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Abstract: When a star is born, a protoplanetary disk made of gas and dust surrounds the star. The disk can show
gaps opened by different astrophysical mechanisms. The gap has a wall emitting radiation which contributes
to the spectral energy distribution (SED) of the whole system (star, disk and planet) in the IR band. As these
new-born stars are far away from us, its difficult to know whether the gap is opened by a forming planet. 1
have developed RHADaMAnNTe, a computational astro code based on the geometry of the wall gap coming from
hydrodynamical 3D simulations of protoplanetary disks. With this code it is possible to make models of disks
to estimate synthetic SEDs of the wall gap and prove whether the gap was opened by a forming planet. I have
implemented this code to the stellar system LkCa 15. I found that a planet of 10 Jupiter masses is capable of
opening a gap with a curved wall with height of 12.9AU. However, the synthetic SED does not fit to Spitzer IRS
SED (g% ~ 4.5) from 5um to 35um. This implies that there is an optically thick region inside the gap.

Keywords: protoplanetary disk; wall gap; spectral energy distribution; 3D simultaions

1. Introduction

In a small fraction of young stellar objects (YSOs) surrounded by disks, observations have
discovered a low excess radiation in the near—infrared but a high excess in longer wavelengths. This
has been interpreted as an evidence that these disks called transitional disks (TDs) have central
holes which have practically no dust [1]. More recently, disks showing a significant excess in the
near—infrared have been discovered. Such an excess indicates the presence of an optically thick inner
disk. This inner disk is separated from an outer disk which also has a high optical depth. In this way
the spectral energy distribution (SED) suggests the incipient development of a gap between both disks,
these disks are called pre-transitional disks (Pre-TDs) [2]. Several physical mechanisms have been
suggested to explain the gaps or holes in protoplanetary disks. The one implemented in this work is
driven by forming giant planets.

A key element that produces characteristic features in the SEDs of protoplanetary disks is the
outer wall of the gap or hole. To simplify SED wall models, it is often assumed that the wall is vertical
and frontally irradiated by the central star [2,3]. But this assumption is physically wrong [4]. For dust
sublimation walls, located near from the star, it has been proposed that the wall is curved, where the
dust grain growth and its fall into the mid—plane of the disk, and the gas density high-dependence on
sublimation temperature are the physical mechanisms responsible for such curvature [5].

In order to create synthetic SEDs of protoplanetary disks with gaps or holes having inner curved
walls, I have developed a computational code called RHADaMAnNTe. This code is based on an older
code which suggests that the inner vertical wall of the outer disk can explain the mid-infrared spectrum
of the low-mass pre main-sequence star CoKu Tau/4 [6].

To test the code, I present a model of a truncated dusty disk —a disk with an inner hole- that
accounts for the Spitzer Infrared Spectrograph observations of the low-mass pre main-sequence star
LkCa 15. In this model the mid—infrared spectral energy distribution (between 10 and 25pum) arises
from the inner curved wall of the gap in the disk.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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1.1. Dust in Protoplanetary Disks

Dust is a pretty important component of protoplanetary disks surrounding young stars. The
growth of dust grains from sizes of microns to centimeters or larger grains is the first step in planet
formation.

The dust grains in protoplanetary disks follow a size distribution based on a single power law
f(a) o aP [[7], MNR], where the maximum dust size, dmax, the minimum dust size, amyin, and the
power law index, p, are different for each grain species.

The dust composition in protoplanetary disks has been extensively studied through mid-IR
observations. This dusty mixture includes silicates (mainly), carbonaceous grains, poly-cyclic aromatic
hydrocarbons, and sulfide-bearing grains [8].

Silicate grains are the best understood dust component. The most abundant crystalline silicates are
olivine, which is magnesium-rich (Fogp), and pyroxene. Olivine series range from forsterite, Mg>SiO4
(denoted as Foiqp), to the fayalite, Fe;SiO4 (denoted as Fop). While pyroxene series range from the
enstatite, MgSiO3 (denoted Enigp), to the ferrosilite, FeSiO3 (denoted Eny).

Modeling of the observed spectra expects amorphous silicate grains to exist in protoplanetary
disks [see, e.g. [9]; [10]]. The composition of these grains are glass with embedded metals and
sulfides, and series ranging from ferromagnesian silica to Fe-Mg-bearing aluminosilica. These grains
are difficult to observe directly from infrared spectroscopy. Their spectral signature observed is a
combination of grain composition, shape, size, and structure, making difficult to isolate the pure
amorphous silicate signal.

Carbonaceous grains, including amorphous and graphite elemental carbon, are difficult to detect
in the infrared. However, grain modeling suggests these grains are needed in order to explain the
observed infrared spectra of protoplanetary disks [9].

Nano-diamonds, from sizes of <1nm to ~ 10 nm, are found in protoplanetary disks. Diamond
emission coming from the inner region of the disk (i.e. <15 AU) at 3.43 and 3.53 um has been detected
in disks [see, e.g. [11]].

The presence of poly-cyclic aromatic hydrocarbons (PAHs) has been detected in the surface layers
of some protoplanetary disks [see, e.g. [12]]. Disks surrounding higher-mass stars, such as Herbig
stars, show more PAHs emission [13] than disks surrounding lower-mass stars, such as T Tauri stars
[14]. Protoplanetary disks with a flaring outer surface show significantly more PAH emission [13].
It follows that PAHs exist in all disks, but they can only be detected, as infrared emission, when
ultraviolet radiation from the central star is able to excite them. The discovery of weak PAH features in
T Tauri stars supports this idea [see, e.g. [14]].

Other dusty components in protoplanetary disks are iron-nickel sulfides grains (FeS, NiS) and
water ice (H2O). Sulfide emision around 23 ym has been detected in the emission spectra of protoplan-
etary disks [15]. While water ice emission has been identified at 3ym [16], 44um [17], 60pm [18] and
62um [19].

1.2. LkCa 15

LkCa 15 is a K5-type [20] T Tauri star located in the nearby (145 & 15pc) the Taurus-Auriga Star
Forming Region [21]. The mass of the central star is 0.97 £ 0.03M, [20], it has an effective temperature
of 4370K [22] and a radius of 1.6R) [23]. Three planet candidates have been detected: LkCa 15b
(semimajor axis a = 14.7 = 2.1AU) [24], LkCa 15¢ (a = 18.6 = 2.5AU) and LkCa 154 (a = 18.0 ig:i AU),
with masses lower than 5-10M,, , for the two first planets, and < 0.5M,,_ for the third one [25].

Observations of the far-ultraviolet (1100-2200A) radiation field and the near—to mid-IR (3-13.5um)
spectral energy distribution of LkCa 15, from the Space Telescope Imaging Spectrograph (STIS) indicate
the existence of an inner disk gap of a few astronomical units [26].

LkCa 15 has an inner disk, a gap and an outer disk [27]. Using the Spitzer data, LkCa 15 has been
classified as a pre-transitional disk [28], and it has been showed that the inner hole is not devoid of
dust between 0.1 and 5 AU. The outer disk extends from 46 to 800 AU [29].
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Recent observations from Gemini NIRI suggest that a single massive planet would be capable of
opening a gap as large as the one observed in the LkCa 15 disk [22]. This assumption leads me to use a
mass of ~10Mo, for the planet candidate in the current work.

Models of the LkCa 15 disk SED show that the inner edge of the disk has a radius of ~58 AU [23];
this outer disk has a mass of ~50 My_[30].

2. Geometry of the Wall Projected on the Sky

To find the two-dimensional geometry of a wall gap, I implement the ARTeMiSE code [4]. Which
is a computational and geometrical code that analyses a tri-dimensional simulation of the disk—planet
interaction by considering the wall is located at the points (x,y,z) where the disk optical depth is
Tpall = % Simulations are done with FARGO-3D code [31] under some specific parameters of the young
stellar object to be studied.

2.1. Inclined Walls

Definition 1. An inclined two—dimensional wall is a line segment with boundaries (Rtg;u, H:vzu) and
(Rdown pdown) “qith RP) > RIWN gnd HIOWn = —H'P  as seen in Figure 1a. By rotating this line
segment around z—axis, a conic ring lying in the Euclidean space (x,y,z), is obtained, as seen in Figure 1b. This

ring is the tri-dimensional conic wall.

<
I
2 H wall .
. i
Rwall
(a) An inclined wall on the xz-plane. (b) A conic wall in the space xyz.

Figure 1. Construction of a tri-dimensional conic wall.

In the coordinate system (x, y, z) the star is centered at the origin, here z—axis is the disk rotation
axis, and the plane (x, y) is the disk mid—plane. For simplicity, I also consider the cylindrical coordinate

system (R, 6,z), such that all points on the wall superior boundary have coordinates z, x = R&ill cos 6
yy= R&P;H sin 6, whereas all points on the wall inferior boundary have coordinates z, x = R‘Viv‘:lvl‘l’“ cos 6

vy = Rf}voavl‘fn sin 6. Since the protoplanetary disk is assumed to be projected on the plane of the sky

(X,Y), as seen in Figure 2, I consider a third coordinate system (X, Y, Z) also centered at the star,
where the Z-axis is the line of sight. When the disk is face—on the coordinate systems coincide. There
exists a transformation between the three coordinate systems:

X =ux, (1a)
Y = ycos(i) — zsin(i), (1b)
Z = zcos(i) — ysin(i), (1c)

where i is the disk inclination angle, that is, the angle between the z—axis and the plane of the sky
(X,Y).

The amount of visible surface of the wall, projected on the plane of the sky, depends on the disk
inclination angle, and there are two possibilities: (i) when the star is visible (corresponding to 6 < 1,
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see Equations (4) and (9) for a definition of ), and (ii)) when the star in invisible (corresponding to
0 > 1), as seen in Figure 2. A surface element of the visible area is /A = dX dY = —Ry sin6d0dY,
with RIWN < Ry < RYP

wall*

Edown Edown

(a) The star is visible: § < 1. (b) The star is invisible:6 > 1.
Figure 2. Schematic representation of the visible surface of the wall as seen by the observer for two
inclination angles.

Let Z be the visible surface of the wall projected on the plane (X, Y) for both cases, as seen in
Figure 3. Then the boundary of this region is defined by two ellipses eyp and e4own (see Appendix A.1)
given by the projections of the up and down edges of the tri-dimensional conic wall. The up ellipse
eyp is defined as Yyp = sYyp UiYyp, where sYyp and iYyp are the superior and inferior parts of this
ellipse, respectively, such that

2 up
sY, ) X H .
Ru_;p =cos(i)y|1— (Rup ) + Rl‘;‘gu sin(i), (2a)
wall wall wall
iy x \> H®
u . . .
Rupp = —cos(i)y|1— <Rup ) + 1‘;‘5‘11 sin(i). (2b)
wall wall wall

Similarly, the down ellipse €oun is defined as Ygown = SYdown Y 1Ydown, Where sYgown and iYqown
are the superior and inferior parts of this ellipse, respectively, such that

2
Hdown
— —wall_gin(j), (3a)
Rdmﬁm
wa

2 Hdoxﬁrn
) — L sin (i) (3b)
wall


https://doi.org/10.20944/preprints202411.0328.v1

d0i:10.20944/preprints202411.0328.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 November 2024

5 of 30

R

wall

SYdown

Yap X

(a) When the star is visible, the visible wall
projected on the plane XY is a region # =
F1 U %y, defined by the intersection of the

(b) When the star is invisible, the visible wall
projected on the plane XY is a region %, de-
fined by the ellipse Yyp.

ellipses Yyp and Ygown. Here Xo = iYyp N

$Ydown-
Figure 3. Geometry of the visible wall projected on the plane of the sky for two inclination angles.

Ellipses eyp and €4own intersect at critical angles 6. y 77 — 6, where 6. is given by

1 Hup Hdown
sinf. = = (uLPaH + é"—aﬂ tan(i) = 6. 4)
2 Rwall Rw(;‘ﬁm

Depending on the wall inclination angle i, there exist two possibilities to know whether both
ellipses can intersect: if § < 1 or not if § > 1, as seen in Figure 3.

For the case § < 1, the region Z is composed by two sub-regions % and %5:
where 0 < 6 < arcsin(9):

K1 = {(X,Y) =X K X< XopAsYgown S Y < SYup}, (5a)
and where arcsin(4) < 6 < 7
9y = {(X,Y) : £X0 < X < £RW Ai¥up <Y < $Yup |, (5b)

that means #Z = %1 U %, (see Appendixes A.3 and A .4).
For the case § > 1, the region Z is defined as follows

2 = {(X/ Y) : —Ryan < X < Ryan /\iYup <Y< SYup}- (6)

2.2. Vertical Walls

If in Definition 1 I set R;};H = R%‘ﬁ’“ = Ry, I obtain a two—-dimensional vertical wall, as seen in
Figure 4a. By rotating this line segment around z-axis, I generate a cylindrical ring which lies in the

Euclidean space (x, 1, z), as seen in Figure 4b. This ring is a tri-dimensional cylindrical wall.
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I
2H wall !
o ;
Rwa,ll
(a) A vertical wall of height 2H,,;; on the (b) A vertical wall in the space xyz with
plane xz. boundaries ¢, and €qoyn-

Figure 4. Construction of a tri-dimensional vertical wall.

Following the same mathematical procedure as in the case of an inclined wall, I obtain that

€up : Yup = 8Yup UiYyp, (7a)
€down * Ydown = sYdown U 1Ydownr (7b)
where
sY, X \?
= cos(i < > + Hyal sin(7), (8a)
wall wall wall
1Y, X \?
P — — cos( ( ) + Hyan sin(i), (8b)
Rwall Rwall wall
SYdown X 2 wall
= cos(i ( > sin(i), (8c)
Rwall Rwall wall
Y, X
Sldown _ = cos(i ( Hyan sin(i). (8d)
Rwall wall wall

Both ellipses intersect at critical angles 6. y = — 0., where 6. is given by

sin f, — Chwall tan(i) = 4. 9)

wall

3. The RHADaMAnTe Code

To create synthetic SEDs as arising from the inner curved wall of a gap or hole open by a planet in
a protoplanetary disk, I have developed a computational code, written in the FORTRAN 90 language,
called RHADaMAnNTe. This code is coupled to the ARTeMiSE code because the geometry of the wall is
required.

As I am interested in estimating the radiation reemitted by a tri-dimensional wall %" projected on
the plane of the sky, in this code, I firstly calculate the angle between the radial ray and the normal to
the two—dimensional wall 7, for each incident radial radiation ray coming from the central star, as
seen in Figure 5, by applying an algorithm also called RHADaMAnTe.

Then, I construct the tri-dimensional wall as the finite union of tri-dimensional conic rings
obtained by rotating inclined line segments about the z—axis at different heights. (see Figures 6a and 7).

Next, I calculate the surface projection on the plane of the sky of these rings, and then I calculate
the radiation emitted by each of them by implementing some ideas from an algorithm developed for
vertical walls [6]. Finally, I sum the contribution of the emission of all the projected rings to create a
synthetic SED.
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2 / mid-plane
Figure 5. Geometry of the incidence of the stellar radiation along a ray % on the wall #7,.
z
z Wﬂo %0
T r
mid-plane mid—plane
(a) Construction of segment lines #4y, connecting (b) Height Hi‘vau of the line segment #jy, .

points Wi_1 and W;, in the two-dimensional wall

Wry-
Figure 6. Discretization of a two—dimensional curved wall #7, by inclined line segments #3y,, for
k=2,...,kmax, and one vertical wall #}y, with ZHfovall in height.

wall

"~ 2H:
1) — thring »

Figure 7. Construction of a tri-dimensional wall % : Each couple of points Wy_; and Wy in the
two—dimensional wall #7, defines a ring %#4.
3.1. Geometry of the Radiation Reemitted by the Wall

RHADaMAnNTe, acronym for Radial Geometry Algorithm for Calculating the Radiation Emitted by
a Wall), it is a geometrical algorithm which at first calculates the angle between the stellar radiation
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along a radial ray % and the normal to the two—-dimensional wall #7,, as seen in Figure 5. Secondly,
this algorithm discretizes the two—dimensional wall, which is not continuous, as seen in Figure 6a.

Let 60y be the angle between the normal #, on the point W belonging to the wall %7, and the
stellar radiation ray %, such that

Ok = Oy, + Px, (10)

where 6y, is the minimal angle between the normal #, and the mid-plane (r-axis), and ¢y is the angle
between the ray % and the mid—plane, as seen in Figure 5.

The angle 6y is required to calculate the reemitted stellar radiation by the wall. Because of wall’s
curvature and the radial geometry of the stellar radiation, each parcel of the wall does not absorb the
total radiation, as it is in the case of vertical walls. In this case, each parcel absorbs only a fraction of
the radiation which depends on the cos(6y).

Let /i be the tangent line to the wall %7, at the point W with a positive slope m,, . It follows that
the inclination angle of such a line, measured from the r-axis, is ng = tan~! (m 0 ), where

. aw
6= 7| -
k dr |y,

Physically, the wall #/7;, should be characterized by a mathematical continuous function. However,
in this case, because of the numerical simulation, the wall is transfered, via the discretization process
described in Section 3.2, into a discrete counterpart. So, as the points Wy with k = 1,2, -+, kmax
defining #/7, are close enough, it is possible to find an approximation of its derivative.

Consider the points Wy and Wi in the wall %7, to be connected along the segment line .Z; (as
seen in Figure 5), then the slope m ¢ of this line approximates to the derivative with respect to r of
W, at the point Wy, that is

Hence 6, ~ 04 = tan~!(my).
Next, since the line .%; is almost perpendicular to the normal 7, it follows

Oy ~ T — 0. (11)

Finally, since the star is located at the origin of coordinate system, it is easily to calculate the angle
between the ray % and the mid—plane
(2)
W
Pr = tan! < k >, (12)

w,"

where Wk(r) and WIEZ) are the r and z coordinates of the point Wj.

3.2. Discretization of the Two—Dimensional Wall

By applying the ARTeMiSE algorithm, I obtain a set of points Wy = (g, zx) withk = 1,2, ..., kmax,
defining the two—dimensional wall #7,. It means that the wall is not a continuous curve. Then I
discretize the wall as the finite union of infinitesimal inclined walls: I connect each couple of points Wy _q
and Wy by inclined line segments Wy, with height ZH"; a1l 48 seen in Figure 6a.
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Consider an inclined line segment #y, with boundaries Wy_; and W in the wall #7, and let
Pm(Wg_1, Wi) be the mid—point of #jy,. As I require that the vertical height of this line segment to be
2HE ., T define

wall”

HE o= W = P (Wie_y, W) = (2 — 251) i k= 2,3, kmaxs

where W,EZ) and Pm(?) (Wi, Wi_1) are the z coordinates of Wy and the mid—point between the points
Wy and Wj_1. See Figure 6b.

If k = 1, I construct a vertical line segment #4y, with boundaries Wy = (r1,0) and Wy, and height
z1, which conects to the mid—plane.

3.3. Curved Wall

Let #7, = U]]zmax Wiy, be a two-dimensional wall discretized by infinitesimal inclined line seg-
ments #yy, for k = 2,...,kmax, and a vertical line segment #3y, .

By rotating each inclined line segment around z—-axis, one generates a conic ring #j with minimum
radius Ry_1, maximum radius Ry and total height ZH"/‘v a1+ Whereas, by rotating the vertical line
segment, a cylindrical ring with radius R; and total height 2H] ,,, is obtained. It follows the tri-
dimensional curved wall can be defined as the finite union of a cylindrical ring and several conic rings:
W = Uﬁ‘“"‘x #. See Figure 7.

3.3.1. Projection on the Plane of the Sky

The wall # has to be projected on the plane of the sky (X, Y) to calculate the amount of visible
surface. Therefore I consider the coordinate system (X, Y, Z), where Z is along the line of sight, such

that
X =1z, (13a)
Y = ycos(i) — zsin(i), (13b)
Z = zcos(i) — ysin(i). (13c)

Since I want to apply the same algorithms of projection described in Sections 2.1 and 2.2, it is
required to do a geometric translation of each ring %; to a secondary coordinate system (x’,1/,z") such
that the translated ring %, is centered at the origin. Easily I can say that there exists a translation
transformation © : (x,y,z) — (¥,y,2'):

¥ =x (14a)
y=y (14b)
7 =z 0z, (14¢)

where 6z = zj + $Az; is the displacement of the ring along z-axis, to be centered at the origin of the
system (x/,y/,z'), see Figure 8, with z; is the z coordinate of the point Wy and Az = 2H¥ .
Applying this translation, it is possible to use the coordinate system (X’,Y’, Z') to project the ring

#, on the plane (X', Y’):
X =x, (15a)

Y' = v/ cos(i) + 2’ sin(i), (15b)
Z' = 7' cos(i) — y' sin(i). (15c)
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Y
X
=
n
& 7Z
bael
2

(a) A conic ring. (b) A cylindrical ring.
Figure 8. Projection of a ring #j on the Y-axis: When the ring is located at distance éz; > 0 along the
z-axis of the system (x,y,z), the projected distance on the Y-axis is 0z sin(7).

From Equations (13), (14), and (15) it follows that there exists a translation transformation @, :
(X',Y',Z") = (X,Y,Z), such that:

X=X, (16a)
Y =Y + 6z sin(i) (16b)
Z = 7'+ 6z cos(i), (16c¢)

where 6z sin(i) is the projection on the Y-axis of the displacement of the ring along the z-axis, as seen
in Figure 8.
Combining Equation (16) with Equations (2) and (3), it follows that for the k—th conic ring

sY é
up = cos(i Haiie 1 02 sin(i), (17a)
Ryvall R%.1 k Ryvall
ingp Hyatx + 0z ..
— cos(i) sin(i). (17b)
Ryanx R%. k Ryvalik

s H — 0z
down __ COS(i) 1— > _ Mwall k-1 k—1 sin(i), (17C)
Ryall k1 Rwall,kfl Ryallk—1
(k)
iY X2 H, _1—0z_
_Tdown_ _ _ cog(4), [1— — - Twallko1 T OBkl G4y (17d)
Ryvall k-1 R k1 Ryvall k-1

Whereas, for the cylindrical ring, by combining Equation (16) with Equation (8), it follows

sY{L oz
up = cos(i Haine 02 sin(i), (18a)
Ryl k R%. k Ryl k

(1)
iY, o
P — _cos(i i + 02 sin(i). (18b)
Ryailk RZ . k Ryvall k
(1)
sY -0
—down _ g i = 02 sin(i), (18c¢)
RyalLk RZ ik Ryalik
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(1)
iY X2 H, -0
—down — _ ¢o5(7), 1 — _ wallk 0%k sin(i). (18d)
R R? R
wall k wall k wall k

3.4. Emission of the Wall

To calculate the emission or emergent flux F, of the visible wall projected on the plane of the sky,
I multiply the total emergent intensity I, by the solid angle (), of the visible surface of the wall,
whose geometry has been described in detail in Section 3.3.

For each element in the visible surface of the projected wall, the thermal emergent intensity,
approximated as isotropic, is given by

I, ~ /Ooo By [Ta(t)] exp(—7)d, (19)

[see [6] for derivation], where B, is the Planck function, 74 is the total mean optical depth at the disk
frequency band, and 1, = 14(xy/ xq), with opacity «,.

The wall temperature Ty is a function of the optical depth of the disk, and it is calculated as
follows [see [6] for derivation]

F
Ti(Ta) = ag - [C1 + Chexp(—q7a) + Ciexp(—pama)], (20)
where 3 3
Ci=(01+cC (2+)+C<2+>, (21a)
1 ( 1) q 2 ﬁq
G = (1+C1)<%‘—3>, (21b)
Kq q
- axd _ 3
G = Czﬁ( P qﬁ2>' (21¢)
and
3w
C = _1—7,82’ (22a)
C = oW (22b)

pla+Fa-p)

withae = 1—-w, B = V3a, and w = 05/ )5 is the mean albedo to the stellar radiation and
Fp=L./ 47(R‘2Nau, where L, is the stellar luminosity.
At a distance d from the observer, the total solid angle is given by

RYP + Rdown 2
cos(i) (Wa‘udwall) [5\/ 1—-62+ arcsin(é)} ,ifd <1,
(23)

wall =

R \?
ncos(i)( V;‘“) ,if6>1,

with

1 Hupll HdO\ﬁm .
5= 5 (Rfl"pa + R:ivjwn tan(i),

wall wall

for conic rings, and
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2
2 cos(i) (R:ziﬂl) [5\/ 1-62+ arcsin(é)} ,ifo <1,

Qwall = (24)

R 2
ncos(i)( "‘;’lall) ,if6>1,

with

6= Hyal tan(i),

wall

for cylindrical rings.

3.4.1. Rosseland Mean Opacity

Equation (19) requires the calculation of the opacity «,. This dominant opacity depends on the
chemical composition, pressure and temperature of the gas, as well as the frequency v of the incident
light. This is a complex endeavour. The problem can be simplified by using a mean opacity averaged
over all frequencies, so that only the dependence on the gas physical properties remains. In the current
work, I use the Rosseland mean opacity, defined as

[ Lok,

1 . JO Ky oT

WS e,
; aTdv

where B, (T) is the Planck’s function, and T is the disk temperature [32].

To calculate the total Rosseland mean opacity xR, I consider that all the dust grains species exist
and the mixture of dust grains is made of small and big grains. Using the previous assumptions I
calculate the total Rosseland mean opacity as follows:

(25)

KR(xl Z) = gsmall (x’ Z)KRsmall + gblg (x’ Z)KRbig’ (26)

where kg, and kg, are the Rosseland mean opacities associated to the small dust grain size distri-
bution and big dust grain size distribution, respectively. And (sman and (pg represent the abundances
(dust-to-gas mass ratio) of the small and big grains, respectively:

Gomat(%,2) = $oamano{ 1~ tanh [k (1 - =)}, (272)

Goig(x,2) = 3Cuigo{1 +tanh k(1 - 5= )| |, (27)

here JH represents a small fraction of the scale height of the disk, and k is a factor which defines a
smooth transition between small and big grains population [33].

The monochromatic opacity x, in Equation (25) depends on the dust species in the mixture and
their physical and chemical properties, such that it is calculated as the sum of the monochromatic
opacity of each grain species:

Jmax

Ky =Y xp(al., ahax, 07, 17), (28)
q

where al . and al,, are the sizes of the small and big grains, and ¢7 and 79 are the abundance and

min
refraction index of the species. Here g is running over the name of the species (e.g. silicates, organics,
amorphous carbon, ice and troilite) in the dust composition of the disk. I calculate the monochromatic

opacities using the Mie theory by implementing some modified routines of a code developed in [6].
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Summarizing, to calculate the emergent flux emitted by the curved wall, I have developed a
computational code called RHADaMAnNTe. This code is based on the geometry of the wall calculated by
the ARTeMiSE code. In Figure 9 I show a flowchart of our code. For some tests, see Appendix B.

Readlng the Construction| Construction Absorption
the Pomts of the line £ the ri of stellar
defining the segments Ot the rings radiation
wall
Rings Rosseland Temperature
surface area mean of the rings
projection opacities

Dust grains Flux of
abundances the rings SED
Figure 9. A flow chart of the RHADaMAnNTe code.

4. Results: An Implementation to the Stellar System LkCa 15

In this section, I present a model of the truncated dusty disk of the T Tauri star LkCa 15 that
accounts for the Spitzer Infrared Spectrograph observations. I have modeled the mid-infrared spectral
energy distribution from 5 and 40um) as arising from the inner curved wall of the outer disk. In this
model a 10M,, mass planet is the responsible of the wall curvature. The free dust hole has a radius
of ~53 AU along the mid-plane. The wall has a half-height of ~12AU and it is illuminated at normal
incidence by the central star, but it also is shadowed because of the presence of an internal optically
thick disk.

4.1. Simulation: Planet-Disk Interaction

As I am interested in characterizing the geometry of the wall of the disk gap, in the LkCa 15
system, I need to analyze the vertical structure of the disk. Assuming the gap was opened by an
embedded planet, I use the FARGO-3D hydro—-dynamical code to launch two numerical simulations of
the disk—planet interaction until the 500th. The only difference among these simulations is the size in
resolution (Nx x Ny x Nz). The low resolution of 50 x 50 x 30 was used to find quickly the orbit where
the system reaches a quasi-stationary state. The medium resolution of 250 x 250 x 100 was used to
get a better approximation of the wall. According to FARGO-3D requirements, in Table 1 I show some
parameters for simulations.
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Table 1. Disk-planet simulation specifications.

PARAMETER VALUE
Aspect ratio H 0.045
Surface density X 1.44666 x 10~*
Disk a—viscosity 0.0
X slope 1.0
Flaring index 0.0
mp 10Mo,
a 23 AU
Planet Rlz)cheSmoothing 0.4
Acretion No
Units unitless
Dimension 3D
Geometry spherical
Mesh [Xminr Xmax] [_ T, 7T]
[Yinin, Ymax) [0.1,3.666]
[Zmin, Zmax) [1.37340076, /2]
Timing Orbits 500

In Figure 10, I present the tri-dimensional structure of the 100th orbit of the LkCa 15 disk
simulation. It is here where the system reached a stationary-state.

Iden

-1.315e+01  -10 -6.8 3.7 :5066e-01

I

(a) Tri-dimensional structure of the full disk (b) Vertical cut of the disk along the planet
location
Figure 10. Visualization of the 3D simulation (100 orbit).

In Figure 11, it can be observed an optically thick inner disk and the gap completly opened. The
planet is located at the point (x,y) = (1,0) as seen in Figure 11a.
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z [ry) log(p) [Mo/r3]
(a) Mid-plane of the disk at the 100th orbit (b) Vertical cut on the xz—plane at the 100th

orbit.
Figure 11. Density isocontours on the disk: Gap opening.

4.2. Dust Grain

The optical depth of the disk depends on the disk material opacity, I assume that the disk is a
mixture of grains composed of silicates with mass fraction (g = 0.0034, organics with {org = 0.0041,
and troilite with (i = 8.0 x 1074, consistent with the model proposed in [34]. The grains are assumed
to be spheres, which obey the standard MRN grain size distribution 1(a) ~a3° [7].

I consider two grain populations: small grains between minimum radius amin, = 0.005¢m and
maximum radius amax = 0.25um, and big grains between minimum radius ami, = 0.005um and
maximum radius amax = 1000um. I consider a smooth transition between both dust populations, see
Equation (27) in section 3.4.1, where I set k = 20, 6 = 0.1 and Cgpan,o = 0.5 and {pigo = 6.8. L use
optical constants for silicates from [35], [36] and [37], for the organics from [34] and for troilite from
[34] and [38]. I also take into account the sublimation temperature of the grain species in the mixture
Tsii = 1400K, Torg = 425K, and Tiyo; = 680K.

For the composition of the silicate dust grains, I considered several possibilities as showed in [39]:
amorphous Mg-Fe glassy olivine (Mg,,Fe,_»,5i04) and glassy pyroxene (Mg, Fe;_,SiO3), where the
subscripts to each element represents the fraction of the silicate composed of that element, with optical
constants from [36].

4.3. The Vertical Geometry of the Wall

I found that the 10M,_mass planet candidate, when is located at 32.3AU from the central star,
opens a gap around the young transitional disk host LkCa 15. The ARTeMiSE code was implemented
to analize the simulation data. The radii of the wall along the mid—plane of the disk and the heights of
the wall have a deppendence on the chemical composition of the silicate grains as showed in Table 2.
In Figure 12, I show the geometry of a wall where the dust garin disk composition has glassy olivine
(silicate) with 50%Fe and 50% Mg.

The location of the planet candidate is not consistent with the observations [e.g. [25]], which
suggest that the possible massive planets LkCa 15 b and LkCa 15c¢ are located at 14.7 = 2.1AU and
18.6 &= 2.5AU, respectively, along the semimajor axis. However, the radii of the wall along the mid—
plane Rmid*plane are similar to those measured in [40,41], ~50 AU, and [22],~56AU.

wall
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Table 2. Parameters of the wall for different chemical composition of silicate dust grains: pyroxene and
olivine. Organic and troilite grains composition is the same for all cases.

SILICATE Ryan [AU] Han [AU]
PYROXENE
Mg0.4Feo.6SiO3 56.0 11.5
Mgo,6F60.4SiO3 49.8 12.3
Mgo,gFEOQSiO:; 51.0 12.0
Mg0.95Feo.025SiO3 50.0 13.2
OLIVINE
Mgo.gFeohzsiOAI 52.5 10.0
Mgo‘5Feo,5SiO4 53.0 12.0
12
10
8 |

Wall
52 54 56 58 60 62 64 66 68 70
r[AU]

Figure 12. Vertical geometry of the wall of the inner edge of the outer disk (picture is not scaled
proportionally): Because of the embedded planet the wall is curved. It is ~16AU in width and
~12.22 AU in height. In this model, the dust consists of a mixture of small and big grains of glassy
olivine (silicate) with 50%Fe and 50% Mg and with a small amount of organic and troilite grains.

4.4. SED of the Wall

I'model LkCa 15 as a central star with the properties described in Section 1.2, surrounded by an
optically thick inner disk (as showed in Figure 11) and and outer disk truncated at ~120AU. I consider
the gap has a curved wall at differentent locations and heights according to Table 2. In the models, I
consider that LkCa 15 is at 140pc from Earth in the Taurus-Auriga star forming region [21] and the
disk inclination is i = 50° [25]. A representation of the model is showed in Figure 13.
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outer
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inner |

wall :, Zumb
! inner

! Zyall

eshw

jinner
wall

Tumb

Figure 13. Schematic representation of the pre-transitional disk LkCa15. In this ilustration the blue
point represents the central star and the curved lines are the disk walls. The wall of the inner disk is
fully illuminated by the central star. For the wall of the outer disk, light blue line represents the portion
of the wall that is fully illuminated by the star, and black corresponds to the part of the wall that is in
the umbra of the inner disk.

As the inner disk casts an umbra over the wall of the outer disk, as seen in Figure 13, I have to
remove it from the SED of the outer disk wall. In order to find z,u,, I implement some improved
routines developed in [42] for curved sublimation walls. This code uses opacities to calculate the shape
of the wall and assumes that the stellar rays are parallel to the mid-plane. I found that the wall of the
inner disk starts at ~0.04932AU, from the central star, and runs until ~0.18407AU where it reaches
~2.3550 x 10~2AU in height. And the temperature of the sublimation wall decreases with radius and
it ranges from 1014.3 K to 1443.7 K.

In a first approximation, assuming the star as a point, the sublimation wall produces only an
umbra over the wall of the outer disk (see Figure 13). To calculate the size z,}, of this umbra, theangle
fshw subtended by the height zI"€" of the sublimation wall is needed. In addition, for some points
(r,z) in the outer wall, I calculate the angle 6/, = = arctan(z/r) until it reaches the value Ogp,.

Applying the previous algorithm to the geometry of the wall (see Figure 12), I found that the
umbra produced by the sublimation wall of the inner disk onto the wall of the outer disk is 7.44AU
in height (above and below the disk mid—plane). It means the contribution to the SED of the outer
wall comes from a region of the wall from ~58.84AU to ~68.7AU along the radial direction, and from
7.44AU to 12.22AU along the vertical direction. In Figure 14a I show the surface area of the whole
curved wall, and in Figure 14b I show the surface area considered the umbra cast by the inner disk.

T T
area - area -

Y [AU]
Y [AU]

. . . . h . . . . h
0 10 20 30 40 50 60 0 10 20 30 40 50 60

X [AU] X[AU]
(a) Area of the whole wall. (b) Area of the wall considering the umbra cast by

the inner disk above and below of the disk mid-
plane.
Figure 14. Area of the projection of a curved wall on the plane of the sky XY. The wall starts at 53 AU
along the mid-plane and ends at 69 AU, with total height of 24 AU, and the disk inclination angle is
i =50°.

Synthetic SEDs of the wall of the outer disk, where the dust consists of grains of glassy pyroxene
with different concentration of Fe and Mg are showed in Figure 15. I performed a chi-square test for


https://doi.org/10.20944/preprints202411.0328.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 November 2024 d0i:10.20944/preprints202411.0328.v1

18 of 30

each model, to examine whether the synthetic SED fits to the Spitzer IRS SED. I found that no model is
either capable to fit the observed SED (x2~300) nor reproduce the silicate peak at ~10um. However,
for glassy pyroxene with 60% Fe and 40% Mg (see Figure 15a) it seems the silicate peaks tries to appear
at ~10um, this lead us to think that a lesser concentration of Mg in the pyroxene composition would
produce the silicate feature. Unfortunately, there is not available, in the literature, the optical constants
needed to calculate the opacities, for such chemical concentrations.

" Observed SED ——
Outer disk wall SED Synthetic SED

" Observed SED ———

—10 | 1 10710 L [ SN q
L T - - \

—12
1012 1 0

1014 |
1071
1016 |
10 16 L
10-18 |

AFy [ergs™!em™?]
AFy [ergs 'em 2]

10718 |
10-20 |

20
10 r 02|

1072 L 4 102 |

10-24 . . . . . . 10-26 . . . . . .
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40

Afpm] A[pm]

(a) Glassy pyroxene Mg, FeSiOs. Best fit (b) Glassy pyroxene Mg Feg45i03. Best fit
X?~220.15. X2~244.20.

10-%

T T T 10-° T T T
Observed SED ——— Observed SED ———
Outer disk wall SED Synthetic SED

—10 [ 4
10 ——— T~ ——————— 10
wel

10~ 12

104 | ] 1075

-16
10 F 100 [

10718 |

105 [

AF) [ergs™!em™?]
AF, [ergs ™! em 2]

10-20 |
1072 | 1 10-3% [
10724 L

10°%
10726 L

1028 L L L L L L 1040 L L L L L L
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40

Afpum] A[pm]

(0) Glassy pyroxene Mg FeqSiO3. Best fit (d) Glassy pyroxene Mg sFep55i03.  Best fit
x2~280.57. x2~286.10.
Figure 15. Examples of wall synthetic SEDs (green line) compared to the observed SED (blue line) of
LkCa 15. The dust mixture consists of different chemical composition of glassy pyroxene silicate grains
and with a small amount of organic and troilite grains.

In Figure 16, I show the synthetic SEDs of the wall of the outer disk, where the dust mixture
consists of grains of glassy olivine with different concentration of Fe and Mg. I found that none of
these configurations is capable to fit the observed SED ()(2 > 200). However, in both cases a silicate
peak appears at ~10um. A concentration of 50% Fe and 50% Mg produces the best fit (see Figure 16b).

Previous results lead us to say that the SED of LkCa 15 is not dominated by the contribution of the
curved wall of the outer disk in the mid-infrared. However, when olivine grains with a concentration
of 50% Fe and 50% Mg or 80% Fe and 20% Mg are in the dust mixture, a silicate feature appears at
~10um.
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(a) Glassy olivine Mg, Fe 2SiOy. Best fit X2~250.87. (b) Glassy olivine Mg, sFeq 55i04. Best fit X2~208.74
Figure 16. Examples of wall synthetic SEDs (green line) compared to the observed SED (blue line) of
LkCa 15. The dust mixture consists of different chemical composition of glassy olivine silicate grains
and with a small amount of organic and troilite grains.

4.5. SED of the System

Considering the SED contribution of the inner sublimation wall and the star, in addition to the
SED contribution of the wall of the outer disk, I present a more complete model of the stellar system
LkCa 15. For the stellar SED, I have used a Kurucz atmosphere model with log[Z/H| = 0.5 and
log[g] = 4.0. Table 3 lists the parameters for this model. In Figure 17, I show the contribution of the
star, the inner sublimation wall and the wall of the outer disk to the total synthetic SED.

Only for some wavelengths in the mid—infrared, ~15.0um < A <~20.0um, the sythetic SED
fit to LkCa 15 observed SED, I estimated x*~0.45. For all the other wavelengths in the field of
view of the Spitzer IRS (5.217-37.86 um), the synthetic SED is below the observed SED. For wave-
lengths ~5.217um < A <~8.0um the difference is not very high (x?>~3.36); however, for wavelengths
~8.0um < A <~15.0um (with x?~17.72) and ~20.0um < A <~37.86 um (with x?>~19.08) this
difference becomes significant (see Figure 18).

I can suggests that the inner sublimation wall and the stellar photo-sphere cannot account for
the significant near-infrared excess in LkCa 15. It means the SED model also requires of optically thin
dust inside the gap to explain the excess and to produce the 10um silicate feature as showed in [43].
Similarly, as the wall of the outer disk cannot account for the excess in the mid and long—infrared, I
asumme that this SED model also requires of the contribution of the outer disk.
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Figure 17. Pre-transitional disk model of LkCa 15. The best-fit model to LkCa 15 (dark blue line),
with a ~53AU gap, consists of an inner optically thick disk with a curved sublimation wall and an
outer optically thick disk with a curved wall. Separate model components are the stellar photo-sphere
(yellow line), the inner disk sublimation wall (magenta line) and the outer disk wall (green line). We
show the Spitzer IRS SED (light blue line).
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Figure 18. Synthetic SED (green line) that best fit the observed SED (blue line) of LkCa15. With model
parameters: cos(i) = 0.6427, Ry,an = 58.11AU, Hy = 5.27AU, zymp, = 6.73AU. The dust in the inner
disk consists of small grains (apmin = 0.005um) and big grains (dmax = 0.25um) of silicates and graphite,
while in the outer disk, the dust consists of small (i, = 0.0054m and amax = 0.25um) and big grains
(min = 0.005um, amax = 1000um) of glassy olivine with 50% Fe and 50% Mg and with a small amount

of organic and troilite grains.
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Table 3. Stellar and model properties: ngl‘l and H,,, in the case of the outer wall are measured at the
location of the umbra cast by the inner disk. Olivine silicate grains composition is 50% Fe and 50% Mg.

PARAMETER VALUE

My o 1.0Mg

Ry oo 1.6 R

Star T et 4370K
7 S 120 pc

M oo 33x10Mg yr !

Disk Inclination.................coooilL. 50°
(PR + v oo v v ee e e 0.0054 m

(INAX « v v v e et e e 1.0pm

RO 0.04932 AU

Inner wall RS ..o 0.18407 AU
Hyap «ovovvviiiii 0.02335 AU

min

?rvn all 1 i Zg; E
e Sihce.ltes

Dust graphite
Al 0.005m

afrrl‘;;‘“ ................................ 0.25um

B8 0.0051m

aE?n ................................. 1000pum

Outerwall RN ..o 58.84 AU
R et 68.70 AU

ZUmb + + e e e e e e 7.44 AU

478 AU
L 59.76 K

T e e 80.55K
...................................... olivine

Dust organics
...................................... troilite

5. Discussion: Vertical Wall SED vs. Curved Wall SED

Wall SED models of LkCa 15 (and many other pre-TDs and TDs) are based on vertical walls [e.g.
[23,43]]. RHADaMAnNTe code is able to construct wall SEDs based on this geometry. Here I present
some wall SED models of LkCa 15 considering vertical walls to compare with the best fit curved wall
SED model (as seen in Figure 19).

In these vertical wall SED models, it is also cosidered that the umbra cast by the inner disk is
6.73 AU (measured from the disk mid—plane to up). The height of the wall is 12 AU (measured from
the disk mid-plane to up). The size and composition of the dust grains remain the same as described
for the best fit curved wall SED model.

The vertical walls were located at 30, 58.11, 60.85 and 68.7 AU. RHADaMAnNTe estimated the area of
the visible surface projected on the plane of the sky of these vertical walls, AV, and the curved wall,
A Tfound that AYST, > ASY | if the umbra of the inner disk is considered. While if the emission

wall’
of the whole wall is considered, A&earﬁ < AT . Wall temperatures also were estimated, I found 27.63,

26.41, 25.80 and 24.29 K, respectively. It megfallé that the temperature of a vertical wall, Ty, decreases
if its radius, Ry, increases. Furthermore, the radiation emitted by a vertical wall, F), also decreases
as Ry, increases, as seen in Figure (19).

Finaly, I compared the radiation emitted by vertical walls, FY*", with the radiation emitted by
the curved wall, F)Clur"ed (see Figure 19). I found that Fy*'* > F)C\ur"ed for wavelengths between 5
and 1000 ym. The difference between fluxes becomes significant, about one order of magnitude, for
9um < A < 35um.

This infrared excess arises, in part, from the angle, , between the radiation ray and the normal to
the wall (see Section 3.1), because F) « cos . For vertical walls, cos(0) ~ 1 for all the radiation rays
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hitting the wall, because the normal to the wall is always parallel to the disk mid—plane. Whereas
for curved walls 0 < cos(6) < 1, because of the wall curvature. In addition, for some models, some
regions of the curved wall are farther from the central star than the vertical one.

vertical wall at 53 AU —
vertical wall at 58.11 AU ——— 4
vertical wall at 60.85 AU
vertical wall at 68.70 AU
SPITZER IRS ———
curved wall ——

1079

10710 L

10—11 L

AFy [ergs™'em™2]

10712 L

10—13

1000

Figure 19. Comparison between synthetic SEDs of vertical walls of gaps located at different Ry, .y, and
a curved wall starting at 58.11 AU and finishing at 68.70 AU, created by RHADaMAnNTe code. All the
walls are 12.0 AU in height, and it is considered a shadow (umbra) on the walls of 6.73 AU due to the
inner disk. Spitzer IRS SED is showed in blue.

The above two facts induce a lower exposure of the curved wall to the host star radiation, which
derives in much less radiative heating of the wall, and, consequently, in the significantly lower radiative
infrared cooling flux. For this reason, the one order of magnitude in lower infrared emisison in the
curved wall model is as significant as correct by very basic physical considerations: the height of the
curved wall and the umbra cast by the inner disk onto the outer disk.

It is worth mentioning that the geometry, location and height of the curved wall arise from a
physical mechanism considering the opacities and chemical composition of the disk, where the disk is
the result of a three-dimensional hydro-dynamical simulation, whereas for the vertical walls there is
not any physics to choice these parameters. Although the curved wall SED model is the best choice to
compare with the Spitzer IRS SED of LkCa 15, as it is showed in Figure 19, to rise this synthetic flux to
the right level, it is needed, in adittion, the contribution of the central star, the inner disk, the outer
disk and a region of optically thin dust inside the gap, as discussed in Section 4.4.

6. Conclusions

The computational code RHADaMAnNTe was developed in order to calculate synthetic SEDs of
protoplanetry disks. As a initial parameter, the code requires the geometry of the wall coming
from hydro-dynamical three-dimensional simulations of the planet-disk interaction and dust grain
properties. This code is useful to explain the observed SED of young stellar systems in transition stage.
It would lead to unveil the structure of the system, such as, the inner disk, the gap, and the outer disk,
even the location and mass of the embedded planet responsible of the gap opening.

From the implementation of this code to the pre-transitional disk LkCa 15, it can be concluded
that:

All models of the SED consisting only of a curved wall, using different concentrations of Fe
and Mg for the silicate (pyroxene and olivine) grains, suggest that LkCa 15’s Spitzer IRS SED cannot
be accounted by the emission of a curved wall. Chi-square tests indicate the models are not good
(x2~10?). In addition, for models with a dust mixture containing glassy amorphous olivine grains,
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Mgp.2Fe 25104 or Mg 5Fep 55104, a 10pm silicate feature can be observed. However, the intensity of
this silicate emission to that measured in the Spitzer IRS SED.

Including to the wall SED model, the contribution of the stellar photo-sphere and the sublimation
wall of the inner disk, considering a dust mixture with amorphous glassy olivine with 50% Fe and
50% Mg and a small amount of organic and troilite grains, the observed and synthetic SEDs fit better
(x>~45). However, this model cannot fit the Spitzer IRS SED. Only for a small band in the mid-infrared,
~15.5um < A <~18.0um, the fit is good (x%~0.076).

Several limitations exist in the current model: The contribution of the inner disk was not consid-
ered, neither the contribution of an optically thin region inside the gap [e.g. [23,43]], nor the optically
thick outer disk. The inner disk might contribute to the SED at wavelengths in the near infrared. The
optically thin region might explain the silicate feature of the Spitzer IRS SED at 10um. While the outer
disk might contribute to the SED at wavelengths longer than 18um.

Vertical wall SED models, via RHADaMAnTe code, show a difference of one order of magnitude
in the flux, FXert, compared to the curved wall SED model, FX“r"ed, for wavelengths from 8 to 35 ym.
This difference arises from dependency of the flux, F), on the cosine of the angle, 8, between the stellar
radiation ray and the normal to the wall. This lower exposure of the curved wall to the stellar radiation
results in much less radiative heating of the wall, and, consequently, in the significantly lower radiative
infrared cooling flux.

The synthetic SED of a curved wall, estimated by RHADaMAnNTe code, includes physical and
chemical mechanisms absent in the estimation of the SED of a vertical wall. That is, a curved wall SED
is better to fit the Spitzer IRS SED of LkCa 15 or any other protoplanetaray disk.
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Abbreviations

The following abbreviations are used in this manuscript:

Mg  Mass of the Sun
Mo, Mass of Jupiter

Appendix A. Mathematical Tools

Appendix A.1. Construction of a Vertical Wall

Consider an inclined segment line as showed in Figure 1a. Circles 6yp and €yown, with radii
R:}:ﬂl and RSV‘;‘I‘I’“ and height H:vzll and H“}V‘;‘ﬁm, respectively, are generated by rotating such segment line
around z-axis. These circles define the superior and inferior boundaries of a tri-dimensional wall %"
The projection on the XY-plane of these circles, given an inclination angle i, generates the ellipses ey
and €4own, as seen in Figure Ala. Ellipse ey is centered at (/, k) with semi-major and semi-minor axes
a and b, respectively. Whereas, ellipse ¢4own is centered at (h', k') with semi-major and semi-minor
axes a’ and ', respectively.

Without lost of generality I focus on the construction of ellipse eyp. As the coordinate system XY
is centered on the star, it follows I = 0, and the Y coordinate of the ellipse is the projection of the height
H;lf;u of the circle %y,p on the Y-axis, as seen in Figure Alb, thatis, k = H:j};n sin(i). The semi—major
axisisa = Rl:vr; 1 and the semi-minor axis is the projection of the radius of the circle %, on the Y-axis,
as seen in Figure Alb, thatis, b = R;pan cos(i).
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%up and inferior Gyown circles which are the
boundaries of the wall.
Figure A1. Geometry of ellipses eyp and €44y defining the projection of the tri-dimensional wall %
on the XY-plane.

So the full form of the equation of ellipse ey is:

12 a2
X N Y — H:f;u sin(i) | . (A1)
R°P R cos(i) -
wall L wall
Similarly, for ellipse €4ouwn,
12 r 2
X |7 [Y+ Hdown sin(i)] _, (A2)
Rf},‘;‘l‘l’n ] R‘jv‘;‘fl’“ cos(i)
Hence, I define
SYup X ? HUPH .
wp = Cos(i)y|1— | =5~ | + —up sin(i), (A3a)
R R
wall wall wall
. 2 up
iY, ) X H .
Ru;p = —cos(i)y|1— (Rup + 1‘:;?11 sin(i), (A3b)
wall wall wall
2
SYd . X down o
RTOWW: =cos(i)\|1— (Rdown> - Rg’g‘xn sin(i), (A3c¢)
wall wall wall
2
2% X Hdown
: ;lown = —cos(i)|1— ( ) — —wall_gin(4), (A3d)
Rdown Rdown Rdown
wall wall wall
such that
€up : Yup = 8Yyup UiYyp, (Ada)

€down * Ydown = SYdown U inown- (A4b)
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Appendix A.2. Area Between Two Curves

Definition Al. The area between the curves f(x) and g(x) and the ordinates x = a and x = b is given by

b
A= [ 1fx) - g)lax, (A5)
ifand only if f(x) > ¢(x) Vx € [a,]].

Definition A2. Let f : R — [0, 1] be a continuous function defined by x — /1 — (x/a)?. An anti-derivative
or primitive function of f is

F(x) = / J1- <%)2dx =lx/1- (g)z +lasin!(2) +C, (A6)
such that F'(x) = f(x) Vx € [0,1].

Appendix A.3. Theoretical area of the projected vertical wall: The whole wall

The following analysis, on the area of a visible wall (projected on the plane of the sky), focuses on
the case corresponding to § < 1 (the star is visible), because of LkCa 15 inclination angle (i = 50°).
The area of the projection of a whole vertical wall on the plane of the sky is

A=A +2A, (A7)

as seen in Figure (A2). Where, according to Definition Al,

Xo
A = /X (SYup — 8Ydown)dX, (A8a)
—Xo
Rwall
Az = [ (sYap ~ iVap)dX, (A8b)
Xo
and
Xo = sYgown N iYup- (A8¢)
Y

\
\
\

Az;

/:

, . . T Xo Ruall X
, iV \

___________ |
SY;iown

Figure A2. Area of the projection of the whole vertical wall on the plane of the sky XY, defined by the
intersection of the ellipses Yyup and Yqown-

Since

: X\’ o
$Yup = Ryancos(i)4/1 — (R 11) + Hyan sin(i),
wa

. . X \? .
iYup = —Ryancos(i){/1 — (R ) + Hyan sin(i),

wall
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and
X \2
$Ydown = Rwar COS(Z) 1- <R ) — Hyan Sil’l(l),
wall
it follows
A =2 / 2H o sin(i)dX = 4XoHywa sin(i),
Rwall
Az = 2Rwall COS / 1- dX
wall
and
H 2
Xo = Ryant/1 — [Wa“ tan(z')] .
Rwall
Using Equation (A6), it leads
. 1 XO 2 .1 XO
Az = Ryancos(i) | 37TRyan — Xoy /1 — R — Ryan sin R
wall wall
Hence, the area of the projected vertical wall is
A= 4X0Hwall Sll’l(l)
(A11)

, Xo \? .1 Xo
+Ryan €0s(i) | TRyan — 2Xo4/1 — R — 2R 471 SIN R

wall wall

Appendix A.4. Theoretical Area of the Projected Vertical Wall: The Wall with Shadow

To calculate the area of the projection of a vertical wall considering the umbra cast by the inner
disk, I subtract to the area generated by the whole wall [see Equation (A11)], the area generated by
the shadow. The shadow can be assumed as a vertical wall with Hg,,, in height, measured from the
mid—plane.

Then the area of the projection of the shadow on the plane of the sky is

Ashw = A1 +24A; (Al12)

as seen in Figure (A3). Where, according to Definition A1,

X
Ay = / (Yl — $Yhoum )X, (A13a)
-X;
X2 )
Ay = / (sYyp — iYup)dX, (A13b)
X1
and
Xp = iYup N 8Yown- (A13¢)
X = i¥yp NSY)p. (A13d)
with

0 < X < Xy < X2 <Ryl

Since
X
Ryan

2
sYl’lp = Ryancos(i)y/1— ( ) + Hgpyy sin(i),
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. X \? .
$Y own = Rwan cos(i)4/1— <R ) — Hgpyy sin(i),

wall

if follows
A =2 / 2H gy sin(i)dX = 4X; Hypy sin (i),
X1
Az = 2Ryan COS / dX + / Hghw — wall) Sln( )
wall
H, H,
X1 = Rwall\/l - [ wall s tan( ):|
ZRwall
and

Hy. — H 2
X2 = Ryal \/1 - [M tan(i)}
2Rwall

VN
sYip s
N
Si/dclwn,’ N

/

N
X\l\XZ X
;
y
$Ydown

Figure A3. Area of the projection of the shadow cast by the inner disk on the plane of the sky XY,
defined by the intersection of the ellipses Y, Y}

down

and Yyp (in gray). The region in blue is the area of
the visible wall.

Using Equation (A6), it leads

Ay = (Hgpyw — Hyan) (X2 — Xq) sin(i)

. X \? .1 X2
+Rwall COS(l) X2 1-— + Rwall sin
Rwall Rwall

—X114/1— —R sin
! ( Ryan wall Ryal

Hence, the area of the shadow, projected on the plane of the sky, is

Aghw = 4X1 Hghy sin(i) + 2(Hgpyw — Hyan) (X2 — X1 ) sin(i)

. X\ . X
+2Ryanncos(i) [ Xo1 /1 — R + Ryap sin R

wall wall

X \? .1 X
— Xl 1-— < > —R 11 SIn
Ryvanl e Ryvan

Appendix B. Testing RHADaMAnTe

(A16)

RHADaMAnNTe code calculates the Spectral Energy Distribution (SED) of the curved wall of gaps
in protoplanetary disk. Before doing its main task, this code has to calculate the projection of each ring
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on the plane of the sky, which defines the 3D-wall. Figure A4 shows the results of a test where it is
assumed that the 3D-wall is made of six rings.

i =—— 1
35 1
30 1
=) 25 1
=
w20 1
15 1
Ring 1
10 b Ring 2 ',':, 4
Ring 3 7
5| Ring 4 |
Ring 5
Ring 6
0 1 Il 1 Il 1
0 10 20 30 40 50

r |AU]

60

Figure A4. Wall surface projected on the plane of the sky XY calculated by RHADaMnTe.

Figure A5 shows the synthetic SED of a curved wall depending on the number of rings used to
estimate it. That is, as the number of the rings increases the size of the SED also increases. In the test it
was noticed that the greater contributors to the SED are those rings near the mid-plane.

9 | ‘ ‘ 100 rings
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Figure A5. SEDs of a curved wall with different ring contributions calculated by RHADaMAnTe. SED in
blue is calculated using all the rings, that is, the whole wall. SED in green is calculated starting from
the 14th ring above the disk-mid plane, and SED in red is calculated starting from the 36th ring, that is,

a shadowed wall.
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