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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, ΣL(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 1σ and 2σ 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. 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
3σ (or 5σ) 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
effects of (1) instrumental effects+ 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 3σ in the MC simulations, are
found to present a local signal-to-noise ratio of 5σ in the resid-
ual maps. For consistency, the depths of the PACS and SPIRE
catalogs (Table 1) are defined to be the 3σ 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 5σ in the residual maps. All GOODS-Herschel images
(except the PACS–100µm image in GOODS-N) reach the 3σ
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 5σconf 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-
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mentioned earlier, the same study also found that the
stacked 160 µm flux from galaxies not detected individ-
ually is not affected by this bias and hence the 160 µm
stacked photometry can be used reliably. Lee et al. then
fit SEDs to the average 24 µm, 70 µm and 160 µm fluxes
in each stacked bin with the same procedure as that of
Kartaltepe et al. (2010) to estimate L(TIR), which we
use to test our indicator. We have excluded bins where
the fraction of X-ray sources (probably associated with
AGN) exceeds 0.1 based on Figure 3 of Lee et al. (2010).
For the actual L(TIR) calculation we use the average
value of 24 µm flux and redshift in each bin (N. Lee,
2011, private communication) to calculate the average
L(TIR) of the bin, which can be compared with the es-
timates from Lee et al. (2010). The result from this test
is presented in Figure 6.
Finally we used the stacking result from Bourne et al.

(2011). Their sample of 3172 galaxies was selected using
Spitzer IRAC 3.6 µm and 4.5 µm photometry (i.e. prob-
ing stellar mass) in ECDFS. The selection of the sam-
ple in the near-IR provides an independent sample that
might reveal selection effects (if any) inherent to mid-
and far-IR selections (e.g. the Lee et al. and Kartaltepe
et al. samples). Bourne et al. then stacked observations
of the sample in 7 redshift bins from 0 < z < 2.0. These
observations include 24 µm, 70 µm, 160 µm, 1.4 GHz and
610 MHz; the stacked fluxes of the Spitzer MIPS bands
were then used to fit a M51 SED to estimate L(TIR),
which we use to compare with our indicator (Figure 6).
The comparison with Lee et al. (2010) and Bourne et

al. (2011) shows excellent agreement and indicates that
our description of galaxy SEDs appropriately describes
the observations out to z ∼ 3. There is no indication of
systematic trends emerging at z ∼ 1 and z ∼ 2 where the
11 µm and 7 µm aromatic complexes redshift into the 24
µm band.

4.3. L(TIR)−SFR Relation

Finally, SFRs can be determined by making use of
the relationship between L(TIR) and the rest-frame
L(24 µm), and subsequently the L(24 µm) and SFR,
given by Rieke et al. (2009) with small modifications.
The introduction of the stretching factor, which is ef-
fectively to re-normalize the SED templates, requires
a modification of the relationship between L(TIR) and
L(24 µm). The original fit as given in equation A6 of
Rieke et al. (2009) is

logL(TIR)old = 1.445 + 0.945 logL(24) (6)

The new relationship can be derived by re-fitting equa-
tion 6 with the stretching factor, Si, multiplying both
L(TIR) and L(24 µm) for each template i. The re-fitted
relation is given by

logL(TIR)new = 1.113 + 0.980 logL(24) (7)

To determine the SFR from L(24 µm), the calibration
given by Rieke et al. (2009) remains valid. However,
that calibration has a term that corrects for a decrease
in L(24 µm)/L(TIR) above L(TIR) = 1011 L!. Since
the correction is motivated by an increase of the optical
depth at high L(TIR) that prevents the mid-IR emis-
sion from escaping, the threshold at which optical depth
becomes significant depends directly on the geometry of

Fig. 6.— Comparison of L(TIR) from our monochromatic 24
µm indicator to L(TIR) measured by stacking far-IR observations.
The comparison samples are from Lee et al. (2010) who determined
L(TIR) at 0 < z < 3 by stacking 70 µm and 160 µm observations
of over 35,000 COSMOS galaxies, and from Bourne et al. (2011)
whose L(TIR) was determined from stacking a broad range of ob-
servation from 24 µm to 610 MHz of 3,172 galaxies at 0 < z < 2
in the ECDFS-FIDEL sample. Open and filled symbols represent
L(TIR) estimates from the Rieke et al. (2009) SED library and this
work, respectively. The agreement between estimated and mea-
sured L(TIR) also implies that a majority of star-forming galaxies
at these redshift resides in the “main sequence” of star-forming
galaxies.

the galaxy. In the same way that the extended struc-
ture of the galaxy affects the IR-emitting environment,
the optical depth will consequently be lower for a given
L(TIR) and the luminosity threshold where the optical
depth should apply has to be scaled up by a stretch-
ing factor as well. The Si corresponding to the original
threshold is a factor of 3.3, yielding a luminosity thresh-
old of 3.3 × 1011 L!. This is equivalent to L(24 µm) of
4.1 × 1010 L!. Therefore the relationship between SFR
and L(24 µm) is given by

SFR(M! yr−1) = 7.8× 10−10 L(24µm, L!)

for 5× 109 L! ≤ L(TIR) ≤ 3.3× 1011 L! or 6× 108 L!

≤ L(24 µm) ≤ 4.1× 1010 L!. For L(TIR) > 3.3 × 1011

L! or L(24 µm) > 4.1× 1010 L!,

SFR(M! yr−1) = 7.8× 10−10 L(24µm, L!)

×
[

2.41× 10−11 L(24µm, L!)
]0.048

(8)

This calibration is based on that of Kennicutt (1998)
but with the Kroupa (2002) IMF, which yields SFRs a
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Figure C1 – continued
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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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Spitzer 24 μm observations will be an important probe of the luminous 
star-forming galaxy population until JWST. But to utilize them, we need 
to understand the apparent evolution in IR galaxy spectral energy 
distributions (SEDs) with redshift.

This evolution can be understood almost entirely in terms of the larger 
size of the high redshift U/LIRGs and their resulting lower star 
formation surface density than is typical for local examples.
This result in itself has interesting implications for galaxy evolution
• Indicates there is a route besides major mergers to trigger very high levels of SF activity at z ~ 2
• This indication is supported by morphology studies
• There is simple procedure that gives accurate LIR from observed 24 μm flux densities

We have used complete samples at 1.4 GHz 
that resolve the IR-emitting galaxies to measure 
physical sizes of galaxies both in the local 
Universe and at high-z. The galaxy diameters 
are 2-10 kpc, almost independent of redshift 
and luminosity, except for local U/LIRGs that 
are ~100x smaller in surface area.

Assuming the IR SED is a 
function of surface density, ΣIR, 
(as would be expected if it 
depends on optical depth 
effects), there is a simple, 
predictive procedure to select 
the appropriate local SED 
template to use with any high-z 
U/LIRG.
 

For example, SED features of a 
1012.3 Lsun ULIRG at z ~ 1 should 

be similar to the SED of a local 
galaxy with LIR of ~1011.2 Lsun that 

has identical ΣIR 
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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 affected 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

– 28 –

Fig. 5.— Optical extinction, Av, from this work compared to the distribution of Choi et al.

(2006) from Spitzer First-Look Survey (FLS). Our points are shown in rectangles. The Choi
et al. (2006) points are AIR

v measure by comparing IR SFR, which is held to be the true
value of SFR, with optical SFR measured from Hα, Hβ, and [OII] emission lines. These are

shown in red, blue, and grey circles, respectively. The spread of the Av value probable by IR
recombination lines that can trace highly obscured region is larger than that of the optical

lines.

Our separate study using LBT/
LUCIFER and Spitzer IRS to 
measure optical extinction by 
comparing Hα to Paα and Brα 
emissions shows that star-
forming galaxies at 1 < z < 3 
have a large range of extinction. 
An IR SFR indicator is critical in 
these systems.

Applying local IR SEDs to high-z galaxies 
to estimate LIR and SFR from single-band 

24 μm observations without taking into 
account the SED evolution results in an 
overestimation of LIR and SFR. This is 

known as the “mid-IR excess” problem.

Muxlow+05 MERLIN/VLA radio survey of the HDF

HST/ACS imaging from GOODS

The star-forming regions in non-local U/
LIRGs and SMGs have similar physical 
sizes to those in local normal star-
forming galaxies. 

Excepting local U/LIRGs, there is a 
tight relationship between total 
infrared luminosity, LIR, and infrared 
luminosity surface density, ΣIR, for 
nearly all infrared-luminous galaxies.

This relationship allows relating local 
SEDs to high-z galaxies on the basis 
of luminosity surface density not 
luminosity.
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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 ΣL(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 ΣL(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 ΣSFR 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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A comparison of the stacked IRS 
spectra of ULIRGs at z ~ 1 with 

LIR of 1012.3 Lsun (Dasyra+09) to 
the local SED templates from 

Rieke+09 shows that the SED of a 
z ~ 1 ULIRG can indeed be 

described by the local SED with 
LIR of 1011.00 - 1011.25 Lsun. 

There is an evolution of star 
forming infrared spectral energy 
distributions (SEDs) with redshift 
that we show is virtually entirely 
due to the larger sizes of high-z 
U/LIRGs

Based on Elbaz+11
Elbaz+11

Rujopakarn+11c, in prep.

Rujopakarn+11a, ApJ, 726, 93

Rujopakarn+11a

Rujopakarn+11b, astro-ph/1107.2921

Rujopakarn+11a, ApJ, 726, 93

Effects of the new LIR indicator on IR 
Luminosity Functions out to z = 2.5 in COSMOS

Rieke+09 Rujopakarn+11b

A simple procedure allows estimating 
the total infrared luminosity of star 
forming galaxies solely from the 
redshift and the observed 24 μm flux 
density out to z ~ 2.5

The results accurately reproduce the 
actual total infrared luminosities 
determined from Herschel and BLAST 
observations (bottom) as well as LIR 
from stacked samples (right). The 
averages (bottom panels) imply the 
offsets are less than 0.1 dex.

– 27 –

Fig. 4.— L(TIR) estimated from 24 µm observations using the ΣL(TIR) as an indicator of SED
shape and a modification of the local L(TIR)-ΣL(TIR)relation to calibrate the final L(TIR)
to the FIR L(TIR) measurements. The symbols are the same as in Fig. 3. This relationship
allows one to estimate L(TIR) and SFR consistent with the FIR measurements (e.g. Herschel
and BLAST) on average within 0.1−dex using monochromatic 24 µm observations.
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Further implications:
•Inspection of the HST/ACS images 
indicates that only a minority of the 
high-z IR galaxies are major 
mergers. This is consistent with 
their radio morphologies

•The SED selection procedure also 
results in substantial reductions in the 
maximum star forming luminosity 
estimate

•The COSMOS LFs above suggest 
an upper limit of LIR of star-
forming galaxies to be ~ 1013 Lsun

The Structure of High-Redshift Star-Forming Galaxies: 
Implications on Far-IR SED and SFR


