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A B S T R A C T 

We present polarization observations of the young supernova remnant (SNR) Cas A using the High-resolution Airborne Wideband 

Camera-Plus (HAWC + ) instrument onboard the Stratospheric Observatory for Infrared Astronomy (SOFIA). The polarization 

map at 154 µm reveals dust grains with strong polarization fractions (5–30 per cent), supporting previous measurements made 

o v er a smaller region of the remnant at 850 µm. The 154- µm emission and the polarization signal is coincident with a region of 

cold dust observed in the southeastern shell and in the unshocked central ejecta. The highly polarized far-IR emission implies 

the grains are large ( > 0.14 µm) and silicate-dominated. The polarization le vel v aries across the SNR, with an inverse correlation 

between the polarization degree and the intensity and smaller polarization angle dispersion for brighter SNR emission. Stronger 

polarization is detected between the bright structures. This may result from a higher collision rate between the gas and dust 

producing a lower grain alignment efficiency where the gas density is higher. We use the dust emission to provide an estimate 

of the magnetic field strength in Cas A using the Davis–Chandrasekhar–Fermi method. The high polarization level is direct 

evidence that grains are highly elongated and strongly aligned with the magnetic field of the SNR. The dust mass from the 

polarized region is 0.14 ± 0.04 M ⊙, a lower limit of the amount of dust present within the ejecta of Cas A. This result strengthens 

the hypothesis that core-collapse SNe are an important contributor to the dust mass in high redshift galaxies. 

Key words: polarization – supernovae: individual: Cassiopeia A – dust, extinction – ISM: supernova remnants. 

1  I N T RO D U C T I O N  

The large reservoirs of dust observed in some high-redshift galaxies 

have been hypothesized to originate from dust produced by core- 

collapse supernovae (ccSNe). For ccSNe to account for the dust mass 

budget in the early Universe, 0.1–1 M ⊙ of metals need to condense 

into solid dust grains after e very massi v e star e xplosion (Morgan & 

Edmunds 2003 ; Dwek 2004 ; Dunne et al. 2011 ; Rowlands et al. 

2014 ). Theoretical studies (Todini & Ferrara 2001 ; Nozawa et al. 

2010 , 2011 ) tend to support these high condensation efficiencies, 

but the quantities of dust detected from supernovae during the 

first 1000 days after explosion have long remained two orders of 

magnitude below these theoretical predictions. Recent Herschel and 

SOFIA studies were able to probe the colder dust in young supernova 

remnants (SNRs), detecting large quantities of dust mass in Cas A 

(Barlow et al. 2010 ; De Looze et al. 2017 ), SN1987A (Matsuura et al. 

⋆ E-mail: jrho@seti.org (JR); GomezH@cardiff.ac.uk (HLG); 

Florian.Kirchschlager@UGent.be (FK) 

2015 , 2019 ), the Crab Nebula (Gomez et al. 2012 ; De Looze et al. 

2019 ; Nehm ́e, Kassounian & Sauvage 2019 ), the SNR G54.1 + 0.3 

(Temim et al. 2017 ; Rho et al. 2018 ), and N132D (Rho et al. 2023 ). 

The results suggest that some ccSNe are dust factories, and thus they 

could be important dust sources at high redshifts. 

Chemical evolution models have consistently shown that AGB 

stars are mostly not contributing a significant mass of dust in galaxies 

at high redshifts (Morgan & Edmunds 2003 ; Dwek, Galliano & 

Jones 2007 ; Gall, Hjorth & Andersen 2011 ; Rowlands et al. 2014 ). 

Although AGB stars with initial main-sequence masses greater than 

5 M ⊙ could reach their dust production phase (Asymptotic Giant 

Branch) in 50 Myr, it is unclear how much dust is formed in 

these stars (Morgan & Edmunds 2003 ). An alternative route to dust 

formation in the early Universe is via grain growth in the interstellar 

medium (ISM; Zhukovska, Henning & Dobbs 2018 ), seeded by 

heavy elements and/or surviving dust grains from SNe (Draine 2009 ). 

Ho we ver, there are no convincing studies to support dust growth in 

the ISM that can explain dust in high-redshift galaxies. 

The appearance of large quantities of dust at high redshifts could be 

explained if ccSNe do not subsequently destroy most of the dust they 

© 2023 The Author(s) 
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create (Michałowski 2015 ). Unfortunately poor constraints on the 

grain size and composition of newly condensed dust in SNRs results 

in large uncertainties in the mass of dust formed and the fraction that 

could survive the reverse shock (Kirchschlager et al. 2019b ). 

The SNR Cas A provides an excellent source for testing theoretical 

predictions of dust formation and destruction in ccSNRs: it Iis close 

enough to allow for a detailed view of gas and dust in the SN ejecta 

and its associated magnetic field structures, as well as being young 

enough ( ∼350 yr) to be ejecta-dominated. The progenitor of Cas 

A is believed to be a Wolf–Rayet star with progenitor mass of 15–

25 M ⊙ (Young et al. 2006 ). The mass of dust predicted to form 

in the aftermath of the SN explosion is then 0.5–1 M ⊙ (Todini & 

Ferrara 2001 ). Less clear is how much of any newly formed dust will 

be ultimately destroyed, with theoretical predictions ranging from 

10–90 per cent (Bianchi & Schneider 2007 ; Bocchio et al. 2016 ; 

Kirchschlager et al. 2019b ; Priestley et al. 2022 ). 

While sub-millimeter (submm) observations of Cas A seemed to 

provide the first evidence for large ( ∼2 M ⊙) quantities of colder 

dust manufactured in the SN explosion (Dunne et al. 2003 ), CO 

observ ations to wards Cas A suggested that some or all of the submm 

emission may originate from dust in a foreground molecular cloud 

complex rather than the remnant (Krause et al. 2004 ). Polarization 

observations taken with the SCUBA camera on the JCMT at 850 µm 

were critical to demonstrate that a large fraction of the submm 

emission does, in fact, originate from the SNR itself (Dunne et al. 

2009 ). The fractional polarization of dust in Cas A was observed 

to be as high as ∼30 per cent (see fig. 3 of Dunne et al. 2009 ), 

indicating a highly efficient alignment mechanism for the grains 

given the short timescale since the explosion. In comparison, the 

average dust polarization fractions observed in typical interstellar 

regions are of the order of 2 − 7 per cent (Curran & Chrysostomou 

2007 ). Assuming that only the highly polarized flux is associated with 

the SN remnant, then the polarized fraction of the flux indicates a 

significant dust mass in Cas A ( ∼1 M ⊙, Dunne et al. 2003 ). Ho we ver, 

the SCUBA polarimeter observation at 850 µm mapped only one- 

third of the total area of Cas A (towards the northern and western 

shells, see fig. 1 of Dunne et al. 2009 ), and the 850- µm emission 

includes a significant ( ∼ 2/3) amount of synchrotron emission. 

In this paper, we present polarization observations of Cas A at 

154 µm using the HAWC + instrument on SOFIA where we are 

less affected by synchrotron contamination. We investigate the grain 

alignment, magnetic field strength, and dust properties. We discuss 

the implication of the dust mass associated with SN-ejecta from the 

polarization measurements. In an accompanying paper, we present 

the HAWC + observation of the Crab Nebula (Chastenet et al. 2022 ). 

2  OBSERVATIONS  

2.1 SOFIA HAWC + Obser v ations 

We observed Cas A with HAWC + (Harper et al. 2018 ) at band D 

(154 µm) on board SOFIA (AOR ID 07 0047). The exposure time on 

source is 1.51 hr (320 sec exposure per cycle × 17 repeat) and 4.24 hr 

including the o v erhead. The SOFIA flights were F607 on 20 190 907 

(p7504), F608 on 20 190 910 (p7506), F610 on 20 191 008 (p7530), 

F620 on 20 191 009 (p7524), and F621 on 20191010 (p7526). 

The angular resolution is 13.6-arcsec full width at half-maximum 

(FWHM) at full resolution. The data were taken using chop-to-nod 

(C2N) with nod-match-chop (NMC), and the ABBA pattern, with 

500-arcsec chop throw, 75 ◦ chop angle, and four-point dithers. The 

C2N method was the only available mode at the time of our data 

acquisition of Cas A. The observational footprint is shown in Fig. 1 . 

We use the HAWC + ‘Level 4’ data that correspond to fully 

calibrated data combined from different observing nights. The Level 

4 data products are fits files, each containing 19 extensions, including 

the Stokes I , Q , U , fractional polarization ( p ), position angle (PA) of 

polarization ( θ ), and polarized flux ( I p ), as well as their associated 

uncertainties, where 

θ = 
1 

2 
arctan 

U 

Q 
. (1) 

The Stokes I , Q , and U maps are shown in Fig. 2 . (For a 

detailed description of the intensity I and its error σI p , the debiased 

polarization p and its uncertainty σ p , and polarization angles as a 

function of the Stokes parameters Q and U , we refer the reader to 

Gordon et al. 2018 and the SOFIA handbook 1 .) 

The PA provided by the pipeline product shows the polarization 

direction and not the direction of the magnetic field. To investigate 

the inferred magnetic field morphology and angles, the PA is rotated 

by 90 ◦, and the result is shown in Fig. 2 (bottom right-hand panel). 

The histogram of PAs reveals that the PAs peak at −20 ◦ and the 

number of pixels with PAs between −50 ◦ and 25 ◦ is larger compared 

to that of the background. 

Final data products are delivered with a pixel scale equal to the 

Nyquist sampling (4.68 arcsec at 154 µm). Since the polarization 

map at full resolution did not have sufficient signal-to-noise, we 

resampled the original image by ∼3 × 3 (from 146 × 146 pixels to 

49 × 49 pixels) using a ̀ congrid’ PYTHON routine. We use the option 

of nearest `neighbor’ to interpret the data with the closest value 

from the original data. The re-gridded image has 3 × 3 super-pixels, 

equi v alent to a beam size of 41 arcsec. 

2.2 Spitzer spectroscopy and Herschel far-IR images 

We used archi v al Spitzer mid-IR spectroscop y and Her schel f ar-IR 

images of Cas A. The observations of Infrared Spectrograph (IRS) 

mapping in low-resolution (low-res, hereafter) co v ered the entire 

SNR Cas A and their detailed descriptions were presented by Ennis 

et al. ( 2006 ), Rho et al. ( 2008 ), Smith et al. ( 2009 ), and DeLaney 

et al. ( 2010 ). The IRS high-resolution (high-res) mapping co v ered 

limited area (centre, NE, SW) of Cas A as described by Isensee et al. 

( 2010 ) and Isensee et al. ( 2012 ). The resolution of high-res spectra 

( R ∼ 600) is a factor of 6 higher than that of low-res spectra. 

Herschel images were taken at 70, 100, 160, 250, 350, and 500 µm, 

and their spatial resolutions correspond to 6, 8, 12, 18.1, 24.9, and 

36.4 arcsec, respectively. Full details can be found in Barlow et al. 

( 2010 ) and De Looze et al. ( 2017 ). 

2.3 Comparison of SOFIA/HAWC + and Herschel 

As a sanity check, we compare the SOFIA HAWC + 154- µm map 

with the Herschel 160- µm PACS image of Cas A in Fig. 3 . The 

morphology of the two maps is similar to each other, though the 

resolution (13.6 and 12 arcsec, respectively) and the bandwidths (34 

and ∼80 µm, respectively) differ somewhat. To compare the flux 

calibration between the two images, a ratio map (Fig. 3 ) was made 

after smoothing the images to the same resolution. To be consistent 

with the HAWC + observations (which have already had a ‘back- 

gound substraction’ via its chop-nod process) a background level 

was remo v ed from the Her schel map. This w as carried out using two 

1 https:// www.sofia.usra.edu/ sites/ default/ files/Instruments/HAWC PLUS/ 

Document s/hawc dat a handbook.pdf. 
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Figure 1. The footprint of the SOFIA HAWC + observation. The target position of Cas A is marked as a red star. The field of views (FOVs; with dithers) of 

the target (in purple) and chop and nod (in green and blue; chop and nod FOVs were alternated) are superposed on a Herschel PACS 160- µm image. Since the 

edges of the FOVs (purple squares) of the target had shorter exposures from the dithers and were trimmed, the mosaiced image ended up with a circular shape 

in Figs 2 and 3 . The FOVs of the Focal Plane Imager (FPI) and guide stars (crosses) are marked in yellow. 

background regions approximately at the chop-nod-positions (Fig. 1 ) 

centred on (RA, Dec., a , b , PA) = (23:22:25.3419, + 58:45:42.987, 

269 arcsec, 370 arcsec, 2.6 ◦) and (23:24:31.2387, + 58:51:18.571, 

269 arcsec, 370 arcsec, 2.6 ◦), where a and b are the minor and major 

axes of the box. The final ratio map has individual pixel ratios ranging 

from 0.7 to 1.2 with a total flux ratio estimated for Cas A of F 154 / F 160 

of 0.85 ± 0.27. 

3  RESULTS  

3.1 Polarization detection in Cas A 

The HAWC + B -field polarization vectors of Cas A are o v erlaid on 

the HAWC + 154- µm intensity map in Fig. 4 . Both the polarization 

vectors and the intensity map have been rebinned as described earlier. 

Here we show only the high signal-to-noise pixels (defined here as 

p / σ p > 3 and I / σ I > 20), resulting in a total of 63 polarization 

‘elements’. The average polarization fraction in these elements is 

19.4 ± 6.7 per cent (Table 1 ), though the polarization fraction across 

the SNR varies from 5 to 30 per cent (see Figs 4 and 5 ). As first 

observed in Dunne et al. ( 2009 ), we therefore have direct evidence 

that the grains in Cas A are elongated since spherical grains cannot 

emit polarized radiation (see Lazarian, Andersson & Hoang 2015 ; 

Hoang, Cho & Lazarian 2018 ; Kirchschlager, Bertrang & Flock 

2019a , and references therein). Our detection of polarized emission 

shows that the grains are elongated (Hildebrand & Dragovan 1995 ; 

Draine & Hensley 2021b ) and aligned with a preferred direction in 

space (Hoang 2022 , see Section 4.2.2 for details). 

Surprisingly, we see strikingly strong polarization from dust grains 

in the centre and southeastern shell of the SNR in the HAWC + data, 

in contrast to the 850- µm observations where the highest polarization 

fractions were observed in the northern shell (Dunne et al. 2009 ). 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
n
ra

s
/a

rtic
le

/5
2
2
/2

/2
2
7
9
/7

1
4
3
6
0
1
 b

y
 C

a
rd

iff U
n
iv

e
rs

ity
 u

s
e
r o

n
 2

5
 M

a
y
 2

0
2
3



2282 J. Rho et al. 

MNRAS 522, 2279–2296 (2023) 

Figure 2. SOFIA HAWC + images of the Stoarcs E C(top left-hand panel), Q (top right-hand panel), and U (bottom right-hand panel) vectors at Band D (154 

µm) after the images were re-gridded by a factor of 3 × 3. The scale bar is at the bottom of each image (Jy pixel −1 , where the pixel size is 8.25 arcsec.). 

The I , Q , and U maps of the SNR range 0.020–0.250, −0.005 to −0.0160, and 0.002–0.015 Jy pix el −1 , respectiv ely. The contours from the intensity map are 

0.009 and 0.126 Jy pixel −1 . Note that the edges of the maps show artefacts. The distribution of PAs (bottom right-hand panel) after rotation by 90 ◦ using the 

HAWC + polarization angle map that was rebinned by a factor of 3. 

A map of the polarization p is shown in Fig. 5 . There are three 

primary areas in which polarization is detected. (i) The centre of 

the SNR (labelled region ‘A’ in Fig. 5 , Table 1 ) associated with 

unshocked material such as [Si II ] (Rho et al. 2008 ; Smith et al. 

2009 ; Barlow et al. 2010 ); (ii) re gion ‘B’ e xtending between the two 

bright 154- µm regions in the centre and south-eastern shell in which 

the polarization signal is anticorrelated with the 154- µm emission; 

and (iii) the bright 154- µm emission region on the south-eastern shell 

(Region ‘C’). The lack of significant polarization signal to the west is 

likely due to contamination in this region from interstellar emission 

in the line of sight (De Looze et al. 2017 ). Figs 4 and 5 suggest 

an anticorrelation between the intensity ( I ) and polarization per cent 
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Figure 3. The 154- µm HAWC + observation image in full resolution (left-hand panel), Herschel PACS 160- µm image (middle panel), and the ratio map 

(right-hand panel) between HAWC + and Herschel PACS 160 µm (Table 3 ). The HAWC + and 160- µm PACS image resolution is 13.6 and 12 arcsec, 

respectively. The ratio map is produced after the two maps were smoothed to 13.6 arcsec, and the background is subtracted from the PACS image. The scale of 

the ratio map ranges from 0.5 to 1. The image is centred on RA 23 h 23 m 28 . s 52 and Dec. + 58 ◦48 
′ 
51 . ′′ 78 (J2000) with an FOV of 6.67 × 6.70 arcmin 2 . 

Figure 4. HAWC + image of Cas A at 154 µm within an FOV of ∼5 × 5 arcmin 2 ; the colour scale represents the total surface brightness. Polarization vectors 

that fulfill the criteria of p / σ p > 3 and I/ σ I > 20 have been rotated by 90 ◦ to show the inferred magnetic field morphology (black lines). Both intensity and 

polarization maps are binned by a factor of 3 to a spatial resolution of 41 arcsec. 
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Table 1. Polarization properties of Cas A and the results of the Davis–Chandrasekhar–Fermi (DCF) analysis. 

Region a Polarization Polarization T b d n c gas σ d 
V σ θ B e 

fraction (per cent) angle ( ◦) (K) (cm −3 ) (km s −1 ) ( ◦) (mG) 

Entire SNR 19.4 ± 6.7 − 20.2 ± 18.2 30 686 465 (1552) 17.2 ± 2.2 ∼4 (15) 

A. Centre (unshocked) 11.9 ± 3.8 − 8.1 ± 8.3 28 121 450 (1369) 11.2 ± 5.0 2 (9) 

B. Diffuse 12.0 ± 3.0 − 28.9 ± 8.1 33 673 575 (1569) 8.1 ± 2.7 10 (39) 

C. SE Shell 23.5 ± 5.7 − 19.2 ± 7.3 29 501 748 (2726) 18.1 ± 2.6 5 (20) 

a The entire SNR is the re gionco v ered by the HAWC + observations. Regions A, B, and C are marked in Fig. 5 (top). b The dust 

temperature (T d ) is from thetemperature maps derived by De Looze et al. ( 2017 ). c The density is derivedfrom the [S iii] line ratio of 

18.7- and 33.5- µm lines. d Thevelocity dispersion numbers are using [Si II ] lines of high-res andlow-res (in parenthesis) spectra (see 

Fig. 8 and Table 2 ). The velocity dispersion using high-res is a factor of ∼4 smaller than using low-res spectra. Since no high-res 

spectraexist for the entire SNR, we use σV using low-res divided by 4. Typical errors of the dust temperature ( T d ), gas density ( n gas ), 

and velocity dispersion ( σV ) are ∼5 K, 10 cm −3 , and 5 km s −1 , respectively. e The magnetic field ( B ) strength is derived using DCF 

method and σV using high-res spectra (low-res spectra in parenthesis). See the text for details. 

( p ) in that the polarization is weaker when the 154- µm intensity 

is brighter. Characterization of the p –I anticorrelation is described 

further in Section 3.3 . 

A line integral convolution (Cabral & Leedom 1993 ) plot is shown 

in Fig. 6 to show the o v erall large-scale magnetic field morphology 

from the HAWC + polarization observations. The polarization 

direction in Cas A is north to south (PA ranges from −50 ◦ to 25 ◦

peaking at −20 ◦ where the positive angle is measured from N-E). The 

average PA is −20.24 ◦. The observed PAs from of the dust emission 

are not particularly radially aligned in contrast to the synchrotron 

radiation observed in the radio (Dunne et al. 2009 ). 

3.2 Magnetic field 

We derive magnetic field strengths using the DCF method (Davis & 

Greenstein 1951a ; Chandrasekhar & Fermi 1953 ; F alceta-Gon c ¸alv es, 

Lazarian & Kowal 2008 ; Li et al. 2022 ) based on the observed 

velocity dispersion, gas density, and the dispersion of polarization 

angles. We used a Spitzer IRS cube to derive the density and velocity 

dispersion using two [S III ] lines at 18.7 and 33.6 µm to create a 

density map (Rho et al. 2008 ; Smith et al. 2009 ). We extracted 

the [Si II ] 34.8- µm line using Spitzer IRS data from the regions of 

interest in Fig. 5 to derive the velocity dispersion (Fig. 8 ) and use the 

HAWC + polarization map to derive the dispersion in polarization 

angle θp . The resulting parameters are summarized in Table 1 . 

3.2.1 Volume density 

We derive the density map in Fig. 7 from the [S III ] line ratio of 

18.7- and 33.5- µm lines assuming a temperature of 6000 K (Smith 

et al. 2009 ). The density map indicates that the central blob and SE 

shell where we see low polarization ( ∼6–8 per cent) has a density 

of 100–200 and 500–10 4 cm 
−3 , respectively. In contrast, the region 

between these bright dust regions (fainter in the 154- µm map, see 

Region ‘B’ in Fig. 5 , top panel) has a gas density of ∼500 cm 
−3 

and a polarization of 15 per cent. One would predict that higher gas 

densities can lead to higher collision rates between the dust and gas, 

which causes stronger randomization. This decreases the alignment 

efficiency, resulting in reduced polarization (Hoang et al. 2021 ). 

3.2.2 Velocity Dispersion 

We use the [Si II ] line at 34.8152 µm from Spitzer IRS spectral 

mapping data (Ennis et al. 2006 ; Rho et al. 2008 ; Smith et al. 

2009 ; DeLaney et al. 2010 ), since this line has a higher signal- 

to-noise ratio than the [S III ] lines. We extracted the spectra from the 

central, unshocked re gion (Re gion A), the southeast shell (Region 

C), and the diffuse region (Region B) between the two (Fig. 5 , top) 

using both high-res and low-res spectra. The spectra from the entire 

HAWC + map are using low-res spectra only because the entire SNR 

was not co v ered with high-res spectra (Isensee et al. 2010 , 2012 ). The 

velocity line profiles are shown in Fig. 8 . We fit the [Si II ] line using 

multiple components of the Gaussian velocity profile and the velocity 

dispersion is estimated with σ V = FWHM/2.355 (Hwang et al. 2021 ). 

The derived velocity properties are summarized in Tables 1 and 2 . 

The velocity dispersion using the high-res spectra is between 450 

and 750 km s −1 . The Doppler or expansion motion is measured 

using the shifted velocity component ( V shift , Table 2 ). Ho we ver, since 

the SN ejecta is knotty with small-scale structures as seen in the 

HST images (Fesen et al. 2006 ), the velocity profiles of the large 

regions may include numerous knots. Therefore, the derived velocity 

dispersion σ V may be an upper limit. Spectra with higher spatial (0.6–

1 arcsec) and spectral resolution ( R ∼ 2700; Gerardy et al. 2002 ; Lee, 

Koo & Lee 2012 ) were tak en tow ards different parts of Cas A from 

the regions we need. Their position-velocity maps show many knots 

with a velocity range of 400–1000 km s −1 , indicating the velocity 

dispersion may be comparable to the numbers using high-res spectra 

in Table 1 , but some of the knots show a lower velocity dispersion of 

∼200 km s −1 . Thus the velocity dispersion using higher resolution 

spectra is likely a factor of a few smaller than those in Table 1 . 

3.2.3 Polarization angle dispersion 

We estimated the dispersion in polarization angles using polarization 

measurements and their errors for each pixel. The uncertainties of 

indi vidual PA v alues are important parameters when calculating the 

dispersion as described below. 

Taking into account measurement errors in our polarization data, 

we estimate σ θ as the weighted standard deviation of polarization 

angles ( θ = PA) (Li et al. 2022 ): 

σ 2 
θ = 

N 

N − 1 

1 

w 

N 
∑ 

i= 1 

w i ( θi − θ̄w ) 
2 , (2) 

where N is number of independent measurements (63), w i = 1 /σ 2 
i 

the weight of measurement i , given the measurement error in PA 

σ i , w = 

N 
∑ 

i= 1 
w i , and θ̄w = (1 /w) 

N 
∑ 

i= 1 
w i θi is the weighted mean 

polarization angle. The average polarization angle θ is −20 . ◦2 ± 18 . ◦2, 

and the median value of the dispersion σ is 7 . ◦7 ± 1 . ◦0. The average 
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Figure 5. Top panel: the polarization percentage map derived from the 

HAWC + observations with the 154- µm intensity contours o v erlaid (0.004, 

0.0066, 0.009, 0.012, 0.015, and 0.02 Jy pixel −1 where the pixel size is 

8.25 × 8.25 arcsec 2 ). Marked in blue are the three regions A, B, and C 

corresponding to centre, Diffuse, and SE shell, respectively (Table 1 ). These 

regions were selected to indicate areas with similar dust and B -field properties. 

Bottom panel: the polarization per cent for the 63 elements that meet the S/N 

criteria of I / σ I > 20 and p / σ p > 3. The average polarization fraction is 

19.4 ± 6.7 per cent. 

angle may infer the o v erall flow of the magnetic field direction 

as shown in Fig. 6 . The weighted mean θw is −20 . ◦37. Estimated 

from equation ( 2 ), the dispersion of the polarization angle, σ θ , is 

17 . ◦2 ± 2 . ◦2. 

The histogram of PAs for the 63 polarization elements shows 

a similar profile to Fig. 2 (bottom right-hand panel), but with 

a smaller number of pixels. We can fit the histogram using the 

three-component Gaussian model as we have done for the velocity 

dispersion. We find that the strongest component has −23 ◦ ± 7 . ◦8. 

The second and third components are −4 . ◦4 ± 4 . ◦6 and −42 ◦ ± 1 . ◦9, 

respectively. 

3.2.4 Strength of magnetic field 

The mean strength of the plane-of-sky magnetic field (Falceta- 

Gon c ¸alves et al. 2008 ; Li et al. 2022 ) is given by 

B 0 = 
(4 πρgas ) 

1 / 2 σV 

tan σθ

= 0 . 383 
√ 

n gas 
σV 

tan σθ

µG , 

where ρgas is the gas mass density (g cm 
−3 ), n gas is the gas 

number density in cm 
−3 , σ V is the measured velocity dispersion 

in km s −1 , and σ θ is the dispersion of the magnetic field orientation. 

The deri v ation of this equation and the related DCF method are 

summarized in Appendix A of Li et al. ( 2022 ). We estimate the 

magnetic field based on these equations using the input parameters 

in Table 1 . The magnetic field strength for the HAWC + observed 

regions amounts to 9–40 mG (Table 1 ). The maximum magnetic 

field is observed in the shocked SE shell (39 mG), whereas the 

central unshocked region shows a lower field strength of 9 mG. It is 

surprising to find such a strong magnetic field, although the shocks 

increase the magnetic field by the second-order Fermi acceleration 

(Cowsik & Sarkar 1984 ; Rho et al. 2003 ). When we use a factor 

of 4 smaller velocity dispersion (see Section 3.2.2 ), the magnetic 

field strength ranges from 2–10 mG. Note that there are various 

uncertainties in estimating the magnetic field strength using the DCF 

method, but it is the only way we know to estimate the field strength 

with polarization measurements. There have been many magnetic 

field strength estimates made for different regions of Cas A. We 

compare our measurements with previous values and discuss them 

in Section 4.1 . 

3.3 Polarization fraction versus emission intensity 

The polarization fraction as a function of total intensity is shown in 

Fig. 9 . The polarization fraction decreases as the intensity of the far- 

IR emission increases. Though the plot shows a significant scattering 

of the data, we fit it with a power-law function p ∝ I α . The slope 

of best-fitting model amounts to α = −1.03 ± 0.06. A similar slope 

has been found for 30 Dor (Tram et al. 2021 ). The steep slope of 

∼−1 reveals that grain alignment is only efficient in the outer layer 

of the ejecta of Cas A, whereas the alignment is lost in the inner layer 

(Hoang et al. 2021 ). 

Ho we ver, the p –I anticorrelation is not sufficient to characterize 

grain alignment properties because the total intensity I depends 

on sev eral ke y parameters, including gas column density and dust 

temperature, I ∼ N H B ( T d ) = n gas l gas B ( T d ), where N H is the gas 

column density, T d is the dust temperature, B ( T d ) is the Planck 

function, n gas is the gas density, and l gas is the length of the line 

of sight of the emitting gas. To better understand grain alignment, we 

examine correlations of polarization with dust temperature, density, 

and velocity dispersion, and we find the following results: 

(i) We observe no dependence between polarization per cent and 

temperature, where we use the dust temperature maps derived by De 

Looze et al. ( 2017 ). 

(ii) Material with higher velocity dispersion shows higher polar- 

ization fractions (see Table 1 ). 

(iii) There is no clear dependence on the polarization fraction and 

gas density based on the [S III ] line ratio. Ho we ver, when comparing 
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Figure 6. Magnetic field direction and strength in Cas A as shown by the line integral convolve (LIC) map (Cabral & Leedom 1993 ) based on the 

HAWC + measurements (Fig. 4 ). The colour scale shows the 154- µm HAWC + total intensity image (the colours are bro wn, bro wnish yello w, blue, 

and grey, downward in the order of the intensity). 

the central and diffuse re gions (re gions A and B, respectively), 

the higher density gas observed in region B has a correspondingly 

higher polarization (and higher velocity dispersion) than the central 

region. The polarization p depends on n H (the hydrogen number 

density, which can be traced by n gas ). Ho we ver, since the observed 

polarization fraction arises from dust grains in the entire column, the 

dependence of p on n gas may not be observed because of the spatial 

variation of n gas along the line of sight. 

A detailed discussion on grain alignment and implications for 

observed polarization is presented in Section 4.2 . 

3.4 Potential contaminants in the polarized signal from the 

Chop-nod mode 

We performed similar calculations as Dunne et al. ( 2009 ) to investi- 

gate any biases caused by the subtraction of a constant Stokes vector 

from the chop-nod (off) location to account for the ISM emission. 

We simulate the effect of the chop-nod on the resulting polarization 

properties for a target with polarized levels of 2, 5, and 10 per cent 

(see Fig. A1 ). Assuming an ISM polarization of 2 per cent (Planck 

Collaboration XX 2015a ) and a range of polarization angles, we 

find that the final polarization fraction p of Cas A, as provided 

by the HAWC + Level 4, data could be boosted (by more than 

10–15 per cent; ∼3.5, 7, and 13 per cent result in 5.5, 11, and 

21 per cent, respectively, as shown in Fig. A1 ) and that the PA could 

be significantly different (typically a 90 ◦ difference). More details 

are given in Appendix A . The level of bias depends on the intrinsic 

target polarization properties and could be more important in regions 

with low signal-to-noise emission. This may provide a potential 

explanation of the lack of polarization seen in the northern shell of 

Cas A at 154 µm compared with Dunne et al. ( 2009 ). If the chop-nod 

has resulted in an o v er subtraction of the off-ISM here (because the 

ISM contribution in the North part is relatively low or the northeastern 

part of the chop-nod off images has relatively brighter emission than 

elsewhere in the image as shown in Fig. 1 ), this would artificially 

make the resulting Stokes I ne gativ e (see Fig. A2 ). The uncertainty 

in the background level makes it difficult to quantify the effect on 

our observations; hence we use the measured debiased polarization 

fraction from the current pipeline and warn the reader of this issue. 
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Figure 7. Left-hand panel: ratio of the 18- to 33- µm maps from Spitzer of [S III ]. Right-hand panel: density map derived from the ratio map. The densities at the 

ejecta shell region are between 10 4 and 10 5 cm −3 and the interior has a density of a few 100 cm −3 . The average numbers for given regions are listed in Table 1 . 

Figure 8. The velocity profiles of [Si II ] from Spitzer centred at 34.8152 µm 

for the four regions listed in Table 1 . Regions A–C (Fig. 5 ) are indicated by 

the blue, red, and green colours with the entire SNR in yellow. High- and 

low-res spectra are shown with solid and dash–dotted lines, respectively. 

Table 2. Characteristics of velocity components using Spitzer IRS high-res 

spectra. 

Region V shift (km s −1 ) FWHM (km s −1 ) σV (km s −1 ) 

Centre −1782 a 1062 450 

−536 976 414 

3405 1484 630 

Diffuse −2403 a 1762 arc 

S ec32 3162 1342 

SE −1200 a 1354 575 

1172 1687 716 

a We selected the most substantial velocity component using the low-res 

spectra (see Fig. 8 ). When the line strengths are comparable to the others, we 

selected the smallest line widths. 

Figure 9. The polarization p fraction as a function of the total intensity I 

of the 63 polarization vectors. A single power-law fit p ∝ I α is shown (solid 

line) with slope α = −1.03 ± 0.06. 

Appendix A presents a chop-nod simulation and sho ws ho w the 

observed and the true polarization per cent differ under assumed 

polarization in the ISM. Potential contamination via synchrotron 

and the ISM to the polarization signal in Cas A are discussed further 

in Section 4.4 . 

4  DI SCUSSI ON  

4.1 Cas A with strong FIR polarization and magnetic field 

strength 

The Band D HAWC + image of Cas A shows an average polarization 

fraction of 19.4 ± 6.7 per cent and ranges from 5 to 30 per cent across 

the SNR. The average polarization fractions in typical interstellar 

dust are of the order of 2–7 per cent (Curran & Chrysostomou 2007 ), 

with recent Planck observations measuring 1–10 per cent (Planck 

Collaboration XX 2015a ). The maximum polarization fraction of 
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thermal dust emission can reach up to about 20 per cent in several 

large-scale regions of the Galaxy, such as the second ( l = 145 ◦) 

Galactic quadrant (Planck Collaboration XX 2015a ). 

Could the high polarization fractions measured by HAWC + 

be a result of the surrounding regions and not the SNR? Planck 

observations from 30 to 353 GHz (10 000–850 µm) detect primarily 

synchrotron emission at the location of Cas A (Planck Collaboration 

XXXI 2016 ), with an excess above the predicted synchrotron flux 

observed at 850 µm due to thermal dust emission. We have checked 

the polarization of Cas A using the shortest Planc k wa velength (850 

µm) and found weak polarization ( < 1 . 2 per cent) towards Cas A, 

likely due to the large beam of the Planck image (note that the map 

resolution is 10 
′ 
, a factor of 46 poorer than that of HAWC + at 154 

µm). 

The magnetic field strength of Cas A measured in this work using 

the FIR emission from dust ranges from 9 to 40 mG (or 2 to 10 

mG if the velocity dispersion is assumed to be overestimated by 

a factor of 4, Table 1 ). For comparison, the field strength of the 

OMC-1 star-forming region range from 0.8 to 26.2 mG (Hwang 

et al. 2021 ), with 0.115 mG observed in LkH α 101, part of the 

Auriga–California molecular cloud (Ngoc et al. 2021 ). The magnetic 

field strength B , inferred from observations of diffuse and molecular 

clouds via Zeeman splitting follows a relationship with hydrogen 

number density, n H , such that B ≃ 0 . 5 n 0 . 65 
H µG. For n H = 10 4 cm 

−3 , 

we would expect B ∼200 (80–500) μG (see fig. 1 of Crutcher 

et al. 2010 ). The magnetic field strength of Cas A is comparable 

to that of OMC-1 and more than 10 times stronger than seen in 

clouds. Potentially, this can be explained as a result of the impact 

of the reverse shock on the SN gas. In MHD simulations, the 

magnetic field strength of a few Microgauss can be amplified to 

a few hundreds to several thousand of Microgauss from such an 

interaction (Kirchschlager et al. 2023 ). 

How does the B field strength derived in this work compare with 

previous measurements of Cas A? Zeeman splitting of OH lines 

(tracing dense gas) towards Cas A showed a weaker magnetic field 

strength (9 μG) than observed (11–40 μG) in the atomic H I line 

(Bregman et al. 1983 ; Heiles & Stevens 1986 ). These low magnetic 

field strengths are typical in the ISM, indicating that these clouds 

likely have not been shocked by the shock fronts of Cas A (Verschuur 

1969 ; Heiles & Stevens 1986 ; Schwarz et al. 1986 ). 

The magnetic field derived from particle acceleration ranges from 

0.1 to 2 mG as estimated using X-ray synchrotron emission (Helder 

et al. 2012 ), radio observations (Rosenberg 1970 ; Atoyan et al. 

2000 ; Abeysekara et al. 2020 ) and mid-infrared observations (see the 

discussion in Dom ̌cek et al. 2021 ). Our measurement of 2–10 mG 

of the B field strength (Table 1 ) is therefore one to five times higher 

than the synchrotron measurements (0.1–2 mG). We should caution 

that it is difficult to compare the magnetic field probed by polarized 

dust emission with that obtained from synchtroton emission. Indeed 

different magnetic field strengths were found at different wavelengths 

in 30 Dor (Tram et al. 2022 ). The high field strengths derived here 

could also be affected by the uncertainties in the DCF method, 

including the filling factor of dense gas (as the ejecta knots are highly 

clumpy) and the associated velocity dispersion of the clumpy knots. 

Here we provide the first estimate of the magnetic field strength in 

an SNR using the dust polarization. 

Higher spatial resolution dust polarization maps may reveal local 

variations in the strength of the magnetic field across the SNR. 

More samples of far-infrared polarization observations of SNRs and 

SNe are needed to investigate further. We note that the polarization 

fraction and possibly the magnetic strength of dust in the FIR is much 

stronger than that observed in the radio from synchrotron emission 

in Cas A (Anderson, Keohane & Rudnick 1995 ), indicating that the 

dust is efficiently aligned. We will discuss this further in the next 

section. 

4.2 Grain alignment mechanisms in Cas A 

4.2.1 Can grains align with the ambient magnetic field? 

We have used dust polarization to infer the morphology and strength 

of the magnetic field using the DCF method. This assumes that dust 

grains are aligned with the magnetic field (i.e magnetic alignment). 

Here we check whether this assumption is valid for Cas A. 

Following the modern grain alignment theory (e.g. Andersson, 

Lazarian & Vaillancourt 2015 ; Lazarian et al. 2015 ), the first require- 

ment for magnetic alignment is that grains must have paramagnetic 

properties. This requirement is satisfied when Fe atoms having 

unpaired electrons are incorporated in the grains, which is justified 

for silicate grains or metallic grains. The second requirement is 

that the Larmor precession of such paramagnetic grains around the 

magnetic field must be faster than the randomization of the grain’s 

orientation by gas collisions. Following Hoang et al. ( 2021 ), the 

Larmor precession time of the grain around the magnetic field is 

t Lar ≃ 0 . 0042 ˆ ρ a 2 −5 

(

10 −4 

χ (0) 

)(

10 mG 

B 

)

yr , (3) 

where ˆ ρ = ρ/ (3 gcm 
−3 ), with ρ being the grain mass density, 

a −5 = a /(10 −5 cm), with a being the grain size, χ (0) is the magnetic 

susceptibility of the grains, and B is the magnetic field strength (see 

also Hoang & Lazarian 2016 ). 

One can see that the Larmor precession time is rather short, with 

t Lar = 0.0042 yr for Cas A assuming a = 0.1 µm and B = 10 mG as 

listed in Table 1 . 

The characteristic timescale of the grain randomization by gas 

collisions (i.e. gas damping time) is 

t gas ≃ 830 ˆ ρ a −5 

( 

1 

n 3 T 
1 / 2 

gas , 3 

) 

yr , (4) 

where n 3 = n H /10 3 cm 
−3 and T gas, 3 = T gas /10 3 K, with T gas being the 

gas temperature (see, e.g. Hoang et al. 2021 ). The equation implies 

t gas ≈ 201 yr for n H = 686 cm 
−3 and T gas = 6000 K (as inferred from 

the temperature of the [S III ] line). Equations ( 3 ) and ( 4 ) reveal that 

t Lar ≪ t gas , i.e. the Larmor precession time is much shorter than the 

gas damping time of dust grains in Cas A. Therefore, grain alignment 

is expected to occur with the ambient magnetic field of the SN ejecta, 

i.e. dust polarization can be a reliable tracer of the magnetic field. 

We note that, the lower limit of the magnetic susceptibility χ (0) 

obtained from the magnetic alignment condition of t Lar < t gas presents 

a lower constraint on the Fe abundance locked in the silicate lattice. 

For instance, the numerical prefactor in equation ( 3 ) is obtained for 

the paramagnetic susceptibility of χ (0) = 10 −4 , which corresponds 

to about 10 per cent of cosmic abundance of Fe locked in silicate 

lattice (see equation ( 4 ) in Hoang & Lazarian 2016 ). By comparing 

equations ( 3 ) and ( 4 ) abo v e, a much lower value of χ (0) also satisfies 

the criterion of t Lar < t gas for the magnetic alignment. 

4.2.2 Grain alignment by radiative torques (RATs) 

Next we discuss the physical mechanisms that can efficiently align 

dust grains within the SNR. Grain alignment via radiative torques, 

RATs (Dolginov & Mytrophanov 1976 ; Draine & Weingartner 1997 ; 

Lazarian & Hoang 2007 ) is thought to be the dominant process for 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
n
ra

s
/a

rtic
le

/5
2
2
/2

/2
2
7
9
/7

1
4
3
6
0
1
 b

y
 C

a
rd

iff U
n
iv

e
rs

ity
 u

s
e
r o

n
 2

5
 M

a
y
 2

0
2
3



SOFIA/HAWC + Polarization in Cas A 2289 

MNRAS 522, 2279–2296 (2023) 

aligning grains with sizes a > 0.05 µm (Andersson et al. 2015 ). 

RATs can align elongated grains against gas collisions when the 

grains rotate at an angular velocity greater than their thermal rotation 

value, i.e. suprathermally. Moreo v er, the combination of fast Larmor 

precession and RAT alignment also result in grains aligned with the 

magnetic field (the so-called B-RAT mechanism, e.g. Pattle & Fissel 

2019 ). 

The minimum size of dust grains that can be aligned by RATs 

depends on the local gas properties and radiation field, as given by 

Hoang et al. ( 2021 ): 

a align ≃ 0 . 15 ˆ ρ−1 / 7 

(

n 3 T gas , 3 

γ0 . 3 U 

)2 / 7 

×
(

λ̄

1 . 2 µm 

)4 / 7 

×
(

1 

1 + F IR 

)−2 / 7 

µm , (5) 

where γ 0.3 = γ /0.3, with γ being the anisotropy degree of the 

interstellar radiation field (ISRF) inside Cas A, and λ̄ is the mean 

wavelength of the ISRF which has a typical value of λ̄ = 1 . 2 µm 

(Draine & Weingartner 1997 ), and U is the strength of the radiation 

field, which is defined by the ratio of the radiation energy density to 

the typical value of the ISRF in the solar neighborhood (Mathis, 

Mezger & Panagia 1983 ). F IR is the dimensionless parameter 

describing the rotational damping by IR emission relative to gas 

damping. For the dense gas of Cas A exposed to the typical ISRF of 

U = 1, one has F IR ≪ 1 (see Hoang et al. 2021 ). 

The abo v e equation implies minimum grain sizes of a align ∼ 0.078, 

0.15, and 0.29 µm for n H = 10 2 , 10 3 , and 10 4 cm 
−3 , respectively, 

assuming the typical radiation field U = 1 and γ = 0.3 for molecular 

clouds. The enhanced local radiation field near Cas A can help 

smaller grains (i.e. results in a smaller a align ) to be aligned by RATs, 

but higher density regions would require larger grains in order to 

be aligned. Therefore, the grains required to produce the observed 

polarization in Cas A must be large as grains are aligned via radiative 

torques, with grain size a greater than a align ∼ 0.1 µm. 

Hoang & Lazarian ( 2016 ) showed that the alignment of grains 

with the magnetic field by RATs can be enhanced by paramagnetic 

relaxation (also known as Davis–Greenstein mechanism; Davis & 

Greenstein 1951b ). The characteristic timescale of paramagnetic 

relaxation is given by 

τmag = 
I ‖ 

V K( ω) B 2 
= 

2 ρ a 2 

5 K( ω) B 2 

≃ 0 . 34 
ˆ ρ a 2 −5 T d,1 

ˆ p 

(

B 

10 mG 

)−2 
(

1 + ( ω τel / 2) 2 
)2 

yr, (6) 

where I ‖ is the principal inertia moment, V is the grain volume, K = 

ωχ
′ 
, where χ

′ 
is the imaginary part of grain magnetic susceptibility, 

T d, 1 = T d /10 K, ˆ p = p/ 5 . 5 with p as the coefficient of atomic 

magnetic moment, and τ el ∼ 10 −12 / f p , with f p being the fraction of 

Fe atoms in the silicate material is the electron spin-spin relaxation 

time (see Hoang & Lazarian 2016 for details). 

From equations ( 4 ) and ( 6 ), one can see that paramagnetic 

relaxation is much faster than gas randomization. Therefore, the 

combined effects of paramagnetic relaxation and RATs (also known 

as the M-RAT mechanism; Hoang & Lazarian 2016 ) can help grains 

with size a > a align to achieve the perfect alignment of the grain 

axis of maximum inertia moment with the ambient magnetic field 

(Hoang & Lazarian 2016 ). More precisely, because the grains spin 

along the shortest axis (due to internal relaxation; Purcell 1979 ), the 

spin (i.e. the grain angular momentum) is aligned with the magnetic 

field (Hoang 2022 ). 

4.2.3 Origin of the depolarization 

Our analysis of grain alignment in the previous section suggests that 

grain alignment in Cas A is very efficient due to the combination of 

RATs and paramagnetic relaxation. The question now is what is the 

origin of the depolarization, as shown by p –I anticorrelation (Fig. 9 )? 

In general, the observed decrease of polarization ( p ) with the 

intensity ( I ), can be induced by the decrease of the grain alignment 

efficiency and the tangling of the magnetic field along the line of 

sight (e.g. Pattle & Fissel 2019 ; Seifried et al. 2019 ; Hoang et al. 

2021 ). Below, we discuss in detail these two possibilities. 

First, the polarization fraction of thermal dust emission depends 

on the size distribution of aligned grains with lo wer cutof f a align and 

upper cutoff a max (Lee et al. 2020 ). For a given a max of the grain size 

distribution, the RAT alignment theory implies the value of a align 

increases with the gas density n H (see equation ( 5 )), which narrows 

the size distribution of aligned grains and results in a decreasing 

polarization fraction. In dense regions e.g. n H > 10 4 cm 
−3 such that 

a align > 0.3 µm, grain alignment is completely lost when a max < a align . 

As a result, thermal dust emission from this dense region would be 

unpolarized. Therefore, if I ∝ n H , the RAT theory can reproduce the 

observed anticorrelation of p –I with slope α ∼ −1. 

Second, to check whether the magnetic field tangling can explain 

the depolarization, we analyse the dependence of the polarization 

fraction on the polarization angle dispersion function ( S ). The 

definition of S was introduced in Planck Collaboration XIX ( 2015b ). 

The de-biased dispersion at position r on the sightline is given as 

S( r ) = 
√ 

S 2 biased ( r ) − σ 2 
S ( r ) with S biased ( r ) and σ 2 

S ( r ) the biased dis- 

persion and its associated error at this position. They are, respectively, 

determined as 

S biased ( r ) = 

√ 
√ 
√ 
√ 1 

N 

N 
∑ 

i= 1 

[ ψ( r + δi ) − ψ( r )] 2 , (7) 

σ 2 
S ( r ) = 

1 

N 2 S 2 biased 

N 
∑ 

i= 1 

σ 2 
ψ ( r + δi )[ ψ( r + δi ) − ψ( r )] 2 

+ 
σ 2 

ψ ( r ) 

N 2 S 2 biased 

[ 
N 
∑ 

i= 1 

ψ( r + δi ) − ψ( r ) 

] 2 

, (8) 

where ψ( r ) and σ ( r ) are the polarization angle and its error at 

position r , σ ( r + δ) are for r + δ, N is all data points within a 

circular aperture centred at the position r with a diameter of two 

beam sizes. 

Observations and numerical simulations of dust polarization 

from molecular clouds reveal the anticorrelation of the polariza- 

tion fraction with the polarization angle dispersion S (e.g. Planck 

Collaboration XX 2015a ; Planck Collaboration XIX 2015b ). This 

anticorrelation is expected because larger S corresponds to stronger 

magnetic field tangling, which reduces the net polarization fraction. 

Here, using the observed polarization data, we compute the polariza- 

tion angle dispersion using equation ( 7 ). Fig. 10 shows the variation 

of the polarization fraction with the polarization angle dispersion 

observed in Cas A. For small angle dispersions of S < 30 ◦, there 

is no clear correlation between p and S (see blue symbols in Fig. 

10 ). Ho we ver, for the large polarization angle dispersions of S > 

30 ◦ (red symbols in Fig. 10 ), the polarization degree decreases 

with the increasing S . This suggests that the main process for the 

depolarization is the loss of grain alignment, and the effect of B-field 

tangling becomes important for sufficiently large angles of S > 30 ◦. 

Therefore, the depolarization in p –I anticorrelation is likely caused 

by the decrease of grain alignment towards denser regions, and 
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Figure 10. Variation of the polarization fraction on the absolute value of polarization angle dispersion ( S ) with a linear fit for S > ∼30 (solid line) with the 

representative errors of the polarization per cent. The polarization fraction shows a dependence on the angle dispersion ( S ) for S > ∼30 as we expect the magnetic 

field becomes more tangled with a higher dispersion S . The definition of S is given in the text (Section 4.2.3 ). 

the tangling of the magnetic field plays a minor role. The dense 

re gion observ ed in the SE shell (re gion C in Fig. 5 , top panel) 

indeed shows weaker polarization whereas the less dense region 

(labelled ‘diffuse’, region B) shows a stronger polarization fraction 

(Table 1 ). 

4.3 Dust properties in Cas A 

We compare the observed polarization properties of Cas A with 

a theoretical calculation that we described in Section 3 , and we 

summarize what we have learnt about the dust properties in Cas A 

below. 

(i) The dust grains are large, indicated by the fact that a high 

polarization fraction is detected in far-IR emission (see Section 4.2.2 ; 

Guillet et al. 2018 ). Equation ( 5 ) implies that grains must be larger 

than ∼0.15 µm for n H > 10 3 cm 
−3 to reproduce the high polarization 

level. The suggestion of large grains in Cas A is in agreement with 

observations of dust in the Crab Nebula (Gomez et al. 2012 ; Owen & 

Barlow 2015 ), and these may be more robust to destructive processes 

in SNRs (Priestley et al. 2022 ). 

(ii) The dust grains in Cas A have elongated shapes. If there are 

only spherical grains, there will be no polarization (Kirchschlager 

et al. 2019a ; Draine & Hensley 2021a ). The required elongation 

depends on the alignment efficiency. If grain alignment is very 

efficient (e.g. perfect efficiency), a moderate elongation of the axial 

ratio of 1.4 is sufficient. The elongation of grains is likely greater than 

the axial ratio of 1.4. The condition of Cas A is indeed unique because 

of the strong magnetic field and RATs, under which the grains can 

easily produce perfect alignment. Ho we v er, the e xact elongation 

of dust grains requires the detailed modeling of dust polarization, 

taking into account the grain alignment efficiency and magnetic field 

geometry. 

(iii) The high polarization levels observed in this work can be 

used to indicate the dominant grain composition responsible for 

the polarized emission. Vandenbroucke et al. ( 2021 ) simulated the 

maximum linear polarization fraction as a function of wavelength 

for a dust grain mixture of elongated silicate grains and non- 

aligned graphite grains assuming an MRN size distribution (Mathis, 

Rumpl & Nordsieck 1977 ; Zubko, Dwek & Arendt 2004 ). They 

found that silicate grains can produce polarization levels from 5 to 

15 per cent (Guillet et al. 2018 ; Vandenbroucke et al. 2021 ) whereas 

the polarization of carbon dust is less than 3 per cent at 154 µm 

(fig. 13 of Guillet et al. 2018 ). Pure carbon dust is not expected to be 

efficiently aligned and cannot produce the higher polarization levels 

observed in the HAWC + images 2 (Chiar et al. 2006 ; Lazarian et al. 

2015 ; Vandenbroucke et al. 2021 ). A polarization fraction of (25, 20, 

10) per cent requires (100, 80, 40) per cent silicate dust, respectively 

whereas a combination of 60 per cent silicate and 40 per cent graphite 

grains would produce ∼ 15 per cent polarization (Vandenbroucke 

et al. 2021 ). The levels of polarization vary across the SNR, areas 

with lower polarization levels (i.e. regions A and C) perhaps contain 

more carbon dust than those with more strongly polarized emission 

(i.e. region B, the diffuse area between the bright dust clouds). 

Alternatively, other SN grain compositions, such as iron-bearing dust 

2 Moreo v er, SOFIA/HAWC + observations towards a C-rich A GB star , 

IRC + 10216, reveal a far-IR polarization of less than 5 per cent (Andersson 

et al. 2022 ). 
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may explain the origin of polarization levels higher than 25 per cent. 

Metallic iron-type dust (pure Fe, FeS, etc.) are both observed 

(Rho et al. 2008 ; Arendt et al. 2014 ) and predicted in SNe ejecta 

(Sarangi & Cherchneff 2015 ; Sluder, Milosavljevi ́c & Montgomery 

2018 ; Marassi et al. 2019 ). Unfortunately, there are no polarization 

simulations of Fe-bearing dust to which we can compare. Future dust 

polarization modeling, including Fe, FeS, and SiO 2 grains, and in the 

environment of shocks is encouraged in order to compare with the 

high polarization levels seen in Cas A. 

The high polarization levels in this work therefore indicate the 

grains are silicate dominated. We caution ho we ver that polarization 

observations from a single band is insufficient to understand the 

polarization alignment mechanism and quantify the dust properties 

more accurately, for example, to estimate the exact contribution 

of Si/C and Fe dust. Future multi-band far-IR observations should 

break the degeneracies in grain composition and size, magnetic field 

conditions, and grain alignment efficiencies in the aftermath of the 

stellar explosions of massive stars. 

4.4 SN-dust mass and polarized far-IR emission 

In this Section, we derive the mass of dust associated with the SNR 

Cas A using the HAWC + observations. We use the region containing 

the polarization vectors in Fig. 4 (the exact region is marked as a 

polygon in Fig. 11 c; hereafter we call it the POL region.) 

There are three main issues to consider when estimating the 

mass of dust: (i) removing the synchrotron contamination at IR 

wav elengths, (ii) remo ving the contribution from interstellar ma- 

terial along the line of sight, and (iii) the assumed dust grain 

composition. 

The synchrotron contribution is estimated using the spectral index 

α = −0.64 (Rho et al. 2003 ) where flux S is proportional to frequency 

ν as log S ∝ α log ν. The small spectral index variation (Rho 

et al. 2003 ) across the Cas A SNR was ignored. This estimate 

of synchrotron emission is consistent with that of Dunne et al. 

( 2003 ), where they found synchrotron made up more than half of the 

emission at 850 µm and of De Looze et al. ( 2017 ), where they show 

synchrotron makes up 11 ± 3.3 per cent of the 160- µm emission. 

The synchrotron contribution at 154 µm is expected to be less than 

8 per cent (see Section 4.4.1 and Fig. 12 for details). 

Removing the contribution from interstellar material along the 

line of sight has been an issue for Cas A. Krause et al. ( 2004 ) had 

originally suggested that no cold dust existed within Cas A because 

part of the SNR coincides with large interstellar CO clouds based 

on low-resolution CO data. However, the Spitzer MIPS 70- µm map 

reveals dust emission following the morphology of the Cas A SNR 

and bounded by the forward and reverse shocks (Rho et al. 2008 ). 

Most importantly, Herschel ’s high-resolution images revealed far- 

IR emission from dust-associated with the ejecta (Barlow et al. 

2010 ; De Looze et al. 2017 ). De Looze et al. ( 2017 ) derived a 

suite of insterstellar models for Cas A by assuming an SED shape 

appropriate for interstellar emission at IR wavelengths for different 

radiation field strengths, G 0 , and dust composition. There is an 

inherent uncertainty in this method due to the assumption of the 

SED shape and uncertainty in G 0 but these models represent the 

best spatial separation of the contaminants to the SN-dust emission 

signal. Model maps from De Looze et al. ( 2017 ) are shown in Fig. 

11 (d)–( f) alongside the HAWC + observations. The fraction of the 

IR flux across Cas A originating from unrelated foreground ISM 

emission is shown in Fig. 11 d, similarly the fraction of the emission 

from synchrotron emission is shown in Fig. 11 e. Combining these 

maps, De Looze et al. ( 2017 ) created a map of the fraction of the 

emission originating from SN dust (Fig. 11 f). These indicate that the 

average fraction of SN, IS and synchrotron emission o v er the total 

SNR at 160 µm is 0.28, 0.7, and 0.05–0.2, respectively (De Looze 

et al. 2017 ). 

Three-colour images of Spitzer at 24 µm, Herschel at 70 µm, 

and HAWC + at 154 µm show where the 154- µm excess emission 

resides (in red in Fig. 11 a). The excess emission (e.g. outside the 

SNR on the west) is consistent with the interstellar fraction map 

in Fig. 11 d, except for the northern shell where far-IR emission at 

154 µm is lacking. (Note that the full resolution HAWC + image 

(13.6 arcsec) at 154 µm is comparable to that (12 arcsec) of Herschel 

160 µm.) Four interstellar clouds are identified in the ISM fractional 

map from De Looze et al. ( 2017 ) and are marked in Fig. 11 (d). The 

bright interstellar cloud observed to the east of the centre in Fig. 11 

d (marked with a line as cloud 4), is offset from the bright knot of 

cold dust emission at the centre. The bright IS cloud in the south 

(cloud 3) is also not coincident with the southeastern shell observed 

at 154 µm. This suggests that there are dusty regions in the 154- µm 

observation of Cas A that are not dominated by foreground IS dust. 

The western side of the remnant has ISM dust where there is 154- µm 

emission but no polarization is detected (red emission is noticeable 

outside the SNR shell in Fig. 11 a). 

Now with the polarization map at 154 µm, what can we say about 

the dust mass associated with SN-dust and the contribution from 

ISM-dust? The average polarization of the dust is 19.4 ± 6.7 per cent. 

The western shell of Cas A shows a lack of polarization, which is 

consistent with this region being contaminated by the ISM (Krause 

et al. 2004 ). The strong polarization in f ar-IR detected in this w ork 

(see Figs 4 and 5 ) indicates the presence of SN-dust in Cas A 

and not just ISM dust towards the SNR. We detect polarization 

at the centre of the SNR, in the southeastern shell, and in between 

these two regions (Regions A, B, and C in Fig. 5 ). Comparing with 

the De Looze et al. ( 2017 ) model maps, the polarized areas are 

coincident with regions with higher fractions of SN-dust (about 50 

per cent). 

We remeasured the Hersc hel flux es to confirm that our measure- 

ments are consistent with those in table 2 of De Looze et al. ( 2017 ). 

We estimated the total flux density of Cas A within a large area 

(20 per cent larger than the bright outer shell of Cas A) at 160 µm, 

which is consistent with the value 236.2 ± 19.2 Jy obtained by De 

Looze et al. ( 2017 ). Now though with background subtraction (using 

the chop-nod area shown in Fig. 1 ), the flux of the total Cas A 

SNR (we define a region that encompasses the area covered by the 

HAWC + observation which is marked as a large circle shown in 

Fig. 11 c) reduces to 60.1 ± 11.8 Jy (Table 3 ). In comparison, the 

HAWC + flux at 154 µm is 47.5 ± 7.9 Jy. These fluxes are within 

the range of SN dust estimated using the model of De Looze et al. 

( 2017 ) (132 ± 16, 70 ± 12, and 25 ± 7 Jy for G = 0.3 G 0 , 0.6 G 0 , 

and 1.0 G 0 , respectively. 

4.4.1 The dust mass within the polarized region 

To estimate the amount of SN dust in Cas A we performed photometry 

of the POL region (the polygon in Fig. 11 c). The shape was chosen 

to exclude the western region and also a v oid the ISM dominated 

areas, guided by the ISM fraction map from De Looze et al. ( 2017 ) 

and the three-colour maps in Fig. 11 (a). The POL flux density is 

26.12 ± 5.11 Jy at 154 µm with HAWC + and 30.58 ± 7.55 Jy 

at 160 µm with Herschel . The flux density of the POL region 

is 55 ± 14 per cent of the emission from the entire SNR co v ered 

by the HAWC + observation (the large circle in Fig. 11 c). The 
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Figure 11. Three mosaicked colour images of Spitzer 24 µm (in blue with the range from 100 to 1100 MJy sr −1 ), Herschel 70 µm (in green with the range 

from 0–0.068 Jy pixel −1 and pixel size is 1 
′ 
), and HAWC + 154 µm (in red with the range from 0–0.021 Jy pixel −1 and pixel size is 2.75 

′ 
). (Panel b) 

HAWC + 154- µm image in full resolution (13.6 arcsec). (Panel c) HAWC + 154- µm image after rebinning by a factor of 3 × 3 (to 41-arcsec resolution). The 

HAWC + 154- µm contours (in green) are superposed on the fraction of ISM (panel d), synchrotron (panel e), and SN dust (panel f) maps from De Looze et al. 

( 2017 ). The MIPS 24- µm contours (in black) are on (e) and (f) maps. The fraction of ISM for regions around Cloud 1 (C1), C2, C3, and C4 is 0.58, 0.55, 

0.65, and 0.93, respectiv ely. The av erage fraction of ISM in the 160- µm emission was estimated to be 0.65–0.7 of the total flux. The images are centred on RA 

23 h 23 m 27 . s 75 and Dec. + 58 ◦48 
′ 
47 . ′′ 75 (J2000) with each FOV of 6.03 arcmin × 6.03 arcmin. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
n
ra

s
/a

rtic
le

/5
2
2
/2

/2
2
7
9
/7

1
4
3
6
0
1
 b

y
 C

a
rd

iff U
n
iv

e
rs

ity
 u

s
e
r o

n
 2

5
 M

a
y
 2

0
2
3



SOFIA/HAWC + Polarization in Cas A 2293 

MNRAS 522, 2279–2296 (2023) 

Figure 12. The mid- and far-IR SED of the polarization region (the polygon 

in Fig. 11 c). The Herschel photometry (squares) is superposed on the best- 

fitting SED (blue) derived using the CDE model with grain composition 

MgSiO 3 . The number in parenthesis is the dust temperature of the grain in 

K. The non-thermal synchrotron radiation is shown by the green dotted line, 

and thermal emission from IS dust is shown by the brown dotted line. The 

total flux density from the model fit is shown by the red solid line. 

spectral energy distribution of the POL region using Herschel 

and SOFIA/HAWC + is shown in Fig. 12 with fluxes listed in 

Table 3 . 

Since the polarization indicates silicate dust grains dominate, we 

use the MgSiO 3 non-spherical CDE model (since this provides an 

elongated grain shape with the axis ratio greater than 1.4). 3 The 

Q abs / a of the CDE model is only 2–3 per cent higher than that of 

the spherical model using silicate dust of MgSiO 3 and it retains the 

same shape abo v e 10 µm. Here we hav e assumed a grain size a = 

0.15 µm. Note that we excluded SiO 2 or Mg 0.7 SiO 2.7 grains that 

were pre viously sho wn to produce the sharp 21- µm dust feature in 

Cas A (Rho et al. 2008 , 2018 ) because the IRS spectrum for the POL 

re gion we e xtracted did not show this feature. We first performed dust 

spectral fitting, resulting in a best fit dust temperature below 20 K, 

which indicates there is still a potential contribution from IS cold 

clouds (Reach et al. 1995 ; Boulanger et al. 1996 ; Lagache et al. 1998 ; 

Millard et al. 2021 ). We then included the ISM SED model from Jones 

et al. ( 2013 ) and fit the SED simultaneously (Fig. 12 ) using SN dust 

composed of MgSiO 3 and ISM SED assuming G 0 = 0.6 (as was done 

by De Looze et al. ( 2017 )). We estimated the synchrotron emission 

using the 4.72-GHz flux density (Anderson et al. 1991 ) and radio 

spectral index of 0.64 (De Looze et al. 2017 ) based on the Planck 

emission from Cas A (Planck Collaboration XXXI 2016 ; De Looze 

et al. 2017 ). The fitting yielded an SN dust temperature of MgSiO 3 

of 30 ± 3 K, and an SN dust mass of 0.13 ± 0.1 M ⊙. We repeated 

the same steps for G = 0.3 G 0 and 1 G 0 and estimated an SN dust 

mass of 0.15 ± 0.3 and 0.12 ± 0.02 M ⊙, respectively. These masses 

(0.1–0.18 M ⊙) serve as the lower limit of the dust mass since we 

believe a high-resolution polarization map will reveal polarization 

on smaller scales outside the POL region. 

The POL region dust mass (0.14 ± 0.04 M ⊙, hereafter) is roughly 

a 1/3 of the total dust mass observed previously in Cas A (Dunne 

et al. 2009 ; De Looze et al. 2017 ). It is ho we ver consistent with the 

lowest dust mass estimate proposed by De Looze et al. ( 2019 ) when 

assuming a high ISRF ( G = 1.0 G 0 ). Our estimate is less dependent 

3 We note that silicate grains of MgSiO 3 structure are paramagnetic material, 

which can align with the magnetic field. 

on the radiation field strength since the ISM contribution is lower in 

the POL region compared to other parts of the SNR. 

Are such high dust masses expected in SNe ejecta? Theoretical 

models of SN dust formation show that the mass formed depends on 

the progenitor mass and the SN type (Todini & Ferrara 2001 ; Nozawa 

et al. 2007 ; Hirashita et al. 2014 ). The dust mass predicted to form 

from a 20–25 M ⊙ progenitor star is about 0.5 M ⊙ at solar abundance 

(Todini & Ferrara 2001 ). The dust mass produced by SN does depend 

on the density of the environment, for example, only 0.1–0.2 M ⊙ of 

dust is predicted to form when the density is n H = 1 cm 
−3 (Hirashita 

et al. 2014 ). 

4.4.2 Implications for dust in the early Universe 

Models that follow the dust production rates of galaxies in the early 

universe (500–800 Myr after the big bang) require 0.08–0.3 M ⊙ of 

dust per core collapse SN at zero metallicity, increasing to 0.24–

0.9 M ⊙ at solar metallicity to explain the large quantities of dust 

observed (Morgan & Edmunds 2003 ; Dwek 2004 ; Gall et al. 2011 ; 

Michałowski 2015 ). The amount of dust that is required to form is 

both dependent on the initial mass function assumed in the models 

and the fraction of the dust that survives. In models assuming a 

top-heavy IMF, less dust is required per ccSNe than for a Salpeter 

IMF due to the higher fraction of high-mass stars. For dust survi v al, 

since the polarization levels observed with HAWC + implies large 

grains within the SNR ( > 0.15 µm), grain destruction processes are 

expected to be less efficient, and thus a significant mass of SN dust 

may survive the harsh environment of the SNR. The ∼0.14 M ⊙ of SN 

dust estimated from the polarized region is still a significant amount 

to account for the dust in the early Universe, e.g. this could explain 

the origin of dust in four out of the six high- z galaxies modelled by 

Michałowski ( 2015 ) (see their fig. 1 ). 

5  C O N C L U S I O N S  

(i) The polarization map obtained with SOFIA/HAWC + at 154 

µm differs from the previous polarization map at 850 µm (Dunne 

et al. 2009 ). The high polarization observed in the northern shell in the 

850- µm map is faint at 154 µm. This may be due to an o v ersubtraction 

in this region due to the chop-nod process. Elsewhere, the 154- µm 

map largely follows the distribution of cold dust emission, with bright 

emission at the south-eastern shell and the centre. 

(ii) We measure 5–30 per cent polarization across Cas A indicating 

that SNRs may be a strong polarization source in the far-IR. The high 

polarization is direct evidence that grains are elongated and aligned 

to a high degree. The detection of highly polarized dust emission 

in Cas A supports the hypothesis that significant quantities of SN 

dust have formed and suggests that a large fraction of the 154- µm 

emission is from SN dust grains. 

(iii) We observe an inverse correlation between the intensity and 

polarization degree. The polarization shows that grains are aligned 

but at a weaker polarization level where the emission is bright at 154 

µm, including the central unshocked ejecta and the south-eastern 

shell. In contrast, stronger polarization is detected in regions between 

the bright structures. 

(iv) Using the modern theory of grain alignment, we find that 

silicate grains can be perfectly aligned due to the joint action of 

paramagnetic relaxation and radiative torques due to the large mag- 

netic field strength in Cas A. This can explain the high polarization 

fraction observed by SOFIA/HAWC + . Moreover, the efficiency of 

grain alignment by RATs decreases with gas density. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
n
ra

s
/a

rtic
le

/5
2
2
/2

/2
2
7
9
/7

1
4
3
6
0
1
 b

y
 C

a
rd

iff U
n
iv

e
rs

ity
 u

s
e
r o

n
 2

5
 M

a
y
 2

0
2
3



2294 J. Rho et al. 

MNRAS 522, 2279–2296 (2023) 

Table 3. Far-infrared flux densities of HAWC + and Herschel images. 

Instrument Waveband ( µm) Total minus bkg (Jy) a POL region c (Jy) 

Herschel PACS 70 74.71 ± 9.0 29.59 ± 5.69 

Herschel PACS 100 79.88 ± 10.93 37.42 ± 7.45 

HAWC + 154 47.52 ± 7.89 b 26.12 ± 6.11 

Herschel PACS 160 60.05 ± 11.75 30.58 ± 7.55 

Herschel SPIRE 250 45.49 ± 0.41 20.21 ± 0.25 

Herschel SPIRE 350 29.74 ± 0.52 12.33 ± 0.32 

Herschel SPIRE 500 19.35 ± 0.26 7.55 ± 0.15 

a The flux density of Cas A with background subtraction. The chop-and-nod background region for 160- µm 

background subtraction is used. b The total is for the region covered by HAWC + , marked in Fig. 11 (c) as a 

circular region. c The POL region contains strong polarization vectors and the exact region is marked as a polygon 

in Fig. 11 (c). 

(v) The depolarization in the p –I anticorrelation with a steep slope 

of α = −1 can be reproduced by the RAT theory–grain alignment is 

efficient in the outer regions due to its low gas density. The grains 

required to produce such anticorrelation of p –I must be large as grains 

are aligned via radiative torques, with grain size a greater than a align 

∼ 0.1 µm. Ho we v er, in v ery dense re gions, grain alignment is lost 

where the minimum grain size required for RAT alignment to occur 

exceeds the maximum grain size present, meaning that the grain sizes 

in the very dense region may not be large. 

(vi) We performed photometry of the polarized region (the poly- 

gon region in Fig. 11 c) and spectral fitting of its spectral energy 

distribution (SED) using the dust properties implied by the polar- 

ization. We assume silicate dust, Enstatite (MgSiO 3 ) using the CDE 

model accounting for elongated and large grains. The dust spectral 

fitting yielded a dust temperature for MgSiO 3 grains of 31 K, with 

∼0.14 M ⊙ of mass. This mass serves as the lower limit of the dust 

mass produced in the Cas A ejecta; this is still a significant amount 

to account for the dust in the early Universe. 

Future James Webb Space Telescope observations, with its higher 

spatial and spectral resolution, will help to accurately constrain gas 

density, velocity dispersion, and the warm dust temperature, which 

will lead to a more accurate estimate of magnetic field strengths in 

SNRs. High-resolution far-IR observatories with polarization capa- 

bilities are key to accurately estimating dust masses and determining 

the role of SN-dust in the early Universe. Unfortunately, SOFIA had 

its last flight on 2022 September 28 and the SPICA and Cosmic 

Origins programs have been canceled. There is currently no far-IR 

observatory or space mission on the horizon that will challenge us to 

answer this fundamental astrophysical question of the origin of dust 

in the early Univ erse. F ar-IR polarization measurements are vital 

to answer the question since some of the key uncertainties in dust 

properties needed to constrain the dust mass can be resolved. 
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APPENDI X  A :  C H O P - N O D  SI MULATI ON  

We briefly investigate the bias introduced by the Chop-Nod 

strategy implemented in the SOFIA/HAWC + pipeline. We note 

that the Chop-Nod method was the only available mode with 

SOFIA/HAWC + at the time of this observation. The following 

investigation is meant to warn the reader about potential uncertain- 

ties. 

The main issue related to the Chop-Nod strategy is the removal of 

a flat ISM in a region that can significantly fluctuate. This may lead to 

o v ersubtraction in pixels that do not have a lot of ISM contribution, 

and lead to losing that information. 

This could be a part of the reason why a portion of the region 

studied by Dunne et al. (2009), found to have a high polarization 

fraction at the SCUBA wavelength, is now showing ne gativ e Stokes 

I values (the upper part of the northern shell; the white contour and 

outside the contour in Fig. A2 ) at 154 µm. Another reason of a 

lack of polarization at the northern shell may be the intensity of 

the emission and polarization changes depending on wavelengths 

(Tram et al. 2021 ; Chastenet et al. 2022 ). The morphology of 
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Figur e A1. Measur ed tar get polarization ( empty symbols) , and the ini- 

tial polarization before chop-nod subtraction . The o v ersubtraction of a 

constant ISM value can artificially boost the resulting polarization fraction. 

Figure A2. The mosaicked image of Cas A focuses on the northern region; 

RGB represents HAWC + 154 µm, Herschel 160- µm (with purple contours 

of 0.0028, 0.0033 and 0.0038 Jy pixel −1 where the pixel size is 1 arcsec), and 

radio (1.38 GHz) images, respectively. The contours of the HAWC + image 

are marked in green (positive values of 0.0022 and 0.006 Jy pixel −1 where the 

pixel size is 2.75 arcsec) and white (ne gativ e value of −0.0001 Jy pixel −1). 

The lower part of the northern shell agrees between HAWC + and Herschel 

images. The upper part of the north shell shows a ne gativ e value (white 

contour) in the HAWC + image, and the contours show a discrepancy between 

HAWC + and Hersc hel images. Moreo v er, the HAWC + and Herschel far-IR 

images show stronger emission at the inner part of the northern shell and are 

intrinsically different from the radio (emission in blue), 850- µm (Dunne et al. 

2003 , 2009 ), and warm dust ( Spitzer 24 µm) images on the upper part of the 

northern shell (see Fig. 11 a). 

cold dust of far-IR emission intrinsically differs from those of 

the radio, 850 µm, and warm dust (24 µm) emission, as shown 

in Figs 11 and A2 , and the degrees of the polarization are also 

different. 

Here we examine the effect of the polarization that exists in the 

surrounding ISM emission on that of the SNR Cas A when we 

use the chop-nod strategy. In Fig. A1 , we show the o v erestimation 

of a few intrinsic polarization values due to the subtraction of the 

ISM. The underlying strategy is to ‘remove’ the Chop-Nod pipeline. 

We use the Level 4 data, and re-inject the flat ISM, i.e. ( I , Q , 
U ) initial = ( I , Q , U ) CasA + ( I , Q , U ) ISM . If this ISM contribution 

is o v erestimated, the final measured polarization, considered the 

one of the target, is biased towards higher values. We proceed as 

follows: 

(i) We use the comparison of the Herschel/PACS 160 microns and 

the SOFIA/HAWC + 154 microns to derive an average ISM intensity 

that was subtracted in the HAWC + pipeline. We find that value to 

be roughly I ISM = 0.0018 Jy/as 2 . 

(ii) For a value of the ISM polarization p ISM = 2 per cent and 

a range of ISM polarization angles θ ISM ∈ [ − 90 ◦, 90 ◦], we find 

the Stokes parameters Q ISM and U ISM by solving the system of 

equations: 

p = 

√ 

Q 2 + U 2 /I , 

θp = 0 . 5 × arctan ( U/Q ) . (A1) 

The value p ISM = 2 per cent was found by Planck Collaboration XIX 

( 2015b ). 

(iii) We next sample the rebinned Cas A data that pass the quality 

tests outlined in the main text. Here we search for pixels with 5, 

10, and 20 per cent polarization fraction, and extract their Stokes 

parameters. These are given as the legend in Fig. A1 . We add the ( I , 

Q , U ) ISM to these vectors, and recalculate their initial polarization 

properties. 

In this figure, the difference in the polarization properties before 

and after Chop-Nod subtraction is shown by the horizontal lines. 

The ratio I initial / I ISM is the main driver of this difference. A more 

detailed study will be needed to fully quantify the extent of bi- 

ases in the polarization properties due to subtraction of the ISM. 

Alternatively, scan mapping, such as the on-the-flying mapping 

method, can be used to remo v e the bias from the chop-nod 

method. 

This paper has been typeset from a T E X/L A T E X file prepared by the author. 
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