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Fig. 2. The sky polarization in the seven frequency bands of Planck. The first two columns show the Q and U Stokes parameters,
the last column indicates the polarization fraction, P =

p

Q2 + U2 (although note that this emphasizes the strength of polarization
in noisy regions). In addition to the rich science that they enable on their own, these maps set the baseline for all future CMB
polarization experiments, for example by defining the most cosmologically challenged areas.
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Planck resolution 5ʹ−30ʹ 
• But the whole sky (wide field!) 
• And large scales well measured 

(in fact so well measured that 
we’re done, at least in temp.)
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Fig. 6. The Planck CMB sky. The top panel shows the 2018, SMICA temperature map. The middle panel shows the polarization field
as rods of varying length, superimposed on the temperature map, when both are smoothed at the 5� scale. This smoothing is done
for visibility purposes, but the enlarged region presented in Fig. 7 shows that the Planck polarization map is dominated by signal at
much smaller scales. Both these CMB maps have been masked and inpainted in regions where residuals from foreground emission
are expected to be substantial. This mask, mostly around the Galactic plane, is delineated by a grey line in the full resolution
temperature map. The bottom panel shows the Planck lensing map (derived from r�, i.e., the E mode of the lensing deflection
angle), specifically a minimum variance, Wiener filtered, map obtained from both temperature and polarization information; the
unmasked area covers 80.7 % of the sky, which is larger than that used for cosmology.
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…Milky Way from the inside!

But can also study…
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Table F.1. Summary of Commander point source fits. Each row corresponds to one reference catalogue, as described in the text. Columns in-
dicate, from left to right: (1) catalogue name; (2) catalogue reference frequency; (3) total number of catalogue sources selected for the current
analysis; (4) number of statistically detected sources in the current analysis; (5) detection rate; (6) relative average normalization factor between
Commander-derived and reference flux densities; (7) Pearson’s r correlation coe�cient between Commander-derived and reference flux densities;
and (8) reference publication.

Catalog ⌫ref [GHz] Ntot Ndet fdet a Pearson’s r Reference

AT20G . . . . 20 4499 4096 0.91 0.977 0.74 Murphy et al. (2010)
GB6 . . . . . . 4.85 5814 3415 0.59 0.560 0.69 Gregory et al. (1996)
NVSS . . . . 1.4 1527 1094 0.72 0.163 0.10 Condon et al. (1998)
PCCS2 . . . . 28.5 352 313 0.89 0.867 0.99 Planck Collaboration XXVI (2016)
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Fig. F.1. Commander foreground amplitude maps derived from the Planck 2018 data set in intensity. The top left panel shows the combined
low-frequency foreground map at 400 FWHM resolution, evaluated at 30 GHz, and accounts for synchrotron, free-free and anomalous microwave
emission. The top right panel shows the derived radio point source map, as observed by the 30-GHz frequency channel. The bottom left panel
shows thermal dust emission at 100 FWHM resolution, and evaluated at 857 GHz. Note that neither CIB nor high-frequency point sources are fitted
explicitly in the Commander 2018 temperature model, and these are therefore in e↵ect included in this thermal dust emission map. Finally, the
bottom right panel shows the CO line emission map, evaluated for the 100-GHz channel.

and smoothed to a resolution of 400 FWHM20. A similar low-
frequency foreground map was presented in Planck Collabora-
tion XII (2014), derived from the Planck 2013 data, and the most
visually striking di↵erence between these two maps is the ab-
sence of small-scale compact objects in the updated map. This
is of course due to the fact that these sources are explicitly fitted
out in the new model, and the resulting source amplitude map at
30 GHz is shown in the top right panel.

The bottom left panel of Fig. F.1 shows the thermal dust am-
plitude map evaluated at 857 GHz and smoothed to 100 FWHM.

20 Although all components are formally estimated without internal
smoothing during the Commander analysis, the resulting maps are com-
pletely noise dominated on small scales. In practice each component
map therefore needs to be smoothed to the resolution corresponding to
the most relevant frequency map for visualization purposes.

Visually speaking, this map is nearly identical to the correspond-
ing 2015 map, since the thermal dust component is strongly
dominated by the 545 and 857 GHz HFI frequency maps, and
these have only changed by one or two percent since the last
release; see Fig. 2.

At a strictly visual level, the same holds true also for the CO
component, shown in the bottom right panel of Fig. F.1. How-
ever, in this case the reconstruction quality of the new map is
notably worse than in the corresponding 2015, as shown in the
top panel of Fig. F.3. This figure shows scatter plots between
the Dame et al. CO survey map (Dame et al. 2001) and the
Commander CO 2015 (cyan dots) and 2018 (gray dots) maps.
Two e↵ects are notable. First, we note that the slopes are di↵er-
ent between the two maps, and this corresponds simply to di↵er-
ent overall normalization conventions adopted for the two maps.

Article number, page 58 of 74

Synch. + free-free + 
spinning dust Radio point sources

Thermal dust Carbon monoxide



Planck Collaboration: Di↵use component separation

PGNILC
d

3 300uKRJ at 353 GHz

Fig. 26. GNILC 2018 polarized thermal dust amplitude map evaluated at 353 GHz. The angular resolution varies over the sky, as described in
Remazeilles et al. (2011b). No colour corrections have been applied to this map.

Fig. 27. P–P scatter plot between the thermal dust polarization ampli-
tude at 353 GHz, as estimated with GNILC and Commander. Colours
indicate the density of points on a logarithmic scale.

other HFI channels. In Fig. 29, we show the �d posterior distri-
butions resulting from changing ✏353 by 1 % in either direction

from its nominal value. In this case, we find that a shift of ✏353
by 1 % translates into a change in �d of 0.013.. Combined with
the uncertainties arising from the 100- to 217-GHz frequencies,
we therefore consider the total systematic uncertainty on �d due
to polarization e�ciency corrections to be 0.04.

The top panel in Fig. 30 shows the spatial distribution of �d
from the prior-free analysis without polarization e�ciency cor-
rections. In this plot the statistical power of the Planck observa-
tions to constrain the spectral index is seen very clearly from po-
sition to position, depending on the local dust polarization ampli-
tude. Near the Galactic plane, the data are su�ciently strong to
determine the spectral index well per resolution element, while
at high latitudes the measurements are fully dominated by in-
strumental noise. The bottom panel shows the corresponding re-
sult when applying the supporting Gaussian prior. From this fig-
ure, it is clear that the �d distribution and prior presented above
are dominated by measurements in the Galactic plane, where the
signal-to-noise ratio is substantially larger than at high Galactic
latitudes.

Next, we perform a blind analysis of polarization spectral in-
dices with SMICA. This analysis is performed by running SMICA
with a foreground dimension of Nfg = 2 (that is, with a two-
column foreground emissivity matrix F), as defined in Eq. (5),
corresponding to synchrotron and thermal dust emission. Spec-
tral priors are imposed during the multi-frequency fit so that syn-
chrotron emission vanishes at 353 GHz and thermal dust emis-
sion vanishes at 30 GHz.

The results from these calculations are summarized in
Fig. 31 for both E-mode and B-mode polarization. Parametric
best-fits are indicated by dotted lines; these are, however, only
the products of post-processing the raw SMICA results, and do not
correspond to active priors as they do in the Bayesian analysis

Article number, page 33 of 74
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Fig. 24. SMICA 2018 polarized thermal dust amplitude map at 120 FWHM resolution, evaluated at 353 GHz. No colour corrections have been
applied to this map.
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Fig. 25. SMICA 2018 polarized synchrotron amplitude map at 400 FWHM resolution, evaluated at 30 GHz. No colour corrections have been applied
to this map.
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Fig. F.2. Commander 2018 foreground spectral parameters. Rows show,
from top to bottom, the low-frequency spectral index at a 400 FWHM
smoothing scale, the thermal dust spectral index at 100 FWHM, and the
thermal dust temperature at 50 FWHM, respectively.

In particular, for the 2015 analysis we employed conversion fac-
tors between µKCMB and KRJ km s�1 derived directly from the
Planck bandpasses measured on ground (Planck Collaboration
IX 2014). This is significantly more complicated with the single-
CO line model employed in the current analysis, and with the
2018 co-added frequency maps. The scale of the current CO am-
plitude map is therefore instead directly set by regressing against
the Dame et al. map, and the resulting scatter plot therefore by
definition has a slope of unity.

More important than this choice of normalization, however,
is the width and shape of the two scatter plots. Specifically, while
the 2015 scatter plot exhibits a very tight overall correlation and
no visually notable outliers, the 2018 scatter plot is both overall
broader and exhibits several outliers toward higher amplitudes in

Fig. F.3. T–T scatter plots between Dame et al. (2001) J=1!0 map and
the Commander 2015 (blue dots) and 2018 (gray dots) CO maps. Note
that the 2018 map has been directly calibrated to the Dame et al. map,
and is therefore expected to have unity slope by construction, while the
2015 map was calibrated using the Planck bandpasses; this di↵erence
explains the overall shift in slopes. The lower level of scatter around the
best-fit slope in the 2015 map is due to including single-bolometer and
detector-set maps, as opposed to the 2018 map, which uses exclusively
co-added frequency maps.

the Commander map. Of course, the reasons for this weaker cor-
relation have already been discussed in Sect. 3 and Planck Col-
laboration III (2018), and can be summarized in terms of lack
of single-bolometer HFI maps and inaccuracies in the CO tem-
plate corrections used during mapmaking. As described in Ap-
pendix A, the Commander CO map is used as a tracer for CO
emission in the Commander confidence mask.

Finally, we consider the spectral parameters for various com-
ponents, and these are shown in the left column of Fig. F.2 for the
low-frequency and thermal dust components. These can be com-
pared to similar maps presented in the 2013 and 2015 Planck
releases (Planck Collaboration XII 2014; Planck Collaboration
X 2016). Starting with the low-frequency spectral index map,
the two most notable changes with respect to the corresponding
2013 product are di↵erent index priors (�lf = �2.9 ± 0.3 in 2013
versus �lf = �3.1 ± 0.5 in 2018), resulting in a darker map at
high latitudes, and an overall higher signal-to-noise ratio by in-
cluding four-years of LFI observations in these new maps as op-
posed to only 14 months in 2013, resulting in larger areas being
data driven. Otherwise, the two maps are largely consistent.

Relatively speaking, larger changes are seen for the thermal
dust spectral parameters when compared to the 2015 model pre-
sented in Planck Collaboration X (2016). Starting with the emis-
sivity or spectral index, �d, one can see bright CO-like struc-
tures in the 2018 version, for instance near the Fan region at
(l, b) ⇡ (140�, 10�); this indicates a stronger degeneracy between
CO and thermal dust in the 2018 map than in the 2015 map,
and results most likely from the lack of single-bolometer maps
in the 2018 analysis. Similarly, one can see a strong dark re-
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Fig. F.2. Commander 2018 foreground spectral parameters. Rows show,
from top to bottom, the low-frequency spectral index at a 400 FWHM
smoothing scale, the thermal dust spectral index at 100 FWHM, and the
thermal dust temperature at 50 FWHM, respectively.

In particular, for the 2015 analysis we employed conversion fac-
tors between µKCMB and KRJ km s�1 derived directly from the
Planck bandpasses measured on ground (Planck Collaboration
IX 2014). This is significantly more complicated with the single-
CO line model employed in the current analysis, and with the
2018 co-added frequency maps. The scale of the current CO am-
plitude map is therefore instead directly set by regressing against
the Dame et al. map, and the resulting scatter plot therefore by
definition has a slope of unity.

More important than this choice of normalization, however,
is the width and shape of the two scatter plots. Specifically, while
the 2015 scatter plot exhibits a very tight overall correlation and
no visually notable outliers, the 2018 scatter plot is both overall
broader and exhibits several outliers toward higher amplitudes in

Fig. F.3. T–T scatter plots between Dame et al. (2001) J=1!0 map and
the Commander 2015 (blue dots) and 2018 (gray dots) CO maps. Note
that the 2018 map has been directly calibrated to the Dame et al. map,
and is therefore expected to have unity slope by construction, while the
2015 map was calibrated using the Planck bandpasses; this di↵erence
explains the overall shift in slopes. The lower level of scatter around the
best-fit slope in the 2015 map is due to including single-bolometer and
detector-set maps, as opposed to the 2018 map, which uses exclusively
co-added frequency maps.

the Commander map. Of course, the reasons for this weaker cor-
relation have already been discussed in Sect. 3 and Planck Col-
laboration III (2018), and can be summarized in terms of lack
of single-bolometer HFI maps and inaccuracies in the CO tem-
plate corrections used during mapmaking. As described in Ap-
pendix A, the Commander CO map is used as a tracer for CO
emission in the Commander confidence mask.

Finally, we consider the spectral parameters for various com-
ponents, and these are shown in the left column of Fig. F.2 for the
low-frequency and thermal dust components. These can be com-
pared to similar maps presented in the 2013 and 2015 Planck
releases (Planck Collaboration XII 2014; Planck Collaboration
X 2016). Starting with the low-frequency spectral index map,
the two most notable changes with respect to the corresponding
2013 product are di↵erent index priors (�lf = �2.9 ± 0.3 in 2013
versus �lf = �3.1 ± 0.5 in 2018), resulting in a darker map at
high latitudes, and an overall higher signal-to-noise ratio by in-
cluding four-years of LFI observations in these new maps as op-
posed to only 14 months in 2013, resulting in larger areas being
data driven. Otherwise, the two maps are largely consistent.

Relatively speaking, larger changes are seen for the thermal
dust spectral parameters when compared to the 2015 model pre-
sented in Planck Collaboration X (2016). Starting with the emis-
sivity or spectral index, �d, one can see bright CO-like struc-
tures in the 2018 version, for instance near the Fan region at
(l, b) ⇡ (140�, 10�); this indicates a stronger degeneracy between
CO and thermal dust in the 2018 map than in the 2015 map,
and results most likely from the lack of single-bolometer maps
in the 2018 analysis. Similarly, one can see a strong dark re-
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formation that is coherent over large spatial scales may depend
on environmental e↵ects, which can only be tested using a vari-
ety of high quality data over wide areas.

The Planck satellite mapped out the whole sky between
30 and 857 GHz with a beam going down to 50 (Planck
Collaboration et al. 2014a), giving it the capability of detect-
ing the brightest mm/submm regions of the extragalactic sky at
Mpc scales. A component-separation procedure using a combi-
nation of Planck and IRAS data was applied to the maps out-
side of the Galactic mask to select over 2000 of the most lumi-
nous submm peaks in the cosmic infrared background (CIB),
with spectral energy distributions peaking between 353 and
857 GHz (Planck Collaboration et al. 2016b, the “PHz” cata-
logue). 234 of these peaks (chosen such that S/N> 4 at 545 GHz,
S 857/S 545 < 1.5, and S 217 < S 353) were subsequently followed
up with Herschel-SPIRE observations between 250 and 500 µm,
and the half-arcminute (or better) resolution was capable of dis-
tinguishing between bright gravitational lenses and concentra-
tions of clustered mm/submm galaxies around redshifts of 2–
3 (Planck Collaboration et al. 2015). Here, we present the first
detailed mm analysis of one of these highly clustered regions,
PLCK G073.4�57.5 (hereafter G073.4�57.5), which was ob-
served with ALMA in Cycle 2. We combine NIR and FIR multi-
wavelength data with the resolving power of ALMA to iden-
tify the individual galaxies responsible for much of the Planck
submm flux and to constrain their physical properties.

This paper on G073.4�57.5 is structured as follows. In
Sect. 2 we re-capitulate the features of the Planck/Herschel
sample, followed by Sect. 3, where we present details of the
ALMA observations, data reduction, and results. In Sect. 4 we
describe the set of multi-wavelength data on G073.4�57.5, com-
prising Herschel-SPIRE, SCUBA-2, Spitzer-IRAC, and CFHT-
WIRCam observations. In Sect. 5 we present the analysis of
these data, where we estimate the mm galaxy number density of
G073.4�57.5, derive photometric redshifts and IR properties of
each galaxy (such as dust temperature, dust mass, IR luminosity,
star-formation rate and stellar mass), and in Sect. 6 we interpret
serendipitous line detections. In Sect. 7 we discuss our findings
and synthesize the interpretation. The paper is then concluded in
Sect. 8.

Throughout this paper we use the parameters of the best-
fit Planck flat ⇤CDM cosmology (Planck Collaboration et al.
2016a), i.e., ⌦M = 0.308, h = 0.678, and note that in this model
100 at z = 1.5 corresponds to a physical scale of 8.7 kpc.

2. The Planck /Herschel high-z sample

A dedicated Herschel (Pilbratt et al. 2010) follow-up programme
with the SPIRE instrument for 234 Planck targets (Planck
Collaboration et al. 2015) found a significant excess of “red”
sources (where “red” means S 350/S 250 > 0.7 and S 500/S 350 > 0.6
(consistent with z � 2), in comparison to reference SPIRE fields.
Assuming a single common dust temperature for the sources of
Td = 35 K, IR luminosities of typically 4⇥ 1012 L� were derived
for each SPIRE source, yielding star-formation rates (SFRs) of
around 700 M� yr�1. If these observed Herschel overdensities
are coherent structures, their total IR luminosity would peak at
4⇥1013 L�, or in terms of SFR, at 7⇥103 M� yr�1, i.e., the equiv-
alent of ten typical sources constituting to the overdensity.

A small subset of 11 Herschel sources are now known to be
gravitationally lensed single galaxies (Cañameras et al. 2015),
including the extremely bright G244.8+54.9, greater than 1 Jy at
350 µm. ALMA data for such sources, also aided by HST-based

Fig. 1. 3-colour SPIRE image for G073.4�57.5 (taken from
Planck Collaboration et al. 2015): blue, 250 µm; green, 350 µm;
and red, 500 µm. The white contour shows the region encom-
passing 50 % of the Planck flux density, while the yellow con-
tours are the significance of the overdensity of red (350 µm)
sources, plotted starting at 2� with 1� incremental steps.

lensing models, have enabled extremely detailed studies of high-
z star-forming galaxies (e.g., Nesvadba et al. 2016; Cañameras
et al. 2017a,b).

In a recent paper, MacKenzie et al. (2017) presented
SCUBA-2 follow-up of 61 Planck/Herschel targets at 850 µm,
each observation covering essentially the full emission of the
Planck peak. 172 sources were detected in the maps with high
confidence (S/N> 4.5), and by fitting modified blackbody dust
SEDs it was shown that the distribution of photometric redshifts
peaks between z = 2 and z = 3.

Further studies of the Planck/Herschel targets, based on NIR
and optical data, have also been carried out (e.g., G95.5�61.6
by Flores-Cacho et al. 2016) or are in progress (e.g., a sam-
ple by Martinache 2016) with the aim of characterizing these
sources; indeed, Flores-Cacho et al. (2016) was able to conclude
that G95.5�61.6 consists of two significantly clustered regions
at z ' 1.7 and at z ' 2.0, which further motivates their utility for
studying high-redshift clustering.

In the current paper we focus on directly detecting the galax-
ies responsible for giving rise to the Planck peak using the high-
resolution (sub-)mm imaging capabilities of ALMA. Our tar-
get G073.4�57.5 was included in the Planck/Herschel sample
from the selection of the first public release data of the Planck
Catalogue of Compact Sources1 with a 545-GHz (PSF FLUX)
flux density of (731 ± 81) mJy. It was chosen for an ALMA pro-
posal, together with three other Planck/Herschel targets, based
on the high overdensity of Herschel sources within the Planck
contour (see Fig. 1) and the availability of additional NIR and
submm data.

1Note, that for the latest Planck release(Planck Collaboration et al.
2016b), G073.4�57.5 lies just inside the more conservatively applied
Galactic mask.
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Fig. 2. Central region (5.80 ⇥ 4.60) of G073.4�57.5 in a 3-colour image of Spitzer-IRAC 3.6 µm (red), VLT-HAWKI K-band (green)
and J-band (blue), with Herschel-SPIRE 250-µm thick contours in yellow (from 0.02 Jy beam�1 in 0.0125 Jy beam�1 steps) and
ALMA galaxy positions shown with magenta circles of radius 0.700. The ALMA areas that were used for the analysis (0.2 ⇥ primary
beam peak response) are indicated with thin white circles (3700 diameter), labelled according to their field IDs given in Table 2. Four
SCUBA-2 sources centred in the cyan circles (1300 diameter matching the beam size) are labelled according to MacKenzie et al.
(2017); the two SCUBA-2 sources labeled “4+ / 5+” are additionally selected as > 3� peaks in the SCUBA-2 maps coincident with
ALMA-detected sources. ALMA field 5 (with one detected source, see Fig. 3) is located above and to the right of the central region
and is not shown in this image.

3. ALMA observation of G073.4�57.5

We received 0.4 hours of on-source observing time on
G073.4�57.5 with ALMA in Cycle 2 (PID: 2013.1.01173.S, PI
R. Kneissl). We targeted the eight sources found in the SPIRE
field that were consistent with a “red” colour, within the er-
ror bar, as defined above. A standard Band 6 continuum set-
up around 233 GHz (1.3 mm) was used, with four 1.78-GHz
spectral windows divided into the two receiver sidebands, sepa-
rated by 16 GHz (i.e., central frequencies of 224, 226, 240 and
242 GHz). 34 antennas were available in the array configuration
during the time of the observation, and the resulting synthesized
beam achieved an angular resolution of 0.5600 ⇥ 0.4400 (FWHM)
with a position angle of �82.7�. The central sensitivity was
' 0.06 mJy beam�1 in all eight fields (see Fig. 2 for an overview,
and note the Herschel SPIRE IDs, as given in Table 2); with this

sensitivity ALMA can detect all SPIRE sources at any redshift
assuming a dust temperature of > 25 K and that all the SPIRE
flux comes from a single source, since the detection significance
increases at higher redshifts and with higher temperatures. The
observatory standard calibration was used with J2232+1143, a
grid monitoring source, as bandpass calibrator, Ceres as addi-
tional flux calibrator, and all pointings in this data set share
the same phase calibrator, J2306�0459. The single pointings
were convolved with the primary antenna beam pattern (roughly
Gaussian with FWHM ' 25.300, assuming 1.13�/D).

The data were reduced with standard CASA tasks (McMullin
et al. 2007), including de-convolution, to yield calibrated con-
tinuum images with flat noise characteristics for source detec-
tion. A S/N> 5 mask was applied to the beam-uncorrected maps
with a 2� CLEAN threshold, yielding 13 sources in six fields,
where the detection is based on the peak pixel surface bright-
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within the molecular cloud cores shielded from the intense FUV radiation (Kazandjian et al. 2015). 

Moreover, HCO+/HCN above and below unity may be a signature of X-ray heating (Meijerink et al. 

2006, 07) and shocks (Tafalla et al. 2010), respectively, whereas HCO+/HCN~1 might suggest IR 

pumping (Krips et al. 2008).

(3) Investigate the relation between the dense and extended gas reservoirs: We will use the line 

profiles to explore the kinematic relation between the dense gas reservoirs and the gas phase probed 

by CO . Similar kinematics and gas conditions would suggest multi-phase environments, as already 

observed  at  low-z  (Nesvadba  et  al.  2010).  This  scenario  would  be  consistent  with  turbulence-

regulated star formation. Alternatively, kinematics favouring distinct gas components would indicate 

a configuration similar to that of the 'Cosmic Eyelash' (Danielson et al. 2013) or low-z ULIRGs, 

with star formation occuring within dense molecular cloud cores embedded in diffuse and colder gas 

reservoirs. Finally, the range of global star formation intensities covered by the 3 GEMS will enable 

to investigate the relation between this observable and the configuration of the dense gas phase.

Fig.1: Near-infrared CFHT/K or HST/F160W band 

images of the foreground structures and dust or gas 

morphology of the three GEMS in the current proposal. 

We have derived detailed lensing models with Lenstool 

for each system (blue contours show regions with μ>10). 

For G045.1, the ''Garnet'' (top, μ=19.1+/-1.2), we will 

probe the dense gas emission from clump 'A' that shows 

the brightest dust and gas emission (PdBI CO(5-4), red 

contours), and that is surrounded by inflowing gas seen in 

[CII] absorption (Nesvadba et al. 2016). G244.8, the 

''Ruby'' (bottom-left, Cañameras et al. 2017a,b, μ=21.8+/-

0.6) forms a near-complete Einstein ring of 1.5'' diameter 

as seen in extended baseline ALMA cycle 3 observations 

of the 3-mm dust continuum (red contours), around one of 

the most distant, massive lens galaxy known so far at 

z=1.525. G231.3 (bottom-right, μ=6.0+/-0.5) forms a 

near-complete Einstein ring of 2.5'' diameter (PdBI CO(5-

4), red contours) around an isolated foreground galaxy at 

z=0.6. Most emission lines in the current proposal will 

come from the bright clumps which have sizes <0.6''.

Fig. 2: Spatially resolved Schmidt-

Kennicutt law in the Ruby (red stars), the 

only high-z galaxy with S350 > 1 Jy 

(Cañameras et al. 2017b), compared with 

nearby Eddington-limited starbursts (blue 

circles, Andrews et al. 2011). The Ruby lies 

in the regime of maximal starbursts, where 

star formation is self-regulated by feedback 

from radiation pressure (yellow region), 

and from supernovae and stellar winds 

(green lines). The faint emission lines 

targeted in the current program will 

constrain the main heating mechanisms of 

the dense molecular gas within the cores of 

extremely star-forming clouds.

within the molecular cloud cores shielded from the intense FUV radiation (Kazandjian et al. 2015). 

Moreover, HCO+/HCN above and below unity may be a signature of X-ray heating (Meijerink et al. 

2006, 07) and shocks (Tafalla et al. 2010), respectively, whereas HCO+/HCN~1 might suggest IR 

pumping (Krips et al. 2008).

(3) Investigate the relation between the dense and extended gas reservoirs: We will use the line 
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by CO . Similar kinematics and gas conditions would suggest multi-phase environments, as already 

observed  at  low-z  (Nesvadba  et  al.  2010).  This  scenario  would  be  consistent  with  turbulence-

regulated star formation. Alternatively, kinematics favouring distinct gas components would indicate 

a configuration similar to that of the 'Cosmic Eyelash' (Danielson et al. 2013) or low-z ULIRGs, 

with star formation occuring within dense molecular cloud cores embedded in diffuse and colder gas 

reservoirs. Finally, the range of global star formation intensities covered by the 3 GEMS will enable 

to investigate the relation between this observable and the configuration of the dense gas phase.

Fig.1: Near-infrared CFHT/K or HST/F160W band 

images of the foreground structures and dust or gas 

morphology of the three GEMS in the current proposal. 

We have derived detailed lensing models with Lenstool 

for each system (blue contours show regions with μ>10). 

For G045.1, the ''Garnet'' (top, μ=19.1+/-1.2), we will 

probe the dense gas emission from clump 'A' that shows 

the brightest dust and gas emission (PdBI CO(5-4), red 

contours), and that is surrounded by inflowing gas seen in 

[CII] absorption (Nesvadba et al. 2016). G244.8, the 

''Ruby'' (bottom-left, Cañameras et al. 2017a,b, μ=21.8+/-

0.6) forms a near-complete Einstein ring of 1.5'' diameter 

as seen in extended baseline ALMA cycle 3 observations 

of the 3-mm dust continuum (red contours), around one of 

the most distant, massive lens galaxy known so far at 

z=1.525. G231.3 (bottom-right, μ=6.0+/-0.5) forms a 

near-complete Einstein ring of 2.5'' diameter (PdBI CO(5-

4), red contours) around an isolated foreground galaxy at 

z=0.6. Most emission lines in the current proposal will 

come from the bright clumps which have sizes <0.6''.

Fig. 2: Spatially resolved Schmidt-

Kennicutt law in the Ruby (red stars), the 

only high-z galaxy with S350 > 1 Jy 

(Cañameras et al. 2017b), compared with 

nearby Eddington-limited starbursts (blue 

circles, Andrews et al. 2011). The Ruby lies 

in the regime of maximal starbursts, where 

star formation is self-regulated by feedback 

from radiation pressure (yellow region), 

and from supernovae and stellar winds 

(green lines). The faint emission lines 

targeted in the current program will 

constrain the main heating mechanisms of 

the dense molecular gas within the cores of 

extremely star-forming clouds.
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brightest known submm lenses
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Ongoing and near future experiments 
(better resolution/sensitivity/polarization): 
• ACT/ACTPol/AdvACT 
• SPT/SPTPol/SPT-3G 
• BICEP/Keck 
• POLARBEAR/Simons Array 
• Simons Observatory 
• …

Future satellites: 
• Litebird 
• …
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1 Technical Section

1.1 Science Merit – Science Objectives and Investigations (EC1)

1.1.1 Litebird Mission Overview

The proposed study addresses the SA-1 Cosmology: Cosmic Microwave Background (CMB) and
Inflation topic to measure B-mode polarization in the CMB and signatures of structure in the
Universe. The study will mature the science readiness level for Canadian participation in the
Litebird mission, which is led by JAXA in Japan.

Recently a new era of gravitational wave astronomy has begun, with the first detections of short-
wavelength gravity waves with the LIGO interferometer [LIGO 2016]. Litebird has the potential
to extend gravity wave astronomy to cosmic scales, revealing the nature of inflation.

The signature of gravity waves from inflation are imprinted in the Cosmic Microwave Back-
ground (CMB) B-mode polarization, o↵ering the possibility of observing the Universe a fraction
of a second after the Big Bang. Detailed measurements of B-mode polarization o↵er a window
on energy scales near 1016GeV, 12 orders of magnitude above what is is accessible to Earth-based
colliders. Precise measurements of CMB B-modes also o↵er new constraints on the neutrino sec-
tor and provide a better census of matter in the Universe. The Litebird mission, presently in
phase-A1 in Japan, is designed to provide a definitive search for primordial B-modes. The mission
has baselined a Canadian technology, a detector readout system designed at McGill University, as
part of its design. Canadian researchers seek a contribution from the Canadian Space Agency for
Litebird, so that the data products from the mission are available to Canadian cosmologists, who
are some of the best positioned researchers globally to make break-through discoveries using these
data.

1.1.2 Litebird Mission Science Objectives

Litebird is a millimetre-wavelength space satellite telescope being designed and built to map the
CMB polarization on degree and larger angular scales. Litebird will be instrumented with 2,622
detectors, spanning observation frequency bands from 40 to 400 GHz, with noise levels about 20
times lower than for the Planck satellite. The mission is led by JAXA (P.I.: Masashi Hazumi) and
is presently in Phase A1. The Canadian-designed DfMUX bolometer readout system is the baseline
for the mission.

The U.S. Litebird team (of which Dobbs is a collaborator) received funding from NASA for
design of the detector system, sub-Kelvin refrigerators, cold focal-plane structures, and cold read-
out components, through a recently completed Mission of Opportunity contract. The technology
development has ongoing NASA funding and it will compete for NASA Mission of Opportunity
funding next year.

The broad scientific objectives for the Litebird mission are:
• a definitive search for the fingerprints of inflation in the CMB radiation, by observing or

placing the most stringent upper limits on primordial B-mode CMB polarization, which will

Litebird: JAXA (Japan) + partners

• Launch ~2026 
• Study for 

Canadian 
involvement 
underway 

• Ask Matt, Renee, 
Douglas or Dick



CMB-S(tage)4

Commissioning 2025? 
This will happen!

• Constrain r at the 0.001 level 
• Constrain (neutrino) Neff at 0.05 level 
• Survey ~half sky at mm to cm
• 20-270GHz, multiple channels 
• ~500,000 detectors 
• 2 distinct sets of telescopes 

~0.5m and ~6m (Chile and SP) 
• ~5% sky survey really deep 
• + ~40% sky survey just deep

Primordial B modes: Simon Foreman already discussed this



Why should I care about CMB-S4? 
(if I think r and Neff are boring!)

• 40% of the (southern) sky 
• Stokes I, Q, U 
• SZ, lensing, … 
• Galactic polarization + sources 
• Cadence ~every couple of days 
• 1.5ʹ beam at 150GHz (scales like 1/ν)

• Variable and moving sources?



Report writing for (US) decadal survey

• “Legacy archive” working group 
coordinators, DS + Lindsey Bleem 

• Need help thinking about the non-
cosmology stuff!





(scaled from z~1 to z~1100)

Stage 1

Stage 2

Stage 3

Stage 4

Figure G. Holder; S4 noise curve J. Meyers

CMB Lensing Map 

Development work led  
by Neutrino Mass Working Group! ✔

• Legacy product will be a lensing 
map(s) for 40% of the sky covered by 
the wide area survey 

• Excellent overlap with e.g., LSST, DESI, 
eRosita,  etc 

• Improved Cosmological Constraints 
via cross-correlations with other LSS 
Surveys (e.g., Doux+18, and others) 

• Calibration of Systematic Errors in 
other surveys (e.g., Schaan+17, and 
others) 

• High-redshift mass calibration via 
CMB halo lensing (clusters, AGN, other 
sources; e.g., Raghunathan+17, 
Melin+15, and others) 



Extragalactic Sources

Figures from Joaquin Vieira 



Extragalactic Sources
• Some of the DSFGs identified by CMB-S4 

will be protoclusters (high redshift 
progenitors of galaxy clusters) 

• Planck’s “PHz” catalogue contains about 2000 
“red peaks” in the CIB, over about a quarter of 
the sky 

- >200 followed up with Herschel, but we still 

don’t really known what these are

- there are hence no good theoretical 

predictions for their abundance

• CMB-S4 will detect many more

Credit: ESO/ALMA (ESO/NAOJ/NRAO)/Miller et al. 



Galaxy Clusters: Cosmological and Astrophysical 
Implications

Wonderful Synergy with LSST, Euclid,  
WFIRST, eRosita, Athena, Lynx and more!

“The number of massive galaxy clusters 
could emerge as the most powerful 

cosmological probe [if systematics can be 
controlled]” - DOE Cosmic Visions 

Dodelson+1604.07626

Coordinate with DE Working Group

 Madhavacheril, Battaglia, Miyatake 2017
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Galactic Sources

RCW 38 HII region 
  (90,150, 220 GHz; rgb)  

Credit: K Schaffer, SPT-SZ

HELP WANTED!

• Planck (and earlier ground-based 
surveys) catalogue ~150 CO clouds at 
|b|>30º 

• Planck also found hundreds of “cold 
cores” at high latitudes (some in known 
GMCs, others unknown) 

• H-ATLAS discovered some sources 
associated with stars, including a few 
debris disk candidates 

• As well as extracting Galactic sources 
in CMB-S4 maps, we can cross-
correlate with stellar (and other 
Galactic) catalogues 

• Not the highest priority - but does allow 
us to connect with another community 
of astronomers



Transients - GRBs and FRBs
Figure by Nathan Whitehorn

Forecasting Machinery in place, need straw cadence to run projections for CMB-S4. 

• Orphan GRB afterglows (generic 
prediction of GRB models, but 
none yet detected) 

• New probe of the Epoch of 
Reionization! CMB S4 should be 
able place interesting 
constraints on some models of 
GRBs from population 3 stars at 
z~20  

• FRBs  (A. Kosowsky to forecast); 
challenges include detector 
glitches, Cosmic Rays   

To CMB S4!  



Near Earth Objects

Figure by Gil Holder





Galactic sources
• In addition to Galactic polarization studies, CMB-S4 will 

detect sources within our Galaxy 
• Mostly CMB-S4 people won’t bother with Galactic 

sources - but they’ll be seen anyway! 
• Planck (and earlier ground-based surveys) catalogued 

~150 CO clouds at |b|>30º 
• Planck also found hundreds of “cold cores” at high 

latitudes (some in known GMCs, others unknown) 
• H-ATLAS discovered some sources associated with 

stars, including a few debris disk candidates 
• As well as extracting Galactic sources in CMB-S4 

maps, we can cross-correlate with stellar (and other 
Galactic) catalogues



Proto-clusters
• SZ sources are already part of the CMB-S4 science 

case - hence a full catalogue + diffuse map 
• But there are also “proto-clusters” with a different 

spectral signature - like redshifted clumps of DSFGs 
• Planck’s “PHz” catalogue contains about 2000 “red 

peaks” in the CIB, over about a quarter of the sky  
- >200 followed up with Herschel, but we still don’t 

really known what these are 
- there are hence no good theoretical predictions for 

their abundance 
• CMB-S4 will presumably detect many more with its 

smaller beamsize 
• Perhaps CMB-S4 can bridge the gap between genuine 

clusters and proto-clusters?


