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Abstract:

The protoplanetary disk DoAr 44 (Haro 1-16, V2062 Oph) is a pre-transitional disk in the Ophi-
uchus star-forming region. A large observational dataset is available, including ALMA complex
visibilities, VLTI/GRAVITY continuum squared visibilities, closure phases and triple prod-
ucts, VLT/UVES and VLT /X-shooter Ha spectra. Additionaly, spectral energy distribution
measurements were utilized, including observations from ground-based optical observatories,
the TRAS satellite and the Spitzer Space Telescope, the Sub-Millimeter Array, the 30-m IRAM
radio telescope, the Australia Telescope Compact Array and others.

For the first time, this work presents a comprehensive global multi-scale kinematic equilibrium
radiative-transfer model, constructed in Pyshellspec (Broz et al., 2021), describing the accre-
tion region, the inner and the outer disks. According to my model, the spectral line profiles are
explained by an optically thin spherical inflow /outflow within the co-rotation radius of the star,
with velocities surpassing 330 km/s. The VLTI near-infrared interferometric observables can be
accounted for by an innermost disk, extending from 0.1 to 0.2 au. On the other hand, the ALMA
visibilities are compatible with a dust ring, extending from 36 to 56 au. The temperature and
density profiles derived from my model suggest the ring could be related the condensation line
of CO;y. My models also placed constraints on the inner disk, which has never been spatially
resolved. These constraints allowed me to prepare and submit an ALMA proposal to study
this region (1-10au), which is the critical region for the formation of terrestrial and gas-giant
planets.
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Chapter 1

Introduction to protoplanetary disks

...for dust thou art,
and unto dust shalt thou return.

Genesis 3:19

Protoplanetary disks are large reservoirs of gas and dust, and the presumed birthplace
of planets. Perhaps the first observation of a protoplanetary disk was conducted in 1852 by
Hind (1864), who noted variability and nebulosity (NGC 1555) around the star T Tauri. It
later served as an eponym for the class of T Tauri stars, whose unpredictable and irregular
variability was associated by Joy (1945) with an ongoing accretion of circumstellar matter.
He made this association by noting that these stars exhibit a brightening of emission lines
during light curve maxima and their association with dark or bright nebulosity. In total, Joy
(1945) identified forty objects with strong emission lines in the vicinity of the Taurus molecular
cloud, inspiring Struve and Rudkjgbing (1949) to discover a similar stellar association on the
Ophiuchus—Scorpius boundary. Both of these discoveries are now known to be star-forming
regions. A similar but brighter class of objects has been identified by Herbig (1960), noticing
emission lines and nebulosity, now called Herbig Ae/Be stars.

Heated circumstellar matter inevitably produces thermal emission in the mid-infrared bands.
The first astronomical apparatus capable of observing in the 1 — 5m wavelength range was
constructed by Johnson and Mitchell (1962), where we also first find the designation J, K, L, M
for the 1.3, 2.2, 3.6 and 5.0nm bands respectively. It was used by Mendoza (1966) to identify
a large infrared excess in the Spectral-Energy Distribution (SED) for several T Tauri objects,
inexplicable by interstellar extinction.

1.1 Observational evidence for Young Stellar Objects

Near infrared and millimeter wave observations by Wilking and Lada (1983) and Lada and
Wilking (1984) in the Ophiuchus star forming region are a foundation of a classification based
on spectral indices around 2pm, as suggested by Lada (1987). This system, in its various
modifications is used to this day. The spectral index is commonly defined as:
dlog(A\F:
_ dlog(AFy) 7 (1.1)
dlog A
where F\ denotes the monochromatic flux. It is a measure of the contribution of the circum-
stellar matter surrounding the Young Stellar Object (YSO). For an ideal black body, well
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described by a single temperature, the monochromatic intensity (and therefore the flux) scales
in the Rayleigh-Jeans regime with the fourth power of the wavelength:

1
Fiocg = AFy oc A3, (1.2)
which makes the spectral index of an ideal blackbody o = —3. The original classification was

the following:

ClassI 0 < a < +3: the peak in the near-IR spectrum,
ClassII —2 < a < 0: an almost flat near-IR spectrum,
ClassIIT —3 < a < —2: the near-IR spectrum similar to a stellar photosphere.

Class I objects were associated by Lada (1987) with protostars, Class II objects with classical
T Tauri objects (massive gas-rich protoplanetary disks) and Class I1I objects with very young
main sequence (hydrogen burning) stars surrounded by distant dust, what would now be called
a debris disk, or a weak-lined T Tauri star (Barsony, 1994).

Later, based on Very Large Array (VLA) observations, Class 0 objects were added to this
classification (Andre et al., 1993), which are even more primitive than Class I, having a peak
of emission in the far-IR or sub-mm domain.

Strom et al. (1990) identified several objects showing small near infrared excesses (25 pm),
and large far-IR and mm excesses, indicating a formation of a large central cavity in the
protoplanetary disks. They suggested these objects are undergoing a transition from Class II to
Class I1I, assembling the material in the gap into larger bodies (planetesimals or protoplanets).

In debris disks, later evolutionary stages of protoplanetary disks, where the gas has already
dispersed, gaps in the dust were found to harbour planets. The most famous examples include
the direct observation of the exoplanet § Pictoris b by the now decommissioned instrument
VLT /NaCo (Lagrange et al., 2010), or the direct imaging of PDS 70 b and PDS 70 ¢ with
VLT/SPHERE and VLT/MUSE, respectively (Keppler et al., 2018; Haffert et al., 2019).

Dodson-Robinson and Salyk (2011) pointed out that a planet radially clears about 5 Hill’s
radii, and therefore a single planet cannot create large cavities (= 30au) observed in some
disks, such as DM Tau or GM Aur.

Espaillat et al. (2007) identified a new class called pre-transitional disks, based on Spitzer
spectra of UX Tau A and LkCal5b: objects with optically thick millimeter emission in the outer
region (2 40 au), an optically thick region with micron emission in the inner region (< 5 au), but
with an optically thin region in between, that contributes very little to the total SED. Espaillat
et al. (2010) identified DoAr 44, the subject of this work, as one of these pre-transitional disks.

I believe it to be a great success of astronomy, and by extension of the scientific method, that
the predictions made in the 1990s of the dimensions of the cavities in transition disks, based
on disk-integrated SED measurements, were spectacularly confirmed by radio-interferometric
aperture synthesis in the 2010s. First confirmations were done with ALMA precursors, such as
studies using the Submillimeter Array (SMA) (Andrews et al. (2011), Brown et al. (2009)),
Combined Array for Research in Millimeter-wave Astronomy (CARMA) (e.g., Isella et al.
(2009), Isella et al. (2009)) and the Plateu de Bure Interférometre (PdBI), replaced in 2014
by Northern Extended Millimeter Array (NOEMA) (e.g., Hughes et al. (2009); Pinilla et al.
(2014)).



1.2 Notes on formation

Fascinatingly, when Kant (1755) and Laplace (1796) proposed the nebular hypothesis, i.e., that
the solar system formed from a rotating cloud of material, they did not see it on the sky.
When Jeans (1902) derived the criterion for the instability of a cold gas cloud — the so-called
Jeans criterion, he did not see any collapsing clouds or Class-0 objects. When Hayashi (1961)
calculated the temperature-luminosity relation of pre-main-sequence objects — the so-called
Hayashi line, he did not consider that these objects accrete additional mass. When Pringle
(1981) studied the conservation of angular momentum in a collapsing gas cloud, and realized
that it becomes geometrically thin, fast-rotating disk, he hardly knew how complex are processes
occurring in these disks.

Nevertheless, it is clear that it is necessary to know these classic analytic results, which are
described in detail for example in Pringle (1981) or Armitage (2020). The goal of the next
sections is to briefly review the dynamics, structure, accretion and heating of thin disks.

1.3 Thin disk dynamics

Let us consider the equation of continuity for the matter density o in a velocity field v:

do
5 TV =0 (1.3)

In upcoming discussions of protoplanetary disks, we shall be using cylindrical coordinates
(R, ¢, z). We thus introduce the column density, integrated along the vertical axis:

S(R,0) = [ olR6.2)de. (1.4)
The continuity equation for the column density in cylindrical coordinates in which the Lamé

coefficients have the form: 5 18
— + === (XRvg) =0 1.5
ot + ROR ( UR) ) ( )
where vg is the radial component of the velocity field v. Now, let us consider the angular
momentum of a rotating annulus of the inner radius R and the outer radius R + §R, with an
angular velocity field €2:

§L =271ROR - R*QY. (1.6)

where the first term is the area of the annulus, and the second term is the angular momentum
per area (with [ = R?Q) being the specific angular momentum). We can analyze the influx and
outflux of the angular momentum at the borders of the annulus:

Lin = 27R - RZQ(R) X(R) vr(R), (1.7)
Loy = 21(R+0R) - (R+0R)*Q(R)Z(R + 6R) vg(R + 6R) .

Considering a torque 7 applied by external forces (other annuli), which can be expressed as:

or
=0R— 1.9
we can balance the fluxes of angular momentum. Taking a time derivative of Equation 1.6:
0 . . or
2 —(R*QY) = Low — L — 1.1



and taking a limit for R — O:

a 2 a 2 _
R (RPQY) + o (RPQ% Rug) =

1 o7

—_—— 1.11
2r OR |’ ( )

we obtain continuity equation for angular momentum. We can also express the derivatives:

oy, 0, 9 O 0, 1 o0r
—(R*Q Y—(R*Q2 Q—(XRv )Y —(R*QY) = ——
R&"t (R°Q)+ R 8t(R )+ R aR( Rug) + RUR@R(R ) 5 IR
and notice that the red (1st and 3rd) terms add to zero per the continuity equation (Equation
1.5). If we assume a stationary disk, i.e., 9Q/0t = 0, the second term is also zero. Therefore
we get:

0 1 o7
Yop=—=(R*Q) = ——. 1.12
REvrgp ) = 5 5k (1.12)
If we substitute this result back into the mass continuity equation (Equation 1.5):
1 1
o= _1o 1 0r)) (1.13)
ot ROR \ 2455 (R*Q) OR

which is the evolutionary equation for the surface density of a thin stationary disk with a general
angular velocity profile. Further, assuming Keplerian angular velocities around a central star
of mass M,:

GM,
Q=0x =1/ 5" (1.14)
To proceed further, we also need to prescribe the torque 7, in a reasonable way:
of)
=2rR-v¥—R-R 1.15
T TR-v R , ( )

where the first term corresponds to the circumference of the annulus, the second gives a force
per unit length, arising from a differential rotation and a kinematic viscosity v, and the last
term is the lever arm. Performing both derivatives, we arrive at:

(1.16)

Ot ROR

0% _ 30 [m%@zm)}

which is the evolution equation for a Keplerian disk. Given a solution to Equation 1.16, we can
express the radial drift velocity from Equation 1.12:

-3 0

1.4 Steady state disk

Now, in addition to our previous assumptions, let us assume the disk is steady, i.e.,

oy

E_O'
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In such a case, the continuity equation (Equation 1.5) becomes:

0
ﬁ(ERvR) =0 = Y Rvg = const. (1.18)
This is a statement about mass conservation in a given annulus, as the mass flow through its
inner boundary is given by: .
M = —27R¥XRvg . (1.19)

The continuity equation for the angular momentum (Equation 1.11) becomes:

0 0 1 or

—(R?*QY) +—(R*QY%. = —— 1.2
=0
therefore we can integrate and substitute for 7 from Equation 1.15, and:
C oy C
ftog - 1 27r+27r iy 8t+27r’
01}
Y— = =Yg . 1.21
Yot Rt 2R3 ( )

The angular velocity in the Keplerian profile grows to infinity as we approach R — 0. However,
the surface of the central star is rotating at a reasonable speed, otherwise the it would not be a
bound body. As the surface of the star and the inner disk are coupled by the means of viscosity
of the gas and stellar magnetic fields, the angular velocity must start decreasing at some point
in the proximity of the star. Therefore, there must be a point where 9€2/0t, and this point will
be around R ~ R,, where R, is the stellar radius. Substituting this angular velocity maximum
into 1.21:
C = 21 R%vp) = 2rRYvg - R*Q = —MR*Q.

Further assuming that the angular velocity in this region is almost Keplerian, Q) ~ Q:
C =—-M\/GM,R,.

Substituting into Equation 1.21 and rearranging;:

M R,
Y=— [ 1—4/—=1/1. 1.22
v 37T< R) ( )

This gives us a surface density prescription for a steady-state disk with a constant accretion
rate M. Note, that:

L(R) L (1.23)

v

1.5 Magnetospheric accretion

Now lets take a more detailed look at the idea below the Equation 1.21, that will give us a
limit on the inner radius of the disk. If we look at the Keplerian orbital velocity at the surface

of the star:
GM GM
= ~ 1.24
v \/ T \/ R’ (1.24)
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Nevertheless, the stellar surface itself is rotating much slower, with a rotational period of
P, or with the angular velocity w, = 27 /P, and so is the plasma directly above the stellar
photosphere, as it is frozen in the stellar magnetic field. For T Tauri stars, the period is
typically more than 2 days but less than two weeks (Bouvier et al., 2006; Pouilly et al., 2020;
Serna et al., 2021). In the vicinity of the star, limited by some critical radius, the plasma is
decelerated from the Keplerian velocity. This radius can be approximated by the co-rotation
radius, i.e., the point, where:

GM GM,
= Reo=1¢ .

R, w?

Wy Reo = (1.25)

Below this point, the material is orbiting slower than the Keplerian velocity, and eventually
accretes onto the star.
We can also define the so-called truncation radius ., where the ram pressure of the infalling
. 2 . .
matter (P = %QU%) equals the magnetic pressure Pp = %, where B is the magnetic field and
1 is the magnetic permeability. For spherically symmetric accretion, where the mass accretion
rate can be written as: _
M = 4mrl ovg (1.26)
we can rewrite the pressure balance as:
-2
1 M B?
=—. (1.27)

Ly
291}R N 2Q167r2rtr492 21

If a dipole field is assumed for the magnetic field around the star in the equatorial plane:

B =B, (§>3 . (1.28)

Ttr

Substituting for the magnetic field into Equation 1.27 and rearanging, we obtain:

4
Ter = _WREB* g . (129)
M 7

The resulting truncation radius tends to be very close to the corotation radius, for typical
magnetic fields measured on T Tauri stars by Zeeman broadening (Bouvier et al., 2006).

1.6 Viscous heating

Accretion disks in astrophysics can be famously hot objects, e.g., around black holes, but
accretion heating is significant even in the case of protoplanetary disks. The power dissipated
due to viscous friction can be calculated as a product of of the torque and the angular velocity.
A contribution of a narrow annulus is:
or 0 o)
QO—dR = [—(TQ) — 7'—:|

o5 o dR. (1.30)

Integrating the first term, we get a contribution to the power from the conditions at the edges,
Py = [7Q]%". The second term quantifies the local loss of mechanical energy due to viscous
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dissipation. We can express it in terms of energy loss per area (having to consider both sides

of the disk):
)

Tor
— ‘oR 1.31
Q=1p (1.31)

Assuming a Keplerian velocity profile, a torque given by 1.15, and substituting from Equa-
tion 1.22:

9 _GM, 3GMM, R,
= —vX = 1—14/—=1. 1.32
e e ( R ) (1.32)
From the Stefan-Boltzmann law, we now know how to calculate the effective temperature due
to heating:
3GMM R
Th =" *[1—-4/=]. 1.33
f ™ 8roR3 ( R > (1.33)

Integrating the energy dissipation from equation 1.31 from Ry, to Ry (substituting ¢t = R,/R),
we obtain the total luminosity due to the viscous heating:

R
out 3 . 1 2 | R, 1 2 | R,
L=2 2rRAR = -GMM, | — | 1— = — 1—= 1.34
/Ri“ Q " 2 Rin ( 3 Rin) Rout ( 3 Rout) ( )
Calculating the limit as R;, — R, and R, — oo we obtain an limit for the luminosity:
GMM,
L= . 1.35
2R, (1.35)

1.7 Vertical structure

Protoplanetary disks were found not to be completely flat, but their thickness grows with the
distance from the central star. This was predicted by Kenyon and Hartmann (1987) based on
analytic models of the SED, and was later proven to be true in the 1990s by Hubble Space
Telescope (HST) observations e.g., Stapelfeldt et al. (1999). The gravitational potential in a
protoplanetary disk deviates slightly from a central field, as the disk holds some mass:

_GM,

P + Paisk (1.36)
where r = v/ R? + z2. However, this contribution is small and we shall neglect in this calculation.
Writing the equation of motion of a gas element, whose pressure is described by P(z) at a given
distance R from the axis of the disk, with:

1
Vo =-VP, (1.37)
0
and focusing on the vertical component:

GM,z 1dP
- ——, 1.38
r2 r odz ( )

Assuming the disk is isothermal at the given radial distance with P = oc?, where the speed of
sound is given by the temperature profile:

o kT
s My )

c (1.39)
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where kg is Boltzmann’s constant, is the mean molecular weight in the medium and m,, is the
atomic mass unit. Then, we can separate the equation of motion into:

umy, GM, 1 / /1
— dz =: — dz= | —=d
kgT 13 ST B 0 e

where H is defined as the scale height. The integration constant corresponds to a the mid-plane
density. Also, now the difference between R and r is negligible:

2

o(R,z2) = o(R,z =0)exp <—#) : (1.40)

From our definition of column density (Equation 1.4), integrating this result we obtain:
Y= / odz =o(R,z=0)H, (1.41)

so that wee see the relation to the scale height:
N(R)

HR)= ——F"—. 1.42
W= w2 =0) )

1.8 Astronomical interferometry

Models must be constrained by observations, and the respective tool that allowed for (arguably)
the most progress in the field of protoplanetary disks is astronomical interferometry, both in
the optical and radio domain.

Michelson and Pease (1921) were the first to measure o Ori using an interferometer mounted
on the 100-inch Cassegrain on Mount Wilson, and inferred its angular size using the Rayleigh
criterion and the concept of the wvisibility V' of interference fringes, which Michelson proposed
earlier (Michelson, 1890):

Imax - Imin
VY = I Tl (1.43)

During the early 20-th century, the concepts of coherence and incoherence of light were
treated as separate categories: either a phenomenon produced an interference pattern, or not,
with no intermediate states. Zernike (1938) brought clarity to the entire field by introducing
the concept of the degree of coherence. He imagined two points, Py, P», in the same wave field.
The vibration at the points P; 2 can be described as:

a17261¢172€zwt 7

with a2 € R assumed scalar not to complicate the discussion with polarization effects, w
describing the monochromatic wave, and ¢; o are phases. The complex amplitude is the time-

independent part of the vibration:

Ajp = a2

Traditional astronomical imaging has only access to the intensity of light at one point, which
is given by the mean value of the square of the amplitude:

= (A A7), (1.44)
p2 = (A24;) . (1.45)
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If we were to make a screen with two pinholes at P;, P,, and observe their interference patters on
a detector behind the screen (the focal plane), we would again have only access to the intensity,
but it would be dependent on the “parasitic” phase delay [ introduced by a systematic path
difference, which needs to be corrected for:

= pn(B) = (Ae™ + A3)(Are™® + Ay)) = Jy + Jo + 2R{(A] Ay)e )} (1.46)

Lets denote p12 = (AjAs) € C. Zernike (1938) showed that its value on the detector, on the
coordinates 2-dimensional coordinates (u,v) € R* on the screen with the two pinholes (the
aperture plane) is:

pa2(u, v) = / I(1,m)e” 2 tmqrdm = F{I(l,m)}|, (1.47)
R2

where I(l,m) is the intensity of the source on the sky plane, and F{-} denotes its Fourier
transform. This result is today called the van Cittert-Zernike theorem (van Cittert (1934)
derived some similar results for some special cases, without the explicit connection to the
Fourier transform).

The first astronomical interferometer using two separate telescopes, as opposed to the mir-
rors mounted on a single telescope, was constructed by Labeyrie (1975) in Nice. The interferom-
eter consisted of two 250 mm telescopes separated by a 12m baseline and an optical laboratory
in between them.

Optical interferometry today still utilizes the contrast of interference fringes, although the
technical challenges of maintaining coherence over large apertures and long baselines, needed
for large angular resolutions, are immense — this is exemplified by the international effort of
the European Southern Observatory (ESO) behind the Very Large Telescope Interferometer
(VLTI).

The first radio interferometric observations were performed by Bolton and Stanley (1948)
on a cliff above the sea near Sydney, observing the Cyg A radio source and its reflection of the
sea, using two Yagi antennas tuned to 100 MHz. Monitoring the interference pattern between
the direct and reflected rays, they achieved an astrometric precision of 7’.

The principle of aperture synthesis in radio interferometry is illustrated in Figure 1.1, and
some practical aspects of this discipline, necessary to interpret the visibilities needed for this
thesis, are outlined in the next chapter.

1.8.1 Visibility of a homogeneous ellipse

Let us denote the coordinates on the tangent plane as [, m, and let us parameterize them as:

[ =apcos ¢y, (1.48)
m = bpsin ¢ , (1.49)

where a, b are dimensionless numbers and p is in an angle in radians, describing the semi major
and the semi minor axis of the ellipse on the sky. Similarly, let the aperture plane coordinates
be given by:

u = br cos ¢y, (1.50)
v =arsin¢,. (1.51)

11



Figure 1.1: A radio interferometer measuring complex visi-
bilities. Delay lines (possibly digital, not shown) compensate
for the zero-order effect caused by the geometric phase de-
lay 8 (not shown). The Radio Frequency (RF) signal from
both antennas is mixed (multiplied) with a signal from a syn-
chronized Local Oscillator (LO), producing a down-converted
Intermediary Frequency (IF) signal. This can be ampli-
fied and correlated with the signal from the second antenna.
Adding a 7/2 phase-shift allows for the extraction of the en-
tire complex visibility, as we can extract both the real and
imaginary part separately (the cos ¢ term and the sin ¢ term).

where the scaling parameters are introduced to simplify a substitution later. Let us describe
the intensity of the source as a homogeneous elliptical disk:

1 o=+ /() + () <0
](l7m) — Tabh? ‘Q (a) (b) ) (152)
1\2 m)2
0 o=1/(z) + (%) >0,
where 6 is an angle in radians. Now, using the van Cittert—Zernike theorem, the complex

visibility is given by the Fourier transform of the intensity. Notice that our source function for
a centered ellipse is real and even, therefore the Fourier transform will also be real:

flma) = fa) = FUHE = [ Fla)e 0z - (1.53)
= [ f@ycosmita,9)de = F{H-6) = [ fa)costemile,—€)da e R (154

In our specific case, the complex visibility j is given by:
p(u, v) = /R 2 I(1,m)e2mtutm)ql dm = (1.55)

= / I(agcos ¢y, bosin ¢ e~ 2miabercos(@1=02) g5 4o g, (1.56)
R2

where the identity cos ¢ cos ¢ + sin ¢y sin g9 = cos(¢; — ¢2) was used in the exponential. Now:

2
— ﬂ-ab92 / / —27rzabgrcos d)dQ d¢ (157)

By performing an integration by parts on in the inner integral, using a substitution ¢ =
2mabr cos ¢:

[% ; —iqf
. 1 f)e " — 1
/ oe 110 p = (14 igf)e (1.58)
0

¢ ’

1 /27r (1 + 2miabré cos gb)e*%i“b’”g cos¢ _ |
0 Awa?b?r? cos? ¢

dé. (1.59)
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Differentiating under the integral sign with respect to 6, we obtain:

dp 1 /2” (2miabr cos ¢p)e” 2005 ¢ — riabr cos ¢(1 + 2miabro cos ¢) do (1.60)

d6 72 0 4ra?b? cos? ¢ 7 .
d_,u _ i 2m 6_2m-abr6'cosq5d¢ (1 61)
a0~ 70 J, ' |

Now, we shall use the following integral identity for the Bessel functions of the first kind of
integer order:

Jn(z) = 17/0 e 7% cos(nh)de (1.62)
specifically for the zeroth-order:
[ .
Jo() = = /0 o0 (1.63)
Then,
dp 201 (" oriabrocose T2 .2
e miabrd cos —— I 14
L2 L /0 e A6| =2 [o(2rabrd)]" = - Jo(2mabr6) (1.64)

because Bessel functions of the first kind of an integer order of a real value are real. Now, using

the identity:
d

a[a:me(:p)] =a2"Jp_1(2) (1.65)
for m = 1, using z = 2mwabro, % = 27;(”,%:
4 (2m2a®V*r?0° ) = 2Jo(z) = i(le(z)). (1.66)
dz dz

Therefore, using k = 2mabr:
. 2J1(27T(lb7“9) . 2J1<k9)

owabrd kb

Converting to the original aperture plane coordinates, r = \/(u/b)? + (v/a)?, we obtain:

9.7, (270 @22 - b202 9.7 (2 2,2 1 32,2
() = 1270V a?u? + v): 1(2my/ @?u +6v), (1.68)
2m0v a2u? + b2v? 2w/ a?u? + (202

where now «, 3 are the semi-major and semi-minor axes of the ellipse in angular units (radians).
For the special case of a circular disk, a = b =1,

(u,0) = 2J1(2m0v/ u? 4 v?)
o= 210V + 02

(1.67)

(1.69)

1.8.2 Narrow elliptical ring

Using the same coordinates one can describe a narrow ring, described by an angular radius 6:

I(l(0, ¢1), m(0,$1)) = %95(9—0). (1.70)
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Then, its complex visibility is:

i, v) = FLIm) Y, v) = / T(1, m)e2mmo) g d, — (1.71)

R2

I : 270
= — e 2miabrcosd g — iJO(27rab€r) = Jo(2m\/ula? + v2/?), (1.72)
2m0 J, 2ml

using the same notation from the example. I will use this result to model the inner region.

1.8.3 General position angle

If we want to calculate the visibility of a source on the sky with a general orientation, i.e., a
position angle, we can describe the rotated image I'(l,m) as:

I'(lm) = I(I',m), (1.73)

where I(+, ) is the function describing the surface brightness of the non-rotated image and I’, m’

are given by:
I cosf sind [ [ cosf —sind I
(m’) N (— sin 6 cosQ) (m) — (m) N (sin@ cos 6 ) (m’) (1.74)
If the original visibility is given by the van Cittert—Zernike theorem:
wlu,v) = / I(1,m)e2mutmolq) qpm (1.75)
RQ
then the visibility of the rotated source is given by:
/ o / —2mi(lu+mv)
p(u,v) —/ I'(l,m)e dldm
RQ

— / [(l/7 m/)e—QTri([l’ cos 0—m/ sin O)u—+[l’ sin 0+m/ cos O]U)dl/ dm/
R2

— / I(l/, m/)672m‘(l/[u cos @+v sin O]+m’[—u sin 4v cos 9])dl/ dm/’
R2

= p(ucosf 4+ vsinf, —usinf +vcosf) = p ((—C(s)fne@ ‘Fcilsnee) (g)) = p(u/ '),

which is a simple rotation of the original visibility function. I will use this to estimate the
position angles of the disks.
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Chapter 2

Observations

2.1 Previous studies of DoAr 44

The object studied in this thesis, DoAr44 = Haro 1-16, was discovered by Haro (1949) in the
Ophiucus—Scorpius region, shortly after the discovery of the region by Struve and Rudkjgbing
(1949). It was later included in the catalogue by Dolidze and Arakelyan (1959). Other des-
ignations for the same object are V2062 Oph in the traditional variable star GCVS notation
(Kukarkin et al., 1971), IRAS 16285-2421, 2MASS J16313346-2427372, ROX-44.

Montmerle et al. (1983) performed an X-ray survey of the ¢ Ophiuchi region using the
Einstein Observatory (Giacconi et al., 1979). They found 50 new X-ray sources, many of which
corresponded to known T Tauri stars. They also found that these X-ray sources were highly
variable on the scale of days, due to the accretion variability.

Nuernberger et al. (1998) performed a radio survey of the sources discovered by Montmerle
et al. (1983) using the 30-m Institut de Radioastronomie Millimétrique (IRAM) single-dish
radio telescope, at 1.3 mm. They concluded that the disk mass of DoAr 44 is 16.6 M jypiter-

McClure et al. (2010) performed Spitzer/IRS spectroscopy from 5-36 um for up to 136
protoplanetary disks in Ophiuchus. They discovered a 30-40au cavity in DoAr 44, based on
the SED modeling, and categorized it as a classical T Tauri star and a Class I object, i.e.; a
pre-transitional disk. From the demographics of the disk population, they conclude that gap
clearing by massive protoplanets is the best explanation for pre-transitional disks.

Ricci et al. (2010a) performed a 3.3 mm continuum survey of the o-Ophiuchi region, includ-
ing DoAr44, using the Australia Telescope Compact Array (ATCA), measuring the spectral
indices between 1.3 mm and 3.3 mm fluxes. They concluded that the spectral indices of Ophi-
uchus sources is not statistically different from the sources in the Taurus / Auriga star forming
region, which they surveyed using the PdBI in a previous study (Ricci et al., 2010b), but differ
significantly from the interstellar medium.

Andrews et al. (2010) then performed an interferometric survey using the SMA at 40 au
resolution in the Ophiuchus star forming region. They tried fitting their results using the
common Lynden-Bell and Pringle (1974) prescription:

Y 2—y
s (1) - (2)

R.
where Yo, R,y are some parameters. This function has good analytical properties with respect
to the evolution equations mentioned in Chapter 1. However, for several disks they found a poor
fit, which could be explained by the fact these disks (DoAr44, SR 21, SR 24 and WSB60) had

: (2.1)
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a large central cavity. This was the first spatially resolved observation of the cavities predicted
by SED modeling. They continued their investigation into transitional disks with an additional
SMA study (Andrews et al., 2011), finding that the dust in the cavity has been depleted by
4-6 orders of magnitude with respect to the Lynden-Bell and Pringle (1974) profile.

Espaillat et al. (2010) modeled Infra Red Telescope Facility (IRTF) 2.1-5.0 micron spectra
with R = 1500 resolution, and also Spitzer spectra, using analytical temperature prescriptions.
They derived a higher accretion rate of M = 9.3 - 1072 My yr—. One of their conclusions
is that within the 2 au radius, there is M = 1-1078M Jupiter Of dust, corresponding to about
8-107"M Jupiter Of gas, assuming solar metallicity.

Bouvier et al. (2020b) obtained K-band (2 — 2.4 1um) continuum and Brvy line visibilites of
DoAr44 from VLTI/GRAVITY. They concluded that the Bry emission is localised inwards of
the continuum emission, suggesting that the optically thin gas flows, where the line emission is
created are located within the truncation radius. They used the Lazareff et al. (2017) visibility
models, using a point source, an elliptical Gaussian in place of the disk and a “halo”. This halo
represents all the incoherent emission from outside regions. They found the contribution of the
ellipse to be 27 %, the star 67 % and the halo 6 %.!

Bouvier et al. (2020a) also performed multicolor photometry from Las Cumbres Obser-
vatory Global Network (LCOGT) and spectroscopy using the Canada-France-Hawaii Tele-
scope (CFHT). They found a rotation period of P = 2.96days, a stellar inclination of
i = (30 £ 5)°, which is in agreement with the inclination of the ellipse modeling (suppos-
edly) the inner rim seen by VLTI From their Ha, Hj, Paj, Bry spectra, they conclude that
the spectral line profiles are best explained as a combination of funnel flows along magnetic field
lines and disk winds, similar to the ones described by radiative transfer models by Kurosawa
et al. (2011), where the “funnel” flows cross the line of sight. For some spectral lines, this
behaviour is periodic (He I), and for others, they report a more complicated, chaotic variability
(Bry). Bouvier et al. (2020a) derived an accretion rate of M = 6.5 - 107° My yr 1.

The Ophiuchus DIsc Survey Employing ALMA (ODISEA) project by Cieza et al. (2019)
is a series of publications detailing ALMA Band 6 (A = 1.3mm) observations of Ophiuchus
disks selected using Spitzer IR excesses. It presented continuum observations and observations
in the C-O v =0,J = 2 — 1 line at 28 au resolution for up to 133 disks, spatially resolving
60 of them, including DoAr44. They estimated the dust masses of these disks using a simple
proportionality to the observed flux density F:

d*F,

M, ust — T 5 /N0
dust ,{/VBV(TduSt)

(2.2)

where d is the distance derived by Gaia, B, is the Planck function, Ty, is assumed to be
uniformly 20 K and «, is taken as a power-law from Beckwith et al. (1990),

B
Ky = 0.1cm?g ™! (TVHZ) , (2.3)

which for a common value of 5 = 1 and the ALMA Band 6 (v = 225 GHz) gives a fixed value
of 0.023 cm?g~1.2

'In this thesis, a very similar analysis is performed on the same dataset, available from the ESO archive
(Delmotte et al., 2006), as a stepping stone for our radiative transfer models — only Bouvier et al. (2020b) used
wavelength dependent elliptical gaussians, and I used wavelength independent elliptical disks. The resulting
fractional I obtained are within 1% of the ratios by Bouvier et al. (2020b), which is natural, as we used the
same data and a very similar model.

2You will see the approach taken in this work is a bit more sophisticated, taking into consideration the dust
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They conclude that the Ophiuchus (¢ Ophiuchi) star forming region has more massive disks
compared to the Taurus, Auriga, Chameleon, o-Orionis and Lupus star forming regions, and
together with the Taurus region, they are also the youngest (1-2 Myr).

The second paper in the series, ODISEA II (Zurlo et al., 2020), explored the effect of
multiplicity on disk properties, because of the about 130 disks, about 20 of them were found
to harbour a double star.

The third paper in the series, ODISEA III (Cieza et al., 2021) returned to the Ophiuchus
sample at 3-5au resolution in ALMA Band 6. This provided us with the highest resolution
view of DoAr 44 up to date. Combined with the DSHARP survey (Andrews et al., 2018), where
DoAr 44 was not included, the following evolutionary sequence emerged:

1. The youngest disks form with a monotonic density profile with no visible dips, rings or
gaps.

2. Proto-planets start to grow, resulting deep narrow gaps and clear rings.

3. Gas giants start to accrete gas, carving wide gaps, dust accumulates at the inner edge of
the rings.

4. The inner disk is cleared, forming a large inner cavity. The dust from the outer regions
accumulates at the inner edge of the outer ring.

5. The inner disk is completely dissipated, and the dust from the outer disk has formed
a narrow ring.

DoAr 44 would fit into the 4th stage of this process.

The Disks around T Tauri Stars with SPHERE (DARTTS-S) (Avenhaus et al., 2018) was
a study of 8 prominent T Tauri disks, using the VLT /SPHERE/IRDIS instrument, operating
between 0.9-2.3 microns, in the differential polarimetric imaging mode, with a coronagraph
obscuring 0.1” around the central star. These images can be seen in Figure 2.6, showing the
scattered light from the surface of the disk. Surprisingly, they found no correlation of the
scattered light, either to the stellar mass or to mm-fluxes.

Casassus et al. (2018) focused on the misalignment of the inner and outer disks of DoAr 44.
This is somewhat visible in the radio continuum, but it is very apparent in the polarimetric
images. They estimated a tilt of 30° of the inner disk with respect to the outer disk using
radiative transfer modeling.

Arce-Tord et al. (2023) studied these same SPHERE images together with the ALMA Band 6
images from ODISEA and new Band 7 images, specifically of the DoAr 44 system. They derived
a relative inclination of 21°.3

Leiendecker et al. (2022) performed a study of DoAr44, together with the better known
system HD 163296. They estimated a dust mass of 0.3 Mjypiter, corresponding to 21.5 Myypiter
mass of gas. They tried explaining the ring morphology alternative scenarios, such as a break
up of two large bodies. They also estimated the mass of a hypothetical planet needed to clear
the inner disk at 0.5 to 1.6 Mjypiter-

density distribution, the temperature profile, the dust mineralogical composition, scattered light and a variety
of other factors.

31 cannot check these more complex geometries due to the technical limitations of our tools. However,
I have calculated the inclinations of the inner accretion region and of the outer disk separately, and the relative
inclination of about 10° to 20° appears to be correct, if the inner disk shares the the geometry of the accretion
region. Definitive answers would be provided if the proposed ALMA observation detailed in the Appendix A
were to be done.
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Figure 2.1: Left: Broadband SED, cropped to the band where the central star dominates. The red points show
the data after de-reddening, i.e., after correcting for extinction. Right: A synthetic image of the young star.

2.1.1 My previous work on DoAr 44

This thesis is a logical continuation of my Student’s Faculty Grant (SFG) project (Souza de
Joode, 2022), which started in the Autumn of 2022. This previous work dealed with C-O
v = 0J = 3—2 line measurements to estimate the star mass, moment maps, analytical models of
the SED and some very preliminary interferometric fits of the ALMA data using pyshellspec.
Moreover, there are some descriptions of the ALMA MeasurementSets and a series of technical
issues that had to be overcome to proceed with the main part of the work, which is presented
in this thesis.

Distance, absorption and de-reddening

The distance to DoAr44 was determined in Gaia DR2 (Gaia Collaboration, 2018) as d =
149.9 £ 0.99 pc, and in Gaia EDR3 (Gaia Collaboration, 2020) as 146.32 + 0.49 pc. This places
it in somewhat more distant regions of the p Ophiuchi molecular cloud.

The column densities in the densest part of the p Ophiuchu molecular cloud cause an
immense extinction of Ay = 50 — 100 mag (Wilking et al., 2008), and exceed Ay = 20 mag
in most areas (Ridge et al., 2006). However, DoAr 44 is located in a less dense “window”, in
between three of the largest clouds, with the densest cloud L1688 about 1° to the west, L1709
about 0.5° to the North and L1689 about 0.3° to the East. The extinction in this position is less
than or approximately Ay, = 3mag from both Two Micron All Sky Survey (2MASS) and Infra
Red Astronomical Satellite (IRAS) measurements (Ridge et al., 2006) — these values are however
along the entire line of sight. The wavelength dependence, i.e. the reddening, was adopted
from Sloan Digital Sky Survey (SDSS) measurements analyzed by Schlafly and Finkbeiner
(2011), together with the distance-dependent extinction, which is about Ay = 2mag.

The ~y velocity was determined by Miret-Roig et al. (2022) as v = —5.7kms™!, which is
consistent with the best fit v velocities obtained by my models of the spectral lines.
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2.2 VLT: Optical and IR spectra

The Very Large Telescope (VLT), operated by ESO is the largest optical and infrared astronom-
ical facility, consisting of four 8.2-m Unit Telescopes (UTs) and four moveable 1.8-m Auxiliary
Telescopes (ATs). Each of the four UTs is equipped with a variety of instruments, placed in
the two Nasmyth foci (Nasmyth A and Nasmyth B), or in the Cassegrain, Coudé or interfero-
metric foci. Most of the observation time is used in an observing mode, where the UTs operate
independently, utilizing the instruments in the Nasmyth/Cassegrain foci.

These instruments include adaptive optics imagers (HAWK-I, VISIR, FORS2), both echelle
(UVES, FLAMES/GIRAFFE, X-shooter, CRIRES) and integral-field spectrographs (MUSE,
FLAMES/ARGUS), high-contrast coronographs (SPHERE), polarimeters and others. A pho-
tograph of the facility can be seen in Figure 2.3.

For this study, we utilised the available VLT spectra of DoAr 44, that captured the Ha line.
These can be seen in Figure 2.2. The Signal to Noise Ratio (SNR) for all of the observations
is > 100, which means clear differences between the individual measurements are due to the
intrinsic variable properties of the source.

Bouvier et al. (2020a) performed an investigation using their photometry from the LCOGT,
and spectra from the CFHT. They report a variability of the spectral line which is very
complicated, but its dominant frequency is consistent with the rotational period of the star.

In this work, I model the accretion region using stationary velocity and density profiles,
meaning that it cannot, in principle, account for the transient variability of the spectral line
profile, which seems to be connected to chaotic funnel flows. Therefore, we modeled separately
the “extreme” X-shooter profile, and a “compromise” profile made by averaging the four mea-
surements, and using the standard deviation of the mean as an artificial uncertainty of the
compromise measurement.

The latter approach also has the benefit of relaxing the tight error-bars on the individual
measurements, that were complicating the y? optimization.
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Figure 2.2: Available VLT /X-shooter and VLT/UVES spectra of DoAr 44 used in this work. The profiles are
variable on the scale of a few days. I modeled both the extreme double-peaked X-shooter profile, and also an
“average” profile that served as a steady-state simplification for my models.
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2.3 VLTI: Optical interferometry

The VLTI coherently combines beams of light from the four UTs or the four ATs, providing
a milli-arcsecond spatial resolution and an intermediate (R = 5000) spectral resolution. There
are currently three operational VLTT instruments:

1. Multi-AperTure mid-Infrared SpectroScopic Experiment (MATISSE) (Lopez et al., 2022),

2. GRAVITY (GRAVITY Collaboration et al., 2017),

3. Precision Integrated-Optics Near-infrared Imaging ExpeRiment (PIONIER) (Le Bouquin
et al., 2011).

The MATISSE operates in the infrared L, M, N bands, corresponding to 3.2-3.9, 4.5-5.0, and
8.0-13.0 microns respectively, with the spectral resolution R € (30;5000). It is a four-way
beam combiner, able to utilize both the UTs and the ATs. It reaches 3.5 mas resolution at the
shortest wavelengths and 12.5 mas at the longest wavelengths.

GRAVITY is the K band instrument (2.0-2.4 micron), resolving 4-50 mas scales using the
UTs and 2-140 mas scales using the ATs. Its spectral resolution is either 22, 500 or 4500.

PIONIER is a low spectral resolution instrument, which uses 1 or 6 spectral channels in the
H band (1.5 — 2.4 micron). It was originally a visitor instrument, but now it is kept as a part
of the facility.

2.4 ALMA: Radio interferometry

The Atacama Large Millimeter/submillimeter Array (ALMA) is the world’s largest millimeter
and sub-millimeter observatory, consisting of 66 antennas:

e 50 main 12-m antennas, provided jointly by ESO and National Radio Astronomy Obser-
vatory (NRAO),

e The Atacama Compact Array (ACA), (Iguchi et al., 2009) , used to provide low frequency
Fourier components consisting of

— 12 7-m antennas,

— 4 12-m Total Power Array (TP) antennas.

ALMA operates in 10 configurations, C-1 to C-10. The C-1 configuration is the most compact,
with the longest baseline of 160 meters, and C-10 is the most extended configuration, spanning
over 16 kilometers. The 54 12-m antennas can be placed on 192 concrete antenna foundations
providing access to power, the LO signal and network connection (Chalmers et al., 2012).

Receivers

ALMA offers 10 spectral bands, spanning a range of wavelengths from 0.32 to 8.6 mm, corre-
sponding to a range of frequencies from 950 to 30 GHz. ALMA is operational since 2013 and is
under constant development: the first observations in ALMA Band 1 are being performed as
of writing this work (March 2024). Band 10 observations on long baselines will start being per-
formed from October 2024 (see Appendix A). The limits of each spectral band are determined
mostly by the atmospheric transmission windows.
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Figure 2.3: Left: The Very Large Telescope of the European Southern Observatory at Cerro Paranal. The
spectra were obtained by UVES located in the Nasmyth B focus of UT2 (Kueyen), the second large building
from the left, and X-shooter in the UT3 Cassegrain focus (third large building from the left). The SPHERE
instrument, the adaptive optics coronagraph and polarimeter, is located in the Nasmyth A focus of UT3. The
interferometer GRAVITY is located in the flat beam combiner building in the middle. Right: A raw uncali-
brated frame from the VLTI/GRAVITY instrument, from which the interferometric observables are extracted
by the pipelines accessible through esoreflex (Freudling et al., 2013).
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Figure 2.4: Available VLTI/GRAVITY interferometric visibilities of DoAr 44. Left: V2 plotted as points in the
uv (Fourier) plane. The color encodes the square of the visibility (red are large values, blue are small values).
The black dots form a smaller dataset, obtained by rounding the decimal expansion of the v and v coordinates,
averaging the coordinates of the points that fell into each bin and averaging the visibilities with the weights
given by the uncertainties. This smaller dataset was used to converge my models. Right: The same values now
plotted against a single radial coordinate v/u2 + v2. Note that the averaging and binning must not be performed
in this radial coordinate, as all information about the position angle would be lost. From the theoretical point
of view, the graph on the right figure is not a mathematical function, as for a single value of vu2 + v2 many
visibility values can be measured, as V2 is inherently a two-dimensional function.
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Each spectral band has a dedicated receiver cartridge, so it is not possible to observe si-
multaneously in multiple spectral bands. Each receiver operates at cryogenic temperatures
and detects two orthogonal linear polarisations. The design of the receiver cartridges varies
significantly depending on the frequency band, as every wavelength range presents its own
challenges.

Down-conversion

The RF signal is down-converted into an IF. This is achieved by mixing with the LO signal,
which is distributed via optical fibres from four centers on the ALMA site: two for the 12-m
array, one for the 7-m ACA and one for the TP Array. The demands on the LO signal are
stringent, as the 16-km array has to be synchronised at the 10 femtosecond level (Shillue et al.,
2011).

Each receiver outputs two orthogonal components of the signal (voltage), X,Y, which are
proportional to the measured components of the electric field in the receiver E,, E,.

Correlation

The ALMA correlator phase-shifts, multiplies and integrates these output voltages to give
raw (uncalibrated) complex visibilities. The time integration is typically 6 seconds. For
the full-polarization setup, it is capable of utilizing all the possible independent pairs, i.e.,
(X1X35),(X1Y5), (Y1X5), (Y1Y5). These are related via the complex gains, Gx, Gy to the com-
ponents of the Stokes parameters, that describe the complex amplitude of the electric field of
the incoming wave:

I = (B3 +(E%), (2.4)
Q= (E) —(E]), (2.5)
U=(Ey)—(Ey), (2.6)
V = (E}) + (ER) (2.7)

where E,, F, are measured in a local Cartesian basis, I/,/, F,y are in a Cartesian basis rotated
by 7/4 and Eg, Ey, are in a circular basis. The relation to the raw correlations is the following:

I 1 0 0 1 (X1 X5/ (GxG%)12

Q| _1|cos2yp —sin2¢ —sin2y —cos2y (X1Y5)/(Gx Gy )12 (2.8)
Ul 2 |sin2y cos2y cos2y —sin2y 1X5)/(GyGi)i2 | '
1% 0 —i i 0 (1Y) ) (Gy Gy )12

where 1) is the parallactic angle measured between the zenith, the object, and the celestial
pole — this angle is easily calculated from the time of the observation and the coordinates
of the object. The terms in the vector on the right-hand side can be though of as calibrated
visibilities, which should be very close to the theoretical visibilities calculated as the Fourier
transform of the source intensity.

Our measurement, as is the case with the majority of ALMA measurements, utilizes only the
(X1 X5) and (V1Y) components. Notice from the Equation 2.8, that having just the (X;.X})
and (Y1Y5") components, only the Stokes I component is recoverable. The (X;X;) and (Y1Y5")
visibilites for DoAr 44 are shown on Figure 2.5.
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Calibration

The central problem of calibration is the quantification of the time-dependent, frequency-
dependent, direction-dependent complex gains. These gains largely antenna dependent, and
can be separated into G, Gy, and partly baseline-dependent:

(GG)12 = G1(1)G ()G (2,

where the “mixed” residual G5 can? be represented as having unit magnitude, and typically
has a small phase (~ 1% of the phases of G; and G3). These gains are obtained by measuring
a known source, like a quasar or a solar system object.

Triple products and closure phases If we neglect this baseline-dependent contribution,
we can derive an interesting result. Lets denote the theoretical undisturbed visibility:

Hx12 = <EX1E;(2> )

which should correspond to the first value of the vector in Equation 2.8. Now, let us assume
some disturbance (attenuation or amplification and phase shift, represented by G'x; € C, affects
the measured value of Ex, and similarly for Gy, € C for the second antenna. The observed
visibility on this baseline would then be:

N’/XIQ = <GX1EX1G§(2E;(2> y — GXlG}—Q,uXm .

If we include a third antenna, affected by a gain Gyx3, we can calculate the other two
perturbed visibilities:

[xa3 = (GxaEx2oGx3Exs) , = GxaGxspixas -
1z = (GxaBxsGx1 Exy) » = GxaGixapixa
If we then calculate the product of these three complex visibilities, we get the following result:

Ty = tx1alxastixiz = Gx1Gxalx12G x2Gx 3 x23G x3Gx fxa = (2.9)
= |GX1’2|GX2|2‘GX3|2MX12,UX23,UX31 = |GX1|2\GX2|2’GX3|2T3> (2~10)

which demonstrates that the antenna-based phase disturbances do not affect the phase of the
so-called triple product, and the “invariant” quantity arg(7%) is called the closure phase.

This technique can also be used in optical /IR interferometry, as both |T3| and arg(73) are
measurable quantities. Specifically, at a given moment, the VLTI generates (;1) = 6 squared
visibility measurements and (;") = 4 closure phases, either from the four UTs or from the four
ATs. On the other hand, typical ALMA calibration procedures do not result in closure phases,
but calibrate the visibility phases directly for each baseline.

The antenna-based gains are themselves composed of a variety of effects:

1. The attenuation (absorption, scattering) and phase shifts caused by the troposphere,
2. the response of the single-dish antenna (the primary beam),
3. the bandpass (i.e., the frequency) response of the antenna.

The effects above are multiplicative, but there are a number of additional additive effects.
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System Temperature Calibration

The monochromatic intensity [, is an intensive quantity, described by a function of position,
direction and frequency: I, = I(x,y, z, @, d,v) — and this holds also for the other monochro-
matic Stokes parameters (Q,,U,,V,). In a vacuum, they are all conserved along the line of
sight. Particularly, for optically thick thermal emission, coming from a body having a single
equilibrium temperature T, in the Rayleigh-Jeans regime and the Stokes I, component?:

. 2]€BTV2

I, 2 (2.11)
This fact is used in radio-astronomy to define the brightness temperature:
2
Ty =1,——, 2.12
b 2]€BV2 ( )

regardless whether the body has a single temperature or is optically thick, whether the radiation
is thermal, or the source is spatially resolved. Nevertheless, if these requirements are satisfied,
the brightness temperature coincides with the temperature of the source. However, many other
sources contribute to the total measured intensity — or equivalently and more commonly, the
total temperature Tiy:

7j‘cot = Tb + TCMB + TISM + 7jtrop + Tspill + ﬂoss + Trx s (213)
specifically:

1. Ty: the brightness temperature of the source — e.g., 6000 K for the optically thick solar
photosphere, or the temperature of an optically thin medium (with the optical thick-
ness 7), multiplied by the factor (1 —e™7).

2. Temp = 2.726 K, from the cosmic microwave background radiation.

3. Tism: the temperature of both the foreground and background interstellar medium, mul-
tiplied by (1 —e™7).

4. Tiop: the temperature of the troposphere, times the factor (1 — e=™#) where 7, is the

zenith optical thickness and H the air-mass. In the sub-mm domain, this is dominated
by the water vapour content, thus the need for high-elevation desert environment. For
high-frequency observations, the factor (1 — e ™) can be up to 0.7, thus contributing
around 200K (300K - 0.7 = 210K).

5. Tspin: spillover from the antenna side-lobes, reflections off the surroundings, etc.
6. Tloss: noise temperature due the losses in the feed.

7. Tix: receiver noise temperature. This is partially mitigated by the helium cryogenic
coolers, nevertheless, it can reach up to 2000 K in ALMA Band 10 due to the necessary
amplifiers.

5Another assumption is that the observation spatially resolves the source, i.e., that in the source is larger
than the synthesized beam of the interferometer, or the PSF in the case of direct imaging, so that the “dark
sky” from the background does not contribute.
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Imaging

In contrast to optical interferometers or radio interferometers with a small number of baselines,
it has become possible and common to compute images out of visibilities observed by ALMA.

Two main approaches to the question of mapping the source intensity distribution emerged
in radio astronomy: phased arrays and aperture synthesis interferometers.

The phased array, or beam-former approach was the first one to develop historically, as
it is possible to implement with analogue technology and did not require a super-computer like
the ALMA Correlator. A narrow beam is created by combining the signals from individual
antennas, and is pointed electronically by introducing delays between the signals. By scanning
this beam across the source, a map is obtained. An example of a traditional phased array
radio telescope is Giant Ukrainian Radio Telescope (GURT), but also some of the best radio
observatories such as the Low Frequency Array (LOFAR), or the precursors to the Square
Kilometre Array (SKA).

The aperture synthesis interferometers directly measure the components of the Fourier image
of the source by correlating the signals of each pair of antennas. This allows the entire image
to be captured at once without scanning a narrow beam across the source. It also allows for
the possibility of measuring the signals first and correlating them later: a technique employed
by Very Long Baseline Interferometry (VLBI) arrays such as European VLBI Network (EVN),
Very Long Baseline Array (VLBA), or famously the Event Horizon Telescope (EHT).

The result of a decade of pathfinders and precursors in the mm-domain, such as NOEMA,
CARMA, Nobeyama Millimeter Array (NMA), and the SMA is the radio interferometer ALMA.

Without even considering real-world effects, such as atmospheric extinction, atmospheric
phase changes, interstellar extinction, atmospheric emission, antenna temperature, and many
other effects, we do not have access to the complete image even in theory, as we cannot sample
the entire Fourier space by a finite number of antennas (without building a single large dish).
The image that we obtain by simple Fourier inversion is “undeconvolved”:

Iqa = I(I,m) * D(I,m) = F S (u,v)p(u,v)} = / S(1,m)u(l,m)et?™trmo)qy do |, (2.14)

RQ

where D(l,m) denotes the so-called dirty beam, i.e., the asymmetric point-spread function
corresponding to the sampling function S(u,v), which is given by all of the present baselines
(antenna pairs). This convolution of the dirty beam with the intensity on the sky is called the
dirty image. Typically, S(u,v) will be comprised of N(N — 1)/2 §—functions, where N is the
number of antennas. The dirty beam is known, as it is simply:

D(l,m) = F {S(u,v)}. (2.15)

Typically for ALMA observations, D(l,m) is approximated by an elliptical gaussian kernel,
described by semi-major and semi-minor axes which are often given as the angular resolution.
This kernel is surrounded with spiral-like tendrils and asymmetric rings, which make the dirty
image I(l,m) x D(l, m) impossible to safely interpret. The gaussian kernel on its own is called
the clean beam or the synthesized beam.

Performing a deconvolution on the vast amounts of data was possible, yet very impractical,
until the discovery of the CLEAN algorithm by Hogbom (1974). The Hogbom CLEAN algo-
rithm looks for the brightest pixel in a selected region of the dirty image I4 = I(l, m)* D(l,m),
and subtracts a fraction (typically less than 0.1 for safety) of the dirty beam from the loca-
tion centered at the brightest pixel. The process continues on the residual image, until the

25



Il XX - Polarization
YY - Polarization

Figure 2.5: Squared visibilites for both polar-
61 izations (XX, YY) of the ALMA observation of
' DoAr44. Equation 2.8 tells us that to obtain the
Stokes I component, the correct procedure is sim-
ply adding the two signals. As there is no reason to
expect a polarized signal, and no significant differ-
ence is discernible between the two polarizations,
I only use the Stokes I component. This is com-
mon practice for such observations.
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residual image does not show any structure and has reached the noise level. The image is then
represented by a collection of delta functions, which can be convolved again with the elliptical
gaussian kernel without the side-lobes (i.e., the clean beam), or presented in itself. Other imple-
mentations (most commonly by Schwab (1984)) perform these subtractions both in the image
space and in the Fourier space, in so-called minor and major cycles, increasing the efficiency.
CLEANed images of DoAr44 can be found on Figure 2.6, and a list of all the available ALMA
observations (as of May 2024) is presented in the Table 2.1.

These imaging algorithms, together with the calibration procedures, are implemented in the
software package Common Astronomy Software Applications (CASA) (Bean et al., 2022). The
synthetic images for this work were rendered in The Cube Analysis and Rendering Tool for
Astronomy (CARTA) (Comrie et al., 2021).

Table 2.1: Currently available ALMA observations of DoAr44. The values minRS and maxRS correspond to
the minimum and maximum recoverable scales. The integration time is seconds is denoted by t.

Project code  Band Release date minRS maxRS t (s)
2019.1.01111.S 2022-08-13 0.2517 =36 au  3.80” = 550 au 490
2021.1.00378.S 2023-08-16 0.210" =31l au 3.94” =575 au 73
2018.1.00028.S 2020-11-30 0.026” = 4 au 0.64” =93 au 2830
2012.1.00158.5 2015-08-19 0.229” =33 au 198" =290 au 2056
2019.1.00532.S 2022-06-08 0.168” =25 au 2.70" = 390 au 2570
2019.1.00532.S 2023-09-06 0.023” = 3.5au 0.56” =81 au 4391
2021.1.00378.S 2023-09-01 0.154” =22 au 236" = 345 au 113

00 1 1 1 O W W
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2.5 Spectral Energy Distribution

The measurements of the SED were taken from the following surveys, publications and cata-
logues, using Vizier (Ochsenbein et al., 2000) and other access points:

SkyMapper catalogue (Bessell et al., 2011),

The XMM-Newton Optical Monitor Serendipitous Source Survey Catalogue (Page et al., 2012),
The Guide Star Catalog IT (Lasker et al., 2008),

AAVSO Photometric All Sky Survey (APASS) (Henden et al., 2016),

The Sloan Digital Sky Survey (SDSS) (York et al., 2000),

The 2MASS (Skrutskie et al., 2006),

The Pan-STARRS survey (Kaiser et al., 2002),

The Gaia satellite (Gaia Collaboration, 2018, 2020),

The ASAS-SN catalogue (Jayasinghe et al., 2018),

The United Kingdom Infrared Telescope (UKIRT) (Hewett et al. (2006), Lawrence et al. (2007)),
The Wide-field Infrared Survey Explorer (WISE) (Wright et al., 2010),

Spitzer /IRAC (Fazio et al., 2004), Spitzer/MIPS instruments (Rieke et al., 2004),

The TRAS satellite (Neugebauer et al., 1984),

The AKARI satellite (Takita et al., 2010),

The Herschel/PACS (Billot et al., 2006), and Herschel/SPIRE instruments (Griffin et al., 2010),
The James Clerk Maxwell Telescope (JCMT) (Mohanty et al., 2013),

ATCA (Ricci et al., 2010a).

Also the integrated ALMA photometry was used, together with the interferometric obser-
vations described below. The X-ray data from Montmerle et al. (1983) were not interpreted,
as the emission formed in non-LTE conditions, which is outside of the approximations of our
models.
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Figure 2.6: A comparison of available spatially resolved observations of DoAr44. A: VLT/SPHERE/IRDIS
Channel 1. B: VLT/SPHERE/IRDIS Channel 2. C: ALMA Band 3. D: SMA at 346 GHz. E: ALMA Band 8.
F: ALMA Band 7. G: ALMA Band 7 (extended). H: ALMA Band 6 (extended). The SPHERE images are in
the H band, and correspond to perpendicular linear polarizations. The green circle on the SPHERE images is
the 0.1”7 radial extent of the coronagraph. Contours are plotted over the low-resolution interferometric images.
The synthesized beam is shown as a white ellipse (very small for plots G and H).
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Chapter 3
Modeling

In this work, I present several radiative-transfer models of DoAr44, used to understand the
vast amount of available observations.

1. An inner accretion region model, on the scale of tens of solar radii, using:

e VLT /UVES visible spectra,
e VLT/XSHOOTER visible and near infrared spectra,
e VLTI/GRAVITY H-band interferometric visibilities.
2. An outer disk model, on the scale of tens of astronomical units (i.e., about 200 times
larger scale than the first model), using:
e ALMA Band 6 and Band 7 radio interferometric visibilities,

e ALMA Band 3 and Band 8 measurements used as photometry, due to their low
spatial resolution,

e VLT/SPHERE adaptive optics imaging.

Together, these models must be consistent with the broad band SED measurements, and should
help us answer the following scientific questions:

1. For the inner region:

Q1 Is matter being accreted onto the central star, or are we observing stellar winds?

Q2 What is the geometry of the accretion region?
2. For the outer disk:

Q3 Is the observed ring a surface density maximum or an observational effect? Is it really
necessary to describe the large cavity between the inner disk and the outer ring as
a drop in surface density?

Q4 Does the observed ring coincide with a condensation line of a volatile, or must it be
caused by an exoplanet?
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3.1 Simple analytic models

Before we begin constructing radiative-transfer models that account for gas and dust density,
chemical composition, Mie and Rayleigh scattering, various profiles of temperature, electron
number density, complicated geometries, evaporation temperatures of different minerals and
similar complexities of real protoplanetary disks, it will be useful to construct a few simple
analytic models. With them, I aim to describe the observed interferometric visibilities. These
models include:

1. A homogeneous ellipse described by two axes and a position angle, a, 5, w for both the
VLTI/GRAVITY and ALMA (squared) visibilities, together with a halo in the back-
ground.

2. A homogeneous ellipse described by «, 3, w, together with a point source and a background
halo for the VLTI/GRAVITY visibilities.

3. A thin elliptical ring with a background halo for the ALMA visibilities.

Similar models were used by Lazareff et al. (2017) to model VLTI/PIONIER visibilities of about
50 Herbig AeBe disks. The introduction of a halo allows us to lower the visibility at short base-
lines that are not sampled by the VLTI. However, this contribution is not merely a mathematical
aid, but it is directly observed by coronagraphic measurements, such as VLT /SPHERE - see
Figure 2.6. The three models can be described as follows:

o feﬂe(ua v; &, ﬁ)

p(u,v) = T =: epte(u,v; a, f,w), (3.1)
_ Js + feﬂe(uvv; Q, B,w)

e A (3.2

pa(u,v0) = A+ Bud(u, v, B,0). (3.3)

where the visibility of an ellipse . and of a d-ring were derived as:

2J:(2 2,,12 2,412

o, v 0, 1) = STV T ¥ FVR). (3.4)
I/ Pu? + BP0

ws(u, v; o, Byw) = Jo(2my/ua? + v25?) | (3.5)

with the rotated aperture-plane coordinates given by:

, .
(ul> _ ( cogw —|—smw) (u> . (3.6)
v —Sinw CoSw v

The parameters f, fu, fs denote the fractional contributions of the ellipse, halo and the star.
The coordinates u, v and the angular sizes o and [ are dimensionless, i.e., given in cycles per
baseline and radians. As the separations of the telescopes (or antennas) is much larger than
the wavelength which we are observing, we commonly use dimensionless units such as kA or
M to denote a 103 or 10° cycles per baseline.

These parameters are estimated in Tables 3.1, 3.2 and 3.3.

These analytic models were used as a benchmark for the more complex radiative-transfer
models, providing the angular extent of the observed structures as a guide. Also, they provided
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Table 3.1: Best-fit parameters for the ellipse and halo model, suitable for the inner accretion region. The
contribution of the always resolved halo (i.e.,a structure responsible for the visibility decrease at the shortest
measured baselines) can be gauged from Equation 3.1, i.e.,ffTef] = e. Rearranging, we obtain % = (% — 1) =
8.1%. ‘

Parameter value o
a (mas)  0.576 0.01
g (mas)  0.814 0.03

w (°) 1474 1.6
e 0.925 0.003

Table 3.2: Best-fit parameters for the star and disk and halo for the VLTI measurements of the inner accretion
region. Notice that by separating the emission into a resolved component (ellipse) and unresolved component
(star), the best-fit angular size of the ellipse increased. However, the relative contribution of the always resolved
halo remains virtually unchanged: here I obtained fi, = 7% and in the ellipse and halo model I obtained 7%.
The linear scale of the accretion region is 0.24 au.

Parameter value o
a (mas) 1.243 0.2
g (mas) 1.663 0.3

w (°) 147 2

15 068 0.1
1. 024 0.1
fa 0.072 0.005

a way to deal with the fully resolved component in the VLTI observations, and with the fact that
the ALMA observations are in physical and not relative units. I rescaled the interferometric
quantities in the following way:

1
‘/nZew,in = gvfla (37)
1
T new in = ET?, Jn (3.8)
1
Vnzew out — —A+ E‘/fut ) (39)

where e = 0.925 from the simplest ellipse model, and A, B are taken from the d-ring model.
The best-fit parameters and their uncertainties (68% confidence intervals of the marginalized
posterior distributions) were obtained via a Markov Chain Monte Carlo (MCMC) simulation
with an uninformative prior. In each case, two solutions were obtained for two position angles
separated by 180°, and only the solution with w < 180° was considered. Initial simulations
were performed with 32 walkers and 10* steps. The marginalized posteriors were used as a
starting value of the next iteration: these new simulations ran with 64 walkers for a total of 10°
steps, with a 30% burn-in phase. All simulations were implemented using the emcee package
(Foreman-Mackey et al., 2013).

The corner plots displaying the posterior probability distributions of the parameters are
shown in Figure 3.1 for the model using an ellipse and halo, and in Figure 3.3 for the model
using an ellipse, a star and halo. The corner plot for the d-ring model posteriors used to model
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Table 3.3: Best-fit parameters of the J-ring and halo model suitable for ALMA visibilities. The A and B
parameters were used to rescale the visibilities in physical units (Jy) into a unit-less quantity, which is the
convention used in optical interferometry, as well as Pyshellspec, a radiative-transfer modeling tool.

Parameter value o
a (mas) 329 1
B (mas) 304 1
w () 156 2
A(10°Jy*)  3.721 0.003
B(10°Jy*) 3.827 0.012

the ALMA visibilites is shown in Figure 3.4.The best-fit ellipse and the synthetic visibilities for
the ellipse and halo model are shown in Figure 3.2.

From all these models, I infer an inclination of the inner accretion region at ¢ = 40° + 3°

and of the outer disk at ¢ = 22° + 1°. The positions angles seem to be closely aligned, at
w = 147° 4 2° for the inner accretion region and w = 156° & 2° for the outer disk.
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a (mas) = 0.5769+3:39%3

J B (mas) = 0.8205+3:3513

w (°) = 147.4138+3 %334

e =0.9251+333%%
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Figure 3.1: The joint posterior probability distributions and marginalized probability distributions for the
parameters of the ellipse and halo model of DoAr44. Notice that the angular scale (a, §) is very small, cor-
responding to about 18 — 25 solar radii (0.08 — 0.12au). This is due to the fact that the circumstellar matter
is modeled together with the central star, which contributes significantly at these wavelengths (2pum). The
parameter w gives the position angle of the semi-minor axis of the ellipse. The parameter e quantifies the

contribution of the halo.
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Figure 3.2: The best-fit for the VLTI visibilities in the wv plane, using
a simple elliptical disk model. The orientation of the best-fit ellipse on
the sky (north is up, east is left) is shown with the black ellipse in the
center, with an arbitrary size. The VLTI/GRAVITY data are points on
radial rays (the length of the segments is given by the wavelength range)
extending over short arcs, whose azimuthal extent is given by the time
of observation. They are colored based on the visibility value, with the
model visibilites in the background.
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Figure 3.3: The joint posterior probability distributions and marginalized probability distributions for the
parameters of the star and ellipse and halo model, based on VLTI/GRAVITY measurements of DoAr44. Some
of the parameters are strongly correlated, but this does not impact the utility of these calculations. The size of
the ellipse (at 146 pc) is 0.2 x 0.24 au. The contribution of the always resolved halo is about 7%. The error-bars
seem to be underestimated due to the fact that the model is too simple.
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Figure 3.4: The joint posterior probability distributions and marginalized probability distributions for the
parameters of the d-ring model describing the ALMA Band 7 data. The parameters A and B play the role
of the unresolved and always resolved emission. As I am using calibrated data, the visibilites were scaled
to physical units (Jy), but I had to rescale them back, as Pyshellspec, our radiative-transfer tool expects
visibilities normalized between 0 and 1.
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Figure 3.5: The best-fit §-ring compared to the ALMA Band 7 data. Left: plotted in the Fourier plane. The
background color represents the model visibility, and the colored points correspond to ALMA data. Right:
plotted against the radial distance vu? + v? in the Fourier plane. The best-fit dimensions (o = 329 mas,
B = 304 mas) correspond to a projected ellipse of 44 times 49 au. However, it is known the real structure must
be (nearly) circular, and so an inclination of ¢ = 22° is inferred.

35



3.2 Pyshellspec radiative-transfer models of the accre-
tion region

The primary tool used to create all models for this work, Pyshellspec, was developed by Broz
et al. (2021) and Mourard et al. (2018) to model the § LyraeA system. Pyshellspec generates
observables, such as interferometric visibilities and closure phases, spectral lines, light curves or
broad band SEDs, based on synthetic images generated by Shellspec, a 3D radiative-transfer
code by (Budaj and Richards, 2004). Shellspec is a tool used for modelling binary stars moving
within circumstellar matter (i.e., gas and dust), and includes a series of parametrically defined
objects, such as stars, rings, discs, jets and spherical shells, which shall be later described.
Shellspec integrates the radiative-transfer equation along the line of sight:

dl, = (e, — x,1,)dx, (3.10)

where €,,y, are the total emissivity and the total opacity of the medium, I, is the specific
monochromatic intensity, and dz is measured along the ray. The total opacity is given as the
sum of the total opacity ¢, and the absorption opacity &,:

Xv =0y + Ky (311)
Shellspec allows the user to include into x, the following sources of absorption opacity:

Spectral line opacity,

HI (neutral hydrogen) bound-free opacity,

HI free-free opacity,

H~ (negative hydrogen ion) bound-free opacity,

AN e

H~ free-free opacity,
and the following sources of scattering opacity:

1. Thompson (i.e., low-energy Compton) scattering on free electrons,
2. Rayleigh scattering on neutral hydrogen,
3. Mie scattering and absorption on dust.
The dust opacities are summed over all the included dust species that are located in a cold

enough region, allowing for dust condensation. The total emissivity is calculated as the sum of
the thermal emissivity and the emission due to scattering:

€, =S+ =+ B,(T)k, , (3.12)

where B, is the Planck function.

One limitation is that Pyshellspec is a single-scattering radiative-transfer tool. That means
that the stellar light scattered off the disk is accounted for in the synthetic image, but it does
not handle multiple scatterings. That would be a task orders of magnitude more difficult.

For the evaluation of the goodness of fit, a x? metric is defined:

X* = Xépe + X2 + Xﬁrg(Tiﬂ) + X3 + X&ED (3.13)
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However, the total x? was not be optimized globally, as this is exceedingly difficult. The only
contribution optimized globally was yZgp, with the other contributions optimized separately
for the accretion region, the inner disk and the outer disk.

3.2.1 The central star

The simplest element in our radiative-transfer model is the central star. A priori, the stellar
parameters are not known. A synthetic stellar spectrum must be provided as a boundary
condition. Such a stellar spectrum was obtained by interpolation of extensive grids of stellar
atmospheres such as OSTAR and BSTAR (Lanz and Hubeny, 2003, 2007), PHOENIX (Husser
et al., 2013), AMBRE (De Laverny et al., 2012) and POLLUX (Palacios et al., 2010), using
pyterpol, a tool developed in the work of Nemravovéa et al. (2016). The interpolation is
performed in a 3-dimensional parameter space of the effective temperature Teg, the (logarithm
of) surface gravity log g and the metallicity Z. The initial stellar parameters have to be set up
according to previously published works.

Stellar radius

The initial value of R, = 1.85 R was adopted from Ricci et al. (2010a), who adopted the spec-
tral type from Andrews and Williams (2007) and the temperature scale (Schmidt-Kaler, 1982),
to estimate the effective temperature. The luminosity was derived from 2MASS measurements
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of the flux (Cutri et al., 2003) and estimates of extinction, yielding a rough estimate of the
stellar radius. The study by Bouvier et al. (2020a) derived a value of R, = (2.0 & 0.15)R;,.
It must be noted that the stellar properties were derived from the UV, visible and near-IR
measurements, which are the most susceptible to interstellar absorption, which is substantial
and also direction-dependent in these dense star forming regions.

Stellar mass

The initial estimate of the stellar mass M, = 1.4 M, was adopted from the ODISEA (Cieza
et al., 2021), which utilized ALMA Band 6 (1.3 mm) observations. My own analysis of the same
C-O v =0,J =3 — 2 line measurements resulted in a stellar mass of M, = (1.4 £0.2) M.

3.2.2 A disk model

A natural explanation for a double-peaked spectral line is a rotating disk. Similar double-
peaked profiles are observed for example in Be stars, like Pleione (Gies et al., 1990) or ¢ Tauri
(Quirrenbach et al., 1994), and are generally explained by an edge-on optically thin rotating
structure.

The primary object used to model disks is the called NEBULA in Pyshellspec, which is based
on the thin disk from the introduction. The surface density dependence is parametrized by:

R €densnb
D) = ) () = HR)(R), 3.19)
where 3 (Rinnb); Rinnb, €densnb are parameters, and:
cs(R)
HR)=R 3.20
()= R (3.20)

where v(R) is the Keplerian velocity, and ¢; is the speed of sound given by:

¢ = ,/WBTT(R), (3.21)

where v = ¢, /cy is the ratio of specific heats, p is the mean molecular weight. The temperature
dependence is parametrized by:

R €tempnb

T(R) = Tw ( ) ) (3.22)
Rinnb

with Ty, and egempnp being parameters to be fitted.

However, as the inclination of the disk is low (= 20° for the outer disk and =~ 40° for the
inner accretion region), the radial velocities produced by Keplerian rotation at the co-rotation
radius r.,, or even at the stellar photosphere are never enough to explain the spectral line
width (see Figures 3.22, 3.23). Let us recall that the co-rotation radius is the location, where
the Keplerian orbital period matches the period of rotation of the central star:

s/ GM, P
42
I obtained the rotation period of the star by constructing a Lomb-Scargle periodogram from

sparse ASAS-SN measurements, obtaining P = (2.96 & 0.01) days, which is in good agreement
with photometric studies of this star (Bouvier et al., 2020a).

Rco =
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3.2.3 A bipolar jet model

During the early phases of star formation, powerful jets are sometimes observed, emerging from
the poles of the protostar, for example in HH-30 Tauri.

The geometry of the JET object in Pyshellspec is defined using an inner and outer radius,
and a cone opening angle, with respect to the polar axis of the star. The velocity profile in the
JET is given as:

v(r) = vy (1 — TCSh)edenSjt , (3.23)

r
while the density profile is given as:

Ne(r) o p(r) = oy (Ti;fjty 0{ring) (3.24)

and
T(r) = Tj, = const.

With these jets, I tried to match the double-peaked Ha profile measured by VLT /X-shooter,
and simultaneously the VLTT/GRAVITY visibilities. The interferometric data primarily place
a constraint on the total extent of the modeled structures. The powerful jets observed in
the Herbig-Haro objects HH-30, HH-34, HH-47, HH-111 or others extend to parsec scales (i.e.,
200000 au!) and have opening angles of only several degrees (Reipurth et al., 1997). In addition,
these jets are often strong radio sources, and would have very likely been detected by radio
surveys. However, Herbig-Haro objects are objects more massive than classical T Tauri stars,
and younger than Class II, so it is natural that we do not see these features in DoAr 44.

Protostellar jets are essentially outflows of matter that did not get accreted from the pro-
toplanetary disk onto the young star, but was launched perpendicularly to the disk. The exact
mechanism is under discussion. Jets commonly have thin envelopes with larger opening angles,
that have been observed by ALMA in the spectral line of silicon oxide (SiO), transporting
material from the inner to the outer disk. This could be the explanation for finding chondrules
and Ca-Al inclusions in cometary material in the outer disk (Lee et al., 2022), a fact that is
poorly explained by many models of the evolution of our own solar system.

In any case, a hot collimated optically thin jet inevitably produces two narrow emission
lines (see Figure 3.27), as the bulk of gas is either moving quickly towards or away from
the observer, which is in conflict with the VLT /X-shooter measurements, showing two broad
overlapping profiles, and with the VLT /UVES profiles, that are single peaked.

It is of course impossible to fit two qualitatively different profiles with one stationary. I work
with velocity fields, but I do not account for their evolution in time. However, a structure
extending thousands of astronomical units with the ~ 100kms~! velocities measured by the
spectral profiles simply cannot evolve on the scale of a few days, which is the variability reported
by Bouvier et al. (2020a). The spectral line emission must originate from radii, whose Keplerian
orbital periods are comparable to the timescale of the variation of the spectral profile, i.e., a few
tens of solar radii at most.

The temperature of these jets must be even higher than that of the stellar photosphere,
to account for the fact that the prominent Ha line is about 8 — 10 times above than the
surrounding continuum. This forced me to use temperatures of 7000 — 10000 K in the optically
thin circumstellar matter.

A tempting deduction presents itself, in view of the fact that the blue-shifted peak of
the VLT /X-shooter spectrum is stronger than the red-shifted peak: if the matter were to be
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Ha emis§ion too hOtg for Hot emission Figure 3.7: A possible geometry matching the observed Ha

profile. Optically thin gas from the top of the disk approaches
the observed (above). This produces a blue-shifted line. On
the bottom of the disk, a similar flow occurs, but is partially
obscured by the matter above. The matter falling back on the
surface of the star could contribute less to the Ha emission
due to the different temperature or optical depth.

partially translucent (i.e., 7 &= 1) the front lobe of the jet would partially shadow the back lobe.
Therefore, the front lobe would be the one responsible for the blue-shifted emission, and the
back-lobe would be responsible for the red-shifted emission. Thus, it appears that the process
originates from some outflow of matter, not an inflow, i.e., accretion.

However, we must proceed with caution. The jet object in Shellspec has a very simple
radial velocity field. It cannot model the more realistic situation, that is shown in Figure
3.7. The flow is fed from the disk, rising in the z-direction at larger radii and falling onto
the stellar surface at smaller radii. One can imagine the temperature being such that the flow
produces the Ha emission while rising up from the mid-plane, as is for example too hot during
the fall onto the star. Such a situation could produce a very similar spectral line profile as
the out-flowing jets, while at the same time carrying matter towards the central star. As the
tool I am using only allows for constant temperature profiles and a simple geometry, I did not
perform any detailed calculations, but similar geometries are sometimes assumed in works on
magnetospheric accretion (Bessolaz et al., 2008; Takasao et al., 2018; Li et al., 2022).

The largest issue with a model consisting of only optically thin matter is the conflict with
the VLTT interferometric observations. These were taken in the 2 pm continuum. For the gas
to create a substantial contribution that would be noticeably more extended than the radius
of the central star, it has to be relatively dense, orders of magnitude more dense than the best
solutions obtained by only fitting the spectral line profile. Such gas must be optically thick in
the visible wavelengths, making the Ha line much less prominent, as the emission is coming
from only the surface atmosphere of the gas and not the bulk volume.

Nevertheless, focusing for now only on the spectra, there are two ways of matching the
observed profiles, introducing more “slow” emission: increasing the opening angle of the jets,
or introducing an extended disk.

Jet-only solutions that minimize the x2pp of the VLT /X-shooter spectrum are shown in
Figures 3.26, 3.25. They have converged on an opening angle of about «;, ~ (38 & 2)°, and
they match the high-velocity (very red-shifted or very blue-shifted) emission well, and can even
account for the relative intensity difference between the red-shifted and blue-shifted maximum.
They do not however match the emission at low radial velocities.

Jet-only solutions that minimize the yZpp of the VLT/UVES spectra (and the averaged
spectrum, as described in the previous chapter), that do not exhibit the double-peaked profile,
converge to opening angles of a;; 2 89°. As these two “jets” now form an almost full spherical
shell, T have decided to utilize the Shellspec object shell that is fully spherically symmetric,
removing the need for the aj; parameter that naturally disappeared.
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3.2.4 A spherical shell model

The velocity, density and temperature profiles in the SHELL object are identical to the JET
object, except for the geometry:

v(r) = v (1 — r(:h>ed6mh ) (3.25)
No(r) ox plr) = o (222 ”Ef(i;s)“ | (3.26)
T(r) =Ty, = const. (3.27)

Working with optically thin matter, which is necessary to explain the observed Ha lines,
introduces a natural degeneracy. Focusing only on emissivity in the equation of radiative-

transfer:
dI,

dr

or in terms of the specific emissivity, and for small optical depths:

€V7

I, < o, Az .

For continuum emission, but even for spectral line emission in a limited range of parameters, the
emissivity depends monotonically on temperature. So, while observing optically thin matter at
a single wavelength there is a degeneracy between the total volume of matter, its density and
its temperature — as seen on Figure 3.9.

A search for the best-fit profile was performed on a sub-space of the possible parameter space,
that was identified (via trial and error) as being spanned by the most relevant parameters:

Routsh, the outer radius,

R4, the velocity at the inner boundary,

evelsh, the exponent of the power-law describing the velocity field of the shell,
Ty, the constant temperature,

0sn, the density at the inner boundary.

Tl W

The Rinsn had to be fixed slightly above the stellar surface (for not to cause a collision with the
STAR object).

Scans of the parameter space have been performed, and y3pp maps were generated by
comparing the model spectral lines to the ones measured by VLT /UVES. These can be seen in
Figures 3.9 and 3.10.

However, the best-fit parameters of the SHELL could not be easily transferred to the final
model, as the introduction of the disk necessary to explain the interferometric observations
influences the spectral line profile. The contribution to the SED and a synthetic image of the
SHELL model can be seen in Figure 3.8.

3.2.5 A disk and jet model

To account for the continuum emission seen by VLTI/GRAVITY and to compensate for the
missing Ha emission at low radial velocities, it is possible to introduce a disk perpendicular to
the jets feeding the star. This allows for good fits of both the interferometric observables and
the spectral line profiles.
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sion. A degeneracy is visible as a diagonal in
the lower portion of the map. The degeneracy of
the density osn and temperature Typextends in the
third perpendicular direction to the valley, where
the lowest values of y? values are obtained at
Routsh = 6.75 Rp. The map was generated for
the velocity ve, = 95kms™! a velocity exponent
evelsh = 2.42 and temperature Ty, = 10000 K.

Heatmap of x? values

log(x?)

-2 -1 0 1 2
EVELSH

1.0
EVELSH

Figure 3.10: An example of a velocity vg, vs the velocity exponent eyesh X&pg map, based on the VLT/UVES
spectra, and a spherically symmetric shell as the source of Ha emission.
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This however introduces a new complication: the introduction of the continuum emission in
the near-IR wavelengths naturally introduces continuum emission to the red part of the visible
spectrum, i.e., the continuum around Ha. This of course affects the relative intensity of the
Ha line, which is the measured quantity by VLT /X-shooter and UVES.

Converging towards a minimum in the combined metric:

X = X%PE + X%/2 + erg(T?)) + Xgr:%

using the averaged spectrum resulted again in very large opening angles of the jets. aj > 70°,
leading us towards a model with a spherically symmetric shell. For the best-fit model, whose
parameters are shown in Table 3.4, the contributions are:

X%PE =749, x? SPE — 3.7,
Xva =924, Xrve =18,
Xarg(T3) =7.6-10%, X2 arg(r3) = 1.9,
X3 =2.9-10°, Xoms=T.1.

From the value of x7 gpp = 3.7, it is clear that the spectroscopic observations capture some
complexity that is not present in our model. The value x} v, = 1.8 differs so significantly from
X2 13 = 7.1, even though they correspond to very similar observables, is explained by the fact
I have averaged the visibility data in smaller bins (as explained in Chapter 2), but the triple
product measurements have not been averaged.

Table 3.4: Best-fit parameters of the jet and disk model of the inner accretion region of DoAr 44.

Parameter Object best-fit value o Unit

aj, JET 70 3 °
Tinjt JET 3 0.1 R@
Toutjt JET 50.8 0.5 Rs
Ush JET 230 5 K
Osh JET 3.0-107% 2.107"" gem™3
T; JET 8500 200 K
Ctempit JET —0.2 0.1 1
Eveljt JET 1.6 0.1 1
Tinnb1 NEBULA 10 5) R@
Foutnbl NEBULA 40 5 Rs
Onb1 NEBULA 1-107% 3-107° gem™3
Tobt NEBULA 3800 500 K
Cdonnbl NEBULA —0.5 0.1 1
€4mpnb1 NEBULA -0.7 0.1 1

3.2.6 A disk and shell model

Out of the objects currently available in Shellspec, the geometry that best replicates the
observables is the following: a central star, surrounded by a spherical shell of hot gas, sur-
rounded by a disk. The geometry of the disk was taken from the MCMC fits of the analytic
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models, an inclination of ¢+ = 40° is assumed, together with the position angle of 147°. The
rescaled visibilites were used to converge the models, as it is computationally expensive and
practically difficult to include the outer halo (which would diminish the visibilities at low values
of vu?+ v?), and maintaining a high enough resolution of the inner hot region, which is the
driver constraint for the grid density. The comparison of the spectroscopic and interferometric
VLT+VLTI measurements with our synthetic data is shown in Figure 3.11. The plots of |T3|
and arg(73) are shown as a function of the circumference UV of the triangle from which the
triple product is calculated (as in reality, the independent variable is four-dimensional):

B
(i) = B, 329
B
<u2a U?)T = =2 ) (329)
A
and the third edge of the triangle is:
('Ll,g, U3>T = (Ul, 'Ul)T + (UQ, UQ)T s (330)
and the circumference:
UVT:\/uf+vf+u§+v§+u§+v§. (3.31)
For the best-fit model, the x? contributions are:
2 _ 2 —
XSPE =605, Xr spe = 30,
o =759, Xove =14,
Xirg(Tg) - 7-7 N ].04 ; X% ,arg(T3) - ]_.87
Xt3 =5.2-10°, Xo s = 12.0.

This model produces better fits in comparison to the jet and disk model (except for triple
products, where there might be some scaling issue) — cf. Figures 3.25 and 3.26.

The problem with the triple product is most likely related to the fact, that the rescaling
was done using the parameter e obtained by the MCMC analytic modeling, which quantifies
the contribution of a halo to the visibility measurements. The parameter e was fitted using
the squared visibilies (where it appears in the models as ¢?), and applied as a correction to the
triple products as a factor of 1/e3. However, I should have fitted both the visibility and the
triple product data at the same time.

If T assume the radial velocity is negative, I derive the accretion rate of:

M= (6.6+0.2)-107° Myyr~!, (3.32)

which is surprisingly similar to result obtained by Bouvier et al. (2020a).

3.3 Pyshellspec radiative-transfer models of the outer
disk

From the MCMC modeling by a d-ring performed at in Section 3.1, I have a general idea of
the extent of the outer disk. Stated more carefully, a §-ring of radius R = (48 & 0.2) au is the
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Figure 3.11: The best-fit models of the inner accretion region and the inner rim. The two synthetic images (top
left, bottom left) are calculated for the K band (2 microns), which is what is observed with the VLTI/GRAVITY.
The bottom synthetic image is calculated near the Ha line in the surrounding continuum. The squared visibil-
ities, closure phases and triple products are shown, together with the UV coverage of the Fourier plane. The
spherical geometry of the shell was chosen to fit the “mean” calm spectral line. In the SED, a contribution
of the outer disk is clearly missing. The top panel is a model with positive radial velocities in the shell, and
negative radial velocities were assumed for the model shown on the bottom panel. The position angle of 147°
is used for the calculation of the synthetic visibilities.
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Table 3.5: Best-fit parameters of the shell and disk model. The stellar parameters are also included. This model
of the inner region was also used for the global model. In Table 3.7 you can find estimates of uncertainties of
these parameters.

Parameter Object best-fit model Unit

R, STAR 2 R
T, STAR 4750 K
M, STAR 1.4 M,
Tinsh SHELL 3 Ro
Toutsh SHELL 9 R
Vgh SHELL +330 K
Osh SHELL 2.8-107? gem™3
Tan SHELL 10000 kms™!
Evelsh SHELL 1.3 1
Tinnbl SHELL 16.5 R
Toutnbl NEBULA 35 R
Onb1 NEBULA 1-107% gem™3
Tobt NEBULA 2500 K
€dennbl NEBULA —0.5 1
€tmpnbl NEBULA —0.7 1
b1 NEBULA 1.5 1

best-fit of all possible d-rings, and seems to approximate the observed visibilities qualitatively
well, as seen in Figure 3.5. The ALMA pipeline, however, claims a 1.2% relative uncertainty on
the visibilites, and the deviation of the d-ring model from the data is about 11%. This means
that the structure must be more complex.

As described in Section 2.4, a completely uninformative model can be constructed using a
large but finite number of point sources (J-distributions). Theoretically, the Fourier transform
of a function holds the complete description of the function, as f = F1{F{f}}, except for a
set of measure zero for all f € L'(RY), which is a reasonable function space to describe finite
sources. However, in practice, we are never in this situation, as we do not have access to the
whole Fourier transform of the source, but only to a sample of it.

Disturbingly, this sample is of measure zero and there are infinitely many sources that differ
only in the unsampled portions of the Fourier space. Notably, the u = v = 0 component is
missing, which is the component encoding the total flux of the source, as:

1(0,0) = / I(1,m)e*™ O qrdm = [ I(1,m)dldm, (3.33)
R2

RQ

which is the reason the Total Power Array is often employed for extended sources (otherwise
the flux calibration should suffice).

Notwithstanding, the CLEAN algorithm for the creation of synthetic images in its various
forms is used for essentially all ALMA observations — and ALMA is the most densely sampled
of all radio arrays. These images of DoAr 44 are shown in Figure 2.6. Notably, on panels G
and H the unusual ring-within-a-ring morphology is apparent. The best-fit d—ring is located
on a slightly larger radius than the bright ring in the CLEAN images, as more flux is coming
from outside of this radius than within in it.
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3.3.1 A monotonic density profiles

It is possible to imagine that the cavity and ring morphology is a result of some observational
effect, e.g., some opacity transition given by a favorable coincidence of temperature, particle
size and also wavelength.

I have tried modeling a variety of monotonic density profiles, as this would be an elegant
explanation for the morphology, without the need to introduce additional entities to the model
— by this I mean that a real cavity requires additional conditions to exist, e.g., a pile-up of
dust, a pressure trap, or an exoplanet “sheparding” the ring.

A monotonic density profile (like the MMSN (Hayashi, 1981) or others) should be a natural,
a priort assumption: the cloud collapse preceding the existence of the disk occurs from the inside
out, as the matter accretes onto the star.

Two extreme situations are shown in Figure 3.12. While trying to account for the SED in the
1-2 pm band, where the contribution of the star and accretion region is beginning to diminish,
the SED in the 7-10 pm region is overestimated, and is underestimated in the mm and sub-mm
domain. Likewise, if the far-IR and sub-mm flux is well estimated, then the monotonic model
has an SED deficit (with respect to the data) in the 1-2 pm range. A monotonic profile is
thus in contradiction with the observations.

Moreover, the synthetic images at 225 and 345 GHz (Band 6 and 7) do not show the ring-like
morphology. Consequently, the synthetic visibilities are a monotonic function of v/u? + v? and
do not show the maxima and minima present in the data, regardless of particle size. A drawback
of our tools is the fact that a single particle size or size distribution has to be chosen for the
entire model, so e.g., a dependence of particle size on the distance from the central star cannot
be modeled. Such studies have been performed, utilizing spatially resolved spectral index maps,
e.g., Arce-Tord et al. (2023).

We can conclude that the disk does not have a monotonic dust density profile with a radially
independent particle size distribution.

3.3.2 A large cavity

As we cannot proceed any further with the monotonic profiles, we were forced to introduce
a cavity, mirroring the structure seen in the CLEAN ALMA images. A scan over a variety
of parameters (particle size, density, inner radius, outer radius) evaluating the x%, + X2rp
contribution was performed, see Figures 3.13, 3.14 and 3.17. The constraint on the total area
of the disk is given primarily from the CLEANed ALMA images, where the inner and outer
boundaries are visible (up to the background RMS level, the dust extends up to ~ 80 au, see
Figure 2.6). At the moment, Shellspec does not offer a more complex density profile. The
ring-within-a-ring morphology was for the first time seen in 2021, and only for DoAr 44, WSB
82 and SR24S (Cieza et al., 2021), so it is quite a niche requirement. This however means
that a certain compromise has to be taken to fit the interferometry, as most of the emission is
coming from a narrow annulus, but a portion of the emission comes from a wide annulus. The
best-fit parameters for the outer disk are shown in Table 3.6. The parameter ogsn, describes
the dust density in the protoplanetary disk. In my simulations, this parameter was fixed to the
gas density o, via a constant metallicity,

Odstnb — Zan 5 (334)

which was chosen as Z = 0.0123 which is the solar metallicity.
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Figure 3.12: The best-fit models of DoAr44 with monotonic density profiles. The top model tries to account
for the mid-IR photometric measurements, while the bottom model tries to fit the far-IR, sub-mm and mm
measurements. Both models assume a uniform particle size across the whole disk, as our tool does not allow a
closer specification of a grain size distribution vs distance. Both models are clearly in a contradiction with the
ALMA visibilities or the SED.
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From the SED, the best-fit models are achieved by reaching densities so high that the outer
disk to becomes optically thick — see Figures 3.13 and 3.17. For dust containing only large
particles (100 pm), we did not obtain any good fits. The issues with this result are discussed
in Chapter 4.

Table 3.6: The best-fit model of the outer disk, for small dust particles (a < 1pm). The size distribution of the
dust was uniform, and did not affect the best-fit values significantly until it reached 100 pm.

Parameter Object best-fit value o Unit
Tinnb NEBULA 36 1 au
Toutnb NEBULA 56 1 au
T NEBULA 60 3 K
Odstnb NEBULA >1-100% >3.107% gem™?
€densnb NEBULA —0.5 01 1
€tempnb NEBULA —0.5 01 1
et a =100 nm s a=1pum a=10pum . 60
r\|'1 -13
£ -14 -14 ~13 5.5
o —14 50 9
O _1s -15 -141 N
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Figure 3.13: The xZgp contribution of the outer disk, for a variety of different particle sizes, from 100 nm
to 100 pm. The curved low-density high-temperature sections correspond to optically thin solutions, and the
vertical (isothermal) dark areas correspond to optically thick solutions.

3.4 The global model and constrains on the inner disk

In the sections above, I have constructed and described models of structures, of which we have
spatially resolved interferometric observations, constraining their angular extent. However,
including all the modeled structures (the star, the shell, the innermost disk, and the outer disk)
into a single radiative-transfer simulation is challenging, for several reasons.

Firstly, the inner accretion region simulations revealed that for the synthetic spectral line
profiles to converge, it is necessary to use cells of at most 0.5-0.5-0.5 R2. If the whole disk was
sampled with this cell size, the grid would have about 30 000 cells in each direction (3 - 103
cells in total). This is simply too much.

In principle, a logarithmic grid could be used, but this presents a whole new set of challenges.
These are related to the geometry of projection onto an inclined aperture plane, which would
also have to be unequally spaced. Due to the inclined geometry, a single ray in the simulation
would intersect differently sized cells. Later, to produce synthetic interferometric observables,
discrete Fourier transforms with unequal cell sizes, which are computationally expensive, would
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Figure 3.14: The X%/z contribution of the outer disk, for the density oqensnn = 3107 1% g/cm?, and the temper-
ature of T, = 62.3K.

have to be performed tens of thousands of times, to calculate the x? contribution. To converge
the parameters of the model would be extremely challenging.

Secondly, DoAr 44 has a warped geometry, with the inner region being more inclined than
the outer region. At the moment, we have no way to achieve this complex geometry with
Shellspec.

To overcome these challenges, the following approach was taken while constructing the
global model. Observables which could be uniquely attributed to a single component of the
model were converged separately.

In particular, the Ha contribution was calculated only from the star, shell and innermost
disk, but not from the outer disk. This is well justified, as the temperatures in the outer disk
are strictly below 100 K, a temperature much too low to excite the Ha transition. Absorption
of Ha from the outer disk was not considered, as it is not geometrically in the path of light
from the star towards the observed.

On the other hand, in several simulations, the central star (rescaled to sub-cell sizes, as
shown in Figure 3.20) was included, to gauge the contribution of scattering of stellar sub-mm
radiation from the disk — these can be seen in Figure 3.28.

Four global models have been constructed. Firstly, a model with a monotonic density profile,
constructed in Section 3.3.1, is presented in the third column of Table 3.7 as a reference.

The inner region was described by the shell and disk model. That is because a rotating
disk cannot explain the emission line profile (see Figures 3.22, 3.23). Jet models of the inner
regions seemed like a good way to explain the spectral line emission, see Figures 3.25 and
3.25. However, after including an innermost disk, necessary to explain the VLTI/GRAVITY
visibilities, these jet models started to converge to very large opening angles. To reduce the
dimensionality of the space, I have decided to use a shell model as a source of the Ha emission.

Then, three different models with a large cavity are presented. To account for the mid-IR
deficit, an inner disk has been included, modeled by a DISK object in Pyshellspec. These
models (A, B, C) have identical parameters of the innermost region and the outer disk, but
differ only in the parameters of the DISK object, which is a thin rotationally symmetric wedge
(space complement to two opposite cones) with an opening angle ag.. The temperature in the
DISK is described by a power-law with the exponent e¢mpdc:

R €tmpdc
0 =T () (3.35)
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where Ty, is the temperature at the inner edge of the disk, which has a radius Rj,g.. The
density in the disk is also described by a power-law:

R €densdc
o(R) = 0ac ( 7 ) , (3.36)
indc

where I assumed egensae = —1.5 to be fixed. Model A describes a very extended inner disk,
spanning from 0.5au to 5au. It has the steepest temperature power-law exponent of the three
models. Models B extends from 3au to 5au and model C extends from 5.2 au to 7au. These
parameters produce virtually identical contributions to the SED.

The parameters of the global model are presented in Table 3.7, and the density and tem-
perature profile of Model A is shown in Figure 3.19. Integrated total surface densities of the
innermost, inner and outer disks are shown in Figure 3.18

The three different models of the inner disk, where the most interesting events of planet
formation are occurring, are currently impossible to distinguish, and more observations are
needed. For this reason, I have submitted an ALMA proposal (see details in Appendix A) and
I am also suggesting observations with VLTI/MATISSE (Chapter 4).
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curves denote different particle sizes, denoted by log;,(a/nm). The shaded areas on the right sides of each
graph denote ALMA Bands 7, 8, 9 and 10. The flat part of the curve for short wavelengths corresponds to the
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lattice. Similarly, the sharp features on the right graph are caused by vibrations of the water ice lattice. Data
from the Budaj et al. (2015) dust tables.
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Figure 3.16: Absorption opacity of forsterite grains (left) and water ice grains (right) of given size, in cm?/g.
Shaded areas on the right sides of each graph again denote ALMA Bands 7, 8, 9 and 10. The wider blue and
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is —1.5). This is to give more weight to the inner rim, to accommodate for the ring-within-a-ring geometry. The
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Figure 3.18: The integrated surface total (gas + dust) den-
sity of our model (red) compared to a series of other sur-
face densities. In the outer disk, a lower bound on the den-
sity is presented. Williams and McPartland (2016) derived
the surface density of the disk HD163296 from ALMA mea-
surements using the Lynden-Bell and Pringle (1974) prescrip-
tion. MMSN is the traditional description by Hayashi (1981),
¥ = 1700 g/cm? (1£-) """, MMEN denotes one of the Mini-
mum Mass Extrasolar nebulae (Chiang and Laughlin, 2013),
derived from exoplanetary statistics. The TW Hya surface
densities were derived by Zhang et al. (2017) from ALMA
Band 7 CO-line measurements.
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Table 3.7: Best-fit global models of DoAr44. * The parameters vg, and eyesn are inevitably correlated. ** The
estimated errors for the density onp2 in the monotonic profile model is of the order of 2- 1078 gem™3, whereas
for the cavity models (A, B, C) I provide only a lower limit of the density.

Parameter Object best monotonic  Model A Model B Model C o Unit
Ts STAR 2 2 2 2 0.2 Rg
T, STAR 4750 4750 4750 4750 150 K

M, STAR 1.4 1.4 1.4 1.4 0.2 M,
Tinsh SHELL 3 3 3 3 0.1 Rg
Toutsh SHELL 10 10 10 10 1 Rg
Vsn ¥ SHELL 330 330 330 330 5 K

Osh SHELL 2.8-10713 28-1078 28-107¥ 28-107% 5.-107% gem
T SHELL 10000 10000 10000 10000 1000 K
Evelsh SHELL 1.5 1.5 1.5 1.5 0.1 1
Rinnb1 NEBULA 12 16.5 16.5 16.5 3 Rg
Routub1 NEBULA 35 35 35 35 5 Rg
Onb1 NEBULA 1.0-107®% 1.0-1078 1.0-107%  1.0-10® 3-107° gcm™
Top1 NEBULA 3000 2500 2500 2500 500 K
€dennbl NEBULA —0.5 —0.5 —0.5 —0.5 0.1 1
Ctmpnb1 NEBULA -0.7 -0.7 -0.7 -0.7 0.1 1
Rinde DISK - 108 645 1125 100 Rg
Routde DISK - 1075 1075 1500 100 Rg
Odc DISK - 1-10710 1-10710 1-1071° 3.107" gem™
Tye DISK - 550 260 260 20 K
Etmpdec DISK - —0.53 —-0.3 —0.3 0.1 gem™
Qe DISK - 15 15 15 3 °
Rinnpe NEBULA 108 9000 9000 9000 200 Rg
Routnb2 NEBULA 12900 12900 12900 12900 200 Rg
Onb2 NEBULA 24-1007 >8-107® >8-1071® >8.10713 O gem”
Thobe NEBULA 600 60 60 60 10 K
€dennb2 NEBULA —1.5 —0.5 —0.5 —0.5 0.1 1
€tmpnb2 NEBULA —0.5 —0.5 —0.5 —0.5 0.1 1
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Figure 3.19: Top: The temperature and total density profiles in the final global multi-scale model. The center
part is described by a star, surrounded by a spherical shell of optically thin hot gas, which is responsible for
the observed visible spectral lines. Next, an optically thick innermost disk follows, of which mostly the inner
rim is visible, contributing to the near-IR visibilities. Next, a large, essentially empty gap follows. At still larger
radii, an inner disk is present, but not many constrains are placed on its exact extent. Here, Model A from
Table 3.7 is shown. At last, a dusty outer disk is included in the model, which is directly observed with ALMA.
Bottom: synthetic images from the Pyshellspec radiative-transfer simulations. The left panel shows the star,
an optically thin shell, surrounded by an innermost disk. The shell is not very prominent, as this image was
calculated in the 2 micron continuum. The center panel shows the inner disk at 350 micron (ALMA Band 10),
with a prominent opacity transition due to the condensation of water ice. The right panel shows the outer disk
in the 870 micron continuum (ALMA Band 7).
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Figure 3.20: Testing synthetic images and SEDs of the central star. It was necessary to access the effect of
scattering of the stellar light in the outer disk. Notice, that with the exception of (a), where a part of the stellar
emission is missing, the global SEDs look virtually identical, even for the radiative transfer simulations using
only several cells. I modified the Shellspec code to fractionally scale the contribution of the star, even if its
size is orders of magnitude smaller than one pixel. The details, like the wavelength-dependent limb darkening,
are sacrificed in the process. The photospheric emission is negligible in comparison to the outer disk in the mm
and sub-mm wavelength. For the magnetospheric accretion region calculations, the star was kept as a small but
resolved source.
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Figure 3.21: Testing a transition of densities, for the innermost disk with an inclination of ¢ = 23 deg
derived from ALMA measurements compared to observables (interferometry, Ha profile, SED). As
the density of the innermost disk increases, so does the continuum optical depth. Low optical
depths allow us for an emission from a large volume of the disk. In the optically thick regime, one
can only see the line emission from a thin atmosphere above the untransparent disk.
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Figure 3.22: Testing of different inclinations of an optically thick innermost disk. From top to
bottom, ¢ = (10°,20°,30°,60°,70°,80°). Notice that an optically thick disk never produces enough
Ha flux (the synthetic profiles are scaled by a factor of 25). The parameters in this simulation
were: Rinnb = 2R, Tout = 22 R, T'(rup) = 2000K , o, = 1-10""g/em? | eqensnn = — 1, Ctmpnb =
0.5. Thus, the Ha line cannot originate from an optically thick disk.
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Figure 3.23: The same as Figure 3.22, except in the optically thin regime. Tested for differ-
ent inclinations, 7 = (10°,20°,30°,60°,70°,80°). Even at highest inclinations, the double-
peaked Ha profile is not reproduced. R, = 2 Rg , Routnb = 22 Ro , Tinnb = 2000 K, ginnp, =
4-107%/cm?, egensnb = —1, €4mpnb = 0.5.
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Figure 3.24: Testing of different inclinations of an optically thin innermost disk model at

(10°,20°, 30°,60°,70°,80°).
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velocity. The figure shows synthetic images at different wavelengths, from which the spectral line profile is
calculated. This model uses the following parameters of the jet: aj = 35°, Rinjt = 2 Re , Routjt = 25 R, vjt =
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Figure 3.26: The same as Figure 3.25, generated using the same parameters, except with negative radial
velocities in the jet. This model thus corresponds to an inflow of matter from the polar region. If only
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VLTI/GRAVITY interferometric observations prohibit models without a large optically thick structure (not
shown).
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Figure 3.27: Testing different inclinations (0°,10°,20°,30°,45°,60°,70°,80°,90°) of a combined disk and jet

model of DoAr44. This narrow jet geometry does not seem to replicate well the observed spectral line profiles
at any inclination, e.g., at ¢ = 40°, as shown in subfigure (j).
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Figure 3.28: Testing the effects of particle size on the synthetic images. Increasing the particle size decreases
the specific opacity for a given dust density, as the same amount of material has a much smaller effective cross-
section. These simulations used water ice as the only dust species, with a density of oqust = 1- 1074 gem™3.
For the largest particle size of a = 100 pm, we see a large deficit in the sub-mm and mm wavelengths. Notice
that another large SED deficit is caused by the missing inner disk in the mid-IR wavelengths.
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Chapter 4

Discussion

4.1 The magnetospheric accretion region

4.1.1 [Q1] Is matter being accreted onto the central star, or are we
observing stellar winds?

As the matter in the central magnetospheric cavity, where the spectral line emission originates,
is optically thin, this question is hard to answer. The VLT/X-shooter profile, where the blue-
shifted wing is stronger than the red-shifted wing, indicates that we are observing an outflow.
The VLT /UVES profiles are almost symmetric, and solutions with an infalling symmetrical
shell look almost identical to the solutions with an expanding envelope.

During the last days of writing this work, I have also found several spectral line measure-
ments from VLT/ESPRESSO. These profiles are almost a mirror image of the VLT /X-shooter
measurements, thus suggesting polar accretion inflows.

The following solution presents itself: a steady-state, almost symmetrical inflow of gas from
the inner disk is fed onto the central star. During some disturbances (e.g., of magnetic origin)
this inflow is concentrated in a funnel-like geometry that could possibly be oriented parallel to
the inner disk. As these structures rotate with respect to the observer, they can get partially
shadowed by the inner optically thick wall, resulting in one wing of the spectral line being
stronger than the other.

Other explanations also come to mind, such as the possibility of disk winds: these are
commonly found in many astrophysical disks (Murray and Chiang, 1997), and are almost
tangent to the disk’s surface. Nevertheless, these winds seem to be generally slower than the
Keplerian velocity at small radii, and produce single-peaked lines.

4.1.2 [Q2] What is the geometry of the accretion region?

The detailed geometry of the inner accretion region is variable on the scale of days, and is
most likely connected to magnetic funnel flows; described in works like Bessolaz et al. (2008);
Takasao et al. (2018); Bouvier et al. (2020a).

Nevertheless, we can describe some general features of this region. In my model, the central
star must be surrounded by an envelope of optically thin gas, which lies within the co-rotation
radius of the young star (=~ 15 Ry). Beyond this radius, a hot innermost disk is present. This
disk is likely fueling the accretion by channeling material to the inner shell.

The innermost disk seems to be misaligned by about (20 £ 5)° with respect to the outer
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Figure 4.1: Two models of the inner and outer disk in a single radiative-transfer simulation. The dust is a
mixture of water-ice, forsterite and enstatite with ratios roughly corresponding to the photospheric elemental
composition (90% water, 5% forsterite, 5% enstatite). Both models have a “modest” inner disk temperature
~ 200 — 500 K. The first one (top) has a small inner disk and the second model (bottom) has a more extended
inner disk. The first model is in good agreement with the global SED (not shown) and ALMA measurements,
but the vibrational mode spectral feature at 10 pm remains negligible. The second situation makes this feature
very prominent, but overestimates the global SED (not shown), and the absolute mid-IR, Spitzer spectra, and
would be resolvable by the ALMA observations. This seems to be due to the fact that the silicate features arise
from the hottest inner parts of the disk.
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disk. Ginski et al. (2021) suggested an elegant explanation for such a misalignment in the disk
SU Aur. There, VLT /SPHERE observation revealed tendrils of material connecting the outer
and inner regions, likely carrying material inwards. These tendrils are dramatically asymmetric
and introduce angular momentum to the inner region.

4.2 Outer disk

4.2.1 [Q3] Is it necessary to describe the large observed cavity be-
tween the inner disk and the outer ring as a drop in surface
density?

We can conclusively say that with a constant dust particle size in the entire disk, it is not
possible to create the ring morphology inferred from the ALMA visibilities. However, with a
variable particle size, it is of course possible to create rings without the necessity to change the
integrated surface density.

For optically thin thermal emission, it holds that:

L, = B,(T)(1—e),

where B, is the Planck function at temperature T" and 7 is the optical thickness in the vertical
direction. The optical depth can be expressed as:

T = KPY (4.1)

where 2P is the absorption opacity and ¥ the surface density. The absorption opacity (Figure

3.16) is a complicated function, but can be approximated by a power law of frequency on a
narrow frequency range:

Ky ~ 15

This quantity can be accessed using the spectral index, defined as:
_ Odlog F,

o

This spectral index can be evaluated at every point of the disk, or in an azimuthally averaged
radial profile. In practice, this quantity is derived from a discrete number of measurements,

often pairwise. For DoAr44, a recent! study (Arce-Tord et al., 2023) performed this spectral
index analysis between the ALMA Bands 6 and 7, calculating;:

o (4.2)

_ log,o(Is50G12) — log1o({244c112)

(4.3)

As the blackbody emission is operating in the Rayleigh—Jeans regime, we can express:

QI{TBTI/Q _r
I, = 2 (1—eT),
which for small optical depths becomes:
2kpT1? 2kpTV? 2kpTV?
=" (- n T (1 — 14 7) = T ey 248,
c c c

!Published during the writing of this thesis.
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We can measure the quantity a = 3 + 2, and thus derive the value of 3. The Figure 3.16 only
shows the opacity of particles up to 100 pm. The trend for even larger particles continues, so
that the opacity is almost independent of frequency on smaller frequencies, i.e., a slope of 5 ~ 0.
Arce-Tord et al. (2023) found the value of § ~ 1.3 in the inner cavity, and § & 0 in the most
prominent part of the ring at R = 48 au. The large values of 3 can be interpreted as very small
particles, only slightly larger than in the interstellar medium, where § ~ 1.7 (Draine, 2006).
The value of 8 = 0 could either mean large particles (cm-sizes) or optically thick emission.

I presume the former option is more probable, as the observed brightness temperature
in both bands is much lower, than the thermodynamic temperature needed in our models,
indicating that the emission really is optically thin. However, it is important to note that the
models in this work did not include these cm-sized pebbles, as I used the Budaj et al. (2015)
dust tables, and the opacities I have used differ from those proposed by Beckwith et al. (1990)
which were for example used for the dust mass estimates by The ODISEA (Cieza et al., 2021).

4.2.2 [Q4] Does the observed ring coincide with a condensation line
of a volatile, or must it be caused by an exoplanet?

My models suggest the temperature at the inner edge of the outer disk is about Ty, = 60K
and that the emission in the sub-mm region is optically thick. This temperature could be as
low as Ty, = 50 K if the emitting area of the disk is assumed to be larger.

Assuming the best monotonic profile (see parameters in Table 3.7), and calculating the
temperature at R = 49 au, which is the ring maximum, one obtains:

R €tempnb 108 R@
T = Typ(monotonic) | 5 = K =61K.
b{menotonic) (Rmnb> 00BN Zgam = O

This is in good agreement with the cavity models.

Moreover, mid-plane temperatures around 50au in other protoplanetary disks, such as
HL Tauri, can also reach around 50-70 K (Zhang et al., 2015).

The scientific literature about solar system comets, which originate from these cold outer re-
gions, is a good guide with respect to the expected chemical composition. The major volatiles
found in comets are H,O, CO, CO,, CH, and NHj3, with water ice being typically most abun-
dant. The comet’s composition is often given with respect to the water ice content. CO can
contribute up to 30 % of the mass of the water ice, COy up to 10 %, and the other chemicals
usually contribute less than 1% (Greenberg, 1998). Different ratios were obtained for exam-
ple by Rosetta orbiting 67P/Churyumov-Gerasimenko, where CO, formed 7.5 % and CO 3%
(Rubin et al., 2023). These ratios might be lower than what we expect in the outer disk, as
67P /Churyumov-Gerasimenko is a periodic comet, which effectively looses highly volatile ices
during every perihelion passage.

Water ice does not seem like a good candidate for the condensation line at this distance.
Given the temperature profile from my models, the water ice line occurs somewhere between
4-6 au, similar to the ~ 3 au water ice line distance in our early solar system.

The condensation of carbon monoxide is not responsible for the for the condensation
line at this distance, as we can see the CO gas emission extending far away beyond the dust
structures, into even colder regions — see Figure 4.2.

Possibly, carbon dioxide could be transitioning from the gaseous to the solid state at the
peak emission radius in DoAr 44, based only on the modeled temperature and pressure profiles.
However, we must proceed with caution: solid CO, is associated with mid-IR bands, which
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Figure 4.2: The gas is much more extended than the dust in DoAr44. Left: A radial velocity map from CO
v =0,J = 3 — 2 line emission, showing the extent of the gas. Right: Comparison of the extent of the CO gas
(130 au) in comparison to the maximum emission from the dust (47-49 au). This observation suggests that the
continuum emission is in fact optically thin, as the CO must be in gaseous form for us to see the rotational
transitions. CO condenses at about 25 K (at Kuiper belt pressures). Therefore, the dust temperature must be
significantly higher than the observed brightness temperatures, and thus the emission should be optically thin.
The figure was taken from the SFG report Souza de Joode (2022).

would be in the range observed by the Spitzer/IRS instrument. These CO, bands around
15 pm are often observed around YSOs (Cook et al., 2011). Due to the complicated nature of
the silicate spectral features overlapping with the possibly present solid CO, feature, I have
decided to refrain from further interpretations.

The possibility of other volatiles condensing, forming the ring in DoAr 44, seems improbable
due to the total dust mass in the outer disk. There is probably more than 80 Mg, of dust in
the outer disk, which means it cannot be composed of some rare chemical.

The work of Zhang et al. (2015) modeled the disk HL Tauri based on ALMA observations
in two different bands. They found that the dips in intensity in HL Tauri could correspond
to condensation lines of water ice, ammonia and carbon monoxide. They agree that material
accumulates at these condensation lines, but argue that this accumulation leads to rapid growth
of pebbles to decimeter sizes. These pebbles then disappear from the ALMA images, as their
total emitting area is much smaller than that of the dust. The timescale of this process is of
the order of thousands of years.

The planet formation mass budget Integrating the surface density of the outer disk along
the radial coordinate we obtain the total planet formation mass budget:

Routnb
Mgas = / 27T Y gas(1)dr . (4.4)

Rinnb

Depending on the chosen model of the outer disk, mainly depending on the chosen particle size,
we obtain mass estimates in the range of:

Mo € (25,100) M jypiter = (8000, 32000) Mepareh

and assuming a metallicity of 1%, we obtain:

Mdust S (807 320) MEarth .
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Figure 4.3: A non-radiative-transfer simulation can be justified if the medium is optically thin, which seems to
be the case for the mm continuum emission in the outer disk. The double ring (ring-within-a-ring) profile was
thus obtained by simply superposing two simulations. This optically thin assumptions seems be reasonable,
as an optically thick disk at 48 au and A = 1.3mm would have to have a surface density 20 times larger
than the Minimum Mass Solar Nebula (MMSN). Such a local density increase can be achieved, however, at
a condensation front. The right image was obtained using the casa task simobserve, which produced the
complex visibilities as sampled by the configuration used in the 2018.1.00028.S Band 6 observations. Then, it
was restored using the casa task tclean, using about 2-10* point sources convolved with the synthesized beam.

Such a figure is similar to what is commonly presumed for our own solar system ( ~ 130 Mgarn ),
and to the result of Mgus =~ 90 Mgan obtained by Leiendecker et al. (2022). This leads us
to think that the ring structure at 48 au, seen in the ALMA data, might very well be a good
analog of the Kuiper belt in our own solar system, which currently extends from about 30 au
to about 55 au.

4.3 Other questions

Possibility of VLTI spectro-interferometry The measurements performed in June 2019
by VLTI/GRAVITY, spanning the range 1.99 pm to 2.45 pm captured the spectral range cor-
responding to the Hydrogen Bry line. However, it is only barely noticeable in only some of
the 0Ifits files, only at a few baselines. Additionally, there are missing data points in the
proximity of this line proximity, and it is not certain whether it is a real signal. It does however
appear to be consistent over the various epochs. Nevertheless, I have decided not to include it
in this analysis.

Such attempts have been made by Bouvier et al. (2020b): the visibilities in the Bry line
were slightly above the continuum visibilities, indicating that the line emission originates from
a region more compact than the continuum emission, indicating there might be a contribution
from the optically thin matter near the star.

Modeling the silicate dust feature The Spitzer/IRS spectrograph acquired spectra of
DoAr 44 in the 3-5um range, capturing a prominent feature at 10 pm. This feature is associated
with the vibration of the Si-O bonds in a crystalline lattice of silicates. Even though silicate dust
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emission is included in our model, I did not yet succeed in reproducing the spectrum. Note that
modelling such features is exceptionally challenging, as it requires very precise vertical density
profiles, particle sizes and particle size distributions, temperature profiles and also the correct
mineralogical composition.

Presence of the silicate feature Simply looking at the Spitzer spectrum, it is not clear
whether we are looking at:

1. areal feature in the protoplanetary disk,
2. an absorption feature from the foreground Interstellar Medium (ISM),
3. an emission feature from the foreground ISM.

In principle, all three options are viable: the dust in the ISM efficiently absorbs stellar light
and re-emits it as thermal radiation. However, there are conflicting opinions on this issue:

1. The gas and dust temperature in the interstellar medium in these star formating regions
is only about 20 K (Lindberg et al., 2017; Ksoll et al., 2024), which is insufficient to excite
the SiO bond vibrations on its own.

2. Since the Infrared Space Observatory (ISO) spectra have been available, it has been
thought there is an almost complete absence of crystalline silicates in the ISM (Kemper
et al., 2004), and that they have to form around the young star. This has been the
accepted view for many years.

3. However, recently there have been analyses claiming that the situation is more compli-
cated, that crystalline silicate dust forms about 10% — 20% of the ISM, and that they are
ubiquitous in the ISM (Do-Duy et al., 2020). In such a case, modeling the protoplanetary
disk based on these spectra would be very challenging, as the 10 micron spectral feature
could be produced in the foreground material.

In light of this “confusion”, I have decided not to further interpret this Spitzer spectrum.

4.4 Further theoretical work

As with all projects, the possibilities for further study are endless. Here are a few of my
suggestions for the future development of Pyshellspec for protoplanetary disk applications:

1. One has to think about the extrapolations used for the large dust particles. In evolved
disks, most of the dust mass is in pebbles, spanning from millimeters to decimeters. There
are two issues: firstly, I am not modeling the opacity of these pebbles at the moment.
This might not be a problem, as their total contribution to the emitting (and scattering)
area is probably much smaller compared to the micron and ISM sized dust. Secondly,
we are extrapolating the opacity relations of the small dust we are using to the sub-mm
wavelengths. In the case of scattering, this is not an issue, as the Rayleigh scattering
is well understood. This might be an easy fix, e.g., using the tables from RADMC-3D
(Dullemond et al., 2012), and should be checked against the power-laws from Beckwith
et al. (1990).
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2. At the moment, it is difficult to fit the inclination of the disk via y? minimization. This
is due to the fact that the tool was originally developed and designed for double star
modeling, where the observables and derived quantities are slightly different from our
case (periods of rotation, the g-ratio, ...).

3. The case of DoAr 44 is complicated by the fact that the density profile does not appear to
be like the traditional power-laws of Hayashi (1981) or Lynden-Bell and Pringle (1974).
Nevertheless, 1 believe that a (slightly) closer match of the density profile would not
produce order-of-magnitude changes to the outer disk mass budget.

4. At the moment, Pyshellspec does not support y? calculations of the difference between
synthetic images and, for example, observed images from adaptive-optics instruments
like VLT /SPHERE. I can imagine the following work-around: we could take a discrete
Fourier transform of the image and selecting a reasonable sub-sample of it. Thus, one
could “pretend” the data was taken by an interferometer, and we could use the tools we
already have. I believe there is nothing fundamentally wrong with this approach, even
though it might sound convoluted.

5. Some visibility scaling parameters could be introduced into Pyshellspec itself. I had to
scale the ALMA visibilities with the help of analytical models. In this particular case,
I believe it worked very well.

6. At the moment, our tool cannot effectively model the shadowing of the outer disk caused
by the inner disk, as we cannot model the relative inclinations. Adding this capability
might be challenging.

4.5 Further observations

As a part of this work, I would like to present my ALMA proposal for a Band 10 ob-
servation of the inner disk of DoAr44. It details and justifies all the technical requirements,
such as the angular resolution, maximum recoverable scale, antenna configuration, sensitivity,
integration time, calibrator selection, the required weather conditions, the central frequency
and bandwidth and correlator settings. This proposal was submitted to ALMA on the 25th of
April 2024, and is presented in Appendix A.

The James Webb Space Telescope Other ideas for observations naturally come to mind.
The James Webb Space Telescope (JWST) narrowly avoided our target, as it would have
presumably saturated the NIRCam instrument — see Figure 4.4. JWST/MIRI spectra would
most likely resemble the Spitzer/IRS spectra, as these instruments cover the same spectral
range. The hot water vapor lines, reported by Salyk et al. (2015) could be resolved with higher
spectral resolution. However, the forsterite/enstatite features would face the same difficulty as
I have faced with the Spitzer spectra. Several HST images of DoAr44 also exist, but are all
over-saturated.

VLTI/MATISSE Potentially, a very useful set of observations could be obtained using also
VLTI/MATISSE in the N band. This would cover the same spectral range as Spitzer or
JWST/MIRI, but would provide a spatially resolved picture. The IRAS and Spitzer measure-
ments indicate that in the 8-10 micron range, the measurements reach 0.9-1.4 Jy flux densities.
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Figure 4.4: The James Webb Space Telescope NIRCam image of the field next to DoAr 44 from the 7th of March
2023. The large diffraction spikes covering the entire frame originate from DoAr 44, which is 3 arcseconds below
the bottom of the frame. Taken from the ESO archive: (Delmotte et al., 2006) .

This would result in about 0.1 precision on the visibility measurements with VLTI/MATISSE
in the N band using the UTs, reaching about 13 mas resolutions, and there is no chance of
being able to use the ATs. This is about the same angular resolution requested by the ALMA
measurement. There might, however, be some additional considerations that could complicate
matters.

Specifically, the flux density limits in the N1, N2, and N3 sub-bands are 0.9, 1.5, and 2 Jy, to
achieve 0.1 precision on the visibility measurements using the UTs. However, going below this
limit appears to mean that the precision of the visibilities will be limited, but the interference
fringes will still be detectable — these measurements, together with the limits, are shown in
Figure 4.7. Different instrument setups are also available, such as the GRA4MAT mode, where
the fringes are tracked by the VLTI/GRAVITY while MATISSE records them. This in fact
would be possible, as our target is very bright in the K band. The magnitude limits for this
mode are 0.1 and 0.5 Jy for R ~ 20 and R ~ 220 spectral resolutions, respectively, so DoAr 44
is comfortably within these limits.

I have used the same inner disk models from the ALMA proposal to calculate simulated
interferometric visibilities in the N1 and N2 sub-bands. These measurements would constrain
the possible inner disk geometries (see middle panels of Figures 4.5 and 4.6), even with an
errorbar of 10%.

I have consulted these estimates with an ESO support scientist for VLTI/MATISSE, who
believed it to be possible to observe the inner disk of DoAr 44 in the N1 and N2 sub-bands.
Such observations would be in perfect synergy with the potential ALMA Band 10 observations.
The VLTI/MATISSE observations would definitively conclude, whether the forsterite bands
originate from DoAr 44 or from the foreground medium. If it were the former, it would allow
for the direct interpretation of the Spitzer/IRS spectra, and potentially justify James Webb
Space Telescope spectroscopic observations.
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Figure 4.5: Simulated VLTI/MATISSE interferometry of DoAr 44, in the N band, in the N1 sub-band (8.1-8.9
micron). The differences shown between the presented models are certainly within the reach of the instrument.
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Figure 4.6: Simulated VLTT/MATISSE interferometry of DoAr44, in the N band, in the N2 sub-band (10-11
micron). These observations would allow us to study silicates in the terrestrial planet forming region of DoAr 44.
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Figure 4.7: The Spitzer/IRS spectrum of DoAr 44, showing the prominent silicate dust feature, together with
several photometric measurements from Spitzer/IRAC, the TRAS and Wide-field Infrared Survey Explorer
(WISE). The VLTI/MATISSE N1, N2 and N3 sub-bands are shown (labeled rectangles), together with the
minimum flux densities for a 0.1 visibility precision (0.9, 1.5 and 2 Jy respectively). It appears that it would
be possible to observe resolve the condensation lines of forsterite and enstatite, giving us spatially resolved
mineralogical information. This would be extremely useful in relation to the models of formation of our
own solar system.
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Chapter 5

Conclusions

In this work, I present the first global radiative-transfer model of the protoplanetary disk
DoAr44, based on VLT/UVES and VLT/X-shooter spectra, VLTI/GRAVITY squared visi-
bilities, triple product amplitudes and closure phases, ALMA interferometry, and a variety of
spectral energy distribution measurements, spanning from the near ultraviolet to millimeter
wavelengths. From this model, I have concluded the following:

1.

The geometry of the inner accretion region can be described using a shell of gas, heated
to about 10000 K, surrounding the young star. This gas is moving at speeds up to
330kms~'. This shell is surrounded by an innermost disk (16 R to 35 Ry), which is
responsible for the VLTI/GRAVITY K-band visibilities.

The accretion rate is already low, M = (6.6 +0.2) - 1072 M, yr~!, but not negligible.

The dust emission in the outer disk extends from about (36 £ 1) au to about (60 £ 4) au.
A large part of the emission is localized in a thin ring centered at (48 + 1)au. The
temperature in this region is about 60 K. The observations are not compatible with a
monotonic density profile, and a large central cavity must be present. This cavity was
most likely cleared by forming protoplanets.

The ring at (48 £ 1) au does not correspond to the condensation line of water ice or
carbon monoxide. The only possible condensation line that could cause such a ring is
carbon dioxide.

The mass of gas and dust currently present in the outer disk is more than 25 Mjypiter-

An inner disk, unresolved by ALMA, extending from 1au to at most 10au, must be
present.

Thanks to newly offered capabilities (high frequencies, long baselines), the inner disk could
be observed with ALMA for the first time next year (2025). A proposal for this observation
has been submitted.
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Appendix A

ALMA proposal for observations of the
inner disk

Abstract The conditions in protoplanetary disks surrounding young stellar objects affect the
formation of planetesimals, as well as the dynamics of protoplanets, with the exact positions
of condensation lines being crucial. However, spatially resolved observations of dust in the
terrestrial planet forming region are scarce, leaving the models of formation poorly constrained.
With the new observing capabilities, it will be possible for ALMA to probe 1-au-scale structures
of Ophiuchus disks.

In order to understand DoAr44, a water-rich pre-transitional disk, we have constructed
its global radiative transfer model, based on VLT spectra, VLTI interferometry and previous
ALMA measurements (at >5 au resolution).

A dusty inner disk (1-10 au), whose presence is known from the SED, remains unresolved in
the lower frequency observations though. We thus propose a long baseline Band 10 observation
(C9 and C6) to measure the inner disk density and temperature profiles. This will allow us to
determine the radii of condensation fronts, notably of water ice, and possible density inversions,
which are crucial for the convergent migration of protoplanets - the likely mechanism explaining
our own solar system.

RMS and Sensitivity justification This is a continuum observation focusing on dust struc-
tures, and using the 15 GHz bandwidth allows for the highest sensitivity. The RMS value of
0.5mJy is based on our science requirement. Mapping the surface temperature with 10 K pre-
cision will allow us to decide between different condensation fronts, without the necessity of a
spectral line observation. The peak flux density is derived from our radiative transfer models
of the water-ice condensation line.

As we are primarily interested in the radial profile, the SNR at the weakest source (the water-
ice line) will be better than 12, as we can de-project the ring and average in the azimuthal
direction. After this averaging, the SNR will be 100, and the precision of the radial coordinate
will be better than sub-au.

Justify chosen angular resolution The requested angular resolution is directly related
to the expected structure of the source: the morphology expected in the inner region can be
compared to the 1 au structures seen in the ALMA observation of the much closer disk HL
Tauri. Current measurements of DoAr44 can only provide an insight on the integrated flux
from the inner disk and a half-flux radius of about 3 au. To localize this emission, we must
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observe at least at 1au resolution, corresponding to 9 mas. This forces us to use the extended
C-9 configuration.

If however a weaker more distant ring is present, extending up to the 810 au region, it
will be necessary to constrain its diameter. This forced us to request time also in the C-6
configuration, to extend the largest recoverable scale to 140 mas.

Justify chosen correlator setttings We are using the recommended dual polarization sin-
gle continuum mode in Band 10, using the full 1875 MHz spectral windows, with 90-degree
Walsh switching, to obtain the full combined 15 GHz bandwidth.

80



1 Scientific justification

Protoplanetary disks are reservoirs of gas and dust surrounding young stellar objects, and the birth-
place of planets. Understanding their evolution is necessary to understand the formation of exoplane-
tary systems and our own solar system. Various disk morphologies have been modeled based on their
broad band spectral energy distribution [1], and later directly imaged either via mm-observations
or adaptive optics imagers [2, 3]. Presumably, the youngest of these disks have a monotonously
decreasing density profile, with a large inner cavity opening later, most probably due to the influence
of forming ice-giants, creating so-called transitional disks [4], before completely dispersing a few mil-
lions of years later [5]. Matter is still flowing through this cavity, as evidenced by the large accretion
rates [4].

An intermediary phase has been identified [6], called the pre-transitional phase, where the young
star is surrounded by a dusty inner disk, encircled by a large, optically thin cavity, followed by an
extended dust ring exhibiting mm-emission.

Magnetospheric terrestrial + gas planet Kuiper disk equivalent
accretion formation (ongoing)
2e 0 . .
@@ g 9 .’ --e-t-*-.*-:%:;-‘s:'?':’i“{‘.«-‘:3:*'3}?-' Al e
Proposed ALMA B10. - ST T 4 T
Spitzer-confirmed UIEFEL; -
VLT + VLTI - +VLT/SPHERE

presence (SED excess)

Figure 1: A Schematic diagram of the DoAr4j system. The inner-most accretion region has been
studied extensively, where our radiative transfer models are constrained by visible and NIR spectra.
The outer “Kuiper belt” region has been probed by ALMA and VLT/SPHERE. It is separated from
the inner disk by a vast gap, most likely cleared by ice giants.

The object DoAr44 (Haro 1-16), located in the Ophiuchus star formation region, is one of the
pre-transitional disks with the highest water vapour content in the inner disk [7], two orders of
magnitude more than the structurally very similar disk PDS 70 [8], where planet formation is con-
firmed by direct imaging by the Hubble Space Telescope (HST) [9], ALMA [10] and VLT/SPHERE
[11]. DoAr44 has been investigated both via VLTI/GRAVITY [12], revealing a disk like structure in
the 0.2-1.5au region, VLT /SPHERE [13], showing the disk beyond 15 au, and ALMA Bands 3, 4,
6, 7 and 8 at resolutions up to ~ 25 mas in Band 6 and 7 [16, 25|, in both continuum and spectral
lines, investigating the region from 5-80 au, revealing a thin dust ring with a brim around 47 au —
see Fig.1.

To understand this unique object, we have constructed a 3D LTE radiative transfer model in
pyshellspec [14, 15], describing both the star and an inner most magnetospheric accretion region
(explaining the observed VLT /X-shooter and UVES Ha line profiles and the GRAVITY visibilities)
and the outer region around 50 au, constrained by the ALMA observations. To match the observed
broad-band SED and Spitzer/IRS spectra, spanning the range 5—-30um (Fig. 2), it is necessary to
introduce dust emission to the terrestrial planet forming region, extending from about 1 au to at most
10au. The presence of an inner disk was already noted in the ODISEA long baseline observations
in Band 6 at 5au resolution [16], where it remained unresolved. However, based on our radiative
transfer model, the region where the bulk of the sub-mm flux is emitted cannot be too compact, as

this would be in conflict with infrared fluxes from Herschel/PACS, IRAS, AKARI, Spitzer/MIPS,
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Spitzer/IRAC and fluxes from the W2 and W3 WISE surveys.

We thus propose a spatially resolved continuum observation of the terrestrial and giant planet
forming region of this water-rich disk, to image the condensation lines of minerals condensing in
the temperature range 110-700 K. These minerals include ammonia hydrate (~ 130 K), water (150
170K), magnetite (~ 370K) one of the main minerals observed in returned samples from Ryugu
[17,18]. Furthermore, features at 9.4um and 11.3 pm from Spitzer /IRS spectra correspond to crys-
talline dust of the most common silicates, forsterite and enstatite, similar to the bulk of the silicates
in the solar system terrestrial planets. Other minerals that condense in this region include graphite
(C) and troilite (FeS) — a mineral rare on Earth’s surface but common in meteorites.

In addition to these mineralogical question, these observations would allow us to test one of the
predictions of the theory of convergent migration of protoplanets [19] — see Fig. 3. Radiation-
hydrodynamical models have shown that in order to recreate the architecture of the inner solar
system, with a small separation of Venus and Earth, and small sizes of Mercury and Mars, it is
necessary to have an inverted density profile in the inner disk. Currently, it is one of the lead-
ing/competing theories for planet formation [20, 21] that for example explains the origins of water
in the terrestrial planet region as a by-product of the formation of the ice-giants beyond the wa-
ter snow-line [22]. The analogy of observed disks with our early solar system is challenging, as most
observed exoplanetary systems have very different architectures. However, this is most likely due to
strong observational biases, and only more reason to study the handful of observable pre-transitional
disks. Our science questions include:

SQ1: What are the radii of the condensation lines of common minerals? Where is the water ice line
located?

SQ2: Is there a density or temperature profile inversion in the inner 1-10 au disk?

SQ3: What are the highest/lowest temperatures attained in the formation region around 1 — 2 au?

These questions cannot be answered from disk-integrated-flux observations, as there is a degeneracy
between the area of the contributing dust ring and its temperature. Based on our radiative transfer
models and our chemical calculations of the condensation lines, we have delineated the following
science requirements.

SR1: Observing the 1-10 au region with ~1au resolution, recovering angular radii up to 10 au.
SR2: Obtaining temperature profile with at most 10 K uncertainty:.
SR3: If a ring of water ice is present at the ice-line and is optically thick, being able to detect it.

Observing at a worse resolution (2 — 3au) would not be sufficient, as this would hide the water
ice-line within one or two synthesized beams.



Current best ALMA observations Simulated observations of our RT Solar System
(Band 6, Band 7) models (Band 10) to scale

20 au

Figure 3: Two possible models of the inner disk region of DoAr4/ deliminating the two most extreme
scenarios allowed by the SED. The left panel shows current best observations by [16]. The middle
panels shows our RT models (M1, M2) and simulated observations (S1, S2) with the requested config-
urations. M1 has o monotonous density profile, with the ring being caused by the added opacity
of water ice. M2 shows a hot region corresponding to the condensation line of silicates, and the water
snow-line, with a density inversion in between them. The pressure drops due to the condensation,
and this pressure minimum can accumulate dust, causing the density inversion.

2 Description of observations

We request to observe the pre-transitional disk DoAr44 in Band 10. To answer our science questions,
we require a single pointing in the C-9 and C-6 configurations. Such a configuration has been
suggested by the ALMA Observing Tool, based on the following observational requirements, which
were straight-forwardly derived from the science requirements:

OR1: The source shall be observed with an angular resolution of 9 milli-arcseconds.
OR2: The sensitivity shall be at least 0.5 mJy per synthesised beam.
OR3: The weakest detectable source component shall have at most 6 mJy per synthesised beam.

The OT estimates 42 minutes of on-source time in both configurations, resulting in a total of 3.8 h
with all overheads, split between the two configurations, which is within the expected available
times for Band 10.

Why DoAr44 Due to short dissipation timescales, DoAr44 might be one of the only pre-
transitional disks we will be able to image at the 1 au scale, providing an important constraint
for planet formation theories, including the convergent migration. It is also a unique laboratory to
directly observe condensation fronts of minerals that form the bulk of our own interplanetary
surroundings. It also has a large observational dataset, allowing the proposed Band 10 obser-
vations to determine the condensation front temperatures without unnecessary assumptions on
the inner and outer disk, as their temperature profiles are tightly constrained. From Spitzer [1], it
is known that DoAr44 contains vast amounts of water vapour, making it the perfect target to
investigate the water ice-line, the most important condensation line for our own solar system.
Due to its location in Ophiuchus, DoAr44 has great observability from the ALMA site, allowing for
flexible scheduling and observations at high altitudes, minimizing atmospheric effects. This is
specially important, as this is a Band 10 observation, requiring PWYV less than 0.65 mm.

3



Why ALMA High-frequency observations on long baselines, as offered for the first time by ALMA
in Cycle 11, will allow us for the first time to peer into the most interesting region of planet formation.
To probe the dust distribution, it is necessary to perform a mm or sub-mm observation. Other arrays
simply do not reach the required angular resolution — the SMA’s smallest beam is 250 mas, 25 times
larger than requested by this proposal. NOEMA also does not approach these angular scales, and
southern Ophiuchus cannot be easily observed from the Plateau de Bure. JWST and ELT/METIS
observations would be useful, but would reach the mid-plane dust, due to the optical thickness [23].

Why Band 10 To achieve the 1au resolution needed to distinguish the condensation fronts, it is
necessary to observe with ALMA at Band 10. This also means that the data from the ongoing Band
10 survey in Ophiuchus (2023.1.00131.S) will not be nearly sufficient, as it will be performed with
30 au resolution. For the first time, the new capabilities of ALMA in Cycle 11 allow us to peer into
the inner regions of Ophiuchus disks, allowing us to constrain their temperature and density profiles.
We plan to perform a continuum observation, taking advantage of the full 15 GHz DSB bandwidth
offered in Band 10. The weather constrains (< 0.65 mm PWYV) are essentially the same in Band 9,
and with a Band 10 observation we can achieve larger angular resolution.

Why C-9 and C-6 Condensation at a given pressure occurs at a well defined temperature, and
thus opacity increases rapidly in a small radial range. To differentiate between the condensation lines
of various chemical species, we are forced to propose for the C-9 configuration. However, based on
our radiative transfer models and our chemical calculations of the condensation sequence, the radii
of these condensation lines might extend up to ~ 10 au, which is above the largest recoverable scale
of C-9 in Band 10. For this reason, it is necessary to supplement the observations using the C-6
configuration in Band 10. As we are interested in the radial distributions of temperature and surface
density, any possible temporal variability between the two observations will not impact the results.

Analysis plan Our group has already constructed various radiative transfer models in pyshellspec
[14], a universal radiative transfer tool used for modelling interferometric visibilities (from ALMA,
VLTI, CHARA, NPOI, ...), spectral line profiles and broad-band SEDs, lightcurves and other observ-
ables. Among many other features, our models take into account the precise mineral composition,
evaporation temperatures and grain size distribution, making them capable to answer the key ques-
tions above given the Band 10 observations.
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