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Why observations of protoplanetary dust?
Evolution from dust to planets is a very complicated process, depending on

- dust dynamics (settling & radial drift, turbulence diffusion, trapping…) 

- microscopic properties of dust (porosity, chemical composition, …) 

What dust observations can potentially do:

• Testing dust evolution models by measuring (or at least inferring)…
- dust grain sizes and their spatial distribution

- dust porosity

- chemical composition

• Use dust as an indirect tracer of something difficult to measure
- Grain alignment ⇒ magnetic field 

Talks by Til Birnstiel, Jürgen Blum



Today’s outline

• Recent high resolution imaging observations of disks

• Specific dusty topics (mainly on grain size and porosity constraints):
- JWST

- VLT/SPHERE

- ALMA



High resolution images of the protoplanetary disk around IM Lup

Near-IR Millimeter wavelength

Avenhaus et al. 2018, Andrews et al. 2018, Ginski et al. 2023
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Multiwavelength images of disks
Inclined (IM Lup)

TW Hya: Andrews et al. 2016; van Boekel et al. 2017; Andrews et al. 2020 

IM Lup: Avenhaus et al. 2018, Andrews et al. 2018, Ginski et al. 2023, HH 30: Tazaki et al. (2025)
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A new game changer: JWST

λobs ~ 1 µm

Future projects

Characterizing the initial planet assembly with JWST

Background Planetary systems were born in protoplanetary disks composed of solid grains and gas.
Planet formation is a process such that (sub)micron-sized dust grains evolve into planetary-sized bodies
within several million years. Initially, the grains are only (sub)micron-sized and are uniformly suspended in
the gas disk, which is extended both in the vertical and radial directions of the disk. However, as grains grow
by coagulation, they start to drift through the gas disk both vertically and radially. The vertical settling
and radial drift eventually trigger the streaming instability (Youdin & Goodman 2005, Johansen et al.
2007), which results in forming planetesimals, or the ancestors of small bodies in the solar system (asteroids
and comets). However, the onset of the instability strongly depends on the e�ciency of vertical/radial
drift (Johansen et al. 2009, Bai & Stone 2010, Li & Youdin 2021), which remains largely unconstrained.
Furthermore, the dynamical evolution of grains helps to form gas giant planets as it facilitates a rapid
core formation (so-called the pebble accretion scenario; Lambrechts and Johansen 2012). Therefore, the
evolution of dust is crucial for essentially all stages of planet formation.

Disk observations in the last decade have revolutionized our understanding of dust evolution. By changing
the observational wavelength, we can access di↵erent sizes of grains in the disk. Figure 4 shows observations
of four edge-on protoplanetary disks at optical/near-IR and millimeter wavelengths (Villenave et al. 2020).
The HST images trace scattered light by micron-sized dust, revealing a vertically pu↵ed-up and radially
extended disk structure. On the other hand, the ALMA images trace thermal emission from (sub)mm-
sized dust, revealing a vertically thin (settled) and often radially compact structure. These observations
unambiguously show that significant dust evolution has already been taking place in these
disks.

However, these observations are insu�cient to draw a robust scenario on how micron-sized dust grow,
settle, drift radially, and then end up as the mm-sized dust seen in the ALMA images. The dust particles
seen in the HST images are too small so that we are likely observing a state before the dynamical evolution
sets in. A longer wavelength than HST is crucial to elucidate the dynamical process. ALMA observations
have revealed the presence of compact (sub)mm-sized aggregates (Tazaki et al. 2019). However, there is no
consensus on how such compact aggregates form in the disks, which is due to the mismatch of the results

Figure 4: Large four edge-on disks observed with HST (top rows) and ALMA (bottom rows). The HST observations
trace scattered light by micron-sized dust particles, while the ALMA observations trace thermal emission from mm-
sized dust particles. The four disks will be targeted in the approved JWST observations (PI: François Ménard).
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?

JWST provides spatially resolved images of disks  
at near- to mid-IR with spectroscopic information

Near- / Mid-IR
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Images: Tazaki et al. 2025
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occur at Rgeo < 0.1" (Table 2; 14 au at the average distance of Taurus), 
well inside the disk outer radii of ~150–350 au. If these cones trace MHD 
winds, the decreasing wind opening angle with height due to magnetic 
recollimation (for example, ref. 40) implies that each Rgeo defines an 
upper boundary for the actual wind-launching radius.

Discussion and conclusions
Different types of disk winds, with distinct kinematic and morphologi-
cal features, have been discussed in the literature review. X-winds have 
been invoked to spin down the accreting star7, whereas photoevapo-
rative winds might drive disk dispersal8. Only radially extended MHD 

winds could solve the long-standing puzzle of how protoplanetary 
disks accrete (see refs. 2,16, for recent reviews).

The edge-on orientations of our systems provide a unique advan-
tage when mapping out the structure of their disk winds, as the bright 
flux of the central star is effectively masked by the disk. The NIRSpec 
IFU spectral imaging has revealed the morphology of the atomic and 
molecular disk wind components in striking detail for several class II 
systems, on spatial scales reaching down to 30 au from the disk plane. 
In all cases, a collimated jet traced by [Fe II] is encased within the 
wider-angle emission from H2, and in one case, also CO (v = 1 → 0). The 
near-infrared molecular emission extends well above 100 au from the 
disk plane with a characteristic conical shape previously noted in a few 
other systems (for example, refs. 17–19). The consistent detection of a 
pronounced central cavity, marked by a notable absence of emission at 
the H2 axial position, is an important finding. Moreover, the molecular 
wind emission appears to be anchored at radial distances <15 au, well 
inside the disk radii. High-resolution ground-based spectroscopy of 
class I and II sources has found low-velocity H2 2.12 µm flows reaching 
blueshifted speeds of up to ~20 km s−1 (for example, ref. 15). Although 
H2 velocities were not measured for our edge-on sources (‘Results’), 
similarly low velocities probably characterize the molecular structures 
that we have imaged.

For HH 30, we also compared the brightest component of the 
wind traced with NIRSpec in H2 and CO (v = 1 → 0) with that probed with 
ALMA in the CO (J = 2 → 1) line, as shown in the left panel of Fig. 4. The 
CO millimetre emission traces gas flowing at ~10 km s−1 and has a hollow 
cone shape but with a semi-opening angle of ~35° (ref. 38), consider-
ably wider than the ~13° and ~18° semi-opening angles of the warmer 
H2 and CO (v = 1 → 0) cones (Table 2 and caption of Fig. 4). The latter 
nestle inside the millimetre cavity and, as expected, the average Rgeo 
derived from H2 (~6 ± 2 au) falls below the ~ 10 au deduced from the CO 
(J = 2 → 1) emission38. These distinctive nested hollow structures might 
be less discernible at lower disk inclinations. However, observations at 
lower inclinations provide complementary information, especially for 
the flow velocity, when performed with high-resolution spectroscopy.

Three of our systems appear to have dispersed most of their 
primordial envelopes (‘Results’), as indicated by the similarity of the 
single-dish continuum millimetre fluxes and the ALMA disk fluxes. The 
absence of an envelope disfavours scenarios in which the observed 
wide-angle lower-velocity molecular flows trace infalling envelope 
material swept up and entrained by an X-wind or the jet itself41,42. 
Additionally, our Rgeo values are more than an order of magnitude 
smaller than the disk radii, which are the base of the X-wind swept-up 
shell43. The alternative of lower-velocity material entrained at the disk 
surface by a wide-angle X-wind11 can also be excluded given the verti-
cal extent and semi-opening angle ≤50° of the H2 emission detected 
with NIRSpec. Thus, although jet production by the X-wind cannot be 
ruled out, its role in generating the observed molecular flows seems 
very unlikely.

Photoevaporative winds produce molecular flows only beyond 
several astronomical units and with velocities of just a few km s−1 and 
opening angles of around 45° (for example, ref. 44). Photoevaporative 
winds struggle to account for H2 flows exceeding 5 km s−1 and cannot 
match the 100 au vertical extent seen in our NIRSpec data (see ref. 45 for 
the predicted H2 2.12 µm-emitting region). Moreover, the near-infrared 
H2 and CO cones observed in HH 30 are narrower (Fig. 4) than those 
predicted by photoevaporative winds, and the mass flux derived from 
CO ALMA data exceeds typical photoevaporative mass-loss rates13,38,45. 
Importantly, photoevaporative winds do not recollimate to produce 
fast axial jets. Hence, they would need to be coupled with an MHD wind 
to reproduce the narrow [Fe II] emission seen in our sample. These inner 
winds might shield high-energy photons from the central star, dimin-
ishing their capacity to reach the outer disk and drive photoevapora-
tive flows (Fig. 8 in ref. 16). The absence of [Ne II] 12.8 µm low-velocity 
flows from stars with accretion rates ≳10−8 M⊙ yr−1, akin to those of our 
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Fig. 2 | Composite NIRSpec images. [Fe II] emission at 1.644 µm in blue, H2 0 → 0 
S(9) emission at 4.695 µm in green and the continuum emission (Cont.) at the H2 
line in red. CO emission from ~4.7–4.9 µm is shown in the right bottom panels of 
each row in grey. The 50% of the peak emission contour (and for HH 30 also the 
30%) is shown in grey in each composite image. In every instance, the collimated 
jet traced by [Fe II] is nestled inside the wider H2 emission and, for HH 30, also the 
CO (v = 1 → 0) emission.
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Fig. 2 | Composite NIRSpec images. [Fe II] emission at 1.644 µm in blue, H2 0 → 0 
S(9) emission at 4.695 µm in green and the continuum emission (Cont.) at the H2 
line in red. CO emission from ~4.7–4.9 µm is shown in the right bottom panels of 
each row in grey. The 50% of the peak emission contour (and for HH 30 also the 
30%) is shown in grey in each composite image. In every instance, the collimated 
jet traced by [Fe II] is nestled inside the wider H2 emission and, for HH 30, also the 
CO (v = 1 → 0) emission.
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occur at Rgeo < 0.1" (Table 2; 14 au at the average distance of Taurus), 
well inside the disk outer radii of ~150–350 au. If these cones trace MHD 
winds, the decreasing wind opening angle with height due to magnetic 
recollimation (for example, ref. 40) implies that each Rgeo defines an 
upper boundary for the actual wind-launching radius.

Discussion and conclusions
Different types of disk winds, with distinct kinematic and morphologi-
cal features, have been discussed in the literature review. X-winds have 
been invoked to spin down the accreting star7, whereas photoevapo-
rative winds might drive disk dispersal8. Only radially extended MHD 

winds could solve the long-standing puzzle of how protoplanetary 
disks accrete (see refs. 2,16, for recent reviews).

The edge-on orientations of our systems provide a unique advan-
tage when mapping out the structure of their disk winds, as the bright 
flux of the central star is effectively masked by the disk. The NIRSpec 
IFU spectral imaging has revealed the morphology of the atomic and 
molecular disk wind components in striking detail for several class II 
systems, on spatial scales reaching down to 30 au from the disk plane. 
In all cases, a collimated jet traced by [Fe II] is encased within the 
wider-angle emission from H2, and in one case, also CO (v = 1 → 0). The 
near-infrared molecular emission extends well above 100 au from the 
disk plane with a characteristic conical shape previously noted in a few 
other systems (for example, refs. 17–19). The consistent detection of a 
pronounced central cavity, marked by a notable absence of emission at 
the H2 axial position, is an important finding. Moreover, the molecular 
wind emission appears to be anchored at radial distances <15 au, well 
inside the disk radii. High-resolution ground-based spectroscopy of 
class I and II sources has found low-velocity H2 2.12 µm flows reaching 
blueshifted speeds of up to ~20 km s−1 (for example, ref. 15). Although 
H2 velocities were not measured for our edge-on sources (‘Results’), 
similarly low velocities probably characterize the molecular structures 
that we have imaged.

For HH 30, we also compared the brightest component of the 
wind traced with NIRSpec in H2 and CO (v = 1 → 0) with that probed with 
ALMA in the CO (J = 2 → 1) line, as shown in the left panel of Fig. 4. The 
CO millimetre emission traces gas flowing at ~10 km s−1 and has a hollow 
cone shape but with a semi-opening angle of ~35° (ref. 38), consider-
ably wider than the ~13° and ~18° semi-opening angles of the warmer 
H2 and CO (v = 1 → 0) cones (Table 2 and caption of Fig. 4). The latter 
nestle inside the millimetre cavity and, as expected, the average Rgeo 
derived from H2 (~6 ± 2 au) falls below the ~ 10 au deduced from the CO 
(J = 2 → 1) emission38. These distinctive nested hollow structures might 
be less discernible at lower disk inclinations. However, observations at 
lower inclinations provide complementary information, especially for 
the flow velocity, when performed with high-resolution spectroscopy.

Three of our systems appear to have dispersed most of their 
primordial envelopes (‘Results’), as indicated by the similarity of the 
single-dish continuum millimetre fluxes and the ALMA disk fluxes. The 
absence of an envelope disfavours scenarios in which the observed 
wide-angle lower-velocity molecular flows trace infalling envelope 
material swept up and entrained by an X-wind or the jet itself41,42. 
Additionally, our Rgeo values are more than an order of magnitude 
smaller than the disk radii, which are the base of the X-wind swept-up 
shell43. The alternative of lower-velocity material entrained at the disk 
surface by a wide-angle X-wind11 can also be excluded given the verti-
cal extent and semi-opening angle ≤50° of the H2 emission detected 
with NIRSpec. Thus, although jet production by the X-wind cannot be 
ruled out, its role in generating the observed molecular flows seems 
very unlikely.

Photoevaporative winds produce molecular flows only beyond 
several astronomical units and with velocities of just a few km s−1 and 
opening angles of around 45° (for example, ref. 44). Photoevaporative 
winds struggle to account for H2 flows exceeding 5 km s−1 and cannot 
match the 100 au vertical extent seen in our NIRSpec data (see ref. 45 for 
the predicted H2 2.12 µm-emitting region). Moreover, the near-infrared 
H2 and CO cones observed in HH 30 are narrower (Fig. 4) than those 
predicted by photoevaporative winds, and the mass flux derived from 
CO ALMA data exceeds typical photoevaporative mass-loss rates13,38,45. 
Importantly, photoevaporative winds do not recollimate to produce 
fast axial jets. Hence, they would need to be coupled with an MHD wind 
to reproduce the narrow [Fe II] emission seen in our sample. These inner 
winds might shield high-energy photons from the central star, dimin-
ishing their capacity to reach the outer disk and drive photoevapora-
tive flows (Fig. 8 in ref. 16). The absence of [Ne II] 12.8 µm low-velocity 
flows from stars with accretion rates ≳10−8 M⊙ yr−1, akin to those of our 
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• Recent high resolution imaging observations of disks

• Specific dusty topics (mainly on grain size and porosity constraints):
- JWST (focusing on edge-on disk observations)

- VLT/SPHERE

- ALMA

Today’s outline

60 au

60 au

Disk
Star



How to measure grain sizes?

D(λ)D(λ)

• Dark lane chromaticity D(λ) depends on total disk mass, scale height & dust extinction opacity

• Assuming the scale height and a reference dust opacity  (λ0: ref wavelength)

- disk mass can be inferred from the observed value of D(λ0) 

- and then D(λ)/D(λ0) can be link to the extinction opacity of dust grains 

κ(λ0)

κ(λ)/κ(λ0)

For edge-on disks, dark lane chromaticity can constrain grain size.



How to measure grain sizes?
JWST/NIRSpec/IFU

D(λ)
[arcsec]

λ (µm)

Ice features! 
see McClure’s talk

Martinien et al.25

D(λ)

• Dark lane chromaticity D(λ) depends on total disk mass, scale height & dust extinction opacity

• Assuming the scale height and a reference dust opacity  (λ0: ref wavelength)

- disk mass can be inferred from the observed value of D(λ0) 

- and then D(λ)/D(λ0) can be link to the extinction opacity of dust grains 

κ(λ0)

κ(λ)/κ(λ0)



Dark lane chromaticity of the HH 30 disk
HST

λ=0.6 µm 0.8 µm 2 µm 4 µm 7.7 µm 12.8 µm

• Dark lane chromaticity D(λ) is best  
reproduced by the maximum grain size  
of ~10 µm or lager.

• RT modeling found no evidence for  
dust settling at least up to grain sizes  
of ~3-10 µm. 

JWST

Tazaki et al.  (2025)

D(λ)
[arcsec]

λ (µm)



Unexpected findings: Disk winds?

• X-shaped feature shows up at mid-IR MIRI/F770W  
and F1280W (Duchêne et al. 2024).

• Likely due to emission from H2 and AIB carriers  
(Arulanantham et al. 2024, Dartois et al. 2025)

• AIB in the disk wind?
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Figure 2. Image gallery with the disk oriented horizontally. All images are shown on same angular scale and a log stretch for
all panels except at 21 and 890µm (for which square root and linear stretches are used, respectively). The corresponding beam
is shown in the bottom left of each panel. A faint star is detected from 0.8 to 12.8µm to the SW of the disk. The bright spike
indicated by a � symbol in the 0.6µm image is an uncorrected bad pixel “enhanced” due to Fourier shifting of the image.

Figure 3. SED of Tau 042021. Closed and open circles rep-
resent the adopted and additional photometric datapoints,
respectively (see AppendixA). Red diamonds indicate the
fluxes measured in the JWST images presented here. Small
gray circles represent the Spitzer/IRS spectrum rebinned to a
��/� = 10% sampling. The observed scatter observed from
the optical to the mid-infrared is most likely due to intrinsic
variability and/or changes in disk illumination. The dashed
blue and red segments are power law fits to the UV/blue and
(sub)mm parts of the SED, respectively.

the symmetry axis and noticed that it presents a shoul-
der characteristic of two distinct components separated

by a distance comparable to the projected beam size.
We interpret this as an indication that the disk is still
optically thick at 890µm, but with the two disk surfaces
not fully separated. We thus fitted a double Gaussian
model to this profile and estimated a distance between
the two surfaces of 0.0011±0.0002, roughly ten times thinner
than is observed in the optical through the mid-infrared.

In the HST images, the disk presents a significant
lateral asymmetry in its outer regions (away from the
axis of symmetry), with the top and bottom nebulae ex-
tending further in opposite directions from one another.
In contrast, in the JWST images, such an asymmetry
is strongly suppressed across all wavelengths.There is
therefore temporal variability in the illumination from
the central star, in line with the findings from Luh-
man et al. (2009). Unfortunately, there is currently
not enough temporal coverage to determine whether this
variability is periodic.
The brightness ratio between top and bottom nebula

in an EOD is related to the system’s inclination for sym-
metric disk, via the dust scattering phase function and
extinction through the disk (Watson et al. 2007). The
brightness ratio between the two nebulae is ⇡ 0.5 (see
Table 2), suggesting a small deviation from the i = 90�
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MIRI/MRS
Dartois et al. 2025

Red   ：AIB 
Green：H2

Duchêne et al. 2024



• Recent high resolution imaging observations of disks

• Specific dusty topics (mainly on grain size and porosity constraints):
- JWST

- VLT/SPHERE

- ALMA
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How to study dust porosity at IR?
⇒ Still an open question…

10 µm

Particle models
Exact electromagnetic  
scattering calculation 
with T-matrix method

Solve disk  
radiative transfer

Compare to 
disk observations

Tazaki et al. 2023

We can try some numerical experiments…



Maximum degree of linear polarization

Micron-sized
Ballistic Aggregates 

Porosity: 50-85%
(BA, BAM1, BAM2  

from Shen et al. 2008)

Micron-sized
fractal aggregates 

Porosity: >90%
(Df=1.1, 1.3, 1.5, 1.9)

Tazaki & Dominik 2022 
Tazaki et al. 2023

Larger monomers
Less porous

Highly porous

DoLP depends not only on porosity, but also strongly on the monomer size

monomer=0.1 µm 0.2 µm 0.4 µm



(Polarized) Scattering phase function

• Scattering phase function = angular distribution of scattered light

• Phase functions have been extracted for some disks (e.g., Ginski+23)

• Polarized phase function for the IM Lup disk is best explained by 
fractal aggregates with a low fractal dimension (< 2).

Tazaki, Ginski and Dominik (2023)
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• Specific dusty topics (mainly on grain size and porosity constraints):
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Measuring grain size: SED spectral index

• Under the optically thin assumption and ignoring scattering,    
(e.g., Beckwith et al. 1990, Draine 2006, Tazzari et al. 2021)

• ⚠ Disks are often optically thick at sub-millimeter wavelengths and  
     scattering is also often important (e.g., Chung et al. 2025, Garufi et al. 2025, Pinter et al. 2025)

amax ≳ 3λ ∼ 3 mm

Iν = Bν(Td)[1 − exp(−τ0/μ) + ωνF(τν, ων)]

Robitaille et al. 2007

SED

κν ∝ νβ
Fν ∝ ν2+β β

amax (cm)

Ta
zz

ar
i e

t a
l. 

20
21

Optically thin limit

Observed
Range

Geometrical optics limitRayleigh limit



Fitting the data with slab emission models

•  for outer (around midplane) regions (i.e.,>50 au)  
depending on assumed dust composition and porosity.

• Including at least one optically-thin band (a few millimeter wavelength) is crucial, 
limiting samples for the analysis.

amax ∼ 100 μm − 3 mm

Iν = Bν(Td)[1 − exp(−τ0/μ) + ωνF(τν, ων)]

Zhu et al. 2019 Liu 2019; Carrasco-Gonzalez et al. 2019; Ueda et al. 2020; Macias et al. 2021; 
Sierra et al. 2021; Guidi et al. 2022; Ohashi et al. 2023; Ueda et al. 2025, Zagaria et al. 2025

Slab model

dust

At each r
I(λ)

Grid search
MCMC

…

Optimal solutionMuti-band images (Input)

Iν = Bν(Td)[1 − exp(−τν /μ) + ωνF(τν, ων)]

✔︎ Scattering
✔︎ Optical depth



Millimeter-wave polarization

• At least two polarization mechanisms needed: scattering + alignment  
(e.g., Stephens et al. 2027, Daniel Lin et al. 2022, 2024).

• Scattering polarization is sensitive to the grain size

-  (Kataoka et al. 2015).amax ∼ λobs/2π ∼ 140 μm(λobs/0.9 mm)

Daniel Lin et al. 2024

HL Tau

Scattering polarization

λ=0.9 mm 1.3 mm 1.5 mm 2.1 mm 3.1 mm 7.0 mm

Alignment polarization 
 (w/ azimuthally aligned prolate grains)



Porosity constraints on (sub)millimeter-sized dust
• Both scattering and alignment polarization would be very weak  

for extremely high-porosity dust particles (e.g., Tazaki et al. 2019, Kirchschlager et al. 2019).

• Inferred porosity values:

‣ Kirchschlager et al. (2019) (for HD 142527; from polarization): 

‣ Zhang et al. (2024) (for HL Tau; from SED+polarization): 

‣ Zagaria et al. (2025) (for CI Tau; from SED)                          : 

‣ Yoshida et al. (2025) (for TW Hya; from scattering albedo)   :  
 

• Formation mechanism of low-porosity pebbles remains being debated.  
(e.g., Weidling et al. 2009; Tanaka et al 2023; Tatsuuma et al. 2024)

• ⚠ Further investigation of the effect of light scattering by non-spherical grains needed 
(e.g., Tazaki et al. 2019, Kirchschlager & Bertrang 2020, Daniel Lin et al. 2023).

𝒫 < 70 %

𝒫 = 70% − 97 %
𝒫 < 70 %

𝒫 < 96 %

⇒  Porosity is likely relatively low, i.e., 𝒫 < 99 %



• Alignment-induced polarization is complex 
- B-field, radiation field direction, gas flow, … 

Cho & Lazarian 2007, Bertrang et al. 2017, Tazaki et al. 2017, 
Yang (Haifeng) et al. 2019, Kataoka et al. 2019, Giang et al. 2023, 
Lin (Zhe-Yu Daniel) et al. 2022, 2024, 
Thang et al. 2024, Moritz et al 2025, … etc

- Polarization reversal and dichroic extinction also  
complicate the interpretation 
Guillet et al 2019, Lin (Zhe-Yun Daniel) et al. 2022

• Possible origin of the azimuthal polarization for HL Tau 
Thang et al. 2024
- Grains are aligned with disk toroidal B-field with increased 

magnetic susceptibility, but without internal alignment (IA). 

Grain alignment in protoplanetary disks

Thang et al. 2024

⃗B

⃗a
�J

�J

⃗a

⃗BWith IA Without IA



Summary

• Dust sizes

- JWST observations reveal ~10-µm sized grains in the outer surface regions of disks.

- ALMA emission and polarization models favor grains of ~100 µm — ~1 cm (?).

• Dust porosity

- Micron-sized particles may have fluffy structure based on IR scattering phase function.

- Submillimeter particles should have relatively low porosity, i.e., less than 99%.

• Origin of millimeter-wave polarization

- At least two polarization mechanisms are needed to reproduce the observed mm polarization.

- B-RAT without internal alignment and with increased magnetic susceptibility  
may explain the azimuthal polarization pattern of the HL Tau disk.


