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INTRODUCTION	
Why	study	obscured	star	forma2on	at	high	redshiDs?	



The	Cosmic	Star	Forma2on	History	
The	cosmic	star	forma.on	history:			Building	up	the	galaxy	popula.on	
•  We	need	to	constrain	models	for	the	forma2on	and	evolu2on	of	baryonic	structures	
•  Important	observa2onal	constraints	come	from	the	universal	SFR	density	evolu2on,	

and	the	evolu2on	of	the	typical	specific	star	forma2on	rates	of	individual	galaxies	
•  Measuring	SFR	at	high	z:	most	widely	available	tracers	are	FUV	and	FIR	
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Bouwens	et	al.	LBGs	

•  Herschel	probed	the	obscured	SFR	of	the	full	
star-forming	popula2on	at	z<3	

•  At	z>3,	FIR	measurements	are	only	possible	
for	rare	or	unrepresenta2ve	systems	

•  Best	es2mates	of	SFRD	at	higher	z	come	from	
rest-FUV	LFs	based	on	Lyman	Break	samples	
(e.g.	Bouwens	et	al.,	Bowler	et	al.,	etc)	

•  These	UV-only	methods	rely	on	dust	
correc2ons	whose	calibra2ons	are	uncertain	
at	high	redshiD…	

	



SFR	density	and	obscura2on	at	high-z	
How	well	do	we	understand	SFR	
measurements	at	high	redshi>?	

•  Dust	is	a	severe	obstacle	to	measuring	
total	SFRs	from	the	UV	

•  IR	SFRs	>>	UV	SFRs	

•  The	obscura2on	is	higher	at	the	peak	
epoch	of	SF	(z=2)	than	at	z=0	

•  Beyond	z=2-3,	it	is	more	uncertain…	

•  Herschel	surveys	limited	by	confusion	

•  ALMA	etc	limited	by	sampling		

Burgarella+13	

Burgarella+13	

Op2cal	
image	

“confusion	limited”	
sub-mm	image	



Predic2ng	dust	obscura2on	
How	to	es.mate	this	in	the	absence	of	FIR	detec.ons?	
•  Need	a	calibra2on	based	on	UV	slope	–	the	“IRX-beta”	rela;on	
•  But	this	needs	becer	valida2on	at	high	redshiDs	

A simple model to interpret galaxy spectra 1605

Figure 5. Examples of spectral energy distributions obtained by combining the infrared models of Table 1 with attenuated stellar population spectra
corresponding to the same contributions by dust in stellar birth clouds (1 − f µ) and in the ambient ISM (f µ) to the total energy L tot

d absorbed and reradiated by
dust (Section 2.3). (a) Quiescent star-forming galaxy spectrum combined with the ‘cold’ infrared model of Table 1; (b) normal star-forming galaxy spectrum
combined with the ‘standard’ infrared model of Table 1; (c) starburst galaxy spectrum combined with the ‘hot’ infrared model of Table 1 (see text for details
about the parameters of the stellar population models). Each panel shows the unattenuated stellar spectrum (blue line), the emission by dust in stellar birth
clouds (green line), the emission by dust in the ambient ISM (red line) and the total emission from the galaxy, corresponding to the sum of the attenuated stellar
spectrum and the total infrared emission (black line).

characterized by an age tg and a star formation time-scale parameter
γ (equation 31), and random bursts superimposed on this continu-
ous model. We take tg to be uniformly distributed over the interval
from 0.1 to 13.5 Gyr. To avoid oversampling galaxies with negli-
gible current star formation, we distribute γ using the probability
density function p(γ ) = 1 − tanh (8 γ − 6), which is approximately
uniform over the interval from 0 to 0.6 Gyr−1 and drops expo-
nentially to zero around γ = 1 Gyr−1. Random bursts occur with
equal probability at all times until tg. We set the probability so that
50 per cent of the galaxies in the library have experienced a burst
in the past 2 Gyr. We parametrize the amplitude of each burst as
A = Mburst/Mcont, where Mburst is the mass of stars formed in the
burst and Mcont is the total mass of stars formed by the continuous
model over the time tg. This ratio is distributed logarithmically be-
tween 0.03 and 4.0. During a burst, stars form at a constant rate
over the time tburst, which we distribute uniformly between 3 × 107

and 3 × 108 yr. We distribute the models uniformly in metallicity
between 0.02 and 2 times solar.

We sample attenuation by dust in the library by randomly drawing
the total effective V-band absorption optical depth, τ̂V , and the
fraction of this contributed by dust in the ambient ISM, µ (equations
3 and 4). We distribute τ̂V according to the probability density
function p(τ̂V ) = 1 − tanh(1.5 τ̂V − 6.7), which is approximately
uniform over the interval from 0 to 4 and drops exponentially to
zero around τ̂V = 6. For µ, we adopt the same probability density
function as for γ above, i.e. p(µ) = 1 − tanh (8 µ − 6). We note that

these priors for attenuation encompass the dust properties of SDSS
galaxies, for which τ̂V and µ peak around 1.0 and 0.3, respectively,
with broad scatter (Brinchmann et al. 2004; Kong et al. 2004). Our
final stellar population library consists of 50 000 different models.

In parallel, we generate a random library of infrared spectra as
follows. We take the fraction f µ of the total infrared luminosity
contributed by dust in the ambient ISM to be uniformly distributed
over the interval from 0 to 1. We adopt a similar distribution for
the fractional contribution by warm dust in thermal equilibrium
to the infrared luminosity of stellar birth clouds, ξ BC

W . For each
random drawing of ξ BC

W , we successively draw the contributions by
the other dust components to the infrared luminosity of stellar birth
clouds (i.e. hot mid-infrared continuum and PAHs) to satisfy the
condition in equation (14): we draw ξ BC

MIR from a uniform distribution
between 0 and 1 − ξ BC

W , and we set ξ BC
PAH = 1 − ξ BC

W − ξ BC
MIR. While

this procedure does not exclude values of ξ BC
MIR and ξ BC

PAH close to
unity, it does favour small values of these parameters, and hence,
it avoids oversampling physically implausible models. We take the
equilibrium temperature T BC

W of warm dust in the stellar birth clouds
to be uniformly distributed between 30 and 60 K, and that T ISM

C of
cold dust in the ambient ISM to be uniformly distributed between 15
and 25 K. We draw the fractional contribution ξ ISM

C by cold dust in
thermal equilibrium to the infrared luminosity of the ambient ISM
from a uniform distribution between 0.5 and 1 (this also defines the
contributions ξ ISM

PAH, ξ ISM
MIR and ξ ISM

W by PAHs, the hot mid-infrared
continuum and warm dust to the infrared luminosity of the ambient
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Where	do	we	stand?	
•  Need	becer	observa2ons	of	rest-frame	FIR	emission	from	high-redshiD	

star-forming	galaxies		
–  Current	data	begin	to	run	out	just	when	things	are	geing	interes2ng	

•  It	is	very	hard	to	measure	FIR	emission	from	representa2ve	samples	of	
galaxies	at	high	redshiD		
–  the	confusion	limit	is	a	fundamental	barrier	to	observa2ons	
–  due	to	high	source	density	and	diffrac2on-limited	resolu2on	

•  SFRs	at	high	redshiDs	can	be	inferred	from	the	UV	emission	of	individual	
star-forming	galaxies,	corrected	for	dust	obscura2on	based	on	an	
assumed	intrinsic	spectrum	and	acenua2on	law	
–  However,	these	assump2ons	are	poorly	tested	at	high	redshiD	
–  Furthermore,	UV-selected	Lyman	Break	samples	may	not	be	a	good	tracer	of	

the	overall	popula2on	of	star	forming	galaxies	at	high	redshiDs	

•  What	we	need	is	an	unbiased	measurement	of	total	SFR	in	complete	
samples	of	star	forming	galaxies	at	high	redshiGs	



METHODS	
How	to	address	these	problems	with	the	available	data?	



Breaking	through	the	confusion	limit	

Sub-mm	camera	 wavelength	/	μm	 PSF	FWHM	/	arcsec	

JCMT/SCUBA-2	 450	 7.5	

850	 14	

Herschel/SPIRE	 250	 18	

350	 24	

500	 35	

JCMT		
(SCUBA-2)	

Herschel	
(SPIRE)	



Breaking	through	the	confusion	limit	
•  COSMOS-CANDELS	450μm:	~3mJy	rms	

unfiltered	
•  ~100	sources	detected	at	SNR>4	
•  Prior	informa2on	on	thousands	more	

galaxies	in	the	field:	
–  HST,	Spitzer	and	ground-based	surveys	
–  CANDELS/3DHST	near-infrared	selected	

samples	
–  Photometric+grism	redshiDs	and	SED	

measurements	including	stellar	masses	

•  Using	prior-based	deconfusion…	

Detected	sources	



Breaking	through	the	confusion	limit	
•  COSMOS-CANDELS	450μm:	~3mJy	rms	

unfiltered	
•  ~100	sources	detected	at	SNR>4	
•  Prior	informa2on	on	thousands	more	

galaxies	in	the	field:	
–  HST,	Spitzer	and	ground-based	surveys	
–  CANDELS/3DHST	near-infrared	selected	

samples	
–  Photometric+grism	redshiDs	and	SED	

measurements	including	stellar	masses	

•  Using	prior-based	deconfusion:	
–  T-PHOT	(Merlin+15,16)	
–  measure	fluxes	of	much	denser	sample		
–  Obtain	full	covariance	matrix	

•  Prior	sample	selec2on:	
–  must	be	sufficient	to	describe	the	emission	in	

the	map	but	not	over-fit	
–  We	select	a	stellar-mass	limited	sample	with	

complete	redshiD	and	SED	info	from	3DHST	

3D-HST	near-IR	selected	galaxies	



Measuring	average	FIR	SEDs	
•  TPHOT:	fit	the	submm	images	with	prior	posi2ons	to	obtain	flux	

measurements	for	all	galaxies	in	the	sample	

•  Bright	sources	are	individually	detected	with	similar	significance	to	
tradi2onal	source	extrac2on	

•  To	study	full	sample,	divide	results	into	bins	and	stack	the	measurements	
in	each,	accoun2ng	for	confusion/covariance	between	priors	with	
measurement	errors	

•  Bin	priors	by	redshiD,	stellar	mass,	MUV	…	

•  Repeat	in	100,	160,	250,	450,	850	μm	maps	(from	Herschel	and	SCUBA2)	
	
•  Fit	SEDs	to	measure	average	IR	luminosity	and	thus	obscured	SFR	



STAR	FORMATION	RATES		
AND	OBSCURATION	

Results	(I):	



SFR	
comparing	FIR,	UV,	and	mass-selected	samples:	

10�1

100

101

102

103
N

0.5< z <1.5

�17.4 < MUV < �15.4

�19.4 < MUV < �17.4

�23.4 < MUV < �19.4

All

1.5< z <2.5

�18.2 < MUV < �16.2

�20.2 < MUV < �18.2

�24.2 < MUV < �20.2

All

2.5< z <4.0

�18.7 < MUV < �16.7

�20.7 < MUV < �18.7

�24.7 < MUV < �20.7

All

4.0< z <6.0

�18.8 < MUV < �16.8

�20.8 < MUV < �18.8

�24.8 < MUV < �20.8

All

100

101

102

103

SF
R

/M
�

yr
�

1

109 1010 1011 1012

Stellar mass / M�

10�1

100

101

102

103

104

SF
R

I
R

/S
FR

U
V

109 1010 1011 1012

Stellar mass / M�

109 1010 1011 1012

Stellar mass / M�

109 1010 1011 1012

Stellar mass / M�

�1.8

�1.5

�1.2

�0.9

�0.6

�0.3

0.0

0.3

0.6

lo
g(

m
ax

C
vR

at
io

)

�1.8

�1.5

�1.2

�0.9

�0.6

�0.3

0.0

0.3

0.6

lo
g(

m
ax

C
vR

at
io

)

10�1

100

101

102

103

N

0.5< z <1.5

�17.4 < MUV < �15.4

�19.4 < MUV < �17.4

�23.4 < MUV < �19.4

All

1.5< z <2.5

�18.2 < MUV < �16.2

�20.2 < MUV < �18.2

�24.2 < MUV < �20.2

All

2.5< z <4.0

�18.7 < MUV < �16.7

�20.7 < MUV < �18.7

�24.7 < MUV < �20.7

All

4.0< z <6.0

�18.8 < MUV < �16.8

�20.8 < MUV < �18.8

�24.8 < MUV < �20.8

All

100

101

102

103
SF

R
/M

�
yr

�
1

109 1010 1011 1012

Stellar mass / M�

10�1

100

101

102

103

104

SF
R

I
R

/S
FR

U
V

109 1010 1011 1012

Stellar mass / M�

109 1010 1011 1012

Stellar mass / M�

109 1010 1011 1012

Stellar mass / M�

�1.8

�1.5

�1.2

�0.9

�0.6

�0.3

0.0

0.3

0.6

lo
g(

m
ax

C
vR

at
io

)

�1.8

�1.5

�1.2

�0.9

�0.6

�0.3

0.0

0.3

0.6

lo
g(

m
ax

C
vR

at
io

)

�24�22�20�18�16�14
MUV

100

101

102

103

SF
R

/M
�

yr
�

1

0.5< z <1.5

10.0< logM? <10.5
10.5< logM? <11.0
11.0< logM? <12.0

�24�22�20�18�16
MUV

1.5< z <2.5

10.0< logM? <10.5
10.5< logM? <11.0
11.0< logM? <12.0

�26�24�22�20�18�16
MUV

2.5< z <4.0

10.0< logM? <10.5
10.5< logM? <11.0
11.0< logM? <12.0

�26�24�22�20�18�16
MUV

4.0< z <6.0

10.0< logM? <10.5
10.5< logM? <11.0
11.0< logM? <12.0 �1.8

�1.5

�1.2

�0.9

�0.6

�0.3

0.0

0.3

0.6

lo
g(

m
ax

C
vR

at
io

)

SF
R	

Stellar	mass	

redshiD	

Colour	=	Muv	bins	

10�1

100

101

102

103
N

0.5< z <1.5

�15.4 < MUV < �17.4

�17.4 < MUV < �19.4

�19.4 < MUV < �23.4

All

1.5< z <2.5

�16.2 < MUV < �18.2

�18.2 < MUV < �20.2

�20.2 < MUV < �24.2

All

2.5< z <4.0

�16.7 < MUV < �18.7

�18.7 < MUV < �20.7

�20.7 < MUV < �24.7

All

4.0< z <6.0

�16.8 < MUV < �18.8

�18.8 < MUV < �20.8

�20.8 < MUV < �24.8

All

100

101

102

103

SF
R

/M
�

yr
�

1

109 1010 1011 1012

Stellar mass / M�

10�1

100

101

102

103

104

SF
R

I
R

/S
FR

U
V

109 1010 1011 1012

Stellar mass / M�

109 1010 1011 1012

Stellar mass / M�

109 1010 1011 1012

Stellar mass / M�

�1.8

�1.5

�1.2

�0.9

�0.6

�0.3

0.0

0.3

0.6

lo
g(

m
ax

C
vR

at
io

)

�1.8

�1.5

�1.2

�0.9

�0.6

�0.3

0.0

0.3

0.6

lo
g(

m
ax

C
vR

at
io

)

Colour	=	Muv	bins	

SFR_tot	=	SFR_IR	+	SFR_UV	
	



SFR	Obscura2on	
LIR/LUV	strongly	correlated	with	mass	and	MUV	
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Stellar	mass	

redshiD	

Colour	=	Muv	bins	

•  More	massive	galaxies	have	higher	SFR,	and	more	of	their	star	forma2on	is	obscured	
•  High	FIR	luminosi2es	trace	galaxies	with	the	highest	SFRs	(wide	range	of	obscura2on)	
•  High	UV	luminosi2es	trace	the	most	unobscured	star-forming	galaxies	



Obscura2on	as	f(M,LUV)	
LIR/LUV	~	Mstar

0.7	LUV-0.6	–	independent	of	z	
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•  The	most	obscured	galaxies	are	the	ones	with	the	highest	stellar	mass	and	
lowest	UV	luminosity,	but	obscura2on	doesn’t	depend	on	redshiD	

…See	also	previous	Herschel	work	–	Buat+12,	Hilton+12,	Heinis+14,	etc	



The	IRX-beta	rela2on	
Obscura2on	(IRX=LIR/LUV)	
should	be	linked	to	UV	slope	β	
	
•  Excluding	passive	galaxies	

based	on	UVJ	colours	

•  M<1011M¤	galaxies	close	
to	Meurer	law	

•  M>1011M¤	galaxies	have	
higher	ex2nc2on	for	given	
UV	slope	

	
	
See	also	Coppin+15;	Alvarez-
Marquez+16;	Bouwens+16	
(studies	of	z~3	LBGs)	

Meurer+99	law	



COSMIC	STAR	FORMATION	
DENSITY	AT	Z<6	

Results	(II):	



Cosmic	SFR	density	in	massive	galaxies	

•  SFRD	peak	at	z~2	
•  SFRD	in	massive	galaxies	is	dominated	by	obscured	SFR	
•  1/5	of	SFRD	from	LUV>L*	galaxies	(also	obscured)	
•  1/3	of	SFRD	from	450μm-detected	sources	
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Cosmic	SFR	density	in	all	galaxies	

•  Including	UV	emission	from	full	LF	integrated	to	-15	(Parsa+16)	
•  SFRD	peak	at	z=2-2.5	
•  z<3:	dominated	by	obscured	SFRD	(peaks	at	z=2)	
•  z>3:	unobscured	SFRD	takes	over	(this	peaks	at	z=3)	
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Cosmic	SFR	density	in	all	galaxies	

•  SFRD	at	high-z	broadly	consistent	with	Behroozi+13,	Madau	&	Dickinson14	
•  UV-corrected	SFRD	from	the	literature	at	z~5	is	consistent	with	our	IR+UV	
•  The	early	universe	(z>3)	is	increasingly	dominated	by	unobscured	SFRD	
•  But	the	peak	epoch	of	SFRD	(z=1-3)	is	dominated	by	obscured	growth	of	high-mass	

galaxies	–	and	in	this	regime,	Meurer	dust	correc;ons	are	inadequate	
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Bouwens+12;		
see	also	Bowler+,		
Finkelstein+,	McLeod+,	etc	



Take-home	messages	
•  Strong	relaLonship	between	IR/UV,	LUV	and	M*,	independent	of	redshiS:	

LIR/LUV	~	Mstar
0.7	MUV

0.6	
•  UV	luminosity	traces	obscura2on	rather	than	SFR	
•  More	massive	galaxies	have	higher	SFR	and	higher	IR/UV	

•  The	SFRD	is	mostly	obscured	at	z=1-3,	and	is	dominated	by	the	growth	of	
high-mass	star-forming	galaxies	
–  These	galaxies	are	heavily	obscured	and	Meurer	dust	correc2ons	are	

insufficient	
	

•  At	z>4,	the	SFRD	is	predominantly	unobscured	and	is	dominated	by	
lower-mass	galaxies	
–  Because	they	have	lower	stellar	mass,	Meurer	dust	correc2ons	appear	to	be	

successful	

If	you	want	to	know	more?	 	à	 	

	Thank	you	for	listening……… 	any	ques;ons?	


