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ABSTRACT

The processes regulating protoplanetary disk evolution are constrained by studying how mass accretion rates scale with stellar and disk properties.
The spread in these relations can be used as a constraint to the models of disk evolution, but only if the impact of accretion variability is correctly
accounted for. While the effect of variability might be substantial in the embedded phases of star formation, it is often considered limited at later
stages. Here we report on the observed large variation in the accretion rate for one target, XX Cha, and we discuss the impact on population
studies of classical T Tauri stars. The mass accretion rate determined by fitting the UV-to-near-infrared spectrum in recent X-shooter observations
is compared with the one measured with the same instrument 11 years before. XX Cha displays an accretion variability of almost 2 dex between
2010 and 2021. Although the timescales on which this variability happens are uncertain, XX Cha displays an extreme accretion variability for a
classical T Tauri star. If such behavior is common among classical T Tauri stars, possibly on longer timescales than previously probed, it could be
relevant for discussing the disk evolution models constrained by the observed spread in accretion rates. Finally, we remark that previous studies of
accretion variability based on spectral lines may have underestimated the variability of some targets.

Key words. accretion, accretion disks — stars: pre-main sequence — stars: variables: T Tauri, Herbig Ae/Be — stars: individual: XX Cha

1. Introduction

While planets are forming, the protoplanetary disks they are born
in evolve under the effect of several processes. Of particular rel-
evance is how the material is transported through the disk and
how it is accreted onto the central star (Hartmann et al. 2016).
Accretion regulates the final stellar mass, and it is commonly
used in combination with the stellar and disk mass to constrain
the models driving the global evolution of disks (Manara et al.
2022).

The accretion process is intrinsically highly variable (e.g.,
Stauffer et al. 2014) on timescales of minutes to years (e.g.,
Fang et al. 2013; Costigan et al. 2014), with different mag-
nitudes of variability (e.g., Hillenbrand & Findeisen 2015;
Fischer et al. 2022). It has often been questioned whether accre-
tion variability can explain the spread of ~2-3 dex observed in
the relations between accretion rates and stellar or disk masses
(e.g., Manara et al. 2020, 2022). If not dominated by accretion
variability, this spread is a way to test and constrain disk evolu-
tion models, in particular to highlight the limits of the viscous
evolution scenario (e.g., Mulders et al. 2017; Lodato et al. 2017,
Manara et al. 2020, 2022). Independently from each other, sev-
eral works have shown that, typically, accretion variability peaks
at <0.5 dex on timescales of a few weeks (Costigan et al. 2012,
2014; Biazzo et al. 2012, 2014; Venuti et al. 2014; Frasca et al.
2015; Zsidi et al. 2022). Such variability is too small to explain

* Based on observations collected at the European Southern Obser-
vatory under ESO programmes 084.C-1095 and 106.20Z8.

the observed scatter. However, little data exist probing longer
timescales of decades, and this is usually limited to single band
photometric studies, which would hardly distinguish between
variations in the stellar photosphere or accretion variability.
Finally, a tiny fraction of young stars, named FU Orionis and
EXor, have been identified to show a strong (~2-3 dex) increase
in their accretion rates lasting years (e.g., Audard et al. 2014;
Fischer et al. 2022). Since they are rare, they are not considered
to have a significant impact on the observed relations.

Here we present and analyze the case of the highly variable
young stellar object (YSO) XX Cha, observed with the same
spectrograph in 2010 (Manara et al. 2016, 2017) and then in
2021. We then discuss the implications on studies of disk evo-
lution based on accretion and stellar or disk masses.

2. Target, observations, and data reduction

The target of this study is XX Cha (2MASS J11113965-
7620152, Ass Cha T 2-49), a classical T Tauri star (CTTS) in the
Chamaeleon I region, at a distance of 192 pc (Gaia Collaboration
2021). This star is part of a very wide binary system with CHX
18N (Kraus & Hillenbrand 2007), with an angular separation of
24.38"” ~ 4600 au.

XX Cha hosts a disk that was detected with Atacama
Large Millimeter Array (ALMA) in the Band 7 continuum
(Pascucci et al. 2016), but it was not detected in the '*CO gas
emission (Long et al. 2017). The corresponding disk dust mass
is 8.12 Mg (Manara et al. 2022).
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Fig. 1. Comparison between the spectra of XX Cha as observed with X-shooter in January 2010 (orange) and June 2021 (blue). For the sake of
clarity of the figure, the spectra were convolved by a Gaussian with a standard deviation of three times the spectral resolution.

XX Cha is known to have a significant mid-infrared vari-
ability. Késpdl et al. (2012) compared the ISO/ISOPHOT-S and
Spitzer IRS spectra of this target, and found a strong decadal
change in the 5-12um range, with a peculiar wavelength
dependence. XX Cha is one of the only sources where an anti-
correlation was found in the silicate emission feature at 10 pm
with the continuum flux between 6 and 8 um, as opposed to a
correlation. Such a variability may be caused by variable shad-
owing of the silicate emitting region (K6spdl et al. 2012).

2.1. Spectroscopic observations

XX Cha was observed from the ESO Very Large
Telescope (VLT) with the X-shooter instrument. It is a
medium-resolution spectrograph simultaneously observing in
three wavelength ranges, called the UV-blue (UVB; ~300-
560nm), visible (VIS; ~560-1024 nm), and near-IR (NIR;
~1020-2480 nm) arms (Vernet et al. 2011).

The first observation was taken on 19 January 2010 (UT
07:39:06) in visitor mode, and it was analyzed by Manara et al.
(2016). The target was observed a second time on 5 June 2021
(UT 03:45:18) as a part of the PENELLOPE Large Program
(Manara et al. 2021). The latter observation is presented here for
the first time. Both observations used a combination of a short
exposure with a wide set of slits — 5.0” wide, except for the
NIR arm in 2010 when a 1.5” slit was used to measure absolute
fluxes, followed by a long nod-on-slit integration with a narrower
set of slits — 1.0"—0.4""-0.4"" in the UVB, VIS, and NIR arms, so
as to achieve a spectral resolution R ~ 5400, 18400, and 11 600
in the three arms, respectively.

The reduction of the spectra taken was performed using
the ESO X-shooter pipeline (Modigliani et al. 2010) v1.3.2 and
v3.5.0 for the 2010 and 2021 epochs, respectively. The final flux
calibration was performed by rescaling the narrow slit spectrum
to the wide slit one as described by Manara et al. (2016, 2021).
The flux calibration accuracy for the 2010 epoch of XX Cha was
found by Rugel et al. (2018) to be ~4%. We expect a similar
value for the 2021 epoch. In 2010, the low signal to noise of
the flux standard star in the NIR arm did not allow for a proper
flux calibration of most of this arm, and telluric correction could
also not be performed. Telluric lines were removed from the
VIS and NIR parts of the 2021 spectrum using the molecfit tool
(Smette et al. 2015).
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2.2. Photometric data

The American Association of Variable Star Observers (AAVSO)
obtained photometric data for XX Cha to complement
the TESS and Hubble Space Telescope (HST) ULLYSES
(Roman-Duval et al. 2020; Espaillat et al. 2022) observations'
from April to August 2021. We collected this dataset, cover-
ing B, V, R, and I band photometry, from the AAVSO website?
(Kafka 2020).

Optical photometry in the V, R, and [ band is also avail-
able for periods spanning from April 2010 to May 2010 and
January 2013. The 2010 photometry contains ten observations
obtained with the REM telescope (Pr.Id. 21703, PI: Michel
Curé). The 2013 photometry contains four epochs obtained with
the ANDICAM instrument on the CTIO 1.3 m telescope (Project
ID: ESA-12B-0001, PI: Agnes Késpal). The light curve and
additional information is reported in Appendix A.1.

3. Analysis
3.1. Continuum variations

A comparison between the two X-shooter spectra can be seen in
Fig. 1. The spectrum obtained in 2010 is significantly brighter
than the one taken in 2021 at wavelengths shorter than ~800 nm,
suggestive of either a higher accretion rate in 2010 or different
extinction. The two spectra look quite similar at longer wave-
lengths; although, the K-band spectrum in the 2010 epoch is, on
average, ~1.4 times brighter than in the 2021 epoch, hinting at a
difference in the inner disk properties.

Synthetic photometry was performed on both X-shooter
spectra using the PYPHOT package?® in the Johnson-Cousins B,
V, R and I bands. The obtained values are listed in Table A.1. A
good agreement between the 2021 spectrum and almost simulta-
neous photometry can be seen in Fig. A.1. The 2021 X-shooter
observation was obtained when the star was at a minimum of
the short-term light curve. No simultaneous photometry is avail-
able for the 2010 epoch. However, the synthetic photometry of
the 2010 spectrum appears to fall close to the maximum bright-
ness observed in the available photometry. We conclude that the

! https://www.aavso.org/hst-ulysses southern-t-
tauri-campaign-01

2 https://www.aavso.org/data-download

3 https://mfouesneau. github.io/pyphot/index.html
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X-shooter observations are taken close to the extremes of the
known photometric variability of XX Cha.

Variations in the circumstellar extinction can explain dippers
and dimming events of peculiar stars (e.g., Schisano et al. 2009;
Bouvier et al. 2013; Facchini et al. 2016; Schneider et al. 2018;
Koutoulaki et al. 2019). To exclude this possibility, Figs. A.2 and
A.3 show the color-magnitude diagram of XX Cha, and they
indicate that the variations between the two epochs are incom-
patible with just extinction variations. Similarly, flux ratios
between the two spectra are compared with typical reddening
laws for increasing values of Ay and Ry in Fig. A.4, showing
that the observed variations cannot be fully explained by a dif-
ference in extinction.

Finally, the lithium line at 670.78 nm is found to have a
lower equivalent width in 2010 (~0.150) when compared to 2021
(~0.550) (Fig. B.1). This is due to an increase in the veiling in
2010, which is related to an increase in the accretion rate. The
analysis of the spectra with ROTFIT (Frasca et al. 2017) indeed
leads to a measured veiling at 620 nm of 6.4 in 2010 and of 0.6
in 2021.

3.2. Stellar and accretion properties

The stellar and accretion parameters were derived by fitting the
UV excess in the X-shooter spectra with the procedure described
by Manara et al. (2013) (see Appendix B.2). The 2010 data
were analyzed with this method by Manara et al. (2016). Here,
for 2010, we use the values reported by Manara et al. (2022),
which were computed by rescaling the distance to 192 pc,
assuming the relation between spectral type and temperature by
Herczeg & Hillenbrand (2014), and the non-magnetic evolution-
ary tracks by Feiden (2016) to obtain the stellar mass. These val-
ues are reported in Table 1.

With the same method and the same assumptions, we fit the
2021 spectrum, and we derived a spectral type consistent with
the 2010 result within half of a subclass, but we obtain signifi-
cant differences in the other parameters. In particular, the mass
accretion rate (M,.) is found to be smaller by ~2dex than in
2010, and Ay is found to be smaller by 0.7 mag. Since veiling can
make the determination of the stellar parameters more uncertain
(e.g., Calvet & Gullbring 1998), we repeated the fit of the 2010
spectrum, using the same photospheric template and extinction
as derived in the 2021 epoch. We obtain a lower M. than previ-
ously reported (see Table 1, Col. 2010%), leading to a difference
in M,.. of ~1.4dex compared to the 2021 observations.

3.3. Accretion properties from the emission lines

Starting from the relations between the line luminosity (Ljipe)
and the accretion luminosity (L,..) by Alcald et al. (2017), we
calculated L, using different emission lines and assuming
Ay = 0.3mag for both observations. The mean values of Ly
measured from the line luminosity agree within the uncertainties
with the corresponding value from the UV-excess fitting at each
epoch (Fig. B.5 for 2010%*, log({Lacc lines/Lo)) = —1.50 + 0.35;
Fig. B.6 for 2021, log({Lacc lines/Lo)) = —1.98 = 0.35). On the
other hand, the difference between the two values of L,.. from
the line luminosity is smaller than when computed from the UV
eXcess.

We note that the line profiles are very different between the
two epochs (Figs. B.9-B.8). In particular, the 2010 observations
show a stronger red-shifted absorption and a wider blueshifted
emission in the hydrogen emission lines. Both aspects are in line
with the stronger accretion rate measured in 2010.

Table 1. Stellar and accretion parameters obtained for both epochs.

Epoch of observation

Property 2010 2021 2010%*
SpT M3.5 M3 M3*
Ter (K) 3300 3410 3410%
A, (mag) 1.0 0.3 0.3*
L, (L) 0.42 0.30 0.39
log Ly (Lo) -0.65 -234 -1.06
M, (My) 0.24 0.30 0.30
log Myoe (Moyr™) -7.14 -9.06 -7.69

Notes. The values listed under “2010*” report the results obtained fit-
ting the 2010 epoch with the same photospheric template and Ay as
the values obtained fitting the 2021 epoch. “*” indicates that the values
were kept fixed during the fitting of the UV excess. Typical uncertain-
ties are the following: 0.1 for A,, 0.2dex for L,, 0.1 dex for M,, 0.25
for Ly (Manara et al. 2017), and 0.35 for M,.. (Manara et al. 2022).

We also considered additional estimates of L,.. from line
emission available from an observation of XX Cha in 2009 by
Antoniucci et al. (2011). We scaled the luminosity of the He,
Pag, and Bry lines, accounting for the different distance and
extinction adopted here. We find an average accretion luminos-
ity of log({Lacciines/Lo)) = —1.3 = 0.5dex, which is slightly
higher but compatible with the one measured in 2010 from
the line luminosity. We derived an accretion rate of log My
(Mg yr™') = =8.0 + 0.7 dex, assuming the stellar mass obtained
for the 2010* epoch. This value is consistent with the accretion
properties found in 2010%*.

4. Discussion
4.1. Variability of XX Cha in context

The >1.4 dex variations in accretion rates measured in XX Cha
poses the question of whether this target could be part of either
the FU Orionis or EXor variable classes (e.g., Fischer et al.
2022). We exclude the former, since FU Orionis stars experience
sudden jumps in accretion rate to about M, ~ 107 My yr™!
(Késpal 2011) which last for timescale of decades to centuries.
Both the value of M,.. and the timescales of the photometric
evolution (Fig. A.1) are very different than typical FU Orio-
nis outbursts. During an outburst, several spectral features in
the spectra of FU Orionis stars are the opposite of what we
observe in XX Cha, for example in FU Orionis stars the Pag
line is observed in absorption and the Call infrared triplet is not
detected (Connelley & Reipurth 2018).

EXor stars, on the other hand, display an increase in M
of ~1-2dex, similar to XX Cha. These variations occur in an
outburst that typically lasts several months to a year. In EXor-
type outbursts, a large number of emission lines can be detected
in the near-infrared (e.g., Kospdl et al. 2011). Such lines are not
evident in the 2010 spectrum of XX Cha, but Antoniucci et al.
(2011) in 2009 observed ro-vibrational CO transitions at 1 >
2300 nm in emission, which is a typical feature of EXor out-
bursts (Fischer et al. 2022). As discussed in Sect. 3.3, XX Cha
was accreting at a similar M, both in our 2010 observations
and in 2009. Both the high accretion luminosity and CO emis-
sion found by Antoniucci et al. (2011) suggest that XX Cha may
have experienced an EXor-type outburst in 2009, with our 2010
observations being taken at a later stage during this outburst.
However, the lack of data between the two epochs does not allow
us to confirm or exclude this possibility.
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Fig. 2. Relative accretion rate variations as a function of the time dif-
ference between observations. The points indicate the mean variability
and the errorbars mark their standard deviations. We note that literature
values, with the exeption of those from Zsidi et al. (2022), are drawn
from measurements in several stars.

Even if it is unclear whether XX Cha is an EXor variable
star, it is instructive to compare its extreme accretion variability
to previous samples of CTTS. We show in Fig. 2 the extent of
its variability in comparison with literature results (Biazzo et al.
2012; Costigan et al. 2014; Zsidi et al. 2022) and with the pre-
liminary analysis of 11 other targets from the PENELLOPE sur-
vey (Manara et al. 2021; Garcia-Lopez et al., in prep.). The data
for XX Cha are displayed using the interval between the observa-
tions, and both of the values measured from UV excess and line
luminosity. Based on our data, we cannot distinguish between a
timescale for the observed variability of 11 years or of ~22 days,
an indication of which could be determined in reviewing the
observed light curve in 2021 (Fig. A.1). Either way, the accre-
tion variability of XX Cha measured from the UV excess is more
extreme than literature results for CTTS, including the similarly
analyzed PENELLOPE targets. Among other possible objects
showing a potentially similar variability as XX Cha, we can cite
V347 Aur, since it has periodic V band variations with an ampli-
tude of ~2 mag on timescales ~160 days. However, other effects,
such as a variable extinction, could significantly contribute to the
photometric variability.

The accretion variability measured from the line luminos-
ity (~0.5dex) is instead in line with literature results. We
strongly advocate that studies of accretion variability should be
performed with flux-calibrated broad wavelength range spec-
tra. A possible explanation for the different results obtained
from the UV excess and emission lines could be a partial
occultation due to an inner disk warp. In this case, similar to
AA-Tau (Bouvier et al. 2013; Schneider et al. 2015), the UV
radiation from the shock region on the stellar surface is obscured
by the disk, whereas the line emission coming from the accre-
tion columns would be less obscured. In turn, this would result
in comparatively higher line emission in the epoch with lower
UV excess, and vice versa. If such a differential extinction
could explain the discrepancy between a line and UV excess,
this would affect the measurements of M, in population stud-
ies based on a single value of Ay and on UV-excess measure-
ments. Therefore, when we discuss the impact of this accre-
tion variability on the observed spreads in the next section,
the difference measured from the UV excess is the relevant
one.
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Fig. 3. Measured M, and Mg for targets in the Lupus and
Chamaeleon I star-forming regions (blue filled dots). The red filled
(empty) triangle and square indicate the 2010* (2010) and 2021 mass
accretion rates of XX Cha, respectively. The dashed lines display
the Mgig/M, ratio of 0.1, 1, and 10Myr, respectively. The white
empty squares and triangles indicate targets observed in 2021 in the
PENELLOPE program (Manaraetal. 2021) and around 2010,
respectively.

4.2. Impact on accretion rates spread

The observed distributions on the Mycc—Maisk and Mycc—M,
planes are a useful test bench of the mechanisms driving pro-
toplanetary disk evolution (Manara et al. 2022). To understand
how a significantly variable object such as XX Cha impacts
these relations, we plotted in Figs. 3 and C.1 the data taken
from Manara et al. (2022) for the Chamaeleon I and Lupus star-
forming regions, as well as the two measured values for XX Cha.
This target does not appear to be an outlier in the distribution of
M,.. values in either 2010 or 2021, since its variability is still
smaller than the observed spread, and the measured values of
M, are well in line with typical measurements for similarly
massive stars or disks. In this specific case, the measured vari-
ability therefore has no impact on the observed spread. The effect
would be significant if a larger number of targets would undergo
similarly significant variability, or even a stronger one.

Based on currently available information, XX Cha seems
still to be a rare outlier. Indeed, the preliminary analysis of other
PENELLOPE data points to the fact that, even looking at the UV
excess, typical variability is <0.5 dex (see both Figs. 2 and 3).
Also literature exploration of both short- and long-term variabil-
ity seems to converge on this result. Venuti et al. (2014, 2015)
used photometrically derived UV-excess measurements to deter-
mine that, overall, variations on UV excess over timescales of
years are statistically consistent with those on timescales last-
ing for weeks, with a typical variation of 0.4+ 0.3 dex when
considering all CTTS, and 0.6 + 0.5 dex when considering only
CTTS with M, variations >1dex over ~2 week timescales.
Only about 14% of stars in their sample show additional long-
term variations in UV excess beyond 0.5 dex. If these results
are confirmed, we can assume that the majority of the spread of
accretion rates is intrinsic, and not related to accretion variabil-
ity.

However, we cannot base our estimates purely on line equiv-
alent width or luminosity estimates since we have shown that
these could lead to an underestimation of the extent of the vari-
ability. Further monitoring with broad wavelength range spectra
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is needed to constrain the fraction of sources showing large vari-
ability, so as to better constrain the effect of accretion variability
on the observed relations, making them a more powerful tool to
study protoplanetary disk evolution.

Finally, we note that the large variability in the accre-
tion rate of XX Cha would have an effect on the measured
value of e = Mgig/Mace anyways. This quantity is used,
for example, to discriminate between targets whose evolu-
tion is regulated by viscous evolution (e.g., Lodato et al. 2017;
Mulders et al. 2017), magnetohydrodynamic wind-driven evo-
lution (e.g., Mulders et al. 2017; Tabone et al. 2022), or even
by other internal or external disk evolution processes (e.g.,
Rosotti et al. 2017). While population studies are unaffected,
since the spread is not sensitive to this magnitude of variability,
results on individual targets must consider this additional cause
of uncertainty due to variability before firmly assessing whether
the displacement of a target on the M,..—Mis plane is due to
one or another disk evolution mechanism. The interpretation of
individual values should be confirmed with multiple epochs of
observation, when possible.

5. Conclusions

We report a variability in accretion rates for XX Cha of >1.4 dex
between 2010 and 2021, when measured from the UV excess.
This change in accretion rate is much larger than the typical
accretion variability of <0.5 dex found in other CTTS. However,
a smaller ~0.5 dex variability is obtained for XX Cha when mea-
sured from the luminosity of emission lines. This result high-
lights the need to monitor accretion using flux-calibrated broad
wavelength range spectra. Although large, the measured vari-
ability of XX Cha has no impact on the observed spread of M.
in the relations with Mgk or M,. Since the variability of XX
Cha seems rare to date, this confirms that the spread of Mo is
related to disk evolution. However, we suggest that more exten-
sive exploration of accretion variability on longer timescales
than previously probed must be performed, so as to firmly asses
its importance.
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Appendix A: Broadband variability
A.1. Photometric variability

The available photometric data presented in Sect. 2.2 is shown
in Fig. A.1 as a function of the time of the observations. On the
same plot, the synthetic photometry derived from the X-Shooter
spectra (see Sect. 3.1 for the procedure and Table A.1 for the
values) is also included for comparison. The synthetic photom-
etry measured on the 2021 spectrum agrees with the photome-
try taken close in time. When looking at the light curve around
the 2021 observations, the brightness of the target at the time of
the 2021 X-Shooter observations is close to the local variability
minimum. Indeed, there seems to be a quasi-periodic variabil-
ity pattern with timescales of ~22 days which, however, is only
hinted at in the periodogram analysis we carried out, possibly
due to the short time coverage with respect to the length of this
putative period. The 2010 synthetic data fall on the high side, but
within the range of variability for all epochs of observation.

The variability amplitude observed in the photometry is
larger for bluer bands. Such a trend is expected in the case of
a variable accretion rate or reddening. To further explore this
effect, we show in Fig. A.2 the V versus V—R and in Fig. A.3 the
B versus B — V color-magnitude diagram (CMD), respectively,

and a reddening vector with Ry=3.1. The reddening vector is
well aligned with the AAVSO data in the V — R CMD, and less
so in the B — V one. In either case, the reddening vector can-
not reproduce the variability between the 2010 and 2021 spectra
analyzed here. The variability, or at least a part of it, must be
ascribed to accretion variability.

A.2. Continuum variability

We computed the flux ratio between the 2010 and 2021 spec-
tra as Fa21/F2010 using the median flux in an interval of 4 nm
around a number of wavelengths in the spectra, chosen to sample
the continuum in the spectra and avoiding emission lines. The
errors were then computed from the standard deviation of the
ratios within these intervals. Fig. A.4 displays the measured flux
ratio of the two spectra along with the ratio expected from a dif-
ference in extinction (AAy) following the Cardelli et al. (1989)
reddening law.

The measured flux ratio between the spectra is steeper than
any reasonable extinction difference and reddening law. This
confirms that the difference in both spectra cannot be attributed
to a variation in extinction between the two epochs, as described
in Sect. A.1.
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Fig. A.1. Comparison between the synthetic photometry and the available photometric data. The stars indicate synthetic photometry measured on
the X-Shooter data in 2010 and 2021. The colors correspond to the same band as the photometric data.

Table A.1. Synthetic photometry on the X-Shooter spectra

Band 2010 2021
B 14.40 16.52
Vv 13.82  15.13
R 13.19 13.99
1 1236  12.64

L7, page 7 of 12



A&A 664, L7 (2022)
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Fig. A.2. V — R color-magnitude diagram for the AAVSO photometric
bands. The blue dots show the AAVSO photometry. The color was com-
puted by combining the closest in time observations during the same
nights. The red arrow displays the reddening vector for Ay = 1 mag and 0.0 1

Ry = 3.1 using the extinction law by Cardelli et al. (1989). Synthetic
photometry data obtained on the X-Shooter spectra and REM photom-

etry is also shown.
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Fig. A.4. Comparison of the flux ratio of the observed spectra with
the ratio expected from a difference in reddening AAy applied to the
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Fig. A.3. Same as Fig. A.2, but for the B — V color.
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two spectra. The black points indicate the average ratio of the observed
spectra in wavelength windows of 4nm. The colored lines indicate the
expected ratio from the Cardelli reddening law (Cardelli et al. 1989).
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Appendix B: Additional analysis of the spectra

B.1. Variations in the lithium absorption

Li 670.7876 nm

14

12

= Xshooter 2021-06-05T03:45:18.923
Xshooter 2010-01-19T07:39:03.905
—— UVES 2021-06-03T02:09:40.242
= UVES 2021-06-04T01:39:25.560
—— UVES 2021-06-06T00:54:16.106

FalFe

Y

0.0 T T T T
-40 -20 0 20 40
V [km/s]

02

Fig. B.1. Lithium 670.78 nm line is shown normalized to the local con-
tinuum and as a function of velocity, after correcting for barycentric and
radial velocity. The dates of the observations are reported in the legend.

The lithium absorption line at 4 = 670.78 nm is one of the
strongest absorption lines in low-mass CTTS. The depth of this
line solely depends on the stellar temperature and on the age
of the target. For this reason, this is a key feature to constrain
whether the variations seen in the spectra are due to accretion,
which would result in a higher veiling of this line, or extinction,
which would leave the line depth unaffected.

We decided to compare the depth of this line, not only
between the 2010 and 2021 epochs of the X-Shooter observa-
tions, but to also include the spectra of XX Cha taken with the
UVES instrument on the VLT within +2 days from the 2021
observations with X-Shooter. The UVES data were reduced with
the ESO Reflex pipeline as described in Manara et al. (2021).

The continuum normalized lithium absorption line is shown
in Fig. B.1. The four spectra obtained in 2021 all show very sim-
ilar depths, with differences mainly being due to the lower res-
olution of the X-Shooter observations with respect to the UVES
ones. On the other hand, the spectrum obtained in 2010 shows
a significantly shallower depth in this line, which is a clear sig-
nature of an increased veiling in this epoch. This should thus be
ascribed to a stronger accretion rate in 2010.

B.2. Fitting of the X-Shooter spectra

To derive the stellar and accretion properties, we used the
method by Manara et al. (2013). This method consists of fit-
ting three components to the observed spectra: a Class III tem-
plate to reproduce the stellar photosphere, a slab model for
the continuum excess emission due to accretion, and the red-
dening law by Cardelli et al. (1989) to account for interstellar
extinction. The slab model and Class III template were scaled
to match the observed flux at 360 and at 710 nm. A )(lzike func-
tion was computed for a grid of parameters considering different
extinction values, slab model parameters and normalization, and
Class III templates and their normalizations. This )(lzike was com-
puted in some key spectral features, such as the Balmer jump,
Balmer continuum, Paschen continuum, and a number of molec-
ular bands that are indicative of the spectral type of the target.
Figures B.2, B.3 and B.4 display the best-fit components
around the Balmer jump. Comparing both figures highlights the
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Fig. B.2. Best fit of the 2010 X-Shooter spectrum of XX Cha, with the
best-fit parameters reported by Manara et al. (2016).
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Fig. B.3. Best fit of the 2010 X-Shooter spectrum of XX Cha, assuming
Ay = 0.3 mag, referred to as 2010* in the text.
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Fig. B.4. Best fit of the 2021 X-Shooter spectrum of XX Cha.

significant differences in the accretion spectrum between the
epochs.

B.3. Accretion luminosity from emission lines

The accretion luminosities obtained from individual lines (see
Sect. 3.3) in both epochs are listed in table B.1. These values
are also plotted in Figs. B.5 and B.6, where they are compared
to the results obtained from the UV excess in the correspond-
ing epochs. The lines are ordered with increasing wavelengths,

L7, page 9 of 12



A&A 664, L7 (2022)

Table B.1. Accretion parameters derived from the emission lines.

Epoch of observation 2010%* 2021
log(Lace/Lo)  10g(Lacc/Lo)
Ha -1.43 -1.91
HB -1.45 -2.02
Hy -1.43 -1.91
Hé -1.45 -1.90
CaK -2.22 -2.23
HCI587 -1.42 -1.93
Helgs7 -1.34 -1.91
Pap -1.52 -2.00
Pay -1.66 -2.07
mean -1.50+0.35 -1.98+0.35
log (Myee /(Mg [yr)) -8.1+04 -87+04

Notes. The error on the mean log(L,../Lo) is the standard deviation of
the values obtained for the lines.

XX Cha 2010*

.. . . s

+

— Lines
= UV excess

log(Lacc/L o)
|

CzlaK H'G HIV Hl/i Hei537 Hla Hellss7 Palv Péﬁ

Fig. B.5. Comparison of the accretion luminosity derived from emis-
sion lines in the 2010* epoch with that derived from the UV excess.
The mean accretion luminosity obtained from the lines is indicated with
the solid blue line. The dashed lines indicates the error on the mean
value. The accretion luminosity obtained from the UV excess is dis-
played with the solid red line and its error is shown via the shaded

area.

allowing one to discern possible trends with wavelength, which
would indicate a wrong correction for extinction. Such a trend is
not observed when using the value Ay = 0.3 mag for the 2010
epoch, whereas a slight dependence with wavelength is present
at higher values of Ay = 1 mag (see Fig. B.5). The accretion
luminosity obtained from the CaK line is lower than that found
from the other lines in both epochs. This difference is more pro-
nounced in 2010. The accretion luminosity derived from this line
is even lower in 2010 than in 2021. In Fig. B.8 we show the
profile of this line in the two X-Shooter observations, and we
observe an inverse P-Cygni profile in the 2010 observation, with
an otherwise similar profile and intensity. The additional absorp-
tion seen here is a likely cause for the low accretion luminosity
obtained. However, the Pag, Pay, and Hel line at 667.82 nm also
display a similar absorption feature in 2010, but the derived L.
are larger than in 2021.

The HB, Hy, and H§¢ lines profiles also change between both
epochs. In 2021 they appear almost symmetrical, whereas in
2010 they are more extended on the blueshifted side. This is
illustrated in figure B.9, and further discussed in Sect. 3.3.
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— Lines
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Fig. B.6. Comparison of the accretion luminosity derived from emission
lines in the 2021 epoch with that derived from the UV excess. The mean
accretion luminosity obtained from the lines is indicated with the solid
blue line. The dashed lines indicates the error on the mean value. The
accretion luminosity obtained from the UV excess is displayed with the
red solid line and its error is shown via the shaded area.
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Fig. B.7. Comparison of the accretion luminosity derived from emission
lines in the 2010 epoch with that derived from the UV excess. The mean
accretion luminosity obtained from the lines is indicated with the solid
blue line. The dashed lines indicates the error on the mean value. The
accretion luminosity obtained from the UV excess is displayed with the
red solid line and its error is shown via the shaded area.
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Fig. B.8. Profile of the CaK 393.37 nm line in the two X-Shooter obser-
vations.
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Fig. B.9. Comparison of the Balmer line profiles for the 2010 and 2021 X-Shooter spectra.

L7, page 11 of 12



A&A 664, L7 (2022)

Appendix C: M, -M, relation

Figure C.1 displays the measured M,.,. and M, for the targets
in the Lupus and Chamaeleon I star-forming regions observed
with X-Shooter. The data are taken from Manara et al. (2022),
as in Fig. 3. XX Cha, reported with red symbols, is observed to
be within the observed scatter in both epochs.
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Fig. C.1. Measured M,.. and M, for the targets in the Lupus and
Chamaeleon I star-forming regions observed with X-Shooter. The red-
filled (empty) triangle and square indicate the 2010* (2010) and 2021
observations of XX Cha, respectively. The assumed errors for each data
point is displayed on the top left-hand side. The gray line indicates the
best-fit linear regression to the data.
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