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ABSTRACT

Dust evolution in protoplanetary disks from small dust grains to pebbles is key to the planet formation
process. The gas in protoplanetary disks should influence the vertical distribution of small dust grains
(~1 pwm) in the disk. Utilizing archival near-infrared polarized light and millimeter observations, we
can measure the scale height and the flare parameter 5 of the small dust grain scattering surface and
1200 gas emission surface for three protoplanetary disks IM Lup, HD 163296, and HD 97048 (CU Cha).
For two systems, IM Lup and HD 163296, the '2CO gas and small dust grains at small radii from the
star have similar heights but at larger radii (>100 au) the dust grain scattering surface height is lower
than the '2CO gas emission surface height. In the case of HD 97048, the small dust grain scattering
surface has similar heights to the '2CO gas emission surface at all radii. We ran a protoplanetary
disk radiative transfer model of a generic protoplanetary disk with TORUS and showed that there is
no difference between the observed scattering surface and '2CO emission surface. We also performed
analytical modeling of the system and found that gas-to-dust ratios larger than 100 could explain the
observed difference in IM Lup and HD 163296. This is the first direct comparison of observations
of gas and small dust grain heights distribution in protoplanetary disks. Future observations of gas
emission and near-infrared scattered light instruments are needed to look for similar trends in other

protoplanetary disks.

Keywords: Protoplanetary Disks

1. INTRODUCTION

Protoplanetary disks are composed of dust and gas
and host forming and already formed exoplanets. Small
dust grains (~ 1 um) and gas interact due to the large
amount of drag imparted on small dust grains through
gas movement. Thus the vertical height of small dust
grains in the disk should be related to the gas environ-
ment of the disk. Thus, if we can independently measure
the heights of gas and small dust grains in protoplane-
tary disks, we can probe fundamental disk characteris-
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tics such as the gas to dust ratio and turbulence in the
disk.

It is expected that protoplanetary disks where the ma-
jority of the mass is in the central star, should have a
flare shape. This is due to the fact that the internal tem-
perature of the disk decreases slower than r~! (Kenyon
& Hartmann 1987). The flare shape has subsequently
been confirmed through various direct observations of
protoplanetary disks (Ginski et al. 2016; Avenhaus et al.
2018; Pinte et al. 2018; Villenave et al. 2020), and theo-
retically investigated (Meyer & Meyer-Hofmeister 1982;
Malbet & Bertout 1991; Bell et al. 1997; D’Alessio et al.
1998; Birnstiel et al. 2010).

The radial height (H(r)) of protoplanetary disks is
described by a powerlaw with 8 as the flare parameter,
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Hj as the scale height, and r( as the fiducial radius, i.e.,

r B
() =1 (£) )
To
We note that in this work we will use an r¢ = 100 au and
all Hy values have been adjusted to match this fiducial
radius. Theoretical efforts have taken place to estimate
the expected values 8. Chiang & Goldreich (1997) show
that for a disk with a surface density profile power law of
~1.5 that is irradiated, the maximum flaring paramter
value is § = 9/7 ~ 1.3. Similarly, Kenyon & Hartmann
(1987) shows that for a disk with a small disk to stellar
mass ratio, the expected flaring parameter value should
be 8 =9/8 = 1.125 and derive a maximum flare param-
eter § = 1.25.

The disk flare parameter S has previously been ob-
servationally measured for both gas and dust. Lagage
et al. (2006) measured the height of polycyclic aromatic
hydrocarbons (PAH) emission for HD 97048 measuring
a radial minor axis offset resulting in a scale height Hy
of 34.2793 au and f = 1.26 + 0.05. Additionally, the
same technique can be used for multi-ringed systems for
micron size particles in near-IR scattered light. Ginski
et al. (2016) observed HD 97048 with Very Large Tele-
scope (VLT)/Spectro-Polarimetric High-contrast Exo-
planet REsearch (SPHERE) and imaged the scattered
light rings and gaps in the near-IR and measured a
scale height Hy of 18.5 au and a f = 1.73 £+ 0.05.
Finally, Avenhaus et al. (2018) measured the § flare
parameter values in near-IR scattered light for V4046
Sgr (1.605 + 0.132), RXJ 1615 (1.116 £ 0.095), and
IM Lup (1.271 + 0.197). The same direct and model
independent measurements can be preformed for 2CO
gas emission utilizing the spatial and spectral sensitiv-
ity of Atacama Large Millimeter/submillimeter Array
(ALMA). Pinte et al. (2018) measured the ?CO and
13CO gas heights for IM Lup measuring 3 values of 1.8
+ 0.2 and 2.1 4 0.4 respectively. There have been other
measurements of protoplanetary disk height (e.g. Class 1
source IRAS 04302+2247 Podio et al. 2020) demonstrat-
ing that different molecules and Isotopologues probe dif-
ferent heights of the disk. We note that these are all
tracers of the gas and dust and are not direct measure-
ments of the gas and dust height in the disk.

While both 2CO gas and small grain dust disk heights
have been measured, the measurements have never been
investigated or compared to test the fundamental prop-
erties of the gas vertically supporting small dust grains
in protoplanetary disks. In this paper, we will present
small dust grain and 12CO gas height measurements in
sections 2.1 and 2.2. We will then compare the CO gas
and small grain dust height measurements in section 3.

We will then create a typical protoplanetary disk with
radiative transfer modeling to test of the observed sur-
faces would bias the results (section 4). We then explore
disk parameters that could potentially influence the gas
and dust height with a simple analytical disk model in
section 5. Finally, we will discuss how these new find-
ings will affect how we interpret protoplanetary disks
and summarize our conclusions in section 6.

2. MEASUREMENTS OF GAS AND SMALL DUST
GRAINS

There are specific cases in which both the gas height
of the disk as a function of radius and the small grain
dust height can be measured. Protoplanetary disks must
be moderately inclined (~30-70°) as height measure-
ment techniques for both take advantage of the three
dimensional inclined disk projected onto the plane of
the sky. Secondly, the CO gas must be plentiful and
dense enough to create an optically thick disk photo-
sphere that can be observed. Finally, the protoplane-
tary disk must host several scattered light rings in order
to measure the small dust grain height as a function
of radius. Such measurements probing the gas and dust
heights has been made for a host of protoplanetary disks
including HD 163296, IM Lup, HD 97048, RXJ 1615
(Ginski et al. 2016; Avenhaus et al. 2018; Monnier et al.
2017).

To create our sample, we searched for previously ob-
served protoplanetary systems that had a moderate in-
clination (~30-70°), were young with plenty of CO gas,
and were multi ringed to enable powerlaw fits of the
small dust grains over multiple rings. We found that
three targets: IM Lup, HD 163296 (MWC 275), and
HD 97048 (CU Cha), have previous scattered light de-
tection with multiple rings and sufficient ALMA obser-
vations to resolve the kinematic 2CO gas disk. Details
about each of the three systems can be found in Table
1. Below we will detail the previous detection’s and the
analysis needed to extract the scale heights (Hy) and
flare parameter (8) for our target sample.

2.1. Small Dust Grain Height Measurements

Scattered light imagery has shown that small dust
grains accumulate in rings in protoplanetary disks. If
we assume that those rings are circular, we can fit el-
lipses to the peak flux then calculate the radius of the
ring (major axis) along with a minor axis offset due to
the height of the dust grains projected onto the plane
of the sky. We will utilize previous literature measure-
ments from Avenhaus et al. (2018) (IM Lup), Ginski
et al. (2016) (HD 97048), and Monnier et al. (2017) and
Rich et al. (2020) (HD 163296). The radii and measured
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Table 1. Gas Disk Parameters

Object Inc. (°) PA (°) Spectral Type

Age (Myr) Distance (pc) Mass (Mp) Lum. (Lg)

IM Lup 48 £3 @ 143 @ MO (@)
HD 163296 42 + 3(¢)  132(®) A1)
HD 97048 41 + 3™ 28®  Be9.5/A0W)

1.140.2®

155.8 £+ 0.5 1@ 0.9
6.03(9) 101.0 £ 0.4 1.95(9) 20.4(9)
2-30) 184.4 + 0.8 2.5() 35(k)

NOTE—The listed Inclination and disk major axis Position Angle (PA) are the assumed values for the CO
extraction and are taken from the reference column. The assumed distances for these three targets are from
EDR3 Gaia archive and is utilized throughout this work (Gaia Collaboration et al. 2016, 2020). Citations
for specific values are from the following: (a) Cleeves et al. (2016), (b) Avenhaus et al. (2018), (c) Panié¢
et al. (2009), (d) Hughes et al. (1994), (e) Isella et al. (2016), (f) Manoj et al. (2006), (g) Wichittanakom
et al. (2020), (h) Walsh et al. (2016), (i) Ginski et al. (2016), (j) van den Ancker et al. (1998), (k) Vioque

et al. (2018).

heights of these rings can be found in Table 2 and the
values are plotted in green in Figure 1. We note that
we re-interpret one of the 2nd ring height measurement
made by Ginski et al. (2016) which can be found in Ap-
pendix A. With the exception of the second ring around
HD 163296, all of the the other rings were imaged in
polarimatry mode from instruments Gemini Planet Im-
ager (GPI) or SPHERE. The 2nd ring listed from HD
163296 was taken in coronographic mode of the Hubble
Space Telescope’s Space Telescope Imager and Spectro-
graph (STIS) instrument. These observations are total
intensity images and do not have any polarization infor-
mation. We assume that the most common origin of the
total intensity light from this second rind is from scat-
tered light from the top of the disk and interpret the
observations as we did for the other near-IR scattered
light observations. Additionally, STIS in coronographic
mode is filter-less thus light from optical blue to near-
IR was included in the image. The second ring in HD
163296 might be sensitive to smaller sized dust grains
and at a different dust scattering height than the other
rings imaged with either GPI or SPHERE in the near-
IR.

HD 97048 and HD 163296 have further known rings
that are not discussed in this work. In the case of HD
97048, there are two rings at a further radial extent to
those listed in Table 2 (Ginski et al. 2016). However,
these two external rings have only been observed with
total intensity imaging using Angular Differential Imag-
ing reduction techniques which are known to alter the
shape of continuous objects, thus we did not include
these rings in our analysis. For HD 163296, there are
two rings between the 77 au ring and the 360 au ring
listed in Table 2, but these have only been seen with
ALMA in either mm dust grains or CO gas and never
at optical or near-IR wavelengths (Rich et al. 2020).

We fit power-laws for each of the objects following
equation 1 where the values of the § flare parameter
and scale height (Hy) are in Table 3 and plotted as the
green dashed lines in Figure 1. We used python’s curve
fit package to fit the points and preformed a monte carlo
of the point height uncertainties to estimate the uncer-
tainty of 8 and scale height (Hy). We explored a pa-
rameter space values of 0 to 4 for 5 and 0 to 200 au for
Hy. We note that the distribution of values for 8 and
Hj are not symmetric around the median value, thus for
the small dust grain results we have utilized asymmet-
ric error bars as shown in Table 3. For the HD 97048
result, the first ring has an error bar consistent with
zero height from the mid-plane. This has resulted in
[ values that can be un-physically large and the values
presented should be considered lower-limits for the po-
tential § flare parameter values for small dust grains in
HD 97048.

2.2. CO Gas Height Measurements

Data for the '2CO gas measurements are from previ-
ous works or utilize the ALMA archive reductions. Ob-
servations of HD 163296 and IM Lup were taken as part
of the Disk Substructure at High Angular Resolution
(DSHARP) program (Program ID 2016.1.00484.L) (An-
drews et al. 2018)'. The DSHARP archive provides cal-
ibrated '2CO data cubes. See Andrews et al. (2018) for
a full description of the data reduction description. HD
97048 data was taken from the ALMA archive (Program
ID 2016.1.00826.S) reduced using the ALMA automatic
reduction pipeline which produced the '2CO data cube.

To measure the height of the CO gas disk, we utilize
the techniques first described in Pinte et al. (2018), and
use a the python package by Teague (2019). In sum-

! https://almascience.eso.org/almadata/lp/DSHARP/
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Figure 1. These figures show the measured heights of dust and gas as a function of radius for objects IM Lup (upper left),
HD 163296 (upper right), HD 97048 (lower left), and a model protoplanetary disk (lower right) Measurements of the 2CO disk
photosphere is shown in black, small dust grain height are shown in green, and PAH emission measured shown in blue published
by Lagage et al. (2006). Power law fits values are show in the upper right hand corner of each plot which color corresponds to
the color of the line.

Table 2. Small grain ring heights

Object Ring Radius (au)  Height (au) Band Reference

IM Lup Ring 1 91.9 + 3.17 16.5 £ 2.75 H-band Avenhaus et al. (2018)
IM Lup Ring 2 152.11 £4.75 274 +6.1 H-band Avenhaus et al. (2018)
IM Lup Ring 3 240.84 £ 4.75 55.4 + 9.6 H-band Avenhaus et al. (2018)
IM Lup Ring 4 332.75 + 12.68 83.2 £ 16.6 H-band Avenhaus et al. (2018)
HD 163296 Ring 1 66.4£3.0 18.0 £ 2.0 J-band Monnier et al. (2017)
HD 163296 Ring 2 328+10.0 64.0 & 10.0 Clear Filter Rich et al. (2020)
HD 97048 Ring 1 54.4+0.7 1.94+1.9 J-band Ginski et al. (2016)
HD 97048 Ring 2 17244 32.3£1.5 J-band Appendix A

NoTeE—This table lists the ring heights and mid-plane radial distances of each of the objects.
The assumed distances to each target are from Gaia EDR3 and can be found in Table 1.
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mary, the program rotates the CO disk cube such that
the disk major axis PA in the data cube is horizontal
and that the closest side of the of the disk to Earth is
at the top of the image. Pixels in data cube with low
signal to noise are masked prior to finding the maximum
flux values. Vertical pixel slices are taken along the disk
in every frame in the cube to find local maxima corre-
sponding to the '2CO emission. The brightest flux pixel
of each column are taken to be the front side of the disk
and the second brightest flux pixel is the bottom of the
disk. Using the pixel locations of the front (z,ys) and
back (x,yp), sides of the disk, with the prior knowledge
of the disks inclination (i), and the stars location (zs,
Ys), the mid-plane radius r is given by

r= \/(x —z)? + (ygos_(f;f (2)

and height h has the form

h= y;in_(gs ' (3)

The y coordinate center (y.) is the average of the y; and
yp values.

The python package outputs a set of radii (r), heights
(h), and flux values for the disk. We further refined the
set of points by removing any heights that had negative
values and radii that were beyond 4”. We binned the
data in mid-plane radius with bin sizes of 10 au and ap-
plied a median clip to remove further extraneous points.
The binned median values along with error bars esti-
mated via median absolute deviation (MAD) and the
inclination uncertainty added in quadrature are shown
in Figure 1.

We fit the power-law in log-log space with the best fit
values shown in Table 3 and plotted in Figure 1. The fits
were done on the individual radial and height points and
the linear regression fits were bootstrapped to estimate
the errors. All three targets have a broken power law
distribution, thus we only fit between 50 and 250 au.

Table 3. Gas and small grain power-law fit results

Object 2co B 12CO Hp (au) Dust 8 Dust Ho (an)
at r=100au at r=100au
IM Lup 177 £0.04 227 +6.1 134703 17.0114
HD 163296 1.39 £0.04 28.0 £ 7.5  0.79%9:12 24.71%3
HD 97048 1.81 +0.14 149 + 14.3  2.48%}5? 8.5133

NoTE—This table lists measured 8 flare parameter and Hy scale height for small dust grains and '>CO plotted in Figure 1.

Parameters Hp and [ are defined in Equation 1.

3. COMPARISON OF CO GAS AND SMALL DUST
GRAINS

We were able to measure the 12CO gas flare parameter
B for IM Lup (1.77+0.04), HD 163296 (1.39+0.04), and
HD 97048 (1.81+0.14). Our IM Lup § measurement is
well matched to the previous measurement of 1.8+0.2
(Pinte et al. 2018), and is the only CO gas flare parame-
ter 8 that had previously been measured. Both IM Lup
and HD 97048 both have 8 parameter values that are
much larger than the estimated maximum theoretical
values (1.3 Chiang & Goldreich 1997;, 1.25 Kenyon &
Hartmann 1987). However, 8 parameter of HD 163296
is more consistent with the theoretical maximum values.
This could be an indication of age as HD 163296 is es-

timated to be older than IM Lup and HD 97048 (See
Table 1).

We were also able to measure the small grain dust
f flare parameter for IM Lup (1.34f8:?g)7 HD 163296
(0.79%5:12) and HD 97048 (2.48753%). Both IM Lup
and HD 163296 have [ flare parameter values that are
broadly consistent with a maximum theoretical g value
(1.3 Chiang & Goldreich 1997;, 1.25 Kenyon & Hart-
mann 1987), while HD 97048’s measured S is much
larger. This was previously noted by Avenhaus et al.
(2018); Pinte et al. (2018) We do not have a good con-
straint on the [ parameter value for HD 163296 and
HD 97048 as there are only two points. Our measured
values for IM Lup are consistent with the values mea-
sured by Avenhaus et al. (2018) (1.271 £ 0.197), while
our HD 97048 measurement is much larger than Gin-
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ski et al. (2016) (1.73 £ 0.05). However, Ginski et al.
(2016) utilized height measurements for all four rings
and the heights of the gaps and we have re-calculated
the estimated height for the second ring in HD 97048 in
Appendix A. Thus our estimate is more conservative as
we avoid ADI total intensity artifacts as discussed above
and the assumption of a large wall at ring 2 in the HD
97048 system.

Here we caution against direct comparisons between
the observed emission and scattering surface of the *2CO
gas and small dust grain surfaces to theoretical values of
the gas and dust heights, as previously noted by Aven-
haus et al. (2018); Pinte et al. (2018). As noted in sec-
tion 1, the measured flaring parameter [ is not actually
physical scale heights of the disk but the observed scale
heights that are dependent on the temperature of the
disk (for CO) and the dust scattering properties of the
small grain dust. We will begin to address this issue in
section 4.

Finally, we compare the height as a function of radius
of CO gas and the small dust grains. Notably, in all
three systems the first ring is co-located with the *2CO
gas emisson layer as shown in Figure 1. For systems
IM Lup and HD 163296, the scattered light rings have
smaller heights than the 2CO gas emission layer. This is
confirmed as the 2CO gas has a 3 flare parameter value
of 1.7740.04 that is 1-sigma larger than the small dust
grains 3 of 1.34935 5. Though there are fewer rings, HD
163296 seems to show the same trend as IM Lup. How-
ever, this same trend is not seen in the case of HD 97048,
where both of the two rings appear to be co-located with
the CO gas and the § flare parameter are larger rather
than smaller. Thus, in the case of some protoplanetary
disks, it appears that there is a radial dependence of a
disk when comparing the 2CO gas emission height and
the small dust grains height. We note that the second
ring in HD 163296 and the forth ring of IM Lup are
located exterior to '2CO power-law break.

4. SIMPLE PROTOPLANETARY DISK MODEL

An issue remains in that we are not tracing the true
gas or dust scale height of the disk. In the case of the
12CO gas, the emission comes from the photosphere of
the disk which is dependent on the local temperature of
the disk and the '2CO abundance. For the small dust
grains, the height is tracing the local illumination from
the protostar onto the disk, and the scattering efficiency
of the dust grains. In both cases, and especially the
scattering efficiency of the small dust grains, to calculate
the true gas or dust scale height from the observables is
difficult due to degeneracy’s and unknown quantities of
the disk material. We choose to approach this problem

Table 4. Model Parameters

Parameter Value
T (K) 9250
Mstar (Mo) 2.5
Mdisk (M@) 0.2
disk density exponent (ctgen) 2.0
disk scale height exponent (3) 1.4
disk scale height (Ho; au) 10

small dust grains size range (um) 0.7-2

large dust grains size range (mm) 0.9-1

NOTE—A subset of TORUS parameters for
the simple protoplanetary disk model. 2CO
emission surface and small dust grain scat-
tering surface measurements are shown in
Figure 1. Note that the disk density ex-
ponent « is different from the « turbulent
viscosity coefficient discussed in section 5.

by preforming radiative transfer modeling of a generic
two ringed protoplanetary disks and see if a model 12
CO ALMA image and an H-band scattered light image
show any relative difference.

We model our simple protoplanetary disk using the ra-
diative transfer program TORUS (Harries 2000; Harries
et al. 2004; Rundle et al. 2010; Harries 2011). TORUS
is a Monte Carlo radiative transfer code using an adap-
tive mesh and radiative equilibrium method described
in Lucy (1999). We utilized atomic and molecular lines
from the LAMDA database (Schoier et al. 2005), and
CO energy level coefficients from Miiller et al. (2005).
We parameterized a generic protoplanetary disk in 2D
to be composted of CO gas, small dust grains 0.7 - 2
pum, and large dust grains at 0.9-1 mm using a grain
prescription from Draine & Lee (1984). Stellar and disk
parameters are based on Rich et al. (2019) which mod-
eled the protoplanetary disk system HD 163296. The
disk has a disk density exponent « of 2.0 and a disk scale
height exponent 3 of 1.4 for the dust and gas. The dust
grains are defined as a fraction of the gas height with the
small dust grains having 70% of the gas scale height and
the large dust grains having 10% of the gas scale height.
We modeled two rings at 25 and 100 au from the star
with ring widths of 1 au. We included CO freeze out
for T' < 30K and CO dissociation using quenching rates
from Yang et al. (2010). This should accurately repli-
cate the 12CO disk emission surface observed by ALMA.
A subset of model parameters is shown in Table 4.

Using the model parameters described above, TORUS
produced a scattered light H-band image of the two scat-
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tered light rings and a '2CO data cube. The two model
data sets were convolved to match SPHERE/IRDIS and
ALMA resolution respectively. We processed the model
12CO data cubes using the same process described in
Section 2.2. Similarly, we fit ellipses to the rings as de-
scribed in the Appendix A. The results are plotted in
Figure 1 with the green dots the small grain heights,
the black points are the CO gas height, and the red dot-
ted line is the best fit power-law. As shown in Figure
1, both the of the scattered light rings are co-located
with the 2CO gas emission. The measured flare pa-
rameter 3 is 1.47 £+ 0.03, very similar to the input disk
scale height exponent of 1.4. Thus we can see the effect
that the flare shape of the 2CO gas is not necessarily
the same as the true CO gas flare shape. Finally, our
simple model demonstrates that our observable tracers
of the dust and gas height, >2CO emission surface and
the small dust grain scattering surface, have similar flare
profiles.

5. ANALYTICAL DISK MODEL

We next want to explore the disk parameters that
could cause the difference in § flare parameter values be-
tween the small dust grains scattering surface and 2CO
gas emission. We choose to use a parametric structure
model of an exponentially tampered accretion disk pro-
file in hydrostatic equilibrium and use the parameteri-
zations and equations outlined Williams & Best (2014).
In summary, We define the pressure scale height, Hp,
as

kTmidTS

Hp (4)

where r is the mid-plane radius of the disk, T},;q is
the mid-plane temperature of the disk at 7, Mgi,y is
the mass of the protostar, and p is the mean molecular
weight of the gas. The mid-plane temperature is defined
as a powerlaw as

r —q
Tinid ™ = Tmid 1 (T35) - (5)

where we assume values of Tmid,l =200 K and ¢ = 0.55
as assumed in Williams & Best (2014).

The temperature structure of the disk, utilized in
Williams & Best (2014), defines *2CO emission region.
For temperatures T' < 20K, the CO will freeze-out creat-
ing the lower boundary region, and the upper boundary
is defined by CO dissociation when the column density of
H, reaches 1.3x10%! Hy cm™2. Since the '2CO emission
layer is optically thick, the location of the '2CO emission
will be slightly below the upper boundary, thus we only
plot the upper '2CO emission as a tracer for the 2CO
emission. The 2CO upper emission layers are shown in
Figure 2 as dashed lines.

- GMgtarpme’

Next, we can calculate the small dust grain pressure
height using the gas pressure height. We follow the pa-
rameterization of dust pressure height (Hy) as outlined
in Pohl et al. (2017) as

Ha(r,a) = Hy(r) x min (1’ \/mm(St, 172)(1 + St )(6')

We define « as the viscosity parameter, a as the dust
grain diameter, r as the mid-plane radius, and St as
the Stokes number where St = par/¥;2. We utilize
the same gas surface density power-law with exponential
taper (X4) as defined in Williams & Best (2014), and
assume a dust grain volume density of 1.2 g cm™2 as
used in Pohl et al. (2017).

Having obtained the dust pressure height (Hg4), we
now estimate where the dust scattering layer is located.
Using the dust opacities, we calculated the line of sight
from the star to that radial bin in the disk and found the
height at which the largest number of scattering events
would occur. We plotted contours that are 80% of the
maximum scattering events that occur as shown in Fig-
ure 2 as colored solid lines. Thus, the values plotted in
Figure 2 are parametric models of the observed quanti-
ties plotted in Figure 1.

We explore the effect of six parameters (Mggar, Mgas,
T,,id, Gas to Dust Ratio, viscosity parameter «, g) have
on the difference between the 2CO emission and the
small dust grain scattering surface. The first parame-
ter, Mgtar, has a direct effect the pressure scale height
of the gas as shown in equation 4. We note that with
changing stellar mass, we also expect a change in stellar
luminosity (L) thus a change in the mid-plane tempera-
ture of the disk (7},;q) which will effect the disk height
structure as well. In order to account for this, we utilize
equation 12¢ in Chiang & Goldreich (1997) where the
internal disk temperature 7T} ;5 o< Tug X R}k/ ?. Thus,

the luminosity of the star L o Téli a As seen in Equa-
tion 4, T} :q and Mgts, terms are proportional thus
any change in Mgy, could be cancelled out by an equal
change in T}, ;4. However, the mass and luminosity rela-
tionship for protostars is complicated, thus we assumed
mass and luminosities for two of our objects, IM Lup
(0.7 Mg, 1.56 Lg) and HD 163296 (1.95 My, 20.4 Lg)
(Avenhaus et al. 2018; Wichittanakom et al. 2020). We
scaled the T} ;q value from the luminosity assuming a
luminosity of 1.56, 1.75, and 20.4 for each of the corre-
sponding solar mass values of 0.7, 1.0, and 2 Mg. As
seen in Figure 2, the the 2CO emission height and small
dust grain scattering surface are equally affected by the
change of stellar mass and luminosity.
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Next we varied the total gas mass Mgag of the system
which changes the surface density of the gas. As shown
in the top middle subplot in Figure 2, this parameter
equally effects both the '2CO gas emission height and
small dust grain scattering surface height. Thus the
total gas mass Mgas cannot explain the difference in
the observed gas and dust heights in these disks.

We explored the global Gas-to-Dust ratio in the disk.
We assumed nominal values of G/D=100 and explored
parameter values by factors of 10 to see if these values
could explain the gas and dust height differences. As
shown in Figure 2, changing the gas to dust ratio has
no effect on the observed 2CO gas height (dashed lines
are plotted on-top of each other) but do effect the small
dust grain scattering surface heights. By varying the
gas-to-dust ratio we are effectively lowering the amount
of dust in the system thus lowering the height of the
scattering layer of the disk. This appears to replicate
what we observe in the IM Lup and HD 163296 system
as shown in Figure 1. We note that we are assuming
in our simplified models is that the gas to dust ratio is
constant throughout the disk. This is unlikely to be true
both in terms of height from the mid-plane due to dust
settling. More sophisticated modeling is needed with
non-constant gas to dust ratio to show that the similar
trend is true.

We explored the effects of the assumed disk tempera-
ture structure might have on the radial height of 12CO
and small dust grains by varying the mid-plane temper-
ature, T,,;q4, and the mid-plane temperature exponent ¢
as defined in Eqn 5. We note that changing T4 is sim-
ilar to changing the luminosity of the star as discussed
above when varying the stellar mass parameter. When
decreasing values of T,,;q, the slope of both the 12CO
and small dust grain surfaces decreases, with the slope
of the 2CO surface decreasing faster. However, this is
unlikely to explain the surface height differences as IM
Lup and CU Cha have similar § values but different re-
sulting surface heights for small dust grains and 2CO
gas. Next, we varied ¢ which had an inverse effect on
1200 and small dust grain surfaces as T,,;q parameter
did, with increasing the value of ¢, the slopes of 12CO
and small dust grain surfaces were smaller. Similarly,
the 2CO surface slope decreased faster. However, in a
similar argument for T,,;4, this would not explain the
difference between IM Lup and CU Cha.

The last parameter explored was the a turbulent vis-
cosity coefficient shown in Figure 2. Note that the tur-
bulent visocisty coefficient is usually denoted as « in
the literature, which is not to be confused with the disk
density exponent « used in section 4. We assumed a
nominal value of & = 1073 and explored factors of 10

smaller. Similar to the gas to dust ratio, the « viscosity
parameter does not effect the 12CO gas emission height.
By decreasing the value of the « viscosity coefficient, the
scattering surface for small dust grains is lower. The «
viscosity parameter could potentially explain the scale
height deviation we observe for HD 163296 and IM Lup
as shown in Figure 1. However, the amount of turbu-
lence in IM Lup and HD 163296 have been measured
roughly translating to an o = 1x1072 (Hughes et al.
2011; Flaherty et al. 2017). A lower value of « is needed
to explain the height disparity in small grains versus
12C0 gas by a factor of x10-100 making this explana-
tion unlikely.

6. DISCUSSION AND CONCLUSIONS

We have measured the flaring parameter 8 for 12CO
gas emission surface of protoplanetary disks around IM
Lup, HD 163296, and HD 97048 and compared them
to previous measurements of small dust grain scatter-
ing surface heights. We find that for IM Lup and HD
163296, small dust grain heights are co-located with the
CO gas emission at small radii from the star, but not
at radii larger than > 100 au. However, for HD 97048
we find that the small dust grain heights and the CO
gas emission are co-located throughout the disk. With
simple radiative transfer modeling of a protoplanetary
disk, we were able to show the expectation that the small
dust grain scattering surface is at a similar height to the
12C0O gas emission layer.

Though we cannot definitively determine any trends
with a sample size of 3 disks, we can look for potential
trends for future investigations. While the disks around
IM Lup and HD 163296 show the same radial trend, the
two systems have little in common as HD 163296 (7.6
Myr) is much older than IM Lup (1.1 Myr), IM Lup is
a T-Tauri MO star while HD 163296 is a Herbig-Ae A1,
and IM Lup is a solar mass star (1 My) and HD 163296
is twice as massive (1.95 Mg). In fact, HD 163296 has
the most in common with HD 97048 as they are both
Herbig stars and are both more massive with HD 97048
being the most massive star at (2.5 Mg). It appears that
vertical heights of gas and dust trends may not simply
be a function of mass, age, or spectral type. Increasing
the number of protoplanetary disks in which we have
measured gas and small dust grain heights is necessary
to fully investigate disk parameter trends such as age,
mass, and stellar host star.

There are several caveats when comparing our sam-
ple of three targets to a generic protoplanetary disk.
First, the mechanism(s) for formation of the dust rings
themselves are unknown (e.g. protoplanets, ice lines),
and these mechanisms and environments could poten-
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Figure 2. These six panels show the results of analytical modeling varying the Solar Mass (top left), Disk Gas Mass (top
middle), Ty,iq (top right), Gas-to-Dust Ratio (bottom left), o (bottom middle), and mid-plane temperature exponent g (bottom
right) parameters. The dashed lines show the upper region of the CO emitting photosphere of the disk, and the solid line colored
contours show the scattering surface containing 80% of the scattering surface. The base model are defined by the parameters:
v =0.75, ¥ = 0.2, Rc = 60 au, R;; = 1.0 au, Mgas = 0.01Mg, Mgpar = IMg, Ty ;59 = 200K, Typyy = 1000 K, o = 1073,
q=0.55, a=1le-5.
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tially influence the vertical distribution of the small dust
grains within these rings. For example, [llumination
from the star or from an accreting protoplanet can in-
crease the vertical height of the disk similar to what
occurs in the inner disk (Natta et al. 2001; Dullemond
et al. 2001; Montesinos et al. 2021). If these mecha-
nisms play an important role in the vertical distribution
of small dust grains, what we are observing may not be
ubiquitous for all protoplanetary disks but for only pro-
toplanetary disks that have rings caused by the mecha-
nism at hand. Modeling of the various mechanisms that
cause ring formation in protoplanetary disks and the in-
fluence of the vertical gas and dust structure is needed.
Secondly, we assume that these rings are circular and
centered around the central star, however there is evi-
dence in some systems (eg. GW Ori: Kraus et al. 2020,
HD169142: Bertrang et al. 2018) have off-set rings thus
this assumption is defiantly not valid for all protoplan-
etary disk systems. Alternative measurements of small
dust grain heights that are not dependent on the pres-
ence of rings in protoplanetary disks while also dealing
with the intricacies of interpreting scattered light images
are needed to avoid the dust ring issues. Finally, dif-
ferent isotopologues of CO and different molecules will
trace lower layers in the disk that might correlate dif-
ferently with the small dust grain heights than 2CO.
Future work is needed to investigate the correlation of
other molecule emission heights in the disk to small dust
grain scattering surface heights.

One issue of our sample is that these systems have
much larger disks than a typical protoplanetary disk of
around 100 au. What we could be observing is that be-
yond 100 au, the disks are not behaving like our archety-
pal model as described in our analytical model (section
5). Future investigations of more typically sized pro-
toplanetary disks is necessary to verify if the observed
dust and gas height deviation is present in smaller disks
as well. In line with this caveat, we also assume that our
disks have a continuous power-law with no breaks at all.
However, power-law breaks have previously been iden-
tified in protoplanetary disk systems for both scattered
light and 2CO gas (Wisniewski et al. 2008; Pinte et al.
2018; Teague et al. 2018). This aspect is important as
two scattered light rings, in HD 163296 and IM Lup, are
exterior to the 12CO gas power-law break. Additionally,
the optical depth of the 2CO gas could play an impor-
tant part in the outer disk as the gas becomes optically
thin. While we are unable to investigate this caveat due
to the limited number of rings in our systems, future
work needs to investigate the effect of scale height with
broken power-law height systems.

We investigated six stellar and disk parameters
(Mgtar, Mgas, Tmid, Gas-to-dust ratio, a, ¢) that might
explain the flared discrepancy of gas and dust as seen
in IM Lup and HD 163296. The stellar mass, total gas
mass, T4, and ¢ parameters are unlikely to explain
the discrepant flare trend. Both the gas-to-dust ratio,
and viscosity parameter « could potentially explain the
[ flare parameter in IM Lup and HD 163296. However,
the « viscosity parameter would have to be unusually
small and requires further investigation. If the Gas-to-
dust ratio is largely responsible to explain the discrep-
ancy between the difference in § flare parameters for
small dust grains and gas, our height comparison meth-
ods might be good tracers of the gas-to-dust ratios in
the top layers of protoplanetary disks. We note that
this treatment of disk temperature is very simplistic and
future research on its effect on the height of small dust
grains and 12CO gas is needed.

Another potential mechanism to explain the radial de-
pendence of the CO gas and small dust grain height de-
viation is settling. Modeling by Facchini et al. (2017)
shows that lower turbulence in the disk can result the
same type of radial dependence we observe where the
small dust grains appear to decouple in height from the
CO gas as you travel outwards radially. Thus, by mea-
suring the CO gas and the small dust grains, we could
potentially constrain the turbulence in the disk. This
aligns with our analytical model discussed in section 5.
However, there have been turbulence measurements of
HD 163296 which are consistent with an viscosity pa-
rameter value of a = 1x1072 (Hughes et al. 2011; Fla-
herty et al. 2017). According to our analytical model
in section 5, this amount of viscosity in the disk may
not be enough to explain the CO gas and the small dust
grain heights. Thus, lower turbulence in the disk is un-
likely to have caused the radial dependence of the CO
gas and small dust grain height deviation for HD 163296.
More observationally direct measurements of the proto-
plantary disk turbulence to investigate is HD 163296 is
an outlier and turbulence measurements of HD 97048
and IM Lup for comparison. Future hydro-dynamical
modeling work is needed that includes an exploration
of the turbulence in the disk that also outputs gas and
dust scale height observables such as the 2CO emission
surface and the small dust grain scattering surface.
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APPENDIX

A. RE-INTERPRETING THE RINGS AROUND HD 97048

Previous near-IR observations with VLT /SPHERE of the Protoplanetary disk HD 97048 (CU Cha) by Ginski et al.
(2016) found four dusty rings at 46 au, 161 au, 272 au, and 341 au. Ginski et al. (2016) fit ellipses to the rings where
the first two inner ring fits (46 and 161 au) were to scattered light imaging and the two outer ring fits (272 and 341 au)
were to total intensity imaging with a Angular Differential Imaging techniques reduction. For all four rings, Ginski
et al. (2016) measured a minor axis offset associated with a projected scale height of the disk. They note that the
second ring might possibly be biased by hosting a partially illuminated “wall” which would influce the measured height
on the far side of the disk (left side). Thus, the flux observed is not only from the top of the ring, but closer to the
midplane of the disk. This can bias the ellipse fitting of the ring as the wall will be fully illuminated from the view of
the observer making the minor axis of the ring appear to be smaller than in reality (See left panel of Figure 3). To
avoid the ring location being biased by the wall, Ginski et al. (2016) only fit an ellipse to the forward part of the disk,
avoiding areas where a potential wall is fully illuminated. The explanation of a “walls” being present at the 2nd ring
is unexpected as “walls” are typically associated with the inner disk, and in the case of HD 97048 there is scattered
light flux traced to the inner working angle of the VLT /SPHERE images. We would expect that the inner small dust
grain material would shadow the 2nd ring and not allow for the wall to be illuminated.

200 Model without Inner Ring 200 Model with Inner Ring CU Cha

100

X-Axis au
X-Axis au

-100

=200
-200 - 0 200

Y-axis au Y-axis au RA ")

Figure 3. This Figure shows polarized light Torus models (left and center) demonstrate that the second ring in the protoplan-
etary disk HD 97048 (right) is unlikely to have a large wall. The left panel is a Torus model with a dusty ring located at 188 au
and the dashed red line shows the best ellipse fit of the disk. The middle panel is a Torus model with two dusty rings located
at 55 au and 188 au, and the red dashed line is the best fit ellipse for the outer ring. The right panel shows the scattered light
J-band image of HD 97048 with the red dashed line as our best fit ellipse to the observed data and the dot-dashed line as the
best fit ellipse from Ginski et al. (2016).

To test whether you expect to be strongly biased by a wall in HD 97048 with the presence of inner disk material,
we preformed a simple scattered light radiative transfer modeling using TORUS of a single ringed system and a two
ringed disk shown in Figure 3. We utilized the same TORUS model parameters as described in section 4 with the
exception that the two rings are located at 46 au and 188 au. The left panel in 3 shows a single ring located at 188 au
from the star and is fully illuminated creating a wall. The dashed red line shows the best fit ellipse, which is strongly
biased by the presence of a wall and does not trace the top of the disk. This single ringed scenario is the bias that
Ginski et al. (2016) seeks to avoid by only fitting an ellipse to the right side of the disk. However, the full wall is not
expected to be illuminated as the presence of the inner ring at 46 au will shadow the wall. The middle panel in Figure
3 shows a two ringed disk system where the interior ring shadows the outer ring. When we now fit the ellipse to the
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Table 5. Gas Disk Parameters

Parameter Ring 2

Radius (au) 172 + 4
Inclination (°) 44 £3
Major Axis Offset (”)  0.002 £+ 0.018
Minor Axis Offset (7) 0.1259 £+ 0.0013
Disk Height (au) 323+£15

outer ring in our model, we find that the ellipse traces the true height of the disk. Thus we do not expect to see the
effect of a wall in the HD 97048 system.

We fit an ellipse to the second ring of the HD 97048 VLT /SPHERE H-band data. We found the full ellipse of the
second ring, we find a minor axis offset of 071259 + 070013 which, assuming an inclination of 44°, results in a scale
height of 32 £ 1.5 au at a projected radius of 172 4+ 4 au. Our ellipse measurements for the second ring can be
found in Table 5 and shown in Figure 3. The presence of a wall can strongly bias the inclination measurement by
affecting the ratio of the major to minor axis. Our measured inclination of 44+3° is consistent with the PAH emission
isophot fitting (Lagage et al. 2006), and ALMA disk inclination fitting of 41 + 3 (Walsh et al. 2016). We note that
the inclination of 39.9 + 1.8° is also consistent with those two alternative measurements. We cannot exclude a wall
being present in the HD 97048 data. However, there is no evidence to suggest that the added complexity to the ringed
structure is needed. Thus, for this work, we utilize our ellipse fit measurement of the second ring in the HD 97048
system.
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