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! AGNs can have very high luminosities, 
powerful feedback effects: luminosity key 

! Many (most?) are obscured heavily by gas 
and dust in their immediate surroundings, 
and/or in the wider host ISM 

! Unusual SEDs from near- to far-IR are 
appearing – incorporate useful information 

! Can probe structure in the innermost 
regions, even without direct resolution 



Pictures of galaxy 
evolution 
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Resolved imaging with ALMA shows that gas simulations 
are important. On ~10pc scales this might always be the 

case – factors of millions in density to handle 

Trouble reconciling 
measured gas fractions 
with simulations: a factor 

of a few higher than 
theory predicts.

Characteristics of CO at high-z: 
gas fractions?

Casey, Narayanan & Cooray (2014)

Plotted are SMGs/
BzKs with CO(1-0) 

measurements only. 
Pooled from Aravena et al. (2010, 2012); Baker 

et al. (2004); Bothwell et al. (2010, 2013a); 
Carilli et al. (2010); Daddi et al. (2010a); Fu et 
al. (2013); Greve et al. (2003); Hainline et al. 
(2006); Ivison et al. (2011, 2013); Scott et al. 
(2011); Sharon et al. (2013); Swinbank et al. 

(2011); Riechers et al. (2011c, 2013b). 
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Resolved non-AGN: the Antennae 
! Excellent example of distinct opt/UV and 

IR luminosity; BUT modest luminosity 
! Interaction long known, but great IRAS 

luminosity unexpected  
–  ~90% energy escapes at far-IR 

wavelengths  
! Resolved images important  

–  Relevant scales ~1” at high                     
redshift 

HST WFPC2 
Multiband optical 

ISOCAM 15µm 

CSO/SHARC-2 
Dowell et al. 350µm 

Spitzer IRAC  
mid-IR  

Chandra 



Far-IR SEDs from discovery 
! IRAS 12-100 

microns 
! Non-thermal? 
! Double 

peaked? 
! Host peak? 
! Static?  
! Correlations 

–  T/L 
–  Dust L/gas M 

! Resolution not 
much improved 
since 

! Features 
–  Si absorption/

PAH emission 

Sanders et al 1986 
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Even IRAS F15307+3252, one of hottest IRAS galaxies has spectral 
Index a~-1.9 in the mid-IR (slope ~-1 on plot) 
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WISE: Dec 2009 to Jan 2011  
! Finished 1st sky pass 17th July 2009 
! All-sky releases 14/3/2012, 12/11/2013 
! 3.4, 4.6, 12, 23µm (W1-4) 
! 6, 6, 6, 12” resolution 
! 0.08, 0.08, 0.8, 4mJy 
! More data taking in 3.4, 4.6 µm (2014-2016) 



WISE colors 
! 23µm W4 band is not as 

sensitive 
! W1, W2, W3 provide best 

insight into galaxy and 
stellar populations 

! Note that AGB stars 
scatter over the same 
region as ‘eHyLIRGs’, 
but they tend to be bluer 
in [3.3]-[4.7] and to have 
2MASS/SDSS/DPOSS 
counterparts. Follow-up 
spectroscopy rate is <2% 
for stars. 

SDSS comparison  
by Lin Yan 
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WISE AGN  
Selection 

! Stern/Eisenhardt 
–  COSMOS 

! Mateos et al. 
–  Trained using hard 

sample (2XMM) 
! Assef et al.  

–  Deeper Bootes sample 
! Lots of spectra 

required  
–  SDSS/3XMM 

Mateos et al (2012) 



Highest z QSOs 
! Individual targets. 

–  SDSS, CHFTLS, 
UKIDSS, Spitzer  

–  ~25 found over the sky 
–  WISE detects ~ 60% 
–  Spitzer can also do, 

but WISE makes it 
free, and adds in 12 
microns. 

–  VISTA-LSST-WISE? 
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ULAS1120 from Mortlock et al. (2011) 
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Assef et al.(2010) models 



WISE “HotDOGs”: odd SEDs 
! WISE sources are 

sampling different regime 
of L,ρ 

! Libraries of far-IR SEDs 
don’t stretch far enough 

! WISE hot/blue far-IR 
objects 

Compiled CSO results on 1814 
Eisenhardt et al. (2012) 

Tsai et al. (2015) 

PACS SPIRE 

Jingwen Wu  
et al. (2012) Plus JCMT from Suzy Jones 



AGN IR SED issues 

! IR is more isotropic, less obscured  
! Host galaxy can contribute 
! No spatial resolution yet in mid-IR 
! Improvements:  

– ALMA (and precursors) resolve at longer 
wavelengths 

– Coverage with Herschel/WISE (BUT short!) 
– Ultimately mid-IR space interferometer?  

! Silicate absorption ~9.7 microns?  



W1814 SED & low-z analogue? 

! Left: W1814 (z=2.54, IRAM in red, Herschel & WISE)  
! Right: PDS456 (z=0.184, SCUBA2, Herschel & WISE) 
! Milky Way (T~17K,a~-1.8,A~0), ULIRG (T~40K,a~-1.8,A~0)                

& fitted SEDs 
! Rather similar, although power from W1814 much more heavily 

obscured. Note radio model from low-z correlation 

T=53K, Spectral index -0.26, AW4=0.16  

T=52K, Spectral index -0.32, AW4=0.03  



SED interpretation 

! Libraries from e.g. Polletta 
– Compiled from observations 

! Radiative transfer in various geometries, 
reasonable and otherwise (Antennae!) 
– Geometry is crucial – tough (as it is around 

stars) 
! Empirical evidence for discriminating 

between them not clear 
! More data helps. Span whole IR bump(s) 



High-z ULIRGs with redshifts 

Blain, Barnard & Chapman 2003 & Chapman et al. 2003 
Uncapped magnification μ distribution?  

2-5: 3, 5-10: 4, 10-20: 5, 20-50: 9, 50-100: 7 

Solid circles in shading 
Chapman SMGs 

Radio loud caveat above ~60K 
Squares: low-z,   
Dunne et al.  
 
Empty circles:  
moderate z, 
mainly Stanford et al. 
 
Crosses: variety of  
known redshifts 
(vertical = lensed) 
 
Lines: low-z trends 
 
Scatter in T by at  
least ~40% 
 
Argues for cap at  
mag’ µ~50, Harris 

Weiβ et al. SPT 

WISE fills in here 
Lupu HSO 
Wardlow HSO 

Harris HSO 



Broadband near-/far-IR SED 
! Reflect many dust clouds at different T 

– Emissivity β ~ 1.5, L α m T4+β 

! Sublimes at ~2000K ~1 micron 
! Host emission peaks at ~40K ~100 microns 
! m(T) α Tα, SED α νa, a ≈ 3 + β + α 

– a ≈ -2.5, α ≈ -7  
–  [If a>-1, total L diverges: needs cutoff] 
– Much less hot dust mass than cold 
– Care with opacity: optically thick at ~100µm? 

! And an averaged radial description 



Radial dependence of m, T 
! Sum sets of dense molecular clouds, or 

single AGN that dominates total emission 
! T(r) α rη, m(r) α rγ, SED a≈3+β+(γ+1)/η 

– “Optically thin”, expect η≈-1/2 (or more –ve) 
–  If SED a≈-2, γ≈2.2 (≈ constant density) 
–  If SED a≈0, γ≈1 – more mass at smaller radii  

! Screen, wall, but then… 

! At some point, the SED cuts off at short λ 



Opacity 

! Striking drop in emission into the near-IR 
– Extremely steep spectrum at ~10 microns 

! Not sublimation temperature: 
– Substantially longer wavelength 
– Requires ~10 mag. of extinction in near-IR 

! Tidy, adequate description from: “coolest” 
T present, mid-IR index a, opacity at 22 
microns Aw 
– Consistent, but is it physically relevant?  



Global luminosity evolution 
! Points 

–  Blue: optical / UV  
–  Red: IR and dust corrected 
–  Black: SDSS fossil record 
–  Uncertainty remains 

 
! Lines:  

–  results from combined submm/
far-IR information 

–  Note high-z decline certain 
–  Less rapid than for QSOs? 
 

! Caveats 
–  AGN power (modest?) 
–  High-z / high-L IMF change 

! Submm-selected sample 
probes most intense epoch of 
galaxy evolution directly 

WMAP cosmology 



And an ancient model 

! 2002  
–  Right cosmology 
–  Matched to ~175/850 microns 
–  IRAS LF 

! Misses sharp upturn at 
SPIRE  

–  Needs more hierarchical 
behaviour  

–  Also at 1.1mm AzTEC? 
–  Also needs Low-z cool things  

! Too many objects with 
~mJy fluxes in PACS 

–  Not incompleteness 
–  Needs tweak near z~1 with 

hotter SEDs in too 
–  PACS faint downturn too slow 



Improving/testing models 

! Resolved multi-color images of dust  
– ALMA but only longwards of SED peak 

! Unless very high redshift 

! Dynamics of host 
– Squarely with ALMA, & scale reaches down to 

~100pc, but resolved imaging in detail is 
challenging  

! Ultimately mid-IR interferometry? 
– Mid-IR spectroscopy from JWST (~2019); 

Longer from SPICA (~2028) 



Dissecting astrophysics  

C. De Breuck et al.: ALMA resolves turbulent, rotating [CII] emission in a young starburst galaxy at z = 4.8

Fig. 4. [CII] velocity field. The left panel presents the observed data, the central panel the best fit rotating disk model (see Sect. 3.2) and the right
panel the residuals. The plus and cross mark the locations of the optical counterpart (Fig. 1) and the [CII] peak flux (see Table 1), respectively. The
observed motions of the [CII] emission are consistent with a rotating disk model.

Fig. 5. Left: position–velocity diagram along the major axis of the disk model of Fig. 4. Contours show our best fit rotating disk model at 1%,
5%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 95% of the peak flux. Centre: rotation curve extracted along the major axis with our
best-fit model overplotted as a dashed line. Right: the variation in velocity dispersion as a function of radius in the disk. We estimate a typical
Vrot/σint ∼ 3.1 in the disk, showing that it is relatively turbulent. The rise towards the centre in the observed dispersion is an artifact resulting from
the limited spatial resolution of the data. The synthesised beam size is shown as a horizontal black bar in the top left corner of the central and right
panels.

we also modelled the disk with two alternative models. First,
we used the KINematic Molecular Simulation (KinMS) rou-
tines of Davis et al. (2013) The KINMS routine coupled to the
Bayesian Monte Carlo Markov chain (MCMC) fitter KinMS_fit
(Davis et al., in prep.) matches the brightness distribution of each
pixel in the simulated and observed datacubes, rather than fit-
ting Gaussians like the fitting code described above. Second, we
used a simple arctan model (e.g. Swinbank et al. 2012a), where
the observed emission is fitted assuming its rotation curve uses
the form v(r) = 2π−1vasym arctan (r/rt), where vasym is the asymp-
totic rotational velocity and rt is the effective radius at which
the rotation curve turns over. Both the alternative models, which
have significantly different flux distributions from the model de-
scribed above, obtain similar results. This provides confidence
that our assumption of a rotating disk is a good (though not
necessarily unique) representation of the observed [CII] velocity
field. However, as we barely spatially resolve the flux distribu-
tion within the disk, we cannot distinguish which flux distribu-
tion is more appropriate. We will therefore quote the full range
of uncertainties from all three models in any parameters derived
from these models (notably the dynamical mass, see Sect. 3.3.1).

To derive the (model-independent) intrinsic velocity disper-
sion of the disk at each pixel (corrected for the contribution of
the velocity gradient across the synthesised beam), we follow
Swinbank et al. (2012a). At each pixel in the velocity disper-
sion map, we measure the luminosity weighted velocity gra-
dient across the FWHM of the beam at that pixel and subtract
this from the velocity dispersion. In Fig. 5 right, we show both
the observed and intrinsic one-dimensional velocity dispersion
profile we derived, extracted along the major kinematic axis of
the galaxy. This shows that the intrinsic velocity dispersion of
the disk is σint = 40 ± 10 km s−1 (Fig. 5 right). The ratio
of rotational-to-dispersion-support vrot/σint = 3.1 ± 1.0 imply-
ing that this is a highly turbulent rotating disk. Such values are
a factor of ∼three lower than local disk galaxies observed in CO
(e.g. Downes & Solomon 1998), but comparable to other high-
redshift disks with similar resolution data from the Hα line (e.g.
Cresci et al. 2009; Genzel et al. 2011; Swinbank et al. 2012a).
Carniani et al. (2013) reports a [CII] v/σ ∼ 1.5 in both the SMG
and quasar in the BRI1202 system, while in a quadruple system
observed in CO, Ivison et al. (2013) report v/σ ∼ 6 in the two
brightest systems, and v/σ < 1 in the faintest systems. We do
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! De Breuck et all: ALESS73.1 z=4.8 
! Resolve gas in disk (CII) 
! Infer inclination, unstable everywhere 
! Most markedly at larger radii 
! NI/CII ratio hints at ~solar metallicity 
! Turbulence/rotation ~ 0.3  
! First WISE/ALMA sources: values 

 

C. De Breuck et al.: ALMA resolves turbulent, rotating [CII] emission in a young starburst galaxy at z = 4.8

Fig. 6. Confidence contours for the dynamical mass and inclination of
the rotating disk model from 105 trials of the MCMC. We estimate a
typical mass of the galaxy of Mdyn = 1.4 ± 0.5 M⊙ within R = 4 kpc.

However, the [CII], CO, and HI velocity profiles do in general
trace each other rather well, although they can differ in some de-
tails (Boreiko & Betz 1991; Mookerjea et al. 2011; Braine et al.
2012). One example of a more detailed study is the Herschel
observations of the bright cluster galaxy NGC 4696, where the
Hα and [CII] emission trace each other both morphologically
and kinematically (Fig. 6 of Mittal et al. 2011). Also at high-
redshift, Gullberg et al. (in prep.) found that the CO and [CII]
velocity profiles in a sample of 13 gravitationally lensed submm
galaxies are very similar. The most likely alternative if the [CII]
and CO are not tracing the same bulk motion is that the lowest
mass component (which in ALESS73.1 is the atomic gas traced
by [CII], see Sect. 4.1) is outflowing compared to the higher mass
component. Although the S/N of the CO(2–1) data is low, we do
not detect any velocity shift (Fig. 2), nor do not find a signifi-
cant outflow component in [CII] (see Sect. 4.2). We therefore as-
sume that the [CII] emission traces well the kinematics of the un-
derlying star-forming molecular gas component, and derive the
spatially resolved Toomre Q in the molecular gas at each pixel
within the galaxy. Assuming a flat rotation curve (κ =

√
2V/r),

and using the [CII] luminosity distribution as a proxy to deter-
mine Σ, we calculate Q(x, y)=

√
2σint(x, y)V(r)/πrGΣ where r

is the radius from the dynamical centre of each pixel, and V(r)
is the rotational velocity at radius r.

Figure 7 shows the spatially resolved (beam smoothed)
Toomre Q distribution, and an azimuthally averaged radial pro-
file in ∼1 kpc bins across the galaxy image. At all radii, Q is
well below 1, suggesting that the disk is unstable throughout.
The average Q over the disk is 0.58± 0.15, where the uncertain-
ties include the variation in inclination, weighting of the velocity
gradient correction, size of the disk, velocity field, and the re-
moval size of of the central aperture. The increase in Q towards
the inner regions is due to the high torque on the gas making
it more difficult to collapse, as often seen in other high-redshift
star-forming galaxies (e.g. Genzel et al. 2014).

We conclude that the rotation of the [CII] emitting gas does
not prevent it from collapsing and being possible/likely fuel for
the violent starburst. Interestingly, the [CII] emission appears
to extend twice as far outwards than the dust continuum emis-
sion. This could be due to a radial variation in the fraction of
star-forming gas traced by [CII]. Alternatively, this difference
could just reflect the mass distribution within the rotating disk,
which our data cannot reliably determine. Observations at higher
spatial resolution in [CII], and of more uniform H2-tracers such

as CO(1–0) or [CI] are needed to obtain a more reliable distribu-
tion of the star-forming gas.

4. Discussion

4.1. A compact, gas rich galaxy with a high star-formation
rate

The Mdyn = 3±2×1010 M⊙ (Sect. 3.3.1), is close to the cold gas
mass MH2 = 1.6±0.3×1010 M⊙, derived from the 12CO(2–1) de-
tection reported by Coppin et al. (2010). Note that this MH2 was
derived assuming a conservative (low) CO-to-H2 conversion fac-
tor αCO = 0.8 M⊙ (K km s−1 pc2)−1, so the actual MH2 may still
be significantly higher. It is therefore clear that ALESS 73.1 is
a very gas-rich galaxy. We can also obtain an estimate of the
atomic gas mass Ma associated with the photodissociation re-
gions using Eq. (1) from Hailey-Dunsheath et al. (2010). We
also note that this assumes that the fraction of the H2 molecu-
lar gas which not traced by CO is negligible. Such an assump-
tion is appropriate for ALESS73.1 as it has a moderately strong
far-UV ionisation field G0 ∼ 103 (De Breuck et al. 2011) and
close to solar metallicity (see Sect. 4.3). Following De Breuck
et al. (2011), we adopt a C+ abundance 1.4 × 10−4, a critical
density ncrit = 2.7 × 103 cm−3 and a PDR surface tempera-
ture∼300 K. Using our more reliable ALMA [CII] flux (Table 1),
we derive Ma ≃ 4.7 ± 0.5 × 109 M⊙. The combined atomic plus
molecular gas mass is therefore ∼2.1 × 1010 M⊙, implying a gas
fraction fgas = 0.4–1.

We can also use the mass budget MH2 < Mdyn − Ma − M∗
to constrain αCO. Assuming no significant dark matter contri-
bution and minimising M∗, this puts an upper limit αCO <
2.3 M⊙ (K km s−1 pc2)−1, i.e. < half of the Galactic value, but
consistent with the range of αCO values found at high redshift
(e.g. Ivison et al. 2011; Bothwell et al. 2013; Bolatto et al. 2013).

Despite being a relatively low-mass galaxy compared to dy-
namical masses for SMGs (Tacconi et al. 2008; Bothwell et al.
2013), or masses estimated from photometric modelling of the
SEDs of submillimetre-selected galaxies (e.g. Hainline et al.
2011; Simpson et al. 2014), our bright and unresolved dust
continuum detection (Fig. 1) suggests that the star-formation
in ALESS 73.1 is coincident with the position of the AGN
host galaxy, and not in a nearby companion, as seen in sev-
eral other SMGs (e.g. Ivison et al. 2008, 2012; Hodge et al.
2013). Using the Herschel 70–500 µm limits, and three ALMA
872–1305 µm detections, Gilli et al. (2014) obtain L8−1000 µm =

5.9 ± 0.9 × 1012 L⊙. Any contributions to L8−1000 µm from an
AGN are constrained to 2–20% thanks to the sensitive Herschel
limits (Coppin et al. 2009; Gilli et al. 2014). Using almost the
same data, but adding also the 20 cm detection of Miller et al.
(2013), Swinbank et al. (2014) find a very similar, L8−1000 µm =

5.6+1.8
−1.1 × 1012 L⊙, showing that the AGN contribution in also

negligible in the radio. Assuming the Kennicutt (1998) rela-
tion, this L8−1000 µm implies a SFR of 1000 ± 150 M⊙ yr−1 for a
Salpeter initial mass function. This SFR can be compared to the
empirical relations between SFR and the [CII] and [NII] lumi-
nosities derived by De Looze et al. (2014) and Zhao et al. (2013).
Using these, we find SFR = 450 ± 70 and 600+2700

−500 M⊙ yr−1, re-
spectively. This suggests the dust continuum derived SFR may
be overestimated by a factor of two, but given the uncertain cal-
ibration of the [CII] and [NII] derived SFR at high redshift, we
will adopt SFR = 1000 M⊙ yr−1 in the remainder of this paper.

Combining this high SFR with the M∗ < 3.1 × 1010 M⊙
limit (Sect. 3.3.3) implies a specific star-formation rate
sSFR > 80 Gyr−1 which is significantly higher than the bulk
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Fig. 7. Spatial variation in Toomre Q parameter within the gas disk in
ALESS 73.1. The main panel shows the azimuthally integrated Q as
marked with dashed lines in the inset. We see that Q declines with radius
into the outer, gas-dominated, parts of the galaxy. This behaviour is
similar to that inferred for less actively star-forming galaxies at z ∼ 2
from Hα kinematic studies (Genzel et al. 2011; Swinbank et al. 2012a).
However, the entire disk has Q < 1, meaning it is unstable throughout.

“normal” star-forming galaxies at the same redshift, i.e. almost
an order of magnitude above the “main sequence” at the same
redshift (e.g. González et al. 2010; Stark et al. 2013). This
galaxy will thus double its stellar mass in ∼12 Myr; we are
thus likely observing ALESS73.1 during its first major burst of
star formation. Generally, galaxies with sSFR well above the
Main Sequence are identified as “starburst galaxies” in which
star-formation is thought to occur in a violent mode as a conse-
quence of galaxy merging or strong interactions. Nevertheless,
the atomic and ionised gas in ALESS 73.1, as traced by [CII],
still shows rotationally supported disk kinematics (as seen in less
active, normal main sequence galaxies) underlining the rapidity
with which gas can reach such configurations, even in the most
active systems.

4.2. Limits on outflowing gas

The [CII] profile in Fig. 2 shows no obvious indication of an
underlying broad component indicative of an outflow as seen
in some other high-z systems mapped in [CII] (Maiolino et al.
2012). In order to set an upper limit on this outflow, we fitted
the ALMA spectrum by forcing an additional broad component
with a FWHM > 500 km s−1. This additional component is not
statistically significant and is not required by the fit, but we can
use it to set an upper limit of <1.3 Jy km s−1 on the presence
of an outflow. Using the same assumptions as in Sect. 4.1, this
translates into an upper limit on the atomic gas mass in an out-
flow of <9× 108 M⊙. Following Cano-Díaz et al. (2012), we ap-
proximate the outflow as gas with constant velocity uniformly
distributed within a sphere of radius R. As we cannot deter-
mine R, we assume R ∼ 1 kpc as in massive outflows observed
in other galaxies at both high redshift (e.g. Maiolino et al. 2012;
Cano-Díaz et al. 2012; Weiß et al. 2012; Carilli et al. 2013), and
low redshift (e.g. Feruglio et al. 2010, 2013; Sturm et al. 2011;
Aalto et al. 2012; Cicone et al. 2012, 2014; Veilleux et al. 2013).
We can then constrain the outflow rate Ṁ = 3 vMoutflow/Routflow
(Maiolino et al. 2012) to be !1400 M⊙ yr−1. This is a rather loose
upper limit, but it does show that any outflow must be compara-
ble or less than the star-formation rate, i.e. even if an outflow
is present, it is unlikely to dominate the evolution of the gas
reservoir.

Fig. 8. Observed [NII]/[CII] flux ratio compared with model predictions
for different density n and ionisation parameter U (see Nagao et al.
2012). The green hatched range denotes the observed range for low-
redshift galaxies. The pink hatched range shows the observed ALMA
ratio for ALESS 73.1 with its uncertainty. The red and blue lines show
CLOUDY model results as a function of Zgas with log nH[II] = 1.5
and 3.0 respectively, while solid and dashed lines denote the models
with log UH[II]−2.5 and −3.5, respectively. We conclude that the metal-
licity in this gas rich disk is likely to be close to solar.

4.3. Metallicity

Nagao et al. (2012) used the [NII] 205µm/[CII] 158µm ratio
in ALESS73.1 as a powerful new probe of the metallicity in
the ISM. In particular, this line ratio is free of extinction ef-
fects which often complicate determinations from optical and
near-infrared line ratios. The observed ratio used by Nagao
et al. (2012) was rather uncertain due to the velocity offset seen
with respect to the narrow-bandwidth APEX spectrum. Using
the new [CII] spectroscopy, we can now constrain this ratio to
[NII]/[CII] = 0.085 ± 0.015. Figure 8 shows that this implies
Z = 0.6–3 Z⊙, where the uncertainty in dominated by the models
rather than the measurement uncertainties. Our new ALMA [CII]
data therefore strengthens the conclusion of Nagao et al. (2012)
that ALESS 73.1 already has gas with a metallicity close to solar,
when the age of the Universe was a mere 1.2 Gyr. Such highly
enriched gas has been detected before in broad-line regions sur-
rounding AGNs (e.g. Hamann & Ferland 1993), but our ALMA
observations now suggest that the highly enriched material may
already be spread out over kpc scales.

An alternative explanation for the relatively large [NII]/[CII]
ratio is the “truncation” of the PDR. This has been reported
by Nakajima et al. (2013) using optical observations of high-z
Lymanα emitters. Under the very strong radiation field due to
the extreme star-formation, the relative volume ratio of HII re-
gions and PDRs could change systematically in the sense that
the relative PDR contribution becomes smaller for more active
star-forming galaxies. This will reduce the [CII] flux, while the
[NII] as a uniform HII tracer is not affected. The net result is then
an increase in the [NII]/[CII] flux ratio for a given metallicity
(e.g. Croxall et al. 2012; Decarli et al. 2014). As such, subsolar
metallicities are still possible in ALESS73.1. Observations of
other fine structure lines such as [NII] 122 µm, [OI] 144 µm or
[CI] are needed to determine the contributions from HII and
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Imaging of WISE ULIRG W1814 

  

Keck z=2.54, optical, near-IR AO 
WISE 12, CSO SHARC-2  images 

IRAM PdBI, ultrared A is dominant at 233GHz,  
not broad-line AGN C. Mystery D positive flux 

! WISE “HyLIRG” 
! Very clear SED 
! Complex – an AGN & dustier object 
! Too far North for ALMA 



Example of resolved WISE case 

! ALMA, CII & continuum; W2246 
! ~600 km/s dispersion; uniform; CII less extended than UV; 

Companions (in CII). Nature of wind? 
–  No obvious extended component in velocity 

Diaz-Santos et al (2015); ALMA2 Assef PI 



“The most luminous galaxy” 
! W2246-0524 at redshift 

4.59  
! Identified by WISE 
! Right redshift for ALMA C

+ line observations 
! ALMA and HST images 
! 1015 solar luminosities 
! Small, but resolved 
! Dust more compact than 

gas 



ALMA data 
 

On the C+ line 
 

Remarkably wide, 
and uniform across 

the galaxy  
 

Shows turbulence – 
gas is hot and 

swirling 
 

Left hand: total 
Right hand: point 
source subtracted 

 
Can’t be stable 

Dust 

C+ gas 

Doppler  

Width Gas/dust 

Point-subtracted 



SMGs trace 3D large-scale structure (LSS) peaks? 
! Largest number of SMGs are in 

and around the HDF field 
–  HDF & GOODS frames show 

where morphology information 
is available  

! Circles: all known radio-submm 
galaxies 
–  Small empty: no z attempt 
–  Large empty: no z found  
–  Black filled: z found 
–  Colored filled: ‘associations’ -  

all z’s within 1200 km/s 
! Green points (z=1.99) match 

optical galaxy z spike (Steidel et 
al) 

! Only the spectroscopic redshifts 
from LRIS reveal structure 

! Many more ‘clusters’ or 
associations expected than 
expected from our knowledge of 
SMG N(z) 

! Narrow-band searches under way 



Comparison with other populations 
! Other more numerous high-z populations 

have less powerful clustering 
! Are SMG redshift associations linked to 

overdensities of more numerous galaxy 
classes at the same redshift?  

–  At z~2.5 spectroscopy essential to test 
–  Links with ‘BX’ optically selected galaxies at 

z~2 in HDF 
–  Narrow-band imaging can search for 

associated less-luminous optical galaxies  
! Do they reside in such massive halos?  

–  Not every 10’ field can contain such an object 
–  What is the nature of the biasing process? 
–  Near-IR spectra hint at central 4-kpc dynamical 

masses of few 1011Mo 
–  Stellar population fitting implies few 1010Mo,but 

uncertainties from complex morphology After Overzier et al. (2003) 



JCMT HotDOG non-detections 
Four undetected targets SCUBA-2 850µm 1.5arcmin fields 

Suzy Jones et al. 
1406.2506 

3 arcmin diameter 
fields. Surrounded  
by wider 8’ noisier  

areas 
 

See net stacked signal  
from the central 

WISE-selected target 
 

Also see ~5x more  
sources c.f. field 

 
Also Sajina et al. ALMA 

on 10x smaller scale 



Luminosity density history 
! Without redshift 

information 
– Was 

b,c~2.0,1.7 
– Now 

b,c~1.4,1.5 
! Add redshifts 

gets more 
complex 

! Not radically 
different 



Redshift distribution N(z) for SMGs  
 

! Red histogram, blue & green 
–  Chapman et al. (2005) 

! Red lines: previous model 
–  With and without radio cut 

! Yellow histogram: SPT N(z)  
–  SPT selected, ALMA confirmed 

with CO-line redshift  
–  Censored modestly by lensing, in 

both redshift and size (distant, 
small objects preferred).  

! Yellow line. Previous model 
! Green dots. Censured by 

lensing. Effects clear?  
! Significant tension 

–  COSMOS (Smolcic) 

–  Disk lens (Maller/Moeller) 
–  Multiple components (Hodge) 

! Redshifts most powerful 
constraints 

 

Chapman et al. (2003; 2005); Weiβ et al. (2013) 
Red lines: BSIKF 0.85mm 5mJy, w/wo radio cut 
Yellow line: BSIKF 1.4mm 1mJy, green lenses  



SPT/ALMA redshifts and N(S)  
! Weiβ et al. (2013) 
! Modest change 

b~1.7, c~1.7 
–  Bet on X for simple 

high-z dust model? 
! Not an excellent fit! 

–  But very minimal 
model 

! Caveats: 
– SED range 
– Cool/warm far-IR 
– Other populations 

! WISE, ALMA 

W
eis

s N
(z)

 



Dusty galaxy populations extended 
! Bright 95 (&175) µm counts 

from ISO dramatically 
improved at 70 & 160 µm by 
Spitzer-MIPS, Herschel-PACS 

! Also data at IRAM’s MAMBO/
GISMO); CSO’s BOLOCAM/
SHARC-2; APEX’s LABOCA; 
Herschel SPIRE; ALMA.  

! Little more so far at <mJy level 
–  IRAM & ALMA deep fields 

! Faint counts ill-constrained by 
background/N(z)  
measurements 

–  Could be faint dwarf population 
(green) 

–  Could be continuing very distant 
LIRGS (yellow) 

–  Could be µJy 1st light fragments 
(red) 

* Lenses! 



Summary 
! New very hot SEDs have been found for IR-

luminous AGNs from WISE & follow up 
– Exceed previous extremes 

! Out to 22 microns, have power-law SED in the 
mid-IR for a huge sample. Selection (but not 
study!) for large samples of AGNs now possible. 

! Striking, shallow SEDs 10-100 microns 
! Remarkable overdensities on ~5’ scales 

–  Importance, details still open… 


