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ABSTRACT

We present the first polarimetric observations of a circumstellar disk in the far-infrared wavelength range. We report flux and linear
polarization measurements of the young stellar object HL Tau in the bands A (53µm), C (89µm), D (155µm), and E (216µm) with the
High-resolution Airborne Wideband Camera-plus (HAWC+) on board of the Stratospheric Observatory for Infrared Astronomy (SOFIA).
The orientation of the polarization vectors is strongly wavelength-dependent and can be attributed to different wavelength-dependent
polarization mechanisms in the disk and its local environment. In bands A, C, and D (53µm to 155µm), the orientation of the
polarization is roughly consistent with a value of 114◦ at the maximum emission. Hereby, the magnetic field direction is close to that of
the spin axis of the disk. In contrast, in band E (216µm), the orientation is nearly parallel to the minor axis of the projection of the
inclined disk. Based on a viscous accretion disk model combined with a surrounding envelope, we performed polarized three-dimensional
Monte Carlo radiative transfer simulations. In particular, we considered polarization due to emission and absorption by aligned dust
grains, and polarization due to scattering of the thermal reemission (self-scattering). At wavelengths of 53µm, 89µm, and 155µm,
we were able to reproduce the observed orientation of the polarization vectors. Here, the origin of polarization is consistent with
polarized emission by aligned non-spherical dust grains. In contrast, at a wavelength of 216µm, the polarization pattern could not be
fully matched, however, applying self-scattering and assuming dust grain radii up to 35µm, we were able to reproduce the flip in the
orientation of polarization. We conclude that the polarization is caused by dichroic emission of aligned dust grains in the envelope,
while at longer wavelengths, the envelope becomes transparent and the polarization is dominated by self-scattering in the disk.
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1. Introduction

HL Tau is a pre-main-sequence star in the Taurus molecular cloud
at a distance of about 140 pc (Kenyon et al. 1994; Rebull et al.
2004; Galli et al. 2018), which is surrounded by a circumstel-
lar disk with the possible formation of planets being observed
(Greaves et al. 2008). In addition, it is embedded in a circumstellar
nebulosity that is optically thick at optical to mid-infrared wave-
lengths, making the object not directly visible in this wavelength
region. The visual extinction is estimated from 22 mag to about
30 mag (Beckwith & Birk 1995; Stapelfeldt et al. 1995; Close
et al. 1997). However, this system offers an opportunity to study
the interplay between the still evolving circumstellar material and
magnetic fields, which play an important role in star formation,
as well as during the accretion process in the early stages and
evolution of young stellar objects (e.g., McKee & Ostriker 2007;
Li et al. 2014; Tsukamoto 2016; Wurster & Li 2018; Hull & Zhang
2019; Pattle et al. 2023). Furthermore, jets and outflows were
reported with a position angle consistent with the minor axis of
the projection of the inclined circumstellar disk (Mundt & Fried
1983; Mundt et al. 1990).

At millimeter and submillimeter wavelengths, the object has
been extensively studied (e.g., Beckwith et al. 1990; Mundy et al.
1996; Looney et al. 2000; Kwon et al. 2011; Stephens et al. 2014;
Lin et al. 2024). In particular, in observations with the Combined
Array for Research in Millimeterwave Astronomy (CARMA)
or the Plateau de Bure Interferometer (PdBI), properties such

⋆ Corresponding author; mlietzow@astrophysik.uni-kiel.de

as the disk mass or the density distribution could be estimated
(Guilloteau et al. 2011; Kwon et al. 2011, 2015). In addition,
instruments such as the Atacama Large Millimeter/submillimeter
Array (ALMA) provide additional properties of the circumstellar
disk in recent years, such as ring structures or the distribution and
alignment of dust grains (e.g., ALMA Partnership 2015; Pinte
et al. 2016; Stephens et al. 2017; Carrasco-González et al. 2019).
The circumstellar disk itself is inclined by an angle of 46.72◦
(from face-on) and has a position angle of 138.02◦ east-of-north
(ALMA Partnership 2015). The mass of the disk is estimated to be
about 0.1 M⊙ (Guilloteau et al. 2011; Kwon et al. 2015), 0.13 M⊙
(Kwon et al. 2011), or even up to 0.3 M⊙ (Carrasco-González et al.
2016).

Moreover, polarimetric observations provide an opportunity
to determine grain properties and to trace grain alignment in the
disk and the circumstellar environment. Hereby, polarization is
expected to arise from two different mechanisms. The first mech-
anism is self-scattering, that is, thermal radiation emitted and
scattered by dust grains in the disk (e.g., Kataoka et al. 2015;
Brunngräber & Wolf 2019). The second mechanism is dichroic
emission or absorption by non-spherical particles that align with
a magnetic field, an ambient gas flow, or the radiation field (e.g.,
Lazarian 2007; Andersson et al. 2015; Tazaki et al. 2017). Polari-
metric millimeter and submillimeter observations with ALMA of
several protoplanetary disks show polarization patterns that are
consistent with the mechanism of self-scattered radiation, such as
for IM Lup (Hull et al. 2018), HD 163296 (Dent et al. 2019; Ohashi
& Kataoka 2019), CW Tau and DG Tau (Bacciotti et al. 2018),
whereas in some cases self-scattered radiation and radiation from
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Table 1. General properties of the observations.

HAWC+ band Band center Band width (a) Beam FWHM Pixel scale Exposure time Date of observation
(µm) (µm) (arcsec) (arcsec) (s) (yyyy-mm-dd)

A 53 8.7 4.84 1.21 960 2021-11-03
C 89 17 7.8 1.95 694 2021-11-05
D 155 34 13.6 3.40 3042 2021-09-08
E 216 44 18.2 4.55 10 525 2021-09-08

Notes. (a)Band width from Harper et al. (2018).

aligned grains are proposed for the origin of polarization, such as
for HD 142527 (Kataoka et al. 2016b; Ohashi et al. 2018), AS 209
(Mori et al. 2019), and HL Tau (Kataoka et al. 2017; Stephens et al.
2017; Mori & Kataoka 2021; Stephens et al. 2023). In particular,
for the protoplanetary disk of HL Tau, the polarization pattern at
submillimeter wavelengths is consistent with a combination of
self-scattering and alignment-induced polarization. Furthermore,
mid-infrared polarization due to dichroic emission of elongated
particles is found in the disk of AB Aur (Li et al. 2016).

In general, grain alignment is caused by torques acting on
irregularly shaped dust grains. Due to some external force such
as an anisotropic radiation field (radiative torque; RAT) or a gas
flow (mechanical torque; MET), dust grains start spinning and
precessing around an axis given by either a magnetic field, the
gas flow, or the radiation field (e.g., Draine & Weingartner 1996;
Cho & Lazarian 2007; Lazarian 2007; Lazarian & Hoang 2007a,b;
Hoang & Lazarian 2009; Andersson et al. 2015; Tazaki et al. 2017).
In the case of RAT alignment, the rotating grains obtain a net
internal magnetization due to the Barnett effect (Barnett 1915)
and finally align with their longer axis perpendicular to magnetic
field lines while precessing around the field direction. Thus, the
orientation of polarization allows the underlying magnetic field
morphology to be traced, for instance, in molecular clouds (Reissl
et al. 2017; Seifried et al. 2020; Zielinski et al. 2021; Zielinski &
Wolf 2022). In contrast, if dust grains are aligned with an ambient
gas flow, the longer axis can be either parallel (Gold 1952) or
perpendicular (Lazarian & Hoang 2007b; Kataoka et al. 2019) to
the drift velocity.

However, polarimetric measurements of protoplanetary disks
in the far-infrared are not available so far. In this study, we report
the first polarimetric observations of HL Tau in this wavelength
range using the High-resolution Airborne Wideband Camera-
plus (HAWC+; Harper et al. 2018) on board of the Stratospheric
Observatory for Infrared Astronomy (SOFIA; Temi et al. 2018).
We present polarization maps in the HAWC+ bands A (53µm),
C (89µm), D (155µm), and E (216µm). Furthermore, to analyze
and discuss the polarimetric observations, we performed three-
dimensional Monte Carlo polarized radiative transfer simulations.
Taking into account various polarization mechanisms, we aim to
reproduce the observed degree and orientation of polarization at
all four considered wavelength bands.

This paper is organized as follows. In Sect. 2, we outline
the data acquisition and reduction. Subsequently, we present
and describe the polarization maps of HL Tau in Sect. 3. After-
ward, we model the observational results using radiative transfer
simulations in Sect. 4. Finally, we summarize the study in Sect. 5.

2. Observations

As part of SOFIA Cycle 9 (ID: 09_0084, PI: R. Brunngräber), the
observations were carried out using HAWC+ on flights 779, 786,

and 788 on September 8, November 3, and November 5, 2021,
respectively. All observations were performed using the on-the-fly
mapping (OTFMAP) polarimetric mode. Table 1 summarizes the
general properties of the observations.

The raw data were reduced by the SOFIA Science Center staff
using the HAWC+ data reduction pipeline (see Harper et al. 2018
or HAWC+ DRP user’s manual1 for a detailed description of the
pipeline and the data processing steps). In this article, we use level
4 data that are fully calibrated data, processed with version 3.2.0
of the HAWC+ pipeline. The resulting data are FITS files that
include Stokes I (total intensity), Q, U, the degree of polarization
p, debiased polarization degree p′, angle of polarization θ, and the
related measurement uncertainties σ. The degree of polarization
is given by

p =

√
Q2 + U2

I
. (1)

Following the approach of Wardle & Kronberg (1974), the
debiased degree of polarization is calculated as

p′ =
√

p2 − σ2
p, (2)

where σp is the error of the degree of polarization. Finally, the
polarization angle θ is defined by

tan(2θ) =
U
Q
. (3)

For a detailed description, we refer to Gordon et al. (2018).
We apply two quality thresholds for the following analysis,
considering only data for polarization which satisfy the relations

I
σI
> 100,

p′

σp
> 3. (4)

3. Results

3.1. Polarization maps

Figure 1 shows the resulting polarization maps obtained in the
four HAWC+ bands. The images are centered at a position of
about 04h31m38.5s, +18◦13′58′′ (J2000) and cropped to an image
size of 2 arcmin × 2 arcmin. The surface brightness is overlaid
with polarization vectors that satisfy the criteria (4). In general,
linear polarization of the system is detected in all bands and
multiple polarization vectors fulfill the criteria. Hereby, the length
and orientation of the vectors indicate the degree and angle of
polarization, respectively. An angle of 0◦ corresponds to the north-
south direction with a positive sign in counterclockwise rotation.
1 https://irsa.ipac.caltech.edu/data/SOFIA/docs/sites/
default/files/2022-12/hawc_users_revL.pdf

A190, page 2 of 11

https://irsa.ipac.caltech.edu/data/SOFIA/docs/sites/default/files/2022-12/hawc_users_revL.pdf
https://irsa.ipac.caltech.edu/data/SOFIA/docs/sites/default/files/2022-12/hawc_users_revL.pdf


Lietzow-Sinjen, M., et al.: A&A, 694, A190 (2025)

4h31m42s 40s 38s 36s

18◦14′30′′

00′′

13′30′′

00′′

RA (J2000)

D
ec

(J
20

00
)

HAWC+ Band A (53µm)

1000 au

p′ = 4 %

0.00

0.20

0.40

0.60

0.80

1.00

1.20

Fl
ux
/

Jy
ar

cs
ec
−2

4h31m42s 40s 38s 36s

18◦14′30′′

00′′

13′30′′

00′′

RA (J2000)

D
ec

(J
20

00
)

HAWC+ Band C (89µm)

1000 au

p′ = 4 %

0.00

0.20

0.40

0.60

0.80

Fl
ux
/

Jy
ar

cs
ec
−2

4h31m42s 40s 38s 36s

18◦14′30′′

00′′

13′30′′

00′′

RA (J2000)

D
ec

(J
20

00
)

HAWC+ Band D (155µm)

1000 au

p′ = 2 %

0.00

0.03

0.05

0.08

0.10

0.12

0.15

Fl
ux
/

Jy
ar

cs
ec
−2

4h31m42s 40s 38s 36s

18◦14′30′′

00′′

13′30′′

00′′

RA (J2000)

D
ec

(J
20

00
)

HAWC+ Band E (216µm)

1000 au

p′ = 2 %

0.00

0.01

0.02

0.03

0.04

0.05

0.06

Fl
ux
/

Jy
ar

cs
ec
−2

Fig. 1. SOFIA/HAWC+ polarization maps of HL Tau in band A (53µm, top left), band C (89µm, top right), band D (155µm, bottom left), and
band E (216µm, bottom right). The surface brightness (gray scale) is given in units of Jy arcsec−2 and is overlaid with polarization vectors in orange.
The length and orientation of the vectors give the degree and angle of polarization, respectively. Only vectors that satisfy the selection criteria (4) are
shown. The beam size (FWHM) at each corresponding SOFIA/HAWC+ wavelength band is indicated in the respective lower right corner. The
scale bar (1000 au) corresponds to an assumed distance of HL Tau of 140 pc. The images are cropped to an image size of 2 arcmin × 2 arcmin. See
Sect. 3.1 for details.

The less luminous system XZ Tau is barely visible in the images
at a position of about 04h31m40.1s, +18◦13′57′′ (J2000).

As listed in Table 1, with about 1.21 arcsec, band A offers
the smallest pixel scale. However, at this resolution, the disk of
HL Tau is located roughly inside a single pixel. Due to beam
convolution, the intensity and polarization vectors cover an area
on the image that is larger than the diameter of the circumstellar
disk (∼1.5 arcsec at a wavelength of 1.3 mm; ALMA Partnership
2015). Consequently, the observed polarization at all four
wavelength bands is likely a combination of the contribution
of radiating dust grains in the disk itself and the large envelope
surrounding HL Tau. However, with increasing wavelength, the
optical depth of the envelope decreases, so the circumstellar disk
becomes the dominant source of radiation. In particular, in the
submillimeter and millimeter wavelength regimes, the influence
of the envelope is negligible (Lay et al. 1997). We note that in
bands D and E, the neighboring system XZ Tau potentially also
contributes to the polarization because of the relatively large
beam size compared to the apparent separation of both systems.

In band A with a central wavelength of 53µm, the maximum
emission amounts to (1164.7± 1.1) mJy arcsec−2. The orientation
of the polarization vectors in this inner region is about 117◦ and
the degree of polarization is in average (0.49 ± 0.04) %. The
highest degree of polarization is about 5.1 %.

Furthermore, in band C with a central wavelength of 89µm,
the intensity decreases and the maximum emission amounts to
(776.9 ± 0.6) mJy arcsec−2. This inner region shows an angle of
polarization of about 112◦. However, the polarization vectors
in the outer regions mainly form an elliptical distribution. In
addition, the degree of polarization decreases with increasing
total intensity. The highest degree of polarization is 7.5% while it
decreases to a mean value of (0.40 ± 0.02)% in the inner region.

Next, in band D with a central wavelength of 155µm, the max-
imum emission amounts to (151.70 ± 0.07) mJy arcsec−2. The
angle of polarization in this region is 114◦. In addition, some
vectors in the west of the image are flipped by about 90◦ and are
thus oriented almost along the minor axis of the projection of
the inclined disk. Similarly to band C, the degree of polarization
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decreases with increasing total intensity. The highest degree of
polarization is 6.7% while in the inner region, it is on average
(0.26 ± 0.01)%.

Finally, in band E with a central wavelength of 216µm,
the maximum emission amounts to (56.17 ± 0.03) mJy arcsec−2.
The orientation of the polarization vectors in the central region
amounts to 37◦, which is almost consistent with the minor axis of
the inclined disk projection. The highest degree of polarization is
about 8.1 %. In the inner bright region, the degree of polarization
decreases to a mean value of about (0.51 ± 0.02) %. In contrast
to the bands at shorter wavelengths, there are also polarization
vectors in the outer regions that satisfy criteria (4). The shape of
this polarization pattern appears to be elliptical, similar to the
situation in band C, but with a different orientation.

In conclusion, the maximum emission decreases with increas-
ing wavelength. In addition, the degree of polarization is smallest
in the central region at maximum emission and increases
with decreasing intensity. Furthermore, the orientation of the
polarization vectors is wavelength-dependent.

3.2. Origin of polarization

While for bands A, C, and D the orientation of polarization at
the maximum emission is about 114◦, it is about 37◦ in band E.
The first orientation (∼114◦, bands A, C, and D) is close to the
major axis of the inclined disk projection with a deviation of 24◦.
We conclude that the polarization is due to emission of aligned
non-spherical grains. However, if the grains are aligned with a
magnetic field, the field direction has to be misaligned with the
disk spin axis. In contrast, the second orientation (∼37◦, band E)
is almost parallel to the minor axis of the inclined disk projection
with a deviation of only 11◦. This orientation is consistent with
the polarization due to self-scattering of an inclined disk (Kataoka
et al. 2016a; Yang et al. 2016; Brunngräber & Wolf 2019).

3.3. Mid-infrared and millimeter polarization

In the mid-infrared wavelength region at 8.7µm, 10.3µm, and
12.5µm, measurements show that the polarization vectors are
oriented with a position angle of about 90◦ (Li et al. 2018). The
authors find absorption as a primary source of polarization while
ruling out scattering. Thus, polarization could potentially arise
from aligned dust grains in the surrounding envelope. This ori-
entation would fit the elliptically shaped polarization vectors at
the outer regions of our observations in band C. However, the
magnetic field direction would also have to be misaligned with
the orientation and axis of the circumstellar disk.

At a wavelength of 870µm, the orientation of polarization
is found to be parallel to the minor axis of the projection of the
inclined disk (Stephens et al. 2017). This polarization is expected
to be due to scattering, and our observations at 216µm support
this theory, since the polarization vectors are oriented parallel
to the minor axis of the projection of the inclined disk. At mil-
limeter wavelengths, that is, up to a wavelength of 7 mm, the
polarization transforms to a pattern that is consistent with grains
aligned toroidally (Lin et al. 2024). In addition, high-resolution
polarimetric observations at a wavelength of 870µm show an
azimuthal component of the polarization angles in the gaps of
the disk, suggesting the emission of aligned grains there as well
(Stephens et al. 2023). In the disk itself, the gaseous damping
timescale dominates, thus other grain alignment mechanisms,
such as alignment to the radiative flux (Tazaki et al. 2017; Yang
et al. 2019) or gas flow (Kataoka et al. 2019), are more likely. For
the circumstellar disk of HL Tau, millimeter observations indicate

alignment with the radiation field (Kataoka et al. 2017; Stephens
et al. 2017).

4. Modeling the observations

In order to model the disk and to simulate the radiative transfer, we
used the publicly available three-dimensional Monte Carlo radia-
tive transfer code POLARIS2 (Reissl et al. 2016, 2018), which has
been extensively tested and applied to a broad range of astrophys-
ical models. The code is capable of handling various polarization
mechanisms such as dust scattering or absorption and thermal
reemission of aligned grains (Brunngräber & Wolf 2019, 2020,
2021). Throughout this study, we assumed a fixed angle of incli-
nation of the disk from face-on of 46.7◦ and a position angle of
138◦ (ALMA Partnership 2015).

Based on the results in Sect. 3, our main goal is to confirm the
apparent underlying polarization mechanisms. Thus, as a first step,
we aim to reproduce the wavelength-dependent orientation of the
polarization vectors. For this purpose, we build a protoplanetary
disk model, for which the polarization in bands A, C, and D is
primarily caused by aligned dust grains, and the polarization in
band E primarily by self-scattering (see Sect. 3.2).

We find that the polarization in each band can be reproduced
separately by a single model by adjusting the mass of the envelope
or the magnetic field properties, thus controlling the amount of
polarization due to emission or self-scattering. However, it was
difficult to construct a self-consistent model for the polarization
at all bands. In particular, a significant change in the orienta-
tion of the polarization from band D to E, that is, an increase
in wavelength by only a factor of about 1.4, is hardly achieved
using a circumstellar disk alone. Instead, we obtained a transition
pattern of the polarization vectors as it is expected for such a
small wavelength change. Similarly, at a wavelength of 1.3 mm,
evidences for a polarization mechanism transition are found in
ALMA observations (Stephens et al. 2017).

Furthermore, a large visual extinction of about 22 mag to
approximately 30 mag is observed due to a surrounding enve-
lope (Beckwith & Birk 1995; Stapelfeldt et al. 1995; Close et al.
1997). This envelope has a C-shaped structure, probably due to
an outflow cavity, as seen from observations with the Hubble
Space Telescope (Stapelfeldt et al. 1995), the Subaru Telescope
(Murakawa et al. 2008), or recently with the James Webb Space
Telescope (Mullin et al. 2024). Consequently, we include a stel-
lar envelope in our model so that there is additional material
along the line of sight that becomes optically thin from 53µm
to 216µm. Thus, in bands A, C, and D, emission of aligned dust
grains of the disk plus envelope is observed, whereas in band E,
the envelope is transparent and emission and self-scattering in
the disk is observed.

4.1. Model of HL Tau and its circumstellar material

In Table 2, the general model parameters are summarized. The
central radiation source, HL Tau, is assumed to have a stel-
lar luminosity of 11 L⊙ and an effective temperature of 4000 K
(Men’shchikov et al. 1999; Pinte et al. 2016; Liu et al. 2017).

For the circumstellar disk, we applied a viscous accretion disk
model (Lynden-Bell & Pringle 1974; Pringle 1981; Hartmann et al.
1998; Andrews et al. 2009). Here, the radial profile is described by
a power law tapered by an exponential function. Using cylindrical

2 https://github.com/polaris-MCRT/POLARIS
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Table 2. General parameters of the model of HL Tau and its circumstellar
material. See Sects. 4.1 to 4.3 for details.

Parameter Value

Stellar parameters
Stellar luminosity 11 L⊙
Effective temperature 4000 K
Stellar radius 6.9 R⊙

Disk parameters
Inclination 46.7◦

Position angle 138◦

Reference disk density ρdisk
0 7.2 × 10−14 g cm−3

Characteristic disk radius Rc 100 au
Reference scale height h0 15 au
Radial disk profile α 0.95
Disk flaring β 1.15
Inner radius 0.4 au
Resulting disk gas mass 0.13 M⊙

Envelope parameters
Reference envelope density ρenv

0 2.4 × 10−18 g cm−3

Reference envelope radius Re 1000 au
Radial envelope profile γ 0.65
Outer radius 104 au
Resulting envelope gas mass Menv 0.016 M⊙
Magnetic field strength 1 mG
Inner magnetic field radius 100 au
Magnetic field position angle 25◦

Dust parameters
Minimum grain size 0.01µm
Maximum grain size amax (disk) 35µm
Distribution exponent q (disk) 3.5
Maximum grain size amax (envelope) 1µm
Distribution exponent q (envelope) 4.0
Axis ratio of spheroids 2/3
Gas-to-dust mass ratio 100
Reference RAT efficiency Q0 0.4
RAT efficiency exponent η 3
Rayleigh reduction factor 0.3

coordinates (r, z), the density distribution is defined by

ρdisk = ρ
disk
0

(
r

Rc

)−α
exp

− (
r

Rc

)2−α+β exp

−1
2

(
z

h(r)

)2 (5)

with a scale height of

h(r) = h0

(
r

Rc

)β
. (6)

We fixed the radial profile and the flaring of the disk at
α = 0.95 and β = 1.15, respectively, corresponding to the sur-
face density gradient3 of −0.2 found by CARMA observations
(Kwon et al. 2011, 2015). In addition, we set the characteristic disk
radius to Rc = 100 au and the reference scale height to h0 = 15 au.
These values are consistent with values found for HL Tau but also
several other circumstellar disks (e.g., Wolf et al. 2003; Madlener
et al. 2012; Kirchschlager et al. 2016; Pinte et al. 2016; Liu et al.
2017). However, we note that these parameters cannot be precisely
constrained by our observations. The inner radius of 0.4 au of the
density distribution is about the sublimation radius of silicates
(∼1200 K; Pollack et al. 1994). For the reference disk gas density,
3 Using the notation of Eq. (5), the surface density gradient is defined
as α − β.

10−1 100 101 102 103 104

Wavelength / µm

10−17

10−16

10−15

10−14

10−13

10−12

10−11

10−10

νF
ν
/

W
m
−2

Men’shchikov et al. (1999)
Robitaille et al. (2007)
POLARIS, Menv = 0.016 M�
POLARIS, Menv = 0.051 M�
Stellar continuum

Fig. 2. Spectral energy distribution of HL Tau and our model with two
different envelope masses (see Sect. 4.1). Photometric data points are
from Men’shchikov et al. (1999) and Robitaille et al. (2007). The stellar
continuum is a blackbody with stellar parameters from Table 2.

we used a value of ρdisk
0 = 7.2 × 10−14 g cm−3. Thus, we have a

total disk gas mass of about 0.13 M⊙, which is in the range of
previously determined disk masses from submillimeter and mil-
limeter observations (Guilloteau et al. 2011; Kwon et al. 2015;
Carrasco-González et al. 2016) and fitting of the spectral energy
distribution (Robitaille et al. 2007).

In addition to the circumstellar disk, we included a surround-
ing envelope. The density distribution of the envelope is described
only by a radial gradient,

ρenv = ρ
env
0

(
R
Re

)−γ
exp

− (
R
Re

)2 , (7)

where R is the radius in spherical coordinates. We assumed coni-
cal polar cavities with an opening angle of 90◦ which are dust-free,
therefore, if arccos(|z|/R) < π/4, ρenv = 0. By setting the ref-
erence envelope gas density to ρenv

0 = 2.4 × 10−18 g cm−3 and
applying a value of γ = 0.65, the resulting spectral energy dis-
tribution fits best in the near- to mid-infrared wavelength region
(see Fig. 2). With this model, we obtain a total envelope gas
mass of about 0.016 M⊙. For an increasing reference envelope
gas density and thus an increasing total envelope gas mass, the
resulting spectral energy distribution underestimates the flux at
optical to mid-infrared wavelengths (see Fig. 2). Finally, a refer-
ence envelope radius Re = 1000 au ensures an exponential taper
in the outer regions, thus providing an approximate extent of
the system determined by millimeter observations (Hayashi et al.
1993).

To ensure a smooth transition, we combined the two density
distributions in such a way that

ρ =

{
ρdisk if ρdisk > ρenv,

ρenv otherwise.
(8)

The outer radius of the model space was set to 104 au, large
enough so that the flux becomes negligible in the outer regions
of our model space. Finally, we assumed a constant gas-to-dust
mass ratio of 100 throughout the model space.
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4.2. Dust grain properties

The dust grains are assumed to be compact homogeneous spheres,
consisting of the DSHARP dust composition (Birnstiel et al.
2018) with mass fractions of 47 % refractory organics (Henning
& Stognienko 1996), 39 % astronomical silicate (Draine 2003),
9 % troilite (Henning & Stognienko 1996), and 5 % water ice
(Warren & Brandt 2008). The composition was mixed using the
formula of Bruggeman (1935), and the resulting material den-
sity is 1.98 g cm−3. Applying Mie scattering theory (Mie 1908;
Bohren & Huffman 1983), the wavelength-dependent scattering
and absorption cross-sections as well as the scattering matrix are
calculated using the code MIEX by Wolf & Voshchinnikov (2004,
2018), which is already implemented in POLARIS.

The abundance of dust grain sizes is characterized by a power
law,

n(a) ∝ a−q. (9)

The minimum grain size of the distribution was set to 0.01µm,
similar to what is found in the interstellar matter (Mathis et al.
1977). For dust particles in the disk, we adopted a value of q = 3.5
for the exponent of the distribution. The maximum grain size
amax is very sensitive to the scattering efficiency and thus to
polarization (e.g., Kataoka et al. 2015; Brunngräber & Wolf 2019).

Since we propose scattering-induced polarization at a wave-
length of 216µm, the contribution of polarization due to scat-
tering must exceed the polarization due to emission, and thus
the scattering efficiency should be large enough. Following the
approach of Kataoka et al. (2015), Fig. 3a shows the single scat-
tering albedo times the degree of polarization of single scattered
radiation at a scattering angle of 90◦ as a function of maximum
grain size. For the assumed grain properties, the highest degree of
polarization is found for a maximum grain size of 35µm. Since
the protoplanetary disk is inclined with respect to the observer,
there are not only exact scattering angles of 90◦. However, the
highest degree of polarization was consistently found around a
maximum grain size of 35µm for a wavelength of 216µm, for
example, for scattering angles of 45◦ or 135◦.

In contrast, Kataoka et al. (2017) or Stephens et al. (2023)
found larger grain sizes of up to 100µm. Despite the scattering
mass opacity increases if a maximum grain size of 100µm is
assumed (see Fig. 4), the single scattering albedo times the degree
of polarization decreases at a wavelength of 216µm (see Figs. 3a
and 3b). This is due to the fact that the highest values for ωPℓ are
found if 2πamax/λ ≈ 1. Consequently, the flip in the polarization
in band E cannot be reproduced by self-scattering if we assume a
maximum grain size of 100µm.

This is also consistent with observations of Li et al. (2018),
since the scattered radiation of these larger grain sizes does
not significantly contribute to the mid-infrared polarization (see
Fig. 3b). In particular, in this wavelength range, the observed radi-
ation is mainly caused by smaller grains located in higher disk
regions (Andrews 2020). Moreover, with increasing optical depth
at mid- to near-infrared wavelengths, the fraction of multiple scat-
tered radiation increases, decreasing the degree of polarization.
Thus, the emission or absorption of dust grains dominates the net
polarization, while dichroic absorption of aligned grains in the
optically thick envelope would be the major source of near- and
mid-infrared polarization (Li et al. 2018). We note that Li et al.
(2018) use a slightly different dust composition compared to this
study.

Finally, in the envelope, much smaller grains were assumed
with a maximum size of 1µm and an exponent of q = 4.0. The
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Fig. 3. Single scattering albedoω times the single scattering polarization
degree Pℓ at a scattering angle of 90◦ as a function of maximum grain
size (top) and wavelength (bottom). In the top figure (a), the different
line colors represent the four central wavelengths of the SOFIA/HAWC+
bands A, C, D, and E. The size distribution is described by Eq. (9) with
an exponent of q = 3.5. In the bottom figure (b), the different line colors
represent the case of different maximum grain sizes amax and exponents
q of the size distribution. The gray dashed vertical lines indicate the
central wavelength of the SOFIA/HAWC+ bands A, C, D, and E. See
Sect. 4.2 for details.

steeper grain size distribution can better reproduce the profile of
the SED in the near-infrared and optical wavelength region.

Adopting this dust mixture, we obtain a total optical depth
of envelope and disk toward the central star of about 7.6 at a
wavelength of 1.25µm that is in agreement with observations by
Close et al. (1997) and results by Lucas et al. (2004). This sup-
ports the hypothesis that in the mid-infrared, we mainly observe
smaller particles in the upper layers of the disk and in the enve-
lope (Men’shchikov et al. 1999; Robitaille et al. 2007; Kwon
et al. 2011). In addition, the opacity of the dust in the envelope
decreases strongly between 155µm and 216µm (see Fig. 4). Con-
sequently, the total optical depth from the central radiation source
along the line of sight decreases from 0.16 at a wavelength of
53µm to about 0.01 at a wavelength of 216µm. Thus, in band
E, the envelope becomes transparent and the emitted as well as
scattered radiation inside the disk dominates the total flux. In
particular, polarization in the submillimeter wavelength region
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Fig. 4. Absorption mass opacity (solid line) and scattering mass opacity
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represent different maximum grain sizes amax and exponents q of the size
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wavelength of the SOFIA/HAWC+ bands A, C, D, and E. See Sect. 4.2
for details.

arises from self-scattering at larger grains in the circumstellar disk
(Kataoka et al. 2016a, 2017). This finding is also in agreement
with the theory of dust settling (Dubrulle et al. 1995; Brunngräber
& Wolf 2020; Ueda et al. 2021).

Non-spherical particles can align, causing polarization due to
dichroic emission or absorption. For this purpose, we assumed
oblate dust grains. Applying the discrete-dipole approximation
(Draine & Flatau 1994), the cross-sections were calculated using
the code DDSCAT 7.3.3 (Draine & Flatau 2000, 2008)4. The
ratio of minor to major axis of the oblate spheroids was set to
2/3 (Hildebrand & Dragovan 1995). Similarly to spherical dust
grains, the optical properties of spheroidal dust grains were cal-
culated assuming the size distribution defined by Eq. (9) for the
corresponding equal-volume sphere radii.

In the case of the RAT mechanism, a fundamental quantity,
which describes the torque on grains and whether a grain is
aligned, is the RAT efficiency Q (Draine & Weingartner 1996,
1997). It is a function of grain size a and wavelength λ, and is
approximated by

Q =

Q0 if λ ≤ 1.8a,
Q0

(
λ

1.8a

)−η
otherwise,

(10)

where the parameters Q0 and η depend on the shape of the grain
and grain material, however, are poorly constrained. Therefore, we
apply the average values of Q0 = 0.4 and η = 3 in this study (see,
e.g., Lazarian & Hoang 2007a; Hoang & Lazarian 2014; Herranen
et al. 2019; Reissl et al. 2020). Based on the ambient magnetic
field, radiation field, gas density and gas temperature, POLARIS
calculates the minimum and maximum alignment radius.

Furthermore, several effects, such as imperfectly aligned
grains, reduce the net polarization, which can be approximated
by the Rayleigh reduction factor (Greenberg 1968; Lee & Draine
1985; Roberge & Lazarian 1999). However, the decrease in the
degree of polarization by considering imperfect alignment can
be compensated by increasing the axis ratio of the grains, and

4 We used N = 281 250 dipoles, which corresponds to an upper limit of
a/λ ≲ 2.6 for calculations of cross-sections (Draine & Flatau 2013).

these values cannot be determined by our observations. Thus,
we assumed that grains – if they are aligned – are imperfectly
aligned to the magnetic field with a Rayleigh reduction factor of
0.3 while keeping the axis ratio of the dust grains constant at 2/3
throughout the model space.

4.3. Magnetic field properties

Finally, the model is permeated by a magnetic field. In this study,
we assume that the polarized emission arises solely from the
surrounding envelope, while polarization in the disk is due to self-
scattering only. As already mentioned in Sect. 3.3, it is unlikely
that RAT alignment occurs in the disk of HL Tau. Only dust
grains located at R > 100 au were able to align with the magnetic
field in our model.

In this study, we apply a uniform magnetic field with a
strength of B = 1 mG throughout the model space. This value is
lower than what is measured in younger protostellar cores, high-
mass star formation regions (Crutcher 2012; Hull & Zhang 2019),
or the upper limit in the circumstellar disk AS 209 (Harrison et al.
2021), but larger than what is typically found for the interstellar
magnetic field or molecular clouds (Crutcher 1999, 2012). We
note that in our envelope model, the grains are predominantly
aligned as a result of RATs, since the magnetic field strength is
larger than the estimated critical magnetic field strength (Hughes
et al. 2009) based on the dust density and temperature of the
envelope. However, for magnetic field strengths of ≲0.1 mG, the
polarization vectors start to rotate at a wavelength of 155µm,
which does not fit the observations. In addition, the power-law
relation between the magnetic field strength and density for
molecular clouds from theory and observations (Mestel 1966;
Crutcher 1999; Crutcher et al. 2010; Crutcher 2012; Dudorov &
Khaibrakhmanov 2014) does not have any significant impact on
the grain alignment in our model space. Therefore, only the pro-
jected orientation of the magnetic field matters for the radiative
transfer simulations.

By assuming that the observed orientation of polarization
arises from dichroic emission, the magnetic field direction has to
be perpendicular to the polarization vectors. Thus, we assumed
that the direction of the field has a projected position angle of
25◦, resulting in a deviation of about 23◦ to the projected minor
axis of the inclined disk. In addition, all field lines are parallel.
Since only the projected orientation is known, we assume that the
magnetic field lines are perpendicular to the line of sight. Thus,
the polarization caused by emission is the largest. In general,
by decreasing the angle between the observer and the magnetic
field lines, the degree of polarization decreases because the short
axis of the oblate spheroids becomes parallel to the magnetic
field lines.

4.4. Simulation procedure

First, POLARIS calculated the dust temperature and the minimum
as well as the maximum alignment radius of the dust grains. Here,
external torques due to radiation or damping due to collisions
with gas atoms determine whether a grain is aligned with the
magnetic field (Hoang & Lazarian 2014). Next, it computed the
resulting Stokes parameters assuming spherical particles. Therein,
the unpolarized direct stellar and thermally reemitted radiation
as well as the polarized scattered radiation of the star and the
dust, that is self-scattering, are considered. Subsequently, the
spherical grains were replaced with oblate shaped particles that
are aligned to the magnetic field if their radii are above and
below the minimum and maximum alignment radius, respectively.
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Fig. 5. Simulated polarization maps based on the model described in Sect. 4.1 at 53µm (top left), 89µm (top right), 155µm (bottom left), and
216µm (bottom right). The surface brightness (gray scale) is given in units of Jy arcsec−2 and is overlaid with polarization vectors in blue. The
length and orientation of the vectors give the degree and angle of polarization, respectively. In contrast to the observational criteria, only vectors
where I/Imax > 10−3 and p > 0.1 % are shown. The beam size (FWHM) at each corresponding SOFIA/HAWC+ wavelength band is indicated in the
respective lower right corner. The scale bar (1000 au) corresponds to an assumed distance of HL Tau of 140 pc. The images are cropped to an image
size of 2 arcmin × 2 arcmin. See Sect. 4.5 for details.

Finally, the polarized radiation due to dichroic emission and
absorption was calculated and added to the unpolarized radiation
emitted from the previous simulation step.

4.5. Simulation results

Figure 5 shows the resulting polarization maps from the numerical
simulations. The maps have the same pixel scale and are con-
volved by a Gaussian beam with the respective SOFIA/HAWC+
beam size of the corresponding wavelength. Similarly to the obser-
vations presented in Sect. 3, the surface brightness is overlaid
with polarization vectors and the images are cropped to an image
size of 2 arcmin × 2 arcmin. In general, the total flux decreases
with increasing wavelength. However, the flux of the simulation
exceeds the flux of the observations, especially in band A, by a
factor of about 2. Additionally, the degree of polarization of the
simulations is somewhat lower compared to the observations at
the respective SOFIA/HAWC+ wavelength bands.

At a wavelength of 53µm, 89µm, and 155µm, the orien-
tation of the polarization vectors has a position angle of about
110◦. Furthermore, at a wavelength of 216µm, the polarization
orientation changes to a direction that is somewhat parallel to
the minor axis of the inclined disk projection. As a result, we
are able to reproduce the flip in the polarization. In particular,
aligned non-spherical dust grains cause polarization at these
shorter wavelengths, while self-scattering causes polarization
at 216µm.

Figure 6 shows the SOFIA/HAWC+ polarization maps over-
laid with polarization vectors from the simulations at the respec-
tive central wavelength. The exact position angle of the polariza-
tion could not be reproduced in all wavelength bands. For example,
we did not reproduce the elliptically shaped polarization pattern
in band C. One possible reason for this deviation is that the uni-
form magnetic field considered in our model is too simple and the
underlying magnetic field morphology has a more complex struc-
ture. For wavelengths of 53µm, 89µm, and 155µm, the degree
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Fig. 6. Similar to Fig. 1, but overlaid with polarization vectors from the simulations in blue (Fig. 5). See Sect. 4.5 for details.

of polarization decreases toward the inner brighter region, which
is consistent with the observations. Moreover, at a wavelength
of 216µm, the polarization in the central region is in agreement
with the observation with a value of approximately 0.5 %.

In contrast, the polarization orientation of band E is not well
fitted, although we could reproduce the orientation of the polar-
ization arising from self-scattering. One possible reason is that
polarization due to scattered radiation is not completely dom-
inant at this wavelength, whereas polarization due to emitted
radiation of aligned dust grains is still present. Thus, either a
decrease in polarization due to emission of aligned grains or an
increase in polarization due to self-scattering would solve the
problem. In the first case, the polarization arising from dichroic
emission decreases with increasing grain porosity (Kirchschlager
et al. 2019). However, this would also have an impact on the polar-
ization orientation at a wavelength of 155µm (band D). On the
other hand, scattering of elongated aligned dust grains produces
higher polarization compared to compact spheres (Kirchschlager
& Bertrang 2020). In addition, porous dust aggregates show a
higher degree of polarization (Tazaki et al. 2019b) or broaden
the possible range for the maximum grain size (Tazaki et al.
2019a) compared to compact dust grains. Finally, the degree of
polarization of large irregular grains derived from laboratory
measurements differs from the polarization derived from the Mie
theory, where compact spheres are considered (Lin et al. 2023).

Nevertheless, these non-ideal effects are beyond the scope of this
study.

Finally, the extended polarization pattern and the degree of
polarization in the outer regions observed in band E are not repro-
duced as well. Therefore, it is uncertain whether the observed
polarization can be attributed to HL Tau, since the envelope is
optically thin at this wavelength. However, if the polarization
is caused by surrounding dust, which is not considered in our
model, then the elliptical orientation of the polarization vectors
is probably a combination of two effects. First, the circumstel-
lar disk appears as a point-like source, and secondly, the beam
convolution does not play any role at that distance to the central
source.

5. Conclusions

We present the first polarimetric observations of a circumstel-
lar disk in the far-infrared wavelength region. In particular, we
report flux and linear polarization measurements for HL Tau, a
young stellar object surrounded by a circumstellar disk, in the
SOFIA/HAWC+ bands A (53µm), C (89µm), D (155µm), and E
(216µm). Although the size of the disk around HL Tau is smaller
than the pixel scale of the observations, the origin of polariza-
tion of the polarization maps can be attributed to the dust in the
protoplanetary disk around HL Tau.
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The orientation of the polarization vectors is roughly parallel
to that of the major axis of the projection of the inclined disk
in the bands A, C, and D. We conclude that the polarization at
these wavelengths is caused by aligned non-spherical dust grains.
As a result, we are able to constrain the projected direction of
the magnetic field. The position angle of the magnetic field lines
is about 25◦, and thus close to the minor axis of the disk at a
position angle of 48◦. In contrast, the polarization vectors are
parallel to the disk minor axis in band E. Here, the polarization
pattern is consistent with that of self-scattering.

Performing three-dimensional Monte Carlo polarized radia-
tive transfer simulations with POLARIS, we were able to
reproduce the flip of the polarization vectors with increasing
wavelength. We modeled a viscous accretion disk combined with
an envelope whose density distribution is described by a power
law. By assuming the commonly used DSHARP dust composi-
tion, we could constrain the maximum grain size of 35µm to
reproduce the scattering-induced polarization at a wavelength of
216µm. However, we were unable to fully match the polarization
pattern in band E. At shorter wavelengths, polarized emission is
caused by oblate spheroids that are aligned to a magnetic field
with a position angle of about 25◦. In particular, polarization
in bands A, C, and D cannot be attributed to dichroic extinc-
tion. Moreover, we conclude that the polarized emission and the
absence of scattering cannot be used as an explanation for the
underlying mechanism that causes the flip in the orientation of
the polarization in band E. This is because the optical depth of
our envelope model is too small in the far-infrared wavelength
region (∼0.16 at 53µm).

There are still deviations in the total flux, the degree of polar-
ization, and the orientation of the polarization vectors. Most
importantly, the simple envelope with conical polar cavities does
not include dust surrounding the system on larger scales, nor
does it take into account the molecular outflow of HL Tau. Fur-
thermore, our model does not consider the neighboring system
XZ Tau, which might also contribute to the total flux and polar-
ization due to the relatively large beam size of SOFIA/HAWC+
compared to the apparent separation of both systems.

In conclusion, these far-infrared polarimetric observations
not only give unique insights into the magnetic field around
HL Tau, but also provide complementary constraints for the spa-
tial distribution of the dust and dust properties if compared to flux
measurements alone.

Data availability

The data obtained with SOFIA/HAWC+ and used in this study
are available in the SOFIA Science Data Archive at the Infrared
Science Archive (IRSA) under Plan ID 09_0084.
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