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Figure 1. The first three rows show mock observed-frame 850-µm continuum images (assuming z = 2) of the merger from H11 near apocentre (first row;
time t = 0.28 Gyr; nuclear separation dBH = 71 h−1 kpc; quiescently star forming), during the final approach (second row; t = 0.63 Gyr; dBH = 13 h−1 kpc;
quiescently star forming) and at the peak of the starburst (third row; t = 0.7 Gyr; dBH = 0.1 h−1 kpc; starburst). The fourth row shows the isolated disc at t =
0.28 Gyr (quiescently star forming). The simulated images have been convolved with a Gaussian filter in order to mimic the intrinsic simulation resolution (first
column; FWHM = 0.2 h−1 kpc) and the resolution achievable with various telescopes/interferometers. The second column has FWHM = 0.5 arcsec (3 h−1 kpc
at z = 2), the resolution roughly characteristic of (sub)mm interferometers such as the SMA, the IRAM Plateau de Bure Interferometer and ALMA. (Note
that we have not made any attempt to model the interferometric process.) See Fig. 2 for zoom-ins of the boxed regions. Third column: FWHM = 7 arcsec
(42 h−1 kpc), representative of the resolution available with, for example, Herschel PACS and the current configuration of the LMT. Fourth column: FWHM =
15 arcsec (89 h−1 kpc), representative of, for example, Herschel SPIRE and the JCMT. The fields of view are 23.5 arcsec (140 h−1 kpc) for the first three
columns and 59 arcsec (351 h−1 kpc) for the last. For all but the first column, Gaussian noise with realistic amplitude has been added. The same noise map
is used for all images in a given column. When present, scale bars show the beam FWHM, and contours correspond to 3σ , 4σ , 5σ , 10σ and 20σ . The first
column has logarithmic scaling; all others are linear. Units are arbitrary.

constrain the relative contributions of starbursts and quiescently
star-forming galaxies to the SMG population, thereby testing the
bimodality we claim exists.

The rest of the paper is organized as follows. We describe our
simulation methodology in Section 2. Section 3 presents multiple

observational diagnostics that can be used to distinguish between
quiescently star-forming galaxies and starbursts from integrated
data alone, including the luminosity–effective dust temperature re-
lation (Section 3.1), SFE (Section 3.2), IR excess (IRX; Section 3.3)
and the SFR–M⋆ relation (Section 3.4). In Section 4 we discuss
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Possibility of blended sources 
noted from the start

“at least some of the apparent sources in the 
map could consist of emission from more than 

one object… confusion is only a serious 
problem when there is a blend of one or more 

sources of similar flux”
Hughes+98, Nature





Mergers result in blended sources

CCH, Narayanan+13; also CCH+11, 12



Chance projections also possible

Wang+11
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Pre-2013, chance projections 
not treated by any models



Model details

• Start with Bolshoi N-body sim

• Generate lightcones

• Assign properties such as Mstar and SFR via abundance 
matching and other empirically calibrated relations

• Compute submm flux using scaling relations based on 
results of performing dust RT on hydro sims

• Blend mock SMGs

• See CCH, Behroozi+13 for details; also Cowley+15ab 
for similar analysis with very different model



Real vs. projected multiples

CCH, Behroozi+13



Real vs. projected multiples

CCH, Behroozi+13



Why chance projections should be 
common in submm

~120 kpc

z ~ 1-EoR



Model predicts chance projections 
common

associated

projections

CCH, Behroozi+13



Also predicted by subsequent models

Muñoz Arancibia+14

Cowley+15

Simulated observations of SMGs 1791

Table 1. A breakdown of the number of ALMA
components from our simulated sample for compari-
son with the observed sample of Hodge et al. (2013).
The columns are: (1) the number of ALMA compo-
nents; (2) the percentage of our simulated sources
with that number of ALMA components; (3) the
percentage of observed LESS sources with ‘good’
ALMA maps that contain that number of ALESS
components, errors are Poisson; and (4) the number
of observed LESS sources with ‘good’ ALMA maps
that contain that number of ALMA components.

N Sim. (per cent) Obs. (per cent) Obs. (88)

0 10.6 22 ± 5 19
1 72.2 51 ± 8 45
2 16.5 22 ± 5 19
3 0.70 5 ± 3 4
4 0.01 1 ± 1 1

of the total galaxy flux of a 5 mJy source is contributed by approx-
imately three to six galaxies and this multiplicity decreases slowly
as source flux increases. This decrease follows intuitively from the
steep decrease in number density with increasing flux in the number
counts.

We note that this is not how source multiplicity is typically mea-
sured in observations. In Section 4.1 we discuss the multiplicity of
ALESS sources in a way more comparable to observations, where
we have considered the flux limit and primary beam profile of
ALMA (see also Table 1). Observational interferometric studies
which suggest that the multiplicity of single-dish sources may in-
crease with increasing source flux (e.g. Hodge et al. 2013) are likely
to be affected by a combination of the flux limit of the interferom-
eter, meaning high multiplicity faint sources are undetected, and
small number statistics of bright sources.

We also show, in the bottom panel of Fig. 7, the ratio of the total
galaxy flux to source flux. The consistency with zero indicates that
our source-extracted number counts at 850 µm are not systemat-
ically biased. This is due to the competing effects of subtracting
a mean background in the map creation (which biases Ssource low)
and the introduction of Gaussian noise (which biases Ssource high
due to Eddington bias caused by the steeply declining nature of the
number counts) effectively cancelling each other out in this case.
In Section 5 we find that our number counts at 450 µm are strongly
affected by Eddington bias, which we correct for in that case.

3.3 Physically unassociated galaxies

Given the multiplicity of our sources, we can further determine if
the blended galaxies contributing to a source are physically associ-
ated, or if their blending has occurred due to a chance line of sight
projection. For each source we define a redshift separation, !z, as
the inter-quartile range of the cumulative distribution of the flux
weights (calculated as described above), where the galaxies have
in this case first been sorted by ascending redshift. The distribu-
tion of !z across our entire S850 µm > 4 mJy source population is
shown in Fig. 8. The dominant peak at !z ≈ 1 is similar to the
distribution derived from a set of maps which had galaxy positions
randomized prior to convolution with the single-dish beam. This
suggests that this peak is a result solely of a random sampling from
the redshift distribution of our SMGs and thus that the majority of
our sources are composed of physically unassociated galaxies with
a small on-sky separation due to chance line-of-sight projection.

Figure 8. Distribution of the logarithm of redshift separation (see text) of
S850 µm > 4 mJy single-dish sources. The dominant peak at !z ≈ 1 implies
that the majority of the blended galaxies are physically unassociated. The
hatched region indicates the percentage (∼36 per cent) of sources for which
!z = 0 (see text in Section 3.3).

This is unsurprising considering the large effective redshift range of
sub-millimetre surveys, resulting from the negative K-corrections
of SMGs. We attribute the secondary peak at !z ∼ 5 × 10−4 to
clustering in our model, and defer a more thorough analysis of
this to a future work. We also show as the hatched region the area
(∼36 per cent) of sources for which !z = 0. These are sources for
which a single galaxy spans the inter-quartile range of the cumu-
lative distribution described above, this can occur when the flux
weight of that galaxy is >0.5 and must occur when the flux weight
of that galaxy is >0.75. We understand that this is not how redshift
separation would be defined observationally, and refer the reader
to Section 4 and Fig. 12 for another definition of !z. We note,
however, that our conclusions in this section are not sensitive to the
precise definition of !z.

It is a feature of most current SAMs that any star formation en-
hancement caused by gravitational interactions of physically asso-
ciated galaxies prior to a merger event is not included. In principle,
this may affect our physically unassociated prediction, as in our
model galaxy mergers would only become sub-mm bright post-
merger, and would be classified as a single galaxy. However, as
merger-induced starbursts have a negligible effect on our sub-mm
number counts, which are composed of starbursts triggered by disc
instabilities (L14), we are confident our physically unassociated
conclusion is not affected by this feature.

We note that this conclusion is in contrast to predictions made by
Hayward et al. (2013a) who, in addition to physically unassociated
blends, predict a more significant physically associated population
than is presented here. However, we believe our work has a number
of significant advantages over that of Hayward et al. (2013a) in
that: (i) galaxy formation is modelled here ab initio with a model
that can also successfully reproduce galaxy luminosity functions at
z = 0; (ii) the treatment of blending presented here is more accurate
through convolution with a beam, the inclusion of instrumental
noise and matched-filtering prior to source-extraction, rather than
a summation of sub-mm flux within some radius around a given
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But what about the real 
Universe?



“You’re at Caltech. You should put in a Keck 
proposal.”

— Nick Scoville



“If you see an observational paper with a theorist 
as lead author be very afraid.”

— Ian’s Fifth Rule of Observational Cosmology



Examples: association (but not merger)

CCH, Chapman, Steidel+, in prep



Examples: projection

CCH, Chapman, Steidel+, in prep



Examples: ambiguous (but likely projection)

CCH, Chapman, Steidel+, in prep

zphot = 0.90+/-0.05
SFRHα < 0.5 Msun/yr (3σ)

z = 1.6324
SFR850 ~ 500 Msun/yr
SFRHα = (5.6+/-0.2) Msun/yr



How common are chance projections?

C
C

H
, C

hapm
an, Steidel+

, in prep

Majority of our submm sources contain at least one unassociated 
SMG; more consistent with CCH, Behroozi+13 than Cowley+15 (but 
small sample)



Summary

• Multiple very different theoretical models predict 
chance projections should be common

• Reasons: (1) large beam, (2) negative K-correction, & 
(3) mergers only weakly submm boost flux

• Spectroscopic followup of resolved submm sources 
indicates that majority are comprised of at least one 
unassociated SMG, in qualitative agreement with model 
predictions

• Open question: our sample is small and likely biased; 
what chance projection fraction will larger, unbiased 
studies find? How does it depend on e.g. single-dish 
submm flux?


