
I) Extinction ( ) and accretion luminosity ( )Av Lacc
✓ In this analysis we considered the following lines as accretion diagnostics:  

, , , and  lines, together with the Ca II triplet lines. 
✓ The measured fluxes of these emission lines have been combined with the 

Gaia DR2 distance (Gaia Collaboration et al. 2018) of  pc to 
derive the line luminosities ( ). 

✓ From each of them we evaluated the accretion luminosity ( ) by 
making use of the empirical  relations of Alcalá et al. 
(2017). In this way, we estimated the weighted mean accretion luminosity 
( ), as illustrated in Fig. 1. 

✓We have developed a new approach to estimate the extinction of our 
source, which corresponds to the  value minimizing the relative error of 

 (Fig. 2). To this end, we corrected the observed spectra for 
extinction using the extinction law by Weingartner & Draine (2001) that 
covers the wavelength range of the X-shooter spectra. 
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Accretion and outflows are key processes in early stellar evolution. The material accreted at the edge of the inner disc is channeled along magnetic funnel 
flows onto the star. Its kinetic energy is dissipated in standing accretion shocks. The accretion process is therefore sensitive to the spatial and temporal 
variations of the structure of the magnetic field and its mass load. Due to the change of view of the star-disc system throughout the rotation cycle, 
geometric effects are superimposed on such intrinsic variability and likely dominate the observed variability. An assessment of changes in the mass 
accretion rate is essential to understand the structure of the star-disc-magnetosphere system.  
The young, very low-mass star Par-Lup3-4 displays a rich emission-line spectrum, hosts a disc with an almost edge-on inclination, and is in the critical 
mass range near the star/brown dwarf transition, where the knowledge of the accretion/outflow connection remains rather poor. These properties make 
this star a prime target for conducting a variability study of mass accretion. We make use of X-shooter's unique capabilities to monitor its broad-band 
spectrum in the range from ultraviolet to near-infrared. The sampling of our ten spectra covers timescales of hours, days, weeks, and years.

✓ The  values are almost constant over time (Fig. 3), with the exception of 
the spectrum acquired in 2012 (i.e., epoch 2).  

✓ Due to a bad seeing, the error on  is higher and, as a consequence, 
the determination of  is poorer in epochs 3 6. 

✓We evaluated the weighted average extinction  at:  
‣  mag with the method described by Manara et al. (2013). 
‣  mag with the approach presented in Sect. I. 

✓ These values agree with each other within the errors and are consistent 
with those in the literature for Par-Lup3-4, which range from                 
2.4 to 5.6 mag (Comerón et al. 2003). 

✓We also obtained a good agreement between the  values derived with 
these two methods (Fig. 4). 

✓ After correcting for the extinction, a small variation of  can be seen 
(Fig. 5). We obtained , which corresponds to a 
mass accretion rate of  or .
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log(Lacc/L⊙) = − 3.0 ± 0.1
log( ·Macc) = − 10.4 ·Macc = 4 × 10−11 M⊙ yr−1

III) Conclusion

✓ The emission line profiles show significant variations, resulting in a small 
variation in accretion luminosity and no noticeable change in extinction. 

✓ The spectrum acquired in 2012 remains quite puzzling. Despite optimal 
observation conditions, the emission lines used as accretion diagnostics 
did not allow us to accurately determine the extinction.

Fig. 1. Accretion luminosity as a 
function of line diagnostics in the 
case of spectrum 10. The adopted  
value and the spectrum number of 
Par-Lup3-4 are marked in the upper 
and lower right corners, respectively. 
The solid vertical line corresponds 
to  and the dashed lines 
delimit the area of  around it. 
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II) Results

Fig. 2. Relative error of ⟨ ⟩ as a function of . The vertical lines indicate the 
 values minimizing this parameter at any given epoch. 
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of the stars, e.g. a spread of the initial disk properties or mag-
netic field geometries, or be mimicked by variability. This may
in part be due to uncertainties associated with the use of di!erent
methods applied to derive Ṁacc, such as empirical relations with
H! 10% width, Br" or Ca ii #8662 flux (Natta et al. 2004; Muze-
rolle et al. 1998b; Mohanty et al. 2005a,b), line profile modeling
(Muzerolle et al. 2001), or from the continuum excess (Gull-
bring et al. 1998). Intrinsic variability or rotational e!ects could
also be important. Simultaneous observation of a broad range of
diagnostics – possible only with X-shooter – is mandatory to un-
derstand the structure and time variability of the accretion and
outflow phenomenon on YSOs. We intend to monitor the accre-
tion and the outflow rate of the benchmark young very low-mass
star Par-Lup 3-4 (SpT M5; ! 0.1 M") in the Lupus III cloud on
the rotational timescale which is !20 h for objects of this mass
and age (Scholz & Eislö!el 2005). Par-Lup 3-4 presents spectro-
scopic evidence of both mass accretion and outflow (Comerón
et al. 2003). Its most conspicuous feature is its under-luminosity
with respect to other stars of the same age (!1 Myr) and spectral
type (M5). This can be explained by an edge-on disk blocking
part of the stellar light. The high-inclination of the star-disk sys-
tem (81#) was established by Huélamo et al. (2010) by means of
fitting the spectral energy distribution (SED). In two epochs of
imaging in H! and optical forbidden lines Fernández & Com-
erón (2005) and Comerón & Fernández (2011) found that within
the 7 yrs spanned by the observations the jet knot has moved
away from the star and faded. Their proper motion measurement
together with the known radial velocity yielded an estimate of
6.7# for the inclination of the jet w.r.t. the plane of the sky, in
excellent agreement with the results for the disk inclination de-
rived from SED modelling. The one available X-shooter spec-
trum (Fig.1 right) was taken in the same year as the second epoch
image by Comerón & Fernández (2011). Spectro-astrometry of
the H! line did not reveal any jet contribution in this line con-
sistent with the fading of the knot in the images. This X-shooter
spectrum has also provided a measurement for outflow vs. ac-
cretion rate, Ṁout/Ṁacc! 0.85 (log Ṁout= $9.16 M"/yr and log
Ṁacc= $9.10 M"/yr), higher than typical for CTTS and indicated
by magneto-centrifugal jet acceleration, although Bacciotti et al.
(2011) caution that the uncertainties allow a value as small as
0.3–0.5. A comparison of that spectrum to the second X-shooter
spectrum, obtained during our failed P89 run, shows significant
emission line variability (see e.g. Fig.1 right).

Table 1. Log of observations with X-shooter and the VIS arm.

Spec Observing start time Delay with respect to
# the previous observation

1 2010-04-07 04:07:31 ...
2 2012-06-08 04:03:54 2 yr and about 2 mo
3 2013-05-09 02:57:32 11 mo and about 1 day
4 2013-05-09 08:23:23 05 hr, 25 min, and 51 sec
5 2013-05-10 05:18:28 20 hr, 55 min, and 01 sec
6 2013-05-10 06:45:24 01 hr, 26 min, and 56 sec
7 2013-05-11 03:10:25 20 hr, 25 min, and 01 sec
8 2013-05-11 07:04:49 03 hr, 54 min, and 24 sec
9 2013-05-20 01:16:30 8 days, 18 hr, 11 min, and 41 sec

10 2013-05-20 06:30:12 05 hr, 13 min, and 42 sec

2. Par-Lup 3-4 from Whelan et al.

Par-Lup 3-4 (16h 08m 51s 44,$39#05%30.5%%) found in the Lupus
III cloud (d = 200 ± 40 pc, Comerón et al. 2003), is a very low-
mass object driving a small-scale jet HH 600 at a PA of ! 130#
(Comerón & Fernández 2011). Its spectral type and mass have
been estimated at M5 and 0.13 M" respectively (Comerón et al.
2003; Alcalá et al. 2014). The jet from Par-Lup 3-4 was first
reported by Fernández & Comerón (2005). It was discovered us-
ing both spectroscopy and imaging, and it is one of the lowest
mass objects for which a jet has been directly imaged (Whelan
et al. 2012). The source is under-luminous by !4 mag with re-
spect to other M5 young stars in Lupus III (Comerón et al. 2003;
Alcalá et al. 2014). Huélamo et al. (2010) modelled the SED
(from the optical to submillimetre) of Par-Lup 3-4 and conclude
that it also has an edge-on disk with an estimated inclination of
81 ± 6#. The fact that Par-Lup 3-4 has stronger accretion tracers
than ESO-H! 574 (Bacciotti et al. 2011) indicates that it may
have a near edge-on disk, which is slightly more inclined than
the ESO-H! 574 disk.

Par-Lup 3-4 is part of the GTO program “Survey of star
forming regions” (PI: Alcalá). However, a single X-shooter spec-
trum was obtained during the GTO, which is not useful for our
science goal of searching for variability on rotational time-scales
(! 1–2 days). A portion of the X-shooter spectrum is displayed
in Fig.1.

Based on the empirical photometric calibrations of Lépine
et al. (2013) and Rodriguez et al. (2013), we estimated a spectral
type of M5.2 and M5.3, respectively. These fully agree the one
derived from spectroscopy.

We analyzed the variation on temporal delays ranging from
30 minutes to about 2 years

The time passed between the two first observations is about
to 2 years and 2 months

During the ESO period 91, the eight observations have been
distributed according to the following temporal delays written
in (h:min:s): 01:26:56, 03:54:24, 05:13:42, 05:25:51, 20:25:01,
20:55:01. The beginning of the observation in P89 occurred
about 11 months and 1 day before the f and in (y:m:dTh:min:s)

3. Observations and data reduction

We normalized all the spectra of Par-Lup 3-4 with the respect of
the flux in the spectrum with the higher signal-to-noise, which
has been acquired in 2013-05-11T07:04:49. Given the spectral
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Fig. 4. Comparison of the values 
derived from the slab modeling and the line 
fluxes corrected for the extinction based on 
the  values shown in Fig. 3a. The color of 
the symbol codes the spectrum number.
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Fig. 5. Variation of accretion luminosity 
obtained from the extinction-corrected 
fluxes (  = 2.35 mag). The arrows are 
lower limits.
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Fig. 3. Variation of the  value derived with (a) the best-fit procedure of the observed 
spectra with the slab models and (b) the minimization of the relative error of .
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