galaxies (right panel, black dots) with the local distribution
of q24 (left panel). The local distribution is from the IRAS Bright Galaxy Catalog (Sanders et al. 2003) and the NRAO VLA survey (Condon et al. 1998). The thick
central line in the right panel shows the track of q24 predicted by the Rieke et al. (2009) SED for a galaxy with L(TIR) of 1012L", with dark and light gray shades
showing the 1! and 2! extents assuming the local distribution of q24. Despite a relatively large scatter, the distribution of q24 at intermediate and high redshifts broadly
agrees with the scatter observed locally. Right: the logarithmic ratio of 24 µm flux and 1.4 GHz flux predicted by the Rieke et al. (2009) local LIRG and ULIRG SED
templates (solid lines) compared to the observed ratios at 0.5 ! z ! 2.5. The observed ratios are consistent with the predictions from local templates for galaxies
with significantly lower IR luminosities. For instance, galaxies with L(TIR) of 1013–1014 L" (blue dots) at z ! 2.5 have a ratio consistent with the template for
L(TIR) ! 1012 L" (green line).
(A color version of this figure is available in the online journal.)
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Fig. 1.— Mosaics of our 10 clumpy star-forming galaxies at z!2. Each row shows images of two galaxies.
For each galaxy, the panels from left to right show the z-band, H-band and z-H maps. Their galaxy IDs is
shown in their z-band images, while redshifts in their H-band images. Small magenta circles in the z-band
images show the identified clumps.

Mental picture of U/LIRGsThe Astrophysical Journal, 739:45 (24pp), 2011 September 20 Förster Schreiber et al.

Figure 1. HST NICMOS/NIC2 H160-band maps of the galaxies, probing the broadband emission around rest frame 5000 Å. The target name and H! redshift are
labeled in the top corner of each panel. The color coding scales linearly with flux density from black to white for the minimum to maximum levels displayed (varying
for each galaxy). Contours are overplotted starting at flux densities !50% of the maximum in each image. The FWHM of the effective PSF is indicated by the filled
circle at the bottom left of each corner; the angular resolution is 0.""145 or !1.2 kpc at the median z = 2.2 of the sources. The angular scale of the images is shown
with the 1""long vertical bar next to each galaxy. In all maps, north is up and east is to the left. The compact clumps identified in each galaxy are indicated, with their
ID number labeled.
(A color version of this figure is available in the online journal.)

consistent with the lack of substantial disturbances in the H!
kinematics.

3. PROPERTIES OF CLUMPS IDENTIFIED IN THE
REST-FRAME OPTICAL

In Paper I, we quantified the overall structural properties
of our NIC2 targets using both parametric and non-parametric
methods. We compared the rest-frame optical and H! morpholo-
gies (as well as the rest-frame UV morphology for MD 41), and
also made a differential comparison with other samples of mas-
sive galaxies at the same redshift but selected using different
photometric criteria. The effective radius Re, Sérsic index n, and
ratio of minor to major axis b/a derived from single-component
Sérsic model fits to the H160-band maps of our targets are given
in Table 1. Now, we turn to the prominent and widely distributed
clumpy features that constitute one of the most striking aspects
of the rest-frame optical morphologies of our SINS NIC2 galax-
ies. In what follows, we use the term “clump” to refer generically
to any small-scale feature identified with the method described
below. This method also recovers the merger components of
BX 528 as clumps, as well as the southern companion of BX 389
and the central peak of the AGN-hosting BX 663.

3.1. Clump Identification and Measurements

To identify clumps as objectively as possible, and in the same
way for all our galaxies, we used the IRAF task daofind (Stetson
1987). This task is optimized for identification of compact or
point-like sources in crowded fields with variable underlying
background emission, and is thus appropriate for our purposes.
This task detects objects by searching for local density maxima

with specified FWHM and peak amplitudes above the local
background. We used a detection threshold of !3" (with "
being the pixel-to-pixel rms noise) and, given the observed
extent of the bright clumps, we set the characteristic scales
to (1–1.5)# the PSF FWHM. Because the clumps are not
strictly point sources and have a range of sizes, brightnesses, and
brightness contrasts against the host galaxies’ “background,” the
number of clumps depends slightly on the exact values for the
threshold and size scale. Based on experimentation, we found
that the choices above were the most satisfactory according to a
visual assessment, and we used the same values for all galaxies.
A total of 28 clumps are identified, with between two and seven
per source, and are indicated on the NIC2 maps in Figure 1. They
are listed in Table 2 along with their projected distance dproj
from the geometric center of the galaxies (coinciding with the
dynamical center) and other properties derived below. We also
calculated the deprojected galactocentric distance d assuming
the clumps are confined to a disk of inclination with respect
to the sky plane given by the best-fit morphological axis ratio
of each galaxy (Table 1). As seen in Figure 1, the two main
components of the interacting system BX 528 correspond to
the neighboring clumps 1 and 2 (BX 528$SE) and to clump
4 (BX 528$NW). The central peak of BX 663 is identified as
clump 2, and the southern companion of BX 389 as clump 4.

Measurements of the clump sizes and brightnesses in our
NIC2 images are complicated by the bright and variable back-
ground from the host galaxy, and by the close proximity of
neighboring clumps often with relatively few resolution ele-
ments sampling both clumps and interclump regions. Moreover,
large-scale asymmetries in the global light distribution of some
of the galaxies affect the accuracy of the clump properties if
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Fig. 1.— Mosaics of our 10 clumpy star-forming galaxies at z!2. Each row shows images of two galaxies.
For each galaxy, the panels from left to right show the z-band, H-band and z-H maps. Their galaxy IDs is
shown in their z-band images, while redshifts in their H-band images. Small magenta circles in the z-band
images show the identified clumps.
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Figure 3. Physical sizes of star-forming galaxies at various redshifts and IR
luminosities. Galaxies shown in color-coded stars and gray dots have diameters
determined by radio observations (24 µm for the local normal star-forming
galaxies), while those shown in color-coded downward triangles and gray
downward triangles have diameters determined with CO observations, which
could yield systematically larger values (particularly for low-J CO transitions),
the symbols signify upper limits in size. High-redshift LIRGs, ULIRGs, and
SMG have similar sizes to local normal star-forming galaxies, while local LIRGs
and ULIRGs are significantly smaller.
(A color version of this figure is available in the online journal.)

1428 that has L(TIR) !1013 L" and report that its L[C ii]/LIR
is a factor of !4 higher than for local ULIRGs while the
LCO(1–0)/LIR ratios are comparable, indicating a similar inci-
dent UV flux in both populations but that the gas density of
MIPS 1428 is !100# lower than those in local ULIRGs. This
behavior suggests a galaxy-wide starburst. Ivison et al. (2010c)
apply this analysis using Herschel measurements, resulting in
a similar finding for SMMJ2135 at z = 2.3. The star-forming

Figure 4. IR luminosity surface density, !L(TIR), as a function of IR luminosity
for star-forming galaxies at various redshifts with the same color scheme as
Figure 3. The correlation seen in local starbursts and intermediate- and high-
redshift LIRGs, ULIRGs, and SMGs indicates a general relationship in their
conditions for star formation. On the other hand, local LIRGs and ULIRGs
represent a different class of objects with star formation likely driven by some
other process, such as galaxy interactions and mergers.
(A color version of this figure is available in the online journal.)

environments in these two high-redshift galaxies appear to be
similar to M82 and other normal starburst galaxies rather than
to local ULIRGs (Hailey-Dunsheath et al. 2010; Ivison et al.
2010c). SMMJ2135 is a particularly noteworthy case because
it is lensed by 32#, which allowed Swinbank et al. (2010a)
to observe it with the SMA at 0.$$3 # 0.$$2 resolution. They re-
solved the galaxy into four !100 pc massive star-forming re-
gions distributed across the projected distance of 1.5 kpc, di-
rectly confirming the distributed nature of the galaxy-wide star
formation.

Figure 5. Left: the logarithmic ratio of 24 µm and 1.4 GHz flux densities, q24, for high-redshift star-forming galaxies (right panel, black dots) with the local distribution
of q24 (left panel). The local distribution is from the IRAS Bright Galaxy Catalog (Sanders et al. 2003) and the NRAO VLA survey (Condon et al. 1998). The thick
central line in the right panel shows the track of q24 predicted by the Rieke et al. (2009) SED for a galaxy with L(TIR) of 1012L", with dark and light gray shades
showing the 1! and 2! extents assuming the local distribution of q24. Despite a relatively large scatter, the distribution of q24 at intermediate and high redshifts broadly
agrees with the scatter observed locally. Right: the logarithmic ratio of 24 µm flux and 1.4 GHz flux predicted by the Rieke et al. (2009) local LIRG and ULIRG SED
templates (solid lines) compared to the observed ratios at 0.5 ! z ! 2.5. The observed ratios are consistent with the predictions from local templates for galaxies
with significantly lower IR luminosities. For instance, galaxies with L(TIR) of 1013–1014 L" (blue dots) at z ! 2.5 have a ratio consistent with the template for
L(TIR) ! 1012 L" (green line).
(A color version of this figure is available in the online journal.)
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Figure 3. Physical sizes of star-forming galaxies at various redshifts and IR
luminosities. Galaxies shown in color-coded stars and gray dots have diameters
determined by radio observations (24 µm for the local normal star-forming
galaxies), while those shown in color-coded downward triangles and gray
downward triangles have diameters determined with CO observations, which
could yield systematically larger values (particularly for low-J CO transitions),
the symbols signify upper limits in size. High-redshift LIRGs, ULIRGs, and
SMG have similar sizes to local normal star-forming galaxies, while local LIRGs
and ULIRGs are significantly smaller.
(A color version of this figure is available in the online journal.)

1428 that has L(TIR) !1013 L" and report that its L[C ii]/LIR
is a factor of !4 higher than for local ULIRGs while the
LCO(1–0)/LIR ratios are comparable, indicating a similar inci-
dent UV flux in both populations but that the gas density of
MIPS 1428 is !100# lower than those in local ULIRGs. This
behavior suggests a galaxy-wide starburst. Ivison et al. (2010c)
apply this analysis using Herschel measurements, resulting in
a similar finding for SMMJ2135 at z = 2.3. The star-forming

Figure 4. IR luminosity surface density, !L(TIR), as a function of IR luminosity
for star-forming galaxies at various redshifts with the same color scheme as
Figure 3. The correlation seen in local starbursts and intermediate- and high-
redshift LIRGs, ULIRGs, and SMGs indicates a general relationship in their
conditions for star formation. On the other hand, local LIRGs and ULIRGs
represent a different class of objects with star formation likely driven by some
other process, such as galaxy interactions and mergers.
(A color version of this figure is available in the online journal.)

environments in these two high-redshift galaxies appear to be
similar to M82 and other normal starburst galaxies rather than
to local ULIRGs (Hailey-Dunsheath et al. 2010; Ivison et al.
2010c). SMMJ2135 is a particularly noteworthy case because
it is lensed by 32#, which allowed Swinbank et al. (2010a)
to observe it with the SMA at 0.$$3 # 0.$$2 resolution. They re-
solved the galaxy into four !100 pc massive star-forming re-
gions distributed across the projected distance of 1.5 kpc, di-
rectly confirming the distributed nature of the galaxy-wide star
formation.

Figure 5. Left: the logarithmic ratio of 24 µm and 1.4 GHz flux densities, q24, for high-redshift star-forming galaxies (right panel, black dots) with the local distribution
of q24 (left panel). The local distribution is from the IRAS Bright Galaxy Catalog (Sanders et al. 2003) and the NRAO VLA survey (Condon et al. 1998). The thick
central line in the right panel shows the track of q24 predicted by the Rieke et al. (2009) SED for a galaxy with L(TIR) of 1012L", with dark and light gray shades
showing the 1! and 2! extents assuming the local distribution of q24. Despite a relatively large scatter, the distribution of q24 at intermediate and high redshifts broadly
agrees with the scatter observed locally. Right: the logarithmic ratio of 24 µm flux and 1.4 GHz flux predicted by the Rieke et al. (2009) local LIRG and ULIRG SED
templates (solid lines) compared to the observed ratios at 0.5 ! z ! 2.5. The observed ratios are consistent with the predictions from local templates for galaxies
with significantly lower IR luminosities. For instance, galaxies with L(TIR) of 1013–1014 L" (blue dots) at z ! 2.5 have a ratio consistent with the template for
L(TIR) ! 1012 L" (green line).
(A color version of this figure is available in the online journal.)
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Application: ΣIR as an indicator of SED
(instead of LIR)

The Astrophysical Journal, 726:93 (11pp), 2011 January 10 Rujopakarn et al.

Figure 6. Logarithmic ratio of the observed 24 µm and 1.4 GHz flux ratios
and those predicted by the Rieke et al. (2009) SED templates based on local
star-forming galaxies. Color coding represents the L(TIR) for each object as
in Figure 5. The increase of the ratios above z ! 1 indicates that the aromatic
emissions at this redshift range are stronger than expected based on local SED
templates.
(A color version of this figure is available in the online journal.)

The optical morphologies of the subsample observed by
GOODS, shown in Figure 2, suggest that !2/3 of the subsample
are quiescent, normal galaxies and the other !1/3 show signs of
disturbed morphologies. The fraction of disturbed morphologies
increases with redshift. However, only !5 systems out of 36 can
be identified positively as interacting systems, while the rest
of those with disturbed morphologies could as well be due to
instabilities fueled by rapid, asymmetric infall of gas resulting
in large clumps of star-forming regions similar to those seen in
SMMJ2135. Lehnert et al. (2009) also observed clumpy, galaxy-
wide starbursts in 11 star-forming galaxies at z ! 2 in rest-frame
optical wavelengths. The optical surface brightnesses for their
sample are more than an order magnitude greater than for local
star-forming galaxies, consistent with our result.

The molecular gas and star formation relation, the Kennicutt-
Schmidt Law (e.g., Schmidt 1959; Kennicutt 1998), is shown
by Genzel et al. (2010) to have a slope of 1.1–1.2 over a large
range of stellar mass surface density (100.5–104 M" pc#2) for
both low- and high-redshift samples. A remarkable difference
between low- and high-redshift star-forming galaxies is that the
gas depletion time increased from 0.5 Gyr at z ! 2 to 1.5 Gyr
locally (Genzel et al. 2010), which is consistent with the picture
that star-forming galaxies at low- and high-redshift harbor
similar star-forming environments but the gas consumption rate,
and hence the SFR, is significantly higher at high redshift.

The finding that the physical conditions in high-redshift
galaxies’ star-forming regions are similar to those in local
quiescent star-forming galaxies indicates that their intense star
formation is unlike the transient starbursting phase due to rapid
infall of gas as a result of galaxy interaction, as seen in local
ULIRGs. Rather they may represent an isolated evolution which
could be observable for an extended period of time. This picture
is supported by the behavior of massive star-forming galaxies at
high redshift found in the cosmological simulations of Agertz
et al. (2009) and Davé et al. (2010). The latter simulated
populations with observational properties consistent with SMGs
consist of isolated galaxies in the middle of large potential wells
with large gas reservoirs. It should also be noted that Davé

Figure 7. The stacked observed spectrum of high-redshift ULIRGs (black dots)
with mean redshift and L(TIR) of z ! 1 and 1012.3 L", respectively, from Dasyra
et al. (2009) compared to the local SED templates of Rieke et al. (2009) shown
in color-coded lines. The relationship in Figure 4 suggests that a spectrum
of a local galaxy with L(TIR) of 1011.1 L" would be an appropriate spectral
description for a galaxy with L(TIR) of 1012.3 L" at high-redshift. Indeed
the emission features of the stacked spectra are consistent with the local galaxy
templates with L(TIR) of 1011.00#1011.25 L", while departing significantly from
the L(TIR) = 1012.25 L" template, despite the similar L(TIR).
(A color version of this figure is available in the online journal.)

et al. (2010) report a highly asymmetric distribution of gas
density, star formation, and velocity field in the simulated SMGs
consistent with the disturbed morphologies observed.

4. CONCLUSION

We made a compilation of physical size measurements for
44 local galaxies with L(TIR) ranging from normal star-
forming galaxies at 109 L" to ULIRGs at >1012 L", as well as
48 intermediate and high-redshift galaxies, including SMGs.

Our compilation shows that (1) the physical scale of high-
redshift ULIRGs and SMGs is consistent within an order
of magnitude with that of local normal star-forming galaxies
(4.4 kpc in median diameter), while local LIRGs and ULIRGs
are significantly smaller (0.8 kpc in median diameter); (2) there
is a correlation of L(TIR) and !L(TIR) extending over five orders
of magnitude in L(TIR) for normal star-forming galaxies and
high-z galaxies. Local LIRGs and ULIRGs have significantly
higher !L(TIR) than high-redshift galaxies with similar L(TIR)
and diverge from this correlation.

The fact that we do not find a significant deviation from
this relationship in high-redshift galaxies with L(TIR) in the
ULIRG range indicates that the local ULIRGs as well as LIRGs
belong to a rare population likely driven by a unique process.
High-resolution studies of local ULIRGs have pointed out their
disturbed morphology, double nuclei, and other signs of merger
activity. The correlation we have found, however, suggests that
the high L(TIR) of SMGs and ULIRGs at large redshifts can
be explained, to first order, by the higher !SFR within isolated,
quiescent galaxies.

We thank Anita Richards and Tom Muxlow for radio data
in the HDF and insightful discussions, Scott Chapman for
radio images from Chapman et al. (2004), Kalliopi Dasyra for
spectra from Dasyra et al. (2009), Karı́n Menéndez-Delmestre
for spectra published in Menéndez-Delmestre et al. (2009),
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Far-IR observations directly trace dust 
emission, but are limited by source confusion
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21 μm LIR & SFR Indicator in the JWST era4 D. Elbaz et al.: GOODS–Herschel: an infrared main sequence for star-forming galaxies

Fig. 4. GOODS-Herschel detection limits (from Table 1)
and total IR luminosities of the Herschel sources as a
function of redshift (filled dots: spectroscopic, open dots:
photometric). The right axis is the SFR derived from
SFR[M!yr"1]=1.72#10"10#LtotIR[L!] (Kennicutt 1998a). These
limits were computed assuming the local library of template
SEDs of CE01. For comparison, the Spitzer MIPS-24µm de-
tection limit is represented as well as the knee of the total IR
luminosity function as derived by Magnelli et al. (2009, 2010).

but not at 24 µm. This will be the subject of a companion pa-
per (Magdis et al. 2011, in prep.). But we note that these objects
represent less than 1% of the Herschel sources.

2.2.2. Depths and flux uncertainties

Flux uncertainties were derived in two independent ways: (i) by
adding artificial sources into the realHerschel images and apply-
ing the source extraction procedure. This process was repeated
a large number of times (Monte Carlo – MC – simulations) and
(ii) by measuring the noise level at the position of the sources on
the residual images produced after subtracting sources detected
above the detection threshold. The first technique gives a noise
level for a given flux density averaged over the whole map, while
the second one provides a local noise estimate. In the MC sim-
ulations, we follow Magnelli et al. (2009, 2011) and define the
3! (or 5!) sensitivity limits in all bands as the flux densities
above which a photometric accuracy better than 33% (or 20%)
is achieved for at least 68% of the sources in the faintest flux
density bin.

The noise in theHerschel catalogs results from the combined
e!ects of (1) instrumental e!ects+ photon noise, (2) background
fluctuations due to the presence of sources below the detection
threshold (photometric confusion noise, see Dole et al. 2004), (3)
blending due to neighboring sources, above the detection thresh-
old (source density contribution to the confusion noise).

Technique (i) includes all three noise components, but the
derived flux uncertainty is statistical and is not specifically com-
puted for each source position. Instead, for technique (ii), only
the noise components (1) and (2) are taken into account, since
the objects participating in the third component (source blend-
ing) have been subtracted to produce the residual images. In both
PACS and SPIRE images, at the depths of the GOODS-Herschel
observations, the dominant source of noise is always confusion
(except at 100 µm in GOODS-N). In the case of PACS, sources
of a given flux density are found to present very similar signal-

to-noise ratios when comparing the local and statistical noise
estimates from the residual maps and MC simulations respec-
tively. Instead, for SPIRE we find a systematic overestimation of
the signal-to-noise ratio when using the residual map estimate
as compared to the more robust noise determination from the
MC simulations. Sources with a SPIRE flux density correspond-
ing to the detection threshold of 3! in the MC simulations, are
found to present a local signal-to-noise ratio of 5! in the resid-
ual maps. For consistency, the depths of the PACS and SPIRE
catalogs (Table 1) are defined to be the 3! limit resulting from
the MC simulations. For SPIRE sources, this implies that we
consider only sources with a local signal-to-noise ratio greater
than of 5! in the residual maps. All GOODS-Herschel images
(except the PACS–100µm image in GOODS-N) reach the 3!
confusion level, i.e. the photometric accuracy is better than 30%
for at least 68% of the sources. Due to local noise variations
in the maps, there can be small numbers of sources with flux
densities slightly fainter than these depths, which explains the
presence of sources below the horizontal lines in Fig. 5 show-
ing the redshift and flux distributions of the GOODS-Herschel
sources. Globally, the faintest sources that Herschel can detect
in the PACS and SPIRE bands under this definition have flux
densities of 0.7 mJy at 100µm, 2.6 mJy at 160µm, 6.3 mJy at
250µm, 7.1 mJy at 350 µm and 15 mJy at 500µm.

2.3. Local confusion limit and ‘clean index’

The main source of uncertainty, in the SPIRE images in particu-
lar, comes from the high source density relative to the beam size,
i.e. the so-called confusion limit (see Condon 1974). Assuming
that this limit applies equally at all positions of the sky, Nguyen
et al. (2010) estimated that the floor below which SPIRE sources
may not be extracted is $ 30 mJy, corresponding to 5!conf con-
fusion limits of 29, 31 and 34 mJy/beam for beams of 18.1%%,
24.9%%and 36.6%% FWHM at 250, 350 and 500µm respectively.

However, this ‘global confusion limit’ is defined assuming
no a priori knowledge on the projected density map of the un-
derlying galaxy population. If one instead assumes that shorter
wavelengths, at a higher spatial resolution, can be used to define
the local galaxy density at a given galaxy position then a ‘lo-
cal confusion limit’ can be defined. In practice, this means that
not all SPIRE sources are located at a place where several bright
PACS or MIPS–24µm fall in the SPIRE beam. Following this
recipe, Hwang et al. (2010a) defined a ‘clean index’ that was
attributed to all individual Herschel detections under the follow-
ing conditions: a 500µm source is flagged as ‘clean’ if its 24µm
prior has at most one bright neighbor in the Spitzer-MIPS 24µm
band (where ‘bright’ means an F24>50% of the central 24µm
source) within 20%% (FWHM of Herschel at 250µm) and at most
one bright neighbor in each one of the shorter Herschel pass-
bands, i.e. at 100, 160, 250 and 350 µm within 6.7, 11, 18.1 and
24.9%% respectively. As a result, we only kept 11 clean sources
at 500 µm for which we consider that the photometry is reliable,
but the faintest of these sources has a flux density of 20.3 mJy
hence stands below the ‘global confusion limit’. The criterion
becomes less critical for the shorter bands obviously, since we
only consider the presence of bright neighbors at shorter wave-
lengths. As a result, the number of 350µm detections is an or-
der of magnitude larger than at 500µm. This ‘local confusion
limit’ was empirically defined after visually inspecting the data
for all individual sources but a more detailed investigation of
this quality flag using simulations of the actual GOODS sources
both spatially and in redshift confirms its robustness (Leiton et
al. 2011, in prep.). If galaxies which do not respect this qual-

JWST MIRI

Based on Elbaz et al. (2011)

Spitzer 24
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Effects of local & high-z 
structural difference on 
LIR estimation at high-z

“The mid-IR excess”

Elbaz et al. (2011)

8 D. Elbaz et al.: GOODS–Herschel: an infrared main sequence for star-forming galaxies

Fig. 6. Left: Comparison of LtotIR (8–1000µm) as directly measured from Herschel (LHerschelIR ) with the one extrapolated from 24µm
(L24,CE01IR ) using the CE01 technique. Only ‘clean’ galaxies are represented (as defined in Sect. 3.1). Galaxies with spectroscopic
and photometric redshifts (from both GOODS-North and South) are marked with filled and open symbols respectively. Colors
range from black (z!0) to orange (z!2.5), passing through green (z!1) and red (z!2). The wavelength range sampled by the MIPS-
24 µm passband is shown in orange at the top of the figure where it is compared to the redshifted SED of M82. The dashed line
in the left-hand side panels is the one-to-one correlation. The sliding median and 12 and 88% percentiles of the distribution are
shown with black open dots connected with a solid line and grey zone respectively. The bottom panel shows the ratio of the actual
over extrapolated total IR luminosity. Right: Comparison of LHerschelIR with L8 (rest-frame 8 µm broadband) for ‘clean’ galaxies.
The observed bandpasses used to estimate L8 are illustrated in the top of the figure and compared to the redshifted SED of M82.
The sliding scale of the median and 68% dispersion around it is shown with a grey zone which is fitted by the solid and dashed
lines: IR8=4.9 [-2.2,+2.9]. Stacked measurements combined with detections weighted by number of objects per luminosity bin are
represented by large yellow open triangles (GOODS-South: upside down, GOODS-North: upward). The bottom panel shows the
IR8 (=LHerschelIR /L8) ratio which is found to remain constant with luminosity and redshift.

metallicity, geometry of star formation regions, evolution of the
relative contributions of broad emission lines and continuum),
it was instead found that they work relatively well up to z!1.5.
Using shallower data than the present ones, Elbaz et al. (2010)
compared LtotIR , estimated fromHerschel PACS and SPIRE, to L24IR
– the total IR luminosity extrapolated from the observed Spitzer
mid-IR 24 µm flux density – and found that they agreed within
a dispersion of only 0.15 dex. The CE01 technique used to ex-
trapolate L24IR attributes a single IR SED per total IR luminosity
hence a given 24 µm flux density is attributed the LtotIR of the SED
that would have the same flux density at that redshift.

Stacking Spitzer MIPS-70 µm measurements at prior posi-
tions defined by 24µm sources in specific redshift intervals,
Magnelli et al. (2009) found that the rest-frame 24µm/(1+z)
and 70 µm/(1+z) luminosities were perfectly consistent with
those derived using the CE01 technique for galaxies at z"1.3.
Although the 70 µm passband probes the mid-IR regime for red-
shifts z!0.8, it presents the advantage of sampling the contin-
uum IR emission of distant galaxies without being a!ected by

the potentially uncertain contribution of PAHs, contrary to the
24 µm one. At z#1.5 however, extrapolations from 24 µm mea-
surements using local SED templates were found to system-
atically overestimate the 70 µm measurements (Magnelli et al.
2011). This mid-IR excess, first identified by comparing L24IR with
radio, MIPS-70µm and 160 µm stacking (Daddi et al. 2007a,
Papovich et al. 2007, Magnelli et al. 2011) has recently been
confirmedwithHerschel by Nordon et al. (2010) on a small sam-
ple of z!2 galaxies detected with PACS and by stacking PACS
images on 24 µm priors (Elbaz et al. 2010, Nordon et al. 2010).

Here, thanks to the unique depth of the GOODS-Herschel
images, we are able to compare L24IR to L

tot
IR for a much larger

number of galaxies than in Elbaz et al. (2010) and more impor-
tantly for direct detections at z>1.5. In Fig. 6-left, we show that
the mid-IR excess problem is not artificially produced by im-
perfections that could result from the indirect stacking measure-
ments, but instead takes place for individually detected galax-
ies at z>1.5 and at high 24 µm flux densities, corresponding to
L24IR>10

12 L$. Although known AGN were not included in the

“Mid-IR excess”

Using local SEDs to 
extrapolate 

monochromatic 24 μm flux 
to LIR results in systematic 

overestimation of LIR
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∑IR - predicted SED template vs. Herschel 
far-IR observations

Rujopakarn et al. 2012b

Good agreement leads to a new 
single-band 24 μm LIR & SFR indicator
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Avg. scatter ~ 0.1 dex

Testing the single-band LIR indicator:
Herschel comparison
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Mid-IR Star Formation Rate Indicator 7

data point. We experimented with adding up to 25%
uncertainties in this way and found that the resulting
L(TIR) values do not depend sensitively on the choice
of uncertainties added. In the SED fitting, we require at
least one data point at a rest-frame wavelength > 30 µm
to be detected at S/N > 5 (i.e., requiring at least one
SPIRE band at any given z). The final sample for SED
fitting is selected at 250 µm flux > 7 mJy, which yields
91 galaxies that passed all these criteria, in addition to
the blending avoidance criteria (Appendix A). The final
sample has redshifts ranging from 0.1 ! 1.3 with a me-
dian redshift z = 0.6. The comparison between Herschel
fiducial L(TIR) and those from the new single-band 24
µm indicator is shown in Figure 3.

Fig. 3.— Comparison of L(TIR) derived from the new 24 µm
indicator to L(TIR) measured by integrating the SED fitted to
Herschel SPIRE (250 ! 500 µm) photometry for individual galax-
ies in the Extend Chandra Deep Field South (ECDFS) that have
secure spectroscopic redshifts (circles); and in the Herschel Lensing
Survey (HLS; stars). The bottom panel shows the ratio of L(TIR)
from our single-band 24 µm indicator to the far-IR L(TIR). The
overall scatter is 0.12 dex (shaded region), which is comparable
to the scatter of the relationship between L(24 µm) and L(TIR)
found locally (0.13 dex; illustrated by a vertical bar on the left).
The lines in the bottom panel (color-coded by z) indicate the ratios
that would result if the star-forming regions in high-z IR galaxies
were as compact as those found locally (i.e., if our extended struc-
ture assumption fails), which is the case for 6% of galaxies; each
line corresponds to the upper-end of each z bin in the top panel.
The inset shows a Gaussian fit to the distribution, which has a !
of 0.06 dex, indicating the degree of agreement where our extended
structure assumption applies.

For the HDFN sample, we gathered all the data ob-
tained by Herschel in three di!erent programs: the Guar-
anteed Time PACS Evolutionary Probe (PEP, PI: D.
Lutz), the Herschel Multi-tiered Extragalactic Survey
(HerMES, PI: S. Oliver), and the Open Time Key Pro-
gram GOODS-Herschel (PI: D. Elbaz). All the PACS
and SPIRE data taken by these surveys was downloaded
from the Herschel Science Archive (HSA) and merged to-
gether using HIPE and proprietary dedicated software.
The reduction steps were the standard for Level 2.0 and
2.5 data products in the HSA. Catalogs using MIPS
24 µm priors and direct detections were built using the
procedure described in Pérez-González et al. (2010),
which was conceived to extract fluxes from faint sources
that are di"cult to detect directly and to deblend nearby
sources in the Herschel data (separated by more than 1
PSF FWHM for each band). The PACS catalogs reach
5! detections of 2 mJy at 100 µm, and 4 mJy at 160 µm.
For SPIRE, the 5! level is at 10, 14, and 17 mJy for the
250, 350, and 500 µm bands, respectively. We compiled
spectroscopic redshift measurements in the HDFN and
augmented the sample with photometric redshift mea-
surements (Pérez-González et al. 2012, in preparation)
with accuracy of #z/(1+ z) = 0.034 based on a SED fit-
ting process described in Barro et al. (2011). Two hun-
dred galaxies in the HDFN are detected at S/N > 5 in
at least one band longward of rest-frame 30 µm, passed
the prior-based blending avoidance criteria (Appendix
A), and do not harbor X-ray or IR power-law AGNs.
Spectroscopic and photometric redshift measurements
are available for 137 and 63 of these galaxies, respec-
tively; the redshift range of the final sample is 0.06!2.21,
with a median redshift z = 0.7. The L(TIR) comparison
in HDFN is presented in Figure 4.

The HLS sample consists of 19 galaxies located behind
the Bullet Cluster at redshifts 0.4 < z < 3.24 (Rex et
al. 2010). These sources are detected in at least two
Herschel bands (at 100 ! 500 µm) and many are also
observed in LABOCA 870 micron and AzTEC 1.1 mm
maps of the field (Wilson et al. 2008; Johansson et al.
2010). These measurements tightly constrain the peak
of the far-IR SED and therefore provide accurate esti-
mates of L(TIR). We have excluded three galaxies from
the original HLS sample (Table 2 of Rex et al. 2010) in
our test: HLS12 and HLS13 (z = 3.24 and 2.9) because
24 µm no longer traces PAH emission at their redshifts;
HLS18, because its large lensing magnification (54") is
not well constrained due to nearby objects (Rex et al.
2010). Otherwise, the lensing magnifications in the fi-
nal HLS sample of 16 galaxies are small (median 1.1").
These galaxies are shown as stars in Figure 3.

We have found from the tests using the ECDFS,
HDFN, and HLS data that the systematic mid-IR excess
issue discussed in the Introduction is virtually removed.
Figure 5 uses the ECDFS sample to illustrate the extent
of the mid-IR excess when templates for local galaxies are
applied directly to high-z galaxies, as is the case in the
formulae given by Rieke et al. (2009). The results from

Caveats: AGNs; extended 
structure assumption
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Cosmic Star Formation at 0 < z < 1.2

No. 2, 2010 EVOLUTION OF THE SFR OF GALAXIES AT 0.0 ! z ! 1.2 1183

Figure 8. Evolution of the characteristic 24 µm luminosity of galaxies, L!, to z " 1.2 based on our results (red circles) and that of Magnelli et al. (2009) using
FIDEL (red squares). The light shaded area is the luminosity evolution law L! # (1 + z)!L bounded by !L of 2.7 and 4.2 from the lowest and highest uncertainty
limits of Pérez-González et al. (2005) and Magnelli et al. (2009), respectively. The combined evolution law, L!,combined # (1 + z)3.4±0.2, is shown as a solid line with
the uncertainties from the combined fit shown by the dark shaded area. The local point for the global fit (red star) is that of Shupe et al. (1998) converted to 24 µm.
Two data points were excluded from the fit (see details in Section 4.3) and are shown in gray. Inset: the combined of luminosity evolution (solid line) with the same
symbols as the main figure (error bars are omitted for clarity) and the fit (dotted line) based on the Boötes data alone, (1 + z)3.8±0.3.
(A color version of this figure is available in the online journal.)

Figure 9. Evolution of the star formation rate density ("̇!) as a function of redshift assuming Salpeter (1955) IMF. Our "̇! estimates are shown in large black squares
and our extrapolated local point (Section 4.1) shown in gray, compared to the "̇! from the following. The extinction-corrected UV "̇! from the compilation of Hopkins
(2004) and Hopkins & Beacom (2006) are shown in blue circles; IR "̇! in red squares (Hopkins 2004; Pérez-González et al. 2005; Reddy et al. 2008); gray dots are
the radio (1.4 GHz), X-ray, and extinction-corrected [O ii], H!, and H# "̇! (Hopkins 2004; Seymour et al. 2008; Smolcić et al. 2009; Zhu et al. 2009). The agreement
of our "̇! normalization and those from extinction-corrected optical and UV observations confirms that a majority of star formation at z < 1.2 is obscured and can be
directly traced by 24 µm observation.
(A color version of this figure is available in the online journal.)

to "̇! of (1.65 ± 0.32) $ 10%2 M& yr%1 Mpc%3 for a Salpeter
(1955) IMF. Our estimate agrees with previous works on
the local "̇! that have properly accounted for the internal
extinction of the galaxy. Without such corrections the "̇! will

be underestimated by 50%–70% (Gallego et al. 1995; Tresse
& Maddox 1998; Hanish et al. 2006; Salim et al. 2007). The
agreement between "̇! estimates corrected for internal extinction
and our "̇! derived from 24 µm luminosity suggests that around

Application: Evolution of SF galaxies at 0 < z < 3 Rujopakarn et al., 2010

SFR evolution of star-forming galaxies from 24 micron observations out to z ~ 1

Rujopakarn et al. 2010
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Maximum typical starburst LIR of ~1013 Lsun or ~1,000 Msun/yr

IR Luminosity Functions at 0 < z < 3

Rujopakarn et al. 2013, in prep.

300,000 galaxies in GOODS-N, GOODS-S, EGS
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Cosmic Star Formation History at 0 < z < 3

Rujopakarn et al. 2013, in prep.
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• Goal: Compare with CANDELS to 
study morphologies of SF in 
relation to old stars

• Target galaxies at z = 1-2

• 64 hrs, starting October 2012

• 4 - 8 GHz, 0.35” resolution
35 arcmin2

• 2x deeper than the best survey to 
date (in HDF-N)

• Select targets across large range of 
∑IR for molecular observations to 
study the SF law

Resolving the Sites of Star Formation at the Peak of Galaxy Assembly, Rujopakarn et al. 4
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Figure 1: Left: Distribution of diameters of SF regions in luminous IR galaxies at z > 0.4, from
Rujopakarn et al. (2011). These values contrast with local diameters of < 1 kpc for galaxies of
similar luminosity; Right: Position of the proposed C-band pointing is in the COSMOS field where
the Hubble/WFC3 survey by CANDELS overlaps with the deep Spitzer/MIPS imaging and the
sub-mm surveys with SCUBA2 at JCMT (450 and 850 µm).
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Figure C1 – continued

C! 2005 RAS, MNRAS 358, 1159–1194

Figure 2: Radio interferometry provides resolved and unobscured morphological information of the

galactic-wide star-forming region in individual galaxies at 1 < z < 3. Unobscured view of star
formation in radio can be drastically different from the rest-frame optical observations at high-z,
but combining the two will give a new perspective of the SF process. The left and right panels
show 1.4 GHz radio continuum contours (Muxlow et al. 2005) and a composite V , i, and z image
from HST/ACS of a z = 1.02 galaxy (Rujopakarn et al. 2011), respectively. The beam size of 0��. 5
is shown in the radio image. The circle and the bar in the right panel represent a circularized area
of the radio emission, and a physical size of 5 kpc, respectively. Our proposed survey will have
improved resolution and sensitivity in terms of SFR from the example shown on the left.

Ongoing: Resolving the sites of 
star formation at the peak of galaxy assembly

Research Proposal, W. Rujopakarn 4
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Figure C1 – continued

C! 2005 RAS, MNRAS 358, 1159–1194

Figure 1: Radio interferometry provides resolved and unobscured morphological information of the

galactic-wide star-forming region in individual galaxies at 1 < z < 3. Unobscured view of star
formation in radio can be drastically different from the rest-frame optical observations at high-z,
but combining the two will give a new perspective of the SF process. The left and right panels
show 1.4 GHz radio continuum contours (Muxlow et al. 2005) and a composite V , i, and z image
from HST/ACS of a z = 1.02 galaxy (Rujopakarn et al. 2011a), respectively. The beam size of
0��. 5 is shown in the radio image. The circle and the bar in the right panel represent a circularized
area of the radio emission, and a physical size of 5 kpc, respectively. Our proposed survey will have
improved resolution and sensitivity in terms of SFR from the example shown on the left.

Figure 2: ULIRGs at low and high-z are not the same.
Locally, LIRGs and ULIRGs (filled circles) are very
compact, while at high-z (crosses) they have similar
sizes to local normal SF galaxies (open circles) but with
scaled up ΣSFR (Rujopakarn et al. 2011a). This indi-
cates a major difference in the mode of SF between
local ULIRGs, which are invariably merger-triggered,
and high-z ULIRGs. At what redshift did this transi-

tion occur? The measurement of size and morphology
is best done with radio interferometric surveys, such as
proposed. With a resolution of ∼2.5 kpc at 1 < z < 3
(dashed line), this survey will resolve more than 90% of
field SF galaxies at the peak of galaxy evolution.
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Figure 1: Radio interferometry provides resolved and unobscured morphological information of the

galactic-wide star-forming region in individual galaxies at 1 < z < 3. Unobscured view of star
formation in radio can be drastically different from the rest-frame optical observations at high-z,
but combining the two will give a new perspective of the SF process. The left and right panels
show 1.4 GHz radio continuum contours (Muxlow et al. 2005) and a composite V , i, and z image
from HST/ACS of a z = 1.02 galaxy (Rujopakarn et al. 2011a), respectively. The beam size of
0��. 5 is shown in the radio image. The circle and the bar in the right panel represent a circularized
area of the radio emission, and a physical size of 5 kpc, respectively. Our proposed survey will have
improved resolution and sensitivity in terms of SFR from the example shown on the left.

Figure 2: ULIRGs at low and high-z are not the same.
Locally, LIRGs and ULIRGs (filled circles) are very
compact, while at high-z (crosses) they have similar
sizes to local normal SF galaxies (open circles) but with
scaled up ΣSFR (Rujopakarn et al. 2011a). This indi-
cates a major difference in the mode of SF between
local ULIRGs, which are invariably merger-triggered,
and high-z ULIRGs. At what redshift did this transi-

tion occur? The measurement of size and morphology
is best done with radio interferometric surveys, such as
proposed. With a resolution of ∼2.5 kpc at 1 < z < 3
(dashed line), this survey will resolve more than 90% of
field SF galaxies at the peak of galaxy evolution.
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JVLA integration time to obtain integrated flux of 12σ for ULIRG 
with Arp 220’s IR lumiunosity, 2 x 1012 Lsun

Ongoing: Jansky VLA Survey of the SXDS/UDS

UDS

ACS
WFC3
WFC3 Grism

JVLA
35 arcmin2, 64 hours

Spitzer 24 μm imaging 
available for the entire field
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First Images from the 4-8 GHz 
Jansky VLA Deep Field 

(survey completed Jan 2013)

Local, z = 0.1 star-forming galaxy

z = 2 SF/AGN in spiral core?

Extended, ~8 kpc 
star forming regions at z = 1
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Ongoing:  Jansky VLA Observations of 
Herschel Lenses

• Goal: combine 
gravitational lensing and 
JVLA resolve sub-
structure of SF clumps in 
SPIRE-selected SMGs

• 12 hrs, starting Sep 2012

• C-band (4-8 GHz)

• 0.35” resolution

• Three targets at z = 2-5

28

Spatially-resolved SF law in high-z star-forming galaxies, Rujopakarn et al. 4

image image
source source

image
source

Figure 1: Source-plane image reconstruction for HLSJ0257 at z = 4.687 with gravitational lens modeling. In the
insets, image plane and source planes are shown for components A, B, and C with the blue contours representing
the 345 GHz SMA observations. Substructures < 0��. 02, corresponding to a physical feature of ∼100 pc, can be
seen. Similar image reconstructions will be carried out for the other three systems proposed.

1"

(a) (b)

Figure 2: Spatially and dynamically resolved JVLA CO(1 − 0) observations of HLSJ0918 at z = 5.24 (PI:
Ivison), the highest redshift lensed galaxies identified by our Herschel key programs. Panels (a) and (b) show a
CO(1−0) map and a CO(1−0) spectrum, respectively. This proposal seeks to expand the CO(1−0) observations
to another four Herschel-selected lensed galaxies.

Egami et al. 2012, in prep.
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Strongly lensed, kinematically 
ordered ULIRG at z ~2 

T = 31 K
LIR = 3 x 1013/μ L
z = 1.885

Rieke et al. 2009
Chary & Elbaz 2001
Modified Blackbody

1’’

Jansky VLA
4 - 8 GHz

Model
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Figure 1: Multiwavelength observations of the A611 Einstein ring. From left to right are the
Herschel, Jansky VLA (JVLA), and IRAM 30-meter observations of the ring in far-IR (160− 500
µm), radio continuum (4− 8 GHz), and CO lines, respectively. The source was discovered as an
exceptionally bright far-IR source in our Herschel survey and was later found to be an Einstein
ring using JVLA radio interferometric observations. The ring’s CO lines have uniquely narrow
velocity dispersion (118− 189 km/s) compared to typical sub-mm-selected galaxies (500− 1000
km/s), suggesting that it is a single-component, kinematically ordered system (e.g., disk), as
opposed to multiple-component systems such as galaxy mergers.

survey team (Brammer et al. 2012) who simulated the line and continuum S/N for very
similar science goals and observing conditions to our proposal. The Brammer et al. result
(their Fig. 7) suggests a line S/N of 2.5 in 4.5−5.1 ks integration for an object with 3×10−17

erg/s/cm2 line flux whose R50 is 0.36��. Our circularized radius is slightly larger (0.4��) than
this R50 value, but Brammer et al. indicated that the line S/N does not depend sensitively on
the object’s radius at R50 between 0.36�� and 0.4��. Therefore, in order to capture a line S/N
of 3, we request a 2× longer integration time (9.6 ks). We have confirmed this estimate with
the exposure time calculator. We stress that this estimate does not take into account
the lensing effect because we aim to image and resolve the entire ring image. That is, if
the resolution elements are combined, this observation will further benefit from the lensing
effect. The actual dust attenuation is likely less severe than this conservative estimate. But
the requested integration time will guarantee that the science goals can be achieved even if
the nebular extinction is as large as those of IR-luminous sub-mm galaxies.

Continuum Sensitivity: To estimate the unmagnified fluxes through the F105W and
F140W filters, we use the EzGal tool (Mancone & Gonzales 2012) to simulate a galaxy
with parameters expected for our target (zformation = 3.5; Charlot and Bruzual 2007 model
set; Chabrier IMF; solar metallicity; exponential SFH with τ = 1 Gyr) and normalize to
local galaxies such that the simulated stellar mass (M∗) at z = 1.885 is consistent with
M∗ expected for our target with SFR ∼ 320 M⊙/yr on the SFR-M∗ sequence at similar

5

Narrow CO line widths suggest a kinematically-ordered system 
(e.g., disk) despite its extreme luminosity
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Dissecting the intensely star-forming 
clumps in a z ~ 2 Einstein ring
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Figure 2: Augmenting the HST with a gravitational lens to probe sub-kpc features at z = 1.885.
(left) Image plane simulation at the resolution of WFC3, based on the Jansky VLA observations
shown in Figure 1. We place simulated WFC3 beams (0.13��) on the ring and trace them to the
source plane (right). For example, the red circular beam (number 1) in the left panel probes the
source-plane area marked by the red ellipse (number 1) in the right panel. The yellow beam
(number 4), in particular, probes a source-plane angular resolution of 0.13�� × 0.005��,
corresponding to a physical resolution of 40 pc in the direction of maximum magnification. The
proposed HST observations will allow us to search for smaller and fainter substructures, and to
understand the physical conditions of these intensely star-forming clumps.

redshift, M∗ ∼ 6 × 1010 M⊙ (e.g., Wuyts et al. 2011). The model estimates the mF105W

and mF140W of our galaxy to be 22.2 and 21.6 mag, respectively. Following the conservative
nebular extinction of 3 mag above, we expect a stellar extinction of 1.5 mag (Calzetti et
al. 2000). Applying this extinction, we obtain mF105W and mF140W estimates of 23.7 and
23.1 mag, respectively. In order to fully exploit the gravitation lens’s areal magnification, we
propose to obtain images of the ring at a S/N of 3/pixel (i.e., use a square extraction region
of 1× 1 pixel in the exposure time calculator). The integration times required are 724 and
241 seconds in F105W and F140W, respectively, given the circularized radius of 0.4��.

We also aim to obtain the G141 spectra of the continuum to be combined with F105W
and F140W images to characterize the ring’s stellar population by the means of SED fitting.
Referring again to the G141 experiences of the 3D-HST survey, an object withmF140W = 23.1
would be detected at a continuum S/N = 5 in 4.8 ks. Thus, the requested integration time
of 9.6 ks to detect Hβ emission discussed above will afford a continuum S/N of 7 before any
spatial binning, which can be carried out to exploit the lensing magnification.

Contamination from the Lens Galaxy: Our source is lensed by a z = 0.654 elliptical
galaxy, which is 1�� from the lensed image on the sky plane. The Subaru V and i-band AB
magnitudes of the elliptical galaxy are 23.6 and 20.8 mag, respectively (similar values are
measured by SDSS). From this photometry, we estimate the elliptical galaxy’s mF105W and

6

Simulated HST WFC3 beams ... physical area probed

Scaling relations in these clumps can be studied down to ~40 pc with HST and ALMA
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Summary
• High-resolution radio continuum observation is a 

good tracer of high-z SF morphology

• Most high-z U/LIRGs are extended, unlike merger-
triggered, nuclear-concentrated local U/LIRGs

• A majority of U/LIRGs at 1 < z < 3 do not show 
signs of major mergers - implications on modes of 
star formation and galaxy assembly
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