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ABSTRACT
Magnetic fields are expected to play an important role in accretion processes for circumstellar disks.

Measuring the magnetic field morphology is difficult, especially since polarimetric (sub)millimeter
continuum observations may not trace fields in most disks.The Goldreich-Kylafis (GK) effect suggests
that line polarization is perpendicular or parallel to the magnetic field direction. We attempt to
observe CO(2–1),13CO(2–1), and C18O(2–1) line polarization toward HD 142527 and IM Lup, which
are large, bright protoplanetary disks. We use spatial averaging and spectral integration to search
for signals in both disks, and detect a potential CO(2–1) Stokes Q signal toward both disks. The
total CO(2–1) polarization fractions are 1.57 ± 0.18% and 1.01 ± 0.10% for HD 142527 and IM Lup,
respectively. Our Monte Carlo simulations indicate that these signals are marginal. We also stack
Stokes parameters based on the Keplerian rotation, but no signal was found. Across the disk traced
by dust of HD 142527, the 3σ upper limits for P frac at 0.500(∼80 au) resolution are typically less than
3% for CO(2–1) and 13CO(2–1) and 4% for C 18O(2–1). For IM Lup the 3σ upper limits for these
three lines are typically less than 3%, 4%, and 12%, respectively. Upper limits based on our stacking
technique are up to a factor of ∼10 lower, though stacking areas can potentially average out small-scale
polarization structure. We also compare our continuum polarization at 1.3 mm to observations at
870 µm from previous studies. The polarization in the northern dust trap of HD 142527 shows a
significant change in morphology and an increase in P frac as compared to 870 µm. For IM Lup, the
1.3 mm polarization may be more azimuthal and has a higher Pfrac than at 870 µm.

1. INTRODUCTION
Accretion from circumstellar disks is widely thought

to be controlled by magnetohydrodynamic (MHD) tur-
bulence driven by magnetorotational instability (MRI;
Balbus & Hawley 1998) and/or by a magnetically driven
disk-wind (e.g., Konigl & Pudritz 2000). Despite their
perceived importance, measuring the field morphology
and strength in these disks has been quite difficult. The
most common way to measure the magnetic field mor-
phology in the interstellar medium is via (sub)millimeter
dust polarization observations. Small grains (.10 µm)
are expected to align their short axes with the magnetic
field direction, which causes thermal emission from these
grains to be polarized perpendicular with the magnetic
field (e.g., Andersson et al. 2015). However, the larger
the grains, the more likely the will align with their long
axes perpendicular to the radiation anisotropy (Lazar-
ian & Hoang 2007; Tazaki et al. 2017). Moreover, if
grains are comparable to the wavelength, efficient dust

self-scattering (i.e., emission from one grain scatters off
another grain) can cause a polarization signal. High
optical depths, such as those estimated for HL Tau at
(sub)millimeter wavelengths (Carrasco-Gonz´alez et al.
2016, 2019), will also increase the chance that polariza-
tion is from scattering rather than from aligned grains
(Yang et al. 2017).

Given that disks often have larger grains and higher
optical depths compared to the interstellar medium,
(sub)millimeter polarization observations in disks may
not show the magnetic field morphologies. Indeed,
polarimetric observations toward disks at 870 µm and
1.3 mm primarily show a mostly uniform polarization
morphology parallel with the minor axis (e.g., Stephens
et al. 2014; Fernández-L´opez et al. 2016; Stephens et al.
2017; Bacciotti et al. 2018; Hull et al. 2018; Dent et al.
2019; Sadavoy et al. 2019), which is a signature of dust
scattering from grains that are ∼10–200 µm in size (e.g.,
Kataoka et al. 2015; Yang et al. 2016). Polarization
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from scattering at longer wavelengths is expected to be
minimal since the largest grains are much smaller than
the wavelength. Indeed, at 3 mm for the disks HL Tau,
DG Tau, and Haro 6–13, the polarization is azimuthal,
and thus is probably not from scattering nor from grains
aligned with a (commonly expected) toroidal magnetic
field (Kataoka et al. 2017; Stephens et al. 2017; Har-
rison et al. 2019). The polarization may be due to
alignment with the radiation anisotropy (Tazaki et al.
2017), but polarization from such mechanism for at least
HL Tau has been seriously questioned (Yang et al. 2019).
Other studies also show polarization signatures that in-
dicate polarized emission from aligned dust grains even
at 870 µm (e.g., Alves et al. 2018; Ohashi et al. 2018),
but it is uncertain whether or not these grains are truly
aligned with the magnetic field.

Magnetic fields also can be probed via polarimetric
line observations, either through the Zeeman effect (e.g.,
Crutcher & Kemball 2019) or via the Goldreich-Kylafis
effect (Goldreich & Kylafis 1981, henceforth, GK effect).
The Zeeman effect measures the magnetic field strength
along the line of sight and requires observations of cir-
cular polarization (Stokes V ) of spectral lines. Addi-
tionally, the Zeeman effect is strongest only for para-
magnetic molecular species (i.e., one with an unpaired
electron), such as CN, HI, or OH. While this effect may
have been detected toward the innermost region of an
accretion disk of FU Orionis via lines in the optical (Do-
nati et al. 2005), it has yet to be detected in the bulk
of the disk, despite recent attempts with the CN line
at millimeter wavelengths (Vlemmings et al. 2019; R.
Harrison submitted).

The GK effect suggests that linear polarization
(Stokes Q and U ) from spectral lines measure the mag-
netic field morphology in the plane of the sky. This ef-
fect predicts that a molecule within a magnetic field has
its rotational transition split into magnetic sublevels.
Depending on the population imbalance of the π or σ
transitions, polarization from the spectral lines are ex-
pected to be either parallel or perpendicular to the mag-
netic field. The fraction of polarized light, Pfrac , is ex-
pected to be maximum when the magnetic field and ve-
locity gradient is perpendicular along the line of sight
(Deguchi & Watson 1984). Line polarization attributed
to the GK effect has been detected in numerous star-
forming regions, molecular clouds, and protostellar out-
flows (Glenn et al. 1997b; Greaves et al. 1999; Girart
et al. 1999; Greaves et al. 2001; Lai et al. 2003; Cortes
et al. 2005; Cortes & Crutcher 2006; Cortes et al. 2006,
2008; Forbrich et al. 2008; Beuther et al. 2010; Li &
Henning 2011; Vlemmings et al. 2012; Houde et al. 2013;
Hezareh et al. 2013; Lee et al. 2014; Ching et al. 2016;

Lee et al. 2018; Hirota et al. 2020), evolved stars (Glenn
et al. 1997a;Girart et al. 2012; Vlemmings et al. 2017;
Shinnaga et al. 2017; Chamma et al. 2018; Huang et al.
2020), and possibly a protoplanetary nebula (Sabin et al.
2019). Resonant scattering (Houde et al. 2013) of the
linearly polarized signal can lead to circular polarization
(Stokes V ). Detections of resonant scattering has been
suggested toward molecular clumps and an evolved star
(Houde et al. 2013; Hezareh et al. 2013; Chamma et al.
2018).

A spatially resolved detection of linear or circular po-
larized light from a molecular rotational transition in a
disk has yet to be found. In this paper, we attempt to
detect polarized emission from the J = 2 → 1 rotational
transitions of the molecular lines CO, 13CO, and C 18O
in the disks HD 142527 and IM Lup. We primarily at-
tempt to detect linear polarization (Stokes Q and U )
but we also present Stokes V results.A polarized signal
is not immediately obvious from the Stokes images, so
we use stacking and spatial averaging over an integrated
velocity range to look for a signal. In Section 2 we de-
scribe the targets and the observations.In Section 3 we
show the 1.3 mm polarized continuum images and line
observations, and discuss the optical depth of each spec-
tral line. In Section 4 we present our stacking and how
we spatial average an integrated velocity range.In Sec-
tion 5 we give constraints on P frac , and in Section 6 we
summarize the results.

2. OBSERVATIONS
2.1. Targets

We selected the disks HD 142527 and IM Lup since
they are large in the sky and are known to be bright for
CO(2–1), 13CO(2–1), and C18O(2–1) transitions (Perez
et al. 2015; Cleeves et al. 2016). These two features
are important because we need bright lines over a large
solid angle to measure the field morphology. These
two targets are among the largest and brightest known
disks with simple CO morphologies. They are also close
enough to each other that they can share the same phase
calibrator, and thus both can be efficiently observed dur-
ing a single observation run. These disks are also no
longer embedded in their natal envelopes, so the molecu-
lar line emission should come solely from the disk.More-
over, HD 142527 is mostly face-on while IM Lup is at
an intermediate inclination, which allows us to test how
inclination affects the polarization.

HD 142527 is a close binary system located 157 pc
away (Arun et al. 2019). The primary is an Herbig
star with a spectral type of F6–F7IIIe (Malfait et al.
1998; van den Ancker et al. 1998), while the compan-
ion is an M-dwarf separated by ∼0.001 (Biller et al. 2012;
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Close et al. 2014; Lacour et al. 2016). HD 142527 is a
well known transition disk with a very large central gap.
It is highly asymmetric, with the majority of the dust
emission detected toward the northern part of the disk.

IM Lup is a K5 Class II T Tauri star located 158 pc
away (Alcal´a et al. 2017; Gaia Collaboration et al. 2018).
High resolution (∼5 au) 1.3 mm continuum observations
reveal that the disk has spiral substructure (Andrews
et al. 2018).

2.2. Observing Details and Data Reduction

Observations were conducted on 2019 April 29 us-
ing ALMA Band 6 (1.3 mm) under the project code
2018.1.01172.S (PI:I. Stephens). ALMA was using 46
antennas with baselines ranging between 15 and 704 m.
Weather conditions were good for 1.3 mm, with the pre-
cipitable water vapor column of ∼0.85 mm and a system
temperature oscillating between 60 and 120 K, depend-
ing on the spectral baseband and frequency. We chose
Band 6 because this is the only ALMA band where the
spectral lines CO, 13CO, and C18O can be observed si-
multaneously. We tuned four ALMA basebands. One
baseband was dedicated for the 1.3 mm dust continuum
emission, and it was centered at 234.5 GHz and had
a bandwidth of 2.0 GHz. The other three each had a
bandwidth of 59 MHz and were centered on CO(2–1),
13CO(2–1), and C18O(2–1). These basebands provided
spectral resolutions of 0.079, 0.083, and 0.083 km s−1 ,
respectively. As typical with all ALMA observations,
Hanning smoothing was applied by the correlator to re-
duce ringing in the spectra. We used the default cor-
relator spectral averaging for each baseband, which is 2
channels averaged for the high spectral resolution base-
bands and no channels averaged for the continuum base-
band. The observations toward HD 142527 and IM Lup
were intertwined with periodic visits to the phase and
polarization calibrators every ∼8 and ∼30 minutes, re-
spectively. The total integrated time over each science
target was 1 hour. For IM Lup, the phase center of the
observations was errantly located 0.008 west from the disk
center.

Delivered data were manually calibrated by the North
American ARC staff using the Common Astronomy
Software Applications (CASA) package (McMullin et al.
2007). J1427–4206 was used as the flux and band-
pass calibrator, J1610–3958 was the phase calibrator,
and J1517–2422 was the polarization calibrator.ALMA
Band 6 observations have a typical absolute flux uncer-
tainty of 10%, and the polarization uncertainties as de-
termined by the D-terms were less than a 5%.

We imaged the continuum and spectral lines using
CASA v5.6.0. To construct the continuum images,

we combined the continuum baseband with the line-
free channels of the other three basebands for a to-
tal bandwidth of 2.150 GHz. We ran three phase-only
self-calibration iterations on the continuum Stokes I

data. The solution intervals used for the first, second,
and third self-calibrations were infinite, 25 s,and 10 s,
respectively. Self-calibration improved the continuum
Stokes I signal-to-noise ratio for HD 142527 and IM Lup
by a factor of 6 and 3, respectively. The self-calibration
solutions from the continuum Stokes I were then ap-
plied to the continuum Stokes QU V and the spectral line
Stokes IQU V .For each spectral line, we subtracted the
continuum emission by fitting the continuum using the
baseband’s line-free channels.To clean the images, we
use the CASA task tclean using Briggs weighting with
a robust parameter of 0.5. The final continuum and line
synthesized beams and noise levels are reported in Ta-
ble 1. All images in this paper have been corrected for
the primary beam. The pixel size for our maps is 0.0011.

From the Stokes IQU images, we constructed polar-
ized intensity (P I ), Pfrac , and position angle (χ) maps
where:

PI =
p

Q2 + U 2 (1)

Pfrac = P I /I (2)

χ =
1
2

arctan
U
Q

. (3)

Since PI can only be positive, it has an inherit bias to-
ward positive values. We de-bias the values following
Hull & Plambeck (2015). In our images, we show the
polarization as line segments. These segments are typi-
cally called “vectors.” While we adopt this custom, we
note that they are not true vectors because they have a
180◦ ambiguity in angle.

2.3. Stokes QU V Noise Characterization

In this paper, we will do extensive searches for a signal
in CO(2–1) Stokes QU V . Therefore, it is important to
understand the noise behavior of these Stokes parame-
ters. We thus analyze the CO(2–1) Stokes QU V noise
on the maps before the primary beam correction.

For both HD 142527 and IM Lup, the noise across
the entire CO(2–1) Stokes QU V cubes are fit very well
with a Gaussian, with an average value of 0.0 ± 3.3 mJy.
We check for any spatial variation in each cube by cre-
ating a moment 6 maps (i.e., the root mean square of
the spectrum). The average value in these maps are
3.3 ± 0.2 mJy, and the noise is once again Gaussian.The
noise characteristics do not change for emission on and
off the disk, nor for different velocity bins. As such, it
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Table 1. Observational Parameters

Image Stokes rms a Channel Width Synthesized beam
mJy bm −1 (km s −1 ) θmaj × θ min ; PA

HD 142527
1.3 mm cont I 0.037 – 0.0051 × 0.0045; 64.5 ◦

1.3 mm cont QUV 0.022 – 0.0051 × 0.0045; 64.5 ◦

CO(2–1) IQUV 3.3 0.079 0.0057 × 0.0054; 71.3 ◦

13 CO(2–1) IQUV 3.4 0.083 0.0059 × 0.0056; 74.2 ◦

C18 O(2–1) IQUV 2.5 0.083 0.0060 × 0.0057; 69.7 ◦

IM Lup
1.3 mm cont I 0.022 – 0.0051 × 0.0044; 69.5 ◦

1.3 mm cont QUV 0.022 – 0.0051 × 0.0044; 69.5 ◦

CO(2–1) IQUV 3.3 0.079 0.0056 × 0.0053; 75.2 ◦

13 CO(2–1) IQUV 3.4 0.083 0.0059 × 0.0055; 79.3 ◦

C18 O(2–1) IQUV 2.5 0.083 0.0060 × 0.0056; 74.9 ◦

a For lines, this is per channel.

appears the noise characteristics for these cubes are well
behaved.

We checked the autocorrelation of our QU V cubes to
search for serial correlations for the noise along the spec-
tral axis of these data. Correlation was found between
consecutive channels,but no correlation was detected
for the rest of the bandwidth (i.e., there was no peri-
odic noise). This channel-to-channel correlation is due
the Hanning smoothing applied by the ALMA correla-
tor. As shown in Loomis et al. (2018), this Hanning
smoothing plus a spectral averaging of 2 (i.e., the de-
fault averaging applied by the correlator to these data)
provides a channel to channel covariance of 0.3 times the
variance measured in a spectra.

3. RESULTS
3.1. Continuum

We present the 1.3 mm continuum for HD 142527 and
IM Lup in Figures 1 and 2, respectively. ALMA polar-
ization observations at 870 µm were previously presented
for HD 142527 in Kataoka et al. (2016) and Ohashi et al.
(2018) and for IM Lup in Hull et al. (2018). Since the
focus of this paper is on the line polarization, detailed
multi-wavelength analysis is beyond the scope of this
paper. We briefly comment on the results in this sub-
section.

For HD 142527, an analysis by Ohashi et al. (2018)
suggested that two different polarization mechanisms
create the polarization pattern observed at 870 µm.The
northern part of the disk is optically thick, and the
polarization morphologies show signatures of scattering
(also see Kataoka et al. 2016).The southern part of the
disk is optically thin, and the morphology and high val-
ues of Pfrac are suggestive of polarization due to aligned

Figure 1. 1.3 mm continuum polarimetric map toward
HD 142527. Color-scale shows the polarized intensity P I .
Red and blue vectors show the direction of the polarization
(i.e., vectors are not rotated). Red and blue vectors are
shown for P frac smaller than and larger than 5%, respec-
tively (i.e., all blue vectors have higher P frac than the red).
Vectors are shown for signal-to-noise ratio >3 for Stokes I
and P I and for P frac < 40%. Contours show the Stokes I
emission, with levels of [3, 10, 25, 50, 100, 200, 325, 500,
750, 1000] × σI , where σI = 37 µJy bm−1 .

Figure 2. Same as Figure 1, but now for IM Lup, and
contour levels are [3, 10, 25, 50, 100, 200, 325, 500, 750,
1000] × σ I , where σI = 22 µJy bm−1 .

grains (Ohashi et al. 2018). Since a radial polariza-
tion morphology is expected for a toroidal field (grains
are expected to align with their short axes parallel with
the magnetic field), Ohashi et al. (2018) attributes the
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Figure 3. Comparisons of the 1.3 mm and 870 µm dust continuum polarization for HD 142527. The first and second panels
show the 1.3 mm and 870 µm polarized intensities overlaid with Stokes I contours and polarization vectors (all vectors are
the same size for clarity). Observations at 1.3 mm have been regridded to the 870 µm pixel size and smoothed to the 1.3 mm
resolution (Table 1). 1.3 mm Stokes I contours are drawn for [4, 150, 500, 2000] × σ I,1.3 mm , where σI,1.3 mm = 37 µJy bm −1 ,
and 870 µm Stokes I contours are drawn for [3, 25, 60, 250] × σ I,870 µm , where σI,870 µm = 80 µJy bm−1 . The third panel shows
the ratio between the polarization fractions at 1.3 mm and 870 µm. The fourth panel shows the difference between the 1.3 mm
and 870 µm polarization angles. The latter two panels have a square root stretch for the color scale.

Figure 4. Same as Figure 3, but now for IM Lup. 1.3 mm Stokes I contours are drawn for [4, 150, 500, 2000] × σ I,1.3 mm ,
where σI,1.3 mm = 22 µJy bm −1 , and 870 µm Stokes I contours are drawn for [3, 100, 250, 900] × σ I,870 µm , where
σI,870 µm = 100 µJy bm−1 .

southern morphology to grains aligned with a toroidal
magnetic field.

To compare the dust continuum polarization obser-
vations for HD 142527 at 1.3 mm to those of archival
870 µm observations, we requested and downloaded cal-
ibrated data via the ALMA helpdesk (project code
2015.1.00425.S, PI: A. Kataoka).We re-imaged the cal-
ibrated data in the same manner as discussed in Sec-
tion 2.2. The final resolution was 0.0027 × 0.0024. We re-
gridded the 1.3 mm observations to have the same pixel
size used at 870 µm (0.0006), and we smoothed the 870 µm
to have the same resolution as the 1.3 mm observations.

Figure 3 shows the comparisons of the polarization
morphologies at the two wavelengths. The first two
panels show the polarized intensity for each wavelength.

Both have a strong peak toward the east. However,
the 1.3 mm polarized intensity shows a strong peak to-
ward the north, which is not seen at 870 µm. Moreover,
the polarization vector direction changes substantially
toward this northern region (i.e., toward the Stokes I
peak). The third panel shows the ratio of P frac between
1.3 mm and 870 µm, and the fourth shows the polar-
ization position angle differences between 1.3 mm and
870 µm.

For both wavelengths, Pfrac and position angles to-
ward the southern part of the disk are roughly identical,
which is consistent with the aligned grain interpretation
advocated by (Ohashi et al. 2018). However, the ratio
Pfrac,1.3mm /P frac,870µm is slightly less than unity, which
is unexpected since the emission at 1.3 mm is more op-
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tically thin than that at 870 µm and the polarization
fraction is expected to increase with decreasing optical
depth (Yang et al. 2017), as seen with BHB07-11 (Alves
et al. 2018).

For the northern part of the disk, the polarization
between wavelengths is substantially different, with
Pfrac,1.3mm /P frac,870µm reaching values as high as ∼5,
and the difference in polarization angle is as large as
90◦ (i.e., perpendicular). The Band 7 polarization was
interpreted as coming from dust scattering, mainly be-
cause of the flip of the polarization orientations (from ra-
dial to azimuthal direction) across the horseshoe-shaped
dust trap (Ohashi et al. 2018). The flip is less prominent
in Band 6 but is still present; it occurs at smaller radii
compared to the Band 7 case. Whether it is still con-
sistent with the scattering interpretation remains to be
determined, and may require consideration of non-ideal
polarization effects, such as large non-spherical grains
polarizing emission beyond the Rayleigh regime (e.g.,
Kirchschlager & Bertrang 2020). Detailed modeling is
needed but is beyond the scope of this paper.

For IM Lup, Hull et al. (2018, ALMA project code
2016.1.00712.S,PI: C. Hull) found that the detected
870 µm continuum polarization was mostly (but not
completely) aligned with the minor axis, which is ex-
pected for scattering. To compare with these observa-
tions, we downloaded the polarization images provided
in the online version of Hull et al. (2018), which have a
resolution of 0.0050 × 0.0040. As above, we regridded the
1.3 mm observations to have the same pixel size that
we used at 870 µm (0.001), and we smoothed the 870 µm
to have the same resolution as the 1.3 mm observations.
We show the comparison in Figure 4.

Along the major axis, Hull et al. (2018) detected po-
larization over an extent of ∼2 00, while we detect it
over ∼1.500. Nevertheless, the 1.3 mm results show vec-
tors less aligned with the minor axis than that found
in Hull et al. (2018). The 1.3 mm polarization angles
are suggestive of a more azimuthal morphology along
the edges of the detected polarized emission, with the
main differences at the northern and southern parts of
the disk (right panel, Figure 4). This possible change
in polarization morphology between the wavelengths of
870 µm and 1.3 mm was also found between these wave-
lengths for HL Tau (Stephens et al. 2017). This fea-
ture could possibly indicate two competing polarization
mechanisms, such as scattering and alignment with the
radiation anisotropy. Nevertheless, pure scattering mod-
els show that, while very optically thick regions show
uniform vectors aligned with the minor axis, optically
thinner regions have a significant azimuthal component
(Yang et al. 2017). Indeed, 1.3 mm dust emission is op-

tically thinner than emission at 870 µm, so it is possible
that the morphologies at both wavelengths can be ex-
plained by dust scattering.

Additionally P frac,1.3mm /P frac,870µm is primarily larger
than 1 for IM Lup. This feature is unexpected for op-
tically thin dust grains of sizes ∼100 µm, as originally
proposed by Hull et al. (2018). However, this might be
explained via optical depth and beam smearing effects
(Lin et al. 2020) or by grain sizes that are a few 100s of
µm (e.g., Kataoka et al. 2015, 2017).

3.2. Line Observations

We show integrated intensity (moment 0) maps of
CO(2–1), 13CO(2–1), and C 18O(2–1) for HD 142527
and IM Lup in Figures 5 and 6, respectively. Each im-
age is overlaid with contours of the continuum emission.
Compared to the continuum for both disks, CO(2–1)
and 13CO(2–1) lines are detected over a larger extent
than that seen for the continuum, while the C 18O(2–1)
line is detected over roughly the same area. The mea-
sured dimensions of the major and minor axes over
which CO(2–1) emission is detected are 11.2 00 × 9.006
(1760 × 1510 au) for HD 142527 and 12.0 00 × 8. 007
(1900 × 1370 au) for IM Lup.

For HD 142527, the CO(2–1) moment 0 map (Fig-
ure 5, left) indicates a spiral-like structure. The spiral
structure is well known for this disk, as it was detected
in the infrared (Casassus et al. 2012; Rameau et al.
2012), in Near-IR H- and K s-band polarimetric obser-
vations (Canovas et al. 2013; Avenhaus et al. 2014), and
in previous ALMA CO(2–1) and CO(3–2) observations
(Christiaens et al. 2014).The 13CO(2–1) and C18O(2–1)
emission is ring-like, with a local minimum of emission
toward the center of the disk.

For IM Lup, a pinched pattern is seen in the CO(2–1)
and 13CO(2–1) moment 0 maps, which indicates emis-
sion from gas above the midplane. CO(2–1) appears to
be slightly asymmetric toward the northwest part of the
disk. Like HD 142527, 13CO(2–1) and C 18O(2–1) line
emission also have a local minimum toward the center of
the disk. All of the above features were also mentioned
in Cleeves et al. (2016).

3.3. Optical Depth

Linear polarization due to the GK effect is largely af-
fected by the optical depth of the spectral line (e.g.,
Deguchi & Watson 1984). The optical depth can be es-
timated from the ratio of brightness temperatures (e.g.,
Lyo et al. 2011). Given the brightness temperature for
the first and second line of T B1 and TB2 , we can solve
for the optical depth using the equation
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Figure 5. From left to right, HD 142527 colormaps of the integrated intensity (moment 0) for CO(2–1), 13 CO(2–1), and
C18 O(2–1). The integrated velocity range is labeled at the bottom of each figure. White contours show the continuum emission,
with contours levels at [4, 150, 500, 2000] × σ I , where σI = 37 µJy bm−1 . The green ellipse at the top right is the synthesized
beam for the continuum, while the blue ellipse at the bottom right is for the spectral line.
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Figure 6. Same as Figure 5, but now for IM Lup and σ I = 22 µJy bm−1 .

R =
TB1
TB2

=
1 − e−τ 1

1 − e−τ 2
=

1 − e−τ 1

1 − e−τ 1 /X
. (4)

Since the conversion factor between flux and bright-
ness temperature for each line in this study are roughly
identical (vary by less than 1%), we instead use R =
Fν1 /F ν2 . X is the isotopic line ratio, which we adopt
as [12CO]/[ 13CO] = 70 and [ 12CO]/[C 18O] = 500. The
optical depth was solved for numerically. We made op-
tical depth maps (not shown) both channel by channel
and from the integrated intensity maps of each line.

For HD 142527, the calculated optical depths at some
locations are either highly uncertain or cannot be com-
puted (i.e., the less abundant species is brighter, making
Equation 4 unsolvable), given that CO(2–1) emission
has features of self-absorption and absorption against
the continuum. We find that CO(2–1) optical depths are
>30 for all locations except the center of the disk, where
the optical depth is as low as 14. The optical depths of
13CO(2–1) across the disk, as calculated from its flux ra-
tio with C 18O(2–1), range from ∼1 to 7, and the optical
depth for C 18O(2–1) is between 0.1 and 1. When look-

ing at optical depth maps channel by channel, CO(2–1)
is optically thick at all velocities where both CO(2–1)
and 13CO(2–1) are detected. At the highest velocities
from systemic (at about 1 and 6.5 km s−1 ), the CO(2–1)
optical depths are ∼8–10.

For IM Lup, the optical depths could be calculated at
all locations, though we note that there is likely some
absorption against the continuum toward the center of
the disk (Cleeves et al. 2016). Based on the integrated
intensity maps, we find that CO(2–1) optical depths are
typically about 40, but range from about 10–100. Given
the abundance ratios, 13CO(2–1) is just around the op-
tically thick (τ = 1) regime, and C 18O(2–1) is optically
thin. Again, when looking at optical depth maps chan-
nel by channel, CO(2–1) is optically thick at all veloc-
ities where both CO(2–1) and 13CO(2–1) are detected.
At the highest velocities from systemic (at about 1.5 and
7.5 km s−1 ), the CO(2–1) optical depths are ∼25.

Comprehensive models that show in detail how the
values of Pfrac change with optical depth do not consider
disks (the GK effect in disks is modeled in Lankhaar &
Vlemmings 2020, which we will discuss in Section 6).
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These models simply consider molecules placed within a
magnetic field, and may or may not have an additional
external source of radiation. Without an external source
of radiation, the GK effect is expected to be strongest at
τ ≈ 1, and significantly reduced for high (&10) and low
(.0.1) optical depths (e.g., Deguchi & Watson 1984). In
such a case,13CO(2–1) is in the optimal optical depth
range for a polarized signal detection, CO(2–1) is subop-
timal, and C18O(2–1) is mostly suboptimal (only toward
select areas of HD 142527).However, when an external
source is added (due to, for example, compact dust),
CO emission is expected to be strongly polarized even
at low optical depths and will be perpendicular to the
polarization observed for τ ≈ 1 (Cortes et al. 2005). Op-
tically thick emission will again have very low values of
Pfrac . Given this model, we would expect the GK ef-
fect to be easier to detect for 13CO(2–1) and C18O(2–1)
rather than CO(2–1). However, as will be shown later
in this paper, we only detect polarization for CO(2–1),
albeit over a limited velocity range and area of the disk.

We stress that a disk is more complex than these mod-
els, as additional factors must be considered such as the
disk’s inclination, density profile, and temperature pro-
file. While these features are taken into account in the
PORTAL software (Lankhaar & Vlemmings 2020), the
effect of optical depth on P frac was not discussed in de-
tail, though it is mentioned that P frac is expected to be
near 0 for high optical depths. Using PORTAL to show
how optical depth changes the polarization of lines re-
quires a detailed study that is beyond the scope of this
paper.

Finally, it is worth mentioning that given the esti-
mated densities for HD 142527 and IM Lup (Perez et al.
2015; Cleeves et al. 2016), the lines are certainly ther-
malized in the midplane. As such, collisions will dom-
inate over the radiative rate, which causes no polariza-
tion from these spectral lines. However, polarized emis-
sion could potentially be emitted from less dense regions
above the midplane.

4. SEARCHING FOR A POLARIZED SIGNAL IN
SPECTRAL LINES

In this section, we attempt a thorough search for the
polarization in the CO isotopologues. When we mention
Stokes parameters in this section, we specifically refer to
the isotopologues and not the continuum.

For HD 142527 and IM Lup, Stokes QU V maps ap-
pear to be pure noise if we integrate over the same ve-
locity ranges as their respective Stokes I images (i.e.,
those shown in Figures 5 and 6). Additionally, if we
step through the Stokes QU V images channel by chan-
nel, we see no strongly polarized signals at any velocity.

In other words, any sort of polarization signal is not ob-
vious for any of the observed spectral lines in both disks.
We decided to do a deeper search for a polarized signal
via spectral stacking and via spatial averaging over an
integrated velocity range. We first motivate the stacking
technique using a simple morphological model.

4.1. Morphological Model

To motivate possible ways for stacking, we create
model images of the expected Stokes Q and U maps for
purely elliptical polarization for HD 142527 and IM Lup,
which may be expected for a toroidal field. Along with
measured quantities of the disks (e.g., inclinations and
position angles), the only assumptions that go into the
model is a surface density profile and a polarization mor-
phology. This notably is not a model of the GK effect,
as it ignores very important parameters such as the opti-
cal depth. The point of the model is to simply describe
which quadrants of the disk we expect to see positive
and negative values for Stokes Q and U based on an
elliptical (and eventually radial; see below) polarization
morphology.

Following Yang et al. (2019), we create an image of an
elliptical polarization pattern for a disk with inclination,
i. The polarization pattern is then rotated according to
the position angle of the disk, PA. Each pixel of the im-
age now has a polarization angle, θell , which is measured
counterclockwise from north.

For HD 142527 we assume PA = 160 ◦ and i = 28 ◦

(Perez et al. 2015), and for IM Lup we assume PA = 144◦

and i = 48 ◦ (Cleeves et al. 2016). We assume a surface
density profile that follows the form in Andrews et al.
(2011), and we assume the surface density is directly
proportional to the Stokes I flux such that

I ∝
R
Rc

−γ

exp

"
−

R
Rc

2−γ
#

, (5)

where R is the radius of the disk, Rc is the characteristic
radius, and γ is the gas surface density exponent, which
we assume to be 1. For HD 142527 and IM Lup, we
assume Rc is 200 and 100 au,respectively (Perez et al.
2015; Cleeves et al. 2016). From the Stokes I and θ ell
maps, we can determine the Stokes parameters Q and
U via

Q = IP frac cos(2θell ) (6)

U = IP frac sin(2θell ). (7)

For this model, we assume Pfrac to be constant across
the disk. Then, Pfrac and the constant needed for the
proportionality in Equation 5 become a single constant,
which we call K. We then smoothed each map to have
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the same resolution as our observations. For any value
K of these two disks, the Stokes U peak (Umax ) happens
to be larger than that of Stokes Q. We then normalize
both the Stokes Q and U maps by dividing by U max so
that we can draw contours with respect to the maximum
value in the Stokes images.Modeled polarization angles
and Stokes Q and U contours for HD 142527 and IM Lup
are shown in Figure 7 and 8, respectively.

Figure 7. Simple model for HD 142527 of elliptical polar-
ization position angles (vectors) and the resulting Stokes Q
and U parameters, which are shown as red and blue con-
tours, respectively. Stokes Q and U maps are normalized
so that the maximum value of U is U max = 1, and contours
for each Stokes parameter are drawn for [–0.4, –0.1, 0, 0.1,
0.4] × U max . Solid and dashed contours show positive and
negative levels, respectively. The model was smoothed to
the same resolution as the observations, which is shown as a
green ellipse at the bottom right.

Since the GK effect has an ambiguity with being per-
pendicular or parallel with the magnetic field, a radial
polarization pattern is also possible for a toroidal field.
In such a case, Figure 7 and 8 would have to be modi-
fied by rotating all angles by 90◦ and by switching the
Stokes Q and U contours with each other. Indeed, the
GK disk model in Lankhaar & Vlemmings (2020) sug-
gests that radial polarization would be seen for a face-on
disk for both toroidal and radial magnetic fields.

It is also important to note that the angular extent
of the gaseous disk goes substantially beyond what is
shown in these models (Figures 5 and 6). The modeled

Figure 8. Same as Figure 7, but for IM Lup.

Stokes Q and U emission declines rapidly with radius
due to the exponential part of the assumed intensity
profile (Equation 5). We note that the real Stokes Q
and U contours levels could extend farther out if the
polarized fraction is higher in the outer disk. A higher
Pfrac in the outer disk indeed would be expected for
CO(2–1) and 13CO(2–1), as the outer disk is less opti-
cally thick than the inner disk. Regardless of the as-
sumptions about Pfrac , we still expect the 4-petal daisy-
like pattern in Stokes Q and U for elliptical and radial
polarization patterns.

The 4-petal daisy-like pattern for the elliptical polar-
ization model suggest four distinct disk wedges, where
two wedges are positive and two wedges are negative.
For Stokes Q, the intensity switches signs (e.g., from
positive to negative) at around the major and minor
axes of the disks. The four sign switches for Stokes U
are each located between two different sign switches for
Stokes Q (the Q and U maps are both 4-petal daisy-like
patterns offset by ∼45 ◦ ). These transitions are at ∼45 ◦

from the major and minor axes when deprojected to
the disk plane. Again, for a radial polarization pattern,
Stokes Q and U contours are switched, so the separation
between wedges would be at the same locations.

Since we want to make sure we avoid stacking areas of
the disk with positive Stokes Q and U emission with
those areas that are negative, these models motivate
us to stack Stokes parameters spatially based on disk
quadrants. These areas will be the basis of some of the
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stacking used in Section 4.2. We first stack based on
deprojected disk quadrants starting at the major axis
and binning for every 90◦ . We then do 90◦ deprojected
quadrants again, but this time starting at a deprojected
angle 45◦ from the major axes. Moreover, for certain
quadrants we cut out the central part of the disk to
make sure we do not add positive with negative emis-
sion, which will be discussed in the next subsection.

We are binning based on 90◦ quadrants and start the
binning for two separate position angles, which provides
a fine probe in many areas of the disk. As such, the
stacking method is likely to find polarization morpholo-
gies that are not elliptical or radial, if they exist.

4.2. Stacking via GoFish

Spectral lines are Doppler shifted due to the rotational
profile of the disk. A signal can be stacked for the Stokes
parameters by aligning their spectra to common centroid
velocities based on a disk’s deprojected Keplerian rota-
tional profile. We do this by using the software package
GoFish (Teague 2019).

GoFish takes in a number of parameters to estimate
the three-dimensional Keplerian rotational profile used
for stacking. This includes the stellar mass, M ?, the
position angle of the major axis pointing to the most
red-shifted side, PAred , the inclination of the source, i,
the distance to the source, d, and the emission scale
height at 100, z0. We find estimates for most these
parameters from disk models from Perez et al. (2015,
HD 142527) and Cleeves et al. (2016, IM Lup).For both
disks we assume z0 = 0.001. For HD 142527, we assume
M ? = 2.8 M , PAred = 160 ◦ , i = 28 ◦ , and d = 157 pc.
For IM Lup, we assume M? = 1 M , PAred = 144 ◦ ,
i = 48 ◦ , and d = 158 pc. For IM Lup, we also had to
specify an x-offset of 0.800since the phase center was er-
rantly offset to the disk center by this amount. Other
input parameters for GoFish were all assumed to be their
defaults.

GoFish can also take in a minimum and maximum
radius to apply the technique and can also integrate over
user-specified disk wedges.We tried a vast mixture of
wedges and radii for all 3 spectral lines. Nevertheless,
we could not find a significant signal in Stokes Q, U , and
V via stacking. Here we present the stacking technique
by first stacking each Stokes parameter across the entire
disk, and then by stacking by the quadrants mentioned
in Section 4.1. We first select the radius in the disk
plane, rmax , over which we do the stacking. We choose
a value where the Stokes I flux drops to 90% of the
peak value of the Stokes I moment 0 map. Rounded
to the nearest arcsecond for CO(2–1), r max is 3 00 for
HD 142527 and 400for IM Lup. The CO(2–1) results for

Figure 9. HD 142527 IQU V CO(2–1) spectra, stacking
based on the Keplerian profile of the disk via GoFish across
the entire disk out to a radius of 3 00. The stacked Stokes I
signal has been divided by 170.

Figure 10. IM Lup IQU V CO(2–1) spectra, stacking based
on the Keplerian profile of the disk via GoFish across the
entire disk out to a radius of 4 00. The stacked Stokes I signal
has been divided by 170.

HD 142527 and IM Lup are shown in Figures 9 and 10.
The results for 13CO(2–1) and C18O(2–1) are shown in
the Appendix.

As mentioned in Section 4.1, for elliptical or radial po-
larization patterns, averaging polarization over the en-
tire disk causes the fluxes of the Stokes Q and U pa-
rameters to be averaged out, as there are both positive
and negative components (Figures 7 and 8). Therefore,
we also use GoFish to stack for different quadrants (90◦

wedges) for each disk, as shown for CO(2–1) in Fig-
ure 11. We choose four 90◦ quadrants, where each 90◦
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Figure 11. Stacking based on Keplerian rotation of selected quadrants (90 ◦ wedges in disk plane) via GoFish. The top row
shows selected quadrants overlaid on the moment 0 maps (integrated over same velocity interval as Figures 5 and 6). The left
two images show the quadrants for HD 142527, and the right two images show quadrants for IM Lup. The number range next
to each quadrant correspond to the quadrant’s angle range from the disk’s axis, starting from PA red . The middle row shows 8
panels where we stack for the quadrants shown in the top row for HD 142527. The top four of these panels correspond to the
first HD 142527 image, while the bottom four correspond to the second image. The bottom left of each of the 8 panels shows
the minimum and maximum radii, r min and r max , used for the quadrant. The bottom right of each panel shows the angle range
of the quadrants indicated in the top panels. The 8 panels on the bottom row are like the middle row, except for IM Lup.

quadrant is in reference to the disk’s axis rather than
in projection. Since the Stokes Q and U contours each
draw a 4-petal daisy-like pattern that offset from each
other by ∼45 ◦ (Figure 7 and 8), we select four 90◦ quad-

rants where we start at PA red , and another four where
we start at PAred − 45 ◦ . Also, for elliptical polarization,
the central region is expected to be negative for Stokes Q
and positive for Stokes U , which is especially evident for
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the inner 0.005 for IM Lup (Figure 8). As such, for alter-
nating quadrants, we shift between rmin = 0 00and 0.0017
for HD 142527, and rmin = 0 00and 0.005 for IM Lup. The
quadrants with a non-zero rmin are drawn in gray in Fig-
ure 11. Once again, we select rmax of 300for HD 142527
and 400for IM Lup.

No significant detection was found for any quadrant.
Our attempts using other many other values for r min
and rmax (not shown) also did not detect any significant
signal in any of the Stokes parameters.We also show the
resulting non-detections for 13CO(2–1) and C 18O(2–1)
in the Appendix. We discuss the constraints we can
place on Pfrac from stacking (for the entire disk and for
quadrants) in Section 5.

4.3. Searching for Signal within an Aperture

For each spectral line, we also manually inspected the
Stokes Q, U , and V cubes for a signal.This search was
done by looking at the average spectra within a circular
aperture. The size and position of the circular aperture
was changed, allowing us to carefully inspect Stokes Q,
U , and V spectra across the entire disk in which there
is Stokes I signal. Using this method, we found that for
CO(2–1), there appears to be a signal in the Stokes Q
cube toward both disks.

We then developed a script that alters the size and po-
sition of the circular aperture to find the location with
the highest signal to noise.Specifically, we found the lo-
cation where SNRQ = |ΣQ|/σ ΣQ was maximum, where
|ΣQ| is the magnitude of the sum of Stokes Q for N con-
secutive channels and σΣQ is the error on the sum. As
stated in Section 2.3, there exists a covariance between
consecutive channels that is 0.3 times the variance in
the spectrum. When accounting for these covariances,
σΣQ = σ Q,ap

√
1.6N − 0.6, where σQ,ap is the noise of

Stokes Q in a single channel for the spectra for an aper-
ture. When searching for the highest SNR Q within a
circular aperture, the aperture was centered on a pixel
and radii had sizes that were integers.

Figures 12 and 13 show the spectra of the four Stokes
parameters where SNRQ is maximum for HD 142527
and IM Lup, respectively. These displayed spec-
tra are the average spectra within the circular aper-
ture, and the channels that were integrated to ob-
tain the maximum SNR Q are shown in pink. For
HD 142527 and IM Lup, the values for ΣQ over the
pink areas in Figures 12 and 13 are 10.8 ± 1.2 mJy bm−1

(SNRQ = 8.7) and 9.9 ± 1.0 mJy bm −1 (SNRQ = 9.6),
respectively. For HD 142527 and IM Lup, the val-
ues for ΣU in the same areas are 2.7 ± 1.5 mJy bm −1

and 3.7 ± 1.2 mJy bm−1 , respectively. At these loca-
tions for HD 142527 and IM Lup, the de-biased Pfrac

Figure 12. Average HD 142527 CO(2–1) Stokes IQUV
spectra for the circle shown in Figure 14. Stokes I has been
divided 80. The pink shaded area shows the velocity range
in which we integrated the signals.

Figure 13. Average IM Lup CO(2–1) Stokes IQU V spectra
for the circle shown in Figure 15. Stokes I has been divided
80. The pink shaded area shows the velocity range in which
we integrated the signals.

is 1.56 ± 0.18% and 1.01 ± 0.10%, respectively.The po-
sition angles χ are 6.◦ 9 ± 3.◦ 9 and 10.◦ 1 ± 3.◦ 2, respectively.

We create moment 0 maps for each of the four
CO(2–1) Stokes parameters integrated about the pink
shaded velocity ranges. These maps are shown in Fig-
ures 14 and 15 for HD 142527 and IM Lup, respec-
tively. The circular aperture indicates the area where
we show the average spectra in Figures 12 and 13.For
HD 142527, there is elevated emission across the ma-
jor axis of the Stokes Q image; given the sensitivity in
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Figure 14. HD 142527 IQU V moment 0 maps over the velocity range shown in the bottom left of the panel, which is the pink
shaded area shown in Figure 12. The spectra in Figure 12 is the average spectra taken at the location of the white circle.
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Figure 15. IM Lup IQU V moment 0 maps over the velocity range shown in the bottom left of the panel, which is the pink
shaded area shown in Figure 13. The spectra in Figure 13 is the average spectra taken at the location of the white circle.

the QUV moment 0 maps is σ = 0.78 mJy bm−1 km s−1 ,
anything that is red-colored is above 2σ and white-
colored is above 3σ. While the >2σ pixels are blotchy
rather than a smooth cohesive structure, we note that
for an image that is purely noise, only 2.3% of the area is
expected to be above the 2σ value. Since the Stokes Q
image of HD 142527 has a region where substantially
more than 2.3% of the area is above 2σ, this is likely a
robust detection. Similarly, the red and white colors for
IM Lup (Figure 13) is above 2σ and 3σ, respectively, as
the QUV moment 0 maps is σ = 0.96 mJy bm−1 km s−1 .

Since we used an algorithm that optimizes a circular
aperture to have the best SNR as possible, we wanted
to confirm that this algorithm does not create a false
signal. We used a Monte Carlo simulation to find the
typical SNR that one would expect at each pixel of our
CO(2–1) Stokes Q maps.As above, for each 0.0011 pixel,
we searched for the highest SNRQ possible for a range
of circular apertures and channels. We focused on pix-
els within a radius of 1500 from the center of the map,
which allows us to probe well beyond the disks where

Stokes Q is expected to be pure noise. We tried cir-
cular apertures with integer radii sizes between 1 and
27 pixels (0.0011 × 3 00). For every circular aperture, we
looked for the highest SNR Q possible for 2 to 32 con-
secutive channels (i.e., a window of sizes between ∼0.16
and 2.5 km s−1 ), restricting the search for a signal within
a vlsr velocity range of 0 to 7 km s−1 for HD 142527 and
1 to 8 km s−1 for IM Lup. We chose a maximum win-
dow of 2.5 km s−1 because this captures the majority of
Stokes I for any pixel, and we chose the v lsr ranges be-
cause they capture the vast majority of the Stokes I
emission across the entire map.

Figure 16 shows the maximum SNR Q at each
pixel based on these Monte Carlo simulations. For
HD 142527, the mean SNRQ for each pixel is 4.7 with
a standard deviation of 0.9. The signal shown in Fig-
ure 12 is indeed the pixel with the highest SNRQ found
(SNRQ = 8.7). However, there is a signal off the disk
with comparable signal (SNRQ = 8.6). For IM Lup,
the mean SNRQ for each pixel is 5.0 with a standard
deviation of 1.0, and the signal shown in Figure 13
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Figure 16. Monte Carlo simulation results showing the maximum CO(2–1) SNR Q detected for each pixel for HD 142527 (left)
and IM Lup (right). To determine these values, at each pixel we spatial averaged spectra within circular apertures between
0.0011 × 3 00 and considered spectral window sizes between ∼0.16 and 2.5 km s−1 . Of all possible combinations, we picked the
largest value, i.e., the maximum SNR Q . See Section 4.3 for more details. White contours show the 1.3 mm Stokes I contours,
with levels of [4, 150, 500, 2000] × σ I,1.3 mm , where σI,1.3 mm = 37 µJy bm−1 for HD 142527 and 22 µJy bm−1 for IM Lup. The
black crosses in each panel show the the location of the maximum SNRQ detected; these spectra are shown for HD 142527 and
IM Lup in Figures 12 and 13, respectively.

(SNRQ = 9.6) is not the pixel with the highest SNR Q .
Instead, a few pixels off of the disk have slightly higher
values of SNRQ , with values up to 10.1. We note that
the distribution of the maximum SNR Q for all pixels is
not Gaussian, but rather positively skewed. Figure 16
shows that there exists high SNRs well outside of both
disks.

Based on these results, we consider these Stokes Q
detections as marginal. While the signals in Figures 12
and 13 appear to be robust by eye, and we have char-
acterized the noise as well-behaved (Section 2.3), our
Monte Carlo simulations show that our methodology of
finding this signal can find signals that are almost cer-
tainly false as well. If we repeat the same Monte Carlo
simulations toward these disks for Stokes U , the highest
values of SNRU within the areas of the gaseous disks
are 6.9 and 8.0 for HD 142527 and IM Lup respectively.
Since CO(2–1) Stokes U maps share the same noise char-
acteristics as Stokes Q (Section 2.3), these lower values
indicate that the marginal detections of Stokes Q could
indeed be real. Nevertheless,finding a marginal
signal for each disk only for CO(2–1) Stokes Q is
peculiar and may indicate a more complex noise
behavior that could not be found with our tests.

As seen in Figures 12 and 13, for both HD 142527
and IM Lup, there is also a negative dip in the Stokes Q
spectra at a velocity ∼1 km s −1 higher than the pink
shaded area. If we again search the nearby vicinity for
the maximum SNRQ for different apertures at these neg-

ative dips, we find the maximum SNR Q for HD 142527
and IM Lup are 5.8 and 8.2 respectively. Based on our
Monte Carlo simulations, these are marginal at best.
However, the fact that the Stokes Q spectra for both of
these disks show a negative dip at the same relative ve-
locity is intriguing, and perhaps indicates a flip in polar-
ization angle at the higher velocity. Nevertheless, given
these data, we cannot strongly support this conjecture.

While we detect positive Stokes Q toward parts of the
disk, which is suggestive of mostly north-south polar-
ization, we do not detect polarized emission over a large
enough area or velocity range to accurately discern any
sort of disk polarization morphology. Moreover, trying
to infer the magnetic field morphology from these obser-
vations is too difficult, given the ambiguity of the GK
effect (polarization can be parallel or perpendicular to
the magnetic field) and possible effects from resonant
scattering (Houde et al. 2013).

5. CONSTRAINING THE POLARIZATION
PERCENTAGE OF THE OBSERVATIONS

Although our manual inspection method detected
what seemsto be a marginal signal in CO(2–1) for
HD 142527 and IM Lup, the polarization is only detected
for Stokes Q and is only for select areas and velocities.
To motivate future observations, it would make sense to
put upper limits on the polarization percentage for each
spectral line. Unlike continuum polarization, specify-
ing the upper limit for P frac for disks is not straightfor-
ward, as it requires specifying both the integrated veloc-
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Figure 17. HD 142527 maps of the upper limit for P frac at each pixel (see Section 5) with 3 different spectral lines and velocity
bins. From top to bottom, the rows are for CO(2–1), 13 CO(2–1), and C18 O(2–1). From left to right, the columns are for velocity
bins of 0.5 km s−1 , 1.0 km s−1 , and 1.5 km s−1 . Each row shares the same color bar.Black contours show the 1.3 mm continuum,
with levels of [4, 150, 500, 2000] × σ I , where σI = 42 µJy bm−1 .

ity range and location. The dominant Stokes I emission
of an inclined, rotating disk as a function of velocity
will (1) start on the blue-shifted side of the major axis,
(2) continue toward the minor axis, and (3) finish on
the red-shifted side of the major axis. Thus, integrating
emission over the entire disk makes less sense than inte-
grating over finer velocity ranges since the entire range
would add noise where little to no Stokes I emission is
detected.

For each spectral line, we make maps of the 3σ upper
limit for P frac by calculating these upper limits for each
pixel for a variety of velocity intervals. We first mask
out pixels where the moment 0 maps (Figures 5 and 6)
are detected with a signal-to-noise of less than 10.This
effectively masks out areas with high P frac upper lim-
its, which aids in displaying the upper limit maps with
a reasonable stretch. Then for the Stokes I spectra of

each remaining pixel, we find where the summation of N
channels is maximum (ΣI) Taking into account the cor-
relation between channels, we determine the 3σ upper
limit to P frac to be

Pfrac,3σ = 3σ PI

√
1.6N − 0.6

ΣI
, (8)

where the polarized intensity sensitivity σ PI = σ Q =
σU . Since we choose the maximum ΣI at each pixel,
this method is effectively the “minimum” upper limit
at each pixel for the given spatial resolution. Note that
minimum upper limits could be reduced further if we
did spatial smoothing.

We generate multiple 3σ upper limit maps, each for N
channels spanning velocity intervals that are a factor of
0.5 km s−1 . We show the result for 0.5, 1, and 1.5 km s−1

for HD 142527 and IM Lup in Figures 17 and 18, re-
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Figure 18. Same as Figure 17, but now for IM Lup and σ I = 22 µJy bm−1 .

spectively. Any higher velocity intervals (e.g., 2, 2.5,
and 3 km s−1 ) largely result in much worse upper limit
sensitivities across the map. In general, the 0.5 km s−1

interval performs better (i.e., lower upper limits) toward
the outer part of the disk while the 1 and 1.5 km s−1 in-
tervals perform better for the inner part of the disk.

The upper limits vary drastically across the map for
each disk, spectral line, and velocity bin.For the bright-
est continuum spots of HD 142527, the polarization 3σ
upper limits are typically less than 3% for CO(2–1) and
13CO(2–1), and 4% for C 18O(2–1). For the brightest
continuum spots of IM Lup, the polarization 3σ upper
limits are typically less than 3% for CO(2–1), 4% for
13CO(2–1), and 12% for C 18O(2–1). While these are
typical values, one can see from these Figures that to-
ward some areas of the disks, the 3σ upper limit can be
over a factor of two lower.

We can also constrain the upper limit to the P frac for
the GoFish stacking methods presented in Section 4.2.

Table 2. GoFish Pfrac 3σ Upper Limits

HD 142527 IM Lup
Line Whole Disk Quadrants Whole Disk Quadrants

CO(2–1) 0.2% – 0.3% 0.3% – 0.9% 0.2% – 0.3% 0.3% – 0.5%
13 CO(2–1) 0.3% – 0.4% 0.4% – 0.9% 0.3% – 0.5% 0.6% – 1.0%
C18 O(2–1) 0.4% – 0.5% 0.5% – 1.1% 1.1% – 1.4% 1.9% – 3.3%

Note—Stacking constraints using GoFish (Section 4.2). Minimum and
maximum 3σ upper limits for windows of 0.5 km s−1 , 1.0 km s−1 ,
and 1.5 km s −1 for the whole disk, and for repeating the analysis for
different disk quadrants. The radii range used for the stacking is
discussed in Section 4.2.

We once again use Equation 8 to calculate the “mini-
mum” 3σ upper limit for each stacked GoFish spectra
for both the entire disk (Figures 9 and 10 for CO(2–1);
see Appendix for13CO(2–1) and C18O(2–1) transitions)
and when stacking different disk quadrants (Figure 11
for CO(2–1); also see Appendix for 13CO(2–1) and
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C18O(2–1) transitions). We only report values for ve-
locity intervals of 0.5, 1, and 1.5 km s−1 because higher
velocity spans do not result in better sensitivities. We
take σPI to be the noise of the Stokes V stacked spec-
trum. The 3σ upper limits are given as ranges in Ta-
ble 2. Ranges are given since the 3σ upper limits vary
significantly depending on the velocity interval and (for
the quadrant analysis) the quadrant analyzed. We re-
port the minimum and maximum 3σ upper limit found
for every permutation of velocity interval and quadrant.
Compared to the pixel by pixel analysis, the stacking
method performs better, having lower 3σ upper limits
by a factor of up to ∼10.

For each line and source, we executed one thousand
Monte Carlo runs to test how the Table 2 upper limits
change with input parameters. In these runs, we ran-
domly add Gaussian noise to the mass, inclination, and
position angles because the Keplerian profile strongly
depends on these parameters.For the mass, we assume
that σ of the Gaussian noise is 15% of the estimated
masses of the disks. For the inclination and position
angle, we assume that σ of the Gaussian noise is 5 ◦ .
These runs showed that each value in Table 2 is typical,
as both the medians and means of these values over the
one thousand runs were almost identical to their values.
For each value in Table 2, the typical standard deviation
for the 1000 runs is <10% of its value.

Altering the radii range used for stacking slightly af-
fects the upper limit values in Table 2. For example,
adding or subtracting an arcsecond to r max affects the
upper limits by zero to three tenths of a percent.

6. SUMMARY AND DISCUSSION
We use ALMA to observe polarization toward

HD 142527 and IM Lup in the 1.3 mm continuum and for
the spectral lines CO(2–1), 13CO(2–1), and C18O(2–1)
at ∼0.5 00 (80 au) resolution. We find the following re-
sults:

1. While the 1.3 mm continuum images for
HD 142527 and IM Lup show many similar fea-
tures to the 870 µm images published in other
studies, there are significant differences. The
polarization toward the northern dust trap in
HD 142527 shows a rapid change in the mor-
phology and P frac with wavelength. Whether
this wavelength dependence is consistent with
the scattering interpretation previously proposed
for the Band 7 polarization remains to be deter-
mined. The polarization toward the southern part
of HD 142527 has typically been attributed to
grain alignment, but P frac is surprisingly smaller
at 1.3 mm than it is at 870 µm. The polariza-

tion morphology toward IM Lup appears more
azimuthal at 1.3 mm than 870 µm. Pfrac decreases
between 1.3 mm and 870 µm, which is the opposite
of HL Tau. This could possibly be explained by
optical depth effects or grains that are 100s of µm
in size.

2. For both disks, CO(2–1) is very optically thick (τ
typically >30), while 13CO(2–1) is only moder-
ately so (τ ∼ 1 to a few). C18O(2–1) is typi-
cally optically thin, but still has significant optical
depth (τ ∼ 0.1 – 1). Based on optical depth alone,
we expect 13CO(2–1) and C 18O(2–1) to be opti-
mal for probing the GK effect in these disks, while
CO(2–1) is expected to be suboptimal. However,
the lines are thermalized in the midplane, suggest-
ing the detected line polarization would come from
regions above the midplane.

3. Despite the above expectations for optical depth,
polarization is only detected for CO(2–1), and only
for small parts of the disk. Such a detection re-
quires spatial averaging and integrating over a ve-
locity range. The polarization signal for both
disks is found for Stokes Q only, and our
Monte Carlo simulations suggest these are
marginaldetections.Pfrac for HD 142527 and
IM Lup are 1.56 ± 0.18% and 1.01 ± 0.10%, respec-
tively. The polarization is detected for only small
parts of the disks over a limited velocity range, and
thus is insufficient for estimating a polarization or
magnetic field pattern.

4. We constrain the 3σ upper limit for P frac at the
resolution of the observations (∼0.005 or ∼80 au).
Toward the brightest parts of HD 142527, the 3σ
upper limit is typically less than 3% for CO(2–1)
and 13CO(2–1) and 4% for C18O(2–1). Toward the
brightest parts of IM Lup the 3σ upper limits are
typically less than 3%, 4%, and 12%, respectively.
Stacking based on Keplerian rotation has 3σ upper
limits that are up to a factor of ∼10 lower, but
we note that the stacking method can potentially
average out small-scale polarization structure.

So far, Lankhaar & Vlemmings (2020) has the only
model that predicts line polarization for a disk. This
paper primarily introduces PORTAL, which is a code
for three-dimensional polarized line radiative transfer
modeling. Their prescription for a disk is somewhat
limited and it is only for CO(3–2), and they defer de-
tailed analysis to a future paper. They showed predicted
polarization morphologies for both a face-on disk and a
45◦ inclined disk, making them fairly analogous with
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HD 142527 and IM Lup, respectively. For the face-on
disk, for both toroidal and radial fields, the polarization
toward the center is expected to be near 0%, while to-
ward the edges, it reaches values of ∼0.5%.For the 45◦

inclined disk, both toroidal and radial fields, polariza-
tion is near 0% for most of the disks. For the toroidal
field, there are few locations along the major and minor
axes where polarization can reach up to 0.5%. For ra-
dial fields, the polarization can even reach up to 9%, but
the polarization is only significant for the central ∼40 au
(i.e., about half our beam size) and only along the minor
axis of the disk. Beaming smearing would reduce these
levels considerably. Lankhaar & Vlemmings (2020) al-
ready predicts low polarization levels for CO(3–2), but
they do not show detailed predictions for the J = 2 → 1
CO isotopologues. Future modeling of line polarization
tailored for disks may show why these two disks have
low levels of polarization for emission for these CO iso-
topologue transitions.

These observations are the first published attempt to
resolve linear line polarization for circumstellar disks.
Polarization is undoubtedly low. Other transitions of
CO isotopologues should be observationally explored.
The polarization fraction largely depends on the optical
depth and radiative rates, so observations of both higher
and lower frequency CO isotopologue transitions should
be attempted to search for a polarized morphology.Nev-
ertheless, because the lines are thermalized in the mid-
plane, any detection of CO polarization either comes
from beyond the midplane or is from some other (pos-
sibly unknown) effect. Other molecules could also be
observationally attempted, though most molecules are
much less abundant, and it has been predicted that Pfrac
decreases with the mass for a linear molecule (Deguchi
& Watson 1984).
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APPENDIX

In this appendix, we show 13CO(2–1) and C18O(2–1)
images made using the GoFish stacking techniques used
in Section 4.2. Constraints on the P frac based on these
stacking techniques are given in Section 5. Figures 19
and 20 show the GoFish stacking technique across the
entire disk for HD 142527 for13CO(2–1) and C18O(2–1),
respectively. Figures 21 and 22 show the GoFish stack-
ing technique across the entire disk for IM Lup for
13CO(2–1) and C 18O(2–1), respectively. Figures 23
and 24 show the GoFish stacking based on disk quad-
rants for 13CO(2–1) and C 18O(2–1), respectively, for
both disks.

Figure 19. HD 142527 IQUV 13 CO(2–1) spectra, stacking
based on the Keplerian profile of the disk via GoFish across
the entire disk out to a radius of 3 00. The stacked Stokes I
signal has been divided by 120.

Figure 20. HD 142527 IQUV C 18 O(2–1) spectra, stacking
based on the Keplerian profile of the disk via GoFish across
the entire disk out to a radius of 2 00. The stacked Stokes I
signal has been divided by 40.

Figure 21. IM Lup IQUV 13 CO(2–1) spectra, stacking
based on the Keplerian profile of the disk via GoFish across
the entire disk out to a radius of 3 00. The stacked Stokes I
signal has been divided by 50.
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Figure 22. IM Lup IQUV C 18 O(2–1) spectra, stacking
based on the Keplerian profile of the disk via GoFish across
the entire disk out to a radius of 3 00. The stacked Stokes I
signal has been divided by 20.
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Figure 23. Same as Figure 11, except now for the spectral line 13 CO(2–1). Stokes I for HD 142527 and IM Lup have been
divided by 120 and 50, respectively.
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Figure 24. Same as Figure 11, except now for the spectral line C 18 O(2–1). Stokes I for HD 142527 and IM Lup have been
divided by 40 and 20, respectively.
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