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Fig. 6. Examples of photospheric line subtraction for the Pa� line
for CQ Tau (upper panels) and RY Tau (lower panels). The red
lines represent the photospheric templates. The left and right
panels show, in black lines, the observed and photospheric-
subtracted spectra, respectively. The green vertical lines mark
the intervals for the equivalent width measurement. The equiva-
lent widths of the emission line before and after the subtraction
are also indicated.

mainly because of large residuals of telluric lines and/or a strong
contribution of the nonphotospheric self-absorption component.
DL Tau is the only star for which the complete set of lines could
be detected and measured, while CQ Tau has the lowest num-
ber of lines with measured fluxes. For most stars, fluxes have
been measured for more than 12 lines. In the case of RW Aur A,
the Balmer lines higher than H4 (H�, H�) are dominated by a
nonphotospheric self-absorption component. Therefore, we did
not attempt a measurement of the flux of those lines. Also, the
H↵ and H� lines in this star may be a↵ected by a similar self-
absorption, but we measured their flux with the awareness that
it may be underestimated. A contribution of absorption compo-
nents in the emission lines of DG Tau, DL Tau, HN Tau A, and
DO Tau is not significant, and therefore we use the flux measured
directly by the integration of the lines. The observed fluxes,
equivalent widths, and their errors are reported in several tables
provided in Appendix B (Tables B.1 to B.5) 2.

The luminosity of the di↵erent emission lines was computed
as Lline = 4⇡d2· fline, where d is the YSO distance listed in Table 1
and fline is the extinction-corrected flux of the lines.

4.2. Accretion luminosity

We derived Lacc via empirical relationships between accretion
luminosity and the luminosity of permitted emission lines. Such

2 The flux errors reported in these tables are those resulting from the
uncertainty in continuum placement. The estimated ⇠20% uncertainty
of flux calibration (see Sect. 2.2) should be added in quadrature.

Table 4. Summary of the number of lines used to derive the
average Lacc and accretion properties.

Name No. lines loghLacci (±� dex) hLacci/L? logṀacc
(L�) (M� yr�1)

RY Tau 12 �0.38 (0.15) 0.05 �7.57
DG Tau 14 �0.25 (0.18) 1.28 �7.35
DL Tau 17 �0.35 (0.18) 1.12 �7.62
HN Tau A† 15 �0.99 (0.23) 0.68 �8.50
DO Tau 16 �0.84 (0.16) 0.34 �7.73
RW Aur A 15 +0.39 (0.30) 1.50 �6.93
CQ Tau 9 �1.18 (0.17) 0.02 �8.68

Notes.
† : subluminous YSO. The values for the accretion properties may
be underestimated (see Sect. 4.3.1). Corrected values are provided in
Table 5.

relationships have been derived by several authors (e.g., Herczeg
& Hillenbrand 2008; Rigliaco et al. 2012; Alcalá et al. 2014,
2017). Here we used the most recent ones by Alcalá et al. (2017),
where the relationships are simultaneously derived for lines from
the UV to the NIR for a more than 90% complete sample of
Lupus YSOs.

In Figure 7 the derived Lacc values are plotted as a function of
the line diagnostics for the seven targets. The error bars include
the errors in Lline, as well as the errors in each Lacc–Lline calibra-
tion. The individual Lacc values corresponding to each diagnostic
are reported in the various tables in the Appendix B (Tables B.1
to B.5) for every CTT in the sample. An average accretion lumi-
nosity, hLacci, was then calculated for each target. These values
are reported in Table 4 together with the corresponding hLacci/L?
ratio.

The typical standard deviation of ⇠0.25 dex on loghLacci is
within the expected error estimated from the fit of the UV con-
tinuum excess emission in other samples using slab models (see
Alcalá et al. 2014, 2017; Manara et al. 2017a), although the er-
ror on Lacc for the individual diagnostics is larger than this value.
This confirms that the average Lacc, derived from several diag-
nostics measured simultaneously, has a significantly reduced er-
ror.

4.3. Mass accretion rate

The average accretion luminosity of each target (see Table 4)
was converted into mass accretion rate, Ṁacc, using the relation

Ṁacc = (1 � R?
Rin

)�1 hLacciR?
GM?

⇡ 1.25
hLacciR?

GM?
, (1)

assuming R?
Rin
= 1

5 , where R? and Rin are the stellar radius
and inner-disk radius, respectively (see Gullbring et al. 1998;
Hartmann 1998), and using the stellar parameters reported in
Table 2. The resulting Ṁacc values are reported in Table 4.

The sources of error in Ṁacc are the uncertainties on Lacc,
stellar mass, and radius. Propagating these, we estimate an av-
erage error of ⇠0.35 dex in Ṁacc (see Appendix A of Alcalá et
al. 2017). However, additional errors on these quantities come
from the uncertainty in distance, as well as from di↵erences
in the adopted evolutionary tracks. The largest uncertainty on
the YSOs distance from the Gaia EDR3 is estimated to be
less than ⇠10%, yielding relative uncertainty of ⇠0.2 dex in the
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Fig. 7. Plots of Lacc as a function of the di↵erent accretion diagnostic as labeled for the seven targets (blue dots). The vertical error
bars consider the error in Lline as well as the errors in the Lacc–Lline relationships. The horizontal red lines in each panel represent
the average Lacc.

mass accretion rate3. On the other hand, it has been shown (see
Appendix A in Alcalá et al. 2017) that using di↵erent sets of
PMS evolutionary tracks leads to uncertainties of 0.04 dex to
0.3 dex in Ṁacc. We therefore estimate that the cumulative rel-
ative uncertainty in Ṁacc is about 0.4 dex.

We note that our Lacc= 0.08 L� for CQ Tau is more than an
order of magnitude lower than the value reported in Donehew
& Brittain (2011, Lacc=3.8 L�; see also Tables 1 and 4 for
the Ṁacc estimates). Yet, using the Br� luminosity reported by
these authors and the Alcalá et al. (2017) relationships we de-
rive a Lacc=0.15 L�, which is only a factor two our value and
within the limits of long-timescale variable accretion (<0.4 dex,
see Costigan et al. 2012, 2014). A correction estimate due to
UX Ori-type variability yields a Lacc⇠ 0.38 L� for CQ Tau (see
Section 4.3.1), which is still lower by an order of magnitude
than the Donehew & Brittain (2011) determination. It is worth
noting that our estimate of logṀacc= �8.68 for this star is con-
sistent with the upper limit derived by Mendigutı́a et al. (2011,
logṀacc< �8.3), suggesting that these latter authors also ob-
served the star in its faint phase.

We also stress that the Lacc values derived here for RY Tau,
DL Tau, HN Tau A, and DO Tau are consistent, within the errors,

3 We note that Ṁacc / d3, as Lacc / d2 and R? / d.

with those by Ingleby et al (2009) and Ingleby et al. (2012),
although in the case of RY Tau our value is a factor of about
four lower. We think this may be due to variable accretion. It is
also worth mentioning that our Ṁacc estimates for RY Tau and
DG Tau are in good agreement with the range of values derived
by Frasca et al. (2018) based on the H↵ and He i6678 emission
lines.

4.3.1. The cases of HN Tau A and CQ Tau

The highly inclined disk of HN Tau A may occult, at least par-
tially, the emission from the accretion flows and from the shock
onto the stellar surface, and therefore Lacc for this star will be
underestimated in a similar way to the L? value (see Sect. 3.4).
Nevertheless, the Lacc/L? ratio for this star is at the level of
the highest accretors, possibly showing that both Lacc and L?
of the star are obscured in the same manner. This interpretation
has proven to be correct for subluminous objects in Lupus (see
Sect. 7.4 in Alcalá et al. 2014).

Following the same reasoning as in Alcalá et al. (2020, their
Appendix C), we can use the luminosity of the [O i] �6300
line to estimate a correction factor on Lacc and L?. The [O i]
line is found to originate relatively far from the star and there-
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Table 5. Accretion and stellar properties of HN Tau A after and
before correction for obscuration e↵ects and upper limits for
CQ Tau derived as explained in Section 4.3.1.

HN Tau A CQ Tau
Corrected Measured Upper lim. Measured

Quantity with LLVC
[O i] values with �B values

logLacc �0.12 �0.99 < �0.42 �1.18
logL? +0.42 �0.82 < +1.18 +0.43
logR? +0.41 �0.22 < +0.44 +0.07
logM? +0.20 �0.10 < +0.30 +0.18
logṀacc �7.19 �8.68 < �7.70 �8.68

fore should not be significantly a↵ected by obscuration e↵ects
from the inner disk, and the line luminosity is also correlated
with Lacc and L? (Natta et al. 2014; Nisini et al. 2018). From
the HARPS-N spectrum of HN Tau A, we measure a line flux
F[O i] = 9⇥10�14 erg s�1 cm�2 and derive the extinction corrected
(AV=1.53 mag) flux Fcorr

[O i] = 3 ⇥ 10�13 erg s�1 cm�2. From Paper
I we estimate that about one-third of the flux comes from the
low-velocity component (LVC), and therefore we derive a line
luminosity, in solar units, of log LLVC

[O i] = �4.2. Using the Lacc-
-Lline and Lacc-L? relationships for the LVC4 derived by Nisini
et al. (2018) we estimate the logLacc and logL? values given in
Table 5, which are a factor of approximately 7 and 17 the sublu-
minous values, respectively, meaning that both Lacc and L? are
a↵ected by a similar obscuration factor, which is consistent with
the interpretation for subluminous objects (Alcalá et al. 2014).
For comparison, we also include the measured values in Table 5.
The corrected stellar luminosity implies a stellar radius a fac-
tor about 4.3 larger (i.e., 2.6 R�), and places the star on the HR
diagram in a position consistent with the other CTTs.

Using the corrected L? value and the Siess et al. (2000) evo-
lutionary tracks, we estimate a mass of 1.6 M� for HN Tau A,
which is a factor of about two higher than the value provided in
Table 2. The log g = 3.8 calculated from the corrected radius and
mass is consistent with the typical gravity for YSOs, while the
subluminous values yield a much higher gravity of log g = 4.7.
The corrected Lacc, R?, and M? values and Eq. 1 would imply a
logṀacc⇡ �7.3, that is, HN Tau A would be among the strongest
solar-mass accretors in Taurus.

The work by Nisini et al. (2018) also provides Lline–M? and
Lline–Ṁacc relationships allowing us to estimate M? and Ṁacc in-
directly from the log LLVC

[O i] value. The results are also provided
in Table 5 and are in agreement with the values derived from the
evolutionary tracks and Eq. 1.

We warn the reader about the uncertainties on extinction in
high-inclination objects. The above calculations for HN Tau A in
this section are based on the assumption that the visual extinc-
tion of the LVC of the [O i] line is the same as measured for the
star, i.e., AV=1.53 mag, which is not necessarily true. However,
we note that adopting AV=0 mag yields a corrected L? a factor
of about three lower than when assuming AV=1.53 mag, which
is still underluminous on the HR diagram. On the other hand,
a much higher value of AV would make the star unreliably lu-
minous. We therefore conclude that a reasonable value for the

4 We use only the LVC because the HVC may be a↵ected by the fact
that the jet is extended. In this case, the relationships found in Nisini et
al. (2018) on a sample observed with the X-Shooter instrument might
not give a correct value because of the di↵erent instrumental FOV used.
The LVC does not su↵er from this problem because it forms in a com-
pact region.

visual extinction of the LVC of the [O i] line should be in the
range from about 0.7 mag to 2 mag. As explained above, adopt-
ing AV=1.53 mag yields a corrected L?=2.6 L�, which leads to
consistent results on the stellar parameters. We therefore used
this value, but warn the reader that the genuine L? value might
be in the range between ⇠1.5 L� and ⇠3.5 L�.

For CQ Tau, the [O i] line is barely seen, and therefore we
cannot use the above methodologies to correct the stellar and
accretion parameters for obscuration e↵ects. However, we can
estimate upper limits based on the photometric variations and
assuming gray extinction. As pointed out by Dodin & Suslina
(2021), CQ Tau did not show variations before 1940 and was ap-
proximately constant at B ⇠9 mag (Grinin et al. 2008). Adopting
this value as the unobscured magnitude of the star and based on
our B =10.9 mag measurement during the GHOsT observations,
we estimate a correction factor on the bolometric flux of the star
of ⇠5.7. This correction provides a maximum bolometric flux,
yielding upper limits of 15 L�, 2 M� and 2.8 R� for L?, M?, and
R?, respectively. These corrected values of R? and M? yield a
log g = 3.9, which is more consistent with the gravity of a YSO
than the log g = 4.5 derived from the observed R? and M? values
in Table 2. Assuming that Lacc is a↵ected by the same obscura-
tion factor as L? (see Section 7.4 in Alcalá et al. 2014), we derive
an upper limit of �7.7 for logṀacc. The estimated upper limits
are listed in Table 5.

5. Results and Discussion

The results of the previous sections show that the studied CTTs
in Taurus are highly accreting objects. The novel science prod-
ucts and aspects of this pilot study are as follows.

– Contemporaneous low-resolution spectroscopic and photo-
metric observations, allowing an accurate flux calibration of
the high-resolution spectroscopy;

– simultaneity of the high-resolution, wide-band spectroscopic
observations, from the optical to the NIR;

– simultaneous use of veiling measurements, both in the opti-
cal and NIR, to determine AV;

– use of more than ten line diagnostics to estimate accretion lu-
minosity, yielding a much reduced error in Lacc as compared
with determinations using single diagnostics.

All of the above was achieved using well-defined and as-
sessed procedures for deriving the stellar physical and accre-
tion parameters in a self-consistent and homogeneous way.
Therefore, the properties derived here can be considered as more
robust and reliable than in previous studies. Some limitations to
the application of our procedures are related to the extremely
veiled CTTs like RW Aur A, but this type of object is not com-
mon. We are therefore confident that the same procedures can
be applied to the entire GHOsT data sample, which will be pre-
sented in forthcoming papers (Gangi et al., in preparation). In
the following, we discuss a few aspects of the stellar and accre-
tion properties of our sample, as well as of the continuum excess
emission in the NIR of these CTTs.

5.1. Stellar and accretion properties

This GIARPS/TNG pilot study confirms the high levels of ac-
cretion of the selected CTTs. It is worth noting from Table 4
that the Lacc/L? ratio for every CTT in this sample is well
above the level of chromospheric noise emission in YSOs (max
(Lacc/L?)noise ⇡0.01 Manara et al. 2017). We point out that in
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three sources, namely, DG Tau, DL Tau, and RW Aur A, the total
luminosity is accretion dominated (i.e., Lacc/L? > 1), which is
more typical of the class I stage of evolution (e.g., Antoniucci et
al. 2008, Fiorellino et al., in press ).

The most actively accreting object in this sample is
RW Aur A. Noteworthy, the recent study by Takami et al. (2020)
shows that the star was in its bright stage during the GIARPS ob-
servations (13 Nov. 2017). Moreover, from Paper I we know that
the magnitude of the star was 10.44 mag in the V-band and this
is consistent with the high-accretion activity scenario by Takami
et al. (2020).

The apparently least active object in the sample is CQ Tau.
This might be mostly related to the much higher photospheric
flux in comparison with the other objects, as CQ Tau is an
intermediate-mass YSO with Te↵⇠6800 K. Nevertheless, its
Ṁacc is comparable with that of many actively accreting stars of
similar mass in other star forming regions. Confirming the up-
per limits derived in Section 4.3.1 as true values would suggest
CQ Tau has a similar level of accretion activity to RY Tau. On the
other hand, if the determination of Lacc based on the [O i] �6300
line for HN Tau A is correct (see Sect. 4.3.1), this would also be
one of the most actively accreting objects in Taurus.

To investigate the levels of accretion in the Taurus subsample
in more detail, we use in the following the 90% complete Lupus
sample studied in Alcalá et al. (2017) for comparison purposes,
but using the rescaled values reported in Appendix A of Alcalá
et al. (2019). Given the very small number statistics of this pilot
study, we cannot provide any result on the sample as a whole,
but only at the level of the individual objects.

5.1.1. Accretion luminosity versus stellar luminosity

Figure 8 shows the accretion luminosity as a function of stellar
luminosity for the Lupus sample and the seven Taurus CTTs.
While most Lupus objects lie at Lacc/L? values between 0.01
and 0.1, five of the Taurus CTTs have higher values, between
0.3 and 1.5 (see Table 4). The two CTTs with values compatible
with most of the Lupus YSOs are RY Tau and CQ Tau. We note
that recent ALMA data have shown that the dusty disk of the
latter has a large cavity (Rcavity =53 au, Ubeira Gabellini et al.
2019), likely suggesting a transitional disk. Also, in the case of
RY Tau, submillimeter data show evidence for a protoplanetary
disk with structures such as rings and an inner cavity (Isella et
al. 2010; Pinilla et al. 2018; Long et al. 2018). The Lacc/L? ratio
for both CQ Tau and RY Tau is compatible with those of other
transitional disks in Lupus.

Tilling et al. (2008) presented simplified stellar evolution
calculations for stars subject to time-dependent accretion his-
tory, and derived evolutionary tracks on the Lacc– L? diagram
for a variety of fractional disk masses, fdisk ⌘ Mdisk/M?, and
YSO masses. Alcalá et al. (2014) showed that the relation of
the Lupus data in Figure 8 is steeper than the Lacc/L? =constant
lines, more or less following the slope of the Tilling et al. (2008)
tracks. These latter authors also concluded that the disks of the
Lupus objects with the lowest masses should have masses lower
than 0.014 ⇥ M?. The five high accretors in Taurus (DG, DL,
HN, DO, and RW) fall, instead, in the region of the diagram con-
sistent with the Tilling et al. (2008) tracks for YSOs of one solar
mass and fdisk =0.2. These five stars have indeed masses on the
order of 1M� hence, according to such tracks one would expect
their disk mass to be on the order of 0.2 ⇥ M?. Although a cor-
relation between the total mass of gas+dust in the disk and the
stellar mass has not yet been confirmed, correlations between the
dust mass in the disk and the stellar mass of YSOs in the Lupus

Fig. 8. Accretion luminosity as a function of stellar luminosity
for the stars in Lupus (black symbols) and the seven Taurus
CTTs studied here (blue circles). The latter are labeled with
their names. The Lupus transitional disks are shown with crossed
squares. The continuous lines represent the three Lacc vs. L? re-
lations as labeled. The long-dashed line represents the shift of
HN Tau A on the diagram when correcting its Lacc and L? val-
ues for obscuration e↵ects by the disk. The corrected values are
shown with the red dot. The leftward and downward red arrows
represent the upper limits on L? and Lacc for CQ Tau, respec-
tively. The average errors for the Taurus sample are shown in the
upper left. Figure adapted from Alcalá et al. (2017).

and Chameleon star forming regions have been found (Ansdell
et al. 2016; Pascucci et al. 2016).

In this scenario, the most massive disk would be RY Tau. The
presence of the important jet in RY Tau was recently explained
in terms of a very massive disk around this intermediate-mass
T Tauri star (Garufi et al. 2019), which might still be fed by the
interstellar matter in which the object is embedded. For DG Tau,
Podio et al. (2013) estimate a total disk mass in the range 0.015–
0.1 M�, depending on the assumed dust size distribution. The
upper limit would be consistent with the results from the Tilling
et al. (2008) tracks. We note that in the case of HN Tau A, the
Lacc and L? values corrected for obscuration e↵ects would still
yield similar results for the estimated fractional disk mass, while
confirmation of the upper limits for CQ Tau would imply a disk
mass similar to that of RY Tau.

5.1.2. Mass accretion rate versus stellar mass

The relationship between mass accretion rate and stellar mass is
a fundamental aspect of the study of disk evolution in YSOs.
During the CTT phase,that is, after the protostar has almost
entirely dispersed its envelope but is still actively accreting
from the optically thick accretion disk, the stellar mass under-
goes negligible changes. Therefore, the Ṁacc versus M? relation
represents a diagnostic tool for the evolution of Ṁacc (Clarke
& Pringle 2006) and for the process driving disk evolution
(Ercolano et al. 2017).

Figure 9 shows the accretion rate as a function of stellar mass
for the seven CTTs in Taurus as compared with the Lupus sam-
ple. The Taurus CTTs populate the upper right part of the dia-
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gram. Most of the Lupus YSOs fall well below the theoretical
prediction by Vorobyov & Basu (2009, short-dashed black line),
but the latter is relatively consistent with the upper envelope of
the Lupus data points distribution. The few Lupus YSOs on the
upper envelope of the Ṁacc–M? relationship are the strongest
Lupus accretors at a given mass and are also among the most lu-
minous on the HR diagram. Interestingly, the five Taurus CTTs
with the highest Lacc/L? ratios tend to follow the upper enve-
lope5, which qualitatively is well fitted by the theoretical pre-
diction. These results demonstrate that the level of accretion of
these five CTTs is as high as that of the strongest accretors in
Lupus (Alcalá et al. 2017).

On the other hand, CQ Tau falls in the lower envelope of the
Ṁacc–M? relationship, with its accretion properties more closely
resembling those of transitional disks than those of the full disks,
while RY Tau follows the Ṁacc–M? trend for the most massive
Lupus stars with full disks. Should the upper limits for CQ Tau
be confirmed, its accretion properties will be similar to those of
RY Tau.

Fig. 9. Mass accretion rate as a function of stellar mass for the
seven Taurus CTTs studied (blue circles) compared with stars in
Lupus (black symbols). The Lupus transitional disks are shown
with crossed squares. Lupus objects classified as weak or neg-
ligible accretors are plotted with downward arrows. The long-
dashed black line represents the shift of HN Tau A on the dia-
gram when correcting its Ṁacc and M? values for obscuration
e↵ects by the disk. The corrected values are shown with the red
dot. The leftward and downward red arrows represent the up-
per limits on M? and Ṁacc for CQ Tau, respectively. The black
dashed line shows the double power law theoretically predicted
by Vorobyov & Basu (2009), and the continuous magenta lines
represent the fits to the data as in Eqs. (4) and (5) of Alcalá et al.
(2017). The average errors for the Taurus sample are shown in
the upper left. Figure adapted from Alcalá et al. (2019).

5.2. The continuum NIR excess emission

Clear evidence of continuum excess emission or veiling increas-
ing with wavelength, from the optical to the NIR, was found
in CTTs over a decade ago(Fischer et al. 2011, and references

5 Here we considered the obscuration corrected quantities for
HN Tau A.

Table 6. Results on the veiling emission in the NIR.

Name T BB
e↵ FBB

f actor Rsublim (±err) Rcont
in (±err) a

(K) (au) (au )

RY Tau 1500 51 0.22 (0.05) 0.18 (0.01)
DG Tau 1700 39 0.06 (0.01) 0.17 (0.01)
DL Tau 1600 36 0.06 (0.01)
HN Tau A 2100 23 0.07 (0.01)†
DO Tau 1800 25 0.04 (0.01)
RW Aur A 2150 38 0.07 (0.01) 0.10 (0.01)
CQ Tau 2050 65 0.07 (0.01)
” ” ” <0.15‡

DR Tau 2350 28 0.03 (0.01) 0.12 (0.01)
XZ Tau 1600 29 0.06 (0.01)

Notes.
† : computed with the L? and Lacc values in Table 5
‡ : computed with the upper limits on L? and Lacc in Table 5
a: Interferometric measurements by Eisner et al. (2010)
The values for DR Tau and XZ Tau are taken from Antoniucci et al.
(2017)

therein). As mentioned in Sect. 3.2, the behavior of IR veiling
with wavelength can provide information on the physical prop-
erties of the dust in the inner edge of the disk.

Figure 10 shows the NIR veiling as a function of wavelength
for the seven CTTs in the sample. The increase of veiling with
wavelength in the NIR is evident in all the objects. Adopting the
same strategies as in Antoniucci et al. (2017), a fit of r� versus
� with a black-body power law yields the temperature, T BB

e↵ , for
each CTT indicated in the corresponding panel of Figure 10 and
in Table 6. We also include in this table the results for DR Tau
and XZ Tau from Antoniucci et al. (2017). Typical errors on the
T BB

e↵ are on the order of 100–150 K. The fitting procedure re-
quires another parameter, FBB

f actor, namely the factor by which
the black-body must be multiplied to fit the data. Such a factor is
based on the ratio of the areas of the stellar disk and the emitting
region producing the NIR veiling. The results using this factor
are also given in Table 6. We warn the reader that the fit for
DG Tau must be taken with care because only a range of values
for the two reddest points could be determined (see Sect. 3.2).

While the resulting temperatures for RY Tau, DG Tau,
DL Tau, and within errors DO Tau, are consistent with the ori-
gin of the NIR continuum excess emission being the inner rim
of the dusty disk, the derived T BB

e↵ value for the other two CTTs
is significantly higher than the dust sublimation temperature
(⇠1500 K) and is more di�cult to interpret in the same way, al-
though temperatures as high as 2000 K may be expected for the
sublimation of silicate dust (Pollack et al. 1994).

In the simple model by Dullemond et al. (2001), where the
inner disk is directly irradiated by the central star, the inner
disk edge is located at a radius, Rsublim, which is given by the
following equation:

Rsublim =

s

(1 + f )
0
BBBB@

L? + Lacc

4⇡�T 4
sublim

1
CCCCA , (2)

where f is the ratio of the inner edge height to its radius, and
is estimated to be 0.1 for T Tauri stars. Assuming this model
and using the L? and Lacc results of the previous sections, and

14
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adopting T BB
e↵ in Table 6 as sublimation temperature, we com-

puted the Rsublim values listed in Table 6 for our sample of CTTs
in Taurus. The error in Rsublim was calculated by error propaga-
tion in Eq. 2 and adopting errors of 0.2 dex, 0.25 dex, and 150 K
on logL? logLacc, and T BB

e↵ , respectively. We can compare these
values with the inner radius, Rcont

in , derived from interferomet-
ric observations of the continuum NIR emission by Eisner et al.
(2010) for a few of the CTTs in common. These values are listed
in the last column of Table 6. We note that except for RY Tau,
where Rsublim and Rcont

in are in very good agreement, the Rsublim
values for the other four stars with interferometric observations
are lower than the Rcont

in measurements. Interestingly, the upper
limits on L? and Lacc for CQ Tau would yield a Rsublim value
more similar to those typically found using interferometric ob-
servations (see Table 6).

Previous works (i.e., Eisner et al. 2007; Anthonioz et al.
2015) have shown that the irradiated disk model for CTTs pre-
dicts radii for the inner rim of the dusty disk that are underesti-
mated with respect to interferometric measurements. We there-
fore expect the Rsublim values in Table 6 for DL Tau, HN Tau A,
DO Tau, CQ Tau, and XZ Tau to be underestimated by a factor
of between about two and three. However, one possibility is that
the T BB

e↵ we measure is not the sublimation temperature, but be-
ing instead related to the excess emission in the NIR, may be the
temperature of hot gas inside the sublimation radius.

Several authors (e.g., Fischer et al. 2011) discussed pos-
sible scenarios for the NIR continuum emission. Among the
suggested contributions that may enhance the NIR continuum
excess at the shorter IY J wavelengths there are warm annuli
around accretion hot spots, hot gas inside the dust sublimation
radius, and hot gas in the accretion flows and/or winds. Fischer
et al. (2011) modeled and discussed the presence of multiple
temperature components in the shocked photosphere. Also, de-
tailed multiple-component modeling of the accretion emission
has been performed by Ingleby et al. (2013).

The results in Paper I showed that DG Tau and HN Tau A
share similar physical conditions in their jets. The temperature
and ionization gradients of the jets in these two objects would fa-
vor a magneto-hydrodynamical shock heating in which the warm
and ionized streamlines originate in the internal and mainly
gaseous disk, while the low-velocity and almost neutral stream
lines come from the dusty regions of the outer disk. Therefore,
the hypothesis of a gaseous hot disk inside the dust sublimation
radius in HN Tau A and the similarity of the physical conditions
of its jet with those in the DG Tau jet would also favor a much
higher accretion rate in HN Tau A than what is measured without
obscuration correction. The possibility for the formation of the
jets in DO Tau and RW Aur A in a gaseous inner disk was also
explored in Paper I. In this context, jets signify the presence of
dense hot regions inside the gaseous inner disk.

In conclusion, it may be possible that some of the NIR con-
tinuum excess emission of the CTTs, in particular in the case of
HN Tau A, RW Aur A, and DR Tau, originates in a thick gaseous
disk inside the dust sublimation radius, as already suggested by
Fischer et al. (2011) and Antoniucci et al. (2017) for other sim-
ilar cases. In fact, the size of an emitting region estimated as
Rcont

emiss ⇠ R?·
q

FBB
f actor is always smaller than the typical inner

rim radius of ⇠0.1 au in CTTs measured from interferometric
observations in the NIR. This is consistent with the results by
Koutoulaki et al. (2019) who detected ro-vibrational emission of
CO in the NIR X-Shooter spectrum of RW Aur A. The modeling
presented by these latter authors of five band-heads shows that

the CO emission comes from a region at a distance of ⇠0.06–
0.08 au from the star.

6. Conclusions

In this pilot study, we report GIARPS@TNG high-resolution
observations of seven CTTs in the Taurus-Auriga star form-
ing region, namely RY Tau, DG Tau, DL Tau, HN Tau A,
DO Tau, RW Aur A, and CQ Tau. The spectra simultaneously
cover a wide spectral range from the optical to the NIR.
Contemporaneous spectrophotometric and photometric obser-
vations were also performed, allowing us to flux-calibrate the
high-resolution spectra with an estimated accuracy of <20%.
We show that the GIARPS@TNG data, together with the ancil-
lary observations, allows the stellar and accretion parameters of
YSOs to be derived in a self-consistent and homogeneous way.

High-resolution spectroscopy was used to derive the veiling
throughout the wide spectral range. The impact of veiling on the
estimates of extinction was accounted for. Deriving extinction
on the basis of well-flux-calibrated spectral templates alone may
lead to underestimation of AV by up to ⇠30%, if veiling is ne-
glected. Best matching the spectral type of templates and YSOs
reduces errors in the AV estimates. Simultaneously deriving veil-
ing, stellar parameters, and v sin i avoids degeneracy, which in
turn allows more accurate stellar parameters to be obtained.

A large number of emission line diagnostics were used to
calculate the accretion luminosity in the seven CTTs via accre-
tion luminosity versus line luminosity relationships. We con-
firmed that the average Lacc derived from several diagnostics
measured simultaneously has a significantly reduced error.

We therefore conclude that the GHOsT data sets and the pro-
cedures adopted here yield more robust results on the stellar and
accretion parameters than those in previous studies of Taurus
CTTs. However, in the case of extremely veiled objects, our pro-
cedures may fail or provide uncertain results, although this type
of object is expected to be rare.

Assuming magnetospheric accretion, we calculated the mass
accretion rate of the CTTs in the sample, confirming the high-
levels of accretion in these objects. Being in its bright stage dur-
ing the GIARPS observations, RW Aur A is the most actively ac-
creting object in this sample, which is consistent with the high-
accretion activity scenario by Takami et al. (2020). The appar-
ently least active objects in the sample are CQ Tau and HN Tau.
We identify these two objects as subluminous on the HR dia-
gram, the former because of its UX Ori-type variability and the
latter because of the high inclination of its disk. Correction for
disk obscuration makes HN Tau one of the most actively accret-
ing objects in the sample, at a level close to RW Aur A.

A comparison of the accretion properties of the Taurus
CTTs with those of Lupus YSOs yields the following results:
the Taurus CTTs have values of Lacc/L? of between 0.3 and
1.5, which are normally higher than those of the Lupus YSOs.
The two Taurus objects classified as transitional disks, namely
RY Tau and CQ Tau, have values similar to those of the Lupus
transitional disks. The five CTTs with the highest Lacc/L? ratios,
namely DG Tau, DL Tau, HN Tau A, DO Tau, and RW Aur A,
tend to follow the upper envelope of the Ṁacc – M? relationship
for the Lupus population, and have accretion rates comparable
to those of the strongest accretors in Lupus.

The NIR veiling increases with wavelength in all the stud-
ied CTTs. The analysis of this behavior shows that these CTTs
display a significant continuum excess emission in the NIR. In
some cases, such excess can be ascribed to the thermal emis-
sion from the inner rim of the dusty disk, while in others may
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Alcalá et al.: A Pilot study of mass accretion in T Tauri stars with GIARPS

Fig. 10. Plots of NIR veiling as a function of wavelength for the stars in our sample (blue dots). The red dashed lines show the black
body fits to the data with TBB

e↵ as labeled. See text for details.

be more compatible with emission from a thick gaseous disk in-
side the dust sublimation radius. The origin of the jets studied in
Paper I is compatible with the latter possibility.
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Appendix A: Measurements of continuum fluxes for
the CTTs and templates

In Tables A.1 to A.7 we report the observed continuum fluxes
for the CTTs and the spectral templates adopted for the determi-
nation of the extinction according to the methods described in
Fischer et al. (2011). We define the quantity:

�� ⌘ 2.5 · log [(1 + r�) ·
FT
�

FO
�

], (A.1)

where r�, FT
� , and FO

� are the veiling, the observed continuum flux
of the spectral template, and the observed continuum flux of the
object, as a function of wavelength, respectively. As mentioned
in Sect. 3.3, the method is based on the fact that
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�� = (AO
v � AT

v ) · A�
Av
� 2.5 · log C, (A.2)

so that �� is a lineaar function of A�
Av

, where AO
v and AT

v are the
visual extinction of the the object and template, respectively, and
C is a constant. The tables also provide �� as a function of wave-
length and the r� values are also included for convenience.

Table A.1. �� versus A�/Av for RY Tau.

Wavelength A�/AV FT
� FO

� r� ��
(nm) erg/s/cm2/nm erg/s/cm2/nm

450.0 1.169 1.70e-11 2.00e-12 0.0 2.324
500.0 1.080 2.10e-11 2.20e-12 0.0 2.449
550.0 0.990 2.10e-11 2.60e-12 0.0 2.268
600.0 0.900 1.90e-11 3.00e-12 0.0 2.004
650.0 0.820 1.80e-11 3.20e-12 0.0 1.875
968.0 0.450 8.60e-12 5.00e-12 0.2 0.787
983.0 0.430 8.40e-12 5.10e-12 0.6 1.052

1178.0 0.300 5.60e-12 5.30e-12 0.4 0.425
1256.0 0.264 4.90e-12 5.10e-12 0.7 0.533
1298.0 0.250 4.60e-12 4.90e-12 0.3 0.216
1565.0 0.178 2.90e-12 3.50e-12 0.5 0.236
1597.0 0.173 2.80e-12 3.30e-12 0.4 0.187
1666.0 0.163 2.40e-12 2.90e-12 0.5 0.235
1741.0 0.151 2.00e-12 2.40e-12 0.9 0.499
2130.0 0.114 1.00e-12 1.60e-12 1.4 0.440
2255.0 0.110 8.30e-13 2.20e-12 1.2 0.202
2322.0 0.100 7.50e-13 2.80e-12 ... ...

Appendix B: Individual fluxes, equivalent widths
and Lacc estimates

Tables B.1 to B.5 report the observed fluxes, equivalent widths,
for every CTTs in the sample, as well as the corresponding Lacc
values derived from the individual accretion diagnostics and us-
ing the Lacc–Lline relationships by Alcalá et al. (2017).

Table A.2. �� versus A�/Av for DG Tau.

Wavelength A�/AV FT
� FO

� r� ��
(nm) erg/s/cm2/nm erg/s/cm2/nm

450.0 1.169 4.20e-14 2.20e-13 ... ...
500.0 1.080 4.70e-14 2.40e-13 ... ...
550.0 0.990 6.90e-14 3.20e-13 2.0 -0.473
600.0 0.900 7.70e-14 3.90e-13 1.5 -0.767
650.0 0.820 8.60e-14 4.60e-13 1.0 -1.068
968.0 0.450 1.00e-13 9.60e-13 1.6 -1.418
983.0 0.430 9.00e-14 9.80e-13 1.2 -1.736

1178.0 0.300 7.00e-14 1.10e-12 1.8 -1.873
1256.0 0.264 6.70e-14 1.10e-12 1.4 -2.088
1298.0 0.250 6.50e-14 1.10e-12 1.7 -1.993
1565.0 0.178 5.50e-14 1.00e-12 1.8 -2.031
1597.0 0.173 5.40e-14 9.90e-13 1.6 -2.121
1666.0 0.163 5.10e-14 9.60e-13 1.7 -2.108
1741.0 0.151 4.50e-14 9.30e-13 2.4 -1.959
2130.0 0.114 2.70e-14 7.90e-13 3.0 -2.161
2255.0 0.110 2.20e-14 7.70e-13 4.0 -2.113
2322.0 0.100 2.00e-14 7.70e-13 ... ...

Table A.3. �� versus A�/Av for DL Tau.

Wavelength A�/AV FT
� FO

� r� ��
(nm) erg/s/cm2/nm erg/s/cm2/nm

450.0 1.169 6.10e-13 1.40e-13 3.0 3.103
500.0 1.080 6.20e-13 1.50e-13 2.5 2.901
550.0 0.990 8.90e-13 2.00e-13 2.0 2.814
600.0 0.900 9.00e-13 2.50e-13 1.5 2.386
650.0 0.820 9.60e-13 2.90e-13 1.5 2.295
968.0 0.450 9.50e-13 4.90e-13 1.1 1.524
983.0 0.430 1.00e-12 4.90e-13 1.1 1.580

1178.0 0.300 1.10e-12 4.70e-13 1.1 1.729
1256.0 0.264 1.00e-12 4.70e-13 1.0 1.572
1298.0 0.250 9.70e-13 4.60e-13 1.0 1.563
1565.0 0.178 8.60e-13 4.20e-13 0.9 1.475
1597.0 0.173 8.00e-13 4.10e-13 0.6 1.236
1666.0 0.163 7.80e-13 4.00e-13 0.8 1.363
1741.0 0.151 6.90e-13 3.90e-13 1.7 1.698
2130.0 0.114 3.70e-13 2.90e-13 2.5 1.625
2255.0 0.110 3.10e-13 2.60e-13 2.1 1.419
2322.0 0.100 2.70e-13 2.40e-13 2.5 1.488

Table A.4. �� versus A�/Av for HN Tau A.

Wavelength A�/AV FT
� FO

� r� ��
(nm) erg/s/cm2/nm erg/s/cm2/nm

450.0 1.169 7.50e-13 6.40e-14 ... ...
500.0 1.080 7.60e-13 7.40e-14 0.8 3.167
550.0 0.990 8.60e-13 8.80e-14 0.8 3.113
600.0 0.900 9.00e-13 1.00e-13 0.8 3.024
650.0 0.820 8.70e-13 1.10e-13 0.5 2.686
968.0 0.450 5.90e-13 1.50e-13 ... ...
983.0 0.430 5.80e-13 1.50e-13 ... ...

1178.0 0.300 4.60e-13 1.50e-13 1.1 2.022
1256.0 0.264 4.00e-13 1.40e-13 1.2 1.996
1298.0 0.250 3.80e-13 1.40e-13 1.5 2.079
1565.0 0.178 3.00e-13 1.40e-13 1.8 1.945
1597.0 0.173 2.90e-13 1.40e-13 1.6 1.828
1666.0 0.163 2.70e-13 1.30e-13 1.3 1.698
1741.0 0.151 2.20e-13 1.30e-13 2.3 1.867
2130.0 0.114 1.20e-13 1.30e-13 3.3 1.497
2255.0 0.110 1.00e-13 1.20e-13 5.0 1.747
2322.0 0.100 8.30e-14 1.20e-13 ... ...
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Table A.5. �� versus A�/Av for DO Tau.

Wavelength A�/AV FT
� FO

� r� ��
(nm) erg/s/cm2/nm erg/s/cm2/nm

450.0 1.169 4.60e-14 1.50e-13 1.8 -0.165
500.0 1.080 5.30e-14 1.60e-13 1.5 -0.205
550.0 0.990 7.10e-14 1.80e-13 1.5 -0.015
600.0 0.900 7.80e-14 2.10e-13 1.0 -0.323
650.0 0.820 8.70e-14 2.30e-13 1.5 -0.061
968.0 0.450 9.90e-14 5.00e-13 0.5 -1.318
983.0 0.430 8.90e-14 5.10e-13 0.6 -1.385

1178.0 0.300 7.10e-14 5.80e-13 0.7 -1.704
1256.0 0.264 6.60e-14 6.00e-13 1.4 -1.446
1298.0 0.250 6.40e-14 6.00e-13 1.4 -1.479
1565.0 0.178 5.50e-14 6.10e-13 1.9 -1.456
1597.0 0.173 5.50e-14 6.10e-13 1.7 -1.534
1666.0 0.163 5.20e-14 6.00e-13 1.8 -1.537
1741.0 0.151 4.70e-14 5.90e-13 2.1 -1.518
2130.0 0.114 2.70e-14 4.90e-13 3.4 -1.538
2255.0 0.110 2.10e-14 4.50e-13 3.7 -1.647
2322.0 0.100 1.90e-14 4.30e-13 2.7 -1.966

Table A.6. �� versus A�/Av for RW Aur A.

Wavelength A�/AV FT
� FO

� r� ��
(nm) erg/s/cm2/nm erg/s/cm2/nm

450.0 1.169 7.70e-13 2.20e-12 ... ...
500.0 1.080 7.50e-13 2.30e-12 ... ...
550.0 0.990 7.60e-13 2.20e-12 1.2 -0.298
600.0 0.900 7.10e-13 2.20e-12 ... ...
650.0 0.820 6.70e-13 2.30e-12 ... ...
968.0 0.450 3.80e-13 1.80e-12 ... ...
983.0 0.430 3.70e-13 1.80e-12 ... ...

1178.0 0.300 2.60e-13 1.40e-12 ... ...
1256.0 0.264 2.30e-13 1.30e-12 1.5 -0.886
1298.0 0.250 2.20e-13 1.30e-12 ... ...
1565.0 0.178 1.60e-13 1.00e-12 ... ...
1597.0 0.173 1.50e-13 1.00e-12 2.5 -0.700
1666.0 0.163 1.30e-13 9.50e-13 2.7 -0.739
1741.0 0.151 1.10e-13 9.10e-13 3.5 -0.661
2130.0 0.114 5.50e-14 6.60e-13 3.6 -1.041
2255.0 0.110 4.40e-14 5.70e-13 5.7 -0.716
2322.0 0.100 3.70e-14 5.10e-13 5.4 -0.833

Table A.7. �� versus A�/Av for CQ Tau.

Wavelength A�/AV FT
� FO

� r� ��
(nm) erg/s/cm2/nm erg/s/cm2/nm

450.0 1.169 7.90e-12 4.90e-12 0.0 0.519
500.0 1.080 7.00e-12 4.60e-12 0.0 0.456
550.0 0.990 6.00e-12 4.30e-12 0.0 0.362
600.0 0.900 5.30e-12 3.90e-12 0.0 0.333
650.0 0.820 4.50e-12 3.40e-12 0.0 0.304
968.0 0.450 1.90e-12 2.60e-12 ... ...
983.0 0.430 1.80e-12 2.50e-12 0.5 0.084

1178.0 0.300 1.10e-12 2.00e-12 1.0 0.103
1256.0 0.264 9.50e-13 1.90e-12 0.8 -0.114
1298.0 0.250 8.60e-13 1.80e-12 ... .....
1565.0 0.178 5.00e-13 1.50e-12 <3.0 <0.312
1597.0 0.173 4.80e-13 1.50e-12 2.0 -0.044
1666.0 0.163 4.10e-13 1.50e-12 ... ...
1741.0 0.151 3.50e-13 1.40e-12 ... ...
2130.0 0.114 1.70e-13 1.20e-12 ... ...
2255.0 0.110 1.30e-13 1.10e-12 ... ...
2322.0 0.100 1.20e-13 1.10e-12 ... ...
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Alcalá et al.: A Pilot study of mass accretion in T Tauri stars with GIARPS
Ta

bl
eB

.2
.M

ea
su

re
d

flu
xe

sa
nd

eq
ui

va
le

nt
w

id
th

so
fP

as
ch

en
lin

es
an

d
ac

cr
et

io
n

lu
m

in
os

ity
fo

rt
he

C
TT

s
sa

m
pl

e:
Pa
�

(P
a5

)t
o

Pa
✏

(P
a8

).

O
bj

ec
t

f P
a�

E
W

Pa
�

f P
a�

E
W

Pa
�

f P
a�

E
W

Pa
�

f P
a✏

E
W

Pa
✏

(e
rg

s�
1

cm
�2

)
(Å

)
(e

rg
s�

1
cm
�2

)
(Å

)
(e

rg
s�

1
cm
�2

)
(Å

)
(e

rg
s�

1
cm
�2

)
(Å

)

RY
Ta

u
1.

20
(±

0.
08

)e
�1

2
�2

.6
6±

0.
32

4.
92

(±
1.

16
)e
�1

3
�1

.0
5±

0.
35

3.
71

(±
0.

71
)e
�1

3
�0

.8
0±

0.
22

...
...

D
G

Ta
u

1.
98

(±
0.

07
)e
�1

2
�1

8.
50
±0

.9
8

1.
40

(±
0.

02
)e
�1

2
�1

3.
33
±0

.8
3

1.
00

(±
0.

06
)e
�1

2
�1

0.
15
±0

.8
9

8.
01

(±
1.

01
)e
�1

3
�7

.9
3±

1.
67

D
L

Ta
u

1.
03

(±
0.

07
)e
�1

2
�2

2.
01
±2

.1
5

6.
86

(±
0.

53
)e
�1

3
�1

4.
29
±1

.6
7

5.
37

(±
0.

06
)e
�1

3
�1

0.
76
±1

.7
2

4.
35

(±
0.

81
)e
�1

3
�8

.1
9±

2.
43

H
N

Ta
u

A
2.

28
(±

0.
12

)e
�1

3
�1

6.
06
±1

.2
6

1.
52

(±
0.

17
)e
�1

3
�1

0.
41
±1

.5
6

9.
80

(±
2.

40
)e
�1

4
�6

.6
7±

2.
13

...
...

D
O

Ta
u

3.
97

(±
0.

33
)e
�1

3
�6

.6
4±

0.
75

2.
16

(±
0.

27
)e
�1

3
�3

.8
5±

0.
65

1.
42

(±
0.

03
)e
�1

3
�2

.8
0±

0.
76

...
...

RW
A

ur
A

2.
80

(±
0.

10
)e
�1

2
�2

1.
37
±1

.2
4

1.
91

(±
0.

11
)e
�1

2
�1

2.
99
±1

.1
2

1.
80

(±
0.

15
)e
�1

2
�1

0.
71
±1

.2
6

1.
13

(±
0.

25
)e
�1

2
�6

.4
6±

1.
88

C
Q

Ta
u

3.
02

(±
0.

40
)e
�1

3
�1

.6
6±

0.
38

...
...

...
...

...
...

O
bj

ec
t

lo
g(

L a
cc
/L
�)

±�
lo

g(
L a

cc
/L
�)

±�
lo

g(
L a

cc
/L
�)

±�
lo

g(
L a

cc
/L
�)

±�
Pa
�

(d
ex

)
Pa
�

(d
ex

)
Pa
�

(d
ex

)
Pa
✏

(d
ex

)

RY
Ta

u
�0

.3
6

0.
24

�0
.4

5
0.

27
�0

.3
1

0.
34

...
...

D
G

Ta
u

�0
.2

5
0.

23
�0

.0
5

0.
22

+
0.

04
0.

30
�0

.1
8

0.
40

D
L

Ta
u

�0
.3

6
0.

23
�0

.2
2

0.
23

�0
.0

8
0.

31
�0

.3
0

0.
41

H
N

Ta
u

A
�1

.2
2

0.
28

�1
.2

2
0.

27
�1

.1
7

0.
40

...
...

D
O

Ta
u

�0
.9

1
0.

27
�1

.0
0

0.
26

�0
.9

0
0.

38
...

...
RW

A
ur

A
+

0.
19

0.
21

+
0.

36
0.

21
+

0.
56

0.
28

+
0.

16
0.

38
C

Q
Ta

u
�1

.0
8

0.
28

...
...

...
...

...
...

21
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