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free-free emission in
protoplanetary disks – A
multiwavelength analysis
of central mm/cm
emission in transition
disks

Work published in A. A. Rota, J. D. Meijerhof, N. van der Marel, L.
Francis, F. F. S. van der Tak, A. D. Sellek, 2024, Astronomy & Astrophysics,
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Abstract

The inner regions of protoplanetary disks are believed to be the primary
locations of planet formation and the processes that influence the global
evolution of the disk, such as magnetohydrodynamic winds and photoevap-
oration. Transition disks with large inner dust cavities are ideal targets
for studying the inner regions (of tens of au) of disks, as this is where the
central emission can be fully disentangled from the outer disk emission. We
present a homogeneous multiwavelength analysis of the continuum emission
in a sample of 11 transition disks. We investigate the nature of the central
emission close to the star, distinguishing between thermal dust and free-free
emission. We combined spatially resolved measurements of continuum emis-
sion from the archival Atacama Large Millimeter/Submillimeter Array data
with centimeter-wave (cm-wave) observations from the literature to study
the spectral indices of the inner and outer disks separately. While the emis-
sion from the outer disks is consistent with thermal dust emission, 10 out
of 11 of the spectral indices estimated for the central emission close to the
star suggest that this emission is free-free emission that is likely associated
with an ionized jet or a disk wind. We found no correlation between the
free-free luminosity and the accretion luminosity or the X-ray luminosity
and this argues against an explanation based on a potential photoevapora-
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22 2.1. INTRODUCTION

tive wind. A sub-linear correlation between the ionized mass loss rate and
the accretion rate onto the star was observed, suggesting the origin is drawn
from the ionized jet. The relative lack of millimeter-dust (mm-dust) grains
in the majority of inner disks in transition disks indicates that either such
dust grains have drifted quickly towards the central star, that grain growth
is less efficient in the inner disk, or that grains rapidly grow to planetesimal
sizes in the inner disk. The observed correlation between the ionized mass
loss rate and the accretion rate suggests the outflow is strictly connected to
stellar accretion and that accretion in these disks is driven by a jet.

2.1 Introduction

Protoplanetary disks surrounding young stars are the cradles where planets
are formed. High-resolution and high-sensitivity surveys of protoplanetary
disks conducted with the Atacama Large Millimeter/submillimeter Array
(ALMA) in nearby star-forming regions have revealed that nearly all large
disks (≳ 50 au in dust continuum emission) host substructures across dif-
ferent evolutionary stages (e.g., Andrews 2020, Long et al. 2018b). These
substructures are thought to be related to gas pressure maxima (e.g., Pinilla
et al. 2012) and they are the locations where dust grains are trapped (e.g.,
van der Marel et al. 2016b), allowing for the formation of planetesimals
(e.g., Pinilla et al. 2020). Since most of the planets are thought to form in
the inner tens of au close to the star, studying the innermost part of the
disk is crucial to the understanding of whether and how dust grains flow
through the gaps and grow in those regions. Moreover, the inner regions
of disks are host to the processes that influence the global evolution of the
disk, such as magnetohydrodynamic (MHD) winds and photoevaporation.
In particular, at each evolutionary stage, radially extended MHD winds,
surrounding collimated fast jets, are thought to be the primarily drivers
of disk accretion in the planet formation region (∼ 1 − 30 au), transport-
ing mass inwards and angular momentum outwards ( Pascucci et al. 2023,
Lesur 2021). Evolving towards Class II disks, as the accretion rate falls,
the jet disappears, while models predict that disk winds persist, evolving
from MHD-dominated to phoevaporation dominated and clearing the disk
(Ercolano & Pascucci 2017b, Pascucci et al. 2023). This scenario is sup-
ported by observations of optical forbidden line of [O I]6300 Å, which is a
long-established tracer of outflows in T Tauri stars. The high velocity com-
ponents HVC of [O I]6300 Å clearly originate in high-velocity (micro)jets
(e.g., observations in Dougados et al. 2000), while the low-velocity compo-
nents LVC are proposed to possibly track disk winds (Natta et al. 2014).
In line with the weaker emission expected over time, a survey conducted
in the Upper Sco region by Fang et al. 2023 shows a lower detection rate
of HVCs of [O I] emission, while the proportion of single component LVCs
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is increasing. Moreover, the [O I] luminosity is correlated with the lumi-
nosity of infrared emission from the disk and with the accretion luminosity,
demonstrating that the forbidden line emission is powered by accretion (e.g.,
Cabrit et al. 1990, Simon et al. 2016a, Banzatti et al. 2019b). Thus, this
shows that there is a link between the outflow and the stellar accretion.
Finally, the positive correlation between the centroid shift of the HVC and
the accretion luminosity suggests that a stronger accretion drives faster and
stronger jets (Banzatti et al. 2019b).

Transition disks with large inner dust cavities > 20 au are the ideal tar-
gets for studying the inner tens of au of protoplanetary disks, as the central
emission can be fully disentangled from the outer disk even at moderate
angular resolution of 0′′.1 thanks to the high spatial resolution and sensi-
tivity reached with ALMA. The cavities of these disks are not completely
devoid of dust and gas and an inner disk often exists close to the star, as
shown by the presence of near-infrared excess over the stellar black body
(e.g., Espaillat et al. 2007) and the high observed accretion rates onto the
central stars (e.g., Manara et al. 2014). Moreover, with the high spatial res-
olution and sensitivity reached with ALMA, CO emission has been detected
inside the cavities (e.g., van der Marel et al. 2016b) and dusty inner disks
with outer radii up to 10 au have been detected in many transition disks in
millimeter continuum emission (e.g., Francis & van der Marel 2020b, Cieza
et al. 2021). However, most of these inner disks are only marginally resolved
or unresolved, thus their properties and compositions are still unclear.

An efficient tool for studying the dust properties in these regions is the
analysis of the slope of the spectral energy distribution (SED) at millimeter
wavelengths. If the dust emission is optically thin, values of the spectral
index α of the (sub)millimeter emission of 2 < α ≤ 3 indicate dust growth
and presence of large dust particles (e.g., D’Alessio et al. 2001). Conversely,
values between −0.1 < α < 1.5 reveal a lack of millimeter dust and indi-
cate that the emission is likely dominated by free-free emission. Evidence
of free-free emission from the innermost region of the disk associated with
an ionized radio jet (e.g., Reynolds 1986), from a photoionized wind (e.g.,
Pascucci et al. 2012), or both (e.g., Macías et al. 2016) has already been
found in spatially resolved observations of a handful of single-source stud-
ies on TW Hydrae and GM Aur (Macías et al. 2021, Macías et al. 2016).
Moreover, unresolved SED photometry at centimeter wavelengths in other
protoplanetary disks have shows evidence of free-free emission (e.g., Ubach
et al. 2012, Zapata et al. 2017), which is shown to be highly variable, al-
though the underlying physical mechanism causing this variability remains
unclear (e.g., Ubach et al. 2017).

Therefore, a multiwavelength study of the central emission close to the
star in a wider sample of transition disks is needed to put more robust
constraints on the nature of this emission. In addition, such a study would
investigate possible correlations between the emission and the properties of
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the disk and the star.
In this work, we present a multiwavelength study of 11 transition disks,

using archival ALMA observations at 1 mm (Band 7 and 6) and 3 mm (Band
4 and 3), complemented with centimeter (cm) observations reported in the
literature conducted with the Karl G. Jansky Very Large Array (JVLA), the
Australia Telescope Compact Array (ATCA), and the Green Bank Telescope
(GBT). The paper is structured as follows. In Section 3.2, we present the
sample we analyzed in this work. In Sections 2.3, 4.3, and 4.4, we present our
analysis, results, and a discussion. In Section 4.5, we give our conclusions.

2.2 Sample and data reduction

2.2.1 Target selection

The sample analyzed in this paper consists of 11 transition disks within 200
pc and their cavities > 20 au (Table 5.1; see also van der Marel 2023c), cov-
ering a wide range of stellar parameters. The sample was selected starting
from the transition disk sample as defined in van der Marel (2023c), select-
ing disks which have already been observed with ALMA at 1 mm (Band
6 and/or Band 7) and at 3 mm (Band 3 and/or 4) and in which a central
point source of continuum emission close to the star was detected previously
(e.g., Francis & van der Marel 2020b). The transition disk around DoAr44
is excluded from the sample since, although the detection of a central point
source emission is claimed by Cieza et al. (2021), its flux density is detected
at less than 3σ and is not reported in a more recent study on the same
dataset by Arce-Tord et al. (2023).

The spectral types of the stars included in the sample vary from B9
to M6, the stellar luminosities range from 0.2 to 65 L⊙, the stellar masses
range from 0.2 to 2.3 M⊙, and accretion rates from 10−10 to 10−6 M⊙/yr
(e.g., Manara et al. 2023, Francis & van der Marel 2020b). Table 5.1 reports
the stellar properties of all disks in the sample analyzed in this work. When
available, the ALMA data have been complemented with centimeter obser-
vations conducted by ATCA and JVLA, with a typical angular resolution
from 0′′.1 to 1′′ − 2′′ (Rodríguez et al. 2014, Osorio et al. 2014, Casassus
et al. 2015, Marino et al. 2015, Wright et al. 2015, Zapata et al. 2017), or
by GBT, with a angular resolution of 24′′ (Greaves & Mason 2022). The
fourth column in Table 2.3 reports the Project IDs of the data analyzed
in this work and the references for values taken from literature. In addi-
tion to the disks in our sample, we included in the discussion TW Hya and
LkCa 15 for which a multiwavelength analysis has already been conducted
in literature (Macías et al. 2021, Facchini et al. 2020).
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Ṁ
lo

g
L
X

in
c

R
ef

.
(I

C
R

S
J
2
0
0
0
)

(I
C

R
S

J
2
0
0
0
)

[p
c]

[M
⊙

]
[L

⊙
]

[L
⊙

]
[M

⊙
y
r−

1
]

[e
rg

s−
1
]

[d
eg

]

A
B

A
u
r

0
4
:5

5
:4

5
.8

4
5
9

+
3
0
:3

3
:0

4
.2

9
2
1

1
6
3

A
0

2
.2

1
.6

1
+

0
.1

9
−

0
.2

1
1
.3

2
+

0
.1

4
−

0
.1

5
−

6
.1

3
+

0
.2

5
−

0
.2

7
2
9
.8

8
±

0
.3

0
‡

2
3

1
,2

,2
,5

G
G

T
a
u

A
A

/
A

b
0
4
:3

2
:3

0
.3

5
0
7

+
1
7
:3

1
:4

0
.4

9
4
1

1
4
9

K
7

0
.7

0
.2

0
±

0
.2

0
∗

0
.0

2
4

±
0
.2

5
−

7
.3

±
0
.5

2
9
.6

4
±

0
.3

0
‡

3
6

3
,.
.†

,3
,5

H
D

1
0
0
4
5
3

1
1
:3

3
:0

5
.5

7
6
6

-5
4
:1

9
:2

8
.5

4
7
1

1
0
4

A
9

1
.5

0
.8

5
+

0
.0

8
−

0
.0

9
−

0
.3

5
+

0
.2

8
−

0
.3

2
−

7
.7

9
+

0
.2

9
−

0
.3

3
–

3
0

2
,2

,2

H
D

1
0
0
5
4
6

1
1
:3

3
:2

5
.4

4
0
9

-7
0
:1

1
:4

1
.2

4
1
3

1
1
0

B
9

2
.2

1
.4

5
+

0
.1

1
−

0
.1

1
0
.9

7
±

0
.1

4
−

6
.5

9
+

0
.1

5
−

0
.1

2
2
9
.2

2
±

0
.3

0
‡

4
2

2
,2

,2
,5

H
D

1
3
5
3
4
4
B

1
5
:1

5
:4

8
.4

4
6
0

-3
7
:0

9
:1

6
.0

2
4
3

1
3
6

F
5

1
.6

0
.9

4
+

0
.1

3
−

0
.1

4
0
.0

9
+

0
.2

1
−

0
.2

2
−

7
.2

5
+

0
.2

1
−

0
.2

3
–

1
2

2
,2

,2
,5

H
D

1
4
2
5
2
7

1
5
:5

6
:4

1
.8

8
8
3

-4
2
:1

9
:2

3
.2

4
8
3

1
5
7

F
6

2
.3

1
.3

9
+

0
.0

9
−

0
.1

0
0
.6

5
+

0
.1

8
−

0
.1

9
−

6
.6

1
+

0
.1

5
+

0
.1

8
2
9
.6

0
±

0
.3

0
‡

2
7

2
,2

,2
,5

H
D

1
6
9
1
4
2

1
8
:2

4
:2

9
.7

8
0
0

-2
9
:4

6
:4

9
.3

2
7
4

1
1
4

A
5

2
1
.3

1
+

0
.1

2
−

0
.2

2
0
.5

9
±

0
.1

5
−

7
.0

9
+

0
.2

6
−

0
.2

9
2
8
.9

0
±

0
.3

0
‡

1
2

1
,2

,2
,5

M
W

C
7
5
8

0
5
:3

0
:2

7
.5

2
8
6

+
2
5
:1

9
:5

7
.0

7
6
3

1
6
0

A
7

1
.6

1
.0

4
+

0
.1

2
−

0
.0

8
0
.4

1
+

0
.1

7
−

0
.1

8
−

7
.0

0
+

0
.2

4
−

0
.2

2
2
9
.1

8
±

0
.0

9
2
1

1
,2

,2
,6

S
R

2
4
S

1
6
:2

6
:5

8
.5

1
3
4

-2
4
:4

5
:3

6
.7

2
2
6

1
1
4

K
1

1
.5

0
.4

0
±

0
.2

0
∗

0
.1

0
±

0
.2

5
−

7
.1

5
±

0
.5

–
4
6

3
,.
.†

,3
T

C
h
a

1
1
:5

7
:1

3
.5

2
4
5

-7
9
:2

1
:3

1
.5

3
0
5

1
1
0

K
0

1
.2

0
.1

1
±

0
.2

0
∗

0
.0

1
2

±
0
.2

5
−

8
.4

±
0
.5

3
0
.4

7
±

0
.3

0
‡

7
3

3
,.
.†

,3
,5

W
S
B
6
0

1
6
:2

8
:1

6
.5

1
2
9

-2
4
:3

6
:5

8
.0

5
4
9

1
3
7

M
6

0
.2

0
.3

3
±

0
.2

0
∗

−
1
.5

1
±

0
.2

5
−

7
.9

3
±

0
.3

5
–

2
8

4
,4

,4

N
ot

es
.

C
ol

um
ns

sh
ow

th
e

st
ar

co
or

di
na

te
s;

di
st

an
ce

,
d;

sp
ec

tr
al

ty
pe

,
Sp

T
;

st
el

la
r

m
as

s,
M

∗
;

an
d

lu
m

in
os

it
y,

L
∗
;

ac
cr

et
io

n
lu

m
in

os
it
y,

L̇
;a

cc
re

ti
on

ra
te

on
to

th
e

ce
nt

ra
ls

ta
r,

Ṁ
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2.2.2 Data reduction

The calibrated data were retrieved using the ALMA Pipeline reduction
scripts provided by the observatory and no self-calibration process was ap-
plied to the data. Continuum images of each target were created with
the task tclean of the Common Astronomy Software Applications package
(CASA, version 5.7.0, McMullin et al. 2007). As the relative sensitivity and
spatial sampling vary widely across the sample, for each individual disk and
observing wavelength the images were produced with different weighting
scheme. The cleaning was performed using natural, uniform, and Briggs
(with robust parameter between 0.5 and -1.0) weighting and selecting (for
each image) the weighting that maximizes the signal-to-noise ratio (S/N) for
the inner disks (see also Francis & van der Marel 2020b). Table 4.1 reports
for each disk and each wavelength the adopted weighting scheme, the final
beam size, and rms of the image. Figure 2.1 shows, as an example, the in-
tensity maps of the continuum emission in the disk around HD100546. The
intensity maps of all disks can be found in Appendix 2.6 (Figures 2.8-2.17).

2.3 Analysis

2.3.1 Central emission modeling and outer disk flux
density

For all disks in the sample, central emission close to the star has been de-
tected with ALMA both at 3 mm (Band 3 and/or Band 4) and at 1 mm
(Band 6 and/or Band 7), with the exception of T Cha, which was only
detected in Band 3 and non-detected at 1 mm. The central emission is
unresolved or marginally resolved in all cases. Previous claims of spatially
resolved inner disk emission by Francis & van der Marel (2020b) are poten-
tially caused by the influence of sidelobes inside the cavity, resulting from
the emission of the outer disk, on the outcome of the CASA imfit task, for
the marginally resolved cases. The only exception is the central emission in
WSB60, which deconvolved size is 160−250×140−200 mas – depending on
the observing wavelength, similar to what was previously recovered (Francis
& van der Marel 2020b).

For each disk and each wavelength, the flux density of the detected
central emission Finner is estimated through a 2D Gaussian fitting with the
CASA imfit task. If no central emission close to the star is detected down
to three times the rms level of the image and the cavity is resolved, an
upper limit of 5 times the rms is adopted. The total flux density Ftot of
the disk is measured with aperture photometry, summing all the pixels with
emission higher than three times the rms level in a circular region with a
radius larger than the disk.
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Table 2.2: Image properties

Target Frequency Weighting rms Beam Size Beam PA
[GHz] Scheme [mJy/beam] [deg]

GG Tau AA/Ab
97.50
236.51
343.51

Uniform
Briggs, r=0.0
Uniform

0.034
0.090
0.16

0′′.515 × 0′′.380
0′′.249 × 0′′.211
0′′.195 × 0′′.135

-32.533
22.565
-32.270

HD100546
98.39
225.00
338.18

Briggs, r=0.0
Briggs, r=0.0
Briggs, r=0.0

0.060
0.0081
0.096

0′′.073 × 0′′.050
0′′.025 × 0′′.017
0′′.042 × 0′′.026

-19.591
30.372
38.642

HD142527

103.36
144.98
225.05
343.47

Briggs, r=-1.0
Briggs, r=0.0
Uniform
Uniform

0.039
0.030
0.40
0.19

0′′.329 × 0′′.298
0′′.233 × 0′′.170
0′′.243 × 0′′.220
0′′.139 × 0′′.120

58.830
89.304
47.997
-51.061

AB Aur
144.76
232.71
337.77

Natural
Briggs, r=0.5
Briggs, r=0.5

0.0083
0.020
0.18

0′′.117 × 0′′.066
0′′.040 × 0′′.022
0′′.310 × 0′′.170

21.634
22.676
30.189

HD100453 96.15
225.71

Briggs, r=0.5
Natural

0.017
0.021

0′′.114 × 0′′.086
0′′.035 × 0′′.031

8.158
9.183

WSB60
102.42
225.00
343.51

Briggs, r=0.0
Natural
Briggs, r=0.0

0.049
0.028
0.36

0′′.187 × 0′′.087
0′′.048 × 0′′.030
0′′.154 × 0′′.128

58.126
88.640
59.146

HD169142
97.49
225.0
338.18

Briggs, r=1.0
Natural
Natural

0.0045
0.018
0.13

0′′.055 × 0′′.051
0′′.072 × 0′′.043
0′′.193 × 0′′.148

65.408
87.977
85.637

HD135344B
109.03
155.0
338.80

Natural
Briggs, r=0.5
Uniform

0.024
0.013
0.31

0′′.110 × 0′′.075
0′′.077 × 0′′.046
0′′.245 × 0′′.180

28.087
35.248
52.532

MWC758 343.5 Briggs, r=0.5 0.019 0′′.040 × 0′′.031 0.515

SR24S
108.84
225.00
343.48

Briggs, r=-1.0
Natural
Superuniform

0.037
0.037
0.35

0′′.078 × 0′′.065
0′′.043 × 0′′.035
0′′.133 × 0′′.107

67.058
85.702
66.700

TCha
97.49
225.17
338.12

Briggs, r=-1.0
Natural
Superuniform

0.029
0.082
0.40

0′′.073 × 0′′.033
0′′.155 × 0′′.086
0′′.296 × 0′′.170

-20.278
-11.487
31.430

Notes. Columns show for each target the observing frequency, the selected weight-
ing scheme for the cleaning, the rms of the final image, the beam size, and the
beam position angle (PA).
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Figure 2.1: Intensity maps of the disk around HD100546. The first, second,
and third columns show the images of the disk in Band 3, Band 6, and Band 7,
respectively. The images in the first row are 1′′.0 × 1′′.0, while the zooms in the
second row are 0′′.3×0′′.3. In each image, the color scale has the peak flux as the
maximum, and the image rms as minimum. All bars in the bottom right are 0′′.1
in length, which is ∼ 11 au at the distance of the source. White contours show
three, five, and seven times the rms of the continuum emission.
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The outer disk flux density Fouter is then estimated subtracting Finner
from Ftot. Table 2.3 reports the estimated flux densities Finner and Fouter.
The uncertainties on the flux densities take into account the 10% and 5%
calibration uncertainty usually assumed on ALMA flux measurements in
Bands 6/7 and Bands 3/4, respectively. If no inner disk is detected, the
total flux density of the disk is assumed as an estimate of the outer disk
flux density.
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2.3.2 Millimeter spectral index

Figure 2.2 shows the SED for each disk in the sample. The spectral index
of the emission has been estimated for both the central emission and the
outer emission, with a linear fit, given an assumed correlation between the
flux density and frequency:

logFν = logA+ α log ν. (2.1)

Since the outer disk emission is detected and resolved in all the disks at
each analyzed wavelength, the spectral index of the outer disk, αouter, is
estimated including all the available data in the linear fit. If more than two
detections are available, the best-fit parameters – logAouter and αouter – are
estimated using the curve_fit function of the scipy module; otherwise,
the spectral index (and the relative intercept) is “manually” calculated as
αouter = log(F1/F2)/ log(ν1/ν2), where F1 and F2 are the observed flux
densities at the frequency ν1 and ν2, respectively. The best-fit relation is
shown in Figure 2.2 with green dashed lines. The spectral index of the
central emission αinner is estimated with a slightly different analysis based
on the bands in which the central emission is detected.

As for GG Tau, HD100546, and HD142527, for which the central emis-
sion is detected in both Bands 6 and 7, we first estimated the expected
contribution of the thermal dust at 3 mm. Assuming that the emission at
1 mm is dominated by thermal dust with only a small contribution from
the free-free emission, we calculated the spectral index of the emission at
1 mm α1mm = log(SB6/SB7)/ log(νB6/νB7) (see dashed-dotted lines in the
figure) and then we extrapolated the expected dust contribution to the flux
density at 3 mm, using Equation (2.1). Subtracting the dust contribution
thus calculated from the observed flux density at 3 mm, we estimate the
fraction of the observed flux density at 3 mm likely associated with free-free
emission (blue crosses in the figure). We then estimated the spectral index
αextrap including the extrapolated flux density at 3 mm and literature data
at centimeter wavelengths (see the dotted line in the figure); αextrap is the
expected spectral index of the central emission if we assume that the emis-
sion at 1 mm is dominated by thermal dust emission. However, an unknown
fraction of the 1 mm flux is due to free-free emission, and, thus, αextrap is the
expected minimum value for the spectral index. To estimate the maximum
value of the spectral index, we calculated the spectral index of the 3 mm
and cm emission α3mm-cm without subtracting the expected contribution
of the dust at 3 mm (see blue dashed lines in the figure). Then, α3mm-cm
is still contaminated with the dust contribution at 2-3 mm; thus, it is the
maximum possible value for the spectral index of the central emission. In
this way, the interval [αextrap, α3mm-cm] is the best estimate for the spectral
index of the inner central emission.
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Figure 2.2: SED of each disk in the sample. Green dots show the estimated
fluxes at different wavelengths for the outer disk, while blue squares refer to the
inner disk. As for the cm data from the literature, if the emission of the inner disk
is resolved from the emission from the outer disk, the label “resolved” is added to
the legend. The green lines show the best-fit for the outer disk. The blue lines
refer to the inner disk emission. In particular, dash-dotted, dashed, and dotted
blue lines in the first row refer to the best-fit between the 1 mm observations,
the best-fit between the 3mm and cm observations, and the best-fit between the
3 mm data without the dust contribution and the cm-data, respectively. The
dashed blue lines in the second, third, and fourth rows show the best-fit between
all the available data. See the text for further details.
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Figure 2.3: Spectral indices of the mm-wave emission. Green dots refer to the
outer disk, while blue squares and red crosses refer to the central emission. For the
first three targets – GGTau, HD100546, and HD142527 – the red crosses indicate
αextrap, while the blue squares indicate α3mm-cm (see text for further details). The
dashed grey line shows the value of the spectral index in the ISM, α = 3.7, while
the black line shows α = 2.

In the case of AB Aur, since α1mm is negative due to missing short
baselines and, thus, we cannot estimate the dust contribution in Band 4,
we assumed α3mm-cm as the best estimate of αinner. As for HD100453 and
WSB60, although the central emission is detected in both Bands 6 and
7, αinner is estimated using all available data without extrapolating the
dust contribution at 3 mm, since no cm-wave data are available to apply
the same analysis done for GG Tau, HD100546, and HD142527. For all
the other disks, since the central emission is detected in only one band
at 1 mm and, thus, we cannot estimate the dust contribution at lower
frequencies, αinner, is estimated with all available data. In the case of SR24S
and HD169142, since we have both Band 3/4 and cm-wave detections, we
did not include Band 6 observations in the fit, so that the dust contribution
to the estimated spectral index could be minimized. The estimated spectral
indices are summarized in Table 2.4 and shown in Figure 2.3.
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2.4 Results

As shown in Figure 2.3, the estimated spectral indices for the outer disk
emission are (in all cases) equal to > 2, with a median value of ∼ 2.6. The
spectral indices of the outer disks are thus consistent with thermal dust
emission associated with dust growth, similar to other protoplanetary disks
(Testi et al. 2014). Conversely, values of α < 2 are found for the central
emission close to the star, suggesting that free-free emission may dominate
in this region of the disk. Dust self-scattering effects are known to lower the
spectral index down to α ∼ 1.5 (Sierra & Lizano 2020b). However, once we
take into account the dust contribution, we expect the mean values of αinner
to be lower than those reported here, strengthening the indication of free-
free emission. It is only in two cases, namely, the disk around WSB60 and
HD135344B, that the estimated spectral indices, αinner, are consistent with
α = 2 within 2σ. As for the disk around WSB60, it is the only case in the
analyzed sample where the detected central emission is resolved with a size
of ∼ 0′′.2 (∼ 27.4 au) and a beam size of ∼ 0′′.1; thus, it is expected that the
emission is most likely dominated by thermal dust emission with α ∼ 2. As
for HD135344B, the central emission is not resolved at a resolution of ∼ 0′′.1
(∼ 13.6 au) and it is detected only in Bands 4 and 6 with solely an upper
limit at cm wavelengths available from the literature (Zapata et al. 2017).
The estimated spectral index is thus contaminated by the dust contribution
and, for this reason, we expect the ‘real’ value of the spectral index to be
smaller than the one calculated here, and thus more consistent with free-free
emission than with thermal dust.

2.5 Discussion

While the spectral indices of the outer disk emission are consistent in all
cases with thermal dust emission, in 10 out of the 11 disks, the inner central
emission appears dominated by free-free emission. This emission can be
associated with gas from an ionized jet (e.g., Reynolds 1986), a disk wind
(e.g., Pascucci et al. 2012), or from both (e.g., Macías et al. 2016).

2.5.1 Inner-disk dust masses

As we note earlier in this work, the relative lack of mm-dust grains in the
majority of inner disks suggests that either such dust grains have drifted
quickly towards the central star, that grain growth is less efficient in the
inner disk, or that grains grow rapidly to planetesimal sizes in the inner
disk. This result calls into question some of the results discussed in Francis
& van der Marel (2020b), as the inner disk mm-dust mass may be much
lower than previously derived at least in the disks analyzed here. In the
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assumption of optically thin emission and in the blackbody approximation
– namely, ignoring scattering effects, the dust mass is (see the approach
described in Section 3.2 and Equation (12) in Francis & van der Marel
2020b):

Mdust =
Fνd

2 cos i

κν
2ν2kB

c2
4

√
ϕL∗
8πσB

(Rid −Rsubl)

2(R
1/2
id −R

1/2
subl)

, (2.2)

where the dust opacity κν is 10 cm2 g−1 at 1000 GHz, with an opacity
power-law index of β = 1.0 (Beckwith & Sargent 1991), σB as the Stefan-
Boltzmann constant, and kB as the Boltzmann constant. Also, Fν is the flux
observed at the frequency ν, i is the disk inclination, d the distance, ϕ is the
flaring angle (taken as 0.02), and L∗ the stellar luminosity. The sublimation
radius is Rsubl = 0.07

√
L∗(L⊙) (Dullemond et al. 2001), while Rid is the

inner disk radius. Since the free-free emission is likely to be negligible and
not-extended at 1 mm, the inner dust masses are estimated starting from
the fluxes observed at Bands 6 or 7 (when available), assuming as an upper
limit on Rid the corresponding beam size. It is only in the case of TCha
that (since the central emission is not detected in Bands 6 or 7) we used
the flux observed in Band 3 to estimate the mass. Table 2.5 reports for
each target the band which flux has been used for the mass estimate, the
assumed inner disk radius and the derived inner dust mass. The millimeter
inner disk dust masses estimated in this way range between 0.004M⊕ and
1.37M⊕.

These dust masses are highly uncertain. On one hand, within the as-
sumption that the emission is optically thin, the values should be consid-
ered as upper limits for all the sources (excluding GG Tau, HD100546, and
HD142527) since we cannot distinguish the thermal dust contribution from
the free-free emission. On the other hand, if the emission is optically thick,
these values should be considered as lower limits. Moreover, the α1mm < 3
for GG Tau, HD100546, and HD142527 (see Table 2.4) suggest that scatter-
ing effects cannot be neglected. A full radiative transfer modeling approach
is thus required to obtain a better estimate of the inner disk dust masses.
This modeling is beyond the scope of this study and left for future work.

2.5.2 Photoevaporative wind or jet-and-MHD wind

The central emission is thus dominated by free-free emission from either a jet
or a photoevaporative wind. With the assumption that the central emission
is associated with a photoevaporative wind, in the optically thin domain, the
free-free luminosity is linearly dependent on the extreme-ultraviolet (EUV)
luminosity ΦEUV – in turn expected to be correlated with the accretion
luminosity, Lacc (Ercolano & Owen 2016) – or on the X-ray luminosity, LX ,
in the case of fully or partially ionized wind, respectively (Pascucci et al.
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Table 2.5: Estimated inner disk dust mass

Target Band Beam size Rid [au] Mdust [M⊕]
GG Tau Band 7 0′′.195× 0′′.135 < 30 ∼ 1.00

HD100546 Band 6 0′′.025× 0′′.017 < 1.9 ∼ 0.024
HD142527 Band 7 0′′.139× 0′′.120 < 18.8 ∼ 0.096
AB Aur Band 6 0′′.040× 0′′.022 < 6.5 ∼ 0.022

HD100453 Band 7 0′′.035× 0′′.031 < 3.6 ∼ 0.011
WSB60 Band 6 0′′.048× 0′′.030 < 4.1 ∼ 1.37

HD169142 Band 6 0′′.072× 0′′.043 < 4.9 ∼ 0.0076
HD135344B Band 6 0′′.245× 0′′.180 < 24.5 ∼ 0.013
MWC758 Band 7 0′′.040× 0′′.031 < 5.0 ∼ 0.0042
SR24S Band 6 0′′.043× 0′′.035 < 4.0 ∼ 0.022
TCha Band 3 0′′.296× 0′′.170 < 18.7 ∼ 0.15

Notes. Columns show the target name, the band which flux has been used for
the mass estimate, and the estimated inner disk dust mass in Earth mass. The
dust masses here reported are highly uncertain. See the text for a more complete
discussion.

2012, Pascucci et al. 2014). The top panel in Figure 2.4 shows that no strong
correlation between the free-free luminosity, as inferred from the millimeter
flux, and the accretion luminosity is found (pearson correlation coefficient
r = 0.49±0.28, p-value p = 0.10). Moreover, as shown by the bottom panel
in the figure, no correlation between the free-free luminosity and the X-ray
luminosity is found (pearson correlation coefficient r = −0.09±0.37, p-value
p = 0.82). The central free-free emission is thus not likely to be associated
with a photoevaporative wind. Moreover, flat or positive spectral indices,
as the one estimated for our sample, are expected to be associated with
partially optically thick free-free emission due to other mechanisms, such
as collimated ionized outflows and jets, rather than photoevaporative winds
(Pascucci et al. 2012).

2.5.3 Properties of the jet emission

Assuming that the central emission is associated with a jet, we compared
the observed fluxes in our sample of Class II disks to the fluxes of radio
jets observed at 3.6 cm in a sample of younger Class 0-I disks (Anglada
et al. 2018). Figure 2.5 shows this comparison. The blue dots show the
expected luminosities at 3.6 cm in our sample, extrapolated using Equation
2.1 and the estimated αinner (Table 2.4), while the red triangles show the
luminosities of the radio jets, reported in Anglada et al. 2018.
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Figure 2.4: Observed luminosity at 3 mm as a function of the accretion luminos-
ity onto the central star (top) and as a function of the X-ray luminosity onto the
central star (bottom). Since ALMA Band 3 data were not available, the luminos-
ity at 90 GHz for MWC758, AB Aur, and HD135344B are extrapolated using the
estimated spectral index, from either Bands 7 or 4 data. In all other cases, Band
3 luminosities are shown. The X-ray luminosities of HD100453, HD135344B, and
SR24S are not available in the literature (and, thus, not shown).
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Figure 2.5: 3.6 cm luminosity as a function of the stellar/bolometric luminos-
ity for the central emission observed in our sample and for Class 0-I radio jets
(Anglada et al. 2018). The disk around WSB60 is not shown since the emission
is dominated by thermal dust contribution.

The Class II disks in our sample are found to be underluminous with
respect to the Class 0-I disks. As discussed in Anglada et al. (2018), the
accretion component of the luminosity is correlated with the radio flux of the
jet, and thus with the outflow. While the accretion luminosity is dominant
in the youngest objects, in more evolved sources the total luminosity is more
affected by the stellar contribution (which is not expected to be correlated
with the radio emission); thus, it is expected that in Class II disks, as the
ones studied in this work, the 3.6 cm luminosity is correlated with only a
fraction of the bolometric luminosity.

We now investigate the relation between the free-free emission and the
accretion rate onto the central star. Under the assumption that the central
emission in those ten systems is associated with the gas from an ionized
jet, we estimated the ionized mass loss rate Ṁi following the modeling of
the free-free emission from a jet by Reynolds (1986) (see also Anglada et al.
(2018)):
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(
Ṁi
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where α is the spectral index, Fν is the continuum flux at the frequency ν
(observed or extrapolated at 2-3 mm in our case, or 1 mm when the emission
is not detected at 2-3 mm), and d is the distance to the source. The injection
opening angle of the jet θ0 is approximated as 2 arctan(θmin/θmaj) (Anglada
et al. 2018), with the ratio between the minor and major axis of the jet
θmin/θmaj assumed equal to 0.5 (see Kavak et al. 2021). A value of T = 104

K is adopted for the ionized gas (see Anglada et al. 2018). Since the value of
the turnover frequency has not been determined directly from observations
yet (Anglada et al. 2018), a turnover frequency of ν = 40 GHz is assumed
(Kavak et al. 2021). However, since the dependence of the ionized mass loss
rate on ν is almost negligible and disappears for α = 0.6, this assumption
will not significantly impact the estimate of Ṁi.

We assumed that the jet is perpendicular to the plane of the disk, and
thus the inclination of the outer disk (reported in Table 5.1) is taken as the
inclination of the jet i. Finally, we assumed that the velocity of the jet vjet
is (see the discussion in Anglada et al. 2018):(

vjet

km s−1

)
≃ 140

(
M∗

0.5M⊙

)1/2

. (2.4)

The ionized mass loss rate cannot be computed for the disk around
HD100453 and WSB60, where, since the dust is probably significantly con-
tributing to the emission, the estimated spectral index is > 1.3 and the
denominator in the first line in Equation 3.2 is negative. Table 2.4 reports
the values for Ṁi calculated for the disks in our sample. In addition to the
disks in our sample, we computed the ionized mass loss rate for the central
emission in TW Hya and LkCa 15 (Macías et al. 2021, Facchini et al. 2020).
As for TW Hya, Macías et al. (2021) reported a the spectral index of the
central emission of αinner = 0.65 ± 0.05, while the accretion rate onto the
central star is log Ṁ = −8.60±0.35M⊙/yr (Venuti et al. 2019). The spectral
index of LkCa 15, reported by Facchini et al. (2020), is αinner = 0.9 ± 0.2,
with an accretion rate of log Ṁ = −7.94±0.35M⊙/yr (Manara et al. 2023).



CHAPTER 2 43

Figure 2.6 shows the ionized mass loss rate estimated from the detected free-
free emission flux as a function of the accretion rate, as determined from Hα
emission (see Table 5.1). The ionized mass loss rates span from ∼ 10−10 to
∼ 10−8M⊙/yr and the corresponding Ṁi/Ṁ ratios range between ∼ 0.01
and ∼ 0.1, with a median ratio of 0.019. A correlation between mentioned
properties is found with a pearson correlation coefficient, r = 0.86 ± 0.17
and p-value p = 0.0009, and with the following relationship1:(

Ṁi

M⊙yr−1

)
= 10−4.47±1.53

(
Ṁ

M⊙yr−1

)0.62±0.21

. (2.5)

This positive correlation between the accretion rate and the ionized mass
loss rate, as inferred from the free-free emission, implies that jets and/or
ionized MHD winds are one of the main drivers of accretion in protoplan-
etary disks. Moreover, the ratio Ṁi/Ṁ characterizes the jet efficiency ξ of
the outflow launch, defined as ξ = (1/Ṁ)(dṀi/d logR) ∼ (Ṁi/Ṁ)(R/dR)
(e.g., Lesur et al. 2023, Pascucci et al. 2023). Since the correlation is slightly
sub-linear, the jet efficiency, and thus the efficiency of the angular momen-
tum extraction, is anti-correlated with the stellar accretion rate (Figure
2.7). Similar behavior can commonly be seen in MHD simulations (e.g.,
Lesur 2021), where higher magnetizations lead to higher accretion rates but
lower efficiencies.

These results are consistent with ionized mass ejection rates measured
from HVC [O I]6300 Å line luminosity in a sample of 131 young stars with
disks in the Lupus, Chamaeleon and σOrionis star-forming region (Nisini
et al. 2018). The Ṁi/Ṁ ratio in that sample ranges from ∼ 0.01 to ∼ 0.5,
with the tendency for sources with higher accretion rates (> 10−8M⊙/yr,
as those analyzed in this work) of displaying ratios lower than 0.1 and with
44% of the entire sample (considering both detections and upper limits),
having Ṁi/Ṁ < 0.03. Although the free-free emission is known to be
highly variable (e.g., Ubach et al. 2017), its variability has not been well
characterized yet and its origin is still unclear. On the other hand, the
accretion rate onto the central star has been shown to be variable with time
in some cases (e.g., Venuti et al. 2014). The observed correlation between
the accretion rate and the ionized mass loss rate, as inferred from the free-
free emission, shows that the variability of these two properties might be
as well correlated. Nevertheless, Espaillat et al. 2022 report no variability
in the 3 cm emission of GM Aur observed in a monitoring campaign with
VLA, concluding that changes of less than a factor of ∼ 3 in the accretion
rates do not lead to detectable changes in the mass-loss rate traced by the
jet at cm-wavelengths. Moreover, since a correlation is observed despite the
accretion rates and the free-free emission having not been estimated at the

1The liner regression was performed with linmix (Kelly 2007)
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Figure 2.6: Ionized mass loss rate as a function of the accretion rate onto the
central star for the central emission observed in the sample. The black line shows
the best-fit correlation.

same time, the impact of variability of the emission on the Ṁi/Ṁ should be
small. Therefore, the observed scatter in the Ṁi/Ṁ may not reflect a real
difference in the jet efficiency among sources. A study on a larger sample
of disks with a long-term monitoring of these properties is needed to better
understand and characterize the interplay between the accretion rate and
the free-free emission.

In summary, the positive correlation between the ionized mass loss rate
and the accretion rate found in this work confirm the connection between
accretion and outflow, already expected from studies of the hot neutral gas
traced by the HVC [O I]6300 Å line, with an independent new method,
opening up new possibilities in analyzing disk evolution and angular mo-
mentum transport processes, even in targets where HVC [O I]6300 Å are
usually not detected.

2.6 Conclusions

In this work, we analyze archival ALMA observations at 1 mm and 3 mm
of 11 transition disks in nearby star-forming regions. Central emission close
to the star has been detected at multiple frequencies in all targets in our
sample. The analysis of the spectral energy distribution showed that the
millimeter spectral index of the emission of the outer disk is consistent with
dust growth, similar to regular protoplanetary disks. On the other hand, the
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Figure 2.7: Jet efficiency in regulating the mass transfer from the disk to the
star, Ṁi/Ṁ , as a function of the accretion rate onto the central star. The black
line (and gray lines) shows the best-fit correlation (with relative uncertainty).

central emission close to the star is likely associated with free-free emission
from an ionized jet or a disk wind (0 < α < 1) in all disks in the sample,
except WSB60. We summarize our main conclusions below:

• The lack of mm-dust grains in the majority of inner disks in transition
disks suggests that either such dust grains have drifted quickly towards
the central star, grain growth is less efficient in the inner disk, or grains
grow rapidly to planetesimal sizes in the inner disk.

• The central cm-wave luminosity of the transition disks at a given
bolometric luminosity is found to be underluminous with respect to
younger Class 0-I objects, indicating that the accretion component is
a small fraction of their bolometric luminosity.

• No correlation between the free-free luminosity and the accretion lumi-
nosity or the X-ray luminosity was found, suggesting that the central
free-free emission in these disks is more likely associated with a jet
and/or MHD wind, rather than with a photoevaporative wind.

• Under the assumption that the central emission is associated with a
jet, a correlation with a pearson coefficient r = 0.89 ± 0.15 and p-
value p = 0.0002 is found between the ionized mass loss rate and the
accretion rate onto the central star, confirming that the outflow is
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strictly connected with the stellar accretion, implying that accretion
in these disks is mainly driven by a jet. This correlation is slightly
sub-linear, pointing out that the jet efficiency in regulating the mass
transfer from the disk to the star is anti-correlated with the stellar
accretion rate.

Observations in a larger sample of transition disks, including centimeter
and ALMA Band 1 data, where the contribution of the free-free emission
is expected to dominate, will be crucial to minimize the contribution of the
thermal dust to the spectral index estimate and to confirm that the central
emission is associated with free-free emission. Moreover, the estimate of the
spectral index of the central emission in a larger sample will allow for the
observed correlation between the accretion rate and the ionized mass loss
rate to be strengthened. Finally, a long-term monitoring of the accretion
rate and of the ionized mass loss rate is needed to better characterize the
interplay between these two properties and to better constrain the impact
of the variability of the emission on the observed correlation.
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Appendix: Intensity maps

Figures 2.8-2.17 show the intensity maps of each disk in each analyzed wave-
length.
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Figure 2.8: Intensity maps of the disk around HD100453. The first and second
columns show the images of the disk in Band 3 and Band 6, respectively. Band
7 observations used in this work are from Rosotti et al. 2020. The images in the
first row are 1′′.0 × 1′′.0, while the zooms in the second row are 0′′.3 × 0′′.3. In
each image, the color scale has the peak flux as the maximum, and the image rms
as minimum. All bars in the bottom right are 0′′.1 in length, which is ∼ 10.4 au
at the distance of the source. White contours show three, five, and seven times
the rms of the continuum emission.

Figure 2.9: Intensity maps of the disk around HD169142. The first, second,
and third columns show the images of the disk in Band 3, Band 7, and Band 7,
respectively. The images in the first row are 2′′.0 × 2′′.0, while the zooms in the
second row are 0′′.3 × 0′′.3. In each image, the color scale has the peak flux as
the maximum, and the image rms as minimum. All bars in the bottom right are
0′′.1 in length, which is ∼ 11.4 au at the distance of the source. White contours
show three, five, and seven times the rms of the continuum emission.
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Figure 2.10: Intensity maps of the disk around WSB60. The first, second,
and third columns show the images of the disk in Band 3, Band 7, and Band 7,
respectively. The images in the first row are 1′′.5 × 1′′.5, while the zooms in the
second row are 0′′.4 × 0′′.4. In each image, the color scale has the peak flux as
the maximum, and the image rms as minimum. All bars in the bottom right are
0′′.1 in length, which is ∼ 13.7 au at the distance of the source. White contours
show three, five, and seven times the rms of the continuum emission.

Figure 2.11: Intensity maps of the disk around HD1035344B. The first and
second columns show the images of the disk in Band 4 and Band 6, respectively.
Band 6 observations used in this work are from Casassus et al. 2015. The images
in the first row are 2′′.0×2′′.0, while the zooms in the second row are 0′′.5×0′′.5.
In each image, the color scale has the peak flux as the maximum, and the image
rms as minimum. All bars in the bottom right are 0′′.1 in length, which is ∼ 13.6
au at the distance of the source. White contours show three, five, and seven times
the rms of the continuum emission.
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Figure 2.12: Intensity maps of the disk around T Cha. The first, second, and
third columns show the images of the disk in Band 3, Band 6, and Band 7,
respectively. The images in the first row are 1′′.5 × 1′′.5, while the zooms in the
second row are 0′′.3×0′′.3. In each image, the color scale has the peak flux as the
maximum and the image rms as minimum. All bars in the bottom right are 0′′.1
in length, which is ∼ 11.0 au at the distance of the source. White contours show
three, five, and seven times the rms of the continuum emission.

Figure 2.13: Intensity maps of the disk around SR24S. The first, second, and
third columns show the images of the disk in Band 3, Band 6, and Band 7,
respectively. The images in the first row are 1′′.5 × 1′′.5, while the zooms in the
second row are 0′′.5 × 0′′.5. In each image, the color scale has the peak flux as
the maximum, and the image rms as minimum. All bars in the bottom right are
0′′.1 in length, which is ∼ 11.4 au at the distance of the source. White contours
show three, five, and seven times the rms of the continuum emission.
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Figure 2.14: Intensity maps of the disk around GG Tau. The first, second,
and third columns show the images of the disk in Band 3, Band 6, and Band 7,
respectively. The images in the first row are 5′′.0 × 5′′.0, while the zooms in the
second row are 1′′.5 × 1′′.5. In each image, the color scale has the peak flux as
the maximum, and the image rms as minimum. All bars in the bottom right are
0′′.1 in length, which is ∼ 14.9 au at the distance of the source. White contours
show three, five, and seven times the rms of the continuum emission.

Figure 2.15: Intensity maps of the disk around HD142527. The first, second,
third, and fourth columns show the images of the disk in Band 3, Band 4, Band
6, and Band 7, respectively. The images in the first row are 4′′.5× 4′′.5, while the
zooms in the second row are 1′′.5×1′′.5. In each image, the color scale has the peak
flux as the maximum, and the image rms as minimum. All bars in the bottom
right are 0′′.1 in length, which is ∼ 15.7 au at the distance of the source. White
contours show three, five, and seven times the rms of the continuum emission.
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Figure 2.16: Intensity maps of the disk around MWC758. The image of the disk
in Band 7 is show. The images in the first row are 2′′.0× 2′′.0, while the zooms in
the second row are 0′′.5×0′′.5. In each image, the color scale has the peak flux as
the maximum, and the image rms as minimum. All bars in the bottom right are
0′′.1 in length, which is ∼ 16.0 au at the distance of the source. White contours
show three, five, and seven times the rms of the continuum emission.

Figure 2.17: Intensity maps of the disk around AB Aur. The first, second,
and third columns show the images of the disk in Band 4, Band 6, and Band 7,
respectively. The images in the first row are 3′′.5 × 3′′.5, while the zooms in the
second row are 0′′.5 × 0′′.5. In each image, the color scale has the peak flux as
the maximum, and the image rms as minimum. All bars in the bottom right are
0′′.1 in length, which is ∼ 16.3 au at the distance of the source. White contours
show three, five, and seven times the rms of the continuum emission.




