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Figure 1: Continuum, [C II], and [O III] emission from SPT0311–58 and the inferred source-
plane structure. (a) Emission in the 157.74 µm fine structure line of ionized carbon ([C II]) as
measured at 240.57 GHz with ALMA, integrated across 1500 km s�1 of velocity, is shown with
the color scale. The range in flux per synthesized beam (0.25⇥0.3000, shown in the lower left),
is provided at right. The rest-frame 160 µm continuum emission, measured simultaneously, is
overlaid with contours at 8, 16, 32, 64 times the noise level of 34 µJy/beam. SPT0311–58E and W
are labeled. (b) The continuum-subtracted, source-integrated [C II] and [O III] spectra. The upper
spectra are as observed (“apparent”) with no correction for lensing, while the lensing-corrected
(“intrinsic”) [C II] spectrum is shown at bottom. The E and W sources separate almost completely
at a velocity of 500 km s�1. (c) The source-plane structure after removing the effect of gravitational
lensing. The image is colored by the flux-weighted mean velocity (“moment 1”), showing clearly
that the two objects are physically associated but separated by roughly 700 km s�1 in velocity and
8 kpc (projected) in space. The reconstructed 160 µm continuum emission is shown in contours. A
scale bar in the lower right represents the angular size of 5 kpc in the source plane. In the absence
of lensing distortion, 5 kpc at z = 6.9 corresponds to 0.9200. (d) The line-to-continuum ratio at the
158 µm wavelength of [C II], normalized to the map peak. The [C II] emission from SPT0311–58E
is significantly brighter relative to its continuum than for W. The rest-frame 160 µm continuum
emission shown in Fig. 1(a) is included as contours in each panel of this Figure. Sky coordinates
are the same as in panels (a), (e), and (f). (e) Velocity-integrated emission in the 88.36 µm fine
structure line of doubly-ionized oxygen ([O III]) as measured at 429.49 GHz with ALMA. The data
have an intrinsic angular resolution of 0.2⇥0.300 but have been tapered to 0.500 owing to the lower
signal-to-noise in these data. (f) The luminosity ratio between the [O III] and [C II] lines. As in
the case of the [C II] line-to-continuum ratio, a significant disparity is seen between the E and W
galaxies of SPT0311–58.
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Finding high-z galaxies 
via the (sub)mm



Why the (sub)mm?



Why the (sub)mm?



mm number counts

Vieira+2010



2500 deg2 SPT survey
76 strongly lensed SMGs at S1.4mm > 20 mJy

~120 sources



Redshift distribution

Weiss+2013
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Fig. 9.— Left: Redshift distribution of strongly lensed DSFGs derived from our molecular line survey. The red histogram shows the
z-distributions for the SPT sources using the most likely redshift redshift identification for the sources with ambiguous redshifts; the
blue histogram shows the same for the lowest redshift identification of these five sources (see Table 2). Middle: Redshift distribution of
radio-identified DSFGs with spectroscopic redshifts at z>1.5 (green, Chapman et al. (2005); Capak et al. (2008); Coppin et al. (2009);
Daddi et al. (2009a,b); Riechers et al. (2010); Banerji et al. (2011); Walter et al. (2012)), mm-identified DSFGs with photometric redshifts
at z>1.5 from (black, Smolcic et al. (2012)), compared to the most likely SPT distribution (Red). Right: Redshift distributions from the
models of Hayward et al. (2012) (Black), Béthermin et al. (2012) (Blue), Benson (2012) (Green) Lacey et al. (2010) (Purple) for z>1.5,
compared to the most likely SPT distribution (Red). The arrows in all panels show the mean redshift of each distribution. In all panels
the histograms are calculated over the same redshift bins but are plotted with slight shifts in z for clarity.

identical to that presented in Baugh et al. (2005). The
model employs a top-heavy stellar initial mass function,
which results in more luminosity and more dust produced
per unit star formation rate, to better match the bright
end of 850µm galaxy counts. This model does not in-
clude the effects of strong lensing, and DSFG counts are
based on a selection in S1.4mm with > 1 mJy (C. Lacey,
private communication). The χ2 between this model and
our measurement across the five redshift bins is 10.7.
The Benson (2012) model is a semi-analytic model

that also expands upon the work of Baugh et al. (2005).
Whereas the Lacey et al. (2010) model required a top-
heavy stellar initial mass function, the Benson (2012)
model merely has enhanced dust production in star-
bursts. This model does not include the effects of strong
lensing, and DSFG counts are based on a selection in
S850µm (> 5 mJy). The predicted dn/dz distribution
comes close to the Chapman et al. (2005) distribution,
but clearly fails to fit the SPT or Smolcic et al. (2012)
measurements. Part of this difference may be due to the
850µm instead of 1.4 mm source selection, and a pos-
sible lensing bias. The χ2 between this model and our
measurement across the five redshift bins is 39.8. Our
measurements are clearly at odds with this model.
The model by Hayward et al. (2012) combines a semi-

empirical model with 3D hydrodynamical simulations
and a 3D dust radiative transfer. Strong lensing is not in-
cluded in the modeling and the model predicted dn/dz is
determined using sources with S1mm>1mJy, consistent
with the expected intrinsic flux densities of our sample.
The distribution of the DSFGs in this model is close to
the observed SPT dn/dz, with a χ2 of 2.8 between data
and model.

5. SUMMARY AND CONCLUSION

We have used ALMA to measure or constrain the red-
shifts of 26 strongly lensed DSFGs detected in the SPT-
SZ survey data. The redshifts were derived using molecu-
lar emission lines detected in frequency scans in the 3mm
transmission window covering 84.2 to 114.9GHz. As the
molecular emission lines can unambiguously be associ-
ated with the thermal dust continuum emission at our
selection wavelength of 1.4mm, this technique does not
require any multi-wavelength identification unlike other

methods typically used to derive DSFG redshifts.
In total we detect 44 spectral features in our survey

which we identify as redshifted emission lines of 12CO,
13CO, C I, H2O, and H2O+. We find one or more lines in
23 sources, yielding an unprecedented ∼90% success rate
of this survey. In 12 sources we detect multiple lines. In
11 sources we robustly detect a single line, and in one
of those cases we can use that single line to obtain an
unambiguous redshift. For an additional five galaxies, in
which we detect a single line with ALMA, we can deter-
mine the redshift using additional spectral and optical
data yielding 18 unambiguous redshifts. For five sources
with a single line detection we have used our excellent
mm/submm photometric coverage (3mm to 250µm) to
narrow the line identification and make a probabilistic
estimate for the redshift based on the FIR dust tem-
perature derived from extensive broad band photometric
data. In three sources we do not detect a line feature,
either because the lines are too weak, or because they are
in the redshift desert z=1.74–2.00. Adding in two previ-
ously reported SPT sources with spectroscopic redshifts
from (Greve et al. 2012), we derive a redshift distribution
from 28 SPT sources.
We analyze the redshift biases inherent to our source

selection and to gravitational galaxy-galaxy lensing. Our
selection of bright 1.4 mm sources imposes a requirement
that they be gravitationally lensed, effectively suppress-
ing sources at z ! 1.5 due to the low probability of being
lensed at these redshifts. Beyond z ∼ 2, gravitational
lensing does not significantly bias the redshift distribu-
tion unless DSFGs undergo a systematic size evolution
between z=2–6 with decreasing source sizes for higher
redshifts. An analysis of the black body radii of un-
lensed DSFGs from the literature does not support the
existence of such an evolution, but it also cannot be ex-
cluded conclusively at this point.
Our sample mean redshift is z̄=3.5. This finding is in

contrast to the redshift distribution of radio identified
DSFGs which have a significantly lower mean redshift
of z̄=2.3, and for which only 10-15% of the population
is expected to be at z>3 (e.g., Chapman et al. 2005).
The redshift distribution of our sample appears almost
flat between z=2–4. Our study suggests that previous



SPT0311-58 — z = 6.9

Figure 1: Continuum, [C II], and [O III] emission from SPT0311–58 and the inferred source-
plane structure. (a) Emission in the 157.74 µm fine structure line of ionized carbon ([C II]) as
measured at 240.57 GHz with ALMA, integrated across 1500 km s�1 of velocity, is shown with
the color scale. The range in flux per synthesized beam (0.25⇥0.3000, shown in the lower left),
is provided at right. The rest-frame 160 µm continuum emission, measured simultaneously, is
overlaid with contours at 8, 16, 32, 64 times the noise level of 34 µJy/beam. SPT0311–58E and W
are labeled. (b) The continuum-subtracted, source-integrated [C II] and [O III] spectra. The upper
spectra are as observed (“apparent”) with no correction for lensing, while the lensing-corrected
(“intrinsic”) [C II] spectrum is shown at bottom. The E and W sources separate almost completely
at a velocity of 500 km s�1. (c) The source-plane structure after removing the effect of gravitational
lensing. The image is colored by the flux-weighted mean velocity (“moment 1”), showing clearly
that the two objects are physically associated but separated by roughly 700 km s�1 in velocity and
8 kpc (projected) in space. The reconstructed 160 µm continuum emission is shown in contours. A
scale bar in the lower right represents the angular size of 5 kpc in the source plane. In the absence
of lensing distortion, 5 kpc at z = 6.9 corresponds to 0.9200. (d) The line-to-continuum ratio at the
158 µm wavelength of [C II], normalized to the map peak. The [C II] emission from SPT0311–58E
is significantly brighter relative to its continuum than for W. The rest-frame 160 µm continuum
emission shown in Fig. 1(a) is included as contours in each panel of this Figure. Sky coordinates
are the same as in panels (a), (e), and (f). (e) Velocity-integrated emission in the 88.36 µm fine
structure line of doubly-ionized oxygen ([O III]) as measured at 429.49 GHz with ALMA. The data
have an intrinsic angular resolution of 0.2⇥0.300 but have been tapered to 0.500 owing to the lower
signal-to-noise in these data. (f) The luminosity ratio between the [O III] and [C II] lines. As in
the case of the [C II] line-to-continuum ratio, a significant disparity is seen between the E and W
galaxies of SPT0311–58.
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SFR ~ 2900 & 540 Msun/yr             μ = 2.0

Mgas ~ 2.7 & 0.4 x 1011 Msun               Mdust ~ 2.5 & 0.4 x 109 Msun

Figure 1 | Continuum, [C II], and [O III] emission from SPT0311–58 and the inferred source-plane
structure. (a) Emission in the 157.74 µm fine structure line of ionized carbon ([C II]) as measured at
240.57 GHz with ALMA, integrated across 1500 km s�1 of velocity, is shown with the color scale. The
range in flux per synthesized beam (0.25⇥0.3000, shown in the lower left), is provided at right. The rest-
frame 160 µm continuum emission, measured simultaneously, is overlaid with contours at 8, 16, 32, 64 times
the noise level of 34 µJy beam�1. SPT0311–58E and W are labeled. (b) The continuum-subtracted, source-
integrated [C II] and [O III] spectra. The upper spectra are as observed (“apparent”) with no correction for
lensing, while the lensing-corrected (“intrinsic”) [C II] spectrum is shown at bottom. The E and W sources
separate almost completely at a velocity of 500 km s�1. (c) The source-plane structure after removing the
effect of gravitational lensing. The image is colored by the flux-weighted mean velocity, showing clearly
that the two objects are physically associated but separated by roughly 700 km s�1 in velocity and 8 kpc
(projected) in space. The reconstructed 160 µm continuum emission is shown in contours. A scale bar in
the lower right represents the angular size of 5 kpc in the source plane. (d) The line-to-continuum ratio
at the 158 µm wavelength of [C II], normalized to the map peak. The [C II] emission from SPT0311–58E
is significantly brighter relative to its continuum than for W. The sky coordinates and rest-frame 160 µm

continuum contours of Figure 1(d), (e), and (f) are the same as in panel (a). (e) Velocity-integrated emission
in the 88.36 µm fine structure line of doubly-ionized oxygen ([O III]) as measured at 429.49 GHz with
ALMA. The data have an intrinsic angular resolution of 0.2⇥0.300 but have been tapered to 0.500 owing to
the lower signal-to-noise in these data. (f) The luminosity ratio between the [O III] and [C II] lines. As in
the case of the [C II] line-to-continuum ratio, a significant disparity is seen between the E and W galaxies of
SPT0311–58.
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Pushing the limits of LCDM

Marrone, Spilker, CCH, Vieira + SPT-SMG collaboration 2018, Nature
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How well do DSFGs trace 
dark matter 

overdensities?



Model details
• Start with Bolshoi N-body 

simulation


• Create lightcones


• Assign properties (Mstar, 
SFR, Mdust, etc.) using 
empirically based relations


• Compute submm fluxes 
based on hydro+RT sims



Miller, CCH, Chapman & Behroozi 2015

Typical DSFGs probe range of 
overdensities



However, at high z, individual DSFGs 
trace highest overdensities
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Finding satellites



Blind search for [CII] emitters

Miller, Chapman, CCH+2016

Investigating overdensities around z > 6 galaxies through ALMA observations of [CII] 5
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Figure 3. The five line candidates found by the blind search of the deep ALMA cubes are shown here. Contours on the continuum images represent 0.9, 0.7
and 0.5 times the peak flux in the corresponding line channel. a) A candidate found near the UV luminous LBG CLM1. ALMA data was originally taken by
and analyzed in Willott et al. (2015b). b) A candidate found near the Quasar J0210-0456, originally analyzed by Willott et al. (2013). c) A candidate found
near the quasar J2054-0005. The ALMA data of the quasar was taken and analyzed in Wang et al. (2013). d) A candidate found near the source WMH5, also
analyzed in Willott et al. (2015b). They point out the source and ackowledge it is likely a smaller galaxy undergoing a merger with the central source. We
make an effort to fit the line profile separately.

with r = 12 00), except for the J2054 field where the candidate is
found just outside of the primary beam (⇠ 14.5 00 from the center).
For this field the a circle with an angular radius equal to that of the
candidate is assumed to be searched. The redshift range searched
is found through the spectral coverage of the ALMA data cubes,
found in Table 1, and the known rest frame emission of the [CII]
line at 157.7 µm

Figure 5 displays the estimates for the luminosity function
(LF) of [CII] emitters at high redshift from our study, as well as
other recent measurements and predictions. Our data is shown for
just the companion galaxies, and also with both the companions
and their central primary galaxies. Where we have only one galaxy
at > 109 L�, we treat our data as an upper limit. It is clear that our
measurements are all well above all the previous measurements and

c
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• Search datacubes from 
targeted ALMA 
observations of 5 DSFGs & 
QSOs for companions


• 5 candidate line-emitters 
(companions) detected

6 Miller et al.

Table 2. Displaying properties of 5 line candidates. found by using the blind search algorithm described above.

Source Name CLM1-A CFHQSJ0210-0546-A CFHQSJ0210-0546-B WMH5-B J2054-005-A
RA (J200) 2:25:02.970 2:10:13.883 2:10:13.501 2:26:27:0.25 20:54:06.66
DEC (J200) -4:16:11.74 -4:56:22.86 -4:56:19.26 -4:52:38.38 -0:05:26.00
Peak Flux (mJy) 0.861 1.19 1.320 1.37 1.20

Integrated Line
Flux (Jy km s�1) 0.07 ± 0.01 0.16 ± 0.03 0.15 ± 0.03 0.25 ± 0.04 0.19 ± 0.03

FWHM (km s�1) 75 ± 14 113 ± 22 118 ± 24 189 ± 45 137 ± 27
L[CII] (108 L�) 0.7 ± 0.2 1.8 ± 0.5 1.6 ± 0.4 2.5 ± 0.5 1.9 ± 0.5
Line SNR 5.01 5.12 5.04 8.3 4.78
Continuum SNR 1.73 1.44 3.22 6.9 1.23

Estimated mass
of central halo
(Log10(M�))

13.6+0.2
�0.3 < 12.4 12.4+0.5

�1.2 12.4+0.5
�1.3 13.0+0.4
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Figure 4. This figure displays our line candidates compared to the Ca-
pak et al. (2015) sample of z ⇠ 5 LBGs in the [CII] FWHM vs L[CII]

plane. The red line shows for any FWHM value the minimum luminosity
needed to achieve a SNR of 5. This is based on a Gaussian line profile and
typical noise in our cubes (RMS⇠0.25 mJy). Our line candidates and pri-
mary galaxies follow a similar distribution to the Capak et al. galaxies, with
our candidate companions extending an apparent relation to slightly lower
L[CII] and FWHM. The fact that none of the candidates appear as outliers
in this distribution supports their reality.

predictions or estimations, although the state of the constraints at
z > 4 are still very poor. The most constraining field measurement
comes from the deep band-6 ALMA blank field from Aravena et al.
(2016), which was searched for [CII] at the positions of optical drop
outs. A measurement of the [CII] LF at z ⇠ 4.4 derived from two
serendipitous [CII] detections by Swinbank et al. (2012). Popping
et al. (2016) combine semi-analyticgalaxy formation models with
radiative transfer calculations to predict CO and CII LFs at z = 6.
A prediction for the [CII] LF based on the local IR LF (Sanders
et al. 2003), taking into account variations in the L[CII]/LIR rela-
tion. A similar calculation is also shown except assuming a fixed
L[CII]/LIR of 0.002. The Hayward et al. (2013) prediction comes
from a dark matter only simulation, where SFRs are assigned to ha-
los based on abundance matching. L[CII] is the assigned based on
the empirical SFR-L[CII] relation derived in Pineda et al. (2014).
A full description of this method is shown in Section 3.

We expect our sample is extremely biased given we searched
around some of the most extreme galaxies known in the z > 6 Uni-
verse, and it is not surprising to find our points are all more than an
order of magnitude above previous limits. Even just our compan-

Figure 5. This plot displays various measurements and predictions for the
luminosity function of [CII] emitters at z=6.The blue points represents the
previously studied galaxies from our cubes and the line candidates de-
scribed in Table 2. The downward blue triangle represents an upper limit
as we only have 1 galaxy at the luminosity. The green square represents
solely the density line candidates The black points show recent observa-
tional constraints made be Aravena et al. (2016) at 6 < z < 8 and the
red triangle shows a measurement by Swinbank et al. (2012) at z = 4.4.
The blue shaded area shows a prediction by Swinbank et al. (2014) based
on the local IR luminosity function taking into account observed fluctua-
tions in the LIR to L[CII] relationship while the dotted blue line assumes
a constant L[CII]/LIR of 0.002. A prediction from Popping et al. (2016)
for the z = 6 [CII] luminosity function based on semi-analytical models
is also shown. only. Hayward et al. (2013) displays a prediction from an
abundance matching model combined with the empirical SFR-L[CII] rela-
tion from Pineda et al. (2014). Section 3 contains a full description of the
Hayward et al. model.

ion galaxies on their own lie almost an order of magnitude above
the highest measurements and predictions for the L[CII] luminos-
ity function, demonstrating that these are biased fields and not just
chance detections of unassociated field galaxies. We find an over-
density of L[CII] > 108 of ⇠ 10 around QSOs and ULIRGs at
z > 6.

We can also use these detected companions to constrain the
halo masses in which they reside. We estimate the dynamical
masses of the haloes by using the projected velocity and separa-
tion between the companion and central source in each field. With
the assumption that these motions are virial, and have relaxed into
a single potential, we can fit a theoretical line of sight velocity dis-
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Elevated counts around DSFGs 
consistent with model

Miller, Chapman, CCH+2016
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Figure 7. This figure display dark matter mass on the vertical axis and red-
shift on the horizontal axis. Dark matter mass is calculated by summing the
mass of all the halos in a given region. The size of each region is 2 arcmin
2 with a redshift depth of 0.02. At this epoch the corresponding volume is
approximately 100 Mpc3. It is shown that SMGs consistently reside in the
highest mass regions at this epoch.

were four galaxies found at z > 6 (one at z > 7) during the epoch
or reionization exhibiting extreme luminosities LIR > 1012 L�
(S850µm > 3mJy). There are clearly many more SMGs at z<6,
and our simulation reasonably represents the overall redshift distri-
bution of SMGs found from observations, which peaks at z⇠2.5 but
has an extended tail out to z ⇠ 6 (Chapman et al. 2003; Simpson
et al. 2014). Similar to our analysis of the central ALMA galaxies in
§ 2 we investigate how the SMG locations in the simulations sign-
post overdensities at z > 6. Given that we have full information
available in the mock catalog, we are able to quantify how these bi-
ased regions around the most luminous SMGs trace the most mas-
sive overdensities during the EoR. First, to probe if SMGs represent
peaks in large-scale structure at this epoch we compare the total
mass of all dark matter halos in the biased regions compared to on
average. Figure 7 shows the total dark matter mass in a 100 Mpc3

cube around each SMG as well as many randomly located cubes.
One can see that SMGs reside in the highest density regions, and
especially at z>6. This reinforces the idea that luminous galaxies
during EoR should signpost the most massive overdensites.

To investigate if SMGs present during reionization not only
trace overdensities of matter but also galaxies, we show galaxy
counts of fields centered at the known SMGs. The fields are
0.50

⇥ 0.50, comparable to the size of the ALMA fields (defined
by their primary beams). Figure 8 shows the counts over the in-
dividual SMG-centered fields. We see that although there is some
scatter, all the four biased fields show similar counts. It is note-
worthy that each SMG field has at least one less luminous galaxy
within a �z = 0.005, similar to the central ALMA galaxies in §2,
where four of the five fields searched contain a [CII] line candidate
within the same redshift range. The biased fields in the simulation
all converge to the same value at large [CII] luminosities as they all
contain one ultra-luminous source in the same field size.

Figure 9 shows the total counts in the four fields surrounding
the simulated z > 6 SMGs compared to that of the entire catalogue
at z > 6. These SMGs have the highest SFRs in the entire catalog
at these redshifts, and thus will have the highest L[CII], due to our
adopted scaling relation. At L[CII] > 108 L�, the counts in the
SMG-centered fields are much higher then that of the field average,
ranging from ⇠ 10⇥ to ⇠ 1000⇥ excesses. However, these four

Figure 8. This plot shows the counts in the individual fields. The blue curve
shows the average counts at this epoch and the other four colors represent
the 4 regions that contain SMGS. Although there is some variation every
field has higher counts at almost all luminosities. The downward arrows
represent upper limits as there is only one galaxy in each field at that lumi-
nosity.
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Figure 9. Here we show L[CII] galaxy counts comparing the 0.25 arcmin2

regions surrounding the 4 SMGs in the simulation (red dots) to the entire
catalog at z > 6 (blue line). We see that there are more galaxies in the SMG
regions then on average at all luminosities. Error bars on this plot represent
the Poisson counting uncertainty. Again the downward arrow represents an
upper limit as there is only one galaxy in that field at the given luminosity.
The black points are the results of counts of our line detection in the ALMA
data described in § 2. The green points represent galaxies in the simulation
with L[CII] matched to the central galaxies in § 2 (L[CII] = 3 ⇥ 108 �

3 ⇥ 109 L�). We find very good agreement between the simulations and
the observations.

simulated SMGs have much higher L[CII] than the central galaxies
in our ALMA observations. To directly compare the simulations
with our observed counts from our ALMA data, we take the fields
surrounding simulated galaxies with L[CII] matched to that of the
ALMA central galaxies(L[CII] = 3 ⇥ 108 � 3 ⇥ 109 L�) . In-
terestingly these luminosity matched simulated fields show a fairly
good agreement with the counts in our ALMA observations, which
provides some level of validation for the bias of galaxies to dark
matter adopted in the simulation.
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Use companions to constrain dark 
matter halo masses
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Investigating overdensities around z > 6 galaxies through ALMA observations of [CII] 7
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Figure 6. The projected velocity vs projected spatial offset between the can-
didates and central galaxies is plotted. The lines shows the expected velocity
dispersion as a function of projected distance and halo mass. This profile is
derived in Lokas & Mamon (2001) and we follow the same implementation
as Swinbank et al. (2006) who preform this calculation on SMGs. The de-
rived halos masses from this method are found in Table 2 with the velocity
dispersion profile for the mean halo mass of 2.92 ⇥1012 M� is also plotted
here.

persion profile to the velocity and spatial offset of the candidates.
The only free parameter will be the dynamical mass of the central
galaxy. The model for the line of sight velocity dispersion profile is
derived in Lokas & Mamon (2001). Assuming a NFW halo profile,
the radial velocity dispersion (�r) is found by solving the Jean’s
equation. Then following Binney & Mamon (1982) the line of sight
velocity dispersion (�LOS) for a spherical non-rotating system is
found by numerically integrating the following expression.

�2
LOS(R) = 2

⌃M (R)

R1
R

(1� � R2

r2
)
⇢�2

r(r,�)r
p

r2�R2
dr (1)

where R is the projected radius, ⌃M (R) is the surface mass
density, obtained by integrating the density along the line of sight.
� is a measure of the anisotropy of the velocity dispersion. We will
take the limit where � = 1 (which assumes no anisotropy in the
orbits). This is the same as assuming �r � �✓ , that the velocity
dispersion is much larger in the radial than the azimuthal direction.
There are caveats to this calculation which arise from the fact that
the virial theorem is being applied to a merging system that is inher-
ently not in equilibrium. Swinbank et al. (2006), who preform this
calculation for 1.3 < z < 2.5 SMGs, contains a detailed discus-
sion of the caveats when this model is applied to merging galaxies.

Similar to Swinbank et al. (2006) we assume a concentration
parameter (c) of 7 and a virial radius (Rvir) of 200 kpc. Figure 6
displays the projected velocity and spatial offset of the candidates
as well as the expected velocity dispersion profile for 1011 M�,
1012 M�, 1013 M� halos and the mean derived dynamical mass
of the central galaxy haloes of 1.37⇥1012 M�. Note that each
point represent a line candidate. Therefore the dynamical mass of
CFHQS-J0210 will be measured twice since there are two candi-
dates in the field. The estimated dynamical masses are shown in
Table 2.

Table 2 shows the halos masses calculated from the veloc-
ity vs spatial offset analysis. Four of the candidates resulted in
halo mass estimates while CFHQS J0210-B resulted in an upper
limit for the CFHQS-J0210 halo mass. This upper limit is compat-
ible with the estimate for the same halo from the other candidate
CFHQS-J0210-A. The estimates halo masses range from just below

1012.4 M� to 1013.6 M�, however the errors are quite large and of-
ten exceed an order of magnitude. Although the assumptions for c
and Rvir are motivated based on typical values for massive galax-
ies ( Mamon & Łokas (2005); Romanowsky et al. (2003)), to ensure
it does not significantly affect the results, we repeat the calculation
and vary what is assumed for c and Rvir . c was varied from 3 to 15
and Rvir from 100 kpc to 300 kpc. With a low Rvir of 100 kpc and
a high c equal to 15, the estimated halo masses only increase by ⇠

0.2 dex. Similarly with a high Rvir of 300 kpc and a low c of 3, the
estimated halo masses decrease by 0.3 dex. These were the most
dramatic changes to the calculation when sampling different val-
ues for c and Rvir . Given the large measurement errors on the halo
mass, the assumptions of c and Rvir are secondary uncertainties.
Since we typically only have one object per halo our calculation
represent a constraint and consistency check against other meth-
ods of estimating the dynamical mass. In order to truly measure the
halo mass, more data points are needed to fit the profile opposed
to using one and making assumptions about non-virial motions and
anisotropies.

3 SIMULATIONS OF [CII] EMITTERS AROUND THE
MOST LUMINOUS GALAXIES IN THE EOR

3.1 Mock Galaxy Catalogs

To interpret the results shown in Section 2 we employ a mock
galaxy catalog described in Hayward et al. (2013), where we
parametrize the galaxies primarily by their observed 850µm con-
tinuum. We provide a brief description of the methodology here
but refer the reader to the original paper for full details. Using a
halo catalog from the Bolshoi simulation 8 mock lightcones are
constructed by starting at random locations and choosing a random
sight line from 0.5 < z < 8 (Klypin, Trujillo-Gomez, & Primack
2011; Behroozi et al. 2013b,c). Stellar masses and SFRs are as-
signed to halos based on their mass and redshift using the functions
derived in Behroozi, Wechsler, & Conroy (2013a) from subhalo
abundance matching. Dust masses and 850µm flux densities (S850)
are assigned based on Hayward et al. (2013). Dust masses are em-
pirically assigned and a scaling function for S850 based on SFR and
dust mass was derived by performing dust radiative transfer calcu-
lations on hydrodynamical simulations of galaxy mergers and iso-
lated disk galaxies. We refer to SMGs in the catalog as any galaxy
with an assigned S850 > 3mJy. We use these to represent bright
sources during the EoR similar to the central sources described in
section 2. We then assign [CII] luminosities to galaxies in the cat-
alog based on the power law scaling with SFR empirically found
in Pineda et al. (2014). We realize there are more sophisticated
models for [CII] emission such as those described in Narayanan
& Krumholz (2016). Their model considers galaxies as a collection
of star forming clouds. Each cloud as several radial zones with dif-
fering temperature, chemical and ionization properties. From this
they are able to calculate the [CII] luminosity for each cloud and
therefore the entire galaxy.Although their method is physically mo-
tivated, since our sub-halo abundance matching model contains no
detailed treatment of ISM micro-physics, we believe the empirical
power law scaling with SFR is sufficient.

3.2 Simulation Results

The eight mock galaxy catalogs in total cover an area of 15.7 deg2

extending out to z = 8 (1.4 � by 1.4� each field). In this area there
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Summary
• High-z dusty star-forming galaxies (DSFGs) are good 

beacons of highest dark matter overdensities at z > 6


• One example: SPT0311-58, a lensed massive z ~ 6.9 
galaxy with an inferred halo mass >1012 Msun


• Can find lower-mass satellites via e.g. [CII]; use to 
constrain host halo mass


• Future: sift through many (unlensed) DSFGs from e.g. 
SPT, Planck, Herschel, & SCUBA-2 surveys to find 
highest-z sources and perform detailed followup


