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2 Whitaker et al.

Fig. 1.— The SFR-mass sequence for star-forming galaxies has a non-linear slope out to z = 2.5 (dotted line is linear). The running
medians and scatter are color-coded by redshift, with a power law fit above the mass and SFR completeness limits (solid lines in bottom,
right panel).

way that is independent from the SFR indicator. We
show that star-forming galaxies with different colors and
LIR/LUV ratios occupy different regions of the log(SFR)-
log(M⋆) plane.
We assume a ΛCDM cosmology with ΩM=0.3,

ΩΛ=0.7, and H0=70 km s−1 Mpc−1 throughout the pa-
per.

2. DATA AND SAMPLE SELECTION

Our sample of galaxies is drawn from the NMBS
(Whitaker et al. 2011). This survey employs a new tech-
nique of using five medium-bandwidth NIR filters to sam-
ple the Balmer/4000Å break from 1.5 < z < 3.5 at
a higher resolution than the standard broadband NIR
filters. The combination of the medium-band NIR im-
ages with deep optical medium and broadband photom-
etry and IRAC imaging over 0.4 deg2 results in accu-
rate photometric redshifts (∆z/(1 + z) ! 2%), rest-
frame colors and stellar population parameters. The
SFRs presented in this paper are based in part on
Spitzer -MIPS fluxes at 24µm that are derived from the
S-COSMOS (Sanders et al. 2007) and FIDEL4 surveys.
A comprehensive overview of the survey can be found
in Whitaker et al. (2011). The stellar masses used in
this work are derived using FAST (Kriek et al. 2009),
with Bruzual & Charlot (2003) models that assume a
Chabrier (2003) initial mass function (IMF), solar metal-
licity, exponentially declining star formation histories

4 http://irsa.ipac.caltech.edu/data/SPITZER/FIDEL/

and dust extinction following the Calzetti et al. (2000)
extinction law.
The SFRs are determined by adding the UV and IR

emission, SFRUV+IR = 0.98 × 10−10(LIR + 3.3L2800)
(Kennicutt 1998), adapted for the Kroupa IMF by
Franx et al. (2008), accounting for the unobscured and
obscured star formation, respectively. We adopt a
luminosity-independent conversion from the observed
24µm flux to the total IR luminosity (LIR ≡ L(8–
1000µm)), based on a single template that is the log av-
erage of Dale & Helou (2002) templates with 1 < α <
2.5, following Wuyts et al. (2008); Franx et al. (2008);
Muzzin et al. (2010), and in good median agreement with
recent Herschel/PACS measurements by Wuyts et al.
(2011a). The luminosities at 2800Å (L2800) are derived
directly from the best-fit template to the observed pho-
tometry, using the same methodology as the rest-frame
colors (see Brammer et al. 2011).
With accurate rest-frame colors, it is possible to

isolate “clean” samples of star-forming and quies-
cent galaxies using two rest-frame colors out to
high redshifts (Labbé et al. 2005; Wuyts et al. 2007;
Williams et al. 2009; Ilbert et al. 2009; Brammer et al.
2011; Whitaker et al. 2011). The quiescent galaxies have
strong Balmer/4000Å breaks, characterized by red U–V
colors and bluer V –J colors relative to dusty star-forming
galaxies at the same U–V color.
Whitaker et al. (2011) demonstrated that there is a

clear delineation between star-forming and quiescent
galaxies with the NMBS data set. Quiescent galaxies are

Whitaker+15

3



The Star-formation Mass Sequence out to z = 2.5 5

Fig. 4.— A cartoon (left) and observed (right) view of how star-forming galaxies populate the log(SFR)-log(M⋆) plane, with 54% of all
galaxies residing on the “normal” star formation sequence, showing increasing amounts of dust (higher LIR/LUV ratios) and lower sSFRs
(shallower slope) towards higher stellar mass. 7% of galaxies have blue colors and high LIR/LUV ratios, falling in the upper envelope (grey).
11% of galaxies have low LIR/LUV ratios and red colors, populating the lower envelope (also grey).

sequence, with a significantly shallower slope of ∼ 0.6.
We note that some models predict slopes that are too
steep compared to the observations (e.g., Bouché et al.
2010; Dutton et al. 2010); it is possible that discrep-
ancies between the inferred SFRs may be alleviated if
the stellar IMF is systematically weighted toward more
high-mass star formation in rapidly star-forming galaxies
(Narayanan & Davé 2012).
The observed scatter of the “normal” star formation

sequence is 0.25 dex, which includes contributions from
both random and systematic errors. We estimate the av-
erage random scatter by perturbing the 24µm photome-
try and photometric redshifts within the 1σ error bars for
100 realizations, finding a small contribution of ∼ 0.05
dex. Additionally, about 0.08 dex scatter is introduced
because the average SFR evolves within the redshift bin.
Finally, uncertainties in the conversion from 24µm flux to
LIR introduce ∼ 0.15 dex scatter (Marcillac et al. 2006),
although we note that this value is quite uncertain (e.g.,
Wuyts et al. 2011a). In total, we estimate that random
and systematic errors introduce 0.18 dex scatter to the
star formation sequence, from which we estimate the in-
trinsic scatter to be 0.17 dex . Semi-analytic models pre-
dict an even smaller scatter (0.12±0.1 dex). However, the
model scatter may be underestimated due to a simplified
treatment of the halo mass accretion history. Cosmolog-
ical hydrodynamical simulations by Dekel et al. (2009)
find a scatter of up to 0.3 dex in the gas accretion rates
on to galaxies in 1012 M⊙ haloes at z = 2.5. If this scatter
translates linearly into scatter in the SFRs, this may rec-
oncile the differences between the models and observed
scatter.
To bolster the cartoon view presented in Figure 4, we

additionally consider the composite SEDs of normal star-
forming galaxies in bins of stellar mass. Due to the in-
creasing levels of dust attenuation, we see a clear evo-
lution of the composite SEDs in Figure 5. On average,
the most massive star-forming galaxies have characteris-
tically dusty spectral shapes, with a 2175Å dust feature
evident, whereas lower stellar mass galaxies have decreas-
ing amounts of dust obscuration. We note that we see

similar trends at higher and lower redshifts, but are un-
able to make robust statements due to incompleteness.
We speculate that the small fraction of dusty, blue

galaxies are mainly starbursts, as very few appear to
be associated with X-ray sources. Remarkably, we see
that the spectral shapes of these galaxies are all very
similar, irrespective of stellar mass (upper right panel in
Figure 5). This suggests that the same physical process
is dominating the stellar light, possibly a merger driven
starburst.
While 28% of galaxies with log(M⋆) > 10 have already

quenched their star formation at 1 < z < 1.5, we find
that 11% may be in the process of shutting down star for-
mation. These galaxies have red colors and low LIR/LUV
ratios, occupying the lower envelope of the star forma-
tion sequence. We compare the composite SEDs of these
red, low-dust star-forming galaxies to that of quiescent
galaxies at the same stellar mass and redshift (solid lines
in bottom right panel of Figure 5). These galaxies have
similar rest-frame V –J colors to quiescent galaxies, but
somewhat bluer rest-frame U–V colors, consistent with
the idea that they are in the process of shutting down star
formation and may soon migrate to the red sequence.
By studying four distinct populations of galaxies se-

lected from the NMBS, we have demonstrated that quan-
tifying the observed properties of the star formation se-
quence and how the sequence evolves with time requires
a thorough understanding of the selection techniques and
biases. A consequence of the strong dependence of dust
attenuation on stellar mass is that measurements of the
star formation sequence will depend critically on the sam-
ple selection. The gradual evolution we measure of the
slope of the star formation sequence toward shallower
values at high-z is driven by the combination of the cur-
vature of the “normal” star formation sequence and the
evolution of the mass-completeness limits with redshift.
An in-depth analysis of the physical properties of these
galaxies and comparisons between the observations and
models will help constrain the physical mechanism driv-
ing this potential curvature and the outliers from the star
formation sequence.

Whitaker+15

Main	  Sequence
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The Star-formation Mass Sequence out to z = 2.5 5

Fig. 4.— A cartoon (left) and observed (right) view of how star-forming galaxies populate the log(SFR)-log(M⋆) plane, with 54% of all
galaxies residing on the “normal” star formation sequence, showing increasing amounts of dust (higher LIR/LUV ratios) and lower sSFRs
(shallower slope) towards higher stellar mass. 7% of galaxies have blue colors and high LIR/LUV ratios, falling in the upper envelope (grey).
11% of galaxies have low LIR/LUV ratios and red colors, populating the lower envelope (also grey).

sequence, with a significantly shallower slope of ∼ 0.6.
We note that some models predict slopes that are too
steep compared to the observations (e.g., Bouché et al.
2010; Dutton et al. 2010); it is possible that discrep-
ancies between the inferred SFRs may be alleviated if
the stellar IMF is systematically weighted toward more
high-mass star formation in rapidly star-forming galaxies
(Narayanan & Davé 2012).
The observed scatter of the “normal” star formation

sequence is 0.25 dex, which includes contributions from
both random and systematic errors. We estimate the av-
erage random scatter by perturbing the 24µm photome-
try and photometric redshifts within the 1σ error bars for
100 realizations, finding a small contribution of ∼ 0.05
dex. Additionally, about 0.08 dex scatter is introduced
because the average SFR evolves within the redshift bin.
Finally, uncertainties in the conversion from 24µm flux to
LIR introduce ∼ 0.15 dex scatter (Marcillac et al. 2006),
although we note that this value is quite uncertain (e.g.,
Wuyts et al. 2011a). In total, we estimate that random
and systematic errors introduce 0.18 dex scatter to the
star formation sequence, from which we estimate the in-
trinsic scatter to be 0.17 dex . Semi-analytic models pre-
dict an even smaller scatter (0.12±0.1 dex). However, the
model scatter may be underestimated due to a simplified
treatment of the halo mass accretion history. Cosmolog-
ical hydrodynamical simulations by Dekel et al. (2009)
find a scatter of up to 0.3 dex in the gas accretion rates
on to galaxies in 1012 M⊙ haloes at z = 2.5. If this scatter
translates linearly into scatter in the SFRs, this may rec-
oncile the differences between the models and observed
scatter.
To bolster the cartoon view presented in Figure 4, we

additionally consider the composite SEDs of normal star-
forming galaxies in bins of stellar mass. Due to the in-
creasing levels of dust attenuation, we see a clear evo-
lution of the composite SEDs in Figure 5. On average,
the most massive star-forming galaxies have characteris-
tically dusty spectral shapes, with a 2175Å dust feature
evident, whereas lower stellar mass galaxies have decreas-
ing amounts of dust obscuration. We note that we see

similar trends at higher and lower redshifts, but are un-
able to make robust statements due to incompleteness.
We speculate that the small fraction of dusty, blue

galaxies are mainly starbursts, as very few appear to
be associated with X-ray sources. Remarkably, we see
that the spectral shapes of these galaxies are all very
similar, irrespective of stellar mass (upper right panel in
Figure 5). This suggests that the same physical process
is dominating the stellar light, possibly a merger driven
starburst.
While 28% of galaxies with log(M⋆) > 10 have already

quenched their star formation at 1 < z < 1.5, we find
that 11% may be in the process of shutting down star for-
mation. These galaxies have red colors and low LIR/LUV
ratios, occupying the lower envelope of the star forma-
tion sequence. We compare the composite SEDs of these
red, low-dust star-forming galaxies to that of quiescent
galaxies at the same stellar mass and redshift (solid lines
in bottom right panel of Figure 5). These galaxies have
similar rest-frame V –J colors to quiescent galaxies, but
somewhat bluer rest-frame U–V colors, consistent with
the idea that they are in the process of shutting down star
formation and may soon migrate to the red sequence.
By studying four distinct populations of galaxies se-

lected from the NMBS, we have demonstrated that quan-
tifying the observed properties of the star formation se-
quence and how the sequence evolves with time requires
a thorough understanding of the selection techniques and
biases. A consequence of the strong dependence of dust
attenuation on stellar mass is that measurements of the
star formation sequence will depend critically on the sam-
ple selection. The gradual evolution we measure of the
slope of the star formation sequence toward shallower
values at high-z is driven by the combination of the cur-
vature of the “normal” star formation sequence and the
evolution of the mass-completeness limits with redshift.
An in-depth analysis of the physical properties of these
galaxies and comparisons between the observations and
models will help constrain the physical mechanism driv-
ing this potential curvature and the outliers from the star
formation sequence.

Whitaker+15

Main	  Sequence

1)	  how	  can	  we	  explain	  the	  
starbursts	  and	  the	  luminosities	  of	  
these	  galaxies?
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The Star-formation Mass Sequence out to z = 2.5 5

Fig. 4.— A cartoon (left) and observed (right) view of how star-forming galaxies populate the log(SFR)-log(M⋆) plane, with 54% of all
galaxies residing on the “normal” star formation sequence, showing increasing amounts of dust (higher LIR/LUV ratios) and lower sSFRs
(shallower slope) towards higher stellar mass. 7% of galaxies have blue colors and high LIR/LUV ratios, falling in the upper envelope (grey).
11% of galaxies have low LIR/LUV ratios and red colors, populating the lower envelope (also grey).

sequence, with a significantly shallower slope of ∼ 0.6.
We note that some models predict slopes that are too
steep compared to the observations (e.g., Bouché et al.
2010; Dutton et al. 2010); it is possible that discrep-
ancies between the inferred SFRs may be alleviated if
the stellar IMF is systematically weighted toward more
high-mass star formation in rapidly star-forming galaxies
(Narayanan & Davé 2012).
The observed scatter of the “normal” star formation

sequence is 0.25 dex, which includes contributions from
both random and systematic errors. We estimate the av-
erage random scatter by perturbing the 24µm photome-
try and photometric redshifts within the 1σ error bars for
100 realizations, finding a small contribution of ∼ 0.05
dex. Additionally, about 0.08 dex scatter is introduced
because the average SFR evolves within the redshift bin.
Finally, uncertainties in the conversion from 24µm flux to
LIR introduce ∼ 0.15 dex scatter (Marcillac et al. 2006),
although we note that this value is quite uncertain (e.g.,
Wuyts et al. 2011a). In total, we estimate that random
and systematic errors introduce 0.18 dex scatter to the
star formation sequence, from which we estimate the in-
trinsic scatter to be 0.17 dex . Semi-analytic models pre-
dict an even smaller scatter (0.12±0.1 dex). However, the
model scatter may be underestimated due to a simplified
treatment of the halo mass accretion history. Cosmolog-
ical hydrodynamical simulations by Dekel et al. (2009)
find a scatter of up to 0.3 dex in the gas accretion rates
on to galaxies in 1012 M⊙ haloes at z = 2.5. If this scatter
translates linearly into scatter in the SFRs, this may rec-
oncile the differences between the models and observed
scatter.
To bolster the cartoon view presented in Figure 4, we

additionally consider the composite SEDs of normal star-
forming galaxies in bins of stellar mass. Due to the in-
creasing levels of dust attenuation, we see a clear evo-
lution of the composite SEDs in Figure 5. On average,
the most massive star-forming galaxies have characteris-
tically dusty spectral shapes, with a 2175Å dust feature
evident, whereas lower stellar mass galaxies have decreas-
ing amounts of dust obscuration. We note that we see

similar trends at higher and lower redshifts, but are un-
able to make robust statements due to incompleteness.
We speculate that the small fraction of dusty, blue

galaxies are mainly starbursts, as very few appear to
be associated with X-ray sources. Remarkably, we see
that the spectral shapes of these galaxies are all very
similar, irrespective of stellar mass (upper right panel in
Figure 5). This suggests that the same physical process
is dominating the stellar light, possibly a merger driven
starburst.
While 28% of galaxies with log(M⋆) > 10 have already

quenched their star formation at 1 < z < 1.5, we find
that 11% may be in the process of shutting down star for-
mation. These galaxies have red colors and low LIR/LUV
ratios, occupying the lower envelope of the star forma-
tion sequence. We compare the composite SEDs of these
red, low-dust star-forming galaxies to that of quiescent
galaxies at the same stellar mass and redshift (solid lines
in bottom right panel of Figure 5). These galaxies have
similar rest-frame V –J colors to quiescent galaxies, but
somewhat bluer rest-frame U–V colors, consistent with
the idea that they are in the process of shutting down star
formation and may soon migrate to the red sequence.
By studying four distinct populations of galaxies se-

lected from the NMBS, we have demonstrated that quan-
tifying the observed properties of the star formation se-
quence and how the sequence evolves with time requires
a thorough understanding of the selection techniques and
biases. A consequence of the strong dependence of dust
attenuation on stellar mass is that measurements of the
star formation sequence will depend critically on the sam-
ple selection. The gradual evolution we measure of the
slope of the star formation sequence toward shallower
values at high-z is driven by the combination of the cur-
vature of the “normal” star formation sequence and the
evolution of the mass-completeness limits with redshift.
An in-depth analysis of the physical properties of these
galaxies and comparisons between the observations and
models will help constrain the physical mechanism driv-
ing this potential curvature and the outliers from the star
formation sequence.

Whitaker+15

Main	  Sequence

1)	  how	  can	  we	  explain	  the	  
starbursts	  and	  the	  luminosities	  of	  
these	  galaxies?

2)	  how	  the	  galaxies	  from	  the	  Main	  
Sequence	  evolve	  into	  quiescent	  
galaxies?
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Possible	  evolutionary	  paths	  for	  
massive	  galaxies	  at	  z~2DOG & SMG SFHs 3

Figure 1. Cartoon picture illustrating two possible evolutionary paths for massive galaxies at z ∼ 2 (adapted from
Dey & The NDWFS/MIPS Collaboration 2009). Top: (1) A gas rich major merger leads to an intense, dust-enshrouded phase of star-
formation. (2) Energetic feedback, possibly from the growth of a central super-massive black hole, heats the dust and gas, cutting off
star-formation. (3) Depending on the relative timescales of AGN fuelling, dust dissipation, and star formation, the system may be briefly
visible as a quasar before settling on the red sequence. Bottom: An alternative scenario in which massive galaxies are assembled via smooth
accretion of gas and small satellites along filamentary structures (some mechanism is still needed to quench star-formation; in this cartoon
picture, steps (2) and (3) are assumed to be the same as in the major merger driven scenario). One goal of this paper is to test the two
different possibilities illustrated in step (1) of this diagram using the stellar masses and star-formation rates of high redshift ULIRGs.

significantly different masses than SMGs or bump DOGs,
this might imply that the power-law phase occurs during
the same time that most of the mass in stars is being
built up. If the power-law is a signature of black hole
growth, then this would mean that the stellar mass and
black hole mass are likely being assembled during the
same period of dust-obscured, intense star-formation. A
uniform analysis of all three populations is necessary to
test this hypothesis.
Second, while SPS modeling methods have become

more sophisticated, stellar mass results for a given pop-
ulation have not necessarily converged. For example,
Borys et al. (2005) use Spitzer/Infrared Array Camera
(IRAC; Fazio et al. 2004) data to infer average SMG
stellar masses of M∗ ≈ 2.5 × 1011 M⊙. More re-
cently, Dye et al. (2008) and Micha"lowski et al. (2010)
have found median stellar masses for SMGs ofM∗ = 6.3×
1011 M⊙ and 3.5× 1011 M⊙, respectively. A new study
by Hainline et al. (2011) using essentially the same data
set as Micha"lowski et al. (2010) finds significantly lower
median SMG stellar masses of M∗ = (7± 3)× 1010 M⊙.
Finally, measurements of the width of CO emission lines
in 12 ULIRGs at z ∼ 2 have provided a median dynam-

ical mass estimate of Mdyn ∼ 2 × 1011 M⊙ (Engel et al.
2010). These sources typically have high gas fractions
of ≈ 0.5, implying that the stellar masses should be
M∗ ≤ 1011 M⊙. This emphasizes the significant sys-
tematics that affect stellar mass estimates based on SPS
modeling and underscores the need for a uniform analysis
when comparing different ULIRG populations.
Third, the disagreement in observed stellar masses has

significant bearing on theoretical models for the forma-
tion of high redshift ULIRGs. As outlined earlier, the
cosmological hydrodynamical simulations of Davé et al.
(2010) predict that SMGs have large stellar masses that
are roughly consistent with the estimates of Borys et al.
(2005) and Micha"lowski et al. (2010), but a factor of
≈ 4 larger than the estimates of Hainline et al. (2011).
The Hainline et al. (2011) mass estimates are also some-
what lower than what is expectated from merger sim-
ulations (Narayanan et al. 2010), with the caveat that
such expectations are highly dependent on the stage of
the merger, viewing angle, etc. A systematic, uniform
comparison of the relative stellar mass distributions of
DOGs and SMGs with simulated SFHs from theoretical
models for the evolution of massive galaxies represents a

Bussmann+11	   (see also Dey+09,	  Sanders+88)
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Magnelli+13,	  +	  work	  from	  LeFloc’h+05,	  
Magnelli+11,	  Burgarella+13,	  etc.

LIRGs =	  Luminous	   IR	  Galaxies	  :

ULIRGS	  =	  Ultra-‐ Luminous	   IR	  Galaxies	  :	  

Importance	  of	  the	  Infra-‐red	  (IR)	  -‐ I
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50%	  of	  the	  MIR-‐selected	  
sources	  (with	  1.5<z<3)	  are	  
missed!!!!

Riguccini+11

Importance	  of	  the	  IR	  -‐ II

9

Optical	  selection	  to	  select	  star-‐forming	  galaxies	  at	  ~	  
1.5<z<3

(original	  criteria:	  BM/BX	  Adelberger+04,	  
Uvi :	  Grazian+07

Adaptation	  to	  the	  COSMOS	  filters:	  Riguccini+11)
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• Submillimeter	  (SCUBA):	  Galaxies	  detected	  	  
at	  	  submillimeterwavelength	  (850μm)	  with
really	  faint	  optical	  counterparts.
(Hughes+	  98)	  

• Infrared	  (Spitzer):	  large	  population	  of	  
luminous	  galaxies	  at	  z~2	  detected	  at	  24μm	  but	  really	  faint	  at	  

optical	  wavelength
(‘Dust-‐Obscured	  Galaxies’,	  DOGs,	  	  Dey+	  08)

SCUBA	  850μm	  HDF	  field

IR	  and	  submillimeter detections

Importance	  of	  the	  IR	  -‐ III
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Our	  sample	  of	  DOGs

• 95	  DOGs in	  the	  COSMOS	  field

– Selected	  at	  24	  μm:	  
– 1.5	  <	  z <	  3
– Detected	  in	  the	  Herschel	  bands

• Seeking	  for	  their	  AGN	  contribution	  to	  their	  IR	  
luminosity
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• Contribute	  for	  25%	  to	  the	  ρIR at	  z~2
• Present	  LIRG	  and	  ULIRG	  luminosities	  (ie luminous	  and	  
Ultra-‐luminous	  IR	  Galaxies	  with	  LIR>1011 L¤)

• Important	  step	  in	  the	  evolution	  of	  galaxies	  
(e.g.,	  Bussmann+	  11)

Particularities	  of	  the	  Dust-‐Obscured	  
sources	  (DOGs)	  
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Dey+08

Power-‐Law	  DOGs
=	  power-‐law	  SED	  in	  
the	  near-‐IR

Bump-‐ DOGs

versus

Some	  evidences	  of	  AGN	  activity	  
among	  the	  DOGs
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MIPS-‐24μm	  
PACS-‐100μm	  
PACS-‐160μm	  
SPIRE-‐250μm
SPIRE-‐350μm
SPIRE-‐500μm

Evolution	  of	  SED	  along	  z

Spectral	  Energy	  Distribution	   (SED)	  of	  an	  ultra-‐luminous	   galaxy	  (LIR=1012L¤)	  
obtained	   from	  the	  Rieke et	  al.	  (2009)	  library.	  	  
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Composite	  Spectra	  with	  DecompIR
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1088 J. R. Mullaney et al.

Figure 4. The five average host-galaxy templates derived from the Brandl
et al. (2006) starburst sample and the four ‘cold’ galaxies selected from
the Revised Bright Galaxy Sample (Sanders et al. 2003; see Fig. 3). Each
template is the mean-average of a group of SEDs that have similar overall
shape and relative PAH strengths (see Section 3 for a description of how
we construct these host-galaxy templates). Each SED is made up of a low-
resolution IRS spectrum that we extrapolate to far-infrared wavelengths
using IRAS photometry at 60 and 100 µm. We also show the mean flux at
65, 140 and 160 µm measured from AKARI data (when available) as a check
that the modified blackbody extrapolation beyond 100 µm is a reasonable
approximation of the real SEDs. We use these average templates to model
any host-galaxy components in our sample of AGN-dominated galaxies to
derive the intrinsic AGN infrared SED.

shorter wavelengths. We again find that there is significant overlap
in the range of spectral indices at λ > 19 µm between Type 1 and
Type 2 AGNs. We note that the power-law indices shortward and
longward of λBrk are uncorrelated. The number of AGNs in our
sample showing a break around 19 µm could be as high as 24, since
it can be disguised by the presence of the silicate-emission feature at
18 µm. The only AGN in our sample where the 6–35 µm SED can
be unambiguously described as a single power law is NGC5506;
the spectral index of NGC5506 over 6–35 µm is α = 1.2 ± 0.2,
which is consistent with the ranges of both α1 and α2.

Because the typical host-galaxy continuum emission increases
strongly towards longer wavelengths, it is difficult to ascertain
whether the power-law emission at longer wavelengths (i.e. λ !
25 µm) arises from the AGN alone, or if the host galaxy also makes
a significant contribution. Indeed, in four cases (i.e. NGC7213,

Table 2. Galaxy SEDs that we have used to construct our host-galaxy
templates.

Host galaxy template Galaxy D (Mpc) log(LIR/L⊙)
(1) (2) (3) (4)

SB1 NGC 1667 60.51 10.96
NGC 5734 59.28 11.06
NGC 6286 79.78 11.32
NGC 7590 21.58 10.16

SB2 NGC 7252 64.67a 10.77c

SB3 Mrk 52 33.50b 10.25c

NGC 4818 9.37 9.75
NGC 7714 38.16 10.72

SB4 NGC 1222 32.26 10.60
NGC 3256 35.35 11.56
NGC 4194 40.33 11.06

SB5 NGC 520 30.22 10.91
NGC 660 12.33 10.49
NGC 2623 77.43 11.54

Note. (1) Host-galaxy template; (2) galaxy name; (3) distance in Mpc taken
from Sanders et al. (2003); acalculated using the redshift reported in NED
using the same cosmology as Sanders et al. (2003), bredshift-independent
distance reported in NED; (4) 8–1000 µm infrared luminosity, taken from
Sanders et al. (2003); ccalculated using the distance in column 3 and the
prescription outlines in table 1 of Sanders & Mirabel (1996).

NGC4507, NGC2110, 3C120), the SED longward of ∼25 µm
shows evidence of a turn-up in νFν which is consistent with be-
ing due to an underlying host-galaxy component. The host-galaxy
component must be accounted for at longer wavelengths in order
to define the intrinsic AGN infrared SED, which we address in the
next subsection.

4.2 Intrinsic AGN infrared SED at 6–100 µm

We now extend the intrinsic AGN infrared SEDs to longer wave-
lengths (i.e. λ ! 25 µm) using IRAS 60 and 100 µm photometry
for guidance. Here, we only consider those 11 AGN-dominated
SEDs that we have shown to suffer from minimal aperture effects
(see Section 2). The approach we take is to decompose the ob-
served SEDs into their host-galaxy and intrinsic AGN components
by simultaneously fitting the IRS spectra and IRAS photometry. An
alternative approach would be to simply subtract a normalized host-
galaxy component from the observed SEDs to leave the emission
intrinsic to the AGN. However, calculating the appropriate normal-
ization for the host-galaxy component is a non-trivial matter that is
complicated by the fact that the host-galaxy SED may be modified
by dust-absorption (i.e. the observed SED is not a simple linear sum
of a host-galaxy and an AGN component; separate absorption terms
must also be considered). Later, and only for illustrative purposes,
we subtract the host-galaxy SEDs normalized via our SED-fitting
routine from the sample of 11 observed AGN SEDs (see Fig. 5).

One downside of the approach that we adopt is that it requires us
to make a priori assumptions about the form of the intrinsic AGN
infrared SED used in our fits. Our analysis of the AGN-dominated
MIR spectra in the previous subsection provides us with a well-
defined set of parameters that describe the variety of intrinsic AGN
SEDs at 6 to ∼25 µm (i.e. 0.7 ≤ α1 ≤ 2.7, 0 ≤ α2 ≤ 1.5 and
15 ≤ λBreak ≤ 20 µm). At longer wavelengths, where there are
fewer observational constraints, we first estimate the form of the
intrinsic SED based on reasonable physical assumptions and then
test whether models incorporating these SEDs reproduce observa-
tions. With this in mind, we assume that the intrinsic SED falls as a
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Figure 6. The full range of possible intrinsic AGN infrared SEDs produced
by our SED-fitting procedure described in Section 4.2. We include in this
plot the intrinsic SEDs extracted from the fits deemed suitable using the
criteria outlined in Section 4.2 (i.e. those highlighted in Appendix A). Each
intrinsic SED is normalized at 19 µm to demonstrate the range of SED
shapes. There is a clear systematic difference between the intrinsic SEDs of
AGNs with X-ray luminosities above and below the median of our sample
[i.e. log(L2−10 keV) = 42.9]. Also included in this plot is the mean-average
intrinsic SEDs of all 11 AGNs in our sample, labelled to illustrate the
parametrization outlined in equation (1).

luminous quasars (e.g. the average quasar SED presented in Netzer
et al. 2007; see Section 5.2). There is weak evidence of a relation
between the shape of the SEDs shortward and longward of λBrk,
with SEDs with lower values of α1 falling more rapidly at FIR

wavelengths. However, we note that there are at least two objects in
our sample that deviate strongly from this trend (namely Mrk 3 and
NGC 5506; see Fig. 5).

We also plot in Fig. 6 the average intrinsic SEDs calculated by
taking the mean of the intrinsic AGN components extracted from the
fits. Because of the considerable overlap in the shape of the intrinsic
SED at MIR wavelengths between Type 1 and Type 2 AGNs (see
Section 4.1 and Fig. 2) and the small number of intrinsic SEDs in
our sample (i.e. 11), we do not discriminate between AGN types
when producing these averages. Although not included in this plot,
we note that the average of the SEDs obtained by subtracting the
host-galaxy components from the observed data (i.e. those shown
in Fig. 5) is consistent with the average SED shown in Fig. 6. This
average SED can be expressed as

Fν ∝

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

λ1.8 at 6 µm < λ < 19 µm

λ0.2 at 19 µm < λ < 40 µm

ν1.5F BB
ν at λ > 40 µm

(1)

and shows evidence of weak silicate absorption (equivalent to an
absorbing column of NH ∼ 5 × 1021 cm−2, or τ 9.7 ∼ 0.2, using fig. 10
of Draine 2003 to convert NH to τ 9.7) but little or no silicate emission.
For clarity, we plot the mean-average SEDs of log(L2−10 keV) >

42.9 and log(L2−10 keV) < 42.9 AGNs separately in the right-hand
panel of Fig. 7. As expected from the trend identified above, the
average intrinsic SED of the more luminous AGNs in our sample
[i.e. log(L2−10 keV) > 42.9] falls more rapidly at longer wavelengths
than that of the lower luminosity AGNs [i.e. log(L2−10 keV) < 42.9].
For example, when normalized at 19 µm the lower luminosity AGNs
emit, on average, 2–3 times more flux at 60 and 100 µm than the
higher luminosity AGNs in our sample. The parameters describing
the average SEDs of the high- and low-luminosity AGNs in our
sample are largely the same as shown in equation (1), although the
spectral indices at λ > 19 µm are somewhat different i.e. α2 =
0.0 and 0.4, respectively. This relative difference between the FIR

Figure 7. Left: the mean-average and range of intrinsic AGN infrared SEDs from this study plotted against the observed infrared SEDs of Mrk 231 and NGC
1068 (i.e. two galaxies commonly used to represent the typical AGN infrared SED). When all are normalized at 19 µm, the SEDs of NGC 1068 and Mrk 231
lie above the intrinsic AGN SEDs at FIR wavelengths, which we attribute to host-galaxy contamination in the two comparison SEDs (see Section 5.1). Right:
the mean average intrinsic SEDs of (a) all 11 AGNs in our sample, (b) log(L2−10 keV) < 42.9 AGNs and (c) log(L2−10 keV) > 42.9 AGNs, plotted against the
average quasar SEDs of Richards et al. (2006) and the average intrinsic quasar infrared SED of Netzer et al. (2007). Again, all SEDs are normalized at 19 µm.
Note that the Richards et al. (2006) and Netzer et al. (2007) SEDs extend to ∼95 and ∼65 µm, respectively. At this normalization, the Richards et al. (2006)
average quasar SED is well matched to the average intrinsic SED at λ ! 30 µm, although it lies above our average intrinsic SED at shorter wavelengths. At
λ " 19 µm the average intrinsic quasar SED of Netzer et al. (2007) lies slightly above all the average intrinsic SEDs from this study, but lies below them at
λ ! 19 µm. This plot clearly shows the trend reported in Section 4.2 for more luminous AGNs to have bluer intrinsic infrared SEDs.
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They	  provide	  5	  average	  host	  galaxy	  templates:

+

And	  an	  average	  AGN	  Template:

We	  add	  2	  ULIRGs templates	  (Chary	  &	  Elbaz,	  2001)	  +	  1	  z~2	  dusty	  galaxy	  template	  (Magdis+12)

Mullaney+11



With AGN 

Riguccini+15	  (MNRAS)

MIPS	  -‐24

Herschel	  -‐FIR

Contribution	  
AGN	  Torus
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AGN-‐DOGs
• 95	  Herschel	  DOGs

• 15	  are	  fitted	  by	  
« composite	  spectra »	  
and	  then	  considered	  as	  
AGN-‐DOGs

• More	  than	  60%	  of	  the	  
AGN-‐DOGs are	  inside	  
the	  NIR-‐AGN	  selection	  
box

Riguccini+15

NIR	  
selection
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AGN-‐DOGs

46 Riguccini+15a 

Starburst 

Main Sequence 

Riguccini+15,
Check	  also	  Elbaz+11
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AGN-‐DOGs

46 Riguccini+15a 

Starburst 

Main Sequence 

Riguccini+15,
Check	  also	  Elbaz+11
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Dust	  temperatures	  and	  Masses:
Far-‐IR	  Fit

• A	  two-‐temperatures	  fit

• A	  single-‐temperature	  fit

With	  β the	  standard	  emissivity for	  big	  dust	  grains	  (β=	  1.5	  or	  2,	  	  e.g.	  Draine &	  Li	  1984,	  etc.)
And	  	  B(ν,T) a	  blackbody	  spectrum
α gives	  the	  luminosity	   ratio	  of	  the	  two	  dust	  species
Td1 is	  constrained	  between	  10	  and	  45	  K
Td2 is	  constrained	  between	  45	  and	  95	  K

Td is	  constrained	  between	   10	  and	  95	  K
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λ rest-‐frame	  >	  40	  μm to	  avoid	  emission	   from	  the	  AGN
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Median	  dust	  temperature:

Td	  ∼(40.6	  ± 9.2)	  K	  

(good	   agreement	  with	  the	  literature,	  
i.e.	  Calanog+13)

Dust	  Mass:

7	  × 107 <	  Mdust <	  109 M⊙
and	  a	  median	  dust	  mass	  of
∼ (3	  ± 3)	  × 108 M⊙
(good	   agreement	  with	  the	  literature,	  
i.e.	  Bussmann+09)



• DOGs (	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	  	  are	  a	  key	  step	  in	  the	  evolution	  
of	  galaxies

SMG	  	  è DOGs è quasar	  	  è elliptical

• 74%	  of	  our	  FIR-‐sample	  are	  fitted	  by	  a	  host	  galaxy	  template,	  
16%	  show	  a	  contribution	  from	  an	  AGN

• AGN-‐DOGs populate	  peculiar	  places	  on	  evolution	  diagram,	  
not	  starburst	  anymore	  

è DOGs =	  transition	  phase

Conclusions	  on	  the	  DOGs
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Far-‐IR Fit
• The	  luminosity	  is	  expressed	  as:

• Fluxes	  are	  computed	  in	  each	  band	  by	  integrating	  over	  various	  instrument	  
filters	  fi which	  has	  been	  normalized	  so	  that:

• We	  normalize fluxes	  with	  the	  total	  dust	  luminosity	  defined	  as:	  
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Far-‐IR Fit
• Fluxes	  in	  each band	  Fi are	  then defined as:

• To	  obtain the	  mass	  of	  the	  dust,	  we assume	  that dust grains	  are	  in	  thermal	  
equilibriumand	  use	  Hildebrand	  (1983)	  formula:	  

• We	  use	  the	  same	  hypothesis	  as	  Dunne	  et	  al.	  (2000)	  and	  take	  κ at	  850	  μm
and	  κ(850μm)	  =	  0.077kg-‐1m-‐2.
We	  assume	  the	  emissivity	  to	  follow	  the	  relation:	  
The	  dust	  mass	  can	  be	  then	  expressed	  as:
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Optical	  selection	  to	  select	  
star-‐forming	  galaxies	  at	  ~	  

1.5<z<3
(original	   criteria:	  BM/BX	  
Adelberger+04,	   Uvi

Grazian+07)

Selects	  ~90%	  of	   the	  optical
COSMOS	  catalog	  with	  1.5<z<3

Seems	  to	  be	  a	  reliable	  criteria

Riguccini+11 Modelling	  Galaxies	  trough	  Cosmic	  Times,	  
Cambridge	  -‐-‐ Laurie	  Riguccini

Importance	  of	  the	  IR	  -‐ II
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Importance	  of	  the	  IR	  -‐ II

Riguccini+11
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