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Why are we here?

Discuss key decisions for the community!

For a given topic:
› relevant white papers & their scope? 
› key recommendations from the community?
› relevant timelines, facilities and resources?
› key questions, challenges & concerns?
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Why are we not here?

› summarizing individual white papers 
(can’t cover every topic)
› arguing that a specific project is The Most 

Important Thing
› complaining about (lack of) funding
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Schedule UBC 
See http://bit.ly/lrp_th
0915-0930 Sub-mm & non-CMB Douglas Scott
0930-0945 Pulsars Ingrid Stairs
0945-1000 ISM and magnetism Alex Hill (remote presentation)
1000-1030 Discussion Bryan Gaensler (moderator)
1030-1045 Coffee break
1045-1100 Future GW facilities Jess McIver
1100-1115 NewSpace Aaron Boley
1115-1130 X-ray spectroscopy Ilaria Caiazzo
1130-1200 Discussion Pauline Barmby (moderator)
1200-1230 Facilitated discussion Harvey Richer
1230-1245 General discussion and wrap-up Harvey Richer (moderator)
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Logistics
› Meeting is being Zoomed for remote 

participation, recorded for LRP panel use
› Speakers: please repeat questions/comments 

so they’re recorded
› Slides will be made public unless requested
› Backchannels: 
- LRP2020 Slack #town-halls channel
- Twitter #LRP2020
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Afterwards
› Future town halls: Victoria Nov 27, Edmonton 

Nov 29

› Continue the discussion!
- LRP2020 Slack #town-halls channel
- Twitter #LRP2020
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1 E030: Non-CMB cosmology at CMB wavelengths

Cosmology in front of the background:

studying the growth of structure at CMB wavelengths

A white paper submitted as part of the 2020 Canadian Astronomy Long Range Plan process

Douglas Scott (UBC), J. Richard Bond (CITA), Scott Chapman (Dalhousie), Dagoberto Contreras (York), Michael
Fich (Waterloo), Mark Halpern (UBC), Gary Hinshaw (UBC), Renée Hlozek (UofT), Jonathan Sievers (McGill)

Executive summary

Canada has thriving communities in CMB (cosmic microwave background) studies, cosmology and submillimetre
(submm) astronomy, with involvement in many facilities that featured prominently in previous Astronomy Long
Range Plans. The standard cosmological model continues to be well fit using a small number of parameters. No
one expects this model to be complete and so we need to continue to challenge it with data; moreover, it does
not explain how galaxies and other structures form. So, how do we improve the precision of our understanding of
structure formation within this model?

Wavelengths from the microwave to the submm will be particularly fruitful for answering this question. That’s
because, in addition to the CMB anisotropies, there are other signals that can be extracted from large maps at
these wavelengths – particularly the cosmic infrared and submm backgrounds, the thermal and kinetic Sunyaev-
Zeldovich effects, and CMB lensing. Such signals carry a wealth of information about the cosmological model, as
well as how dust, gas and star-formation evolve within dark-matter halos. Cross-correlations between these signals
and those coming from the radio, optical and X-ray surveys, will provide even more information.

Canadians are already members of teams for several related facilities and are working to be involved in others.
In order for Canada to be fully engaged in exploiting the detailed information coming from these cosmological
signatures, it is crucial that we find the resources to participate competitively in a combination of projects currently
being planned. Examples include CMB-S4, CCAT-prime, AtLAST, a new camera for JCMT, balloon projects such
as BFORE and a future ambitious CMB satellite.

1 Introduction

Canadian astronomers have a particular interest and expertise in wide-field surveys. Among such surveys, the most
ambitious ones are carried out as major collaborative efforts with astronomers from other countries. The widest
(and perhaps highest impact) of these surveys have come from the WMAP satellite at microwave frequencies (e.g.,
Bennett et al., 2013), and from the Planck satellite covering microwave-to-submm frequencies (e.g., Planck Collab.
2018 I, 2018). Although the beamsizes are modest, these data sets cover the entire sky in 14 bands from 20 to
900GHz.

We all know that these maps can be used to extract the primary cosmic microwave background (CMB) signal,
sometimes called the “baby picture” of the Universe, whose statistical properties are currently the dominant way of
constraining the parameters that describe our Cosmos – this is discussed in a separate white paper (Hlozek et al.,
2019). To get to the “background” we must first extract the “foregrounds”, which mostly come from the Milky
Way Galaxy, from the inside of which we observe the CMB. It is also well known that these foreground signals
can teach us about the large-scale properties of our Galaxy (e.g., Planck Collab. 2018 XII, 2018, and references
therein), another science area in which Canadians excel.

What is perhaps less well known is that there are several “secondary” signals in these CMB maps, which are
of growing interest. For many CMB experiments these give ancillary science motivations; however, for some sur-
veys planned at similar wavelengths such “secondary” signals are in fact the primary science goals. The CMB
anisotropies (in both temperature and polarisation) were largely formed at the last-scattering epoch for CMB pho-
tons, which was at a redshift z ' 1100, when the Universe was about 400,000 years old. However, there are several
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CMB Facilities

Renée Hlozek

November 12, 2019

CGEM 

TAURUS

Cosmological questions 
from the CMB

From Hlozek et al. 2019 LRP White Paper: 

•what can we learn about the earliest moments in the lifetime of the Universe by searching for 
inflationary signatures on the largest scales? 

• what can we learn about the distribution of matter in the Universe, from small-scale 
measurements of the temperature and polarization of the CMB and how it is distorted by 
structures along the line of sight?

These are focused on only primary cosmology: 
much more is possible with CMB measurements/

facilities - see Douglas Scott’s talk on November 26

Scott_CMB_midgrounds 9



This is the usual CMB story:

separate the (Galactic) foreground 
from the (cosmological) background
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Planck Collaboration: The cosmological legacy of Planck
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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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…Milky Way from the inside!

CMB “foregrounds” allow us to study…
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A&A proofs: manuscript no. L04_di↵use_compsep_full

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)

Alf
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0 100KRJ km/s

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
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Planck Collaboration: Di↵use component separation

PGNILC
d
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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.

PSMICA
s

10 300µKRJ at 30 GHz

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.

Article number, page 32 of 74
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Planck Collaboration: Di↵use component separation
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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-

Article number, page 59 of 74
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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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And of course there’s cosmology
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Planck Collaboration: The cosmological legacy of Planck
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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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CMB surveys

They’re wide-field cosmology
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Other extragalactic signals 
(of current decreasing S/N): 
• Cosmic infrared background 
• Sunyaev-Zeldovich y 
• Integrated Sachs-Wolfe effect 
• Kinetic SZ effect 
• …

Plus compact sources: 
• Proto-cluster candidates 
• Strong lenses 
• …
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Primary
CMB

anisotropies

Lensing

Secondary CMB anisotropies

kSZ

ISW

tSZ
CIB

Or “the CMB as a Backlight”

Or “CMB Midgrounds” perhaps?

Probes of the Universe at lowish redshifts
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Kneissl et al.: Resolving the Planck/Herschel source G073.4�57.5 with ALMA

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.

2

Kneissl et al.: Resolving the Planck/Herschel source G073.4�57.5 with ALMA

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.
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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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Planck-derived sample gives 
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Ongoing and near-future CMB experiments 
(better resolution/sensitivity/polarization): 
• ACT/ACTPol/AdvACT 
• SPT/SPTPol/SPT-3G 
• BICEP/Keck 
• POLARBEAR/Simons Array 
• Simons Observatory 
• CMB-Stage 4

Future CMB satellites: 
• Litebird

Millimetre/submm telescopes: 
• CCAT-prime 
• “SCUBA-3”
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Science Maturation Study for Litebird Mission – SECTION I: Technical and Managerial bid 3

7 APPENDIX: Cross Reference To Evaluation Criteria 40

8 APPENDIX: CVs 40

9 APPENDIX: Letters of Commitment 78

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 ~2027 
• CSA-funded 

studies for 
Canadian 
involvement 

• Dobbs, Bond, 
Hlozek, Scott
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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

Scott_CMB_midgrounds 25



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?
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ESA Voyage 2050 Science White Paper

A Space Mission to Map the Entire Observable
Universe using the CMB as a Backlight
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• Optical/NIR galaxy clustering 
• Galaxy lensing (Euclid, LSST) 
• X-ray imaging (eROSITA) 
• Radio catalogues (SKA) 
• Intensity mapping (CHIME)

• DM, DE constraints 
• Structure formation and evolution 
• Cluster T, 𝞺 profiles 
• Feedback processes

Cross-correlations
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What about the LRP?

• Canadians are already: 
- experts in relevant hardware, data 

analysis and theory 
- engaged in many of these experiments 

and surveys

• We need: 
- continued support for Canadian 

engagement in these efforts 
- improved coordination of Canadian efforts 
- team-based resources (e.g. postdoc 

funding)
Scott_CMB_midgrounds 29



Scott_CMB_midgrounds 30



Scott_CMB_midgrounds 31



Nov. 26, 2019 1

Pulsar Science in the 2020s

Ingrid Stairs
UBC

Nov. 26, 2019

Relevant WPs:
W046 SKA (Spekkens et al.)

W036 High-res X-ray Spectroscopy (Caiazzo et al.)
W034 SMBHs (Woods et al.)

W032 ngVLA (Di Francesco et al.)
W028 CHORD (Vanderlinde et al.)

W023 Fundamental Physics (Fonseca et al.)
W016 Pulsar Timing Arrays (Stairs et al.)
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D. Page

What is a neutron star made of?

Calculations of physics at 
supranuclear densities are difficult!  
The various approximation 
methods and potential constituents 
mean that many equations of state 
are plausible.

Example models for the core 
include hyperons, free quarks, 
colour-superconducting phases, 
strange quark matter…
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Radio pulsar mass 
measurements are a key 
method to constrain the 
range of allowed 
equations of state.  These 
are achieved by 
measuring relativistic 
corrections to a Keplerian 
orbit, typically Shapiro 
delay.  

Requirements: point-
source sensitivity, wide 
bandwidth, sometimes 
specific cadences.

W023 Fonseca et al.
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Mass-mass diagram for the 
only known double pulsar 
system, showing the small 
allowed mass region within 
GR.  The mass ratio R 
provides a theory-
independent constraint on 
the masses.
Geodetic precession also 
measured. 

Kramer et al., 2006, Science 314, 97.
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Preliminary example plot, not current 
timing solution.  Credit: Norbert Wex

We are starting to need 
to incorporate Lense-
Thirring spin-orbit 
coupling as well as 2PN 
effects into the double-
pulsar solution to get an 
accurate     . Two 
equations of state are 
shown here.  Once       is 
measured precisely 
enough, we should get 
pulsar A’s moment of 
inertia (will likely need
the SKA).  A few other 
pulsars show similar 
promise.

!̇0

Ṗb
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The GR tests, related tests of equivalence principles, and 
improved statistics on NS masses will all benefit from the 
discovery of new pulsars.  

The SKA will discover 
thousands of new 
pulsars, many suitable 
for tests of gravity or 
gravitational-wave 
detection.
There may be hundreds 
of double-neutron-star 
systems, and even more 
exotic binaries.

Stappers et al. 2018, PTRSA

SKA1-Mid: 
7500 normal 
pulsars

SKA1-Low: 
3000 normal 
pulsars

SKA1-Mid: 700 
millisecond 
pulsars
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W023, Fonseca et al.

CHIME, doing a search for slow pulsars using the 1-ms-
sampled FRB data stream and stacking many days of 
data, should be able to find hundreds of new slow 
pulsars in the Northern hemisphere.
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Similar simulations for the Canadian Hydrogen 
Observatory and Radio-transient Detector (CHORD; 
see W028) indicate that the populations of slow and 
millisecond pulsars can be increased by an order of 
magnitude.

Another prospect, this time involving higher-frequency 
observations to combat scattering, would be looking for 
pulsars in orbit around Sgr A*.  Even a slow pulsar in 
an eccentric orbit will allow tests of the Cosmic 
Censorship conjecture and the No-hair theorem by 
measuring the spin and quadrupole of the black hole.
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Supermassive black holes in binaries are targeted by 
pulsar timing arrays (PTAs) which use millisecond 
pulsars to try to detect low-frequency gravitational 
waves.  (More pulsars help, too!)

PTAs are 
complementary to 
CMB and 
interferometer 
experiments.

Stairs_Pulsars_LRP2020 40



Nov. 26, 2019 10

The NANOGrav upper limits 
(here from the 11-year data 
release paper; Arzoumanian
et al 2018) are cutting into 
the parameter space of 
models describing the 
expected population of 
SMBH binaries, and 
constraining a combination of 
environmental effects and 
initial binary eccentricities. 
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PSR J0645+5158: GBT data (light blue: 820 MHz; orange: 1500 MHz) and 
CHIME data (dark blue).  Multiple frequency subbands shown on each day.  
Fonseca.

CHIME/Pulsar can monitor DM and scattering changes on 
a daily basis and enable excellent corrections for these 
systematics.  We expect timing improvements up to a 
factor of 2 for northern NANOGrav pulsars. 
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The SKA will take pulsar gravitational-wave science from 
a detection game to an exploration of the astrophysics of 
SMBHs and a search for other, exotic sources and tests 
of GR.
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Key recommendations:

• Canada should participate in building, operating, and 
serving data from the SKA.

• Extend CHIME funding past the 5-year nominal.
• Support CHORD and other pulsar search programs.
• Provide tangible support for the Arecibo and Green 

Bank Telescopes (personnel, instrumentation, 
purchase observing time). 

• If the US part of NANOGrav starts to build a dedicated 
pulsar instrument, find a way for Canada to participate 
meaningfully.
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Interstellar medium and 
cosmic magnetism

Alex S Hill 
UBC Okanagan 

W044: "Canadian Investigations of the Interstellar Medium" (Hill et al) 
W055: "Cosmic Magnetism" (West et al) 

W037: "DRAO Synthesis Telescope" (Landecker et al)

Hill_ISM_magnetism 45



Alex S Hill

• W055: "Cosmic magnetism" (arXiv:1911.02108) 
- Jennifer West (University of Toronto), Jo-Anne Brown, Bryan Gaensler, Alex S Hill, Judith Irwin, 

Roland Kothes, Tom Landecker, Tim Robishaw, Samar Safi-Harb, Jeroen Stil, Cameron Van Eck, 
Gregg Wade 

• W044: "Canadian investigations of the interstellar medium" (arXiv:
1910.03652) 

- Alex S Hill (UBC, DRAO), Jan Cami, Laura Fissel, Tyler Foster, Gilles Joncas, Lewis Knee, Roland 
Kothes, Tom Landecker, Tim Robishaw, Erik Rosolowsky, Samar Safi-Harb, Jennifer West, Trey V. 
Wenger 

• W037: "DRAO Synthesis Telescope" (arXiv:1910.12002) 
- Tom L Landecker (DRAO), L. Belostotski, J.C. Brown, B.R. Carlson, X. Du, T. Foster, A.S. Hill, T. 

Johnson, R. Kothes, M. Rupen, S. Safi-Harb, K. Vanderlinde, B.G. Veidt, J.L. West
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Alex S Hill

Future Canadian ISM and Magnetism Leadership
• High-performance computing (W017 star formation and the Galactic 

ecosystem, W044 ISM) 
- Resources required for theory to address multi-scale physics as well 

as for handling data volumes, especially from interferometers 
• CIRADA and CADC 

- Science infrastructure 
- Data archive, analysis tools, and pipeline development 

• Square Kilometre Array (W046) 
- "The origin and evolution of cosmic magnetism" is one of five key 

science projects 
- SKA-mid: ~200 increase in number of measured point source 

rotation measures 
- Commissioning in mid-2020s 

• CHORD (Canadian HI Observatory and Radio transient Detector; W028) 
- CHIME successor 
- Long wavelengths and broad, continuous bandwidth: exquisite 

Faraday depth resolution (few arcmin resolution) 
- Proposal to CFI January 2020 ($23M); construction begins 

mid-2020s 

• DRAO Synthesis Telescope upgrade (W037) 
- Long wavelengths and broad, continuous coverage at arcmin 

resolution 
- Radio recombination lines: ionized gas throughout the Galactic 

plane 
- Funding proposals mid-2019 (NRC) and 2020 (small CFI) (≈$3M 

total) 
• DRAO John A. Galt Telescope 

- Upgrade with MeerKAT L-band receiver (900–1800 MHz). Simple 
geometry ideal for polarization work 

- Zeeman splitting in 21 cm, 18 cm OH, radio recombination lines 
- Expected on sky early 2020 

• Green Bank Telescope 
- Sensitivity to 70 – 116 GHz molecular lines 
- No alternatives with Canadian access on the horizon 

• Balloon-borne telescopes (W043) 
- BLAST: 250 – 500 μm dust polarization observations 
- Support ongoing PI projects
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Three-phase ISM

4

15 Jul 2005 5:47 AR AR251-AA43-09.tex XMLPublishSM(2004/02/24) P1: KUV

THE DIFFUSE INTERSTELLAR MEDIUM 355

Figure 7 The Two-Phase Medium thermal pressure versus density curve is shown in the
red-blue-green curve. The red segment is the thermally stable warm component, the green the
corresponding stable cold component, and the blue the thermally unstable regime. The black
dashed line is the total midplane pressure, the orange dashed line represents the magnetic
pressure, the dashed aqua line shows how the p(n) curve shifts when the heating rate is raised
considerably, and the dashed purple rectangle outlines the regime of essentially zero bulk
modulus.

pressure, cooling moves it to the right, to higher density, taking it further from
the curve and making it cool faster, until it reaches the stable cloud branch.
Similarly, gas slightly below the curve has excess heating and at constant ther-
mal pressure moves horizontally to the left until it joins the stable intercloud
component.

4.2. Less Familiar Aspects of the pTh(n) Diagram

For the standard curve, the mean midplane interstellar density in the Solar Neigh-
borhood (slightly over 1 cm−3) is in the unstable regime. This appears to guarantee
that both the cloud and intercloud branches will be populated.

A significant portion of the cold-cloud branch lies below the total midplane
pressure (the weight per unit area of the ISM), and even below the mean magnetic
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• "Three-phase" picture of ISM guides thinking 

• Three thermally-stable phases: 

- ~102 K: cold neutral medium (CNM) 

- ~104 K: warm neutral medium (WNM); warm 
ionized medium (WIM) 

- ~106 K: hot ionized medium (HIM) 

• Energy equipartition 

- Gas (thermal + turbulent) 

- Magnetic fields 

- Cosmic rays
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Three-phase ISM
• "Three-phase" picture of ISM guides thinking 

• Three thermally-stable phases: 

- ~102 K: cold neutral medium (CNM) 

- ~104 K: warm neutral medium (WNM); warm 
ionized medium (WIM) 

- ~106 K: hot ionized medium (HIM) 

• Energy equipartition 

- Gas (thermal + turbulent) 

- Magnetic fields 

- Cosmic rays
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Three-phase ISM
• "Three-phase" picture of ISM guides thinking 

• Three thermally-stable phases: 

- ~102 K: cold neutral medium (CNM) 

- ~104 K: warm neutral medium (WNM); warm 
ionized medium (WIM) 

- ~106 K: hot ionized medium (HIM) 

• Energy equipartition 

- Gas (thermal + turbulent) 

- Magnetic fields 

- Cosmic rays
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Polarization gradients tracing magnetized WIM turbulence 
Gaensler et al (2017)

turbulent fluctuations in the free-electron density and magnetic field
throughout the interstellar medium15 (ISM).

A limitation of previous studies is that they usually interpreted
the data in terms of the amplitude, P, and/or the angle,
h:(1=2)tan{1(U=Q), of the complex Stokes vector P ; (Q, U).
However, neither polarization amplitude nor polarization angle is
preserved under arbitrary translations and rotations in the Q–U plane.
These can result from one or more of a smooth distribution of inter-
vening polarized emission, a uniform screen of foreground Faraday
rotation, and the effects of missing large-scale structure in an inter-
ferometric data set. In the most general case, we are thus forced to
conclude that the observed values of P and h do not have any physical
significance, and that only measurements of quantities that are both
translationally and rotationally invariant in the Q–U plane can provide
insight into the physical conditions that produce the observed polar-
ization distribution.

The simplest such quantity is the spatial gradient of P, that is, the
rate at which the polarization vector traces out a trajectory in the Q–U
plane as a function of position on the sky. The magnitude of the
gradient is unaffected by rotation and translation, and so has the
potential to reveal properties of the polarization distribution that
might otherwise be hidden by excess foreground emission or
Faraday rotation, or in data sets from which large-scale structure is
missing (as is the case for the data shown in Fig. 1). The magnitude of
the polarization gradient is
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The expression in equation (1) can be calculated simply, and the
corresponding image of j=Pj (Fig. 2) reveals a complex network of
tangled filaments. In particular, all regions in which j=Pj is high con-
sist of elongated, narrow structures rather than extended patches. In
the inset of Fig. 2, we plot the direction of =P for a small subregion of
the image, demonstrating that =P changes most rapidly along direc-
tions oriented perpendicular to the filaments. We can explore the

frequency dependence of these filaments, because the 1.4-GHz
ATCA data shown in Fig. 1 consist of nine independent spectral
channels of width 8 MHz, spread over a total bandwidth of 96 MHz.
We have constructed images of j=Pj for each individual spectral
channel, and these show the same set of specific features as in the
overall image, albeit at reduced signal-to-noise ratios. The lack of
frequency dependence indicates that the high-gradient structures seen
in this data set correspond to physical features in the ISM rather than
to contour lines introduced by the particular combination of observing
frequency and angular resolution used15,17.

We first consider the possibility that these filaments of high gradient
are intrinsic to the source of emission. Abrupt spatial transitions in the
strength or geometry of the magnetic field in a synchrotron-emitting
region would generate a large gradient in (Q, U). However, processes of
that sort would also produce structure in the overall synchrotron
emissivity, such that we would observe features in the image of
Stokes I that match those seen in j=Pj. No such correspondence is
observed, demonstrating that the regions of high polarization gradient
are not intrinsic to the source of polarized emission but must be
induced by Faraday rotation in magneto-ionized gas.

Because the amount of Faraday rotation is proportional to the line
integral of neBI from the source to the observer (where ne is the density
of free electrons and BI is the uniform component of the line-of-sight
magnetic field), the filamentary structure seen in j=Pj must corre-
spond to boundaries across which ne and/or BI show a sudden increase
or decrease over a small spatial interval. Such discontinuities could be
shock fronts or ionization fronts from discrete sources, as have been
observed in polarization around the rims of supernova remnants, H II

regions and planetary nebulae11,18. We have examined this possibility
by carefully comparing our image of j=Pj with images and gradient
images of Stokes I (tracing shock waves seen in synchrotron emission;
ref. 11), 21-cm H I emission16 (tracing atomic hydrogen) and 656.3-nm
Ha emission19,20 (tracing ionized hydrogen) over the same field, but do
not find any correspondences.

We conclude that the features seen in j=Pj are a generic component
of diffuse, ionized gas in this direction in the sky. To test this hypo-
thesis, we performed a series of three-dimensional isothermal simula-
tions of magnetohydrodynamic turbulence in the ISM, each with
different parameters for the sonic Mach number, defined as
Ms:hjvj=csi, where v is the local velocity, cs is the sound speed and
the averaging (indicated by angle brackets) is done over the whole
simulation. For each simulation, we propagated a uniform source of
polarized emission through the distribution of turbulent, magnetized
gas. The resultant Faraday rotation produces a complicated distri-
bution on the sky of Stokes Q and U, from which we generated a
map of the polarization gradient using equation (1). Images of j=Pj
for representative simulations of the subsonic, transonic and super-
sonic regimes are shown in Fig. 3. Narrow, elongated filaments of high
polarization gradient are apparent in each simulation in Fig. 3,
although they differ in their morphology and degree of organization.
In particular, the supersonic case (Fig. 3c) shows localized groupings of
very high-gradient filaments, corresponding to ensembles of intersect-
ing shocks5,21,22. By contrast, the subsonic (Fig. 3a) and transonic
(Fig. 3b) cases show more-diffuse networks of filaments, representing
the cusps and discontinuities characteristic of any turbulent velocity
field6,21,23.

Visual comparison of the simulated distributions of j=Pj with real
data (Fig. 2) suggests that the subsonic and transonic cases shown in
Fig. 3a, b more closely resemble the observations than does the super-
sonic case. We can quantify this statement by calculating the third-
order moment (skew, c) and the fourth-order moment (kurtosis, b) of
the probability distribution function of j=Pj for both observations and
simulations: these quantities parameterize the degree of Gaussian
asymmetry in the probability distribution function, and hence provide
information on the amount of compression due to shocks in the
data6,24.
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Figure 2 | =P | for an 18-deg2 region of the Southern Galactic Plane Survey.
| =P | has been derived by applying equation (1) to the Q and U images from
Fig. 1; note that | =P | cannot be constructed from the scalar quantity
P ; (Q2 1 U2)1/2, but is derived from the vector field P ; (Q, U). | =P | is a
gradient in one dimension, for which the appropriate units are (beam)20.5.
Because P measures linearly polarized intensity in units of millijanskys per
beam, | =P | has units of millijanskys per (beam)1.5. The scale showing | =P | is
shown on the right of the image, and ranges from 0 to 15 mJy per (beam)1.5. The
inset shows an expanded version of the structure with highest | =P | , covering a
box of side 0.9 deg centred on Galactic longitude 329.8 deg and Galactic latitude
11.0 deg. Plotted in the inset is the direction of =P at each position, defined as
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is greater than 5 mJy per (beam)1.5.
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Polarization gradients tracing magnetized WIM turbulence 
Gaensler et al (2017)

turbulent fluctuations in the free-electron density and magnetic field
throughout the interstellar medium15 (ISM).

A limitation of previous studies is that they usually interpreted
the data in terms of the amplitude, P, and/or the angle,
h:(1=2)tan{1(U=Q), of the complex Stokes vector P ; (Q, U).
However, neither polarization amplitude nor polarization angle is
preserved under arbitrary translations and rotations in the Q–U plane.
These can result from one or more of a smooth distribution of inter-
vening polarized emission, a uniform screen of foreground Faraday
rotation, and the effects of missing large-scale structure in an inter-
ferometric data set. In the most general case, we are thus forced to
conclude that the observed values of P and h do not have any physical
significance, and that only measurements of quantities that are both
translationally and rotationally invariant in the Q–U plane can provide
insight into the physical conditions that produce the observed polar-
ization distribution.

The simplest such quantity is the spatial gradient of P, that is, the
rate at which the polarization vector traces out a trajectory in the Q–U
plane as a function of position on the sky. The magnitude of the
gradient is unaffected by rotation and translation, and so has the
potential to reveal properties of the polarization distribution that
might otherwise be hidden by excess foreground emission or
Faraday rotation, or in data sets from which large-scale structure is
missing (as is the case for the data shown in Fig. 1). The magnitude of
the polarization gradient is
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The expression in equation (1) can be calculated simply, and the
corresponding image of j=Pj (Fig. 2) reveals a complex network of
tangled filaments. In particular, all regions in which j=Pj is high con-
sist of elongated, narrow structures rather than extended patches. In
the inset of Fig. 2, we plot the direction of =P for a small subregion of
the image, demonstrating that =P changes most rapidly along direc-
tions oriented perpendicular to the filaments. We can explore the

frequency dependence of these filaments, because the 1.4-GHz
ATCA data shown in Fig. 1 consist of nine independent spectral
channels of width 8 MHz, spread over a total bandwidth of 96 MHz.
We have constructed images of j=Pj for each individual spectral
channel, and these show the same set of specific features as in the
overall image, albeit at reduced signal-to-noise ratios. The lack of
frequency dependence indicates that the high-gradient structures seen
in this data set correspond to physical features in the ISM rather than
to contour lines introduced by the particular combination of observing
frequency and angular resolution used15,17.

We first consider the possibility that these filaments of high gradient
are intrinsic to the source of emission. Abrupt spatial transitions in the
strength or geometry of the magnetic field in a synchrotron-emitting
region would generate a large gradient in (Q, U). However, processes of
that sort would also produce structure in the overall synchrotron
emissivity, such that we would observe features in the image of
Stokes I that match those seen in j=Pj. No such correspondence is
observed, demonstrating that the regions of high polarization gradient
are not intrinsic to the source of polarized emission but must be
induced by Faraday rotation in magneto-ionized gas.

Because the amount of Faraday rotation is proportional to the line
integral of neBI from the source to the observer (where ne is the density
of free electrons and BI is the uniform component of the line-of-sight
magnetic field), the filamentary structure seen in j=Pj must corre-
spond to boundaries across which ne and/or BI show a sudden increase
or decrease over a small spatial interval. Such discontinuities could be
shock fronts or ionization fronts from discrete sources, as have been
observed in polarization around the rims of supernova remnants, H II

regions and planetary nebulae11,18. We have examined this possibility
by carefully comparing our image of j=Pj with images and gradient
images of Stokes I (tracing shock waves seen in synchrotron emission;
ref. 11), 21-cm H I emission16 (tracing atomic hydrogen) and 656.3-nm
Ha emission19,20 (tracing ionized hydrogen) over the same field, but do
not find any correspondences.

We conclude that the features seen in j=Pj are a generic component
of diffuse, ionized gas in this direction in the sky. To test this hypo-
thesis, we performed a series of three-dimensional isothermal simula-
tions of magnetohydrodynamic turbulence in the ISM, each with
different parameters for the sonic Mach number, defined as
Ms:hjvj=csi, where v is the local velocity, cs is the sound speed and
the averaging (indicated by angle brackets) is done over the whole
simulation. For each simulation, we propagated a uniform source of
polarized emission through the distribution of turbulent, magnetized
gas. The resultant Faraday rotation produces a complicated distri-
bution on the sky of Stokes Q and U, from which we generated a
map of the polarization gradient using equation (1). Images of j=Pj
for representative simulations of the subsonic, transonic and super-
sonic regimes are shown in Fig. 3. Narrow, elongated filaments of high
polarization gradient are apparent in each simulation in Fig. 3,
although they differ in their morphology and degree of organization.
In particular, the supersonic case (Fig. 3c) shows localized groupings of
very high-gradient filaments, corresponding to ensembles of intersect-
ing shocks5,21,22. By contrast, the subsonic (Fig. 3a) and transonic
(Fig. 3b) cases show more-diffuse networks of filaments, representing
the cusps and discontinuities characteristic of any turbulent velocity
field6,21,23.

Visual comparison of the simulated distributions of j=Pj with real
data (Fig. 2) suggests that the subsonic and transonic cases shown in
Fig. 3a, b more closely resemble the observations than does the super-
sonic case. We can quantify this statement by calculating the third-
order moment (skew, c) and the fourth-order moment (kurtosis, b) of
the probability distribution function of j=Pj for both observations and
simulations: these quantities parameterize the degree of Gaussian
asymmetry in the probability distribution function, and hence provide
information on the amount of compression due to shocks in the
data6,24.
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Figure 2 | =P | for an 18-deg2 region of the Southern Galactic Plane Survey.
| =P | has been derived by applying equation (1) to the Q and U images from
Fig. 1; note that | =P | cannot be constructed from the scalar quantity
P ; (Q2 1 U2)1/2, but is derived from the vector field P ; (Q, U). | =P | is a
gradient in one dimension, for which the appropriate units are (beam)20.5.
Because P measures linearly polarized intensity in units of millijanskys per
beam, | =P | has units of millijanskys per (beam)1.5. The scale showing | =P | is
shown on the right of the image, and ranges from 0 to 15 mJy per (beam)1.5. The
inset shows an expanded version of the structure with highest | =P | , covering a
box of side 0.9 deg centred on Galactic longitude 329.8 deg and Galactic latitude
11.0 deg. Plotted in the inset is the direction of =P at each position, defined as
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Observational tracers (atomic ISM)
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Canadian leadership past and present
• Radio telescopes with simple optical design and prime focus receivers: 

- Synthesis Telescope: premier diffuse radio polarization imaging interferometer 

° Canadian Galactic Plane Survey 

° Ongoing PI-driven science 
- John Galt Telescope (DRAO 26 m): 

° GMIMS 1.3–1.8 GHz survey (Wolleben et al in prep) 

° DRAO 1.4 GHz survey (Wolleben et al 2006) 
• Canadian-built WIDAR correlator for Jansky VLA 

- RM grid surveys through PI projects 
- VLA Sky Survey (VLASS): All northern-sky RM grid 

• Australian Square Kilometre Array Pathfinder (early science) 
- Polarisation Sky Survey of the Universe's Magnetism (POSSUM): All southern-sky RM grid 
- GASKAP: 30" H I and OH throughout the Galactic plane and Magellanic system 

• Global Magnetoionic Medium Survey (GMIMS) 
- All-sky effort to observe diffuse polarized emission with (mostly) single dish telescopes (Parkes, DRAO, CHIME), 3500–1750 MHz 

• CHIME 
- Polarized foreground: need to understand to remove for cosmological science 
- 400–800 MHz diffuse polarization survey

9Hill_ISM_magnetism 53



Alex S Hill

Faraday moments from GMIMS

10

DRAO	1.5	GHz

Parkes	400	MHz

Moment	0 Moment	1 Moment	2

Dickey et al (2019 ApJ)
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DRAO Synthesis Telescope Results

11 Forster, Foster, Kothes, Hill, & Brown (in prep)

H I of anticentre shell high velocity 
cloud (new ST observations)

Stokes Q Stokes U

polarized 
intensity

polarization 
anglewhich would appear as a bright ring around the mask in

mosaics of the polarization gradient.
4. To ensure that polarization gradient rings are not present

in the final gradient maps produced, we applied the
second mask, created using a radial extent of 5 standard
deviations, to the smoothed mosaics of Stokes Q and U.

5. Finally, we produced mosaics of the polarization intensity
and the polarization gradient for each angular resolution.

We show an example of the masked mosaic of the
polarization gradient in Figure 10, at an angular resolution of

¢¢150 , compared with the unmasked polarized intensity image
of the same area (units in K). The image of the polarization
gradient demonstrates that applying a second mask has
removed the polarization gradient rings from the mosaic and
masked all polarized point sources.

We have considered the possibility of only masking out
point sources after smoothing has been performed; however,
we believe that masking point sources before the smoothing
procedure ensures that polarized radiation from the sources will
not influence the polarization gradient maps. This is particu-
larly important for the polarization gradient maps produced for
large smoothing scales, as otherwise the sources may protrude
from the applied masks.

Although polarized point sources and polarization gradient
rings have been removed from the polarization gradient maps,

discrete, extended sources of polarized emission, such as
SNRs, are still present (see Table 2 and Figure 10). These
discrete objects will affect the calculation of the skewness of
the polarization gradient, which we discuss in the following
section.

6.2. Calculation of Skewness Maps

To produce images of the skewness of the polarization
gradient, we use a sliding box method, where the skewness of
the polarization gradient is calculated using all pixels that fall
within a specified box. This box is moved over a rectangular
grid of evaluation points, to sample all the pixels in the
mosaics. Two competing factors constrain the ideal size of the
box to use to calculate the skewness. If a large box is used to
calculate the skewness, then this would ensure that the
underlying PDF of the polarization gradient is well sampled
and the skewness is accurately measured. However, this
degrades the resolution of the image of the skewness of the
polarization gradient, and so a small box may be preferable to
retain as much spatial information as possible.
To examine the effect that the size of the box has on the

skewness map produced, we calculated skewness maps using
boxes whose sides were 20, 40, 80, and 120 times the angular
resolution of the mosaic. The number of independent data
points used to calculate the skewness in each of these cases is

Figure 7. Same as Figure 2, but for the longitude range < <ℓ164 192 .

10

The Astrophysical Journal, 835:210 (19pp), 2017 February 1 Herron et al.

Polarization gradients in CGPS data 
Herron, Greisbuesch, Landecker, Kothes, Gaensler, Lewis et al (2017)

Graduate students Canadian authors
G

ibson et al (2005)

H I self-absorption (CGPS)
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Synthesis Telescope upgrade testing

12

 

Low noise amplifier (Thisara Kulatunga/Leonid Belostotski)

H I cross-polar absorption with current correlator 
(Rebecca Booth/Tom Landecker/Jo-Anne Brown)

Pamela Freeman/
Tom Landecker/
Jo-Anne Brown

Current correlatorCHIME-based correlator

Graduate students

CHIME ICE Board 
analog-digital and FPGA

Correlator 
CPU and water-

cooled GPU
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Synthesis Telescope 400–1800 MHz upgrade
• Science cases: GMIMS at arcmin resolution, RRLs across the Galaxy, high-velocity HI, OH masers, 

all observed simultaneously 
• Feed and correlator designs exist

13

400–1800 MHz feed (Xuan Du/
Tom Landecker/Thomas Johnson)

900–1800 MHz 400–800 MHz
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Canadian leadership past and present

14
Fissel et al (2016): BLASTPol 500 μm Vela C

Friesen et al (2017): Green Bank Ammonia Survey

NH3
H2 (from 

Herschel SED 
fitting)
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Summary
• Strong ongoing and future Canadian leadership in science and radio 

telescopes (both in Canada and instrumentation with international partners) 
- DRAO Synthesis Telescope, CHIME, CHORD, BLASTPol, VLA, ALMA, SKA 

• ISM and magnetism science drives opportunities for student training on small-
scale instruments 
- science and engineering 

• Programmatic risks 
- Worsening radio frequency interference with increasingly-broadband 

science 
- Losing access to large single dish capability
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Future Canadian ISM and Magnetism Leadership
• High-performance computing (W017 star formation and the Galactic 

ecosystem, W044 ISM) 
- Resources required for theory to address multi-scale physics as well 

as for handling data volumes, especially from interferometers 
• CIRADA and CADC 

- Science infrastructure 
- Data archive, analysis tools, and pipeline development 

• Square Kilometre Array (W046) 
- "The origin and evolution of cosmic magnetism" is one of five key 

science projects 
- SKA-mid: ~200 increase in number of measured point source 

rotation measures 
- Commissioning in mid-2020s 

• CHORD (Canadian HI Observatory and Radio transient Detector; W028) 
- CHIME successor 
- Long wavelengths and broad, continuous bandwidth: exquisite 

Faraday depth resolution (few arcmin resolution) 
- Proposal to CFI January 2020 ($23M); construction begins 

mid-2020s 

• DRAO Synthesis Telescope upgrade (W037) 
- Long wavelengths and broad, continuous coverage at arcmin 

resolution 
- Radio recombination lines: ionized gas throughout the Galactic 

plane 
- Funding proposals mid-2019 (NRC) and 2020 (small CFI) (≈$3M 

total) 
• DRAO John A. Galt Telescope 

- Upgrade with MeerKAT L-band receiver (900–1800 MHz). Simple 
geometry ideal for polarization work 

- Zeeman splitting in 21 cm, 18 cm OH, radio recombination lines 
- Expected on sky early 2020 

• Green Bank Telescope 
- Sensitivity to 70 – 116 GHz molecular lines 
- No alternatives with Canadian access on the horizon 

• Balloon-borne telescopes (W043) 
- BLAST: 250 – 500 μm dust polarization observations 
- Support ongoing PI projects
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Future 
gravitational 

wave 
detectors

Jess McIver 
UBC LRP2020 town hall

Nov 26, 2019

1
http://www.et-gw.eu

McIver_future_GW_detectors 61



2

Outline 
Upgrades for current detectors 
Future generation ground-based detectors  
Space-based detectors
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LIGO DCC P1500072

Current GW interferometers

3McIver 2015

Simplified schematic 
for Advanced LIGO
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The global network of current gen interferometers

LIGO/Caltech 4McIver_future_GW_detectors 64



Roadmap to LIGO design sensitivity

arXiv 1304.0670 Living Reviews in Relativity; 21:3; 2018

Expectation for the 
third LIGO 
observing run (O3) 
1 signal/week! 

Up to 1 signal/day at 
design sensitivity!  

5

35 candidate events in 30 weeks

3 detections in O1
8 in O2
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Reaching design sensitivity

LIGO/Caltech

2021
2022

2023

2025
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A+ by the mid 2020s

7

Lee McCuller

• Frequency-dependent light 
squeezing  

• 300m filter cavity 

• Improved coatings  
• Bigger beam splitter, improved 

suspensions 
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Outline 
Upgrades for current detectors 
Future generation ground-based detectors  
Space-based detectors
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Next gen detector sensitivities 

Hall, Evans (2019)
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Source: http://www.et-gw.eu 10

Einstein telescope
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Source: http://www.et-gw.eu 11

Einstein telescope

ET Design Study
ET science team (2011)
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Source: http://www.et-gw.eu 12

Einstein telescope
Three 
detectors… 
Six 
interferometers
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Einstein Telescope xylophone design

Low power 
cryogenic

High power 
room temp

ET Design Study, ET science team (2011)McIver_future_GW_detectors 73
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Einstein Telescope roadmap

Michele Punturo, GWADW 2019McIver_future_GW_detectors 74



Source: cosmicexplorer.org 15McIver_future_GW_detectors 75
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Cosmic Explorer noise budget

B. P. Abbott et al. CQG 34 (2017) 16McIver_future_GW_detectors 76



Detector range

17Hall, Evans (2019)McIver_future_GW_detectors 77



Detector range

18Hall, Evans (2019) Image: LIGO/Caltech/MIT/Sonoma State (Aurore Simonnet)

All stellar mass 
BBH mergers in 
the observable 
Universe!

B. P. Abbott et al. CQG 34 (2017)
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Detector range

19Hall, Evans (2019) Image: Spitzer, Hubble, Chandra

B. P. Abbott et al. CQG 34 (2017)
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Detector range

20Hall, Evans (2019)

1000s of 
high SNR 
detections 
per year! 

Mills et al., 1708.00806, (2017)

McIver_future_GW_detectors 80



21

GWs in the US 2020 decadal survey 

arXiv 1903.04615
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arXiv 1903.04615

GWs in the US 2020 decadal survey 
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International coordination  

The Gravitational-Wave International Committee: gwic.ligo.org

Organizing the 3G science case (to be released soon)


Astro2020 Decadal Survey whitepapers from gwic:  
• Black hole binaries arXiv:1903.09220 

• Extreme gravity and fundamental physics arXiv:1903.09221 

• Cosmology and early Universe arXiv:1903.09260 

• Multimessenger observations of neutron star binaries: arXiv:1903.09277 

• Multimessenger observations of supernovae and isolated neutron stars: 

arXiv:1903.09224


Strong support from the international astronomy community is critical to 
future generation ground-based detectors!  

Quickly building strong Canadian expertise in GWs and multi-messenger 
astronomy; see LRP2020 WP lead by John Ruan. 
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Outline 
Upgrades for current detectors 
Future generation ground-based detectors  
Space-based detectors
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LISA

ESA

LISA will be able to 
localize massive BH 
sources to a few 
arcminutes at z=1!  
S. McWilliams et al. 2011 
arXiv 1104.5650   

LISA will be able to 
measure massive BH 
distance with less than 
10% error at z=4!   
E. Berti et al. 2005. arXiv 
0504017   

Projected launch: 
2034
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LISA L3 mission concept proposal

LISA core team + consortium - 2017

TianQing 
1803.03368
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DECIGO

LISA core team + consortium - 2017

B-DECIGO to launch 
in late 2020s 
1803.03368

1000 km

3 km
2.5 x 10  km6
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Rough timeline of planned GW+EM experiments

2020 2025 2030 2035

aLIGO/AdVirgo/KAGRA/A+/ Voyager ET/CE

LISA

Swift/Fermi CTA/SVOM ATHENA

SKA1/SKA2

JWST

GAIA

ELT/TMT(?)/GMT

ZTF/BlackGEM LSST

WWWFIRST

EUCLID

Keck

28
CHIME

B-DECIGO
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Extra slides

29
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Light squeezing for aLIGO

30F. Sorrentino, H. Yu 

Quantum noise can be reduced by changing the statistical properties of vacuum
optical field entering dark port

classical (coherent) states of light: 
• no photon correlations
• equal phase and amplitude fluctuations

squeezed states of light: 
• photon correlations
• reduced phase fluctuations, increased amplitude fluctuations (or vice versa)
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Current aLIGO squeezing performance

31F. Sorrentino, H. Yu McIver_future_GW_detectors 91



The 03 observing run schedule

32

LIGO DCC G1801056
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The Role of NewSpace in 
Furthering Canadian Astronomy

Aaron Boley
David Kendall
Michael Byers
Frederic J. Grandmont
Cameron Byers
Jennifer Busler
William “Mac” Evans
Brett Gladman
Tanya Harrison
Catherine Johnson

UBC Town Hall, LRP2020, November 26th, 2019
A white paper for the Canadian Long Range Plan 2020

DSI Concept

Gateway

Tragedy of the Commons
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Old Space

a model in which space use is managed 
directly by states and their agencies, 
with large industrial companies serving 
as government contractors. 
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NewSpace
the ever expanding role that private 
industry plays in space use, with 
programs, initiatives, and services 
led by commercial operators

our growing dependence on space

the increasing accessibility of space
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NewSpace has significant tension (for example)

• Space accessibility vs. tragedy of the commons
• Economics vs. scientific pursuit
• Open data vs. proprietary practices
• Use vs. appropriation
• Cooperation vs. sovereignty 
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Recommendations

• Greater cooperation between the astronomical and the Space Situational Awareness 
communities is needed (potential for joint space missions and observatories).

• Build closer ties between the astronomical community and Global Affairs Canada 
• Establish a committee for evaluating the astro-environmental impacts of human 

space use, including on and around the Moon and other bodies
• CASCA and the Tri-Council should coordinate to identify programs that would enable 

Canadian astronomers to participate in pay-for-use services at appropriate funding 
levels

• CASCA should continue to foster a relationship with CSA, but also build close ties to 
the private space industry

• Pursue Canadian-led deep space missions
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Additional Recommendations/Comments on the Canadian space program (From 
Hutchings LRP2020 WP)

1. CSA no longer has a viable and self-administered space science budget
2. Individual missions are selected by the government on a piecemeal basis
with no stakeholder consultation, or necessary expertise.
3. Canada's international reputation is suffering

“I want the CSA to make regular calls for proposals, with 
streamlined applications, and with a clear peer review 
process. I have yet to meet anyone outside of the agency 
who disagrees with this view, but I have yet to meet 
anyone in the agency who agrees .”

Need a balanced portfolio of small and big missions, as well as balloons. See WP for 
specific missions suggestions. See also ideas in Caiazzo, Gallagher, and Heyl 2017

In a private conversation with 
a Canadian astronomer about 
CSA (something I agree with).

ISSUES

“In short, the status quo lacks process, funding, and vision. The situation has to change if we are
to have a significant future in space in our LRP2020.”
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Launch Costs

SpaceX is achieving under $3000 per kg 
to LEO.  

Falcon 9 is $62M (disposable; approx. 
30% discount on reusable). 
• 22,800 kg to LEO
• 8,300 kg to GTO

Electron $5-6M 
• 150 kg to SSO (500 km)

Potential low-cost rockets
Terran $10M
• 900 kg to SSO (550 km)

Firefly Alpha $15M
• 630 kg to SSO (550 km)

Based on Jones (2018)
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2019 (22 November 2019): 
85 Launches, 340 payloads

114 launches in 2018 (a 
record), with 70 to 90 per year 
in the past decade being 
typical

Launch services catering to 
ridesharing, and at least 
one company has emerged 
to arrange ridesharing 
across launch services 

Ridesharing is how most new payloads get into space

Data: Combined Space Force Component Command and Space Launch Report Boley_NewSpaceV2 100



Space-based observatories will need to be cognizant of 
orbital debris, and all types of astronomical observations 

may become affected by megaconstellations.
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2007 Chinese ASAT

Cosmos 2251/
Iridium 33 Collision

NewSpace

Data: Combined Space Force Component Command and Anz-Meador et al. 2018

Expecting the number 
of satellites in orbit to 
increase by an order 
of magnitude in the 
next decade.

Orbital debris is a tragedy of the commons, and it will get worse

Boley_NewSpaceV2 102



Image: © Victoria 
Girgis/Lowell 
Observatory)

Cliff Johnson, Clara 
Martínez-Vázquez, 
DELVE Survey

Launch of 60 Starlink satellites
Megaconstellation will include 
12000 satellites. Filed for 
+30,000 in October

NewSpace will affect ground-based observing from radio 
to optical. Some of this will be recoverable, while other 
programs may be severely limited.  
For Starlink: anticipate 60 new satellites every two weeks. 
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SpaceX’s Starman – Turning a Tesla 
into a near-Earth object

Screen capture from star-ale
Creating on-demand meteor showers
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When CSA support for MOST ceased 
(2014), its operation was maintained by 
MSCI Inc using a pay-for-use model.  
(purchase price $6000 USD per week)

Twinkle is from conception a pay-for-use 
facility that will have lengthy proprietary 
periods, potentially in perpetuity.  Has 
significant support from funding agencies.  
Blue Skies Limited. Cost unknown. 

Example positive: facility can be developed 
and run provided there is community 
support

Example negative: only those with enough 
funds can afford to buy observations

Rise of Pay-For-Use Models
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A global effort among state and 
non-state actors is underway to 

access and use the Moon, as well 
as other celestial bodies.
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Proposed $2B CAD over next 24 yr
LEAP: $150M CAD allocated over 5 yr
• Recent RFI (FLEA).  Outcome?  

Activity #1 in Canada’s Space Strategy: ENSURE CANADA 
REMAINS A LEADING SPACEFARING NATION BY JOINING THE 
LUNAR GATEWAY MISSION

a) Build the next-generation AI-enabled deep-space robotic system 
b) Enable scientific opportunities and global partnerships  [vague commentary on this point]
c) Guarantee the future of our astronaut program 
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Given we are going to use the Moon, we 
can use that infrastructure to launch a 
Canadian-Led deep space mission.  (Beacon 
is an example, briefly discussed in the Boley 
et al. LRP2020 WP). 

• Note that SpaceIL managed to hit the 
Moon ($100M USD all in)

• Companies are partnering with space 
agencies for the opportunity to 
demonstrate ISRU

SpaceX

We should partner with CSA when possible, 
but do we need to rely on CSA?
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Future space missions will include the 
extraction and use of resources, such as 
metals, rare Earth elements, and water, 

from celestial bodies.
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14 National Space Agencies have 
Identified In-Situ Resource 
Utilization (ISRU) as an integral 
part of the future of space 
exploration, including on the 
Moon, asteroids, and Mars [2]
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Ongoing Effort to 
Demonstrate Mining 

Technology and 
Determine Potential 

Mission Profiles

TransAstra Corp.  From NASA Press Release/Joel Sercel

Issues with common 
heritage of humankind, 
preservation of scientific 
material, proprietary 
practices
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Nations are enacting domestic legislation 
that paves the way for ISRU.
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Article 1 states that “Outer space, 
including the moon and other celestial 
bodies, shall be free for exploration and 
use by all States without discrimination 
of any kind, on a basis of equality and in 
accordance with international law, and 
there shall be free access to all areas of 
celestial bodies.”

Article 2 of the OST states that “Outer 
space, including the moon and other 
celestial bodies, is not subject to national 
appropriation”

1967 Outer Space Treaty
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Non-technical 
barriers to 

resource 
extraction

•What is the distinction between use 
and appropriation?

•Who decides how a celestial body 
can be used?
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US Commercial 
Space Launch 

Competitiveness 
Act 
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• Luxembourg followed suit in 2017 
and offers financial incentives for 
space mining companies to 
incorporate there

• Russia has recently announced plans 
to pave the way for space mining

• Japan is working with Luxembourg 
to develop its own law

• Natural Resources Canada recently 
released a long-range plan 
identifying space as a new mining 
frontier

Who will 
monitor the 

preservation 
of material or 

oversee safe 
international 
operations?
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Recommendations

• Greater cooperation between the astronomical and the Space Situational Awareness 
communities is needed (potential for joint space missions and observatories).

• Build closer ties between the astronomical community and Global Affairs Canada 
• Establish a committee for evaluating the astro-environmental impacts of human 

space use, including on and around the Moon and other bodies
• CASCA and the Tri-Council should coordinate to identify programs that would enable 

Canadian astronomers to participate in pay-for-use services at appropriate funding 
levels

• CASCA should continue to foster a relationship with CSA, but also build close ties to 
the private space industry

• Pursue Canadian-led deep space missions
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Additional Recommendations/Comments on the Canadian space program (From 
Hutchings LRP2020 WP)

1. CSA no longer has a viable and self-administered space science budget
2. Individual missions are selected by the government on a piecemeal basis
with no stakeholder consultation, or necessary expertise.
3. Canada's international reputation is suffering

“I want the CSA to make regular calls for proposals, with 
streamlined applications, and with a clear peer review 
process. I have yet to meet anyone outside of the agency 
who disagrees with this view, but I have yet to meet 
anyone in the agency who agrees .”

Need a balanced portfolio of small and big missions, as well as balloons. See WP for 
specific missions suggestions. See also ideas in Caiazzo, Gallagher, and Heyl 2017

In a private conversation with 
a Canadian astronomer about 
CSA (something I agree with).

ISSUES
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Extra
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Word(s): times mentioned in strategy (removing some names)
Industry: 10
Economy/economic(s): 36
Jobs: 18
Science: 37 (good, but mostly a vague mention)
Astronomy/astronomer(s)/astrophysics/planetary:  8

Mentioned for implementing vision: 4
Earth Observations: 9
Astronaut(s): about 27

VISION: Canada recognizes the space sector is a 
strategic national asset and seeks to ensure Canada 
remains a spacefaring nation. Looking forward, 
Canada seeks to create a vibrant and sustainable 
space sector anchored by a whole-of-government 
effort that sets a new vision for Canadian space 
exploration, sees increased partnership with industry 
to create the jobs of the future, leverages the power 
of space to inspire youth, and harnesses the 
potential of space to solve everyday challenges for 
Canadians while unlocking the secrets of our 
universe.
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Canadian Launch Service?

Maritime Launch Services
Canso, NS

amalgamation between Ukrainian company Yuzhnoye and United 
Paradine.  Upper stage Cyclone-4M will use UDMH, known to cause 
widespread health and environment damage in Russia.  Would 
dump unspent fuel into Arctic (currently done by a few actors, e.g., 
Russian Rockots). 

See Byers & Byers 2017, Toxic Splash, Polar Record
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CSA town hall, UBC, 26 Nov 2019

Ilaria Caiazzo UBC/Caltech

© CANADIAN SPACE AGENCY 2019

HIGH-RESOLUTION & HIGH-THROUGHPUT  
X-RAY SPECTROSCOPY & TIMING

NEW OPPORTUNITIES IN X-RAY ASTRONOMY
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© CANADIAN SPACE AGENCY 2019

CSA TOWNHALL. NOVEMBER 26,2019 

LRP 2020 WHITE PAPERS

Main WP 
▸ E053 - W036: Unveiling the secrets of black holes and neutron stars 

with high throughput, high energy resolution X-ray spectroscopy 

Also relevant: 
▸ E037 - W024: Star Clusters Near and Far 
▸ E043 - W034: Revealing the Origin and Cosmic Evolution of 

Supermassive Black Holes 
▸ E057 - W041: The cosmic origin and evolution of the elements 
▸ E064 - W055: Cosmic Magnetism
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CSA TOWNHALL. NOVEMBER 26,2019 

THE HIGH-RESOLUTION X-RAY MISSIONS LANDSCAPE
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CSA TOWNHALL. NOVEMBER 26,2019 

HIGH-THROUGHPUT, HIGH-RESOLUTION
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© CANADIAN SPACE AGENCY 2019

CSA TOWNHALL. NOVEMBER 26,2019 

HIGH RESOLUTION SPECTROSCOPY
Detection of absorption and emission lines 
gives information about the source’s: 
▸ Composition - line identification 
▸ Ejecta speed - red/blue shift 
▸ Rotation - width and depth 
▸ Gravity - red shift 
▸ Magnetic field - cyclotron line 
▸ … 

Main targets: 
▸ Neutron stars 
▸ SNR 
▸ Galaxy clusters 
▸ Winds 
▸ …

 

 

σv = 0 km/s
σv = 50 km/s
σv = 100 km/s

Example: absorption line from a neutron 
star surface 
▸ From width and spin -> Radius 
▸ From redshift -> surface gravity (M/R)

mass-radius relation
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CSA TOWNHALL. NOVEMBER 26,2019 

PSR 1833-1034 - THE NEUTRON STAR IN SNR G21.5-09
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Key mission specs: 
High-Spectral Resolution 
High Throughput 
High Timing Resolution

Simulations by Benson Guest, 
PhD Student at U Manitoba

Hitomi Collaboration et al 2018 
165 ks observations with SXS 

on Hitomi

Period 61.8 ms
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CSA TOWNHALL. NOVEMBER 26,2019 

SGR 0418+5729: MAGNETAR PHASE RESOLVED SPECTROSCOPY
Tiengo et al 2013, 30 ks observation 

with EPIC on XMM-Newton Key mission specs: 
High-Spectral Resolution 
High Throughput 
Good timing

We can observe 
▸ Strength of magnetic field 
▸ Detailed structure of the magnetic field 
▸ Currents threading the magnetosphere

Simulations by Demet Kirmizibayrak, 
PhD Student at UBC
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CSA TOWNHALL. NOVEMBER 26,2019 

THE X-RAY BURST IN 4U 1820−30
Key mission specs: 
High-Spectral Resolution 
High Throughput 
Good timing

Strohmayer et al 2019, 60 ks 
observation with NICER
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CSA TOWNHALL. NOVEMBER 26,2019 

X-RAY BINARIES WINDS

Miller et al 2016, 6 ks observation 
with Chandra HEG

Key mission specs: 
High-Spectral Resolution 
High Throughput 
Good timing

Neutron Star Binary GX 340+0 Black hole Binary GRS 1915+105

Miller et al 2016, 120 ks observation 
with Chandra HETGS

We can observe 
▸ Speed of the winds 
▸ Composition and physical properties 
▸ Strength of the magnetic  fieldCaiazzo_Xrays 131
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CSA TOWNHALL. NOVEMBER 26,2019 

ECHOS FROM ACCRETING BLACK HOLES - REVERBERATION

In the X-ray emission from accreting 
black holes we can recognize 
different components: 
▸ The accretion disk - multi-

temperature BB 
▸ A hot corona - hard power law 
▸ The reflection of the coronal 

emission from the disk - observed 
with a time lag!

From reverberation is possible 
▸ Put constraints on the mass 

of the BH  
▸ Investigate the geometry of 

the corona 
▸ Study the physics of the 

accretion flow 
▸ Probe the strong gravity 

regime close to the BH
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CSA TOWNHALL. NOVEMBER 26,2019 

ECHOS FROM ACCRETING BLACK HOLES - REVERBERATION
Current results are mainly for AGNs (longer timescales). NICER allowed using the technique for a stellar mass black hole.

Kara et al 2019

Key mission specs: 
High-Spectral Resolution 
High Throughput 
High Timing Resolution

However, in order to analyze the response function in time and energy we need better resolution and throughput

Simulations for NGC 4151 by Demet 
Kirmizibayrak, PhD Student at UBC
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CSA TOWNHALL. NOVEMBER 26,2019 

GALAXY CLUSTERS - BULK MOTIONS AND CHEMICAL EVOLUTION
The intracluster medium (ICM) is continuously enriched by supernovae and NS mergers in galaxies. The 
new telescopes will be able to measure 
▸ Abundances of heavy elements 
▸ Evolution of the abundance ratios 
▸ Spatially resolved abundance profiles 
▸ Bulk and turbulent motions through measurements of the shifting and broadening of the lines in the ICM

Hitomi Collaboration et al 2018 
320 ks observations with SXS 

on Hitomi

Rasia et al. 2015, Simulation for 
Athena X-IFU

Barret et al 2016, 100 ks 
simulation for Athena X-IFU

Caiazzo_Xrays 134



© CANADIAN SPACE AGENCY 2019

CSA TOWNHALL. NOVEMBER 26,2019 

AND SO MUCH MORE!
▸ Hunting for the missing baryons in the local Universe 

▸ Study the composition of supernova remnants 

▸ Understand the coronal mass ejection in stellar flares 

▸ Investigate the mysterious ultra-luminous X-ray sources  

▸ Studying the aurorae of Jupiter and Saturn 

▸ Finding and mapping the earliest star formation sites 
with GRB afterglows 

▸ Searching for the seeds of supermassive black holes 

▸ …
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CSA TOWNHALL. NOVEMBER 26,2019 

RECOMMENDATIONS
▸ The Canadian high-energy astrophysics community is world-class level, and its members 

are playing leadership roles in HEA efforts across the globe; a focus and push on X-ray 
science will position them naturally as leaders in the new high-resolution spectroscopy 
era. 

▸ “The Canadian space community is actively seeking to leverage their existing expertise to 
become a partner in the next-generation X-ray observatories”. At the same time, the 
Canadian Space Agency should seek participation in the facilities currently planned or 
under development.  “Having access to next generation X-ray instruments will ensure that 
Canadian researchers can carry out the groundbreaking observations needed to lead in 
the field”. 

▸ Many of the upcoming instruments are based on transition-edge sensor (TES) technology, 
and not only in the X-rays. The Canadian scientific community is already leading in this 
sector and shall keep pushing for the development of advanced TES arrays in Canada.
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• Energy range: 0.5-10 keV (Iron K 6.4 keV) 
• Energy resolution: ∆E<1eV at 2keV, 3eV at 6keV  
• Count rates up to 10 kHz 
• Timing resolution: ∆t < 1 µs ≈ 0.02 G (10M⊙)/c3  
• Collector optics as NICER, effective area > 2000 cm2 at 

6.4 keV.  
• Orbit of satellite: Low-Earth Orbit 

Specs

Energy Range Energy resolution Timing resolution Effective area

Colibrì 0.2 - 12 keV 3 eV @ 6.4 keV <1 μs > 2000 cm2 
@ 6.4 keV

NICER 0.2 - 12 keV 137 eV @ 6 keV <0.3 μs ~ 600 cm2 
@ 6 keV

XMM-Newton 0.1 - 15 keV 130 eV @ 6.5 keV 300 μs ~ 700 cm2 
@ 6.4 keV

NuSTAR 3 - 79 keV 400 eV @ 6 keV 100 μs ~ 800 cm2 
@ 6.4 keV

Hitomi SXS 0.3 - 12 keV 7 eV @ 6 keV 5 μs ~ 210 cm2 
@ 6 keV

RXTE PCA 2 - 250 keV 1100 eV @ 6 keV 1 μs ~ 6000 cm2 
@ 6 keV

ATHENA X-IFU 0.2 - 12 keV 2.5 eV @ 6 keV 10 μs ~ 3000 cm2 
@ 6 keV
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Should LRP make any recommendation 
related to TMT and other facilities?

Possible topics:
› Is Canadian access to a 30m-class telescope critical? 
› How can we maximize our access to resources on Maunakea

during the next decade?
› What to do with CFHT?
› How do we maximize Canada’s access to radio facilities?
› How can we maximize our capabilities to support instrumentation 

development in next decade? 
› Beyond facilities (eg funding, training, outreach, diversity)
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