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The luminous dusty star-formation history: 
We are using SCUBA-2 to address three 

questions 
•  What fraction of the SF is in luminous dusty 

galaxies? 

•  Is there a maximum star formation rate (SFR) in 
high-redshift galaxies? (Amy Barger) 

•  Are the SF contributions measured from the rest-
frame UV selected population distinct from the SF 
contributions from the submm/FIR selected galaxy 
population? (TC Chen, Li-Yen Hsu) 

 



Very luminous galaxies emit much of their light at 
IR to mm wavelengths 

IRAC MIPS 

Figure from Polletta 

SCUBA-2 HERSCHEL 

With only UV/mid-
IR, we do not 
know how many 
galaxies we are 
simply missing, or 
how good our 
bolometric 
luminosity 
corrections are for 
the galaxies we do 
find. Some will 
have catastrophic 
errors. 



Submillimeter selected galaxies are sensitive to very high 
redshift galaxies because of their steep negative K correction 

Herschel 
SCUBA-2 

Confusion limits 
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However, Herschel 
hits the confusion 
limit faster than 
ground based 
instruments at longer 
wavelengths (3.5 m 
telescope vs 15 m 
JCMT), so it is best to 
search for very high z 
dusty galaxies with 
ground based mm/
submm observations.  

Confusion limits shown for 10 beams per source 

At lower redshifts  (z<2) Herschel observations are best for studying the 
dusty star formers 



How can we construct large, uniform samples of 
high-redshift luminous, dusty galaxies to study? 

•  ~10 cm imaging (VLA, etc) 
–  Advantages:  wide field, high resolution 
–  Disadvantages:  biased against high redshifts, contaminated by AGN, 

calibration of SF conversion  

•  Single dish submm/mm imaging (Herschel in space; JCMT, 
LMT, APEX, IRAM, SPT, etc on the ground)   
–  Advantages:  large fields, uniform FIR/submm selected samples, sensitive 

to very high redshifts particularly in the longer wavelength ground based 
observations. 

–  Disadvantages:  low resolution, confusion limit 

•  Interferometric submm/mm imaging (ALMA, IRAM PdB, SMA) 
–  Advantages:  high spatial resolution and sensitivity  
–  Disadvantages:  very small field-of-view 



Current radio limits bias against high z 
GOODS-N 
Barger et al 2014 
(Based on radio data from Owen 
2015) 
 
70% spectroscopic complete  
85% with phot-z 
Remainder K band faint 
K-z relationships suggests 
 missing objects are high z 
 (red crosses) 



 Best to Exploit Strengths of Each Type of 
Observation 

 
• Use single-dish far-infrared-submm imaging to construct large 
samples of far-infrared selected samples. 

• Use the radio to obtain precise positions, sizes, and redshift 
estimates 

• Use submm interferometry to identify interesting cases where 
there is no radio identification, or where there is more than one 
possible radio counterpart 

• In addition, use Chandra/XMM to identify X-ray AGNs 
 
 



Large and deep submillimeter samples are made 
possible by SCUBA-2 but are still expensive 

•  >230 band 2 hours on the CDF-N/GOODS-
N and CDF-S/GOODS-S fields  

•  >150 band 1 hours on 7 cluster lensing 
fields including 4 of the frontier field 
clusters 

 

daisy 

pong900 

Confusion limit 



SCUBA-2 850 micron 
(1σ=0.37 mJy)  
 

SCUBA-2 image deeper than SCUBA image of HDF-N over 
120 arcmin2.  Homogeneous, cleanly selected, and well 

calibrated : 145 4 sigma  sources 

SCUBA 
(Hughes et al. 1998) 



Submillimeter sources in the GOODS/Chandra fields 

Red = SCUBA-2   290 sources    Blue = SMA (CDF-N) 32 or ALMA (CDF-S) 48) 



Nearly all the CDF-N SCUBA-2 sources have radio 
counterparts in a 2.4microJy rms 20cm image 

20 cm 
contours 
overlaid on  
HST F140W 
images 
centered on 
SMA positions. 

Barger et al. 2012 
Radio data Owen 
2015 



Though note that a number of the sources do not have NIR 
counterparts in the HST data 

20 cm 
contours 
overlaid on the 
HST F140W 
images 
centered on 
the SMA 
positions of 
the SMA 
sample  

HDF850.1 
z=5.183 z=4.04 



The submillimeter flux to radio power ratio seems to provide a clear 
separation between AGN dominated and SF dominated (confirmed by 

limited VLBI data) – we also see hints of a maximum SFR 

Cowie et al. 2015 



Radio-Fir correlation 

Red z=1.6-4 
Black z=0.8-16 
Blue z=0.4-0.8 
Green z=0.2-0,4 



If we relied only on the radio for positions, then there would still be 
ambiguity when multiple radio sources 

20 cm 
contours 
overlaid on the 
HST F140W 
images 
centered on 
the SMA 
positions of 
the SMA 
sample  



SMA follow-up in the CDF-N for accurate positions 
Note the small field-of-view (ALMA’s is even smaller) 

SCUBA-2 5mJy
 
All SMA 
observed areas, 
including non-
SCUBA-2 
targets 
 
32 SMA 
detections 
(includes nearly 
all  >5 mJy 
SCUBA-2 
sources)  Red:  24” radius Rectangle: GOODS-N HST 

 

(Darkest green:  850 µm rms noise less than 0.55 mJy) 
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Interferometry Has Revealed Some Multiplicity 
 

Wang et al. (2011) using the SMA first discovered that some 
bright SCUBA sources resolved into multiple, physically 

unrelated sources 



But most bright SCUBA-2 sources are singles 

SCUBA-2 12’ 
radius field 
 
SCUBA-2 
positions 
(larger circles) 
 
SMA sources 
(small circles)  



ALMA ALESS Survey in CDF-S 

LABOCA (LESS; Weiss et 
al. 2009) was used to survey 
the CDF-S, and ALMA was 
used to follow-up the sources 
(ALESS; Hodge et al. 2013) 
 

Our SCUBA-2 images are 
much deeper and find many 
more sources in the central 
region covered by the 4 Ms 
X-ray image 

Deep areas (<twice the central 
noise) in X-ray (green) and 
SCUBA-2 (yellow) for CDF-S 

Blue open = LESS; solid = ALESS 
Red = 4σ SCUBA-2 



Is There a Maximum SFR? 
 

•  All of the brightest ALESS sources (S870µm>12 mJy) were found to 
be composed of emission from multiple fainter sources, each with	
S870µm<9 mJy; no ALMA source was >9 mJy	(Karim et al. 2013)	

•  Thus, Karim et al. proposed a natural limit of <1000 MSun yr-1 on 
the SFRs 

•  In  the CDF-N, we have 6 SMA detections of SCUBA-2 sources 
with S860µm>11	mJy (brightest 23.9 mJy), all of which are singles 

   [LABOCA (19.2”) has a larger beam size than SCUBA-2 (14”), so 
multiplicity or non-detections may be more common in LABOCA/
ALMA observations than in SCUBA-2/SMA observations] 



The SFRs of our submm galaxies range from 400 to 6000 MSun yr-1 
                                                                               ( SALPETER IMF) 
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Fig. 21.— (a) Radio power vs. redshift for the SCUBA-2 sample
with single radio counterparts at z > 1 (black squares - spectro-
scopic, photometric, or CO redshifts; blue diamonds - millimetric
redshifts), as well as the five without radio counterparts (green
right-pointing arrows; we computed the minimum millimetric red-
shifts for these by assuming a 1.4 GHz flux of 10 µJy). X-ray
AGNs are marked with red squares. None of the sources are X-ray
quasars. The right-hand axis shows the SFRs calculated from the
radio powers using Equation 7, assuming the sources are powered
by star formation. (b) 850 µm flux vs. redshift for the same sample
and using the same symbols as in (a). In this panel, the right-hand
axis shows the SFRs calculated from the submillimeter fluxes using
Equation 8, assuming the sources are powered by star formation.
This axis is only valid for sources at z > 1.5.

Of the 49 SCUBA-2 sources in Table 1, 24 have SMA
observations that directly determine the radio counter-
parts. Three of these SCUBA-2 sources have multi-
ple SMA/radio counterparts, giving a total of 27 SMA
detected sources. These correspond to all but two
of the sources in the SMA sample of Table 2; i.e.,
GOODS 850-13a and GOODS 850-13c are not included
in the SCUBA-2 selection, because they lie below the
detection threshold. There are a further 18 SCUBA-
2 sources for which there is only a single radio source
within the SCUBA-2 beam, which we take to be the
counterpart. The remaining 7 SCUBA-2 sources either
have multiple radio sources within the beam (this is the
case for three sources) or no radio counterpart (this is
the case for four sources, including the single SCUBA-2
source/SMA pair CDFN15a and CDFN15b where both
SMA counterparts are undetected in the radio). Some
of the latter category could be spurious when they are
close to the 4� threshold, but if they are real, as is clearly
the case for CDFN15, then they are the most plausible
extremely high-redshift galaxy candidates.

In the following, we restrict our analysis to the
SCUBA-2 SMGs with SMA/radio detections or single
radio counterparts, giving a total sample of 45 galaxies.
(Note, however, that with some reasonable assumptions,
we also present results that include the five sources with-
out radio counterparts.) Where possible, we use the spec-
troscopic, photometric, or CO redshifts. As summarized
in Table 1, 19 of the 45 sources have such redshifts, 14
of which lie at z > 1.5. For the remaining 26 sources, we
use the millimetric redshifts from Table 1, 22 of which
lie at z > 1.5.
In Figure 21(a), we show radio power (left-hand y-axis)

and the SFR calculated from the radio power using Equa-
tion 7 (right-hand y-axis) versus redshift for the SMGs
at z > 1. In Figure 21(b), we show submillimeter flux
(left-hand y-axis) and the SFR calculated from the sub-
millimeter flux using Equation 8 (right-hand y-axis) ver-
sus redshift for the same sample. We denote sources
with spectroscopic, photometric, or CO redshifts with
black squares, and we denote sources with millimetric
redshifts with blue diamonds. We mark X-ray AGNs
with red squares. None of the sources are X-ray quasars.
We show the five sources without radio counterparts as
green right-pointing arrows. We computed the minimum
millimetric redshifts for these by assuming a 1.4 GHz flux
of 10 µJy.
In both panels, the SFRs range from 400 M⇥ yr�1

to ⇥ 6000 M⇥ yr�1. For homogeneity, we decided to
calculate the SFRs from the submillimeter fluxes in our
subsequent analysis, but our results are not significantly
changed if we instead compute the SFRs from the radio
powers.
For each source, we determined the area over which

a 4� detection would have been made in the SCUBA-
2 image. We then used this to determine the accessible
volume in the redshift interval z1 to z2. Since the conver-
sion from 850 µm flux to SFR is nearly redshift invariant,
this is just the comoving volume between z1 and z2 that
corresponds to the area for that source. We then formed
the SFR per unit volume per log SFR in the redshift in-
terval by summing the inverse volumes and dividing by
the bin size width. We used bins stepped by 0.5 in log
SFR.
In Figure 22, we show the number density of sources

per unit comoving volume per unit log SFR versus
log SFR for the z = 1.5� 6 SCUBA-2 sources with SMA
detections or single radio counterparts (black squares).
Here and subsequently, we only use the SMGs with SFRs
> 500 M⇥ yr�1 corresponding to 850 µm fluxes � 3 mJy,
where we have substantial area coverage (see Figure 2;
this only eliminates two SMGs). The green diamonds
show the same but assuming that the five SCUBA-2
sources without radio counterparts also lie in this red-
shift interval. Because there is no redshift dependence in
the SFR conversion (see Equation 8), the submillimeter
fluxes of these sources place them in the appropriate SFR
bin. We have not included the three SCUBA-2 sources
that have multiple radio sources within the SCUBA-2
beam, but if they also are at z = 1.5� 6, then they con-
tain just under 10% of the total submillimeter flux, or,
equivalently, of the total SFR. Thus, the overall normal-
ization should not be increased by more than this amount
with their inclusion.
The red solid line shows the shape that would be re-

SMGs without 
radio counterparts, 
which we assume 
lie at z=1.5-6 (here 
used 1.4 GHz flux 
of 10µJy for min. z) 

(6300) 

(200) 



SFR Distribution Function 
contributions to the SFR density begin to drop above 2000 MSun yr-1 

Shape required to produce same 
amount of star formation in each 

 log SFR interval 



Clustering is an issue however: many of the  bright CDF-
N sources lie in a single region (z=4 protocluster?) 

GN20 



Big Question 
 

Are the SF contributions measured 
from the rest-frame UV selected 
population distinct from the SF 

contributions from the submm/FIR 
selected galaxy population? 



Yes!  The submm is a unique probe of the highest SFR galaxies --- 
the rest-frame UV selected samples max out at ~500 MSun yr-1, even 

after extinction correction  
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quired to produce the same amount of star formation
in each logarithmic SFR interval. The two lowest SFR
bins fall on this relation; however, above log SFR ⇥ 3.3,
the measured volume density begins to drop below this
relation. This drop is highly statistically significant,
since a constant amount of star formation in each log-
arithmic SFR interval would imply that we would have
23 objects above log SFR⇥ 3.3 in the field, whereas
we see only four. Over the range of the two lowest
data points (500 � 2000 M⇥ yr�1), the total SFR den-
sity is 0.016 M⇥ yr�1 Mpc�3, while the contribution
from sources with SFRs above 2000 M⇥ yr�1 is only
0.004 M⇥ yr�1 Mpc�3. Thus, we appear to have a char-
acteristic maximum SFR of ⇥ 2000 M⇥ yr�1.

Fig. 22.— Number density per unit comoving volume per unit
log SFR vs. log SFR for the > 4� SCUBA-2 sources at z = 1.5�6
with SFRs > 500 M⇥ yr�1. Black squares show the sources with
SMA detections or single radio counterparts. The error bars are
68% confidence ranges based on the number of sources in each bin.
The green diamonds show the results if the five SMGs without
radio counterparts are also assumed to lie in this redshift interval.
The red solid line shows the shape of the SFR distribution function
that would produce equal amounts of star formation in each log
SFR interval.

It is unlikely that this result could be a�ected by grav-
itational lensing of the submillimeter/1.4 GHz sources.
While the bright end sources in ultra-wide fields surveys
are dominated by lensed sources (Negrello et al. 2010),
there is only a low probability of seeing a significantly
lensed source in a field of the present size (e.g., Taka-
hashi et al. 2011). We searched around the brightest
SMGs for neighboring bright foreground galaxies that
could be plausible lensers and found only two. One of
these is HDF850.1 (Hughes et al. 1998) or GOODS 850-
1, which has a nearby elliptical galaxy at z = 1.224 from
Barger et al. (2008). Walter et al. (2012), using their
new redshift and position for the SMG from the IRAM
Plateau de Bure Interferometer, derived only a modest
possible amplification factor of ⇥ 1.4.
We can compare the contributions that we found from

the very massively star-forming galaxies in the SCUBA-2
sample to the contributions from rest-frame UV selected
samples. In Figure 23, we plot volume density versus
log SFR for the SCUBA-2 galaxies from Figure 22 and
for Lyman Break Galaxy (LBGs) from the extinction-
corrected UV luminosity functions of van der Burg et
al. (2010) (red triangles for z = 4.8, green diamonds for

z = 3.8, and blue squares for z = 3.1) and Reddy &
Steidel (2009) (blue curve for z ⇥ 3 and cyan curve for
z ⇥ 2). We converted their luminosity functions to the
units of Figure 23 using the Kennicutt (1998) conversion
of 1600 Å luminosity to SFR for a Salpeter IMF.
van der Burg et al. (2010) adopted luminosity-

dependent dust correction factors from Bouwens et al.
(2009). Reddy & Steidel (2009) also used luminosity-
dependent dust corrections, but theirs were significantly
smaller. Indeed, van der Burg et al. directly com-
pared their extinction-corrected SFR densities with those
Reddy & Steidel in their Figure 14 and found them to
be quite di�erent, illustrating the level of uncertainty in
the extinction corrections.
While the distribution of SMG SFRs appears to ex-

tend smoothly from the distribution of LBG SFRs, the
LBG SFRs determined from the extinction-corrected UV
selected samples are not as high as those of the SMGs
but instead cut o� at ⇥ 300 M⇥ yr�1. Thus, either the
SMGs are completely omitted from the UV selected sam-
ples, or the extinction corrections applied to some UV
sources are substantially underestimated (see discussion
in Bouwens et al. 2009). Even if catastrophically wrong
extinction corrections are applied to some UV sources,
causing lower SFRs to be assigned to sources that gen-
uinely have high SFRs, the UV distributions in Figure 23
would remain the same. The reason is that the volume
density of SMGs is much smaller than that of LBGs,
which means the number of sources that would be af-
fected would be too small to make a di�erence.

Fig. 23.— Number density per unit comoving volume per unit
log SFR vs. log SFR for the > 4� SCUBA-2 sources at z = 1.5�6
with SFRs > 500 M⇥ yr�1. Black squares show the sources with
SMA detections or single radio counterparts. The error bars are
68% confidence ranges based on the number of sources in each bin.
The green diamonds show the results if the five SMGs without
radio counterparts are also assumed to lie in this redshift interval.
For comparison, the small symbols and curves show extinction-
corrected UV results from van den Burg et al. (2010) (red triangles
- z = 4.8; green diamonds - z = 3.8; blue squares - z = 3.1) and
Reddy & Steidel (2009) (blue curve - z ⇥ 3; cyan curve - z ⇥ 2),
assuming the Kennicutt (1998) conversion of UV luminosity to SFR
for a Salpeter IMF.

Since the LBGs’ brightest submillimeter fluxes are only
⇥ 0.2�0.3 mJy based on stacking analyses (e.g., Peacock
et al. 2000; Chapman et al. 2000; Webb et al. 2003), with
the present submillimeter sensitivities, which are set by

Symbols at 
z=4.8, 3.8, and 
3.1 from 
van der Burg 
et al. 2010 
 
Curves at z=3 
and z~2 from 
Reddy & 
Steidel 2009 

~500 MSun yr-1 

Submm 

Extinction corrected 
rest-frame UV  



Moreover, a large and relatively invariant fraction of the overall SFR 
density is contained in these massively star-forming galaxies, and this is 

true at all redshifts to beyond z=5 (Question1). 

Hopkins & Beacom 2006 extinction-corrected UV SFRD 

~16% of 
above 

Black: SCUBA-2 (Barger et. 2014) 
Blue: SCUBA (Barger et al. 2012) 

Since the samples are disjoint, the two contributions need to be added!  
See also Wardlow et al . (2011) 



Only 20-30% of the submm extragalactic 
background light is contained in bright 

submm galaxies  

Faint Sources 

But might we be missing yet further 
contributions in the UV samples?   



0.8” FWHM
Not confusion 
limited.  Integrating 
longer can detect  
fainter sources.

15” FWHM   
Confusion limited.  
Integrating longer can 
NOT detect  fainter 
sources.

Unfortunately, single dish observations limited by confusion 
when we want to probe fainter (<2 mJy at 850 microns) 



Breaking the Confusion Limit 
 
To get to these fainter submm fluxes, we need to go beyond the 

confusion limit 
 
We can do this with interferometers, but again we suffer from the 

small field problem 
 
The alternative is to observe behind massive clusters of galaxies, 

where the magnification and source plane expansion allows us 
to detect fainter submm galaxies 



Lensing helps through the expansion of the source plane (reduces 
confusion) and through the magnification of the background sources  



A370 A1689 A2390 MACSJ0717 

All 5 SMGs detected in Chen et al. (2014) with the SMA have intrinsic 
fluxes ~0.1-0.8 mJy (SFR~20-160 M⊙/yr), the region of critical interest 
for tying together the galaxies seen in the rest-frame UV selected 
samples with those seen in the submm samples  
 

Images:  14’ x 14’ (>10 hrs; goal is 1σ of ~0.3 mJy at 850 and 2.5 mJy at 450) 

Key question:  how overlapped are the two populations? 
 
Look for optical/NIR counterparts to the faint SMGs 



However, 3/5 do not have optical/NIR counterparts 

Thus, many low-luminosity, obscured star-forming galaxies may also not 
be included in the measured optical star formation history! 

Images:  20” x 20” 
White circle:  7.5” radius SCUBA-2 beam 
Yellow circle:  1” radius SMA beam 
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Star Formation History Not Complete 
 
•  The most luminous star formers are mostly disjoint from the 

UV selected samples 

•  There is emerging evidence that even at lower luminosities 
there are star-forming galaxies that are missing from the UV 
samples 

•  These could be at high redshifts 

•  But sample sizes are still small, and more observations are 
needed 



Summary 
•  Submm galaxies have SFRs up to 6000 MSun yr-1 over z=1.5-6 

(extinction corrected UV-selected galaxies only reach ~500 MSun 
yr-1), but there is a turn-down at > 2000 MSun yr-1 in the SFR 
distribution function  

•  The UV based SF history is not complete: 

–  Bright submm galaxies contribute an additional ~16% of the optical SF 
history at all z>1 (to be added to the UV contribution) 

–  Additional contributions to the SF history may come from faint submm 
galaxies, which do not appear to be fully overlapped with UV-selected 
galaxies 



The End 


