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Abstract

We have performed self-consistent, three-dimensional, continuum radiative
transfer modeling in the disk of HD 100546. Following observations and pre-
vious work, the model includes gaps in the disk. The model also includes var-
iations in dust size, composition, and distribution. A best fit model is achieved
over a wide wavelength range from 2 - 1000 mm. While we generally confirm
the results of previous models, we find evidence for dust settling and shatter-
ing in the outer disk. We also find evidence for dust segregation in the inner
disk, and inferential evidence for an irregular and tenuous inner region ~1
AU, which may be due to early disruption of the disk. Such settling is an im-
portant process in planet formation. The location of the settling in the outer
disk, and the existence of segregation and irregularity in the interior, suggest
that the race between disruption, settling, and planet formation is on-going in
HD 100546, and that the timescales for the various processes vary throughout
the disk at a given epoch.
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1. Introduction

The process of star-formation due to the collapse of cores within giant molecular
clouds, and the intermediation formation of disks around the resulting protostars
is relatively understood. As the luminosity and magnetic field of the protostar in-
crease, the disk is disrupted and dispersed. It is in this intervening time between
disk formation and disk disruption that planetary systems can be formed.

While over 6000 exoplanets have been observed to date, observing them in the

process of formation is difficult. Consequently, the understanding of planet for-
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mation requires significant reliance on models. However, in the past decade, gaps
and rings within protoplanetary disks have been observed. One particular exam-
ple is the 10 Myr old Herbig Be star HD 100546. Previous work has observed a
large disk of hundreds of AU, with potential signs of a tenuous inner disk r < 4
AU, and a gap from ~4 - 13 AU [1], with potential other rings between ~15 - 40
AU and again between ~110 - 250 AU [2].

In this work, we model continuum data publicly available for the SED of HD
100546, and apply an unbiased machine-fitting to the spectrum. The data are dis-
cussed in Section 2. The modeling approach and fitting in Section 3. The results are

described in Section 4, and in Section 5 we discuss the implications of these fit.

2. Data

We obtained observational data for the 2.4 to 196.8 micron range from the ISO
data archive. ISO covered the 2.4-to-45-micron range using its Short-Wave Spec-
trometer [3] and covered the 45-t0-196.8-micron range using its Long-Wave
Spectrometer [4]. This data was complemented by data from the Herschel Space
Observatory—we obtained data from the Herschel Science Archive covering the
194-to-672-micron range obtained using the SPIRE (Spectral and Photometric
Imaging Receiver) on the telescope [5]. These data were stitched together and
cleaned of outlier data points using the astropy sigma_clip routine. Outliers be-
yond 3 standard deviations away from the rest of the data were iteratively re-
moved. Subsequently, data points with a signal to noise ratio below 3 were clipped
as well. As seen in Figure 1, the ISO and Herschel data are able to be joined with-
out discontinuities once calibration differences are accounted for. More recent
ALMA observations [6] [7] are also consistent with the SED. No epoch-based fil-
tering was applied because the ALMA/ISO/Herschel overlap overlap smoothly
within their uncertainties, indicating that inter-epoch variability and unresolved in-

strumental offsets should not meaningfully contaminate the derived disk structure.
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Figure 1. The SED data utilized in this study. The errorbars are
the uncertainties quoted by the source measurements. The details
of the data sources are described in the text.
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3. Source and Model

3.1. Source

The source HD 100546 is well observed. It has been established as an axisymmet-
ric, ring system with mild gas irregularities [6]. Later observations [7] show that
when integrating over the disk, the dust continuum is steady, even if localized gas
motions occur. More recent CO observations [8] show a Doppler-flip in 2CO (2-
1) which can be viewed as a transient, localized gas event (a “disk eruption”)—
either vertical motion, a disk wind, or planet-induced perturbation—superposed
on the previous steady dust structure. Indeed, an estimate of the dust mass in-
volved in the disk eruption based on the line strength and dust/gas ratio of 1:100
yields an involved dust mass of ~107* x the total dust mass within 28 AU, con-

sistent with only a small effect on the SED.

3.2. Model Description

The dust radiative transfer modeling is undertaken with the RADMC3D radiative
transfer code [9]. This code uses a Monte Carlo approach to propagate photon
packets to self-consistently solve for the temperature distribution within the
source and the emitted radiation as a function of wavelength and position. The
code inputs include the dust properties, density profiles in three dimensions,
source properties, etc. The code has been carefully validated and used widely in
the astrophysical community. In the model implementation here, 148 radial grid
cells were utilized, with 64 in the polar direction. Both grids are approximately
logarithmic, with more points where densities and/or their gradients are larger.
Axial symmetry is assumed in concert with the adopted disk structure. A wave-
length grid of 640 wavelengths is used in approximately logarithmic spacing, with
more points added in regions where the dust opacities vary significantly. The disk
is assumed to be inclined at an angle of 45 degrees, consistent with observations
(7] [10].

We varied the physical structure of our model as we improved our fit to the
data above. Our current model splits the circumstellar disk around HD 100546
radially into 3 regions specified by an inner radius which is fit, an outer radius
which is fit, and two demarcation lines one-third and two-thirds of the way be-
tween the inner and outer radius. These two demarcation lines allow for the disk
to be divided into three regions for the purpose of varying grain properties, and
are based on experience gained in the fitting process.

We allow for variation in the mix of dust species within each region. We adopt
three dust compositions: amorphous Olivene [11] [12] and Ossenkopf & Henning
(OH) [13] dust with thin ice mantles and with no ice mantles. The OH component
with no mantle is used up to the radius at which disk temperatures drop to around
~100 K and is replaced with the thin mantle component outside of that radius.

We assign each dust species 7 a non-negative weight d. The fraction of dust
mass in species 7 is the weight divided by the sum of all weights for all species,

namely.
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fi=d )Y d, (1)

The species surface density is simply the product of each £; with the dust surface
density of the disk. Starting points for the star mass, star temperature, the circum-
stellar disk’s surface density power law, the gas-to-dust ratio, disk mass, and the
disk’s outer radius were taken from Bruderer [14]. The star’s radius is derived
from the temperature and mass using the Stefann-Boltzmann relation. The form
for the structure of the disk is largely derived from Chiang & Goldreich [15]. The
scale height is calculated by computing the grazing angle for the disk,

a~0.4R*/a+ad(H/a)/da (2)
using it to calculate the temperature of the disk,

7. ~(a/2)" (R./a)" T. (3)

and then we calculate the scale height using the previously calculated quantities.
ha=(T,/T.)" (a/R.)" (4)
The scale height for each dust species is multiplied by a flaring factor, A, allow-
ing us to vary scale heights for various species and observe whether our model
hints at dust settling. Our surface density profile is normalized to the mass of the

circumstellar disk
L(R)=Maa (p+2)R" [ 2n(R27 -R27)] ©

which we obtain from assuming that the radial surface density is proportional to
some power p of the radial distance from the star, and then we normalize the total

mass of the disk to be equal to M.

3.3. Fitting Process

Fitting the parameters listed above to the observational data was done using gra-
dient descent, once we chose an error function. If s; is the step size by which we
vary parameter J and the current value of parameter 7is ¢, we simply compute an
SED each for

* Our base set of parameters, with no modifications

* Our base set of parameters, with 7 modified by plus or minus s;

Once we calculate the error for each resulting SED for parameter 7 we identify
the value of 7for which we obtain the least error and set the parameter to this new
base value. During each “iteration” of our code, this is done for every parameter
that is being optimized. All step sizes are multiplied by a constant of our choosing
(0.85) once each iteration is completed. The code terminates once the parameters
being optimized stop being updated to new values that lower the error.

If the 7th model data point is m; and the 7th observational data point is 0, then
for our error function, we calculate the expression shown below for wavelengths

1) below 45 microns 2) above 45 and below 80 microns and 3) above 80 microns.

Ezz(m[—o,.j )

o
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Our error function takes the mean error per data point for each of these 3 re-
gions and returns their sum. This is the error value our gradient descent code

minimized.

4. Results

A best fit model is achieved in approximately 100 iterations. The fitting is termi-
nated when variations do not improve the fit independently in the near-, mid-,
and far-infrared/submillimeter. At termination, the fractional change in the error
estimate is Ae/e ~ 8 x 107°. The model reaches the same best fit independent of
the initial conditions, confirming that the appropriate minimum has been found.

The resulting model parameters for the best fit are shown in Table 1.

Table 1. Final model parameters leading to a best fit of the SED of HD 100546. The dust
weight parameters have been modified so that they are the percentage of dust (by mass) of

that type.
Parameter Name Varied/Fit? Best Fit Value
Star Mass (Msun) No 2.2
Star Radius (Rsun) No 1.6
Star Temperature (Tsun) No 1.8
Dust-To-Gas Mass Ratio No 0.01
Surface Density Power Law Yes -1.70
Mean Molecular Gas Mass (amu) No 2.3
Disk Mass (Gas + Dust) (Msun) Yes 0.013
Disk Inner Radius (AU) Yes 22
Disk Outer Radius (AU) Yes 360
Flaring Factor (0.1 pm dust) Yes 0.23
Flaring Factor (1 um dust) Yes 3.1
Flaring Factor (10 um dust) Yes 1.7
Flaring Factor (100 um dust) Yes 1.2
Flaring Factor (OH5 dust) Yes 2.2
Dust Weight (Region 1, 0.1 um) Yes 17
Dust Weight (Region 1, 1 pm) Yes 28
Dust Weight (Region 1, 10 um) Yes 7.9
Dust Weight (Region 1, 100 pm) Yes 25
Dust Weight (Region 1, OH5) Yes 22
Dust Weight (Region 2, 0.1 pm) Yes 34
Dust Weight (Region 2, 1 pm) Yes 7.4
Dust Weight (Region 2, 10 um) Yes 14
Dust Weight (Region 2, 100 pm) Yes 40
Dust Weight (Region 2, OH5) Yes 5.2
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Continued
Dust Weight (Region 3, 0.1 um) Yes 33
Dust Weight (Region 3, 1 pm) Yes 7.2
Dust Weight (Region 3, 10 pm) Yes 2.3
Dust Weight (Region 3, 100 um) Yes 43
Dust Weight (Region 3, OH5) Yes 14

The gross source structure properties are generally consistent with previous
work. We find a total mass of 1.3 X 107 My,,, leading to a dust mass of 1.3 x 10~
Mgun. In comparison, previous models find a value of Mgyt ~ 107 Mgun [15]. We
find an outer disk radius of 357 AU, consistent with the 200 - 400 AU [16] [17]
and 350 AU [1]. The inner radius of our disk of 21 AU is about 50% larger than
that adopted by others [15]. The surface density power law determined here of
—1.7 is larger than the value of —1 adopted by previous authors [1] [15]. Clearly
the gross structure is similar. The difference in the dust density power law is due
partially to our choice to fit this parameter (rather than adopt a fixed value), and
different choices about the grain opacities including a greater emissivity at longer
wavelengths, thus requiring less dust at large distances where the low tempera-
tures give rise to the long wavelength emission. It is heartening that the total mass
of the disk is so similar, due to the fact that at long enough wavelengths, the emis-
sion should be roughly proportional to the mass of the dust. As a result, our model
is consistent with the same physical constraints as other models (in particular the
total mass of the dust), but with a different distribution of that dust. The difference
in inner radius is discussed later in Section 5.

The fit of the SED is shown in Figure 2. Note that the model (line) fits the ob-
served SED quite well over the vast majority of the observations. For most data-
points, the agreement is to much better than the uncertainty in the data. This in-
cludes both the slope in the mid-infrared, the knee around 90 - 100 um, and the
slope in the far-infrared and submillimeter. This suggests that the temperature
and density distribution in the mid and outer disk are generally good, and that the
adopted dust properties and distributions are generally good. There is some devi-
ation in the 3 - 5 pm range. Emission at these wavelengths corresponds to warm-
to-hot dust in the 600 - 1000 K region. This is dust that would sample the inner
region of the disk, where we have a cavity. The potential implications of this dis-

crepancy are discussed in Section 5.

5. Discussion
5.1. Overall

As noted earlier, many of the model properties are consistent with previous mod-
els of this source. In particular, the total dust mass and outer radius match previ-
ous models quite well, suggesting that the total amount of dust is consistent with

previous work. However, the distribution of that dust is somewhat different.
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Figure 2. The SED (datapoints) and best fit (red line). The agreement is generally quite
good. In the NIR region, the fit is often within the uncertainty, except for a small region
near 3 - 5 microns. Differences may be due to irregularity in the interior.

5.2. Dust Properties and Dust Settling

One significant difference between this work and previous work is the allowance
for the variation in dust properties and sizes with radial position in the disk, as
well as the allowance for different distributions as one moves away from the mid-
plane. The different distributions as a function of z in the disk is represented by
different flaring factors for the assumed different grain sizes. The flaring factors
and thus scale heights of the 1 pm, 10 um, and 100 pm grains all decrease as the
grain size increases. The flaring factor for 1 pm grains is 3.1, for 10 um grains is
1.7, and for 100 pm grains is 1.2. The flaring factor variation means that the largest
grains are most concentrated toward the disk midplane, which is a clear sign of
settling of the dust as would be expected as the large grains are less coupled to the
gas. This is a key component of the core accretion model for planet formation.

On the other hand, the relative mass abundance of these grain sizes also varies
with radial position. The dust weight for the 100 um grains increases with radial
position. Commensurately, the dust weight for the 1 um and 10 pm grains de-
creases with increasing radial position. This would be consistent with grain
growth. As the grains settle toward the disk midplane, they reach higher density
environments. At these higher densities, collisions are more likely, which will de-
plete the smaller grain sizes as those grains grow into larger grains. In the outer
regions this would also be enhanced because at low temperatures, icy grain man-
tles will help promote grain coagulation upon collision.

The 0.1 um grains are, however, a different story. They are found preferentially

near the midplane. There could be two reasons for this. First, in the outer part of
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the disk, where settling and collisions occur, there will be some amount of grain
shattering. For the midplane densities expected, relative speeds of 0.1 - 10 m/s
would be expected. At these speeds, there will be some amount of shattering of
grains into smaller pieces [17] [18]. As a result, as grains actually enter the mid-
plane, we would expect an increase in the number of small grains. This is exactly
consistent with the surprisingly large dust weights for the smallest (0.1 pm) grains,
especially in the outer part of the disk. Even moreso, it explains why the flaring
factor for these smallest grains is so small, because they are preferentially formed
and found at the disk midplane.

Finaly, the increase in smaller grain/larger grain mass abundances as one moves
toward the inner region of the disk is also explicable. As gas falls in from the outer
disk to the inner disk, it drags dust grains with it. The smaller dust grains are more
strongly coupled to the gas, while the larger dust grains are more uncoupled. As a
result, as the gas infalls, it is more likely to bring smaller dust grains with it, and
leave larger dust grains behind. This will produce a larger ratio of small grains/larger
grains in the inner disk as our model shows.

The assumption of discrete grain sizes in the models could potentially

5.3. Inner Edge Irregularity—A Potential Signature of Inner Disk
Disruption

The less than great fit of the model to the observations in the 3 - 5 um range of the
SED is curious. Assuming a grain emissivity of something like Q, = Qo (n/no)?
where 0 < p < 2 in the infrared yields a greybody peak of .« T ~ 2400 pm K for p
=1 in the near-infrared. As a result, emission in the 3 - 5 um range would corre-
spond to dust in the 500 - 800 K range for smaller grains, and 600 - 1000 K for
large grains. The model underprediction of flux in this wavelength range then is a
result of a lack of dust in the 500 - 1000 K temperature range, as opposed to a
modeling error. For unattenuated radiation, this corresponds to regions at r ~ 1
AU or less.

As a result, it appears that our model is lacking sufficient dust mass in the very
interior. However, by the best fit modeling process, there is no smooth distribu-
tion of dust mass and grain sizes that will reproduce the 3 - 5 um emission without
simultaneously reducing the quality of the fit in other parts of the spectrum. The
conclusion is that there is most probably irregularly distributed material in the
inner 1 AU or so, with a relatively optically thin region out to the “inner edge” of
the disk. It is worthwhile to note that the total mass of this missing dust is much
smaller than the mass of the disk, and thus does not impact the other results of
this study.

Such a structure is naturally consistent with a disrupting/dispersing disk inner
edge. In this scenario, a process like a stellar wind or FUV scouring and evapora-
tion or gas depletion by planet formation would deplete this region. It would also
lead to an irregular distribution of material. Both of these are consistent with our

model results.
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5.4. Timing of Disk Processes

As seen above, we find evidence for ongoing settling of large grains in the upper
portions of the outer disk, and production of smaller grains via grain shattering
in the midplane of the outer disk. At the same time, we find potential evidence for
an irregular distribution of smaller dust grains at low density very near the central
source. If both of these are correct, it points out the fact that disk disruption in the
center of the disk and grain evolution in the outer part of the disk can occur at the
same time. As a consequence, this implies that the termination of disk evolution
via disk disruption is not an instantaneous process that occurs simultaneously
throughout the disk at a single given instant, but instead is a more complicated

process that evolves in both space and time.

5.5. Role of Assumptions and Uncertainties on Results

The derived parameters of the best-fit model are well constrained within the limits
set by the data and by the model assumptions. The principal uncertainties are
+/=7% in the surface-density power-law index, +/=7% in total disk mass, and
+/-10% and +/-20% - 50% in the inner and outer radii, respectively. The flaring
factors for individual grain sizes are uncertain by roughly 30% - 50%, and the
dust-weight fractions vary from +10% to within a factor of two depending on
grain size and radial zone. These variations modestly affect the detailed shape of
the SED but do not change the overall interpretation.

Some model assumptions also contribute to systematic uncertainty. The adop-
tion of a finite number of discrete grain sizes simplifies the underlying size distri-
bution and may under-represent the continuum of grain properties that exists in
reality; however, the chosen set (0.1 - 100 pm plus OH5) spans the range that
dominates the opacity between 3 pm and 1 mm. The assumption of axisymmetry
neglects possible azimuthal asymmetries seen in high-resolution ALMA images,
but these affect only small portions of the disk and have minimal impact on the
integrated SED. Vertical settling is parameterized through flaring factors rather
than computed from full hydrodynamics, so the absolute scale heights of the dif-
ferent grain populations should be regarded as indicative rather than unique.
Other sources of error include the choice of dust optical constants, the fixed gas-
to-dust mass ratio, and the assumption that the disk is in radiative equilibrium
with no transient heating. Within these limits, the overall structure inferred from
the model—evidence for grain settling, shattering, and inner-disk depletion—re-
mains robust, and the uncertainties quoted above adequately encompass the plau-

sible range of physical conditions consistent with the observed SED.

6. Conclusion

We have modeled the emission from the disk around HD 100546. Using a self-
consistent radiative transfer model and an unbiased automated fitting process, we
have fit the observed spectrum and constrained disk parameters including the

dust composition and distribution. We find evidence for grain settling and shat-
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tering in the outer disk, consistent with grain evolution in this region. We find
evidence for grain segregation in the inner disk, consistent with infall of gas to-
ward the central source. And we find inferential evidence of a tenuous, irregular
grain population in the inner ~1 AU, consistent with disk disruption in the inner
part of the disk. Taken together, these support a scenario whereby disk evolution
and disruption is not an instantaneous process throughout the disk, but that it is
a process which evolves at different times and over different timescales through-
out the disk.
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