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A B S T R A C T 

We measure the mean-squared polarization fraction of a sample of 6282 Galactic cold clumps at 353 GHz, consisting of Planck 
Galactic cold clump (PGCC) catalogue category 1 objects [flux densities measured with signal-to-noise ratio (S/N) > 4]. At 353 

GHz, we find the mean-squared polarization fraction, which we define as the mean-squared polarization divided by the mean- 
squared intensity, to be (4.79 ± 0.44) × 10 

−4 equation to an 11 σ detection of polarization. We test if the polarization fraction 

depends on the clumps’ physical properties, including flux density , luminosity , Galactic latitude, and physical distance. We see a 
trend towards increasing polarization fraction with increasing Galactic latitude, but find no evidence that polarization depends on 

the other tested properties. The Simons Observatory, with angular resolution of order 1 arcmin and noise levels between 22 and 

54 μK −arcmin at high frequencies, will substantially enhance our ability to determine the magnetic field structure in Galactic 
cold clumps. At ≥ 5 σ significance, we predict the Simons Observatory will detect at least ∼12 000 cold clumps in intensity and 

∼430 cold clumps in polarization. This number of polarization detections would represent a two orders of magnitude increase 
o v er the current Planck results. We also release software that can be used to mask these Galactic cold clumps in other analyses. 

Key words: polarization – stars: protostars – ISM: magnetic fields – (Galaxy:) solar neighbourhood – cosmology: observations. 
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 I N T RO D U C T I O N  

n current models of star formation, stars form within cold, dense
lumps in filamentary and clumpy molecular clouds (Andr ́e et al.
010 ; Hacar et al. 2022 ). The large-scale magnetic fields pervading
hese clumps are expected to affect the mo v ement of gas and sub-
equently the star formation processes e.g. providing directionality
f gas flows (Seifried & Walch 2015 ), providing pressure support
gainst gravitational instability (Nakano & Nakamura 1978 ), and
hanging the characteristics of shocks (Inoue, Yamazaki & Inutsuka
009 ). Observations of the magnetic fields in these cold clumps are
rucial to furthering our understanding of the role magnetic fields
lay in the evolution of these clumps and star formation. 
The magnetic field structure can be inferred by looking at the

olarized patterns in the clumps’ thermal emission. The thermal
 E-mail: clancyj1@student.unimelb.edu.au 
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Commons Attribution License ( http://cr eativecommons.or g/licenses/by/4.0/), whi
mission of dust grains in these clumps is partially polarized due to
he asymmetric grains rotational axis being aligned perpendicular to
he magnetic field lines, allowing the magnetic field structure to be
robed by mapping the polarization field at mm/sub-mm wavelengths
Caselli 2011 ). By combining these polarization measurements of the
agnetic field with other observations (such as the position of dense

rotostars), observations of the polarized dust offer the opportunity
o begin understanding the interplay between magnetic fields and
he evolution of cold clumps and their host filaments and clouds
Ward-Thompson et al. 1994 ). 

Large area cosmic microwave background (CMB) surv e ys with
bservation bands extending towards the sub-mm ( ν � 250 GHz;
hoi & Page 2015 ) are well-suited to making population-level

tudies of the thermal dust emission from Galactic cold clumps.
he most complete data at present comes from the Planck satellite

Planck Collaboration X 2016 ; Planck Collaboration Int. XLVIII
016 ; Planck Collaboration XI 2020 ), with full-sky polarization
aps at 353 GHz included in the fourth product release (PR4;
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Figure 1. All-sky distribution of the entire PGCC catalogue (blue) from 

Planck Collaboration XXVIII ( 2016 ) and the subset used in this work 
(orange). The sources are o v erlaid on the 353 GHz Planck GNILC dust map, 
shown with normalized logarithmic scale between 5 × 10 −4 and 10 −2 K CMB 

(Planck Collaboration Int. XLVIII 2016 ). The distribution of cold clumps is 
clearly concentrated at low and intermediate Galactic latitudes. 
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lanck Collaboration Int. LVII 2020 ). Planck Collaboration XXVIII 
 2016 ) identified 13 242 Galactic cold clumps (PGCCs) with low
ust temperatures (6–20 K) and moderately dense column densities 
hen compared to other kinds of star forming clouds (Andr ́e et al.
014 ). These clumps are prime candidates for probing the formation 
nd evolution of protostellar cores. 

A number of higher resolution, targeted observations have been 
ade to examine the internal structure of individual PGCCs with 

he Herschel satellite (Juvela 2012 ; Juvela et al. 2015 , 2018b ;
ontillaud et al. 2015 ; Rivera-Ingraham et al. 2016 ) and the SCUBA-

I instrument at the James Clerk Maxwell Telescope (Liu et al. 
018 ; Juvela et al. 2018a ). These observations are important as the
lanck data, with 5 arcmin resolution, only resolve the magnetic 
eld substructure for a limited number of very nearby cold clumps. 
ubsequent literature has explored properties from chemical com- 
osition (Wakelam et al. 2021 ) to column density and temperature 
apping for signs of star formation (Zahorecz et al. 2016 ). Ho we ver
hile these studies, with individual or small numbers of clumps, have 
reatly expanded our knowledge of these objects, it is also crucial to
tudy the population-level statistics for the polarization and magnetic 
eld structure within star-forming clouds. 
We present in this work the first detection of a population-average 
ean-squared polarization fraction, 〈 P 

2 〉 / 〈 I 2 〉 , of a sample of PGCC.
o achieve this, we utilize a stacking technique to measure the mean-
quared intensity and polarization signal arising from these clumps 
ithin Planck total intensity and polarization maps. We follow this 
ith an exploration of whether the polarization of PGCCs depends 
n properties including flux density , luminosity , Galactic latitude, 
nd physical distance. Throughout these tests we also discuss where 
he Simons Observatory (SO) will offer significant impro v ements. 

This paper is organized as follows. In Section 2 , we describe the
GCC catalogue and the selection criteria we use to form our sample,
s well as the 353 GHz Planck maps we use for our measurements
nd an introduction of the SO large-aperture telescope (LAT) and 
urv e y. We discuss the stacking procedure in Section 3 , along with
he procedure for background correction and error estimation. We 
resent our results in Section 4 and forecast impro v ements SO will
ffer to cold clump measurements in Section 5 . We conclude in
ection 6 . 

 DATA  SET  

n this section, we introduce our sample selection from the PGCC
atalogue, the Planck 353 GHz full-sky maps required for stacking 
nd the SO. 

.1 Catalogue 

he Planck catalogue of Galactic cold clumps (PGCC; Planck 
ollaboration XXVIII 2016 ) lists 13 242 Galactic objects with flux 
ensities measured in three Planck frequency bands (353, 545, and 
57 GHz) and the IRIS data from the Infrared Astronomical Satellite 
IRAS) 3000 GHz channel (Miville-Desch ̂ enes & Lagache 2005 ; 
eugebauer et al. 1984 ). We can see these distributed across the entire

ky as the blue dots in Fig. 1 , o v erlaid on the Planck GNILC thermal
ust map (Planck Collaboration Int. XLVIII 2016 ). The brightest 
ources are accompanied by spectral parameters such as the dust 
emperature, T dust , and spectral index, β. 

The catalogue breaks the clumps into three categories based on 
he quality of their flux density values. We select our sample of cold
lumps from the PGCC catalogue via the following criteria: 
(i) We use only the clumps labelled in the PGCC catalogue as
LUX QUALITY = 1 , corresponding to detection with accurate 
ux density estimates (S/N > 4) in the Planck 353, 545, and 857
Hz bands as well as the IRIS 3 THz channel. These clumps

epresent the highest quality clumps in the PGCC catalogue. 7012 
f the 13 242 clumps in the PGCC catalogue are labelled as
LUX QUALITY = 1 . 
(ii) We use only the clumps flagged with FLUX BLENDING = 0

ndicating that they are not directly o v erlapping one another. This cut
nsures our map cutouts around each clump are centred on only one
bject to simplify the background correction for the stacking process. 
n additional 728 clumps fail the blending cut. 
(iii) We find two sources with peak I 2 and P 

2 values o v er an
rder of magnitude larger than all other clumps. These correspond to
lumps PGCC G15.02-0.67 and PGCC G351.45 + 0.67. Observing 
hese objects in the Planck maps we can see they are contaminated by
earby sources not flagged as other cold clumps and thus they were
ot flagged by the abo v e condition. We remo v e these two clumps. 

Our final sample contains 6282 bright and reliable cold clumps. 
e show the locations of the full PGCC sample as blue dots in

ig. 1 , and the subset used in this work as orange dots. For these
282 cold clumps, Planck reports luminosities for 2221 sources and 
eliable distance estimates for 209 clumps (see Planck Collaboration 
XVIII 2016 , Section 5 for their methods). We use these two subsets

or the luminosity and distance tests in Sections 4.2 and 4.3 . 

.2 Planck maps 

e observe and later stack PGCC locations in the Planck 2020 data
elease 353 GHz maps, as these are the highest frequency maps
ith polarization information (Planck Collaboration Int. LVII 2020 ). 
hese full-sk y, full-mission frequenc y products include impro v ed
igh-resolution maps in three Stokes parameters; total intensity ( I ),
nd linear polarization ( Q and U ). 1 

The dominant signal in the 353-GHz maps is thermal dust 
mission, although there are also very low levels of emission from
ther sources of emission such as the CMB (Planck Collaboration III
020 ). We chose the ra w frequenc y maps o v er component separated
aps (Planck Collaboration X 2016 ) to a v oid biases or artifacts
MNRAS 524, 3712–3723 (2023) 
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ntroduced by separation algorithms such as pixelization issues near
right sources or higher contamination of emission in different
lgorithms such as CIB in Commander and GNILC maps (Planck
ollaboration IV 2020 ). 
These maps use the HEALPIX 2 pixelization (G ́orski et al. 2005 ;

onca et al. 2019 ) with resolution N side = 2048 and have an ef fecti ve
eam of ∼5 arcmin (Planck Collaboration IV 2020 ). 

A potential worry is the effect of any temperature-to-polarization
eakage (Planck Collaboration Int. LVII 2020 ) that occurs on small
ngular scales. Temperature-to-polarization leakage would increase
he polarization signal, and hence the inferred polarization fraction.
he PR4 maps hav e impro v ed mitigation of systematic error, such
s temperature and polarization leakage, compared to the earlier
eleases. As a test, we have compared our results with those derived
rom product release 3 (PR3) and find consistent outcomes. We
ssume the temperature-to-polarization leakage is negligible for the
ngular scales used in this work. 

.3 The Simons Obser v atory 

he SO is a new ground-based experiment optimized for CMB
urv e y observations (Ade et al. 2019 , hereafter SO19 ). It is currently
nder construction and will have three 0.5 m telescopes and one 6
 telescope at first light. The LAT (Xu et al. 2021 ) will map 40 per

ent of the sky in six frequency bands (27, 39, 93, 145, 225, and 280
Hz) and angular resolutions (8.4, 5.4, 2.0, 1.2, 0.9, and 0.8 arcmin,

espectiv ely) be ginning in late 2023 (Gudmundsson et al. 2021 ).
he highest frequency band of the LAT (280 GHz) has a projected
ensitivity impro v ement of o v er fiv e in intensity and o v er sev en in
olarization when compared to the Planck 353 GHz band ( SO19
lanck Collaboration I 2020 ). The capabilities of SO will allow for
ensitive measurements of Galactic emission to probe a wide set of
cience questions. 

The SO science forecasts ( SO19 ; Hensley et al. 2022 ) predict an
rder of magnitude increase compared to Planck , in the number of
olecular clouds observed with at least 1 pc resolution at 3 σ . SO
ill also be sensitive to the CO(2–1) transition line where, with low
oise level and multifrequency coverage, SO will constrain polarized
O emission at a level of polarization fractions ∼ 1 per cent in the
rightest molecular clouds. These surv e ys will pro vide a significantly
arger sample of resolved Galactic cold clumps in polarized thermal
ust and CO emission. 

 M E T H O D S  

e discuss now the method to estimate the polarization fraction of
alactic cold clumps via stacking, the procedure to account for noise

nd background contribution, and the error analysis. 
From the Planck PR4 I , Q , U maps, we create two new maps, I 2 

nd P 

2 = Q 

2 + U 

2 . We use the squared maps so that the Galactic
old clump polarization is additive without needing to know the
olarization direction. We then estimate the square of the polarization
raction, � 

2 , defined as the ratio of the squared amplitude of linear
olarization to total intensity: 

 

2 ≡ P 

2 

I 2 
= 

Q 

2 + U 

2 

I 2 
. (1) 
NRAS 524, 3712–3723 (2023) 
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We will quote the mean squared and root-mean-squared (RMS)
olarization fractions, defined as: 

 

2 
MS = 

〈 P 

2 〉 
〈 I 2 〉 − N 

2 
ring , (2) 

nd 

 

� 

2 
MS = 

√ 

〈 P 

2 〉 
〈 I 2 〉 − N 

2 
ring . (3) 

here N 

2 
ring denotes a noise and background correction described

n Section 3.2 . As noted earlier, we employ squared amplitude
uantities in order to be able to stack without knowing the random
olarization angles. This does introduce a challenge ho we ver, as
he squared equations give positive-definite quantities: other sources
uch as noise have non-zero expectation values that will need to
e subtracted to a v oid bias. We discuss the treatment of bias terms
n Section 3.2 . We also note that we are estimating 〈 P 

2 〉 / 〈 I 2 〉 . As
oti v ated by Bonavera et al. ( 2017 ) and Trombetti et al. ( 2018 ) in

imilar stacking analyses of the polarization of extragalactic objects
n Planck maps, we choose this convention instead of 〈 P 

2 / I 2 〉 due
o the low S/N on a single cold clump. Furthermore our choice
llows for direct application to CMB foreground interpretations
here the power spectrum of sources in polarization follow a P 

2 ,
ower-weighting dependence analogous to our measured quantities.

.1 Stacking 

e perform a stacking procedure to obtain a measurement of
he mean-squared and RMS polarization fraction, similar to other
tacking analyses (e.g. Montier & Giard 2005 ; Dole et al. 2006 ;
 ́ethermin et al. 2012 ; Bonavera et al. 2017 ; Gupta et al. 2019 ).
his statistical method consists of adding up many regions of the sky
entred at selected positions to enhance a signal we wish to observe.
n particular, this is useful when sources within the sample are too
aint to be detected individually at the desired frequency. We are
ble to measure their mean-squared polarized flux density despite
ndividual sources not being directly detectable in polarization. 

We extract a square 50 arcmin × 50 arcmin patch centred at the
ocation of each cold clump with a pixel size of 1 arcmin from the P 

2 

nd I 2 maps. This yields 6282 square maps (one per cold clump in
he sample), which are averaged to create a mean polarization 〈 P 

2 〉
nd intensity 〈 I 2 〉 map. Given some range in physical clump size,
e chose the patch size such that we could project the smallest

lumps to appropriately stack their peak, and the largest would
t with sufficient distance from the edges to perform background
easurements. Given our sample criteria removes any sources with

eparations ≤ 15 arcmin, it is very uncommon for multiple PGCC’s to
e found within the same patch, ho we ver, there may still be part or all
f another clump within the background of the target source. These
ay serve as an additional background contaminant to suppress the

otal signal after background subtraction (Section 3.2 ), ho we ver, the
ontribution would be minimal given these themselves would be
uppressed into the background in the stacking. 

In Fig. 2 , we plot the mean-squared signal from the stacked PGCCs
n I 2 (top) and P 

2 (bottom) as a function of radius from the peak signal
t the centre of the stack. We observe a clear signal in both total
ntensity and polarization. The solid lines demonstrate the positive
oise bias due to using squared quantities, as we can see the level
oes not asymptote to zero at large distances. A correction from
his background and noise (discussed below in Section 3.2 ) has been
pplied to the dashed lines, where we can see the background signal

http://healpix.sf.net/
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Figure 2. Signal from 6282 PGCC sources stacked in squared intensity 
(top, blue) and polarization (bottom, orange) as a function of distance 
from the PGCC location. The solid lines denote the stacked result before 
bias correction. The dashed lines represent the processed signal with bias 
correction. The shaded regions are the 1 σ uncertainties from either stacked 
signal. Note by construction the bias correction is constructed to zero the 
signal from 15 to 24 arcmin. We see a clear signal in both squared intensity 
and polarization (see Section 3.1 ). 
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as been reduced to be mean zero by ∼15 arcmin from the signal
entre in both intensity and polarization. 

We take the mean of the background-subtraction I 2 ( P 

2 ) map within
 arcmin of the centre of the mean-squared intensity (polarization) 
ignal. We then take the ratio of the 〈 P 

2 〉 / 〈 I 2 〉 to report the measured
ean-squared polarization fraction. 

.2 Noise and background correction 

he measured values of 〈 P 

2 〉 and 〈 I 2 〉 at cold clump locations will
e biased high by signals and noise in the Planck maps. These terms
nclude noise, diffuse emission from our Galaxy, and the CMB signal 
sub-dominant at 353 GHz). 

Although stacking enhances the signal-to-noise, the positive- 
efinite nature of I 2 and P 

2 means that the contribution from noise and
ther signals will bias high estimates of the thermal dust polarization 
nd total intensity. This bias is especially significant for P 

2 where 
/N is significantly lower. We need to measure and subtract this
ackground contribution external to our stacked signal. 
To estimate the contribution of background and remaining noise, 

e define a combined noisy and background contaminated estimate 
 

′ of each Stokes parameter X ∈ [ I , Q , U ], 

 

′ = X + N X , (4) 

here N X is a contribution from noise and background contamination. 
rom equation ( 1 ), we need an unbiased estimate of X 

2 which we
an write as: 

 

2 = X 

′ 2 − N 

2 
X . (5) 

o solve for N 

2 
X we estimate the background signal of our total

ummed patches of I 2 and P 

2 by measuring the mean signal in an
nnulus with inner radius 18 arcmin and outer radius of 24 arcmin
 X ring ), 

 

2 
X = 〈 X 

2 
ring 〉 , (6) 

here these radii were chosen such that the ring contains nearly
ll the background of the patch whilst fitting inside the 50 arcmin

50 arcmin square cutout and a v oiding the cold clump signal. 
As in equation ( 5 ), we subtract this average stacked background

ignal in I 2 and P 

2 from the final respective stacks (Fig. 2 , dashed
ines). We acknowledge there will likely remain a bias in the form
f a cross-term of the background and signal from the square of
quation ( 4 ). This, ho we ver, should be small and we are unable
o remo v e it due to using positiv e-definite values. These terms
re fluctuating about zero, requiring us to perform the square to
ositive-definite, performing the annulus background subtraction 
efore would not guarantee the bias is remo v ed. 
We compare a second background and noise correction method as 

 consistency check in which we apply a high-pass filter and subtract
n average simulated noise signal from the Planck IQU maps. This
ethod more directly targets large-scale background structure and 

mall-scale noise contributions, although it does not account for other 
alactic and extra-Galactic signals at smaller scales. 
The filter is applied to the Planck maps at an angular scale of � =

00, smoothing out all structure larger than the largest cold clumps.
e also apply this to a set of 100 independent noise realizations

rom the PR4 simulations. These simulations are maps of noise 
nd systematic residuals only (CMB and fore grounds hav e been
ubtracted), and are available on the Planck Le gac y Archiv e 3 (PLA).
e take the mean of the filtered noise and subtract from the filtered

 

2 and P 

2 maps. 
With the filtered version, we find higher values of I 2 and P 

2 ,
long with a non-zero background level f ar aw ay from the source.
hese effects are presumably due to the contributions of other signals

n the maps at small angular scales. As the bias is fractionally
arger in P than I , this leads to a larger apparent S/N (8.6 σ ) on
he mean-squared polarization fraction. Ho we ver, we attribute this to
he residual background bias and only report results for the annulus
ubtraction technique in the rest of this work. 

The dashed lines of Fig. 2 demonstrate the stacked signal corrected
sing the annulus background subtraction method. Comparing the 
ncorrected results (solid lines), we see a significant increase in S/N
here the backgrounds in P 

2 and I 2 are reduced to zero ∼15 arcmin
rom the signal centre. Polarization remains comparatively noisier, 
o we ver, the background subtraction is a significant improvement 
hen measuring the peak signal. 
MNRAS 524, 3712–3723 (2023) 
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Table 1. A summary of the bin-average mean-squared and RMS po- 
larization fraction results from each test to show consistency across the 
different subsamples of cold clumps. All results have been calculated 
following the stacking procedure in Section 3.1 with annulus background 
subtraction and error calculated as per Section 3.3 . 

Sample used � 

2 
MS ( × 10 −4 ) 

√ 

� 

2 
MS (%) 

Full sample 4.79 ± 0.44 2.19 ± 0.10 
Total flux density bin average 4.87 ± 0.35 2.22 ± 0.08 
Luminosity bin average 4.69 ± 0.54 2.19 ± 0.13 
Galactic latitude bin average 5.19 ± 0.39 2.36 ± 0.09 
Distance bin average (High b) 4.14 ± 0.57 2.04 ± 0.14 
Distance bin average (Low b) 4.11 ± 0.54 2.07 ± 0.13 
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.3 Error estimation 

o estimate the uncertainties on � 

2 
MS , we use a bootstrapping

echnique of resampling with replacement (Gupta et al. 2019 ). We
andomly sample from the full set of N c = 6282 objects, 4 measure
 P 

2 〉 and 〈 I 2 〉 for the random sample of cold clumps, and repeat this
500 times to obtain 

� 

2 = 

μP 2 

μI 2 
, (7) 

here μP = 

∑ 

i 〈 P 

2 〉 i / N c and μI = 

∑ 

i 〈 I 2 〉 i / N c . The standard deviation
f the resulting mean � 

2 
MS values is taken to be the uncertainty on

he � 

2 
MS measurement for the sample of clumps: 

� 

2 = 

√ ∑ 

i ( � 

2 
MS,i − μ� 

2 ) 2 

N c 

. (8) 

e can then obtain the uncertainty on the RMS polarization fraction
s: 

√ 

� 

2 = 

√ 

� 

2 
MS 

2 

σ� 

2 

� 

2 
MS 

. (9) 

hese uncertainties includes both population and measurement error.

 RESULTS  

e detect the stacked PGCC signal at high S/N in both intensity and
olarization, as shown in Fig. 2 . The squared intensity peaks at 〈 I 2 〉 ≈
.9 K 

2 
RJ , while the squared polarization signal peaks at 〈 P 

2 〉 ≈ 9 e −
 K 

2 
RJ . We measure the mean-squared polarization fraction within a

 arcmin radius of the centre to be � 

2 
MS = [4 . 79 ± 0 . 44] × 10 −4 with

n 11 σ detection, corresponding to an RMS polarization fraction
 

� 

2 
MS = [2 . 19 ± 0 . 10] per cent. The clear detection of polarization

alidates the potential of mm-wavelength polarization observations
o study magnetic fields within cold clumps. 

Considering the RMS polarization fraction as a proxy of the
verage polarization fraction over the population, 5 the observed
olarization fraction in these clumps is significantly lower than
lanck Collaboration Int. XXXVIII ( 2016 ) found in an analysis of
lamentary structures at high Galactic latitudes in the same maps.
he filament analysis was based on 259 identified filaments with | b |
2 ◦. Using a stacking analysis instead o v er I , Q and U , with Q and U

ligned along the filaments long ax es, the y find the mean polarization
raction to be 11 per cent. A possible explanation of this discrepancy
ould be their a v oidance of using P 

2 and the introduction of squared
ias amplitudes, ho we v er, without a common alignment strate gy such
s aligning the cutouts along the long axis of filaments, this method
s not possible. Another explanation is that the lower polarization
raction in the cold clumps is due to a more complex magnetic
eld structure in the clumps, leading to increased depolarization due

o the different magnetic field orientations along the line of sight
assing through the clump. Interestingly, the observed cold clump
olarization fraction in this work also increases at the same latitudes,
 b | > 30 ◦, as the filament sample. The polarization of cold clumps at
ifferent latitudes is discussed in Section 4.3 . 
Given the 11 σ measurement of the mean-squared polarization

raction of cold clumps, we consider splitting the PGCC sample
o study possible trends of polarization with key parameters of
he cold clump distribution, structure, and composition. We will
NRAS 524, 3712–3723 (2023) 

 We use the same procedure when quoting errors on the subsets of the full 
ample. 
 Whilst this is a fair approximation it should be manipulated carefully. 

t  

e  

2  

a  

i

ook for relationships between polarization fraction and total flux
ensity , luminosity , and Galactic latitude. As the specific clumps
ample used varies between some splits, we also compile the mean
quared polarization fraction and RMS polarization fraction for
ach subsample in Table 1 . The measured mean-squared and RMS
olarization fraction are similar across all subsamples used in the
ollowing subsections. 

.1 Flux density 

ore distant cold clumps will naturally tend to have lower flux
ensities, S . As distance effects are expected to dominate the observed
ux distribution, we do not expect to observe a correlation between

he measured polarization fraction and flux density (e.g. Puglisi et al.
018 ). We test this expectation by splitting the 6282 cold clumps into
ix flux bins based on their total flux density as reported by Planck .
e set the bin edges to achieve approximately equal signal-to-noise

n intensity. The bins are defined as 0–1.38, 1.38–2.35, 2.35–5, 5–
.4, 7.4–12.2, and 12.2–320 Jy, and contain 539, 928, 1990, 1014,
09, and 902 clumps, respectively. 
Fig. 3 shows the resulting mean-squared polarization fraction in

ach flux bin. Each bin’s polarization fraction is calculated following
he same stacking method as in Section 3 , and the error bars are
alculated as in Section 3.3 . The horizontal dotted line represents
he error -weighted a verage mean-squared polarization fraction from
ll bins to check for consistency with the full sample result, where
e measure (4.87 ± 0.35) × 10 −4 and the error in this is given
y the shaded grey region (the corresponding RMS result is listed in
able 1 ). As expected, there is no apparent trend with flux density. We
onfirm this by performing a linear fit between flux density and mean-
quared polarization fraction. The reco v ered slope is (0.03 ± 0.05) ×
0 −5 , consistent with zero at 0 . 6 σ . There is no evidence that the
ean-squared polarization fraction depends on the flux density of a

old clump. 

.2 Luminosity 

s with flux density, we do not expect to find a correlation
etween the luminosity, L, and polarization fraction of cold clumps.
uminosity estimates are not available for the full PGCC sample;
lanck reports luminosities for a sub-sample of 2221 cold clumps

Planck Collaboration XXVIII 2016 ). As with flux density, we split
hese 2221 cold clumps into nine logarithmic luminosity bins. The bin
dges are 6.3 × 10 −2 –0.32, 0.32–1.6, 1.6–9.3, 9.3–42, 42–2.1 × 10 2 ,
.1 × 10 2 –1.1 × 10 3 , 1.1 × 10 3 –5.5 × 10 3 , 5.5 × 10 3 –2.8 × 10 4 ,
nd 2.8 × 10 4 –1 . 4 × 10 5 L . The number of Galactic cold clumps
n each bin is shown in Fig. 4 . 
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Figure 3. Mean-squared polarization fraction measured in six bins of increasing flux density ranges (Jy). The vertical error bars are calculated as per 
Section 3.3 . The horizontal dashed line represents the error -weighted bin-a verage mean-squared polarization and the grey region being the corresponding error 
( � 

2 
MS = [4 . 87 ± 0 . 35] × 10 −4 ). We see no indication the polarization of Galactic cold clumps is dependent on their flux density. 

Figure 4. Histogram of 2221 PGCCs split into nine logarithmic luminosity 
bins. The bins contain 196, 809, 724, 280, 66, 71, 30, 32, and 13 cold clumps, 
respectively. The distribution of Galactic cold clumps e xtends o v er orders of 
magnitudes of emitted power, but are heavily weighted towards the L ∈ (10 0 , 
10 2 ) L  range. 
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In Fig. 5 , we show the measured mean-squared polarization 
raction estimated for each stacked luminosity bin. The horizontal 
ashed line indicates the weighted average mean-squared polar- 
zation fraction across the bins, (4.69 ± 0.54) × 10 −4 , with the 
re y-shaded re gion sho wing the 1 σ interv al. The weighted average
stimates for the mean-squared polarization and RMS polarization 
raction are also listed in Table 1 . As with flux density, there is no sign
f a trend. We fit for a linear relationship between the luminosity and
ean-squared polarization fraction, finding (0.006 ± 10.9) × 10 −6 

 + (4.73 ± 0.39) × 10 −4 . The slope is consistent with zero at
1 σ . We conclude that there is no evidence that the mean-squared

olarization fraction depends on the luminosity of a cold clump. 

.3 Galactic distribution 

e next test if the mean-squared polarization fraction of PGCCs 
aries with their Galactic latitude or their physical distance to the 
un. These tests could offer an insight into the importance of
nvironmental effects on the polarization properties and magnetic 
eld structure of Galactic cold clumps. 
As in other tests, we first split the sample of cold clumps into
ins based on the quantity of interest, in this case the magnitude of
 clump’s Galactic latitude. We use four equal-width bins from 0 ◦

o 40 ◦, and a fifth bin for Galactic latitudes from 40 ◦ to 90 ◦. The
umber of cold clumps in each bin is plotted in the main panel of
ig. 6 . The majority of the clumps in the sample are concentrated
t low Galactic latitudes, and thus we expect (and find) the stacked
easurement to be more uncertain at high latitudes. 
We see a clear increase in the mean-squared polarization fraction at 

igh Galactic latitudes, as shown in Fig. 7 . This increase is especially
ignificant in the highest bin for | b | > 40 ◦, which at (5.56 ± 2.00) ×
0 −3 is ∼ 25 σ higher than the full sample mean-squared polarization 
raction of (4.79 ± 0.0.44) × 10 −4 . The apparent increase might 
e real and indicate an environmental effect on the magnetic field
tructure of the cold clumps. Alternatively, it might indicate a bias in
he background subtraction. The line-of-sight to low Galactic latitude 
lumps will tend to pass through a higher column density of dust.
hese higher column densities will depolarize the total signal before 
ackground subtraction (Myers & Goodman 1991 ). The increase 
n polarization fraction with decreasing total gas column density 
as also observed by Planck Collaboration XII ( 2020 ). While we
ould expect the background subtraction of Section 3.2 to remo v e

his effect, imperfect background subtraction might thus explain the 
bserved trend. A larger sample of cold clumps at high Galactic
atitudes would help distinguish between these alternatives. 

Finally, we split the cold clump sample based on their physical
istance to the Sun. Planck Collaboration XXVIII ( 2016 ) estimate
eliable distances for a subset of the full sample, as noted in
ection 2.1 . The distance distribution for this sample is shown in

he inset to Fig. 6 . Nearly all clumps are located below 1 kpc, though
 small number extend out to ∼ 6 kpc. Note that the subsample
ith reliable distances tends to be closer and at higher flux than the

ull sample. We split the reliable distance sample first into high and
ow Galactic latitudes, splitting at | b | = 10 ◦. We then further split
ach set into three distance bins. The mean-squared polarization 
raction for the high Galactic latitude sample across the distance 
ins is shown in Fig. 9 , and the low Galactic latitude sample in
ig. 8 . The average mean-squared polarization fraction is consistent 
etween the high and low Galactic latitude sample, at 4.14 ± 0.57
ersus 4.11 ± 0.54. Neither subsample show strong evidence for a 
rend in the polarization fraction with distance. Ho we ver, the high
atitude subsample is limited to very nearby clumps as the maximum
istance for that sample is ∼ 0 . 6 kpc. The impro v ed sensitivity and
ngular resolution of SO will allow cold clumps to be detected at
MNRAS 524, 3712–3723 (2023) 
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Figure 5. Mean-squared polarization fraction measured in nine logarithmic bins of increasing luminosity. The horizontal black dashed line represents the 
error -weighted bin-a verage mean-squared polarization, � 

2 
MS = [4 . 69 ± 0 . 54] × 10 −4 , where the grey region is the corresponding error. There is no sign that 

the polarization fraction depends on the luminosity of cold clumps. Vertical error bars are calculated as per Section 3.3 and the horizontal error bars are the bin 
ranges. 

Figure 6. Histogram of PGCCs split by their Galactic latitude into four 10 ◦
bins from 0 ◦ to 40 ◦ and one 50 ◦ bin from 40 ◦ to 90 ◦. The bins contain 
3499, 1728, 580, 323, and 152 cold clumps, respectively. The clumps are 
concentrated about the Galactic mid-plane but do extend out to high galactic 
latitudes. (Inset) Histogram of PGCCs with reliable distance measurements 
ranging from ∼ 70 pc to ∼ 6 kpc. 
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arger distances and allow a much wider range of distances to be
ested. 

.4 Galactic cold clump masks 

e are releasing full-sky masks of Galactic cold clumps, publicly
vailable in Stokes I , Q , and U . CMB experiments aim towards many
ey science goals that will require dusty foreground objects such as
GCCs to be masked as to a v oid contamination in power spectrum
nalyses. F or e xample, SO aims to make a significant contribution
o the detection and constraint of primordial B -mode polarization
ignals. These signals are imprinted at angular scales between
0 arcmin and a few tens of degrees during the epoch of inflation
Seljak & Zaldarriaga 1997 ; Kamionko wski, Koso wsky & Stebbins
997 ), and hence present at scales at which Galactic emission is
 formidable foreground component. This Galactic emission ranges
rom synchrotron radiation to thermal dust emission (Page et al. 2007 ;
ennett et al. 2013 ; Planck Collaboration X 2016 ; Planck Collabo-

ation I 2020 ) and considering the scales at which these B -modes are
NRAS 524, 3712–3723 (2023) 
mprinted, PGCCs in particular may pose as an important component
f the Galactic thermal dust emission requiring careful removal. 
As discussed in Section 1 , the PGCC catalogue lists the Galactic

oordinates of each core along with some basic size information.
articularly useful to us is the listed full width at half maximum
FWHM) major and minor axes calculated for each clump. With
hese, along with an observed position angle, we are able to construct
 2D elliptical Gaussian profile for each PGCC, centred at the
ources Galactic coordinates. The angular pixel and vector locations
o position the profiles are obtained using the healpy python
ackage (Zonca et al. 2019 ) on the HEALPix coordinates at the
GCC positions. 
The elliptical Gaussian masks also feature a user defined apodiza-

ion threshold. This allows some flexibility to adjust how harsh the
ask acts, smaller apodization will result in a slightly larger mask

ut may reduce potential residual signal from the clump. Setting this
o 0 would result in a circular and binary mask if required. Given a
ircular, binary mask, an extent setting is applied defining the radius
f the circular mask as a multiple of the clumps FWHM major axis.
y default this is set at 1.5 × FWHM maj . 
These masks (based on the full PGCC catalogue) are publicly

 vailable. We ha ve also made the Python functions used to create
hese masks available so users can generate their own masks with
ifferent requirements such as resolution ( N side ) and apodization
hreshold. See ht tps://github.com/justinc97/PGCC Mask Generat io
.git for more details. 

 FORECASTS  F O R  SO  

s described in Section 2.3 , the SO LAT surv e y will co v er 16
00 deg 2 with lower noise levels and improved angular resolution
o Planck . This low-noise, high-resolution surv e y will significantly
nhance our ability to identify cold clumps and measure their
roperties in polarization and intensity. 
In order to predict the number of polarized clumps that will

e detected by SO, we first need to estimate the true number
ounts on the sky. The PGCC sample is a good estimate of the
rue number counts in the local volume; the PGCC catalogue is

70 per cent complete for S > 300 mJy (Planck Collaboration
XVIII 2016 ). Thus, we choose to estimate the local luminosity

unction n ( L ) from the PGCC catalogue, and scale these numbers to
he full Galactic volume observable by SO (with a vertical density
rofile z(R) described below). Although, this approach relies on

https://github.com/justinc97/PGCC_Mask_Generation.git


Detection of polarization in stacked PGCC clumps 3719 

Figure 7. Mean-squared polarization fraction calculated with our full sample of cold clumps binned by Galactic latitude. The points represent the noise and 
background corrected results in each bin. The vertical error bars are calculated as per Section 3.3 and the horizontal bars represent the bin regions. The horizontal 
dashed line represents the error-weighted bin-average mean-squared polarization fraction, (5.19 ± 0.39) × 10 −4 , where the error is represented by the grey 
band. The increase in polarization fraction with Galactic latitude follows that of the total Galactic dust behaviour as discussed in Section 4.3 . This may be due 
to residual background contributions or distance effects (Figs 8 and 9 ) where we are statistically limited to draw strong conclusions. 

Figure 8. Mean-squared polarization fraction for a sample of cold clumps with reliable distances binned according to their physical distance at low Galactic 
latitude ( | b | < 10). The vertical error bars are calculated as per Section 3.3 and the horizontal bars represent the bin regions. The horizontal dashed line 
represents the error-weighted bin-average mean-squared polarization fraction, (4.11 ± 0.54) × 10 −4 , where the error is represented by the grey band. We find 
no dependence of polarization fraction on distance at low Galactic latitudes; the slope of the linear fit is consistent with zero at � 1 σ . 

Figure 9. Mean-squared polarization fraction for a sample of cold clumps with reliable distances binned according to their physical distance at high Galactic 
latitude ( | b | > 10). The vertical error bars are calculated as per Section 3.3 while the horizontal bars represent the bin regions. The horizontal dashed line 
represents the error-weighted bin-average mean-squared polarization fraction, (4.14 ± 0.57) × 10 −4 , where the error is represented by the grey band. We find 
no dependence of polarization fraction on distance at high Galactic latitudes; the linear fit slope is consistent with zero at � 1 σ . 
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he assumption that the number of cold clumps per unit volume is
onstant, recent results in the literature suggest that the clumps are 
ndeed homogeneously distributed across the Galaxy (Alina et al. 
019 ; Planck Collaboration XXVIII 2016 ). 
We estimate the luminosity function, n ( L ), by counting cold
lumps in the PGCC catalogue with measured distances and fluxes 
bo v e the 70 per cent completeness threshold. The specific criteria
re: 
MNRAS 524, 3712–3723 (2023) 
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Figure 10. Differential number counts of flux densities, S , estimated from 

the PGCC catalogue at 353 GHz for all the sources satisfying the criteria listed 
in Section 5 . The limited volume counts are shown as brown small circles and 
the counts scaled by Galactic volume are blue large circles. The dashed black 
line denotes the polarization number counts estimated with equation ( 10 ). 
Upper limits are shown as (lower triangles). The 70 per cent completeness of 
the Planck 353 GHz channel is abo v e ∼ 1 . 5 Jy so we denote the range below 

this as the shaded grey area. 

 

s  

e

 

d  

e  

s  

r

z

w  

g  

b  

b  

e  

s  

P  

(
 

l  

a  

t  

d  

a  

p
 

o  

3  

S  

d  

w  

m  

c
 

p  

Figure 11. Predicted number counts at 220 (green) and 280 GHz (cyan) for 
the SO surv e y. The number counts are obtained by rescaling the flux es at 
353 GHz to each frequency using a modified blackbody SED. The dashed 
lines denote the estimated polarization number counts. Error bars are shown 
as shaded areas. The vertical dashed lines mark the expected 5 σ detection 
limit in polarization in the highest two SO frequency bands. By integrating 
these curves, we predict that SO will detect approximately 12 000 cold clumps 
in intensity and ∼430 cold clumps in polarization. 
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(i) DIST QUALITY = 1 , i.e. 1 σ consistent distances mea-
ured with different methodologies (mainly via NIR and optical
xtinction); 

(ii) FLUX QUALITY = 1 , see Section 2.1 ; 
(iii) flux es abo v e the 70 per cent completeness flux, 300 mJy. 

Once we estimate the luminosity function within the selected
ata set, we apply the correction factor due the incompleteness, by
stimating the Galactic volume observable by SO. We assume axial
ymmetry and a vertical profile function, z( R ), of the Galactocentric
adius: 

( R) = z 0 cosh ( R/R 0 ) , 

ith z 0 = 100 pc, and R 0 = 9 kpc (see Puglisi, Fabbian & Bacci-
alupi 2017 , and references therein). The integration is performed
etween R min = 0.14 and R max = 19 . 50 kpc. The former is given
y the minimum Galactocentric distance from the selected PGCC
ntries, whereas the latter is estimated by considering a clump with
ize 8 pc (towards the higher end of the observed size distribution, see
lanck Collaboration XXVIII 2016 ) to be resolved at SO resolution
1 arcmin). 

In Fig. 10 , we show the number counts as estimated for both the
imited volume and volume corrected data sets where the error bars
re estimated following the prescription of Gehrels ( 1986 ). We note
he number counts agree very well at high fluxes S > 10 Jy, before
iv erging as e xpected to lower flux es which will tend to be further
way. We also note the the volume corrected number counts show a
ower law scaling up to ∼ 100 mJy. 
As we are interested in estimating number counts in the SO

bserving bands centred at 220 and 280 GHz, rather than the Planck
53 GHz channel, we must convert the 353 GHz fluxes to the
O frequencies. We rescale fluxes assuming the spectral energy
istribution (SED) is described by a modified black body function
ith 〈 βd 〉 = 1.51 and 〈 T d 〉 = 10.98. These parameters are the average
odified black body values for the selected objects in the PGCC

atalogue. 
We also need to estimate the probability distribution of the

olarization fraction, P( � ), which we assume is taken from a
NRAS 524, 3712–3723 (2023) 
og-normal distribution. Puglisi et al. ( 2018 ) and Bonavera et al.
 2017 ) showed P( � ) can be approximated by a log-normal or
 Rice distribution, as these distributions properly account for
he bias towards higher values due to lo w sensiti vity polarization

easurements. We take the measured values reported in Section 4 ,
.e. � 

2 
MS = [4 . 79 ± 0 . 44] × 10 −4 , as the lognormal parameters. 

To estimate the polarization number counts, we follow the ap-
roach presented in Puglisi et al. ( 2018 ): 

 ( P ) = N 

∫ ∞ 

S 0 = P 

dS 

S 
P( �, S) = N 

∫ ∞ 

S 0 = P 

dS 

S 
P( � ) n ( S) . (10) 

ere, N indicates the total number of sources having S > S 0 , P( �, S)
s the probability function of finding a source with flux S and polar-
zed fraction � , and P( � ) is the probability function of fractional
olarization. In the last equality, we have assumed the polarization
raction and flux are statistically independent. This is well-justified
s we do not observ e an y correlation between polarization and flux
n the current sample (see Figs 3 and 5 ). We insert the volume-
orrected number counts and log-normal polarization distribution
nto equation ( 10 ) to estimate the number of cold clumps observable
y SO. We plot the predicted number counts in the SO observing
ands in Fig. 11 . 
The SO LAT surv e y is forecast to have a 5 σ detection threshold

n polarization of 26 mJy and 11 mJy at 280 GHz and 220 GHz,
espectively (Ade et al. 2019 ). At these detection thresholds, we pre-
ict SO will detect approximately ∼430 cold clumps in polarization.
he expected numbers are very similar between SO’s two highest

requency bands, 420 at 220 GHz and 440 at 280 GHz, as both bands
ave similar sensitivity to objects with a dust-like SED. We predict
hat SO will detect ∼12 000 cold clumps in intensity. We note that
e have not extrapolated the Planck number counts to lower fluxes
hich might increase this number. If there are no clumps at lower
uxes than the PGCC catalogue, the SO sensitivity in intensity in both
hannels is sufficient to detect all cold clumps within the surv e yed
egion of sky. We summarize the number forecasts for the SO survey
t both 220 and 280 GHz in Table 2 . The predicted number counts
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Table 2. We predict that SO will detect at ≥ 5 σ in polarization approx- 
imately 430 cold clumps at 220 and 280 GHz. SO should also detect 
approximately 12 000 cold clumps in intensity in both bands. The first column 
lists the expected 5 σ polarized flux detection threshold for the SO surv e y 
maps at each observing band, while the second column lists the number of 
sources detected in polarization in each band. 

5 σPol (mJy) N Pol 

220 GHz 11 420 
280 GHz 26 440 

a  

r
 

p  

f
m
M  

a  

0  

(
 

c
a  

t

 

o  

G
A  

m
t
h  

3
 

t
t  

r  

s
 

w
a  

2  

3  

S  

s  

b  

s  

3  

b
T  

F
O
a

D
ow

nloaded from
 https://academ

ic.oup.com
/

s a function of flux are shown in Fig. 11 with errors in the shaded
egions estimated following Gehrels ( 1986 ). 

We note that these forecasts are different with respect to the ones
resented in Hensley et al. ( 2022 ), as the two forecasts are drawn
rom two different catalogues employing different kind of sources, 
olecular clouds with size larger than 1 pc from Miville-Desch ̂ enes, 
urray & Lee ( 2017 ). Reassuringly, ho we ver, both methods lead to

 similar expected number of detections in intensity at 280 GHz: 12
00 cold clump detections in this work and 8500 in Hensley et al.
 2022 ). 

We also remind the reader that this forecast relies on the number
ounts of polarized sources detected following the criteria listed 
bo v e and that can be subject to large fluctuations due to the fact that
he measured fluxes could be biased towards higher values. 
(a)
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igure 12. (a) Planck and (b) ACT DR4 temperature maps at 220 GHz centred o
ne can easily note two filaments in the top and bottom right regions of the map. T

nd IRAS 100 μm data. 
The increase of the number of detections from the polarized fluxes
f cold clumps will allow us to assess the interplay between the
alactic magnetic field and clumps hosted in filaments. In fact, 
lina et al. ( 2019 ) studied the alignment of filaments with respect to
agnetic fields. They inferred in about 90 locations (selected from 

he PGCC catalogue) the magnetic field orientations in the filaments 
osting a clump and in the surrounding environment from the Planck
53 GHz QU maps. 
The y observ ed a trend for low-contrast filaments to be parallel to

he background magnetic field; whereas for high-contrast filaments 
he orientation with respect to the magnetic field is found to be
andom. This might be an indication filaments form and evolve by
trongly interacting with interstellar magnetic fields. 

To illustrate the value of the SO angular resolution, in Fig. 12 ,
e show a comparison between the temperature maps of Planck 

nd the Atacama Cosmology Telescope (ACT; Naess et al. 2020 ) at
20 GHz in the vicinity of a filament hosting the PGCC G91.30-
8.16 clump. The angular resolution of ACT, which is similar to
O’s angular resolution and five times smaller than Planck at the
ame frequenc y, be gins to rev eal substructures that are washed out
y the coarser resolution of Planck . The SO large-aperture telescope
urv e y will co v er slightly more sky than ACT (40 per cent instead of
6 per cent of the sky), with similar angular resolution (1 arcmin),
ut significantly lower noise in both temperature and polarization. 
he low-noise surv e y from SO will allow us to carry out a similar
MNRAS 524, 3712–3723 (2023) 
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nalysis as the ones already proposed in the literature, (Alina et al.
019 ; Cukierman, Clark & Halal 2022 ) with unprecedented level of
etail in polarization data. The two SO high frequency channels at
20 and 280 GHz will also allow us to better constrain the spectral
roperties of filaments and cold clumps. 

 CONCLUSION/SUMMARY  

e measure for the first time the mean-squared fractional polar-
zation of Galactic cold clumps via stacking in the Planck PR4
53 GHz frequency maps. We stack the polarization and intensity
aps at the positions of reliably detected cold clumps in the PGCC

atalogue, and account for background and noise contributions. We
nd the mean-squared polarization fraction of the Galactic cold
lumps to be 〈 P 

2 〉 / 〈 I 2 〉 = [4.79 ± 0.44] × 10 −4 , giving an 11 σ
etection of polarization in Galactic cold clumps. We test if the
olarization fraction depends on either the source flux or luminosity,
nd find no evidence that it does. We also test if polarization fraction
hanges with Galactic latitude, where we find the polarization
raction increases at higher Galactic latitudes especially at | b | >
0 ◦. This increase may be due to a physical effect, or alternatively
o incomplete background subtraction in one of the subsamples.
mpro v ed data with more cold clumps at high Galactic latitudes
ould help distinguish between these explanations. 

Finally, we look at forecasts for the number of cold clumps
dentifiable by a new experiment, the SO LAT survey of 16 000 deg 2 .
he increased angular resolution and decreased noise compared to

he Planck satellite will allow for the disco v ery of cold clumps out
o much larger distances and better sample the full distribution of
old clumps across the sky. We forecast that SO will detect, at ≥ 5 σ
ignificance, ∼12 000 cold clumps in intensity and ∼430 cold clumps
n polarization. As Planck detected only ∼2 cold clumps at 5 σ in
olarization, this represents a factor of ∼ 200 increase in number
ounts. Future catalogues from SO promise to dramatically impro v e
he statistical weight of all the tests made in this work. 

The lower noise levels and finer angular resolution of the SO
AT surv e y will also better resolve any substructure in the cold
lumps, in both intensity and polarization. Hensley et al. ( 2022 )
reviously presented forecasts for the number of similar molecular
louds that SO will resolve in polarization, highlighting this fact.
hese resolved studies will allow us to expand our understanding of

he magnetic field structure of cold clumps and relationship to their
urrounding filaments and molecular clouds. Millimetre-wavelength
tudies of cold clumps may hold the answers to understanding the
ole of magnetic fields in star forming regions. 
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