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MEASURING THE SFR

Studying the star-formation rates of distant galaxies is 
one of the most useful parameters we can observe.

In particular, the star-formation histories tells us 
about how galaxies build up their stellar mass 
with time; a key observable we can compare to 
theoretical models.

HST studies of high-redshift galaxies probe only the 
rest-UV light from galaxies.

Dominated by recent star-formation, thus 
measuring the quantity of UV light, we should be 
able to deduce the star-formation rates of galaxies.

But, the UV doesn’t tell the whole story; dust 
obscures the UV, causing one to underestimate the 
SFR.

Reddy+2012



STAR FORMATION RATES

Star-formation rate density 

versus redshift.

From UV measurements 

at each redshift.

Just one magnitude of 

extinction in the V-band 

reduces the derived SFR 

by a factor of 2.5.

?  ?  ?
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MEASURING THE TRUE SFR

How do we handle this?
Correct for the obscuration.

If we knew how much UV light the 
dust was attenuating, we could correct 
for it!

Quantified in Meurer et al. (1999)

Found that the slope of the UV part 
of the spectrum correlated with the 
ratio of FIR/UV emission.

fλ ∝ λβ

A1600 = 4.43 + 1.99*β

If this holds at all redshifts, then simply 
rest-frame UV observations can provide 
us an estimate of the total SFR.

66 MEURER, HECKMAN, & CALZETTI

FIG. 1.ÈRatio of FIR to UV Ñux at 1600 compared to UV spectralA!
slope b for UV-selected starburst galaxies. The right axis converts the Ñux
ratio to 1600 absorption using eq. (11). The solid line shows ourA! A1600adopted linear !t to the relationship. The dotted line shows theA1600-b
proposed dust-absorption/population model of Pettini et al. (1998).

by the absorbed UV radiation, the y-axis is a measurement
of dust absorption. This !gure then shows that dust absorp-
tion is correlated with UV reddening. Such a relationship is
expected for dust predominantly located in a foreground
screen (Witt et al. 1992 ; Paper I), although this screen need
not be homogeneous (Calzetti et al. 1994 ; Calzetti 1997).
Because this correlation links to UV quantities, then,FFIRregardless of the exact dust geometry, this !gure provides a
powerful empirical tool for recovering the radiation repro-
cessed by dust and thus determining the total absorption-
corrected UV Ñux of starbursts, using UV quantities alone.

In the next subsection we de!ne our local calibrating
samples and the quantities we use. In order to apply this
tool and interpret the results we perform three calibrations.
(1) is calibrated in terms of absorption at 1600FFIR/F1600 A! ,
and this is !tted as a function of b. (2) The spectroscopic
index b is calibrated in terms of broadband colors (with a z
correction), since photometric colors are easier to measure
than spectroscopic ones. (3) The relationship between lumi-
nosity measured at 1600 is related to SFR. These cali-A!
brations are detailed in the !nal three subsections.

3.1. Sample and De!nitions
The local sample used to derive the various calibrations

in this paper is listed in Table 1. It includes the sources
shown in Figure 1 ; it is drawn from the International Ultra-
violet Explorer (IUE) atlas of Kinney et al. (1993) and con-
tains galaxies having ““ activity classes ÏÏ consistent with
being starbursts, i.e., starburst nucleus (SB nuc.), starburst
ring (SB ring), blue compact dwarf galaxy (BCDG), or blue
compact galaxy (BCG ). Although the UV sources in these
galaxies tend to be centrally concentrated, we !nd that gal-
axies with optical diameters is measured atD25 [ 4@ (D25B \ 25 mag arcsec~2) tend to fall above the relationship
shown in Figure 1. This is probably because signi!cant UV
emission extends beyond the 20@@ ] 10@@ IUE aperture.

Hence these large galaxies were excluded from the sample.2
Further limiting the sample to galaxies having D25 \ 2@.5
removes a few more outliers, but not just galaxies above the
relationship. Furthermore, it also severely depletes the
points with b [ [0.5. Applying !ts to data limited in this
way changes our !nal results by \10%;o1600(z \ 2.75)
hence, we retain as the diameter limit for the localD25 \ 4@
sample. The lack of systematic residuals for galaxies up to
12 times larger than the IUE aperture indicates that the UV
emission of these galaxies is very compact, e.g., in a circum-
nuclear starburst.

The IUE spectra in the Kinney et al. atlas were measured
to determine the UV quantities required for Figure 1. The
ultraviolet Ñux at 1600 is a generalized Ñux of theA! , F1600,
form and is the Ñux density per wavelengthFj \ jfj, fjinterval. It was measured with the IRAF/STSDAS3
package SYNPHOT employing a square passband with a
central wavelength of 1600 and width of 350 This !lterA! A! .
is meant to approximate the rest-frame parameters of the
standard WFPC2 !lters F606W and F814W for objects
with redshifts z \ 2.75 and 4, respectively (i.e., U- and
B-band dropouts). The ultraviolet spectral slope b is deter-
mined from a power-law !t of the form

fj P jb (1)

to the UV continuum spectrum as de!ned by the 10 (rest
wavelength) continuum bands listed by Calzetti et al. (1994).
These spectral !ts were performed after !rst removing
Galactic extinction using the law of Seaton (1979) and
taking Galactic extinction values fromA

B
\ 4.1E(B[V )

Burstein & Heiles (1982, 1984) as listed by NED.4 Since the
continuum spectrum is never exactly a pure power law, b is
subject to systematic uncertainties due to the placement of
the continuum windows. Eighteen of the data points in
Figure 1 represent galaxies observed with one of IUEÏs
short-wavelength (SW) cameras (j B 1100È1975 onlyA! )
and not with either of the long-wavelength (LW) cameras
(j B 1975È3000 hence, they do not have data in the 10thA! ) ;
window of Calzetti et al. (1994) (j \ 2400È2580 Their bA! ).
values were determined from the SW-only measurements
using the following relationship :

Sb [ bSWT \ [0.16 ^ 0.04 . (2)

This was determined from measuring b of 16 high signal-to-
noise ratio IUE spectra with no noticeable SW/LW break,
both with and without the 10th window. The uncertainty is
the standard error on the mean.

The only non-UV quantity in Figure 1 is the far-infrared
Ñux which is derived from Infrared Astronomical Satel-FFIR,
lite (IRAS) 60 and 100 km Ñux densities listed by NED and

2 The other galaxies that were excluded are NGC 1569 because of
excessive foreground Galactic extinction ; NGC 3690 because the IUE
pointing is likely to be wrong (Paper I) ; the BCDGs Mrk 209, Mrk 220,
and Mrk 499 because they have neither IRAS Ñuxes nor upper limits ; and
!nally !ve galaxies with low S/N IUE spectra in the Kinney et al. atlas :
NGC 4853, IC 2184, Mrk 309, Mrk 789, and UGC 6448.

3 The Image Reduction and Analysis Facility software package is dis-
tributed by the National Optical Astronomy Observatories, which are
operated by the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science Foundation.
STSDAS is the Space Telescope Science Data Analysis Software package
for IRAF, distributed by STScI.

4 The NASA/IPAC Extragalactic Database (NED) is operated by the
Jet Propulsion Laboratory, California Institute of Technology, under con-
tract with the National Aeronautics and Space Administration.

Meurer et al. 1999
Local UV-selected 

starburst galaxies measured 
with IUE and IRAS
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IS BETA A GOOD DIAGNOSTIC?

How much does the value of β 
track the dust extinction? 

Does this relation even hold at 
high-redshift?

Evidence that it does for L* 
galaxies.  Perhaps not for 
young galaxies (different 
extinction curve?).

13

TABLE 5
Properties of the Stacks IV: Derived Quantities

LUV
a LIR

b SFR(UV)+SFR(IR) d

Sample (1011 L!) (1011 L!) 1+SFR(IR)/SFR(UV) cd (M! yr"1)

A. 0.32 ± 0.02 2.3± 0.3 5.3± 0.6 49± 6
B. 0.31 ± 0.02 2.2± 0.3 5.2± 0.6 47± 6
C. 0.33 ± 0.03 1.6± 0.3 3.9± 0.6 37± 6
D. 0.28 ± 0.02 3.0± 0.5 7.2± 1.1 60± 9
E. 0.35 ± 0.07 13.2± 0.8 20.9± 3.2 238 ± 15.5
F. 0.38 ± 0.05 3!: < 2.0 3!: < 2.4 3!: < 58

a Mean and error in mean of UV luminosity in units of 1011 L!.
b Infrared luminosity, in units of 1011 L!, derived from color-matching and normalizing the
Dale & Helou (2002) models to the observed fluxes. For Sample F, we assume the upper limit
in LIR implied by the observed fluxes at 24 and 160µm and the upper limit at 100µm and
1.4GHz.
c Dust correction factor required to recover the total SFR from the UV-determined SFR.
d Median star formation rates in M! yr"1 assuming a Salpeter (1955) IMF from 0.1 to 100M!

and the Kennicutt (1998) relations between UV/IR luminosity and star formation rate. For the
“young” subsample (Sample F), we multiply the UV SFR determined from the Kennicutt (1998)
relation by a factor of 2. This is done to account for the fact that the mix of O and B stars
contributing to the UV continuum emission has not equilibrated for ages ! 100Myr (assuming
a constant star formation); thus, the Kennicutt (1998) conversion between UV luminosity and
SFR will underpredict the total SFR for such “young” galaxies.

In particular, we show the dust obscuration derived
for these samples as a function of UV slope, !, in Fig-
ure 8. Up to luminosities of LIR ! 1012 L!, we find
that galaxies with redder ! are on average dustier. Fur-
thermore, the correlation between dustiness and UV
slope is essentially identical to that found for local star-
burst galaxies (Meurer et al. 1999; Calzetti et al. 2000).
This result has been found by several other inves-
tigations targeting moderately luminous galaxies and
using a variety of star formation tracers at z " 2
(e.g., Reddy & Steidel 2004; Reddy et al. 2006b, 2010;
Daddi et al. 2007; Pannella et al. 2009) and z " 3 (e.g.,
Seibert et al. 2002; Nandra et al. 2002; Magdis et al.
2010a,b).
Infrared selection, e.g., such as 24µm selection, gener-

ally results in samples where the bulk of galaxies do not
abide by the Meurer et al. (1999) or Calzetti et al. (2000)
attenuation curves (e.g., Murphy et al. 2011). As dis-
cussed in Reddy et al. (2006b) and Reddy et al. (2010),
the correlation between UV slope and dust attenua-
tion breaks down for more infrared luminous galaxies at
z " 2, as well as younger galaxies with ages ! 100 Myr
at the same redshifts, where the latter tend to follow a
steeper attenuation curve (i.e., they are less reddened at a
given UV slope than predicted by the Meurer et al. 1999
relation). Systematic deviations from the local starburst
attenuation curve have also been observed at lower red-
shift (z ! 2) based on Herschel/PACS and SPIRE data
(e.g., Buat et al. 2010; Burgarella et al. 2011) and Akari
data (Buat et al. 2011).
Much of the aforementioned deviation from the local

starburst attenuation curve can be understood in the
context of the range of bolometric luminosity probed by
the di!erent UV and IR selections. UV color selection is
sensitive to galaxies with moderate (L") luminosities and
lower dust extinction than those selected in the infrared.
Because dust attenuation is a strong function of bolo-
metric luminosity and the validity of the Meurer et al.
(1999) relation is luminosity dependent (Meurer et al.
1999; Goldader et al. 2002; Reddy et al. 2006b, 2010),
it is natural to expect departures from this relation for

Fig. 8.— Mean dust attenuation (LIR/LUV) versus UV slope
(") for di!erent subsamples of z ! 2 galaxies. Also shown are
attenuation curves for the SMC and for local UV starbursts from
Meurer et al. (1999), and the 3! upper limit and stacked 24µm
implied value (cyan point) of the dust attenuation for the youngest
galaxies in our sample.

galaxies that may be selected via their infrared emission.
Deviations may also be observed in infrared luminous
galaxies that also have large stellar masses; in this case,
the UV continuum associated with the massive OB stars
may be extinguished relative the UV emission from less
massive stars, resulting in a redder UV continuum slope
for a given dust obscuration (e.g., Murphy et al. 2011;
Buat et al. 2010). These results stress that one must
take care in applying any starburst attenuation curve
to high redshift galaxies, with the realization that such
relations may apply in one regime but fail in another de-
pending on the properties of the galaxies in one’s sample.
Here, we have shown that galaxies that lie around L" of
the UV luminosity function have dust obscuration – as
measured from Spitzer, Herschel, and VLA data – that
correlate with their UV slopes, and that this correlation
is similar to that observed for local starburst galaxies.
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galaxies that may be selected via their infrared emission.
Deviations may also be observed in infrared luminous
galaxies that also have large stellar masses; in this case,
the UV continuum associated with the massive OB stars
may be extinguished relative the UV emission from less
massive stars, resulting in a redder UV continuum slope
for a given dust obscuration (e.g., Murphy et al. 2011;
Buat et al. 2010). These results stress that one must
take care in applying any starburst attenuation curve
to high redshift galaxies, with the realization that such
relations may apply in one regime but fail in another de-
pending on the properties of the galaxies in one’s sample.
Here, we have shown that galaxies that lie around L" of
the UV luminosity function have dust obscuration – as
measured from Spitzer, Herschel, and VLA data – that
correlate with their UV slopes, and that this correlation
is similar to that observed for local starburst galaxies.

The UV spectral slope *may* be 
able to correct the UV for 
extinction at high-redshift.

However, uncertainties are high, 
so a dust-corrected SFR will be 
highly uncertain, and it doesn’t 
work well for highly attenuated 

objects.

Ideal: UV (or Hα) + FIR Penner+2012; Pforr+2012 in prep



IS THIS EVEN A PROBLEM?

At z > 4, where we think galaxies are building up in earnest, is there even 
enough dust around to be a problem?

z=4 is only ~1.25 Gyr from z=15 ( a reasonable estimate for the epoch of 
galaxy formation).

Is that enough time for large dust reservoirs to form?
Some evidence already that these galaxies might not be too 
chemically enriched.

Stark+11 Finkelstein+11;   Mimi Song+12 in prep

Lyα
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At z > 4, where we think galaxies are building up in earnest, is there even 
enough dust around to be a problem?

z=4 is only ~1.25 Gyr from z=15 ( a reasonable estimate for the epoch of 
galaxy formation).

Is that enough time for large dust reservoirs to form?
Some evidence already that these galaxies might not be too 
chemically enriched.

Stark+11 Finkelstein+11;   Mimi Song+12 in prep

We would expect dust to track metals.
But, dust can build-up quickly:

         
SNe:   ~immediate (if the dust survives)

AGB stars:   ~500 Myr

Lyα



WE NEED TO FIND OUT WHETHER 
DUST IS PRESENT AT HIGH-REDSHIFT
This has been a major focus of my work, which centers on:

Discovering galaxies at all high redshifts (z ≥ 4)

Robustly measuring their colors.

Inferring their physical properties, and the evolution of these properties 
with redshift.

Steven Finkelstein                                                                                                                                                                      UT Austin

This requires deep near-infrared imaging to measure robust colors at z=4, 5 and 
6, and to discover the galaxies at z=7 and 8.
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them consistent with no dust 
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WE NEED TO FIND OUT WHETHER 
DUST IS PRESENT AT HIGH-REDSHIFT
This has been a major focus of my work, which centers on:

Discovering galaxies at all high redshifts (z ≥ 4)

Robustly measuring their colors.

Inferring their physical properties, and the evolution of these properties 
with redshift.

Steven Finkelstein                                                                                                                                                                      UT Austin

This requires deep near-infrared imaging to measure robust colors at z=4, 5 and 
6, and to discover the galaxies at z=7 and 8.

Initial papers used these data to 
probe the colors of very high 

redshift galaxies (z > 7), finding 
them consistent with no dust 
(Bouwens+10; Finkelstein+10).

To do better, we need *much* larger 
samples.

I’m doing this with CANDELS.
902 orbits over 5 fields

http://candels.ucolick.org

http://candels.ucolick.org
http://candels.ucolick.org


GALAXIES GET REDDER WITH COSMIC TIME

Measured the median β at each 
redshift.

What about the faint galaxies 
at z=7?

β increases by ~ 0.5 in < 1 Gyr of 
cosmic time.

AV = 0 ➜ 0.3-0.4 mag

Galaxies build up their dust 
reservoirs quickly!

“Prim
ordial” 

galaxies

Steven Finkelstein                                                                                                                                                                      UT Austin

Measured β for each galaxy in our 
sample via SED fitting.

Less scatter and bias than other 
commonly used methods.



DUST DOES FORM AT HIGH REDSHIFT, BUT 
ONLY STICKS IN MASSIVE GALAXIES

• The most massive galaxies are dusty 
at z=7.  Could outflows be removing 
dust from the lower mass galaxies?

• Similar to the mass-metallicity 
relation observed at lower 
redshift.

• Even relatively low-mass galaxies are 
a little dust at z=6.

• Obscured star-formation is a real 
issue at z > 4 for all but the least 
massive galaxies.
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CAN WE OBSERVE THIS DUST IN EMISSION?

Dust does form early, so we need to account for it (though its impact may lessen with 
decreasing mass).

Most robust way to do this is by directly measuring the dust in emission.  Can this be 
done for “normal” galaxies at high redshift?

Following the Meurer relation, we can “predict” what the FIR SEDs of these 
galaxies will look like (assuming Tdust = 28 K).

I first made use of this to predict the observability of z=4.5 LAEs w/ ALMA 
(Finkelstein+2009, MNRAS, 393, 1174).

Use the observed UV luminosity + β to build a FIR (modified) blackbody, 
redshift it, and examine its flux in the wavelength window of choice.

I examined all of my high-redshift galaxies in this way, “measuring” their flux 
densities at 350, 450 and 850 μm

For the CCAT sensitivities, I assumed the 3σ confusion limits of: 0.3, 0.6 and 0.66 
mJy.



OBSERVING Z=4 “NORMAL” GALAXIES 
WITH CCAT

At z=4, we can detect a decent 
number of “normal” galaxies at 
350 μm (~70 galaxies).

Mean SFR ~ 30 M�/yr.

Majority have log M ~ 10.5 - 
11.5 M�

Even though the flux density 
rises for galaxies at 450 and 850 
μm, the increasing confusion 
limit yields the 350 μm band 
the best options.
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Prospects improve dramatically if we 
can get below the confusion limit.

Done with other observatories by 
using higher resolution imaging at 

nearby wavelengths and performing 
template fitting.

e.g., HST for Spitzer/IRAC; MIPS 
24 μm for Herschel.



HOW DO WE DO AT HIGHER REDSHIFT?

Play the same game at z=5 
and 6.

A couple galaxies may 
be detected, but now 
we’re talking about 
SMG equivalents.

No detections at z=7.

z=5 galaxies
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WHERE CAN WE LEARN THE MOST?

While CCAT has potential for 
studies at z=4, what about at z=2-3, 
where even Herschel cannot 
detection individual normal galaxies?

Examined ~50 galaxies from the 
HETDEX pilot survey for which 
I’ve previously measured β.

CCAT can detect >20% of these 
galaxies!

Some of these are as small as 
~109 M�!

Steven Finkelstein                                                                                                                                                                      UT Austin



SUMMARY

Measuring the star-formation rates and histories of galaxies is one of the major 
diagnostics we have of how the universe builds its stellar mass with time.

Rest-frame UV/optical observations only tell half of the story.

Dust attenuation is significant and must be accounted for at z = 4-6 for all but 
the lowest mass galaxies.

And even in the highest mass galaxies at z = 7.

CCAT can detected significant numbers of “normal” galaxies at z=4; only extreme 
galaxies at z > 5.

We can make a lot of progress at z=2-3, where CCAT can detect SFR~10 M�/yr.


