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ABSTRACT

Context. Hydrogen recombination emission lines commonly obsermeaittreting young stellar objects represent a powerfuetrac
for the gas conditions in the circumstellar structuresrgtiean columns, and winds or jets).

Aims. Here we perform a study of the iHlecrements and line profiles, from the Balmer and Paschelines detected in the X-
Shooter spectra of a homogeneous sample of 36 T Tauri olifektgpus, the accretion and stellar properties of which vedready
derived in a previous work. We aim to obtain information oa Hx gas physical conditions to delineate a consistent pictiiieeoH1
emission mechanisms in pre-main sequence low-mass MatsqdM).

Methods. We have empirically classified the sources based on theiliné profiles and decrements. We identified four Balmer
decrement types (which we classified as 1, 2, 3, and 4) and Baechen decrement types (A, B, and C), characterisedflyedit
shapes. We first discussed the connection between the datréypes and the source properties and then compared tbevetls
decrements with predictions from recently published Idic& excitation models.

Results. We identify a few groups of sources that display similargroperties. One third of the objects show lines with narrgm-s
metric profiles, and present similar Balmer and Pascheredesnts (straight decrements, types 2 and A). Lines in thmsees are
consistent with optically thin emission from gas with hygiea densities of order i&m= and 5000< T < 15 000K. These objects
are associated with low mass accretion rates. Type 4 (Leshapalmer and type B Paschen decrements are found in cdignc
with very wide line profiles and are characteristic of straugretors, with optically thick emission from high-deysifas (logny

> 11 cnt3). Type 1 (curved) Balmer decrements are observed only @etbub-luminous sources viewed edge-on, so we speculate
that these are actually type 2 decrements that are reddecadd® of neglecting a residual amount of extinction initledmission
region. About 20% of the objects present type 3 Balmer deentsn(bumpy), which, however, cannot be reproduced witheatir

611.09450v1 [astro-ph.SR] 29 Nov 2016

models.
Key words. Stars: pre-main sequence — Stars: low-mass — Line: profi@scamstellar matter — Open clusters and associations:
Lupus

< 1. Introduction 2012), although their actual origin in accretion flows or #sn

T has n n clarifi .
2 Hydrogen recombination lines (flare the most common fea- as not been clarified yet

>< lures observed in optical and near-infrared spectra of goun Observations and modelling of thermission lines in Clas-

+ stellar objects (YSOs) and are considered a typical maaHessical T Tauri stars (CTTSs) have been the topic of numerous

(T tion of accretion activity in these sources. These linesimre studies in recent decades. These lines were first inteteste
deed tightly related to the accretion and ejection pro@sssyi- originating in circumstellar winds based on detected P Cygn
denced by the empirical relationships betweerlie luminos- profiles (e.g/ Natta et al._1988; Hartmann etlal. 1990). Subse
ity and the accretion luminosity that have been found by nguently, new observations at medium and high spectral wesol
merous groups (e.g. Muzerolle et lal. 1998a; Calvetet al420@ion in fairly large samples of YSOs both at optical and near-
Natta et al. 2006; Herczeg & Hillenbrand 2008; Rigliaco et ghfrared wavelengths have progressively revealed a geity
2012;|Alcala et all 2014). As such, iHines are commonly of line profiles (e.g. Edwards etlal. 1994; Fernandezlét &1519
used as a proxy to derive mass accretion rates in YSOs (Re@ipurth et al| 1996, Muzerolle etlal. 199€b; Alencar & Basri
Gatti et al. | 2006;__Antoniucci et al. 2011, 2014; Biazzo et @000; [Folha & Emersdri_2001; Najita ef dl._1996), so that
Snd  offrint  requests to:  Simone  Antoniucci, e-mail: the most common interpretation h_as gradu.ally shifted to-
simone.antoniucci@oa-roma.inaf.it wards an origin in _magnetospheric accretion flows (e.g.

* Based on observations collected at the European SoutheseropCalvet & Hartmann 1992; Muzerolle etial. 1998b, 2000). Both

vatory at Paranal, Chile, under programmes 084.C-0269(8%.C- accretion and wind models, however, fail to reproduce &l th
238(A), 086.C-0173(A), 087.C-0244(A), and 089.C-0143(A) features of the profiles, so that more recent models proplge a
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brid scenario in which the lines present contributions flwsth decrement analysis to provide information on theé#nission
accretion flows and winds (elg. Kurosawa et al. 2008; Limal/et emechanisms and to draw a picture of thé&etient gas physical
2010; Kurosawa et &l. 2011). conditions existing in the circumstellar environment gfital T
Deriving the physical conditions of the iemitting gas in Tauri stars.
the circumstellar region of T Tauri stars would provide joas The paper is organised as follows: the sample and data are
constraints to both test the models and identify the exoitat presented in Sedt] 2. Line profiles and decrements are pegsen
mechanism for H lines, thus helping to derive information onin Sect[B, while we empirically analyse their mutual relas
their region of origin. Despite the huge observational amdim in Sect[4. The comparison with the models is treated in Sect.
elling effort on Hi lines, however, the physical conditions of thand results are discussed in 9dct.6. Our main conclusi@ns ar
gas responsible for Hemission are still poorly constrained frompresented in Sedil 7.
an observational point of view.
An effective method to directly derive the temperature and
density of the gas is to compare the observedliHe ratios 2. Sample and dataset
and in particular the K Balmer, Paschen, and Brackett serie.f e
decrements with predictions of models based on atomic le R

populatlons._ Many works carne_d out In th_e past have, ho ources (i.e. with evidence of excess emission from diski)e
ever, been limited to the analysis of a few line ratios onlg a

were often based on observations performed fiedint times rLUpUS star-forming region, one of the closebt{ 200 pc) low-

y X : Y 5
andor with different instrumental setups. Additionally, the intert-thf:inS)tar forming regions (see Comeron 2008, and refesence

pretation of the line ratios was done assuming simple standa Most targets were observed with thé dlits in the three X-

emission regimes, such as blackbody-like emission an@iCIaSShooterarms (UVB, VIS, NIR), thus providing a final rescbuti

Baker & Menzel (1938) Case B recombination. f about 60 krys, 35 knjis, and 50 ks, respectively. A factor

Case B recombination has been invoked to_explain 'gf two higher spectral resolution is available only for Samt
decrements from young objects in several papers (Nisidi et 283 which were observed with the 0 &lits

2004 Bary et al. 2008; Podio etlal. 2008; Vacca & Sandell 201 Al details of the observations, the instrument setup, data

. A A ’ . A 9
cK(;ﬁ;JSa?its?)lh %83; "Cﬁzse’pgl e:e(:;.i c2t|( ())]n%c, r\]lz\;f;esl’in E’é ;Ié(‘j'(;lﬁzj' Lgﬁgtion, and calibration, as well as the description of the p
P P 99 9€2dures for the self-consistent determination of the ekon,

versity of conditions in these works, with temperaturesisiay the stellar parameters, and accretion properties of theesare

from T=20 000 K down to E1000 K and electron densities Ingiven in A14. The spectra presented in A14 and employed i thi

the rangene = 10"-10"cm 2. For instance in a sample of 15 ork are flux-calibrated and are already corrected for thivelé
CTTSs in Taurus-Auriga Bary etlal. (2008) found that the aveporka . . y .
7 N tg1ct|on. The estimated relative error on the flux caliim@mof

age Paschen and Brackett decrement are compatible with Sspectra is 10%.

L= . T X
B emission with electron density, ~ 1072 cmr * and fairly low The properties of the sample are exhaustively described in

temperatures & 2000 K, in stark contrast with the temperature . ‘ )
expected for Hemission in accretion columns £6 000-20 000 R14 and Natta et al (2014). The sample contains about 50% of

K; e.g. Martin et al., 1996; Muzerolle et al.,2001). the total Class Il YSOs in the Lupus | and Lupus Il clouds

The validity of Case B for circumstellar environments of Moesrllvle;r?(ldl 12“950?21'0;% tmhgsc?bgcttgi;\%’?(fso rgr&%@essg((;tween
Tauri has often been questioned. Edwards et al. (2013) hﬁvehraveM in the range 8 2-0.5M aJnd 2504 haCeM betwéen 0°5
cently shown that by using the local line excitation caltiolas . ge v.oob. 0 y :

: I d 1.15M). The inferred spectral types are comprised in the
developed by Kwan & Fischer (2011) for conditions approprii-n . ; :
ate for winds and accretion flows, the Paschen decrements gE19¢ K7-M8, with a relatively large number of M4-M>5 objects

Tauri stars can be reproduced by assuming a narrow range ot Srlved extinction values are IOW’.WM" <1 mag f(_)r all ob-
tal H1 densities between 2 @nd 2 18° cm3, although they jects except for five that display visual extinctions in thage

could not provide strong constraints on the temperature. 1-3.5 mag. The accretion luminositys of the targets spans

; . . frgm ~107° to ~1 Lo, with corresponding mass accretion rates
The wide and simultaneous spectral coverage now provi ) between 102 and 107 M, yr-!
by an increasing number of new-generation spectrometers ‘al** oY -

lows us to observe a great number of optical and near-irdrarr% aiiosrtérl}g\r?nna/ggéergggn()f rtgeerﬁifé(ieor% tvr\:g cr)%peocrttslgs-rrq%,:g dl the
H1 lines that also avoid all intrinsic line variability issuds prop )

this paper we use VI/K-Shooter|(Vernet et al. 2011) data cov-by Al4.

ering the 0.3-2.4m wavelength range to perform a systematic

study of the H decrements of the Balmer and Paschen seriesg'nH lines

a large and homogeneous sample of T Tauri objects in the Lupus

star-forming region, whose stellar and accretion propeifiave Hydrogen emission lines are detected in all sources of tire sa
already been derived from the analysis of the same dataset jle. All the line fluxes for Balmer lines and Paschen lines up
previous work by our group_(Alcala etlal. 2014). Despite theio Pal0 are taken from Tables C3-C7 of Al4. These fluxes
moderate spectral resolution, the X-shooter spectra atsade were measured by directly integrating the flux-calibrated a
information on the H line profiles, which are indicative of theextinction-corrected spectra over the wavelength rangthef
kinematic distribution of the Hemitting gas. line, as explained in Sect. 4.4 of A14, without any furthareo-

On this basis, we are able on the one hand to investigéts. In particular, for each line three independent mearsients
the possible relationships between the observed decrsrardt were performed, considering the lowest, the highest, amdiid
both the source properties and line profile types, on therothp®sition of the local continuum, which depend on the noigelle
hand to compare the decrement to predictions of models swéhhe spectra around the line. The average and standard-devi
as Case B and the Kwan & Fischer (2011) local line excitatidion of these three measurements were then assumed asehe lin
calculations. This allows us to test thieetive capability of the flux and its associated error. In this work we have employed th

X-Shooter spectra were presented_in Alcala et al. (2014)
reafter A14) and refer to a sample of 36 low-mass Class Il
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Fig. 1. Distribution of the FWHM of the K (left), HB (centre), and H9 (right) Balmer lines measured in the sample

same method to measure the fluxes of a few additional Paschiauari stars. In this two-dimensional classification prafiee di-
lines (from Pall to Pal4) that were not reported in A14, whistided depending on the depth (four types: | to 1V) and positio
we have used to improve the decrement analysis. (blue- or red-shifted) of the absorptions along the profilés
The stellar photospheric velocity was measured using tfgspect to the main peak. More specifically, type | profilesish
Li 1 absorption line at 670.78 nm, located in the VIS arm of X130 absorption and are globally symmetric, type Il profiles-di
Shooter, which is detected in all sources. Thelides are de- play a weak absorption, type Il profiles show a strong absorp
tected in all three spectrograph arms. Since we want to ceenption (deeper than the half-maximum of the line peak), ane typ
the profile of the dierent Hi lines for each object, we need tolV profiles display an absorption that goes below the comtinu
align them to the same zero-velocity scale. Therefore, di-ad(Se€l Reipurth et al. 1996, for further details). This shqurio-
tion to the standard procedures for the wavelength caidrat vide information on the distribution and kinematics of the a
described in A14, which often leave residudfsets between sorbing material in the circumstellar environment.
the arms, we paid special attention to re-aligning the vemgth
scale of the UVB and NIR arms with that of the VIS arm. To thiﬁal
end, we used the spectral features in emissiorfcarabsorp-
tion that were detected in the wavelength interval in comm

between the arms. The typical shifts thus applied are ardOndIV) is found only in Sz91 (3%). Asymmetric lines display sec-

km/;. | ies i b din all t s | ondary peaks that are more or less equally distributed tegtwe
almer series lines are observed in all targets, In Magh g (10, 28%) and blue (8, 22%) side. These numbers are
cases up to the Bglmer Jump in the UV region (see Al4). Tgﬁghtly different from those found by Reipurth et al. (1996) in
continuum-normalised Balmer lines (fromrHo H11) are plot- e 775 sample, where they observed 25% of symmetric H
ted as a function of the rest velocity of the stellar photespln profiles, 49% (21’%) of blue (red) absorptions, and 5% of P
F'g'm OT the appendix for all Sources. ) Cygni profiles. The dferent percentage of the symmetric pro-
Emission from the Paschen series is detected in 33 sourggiss might be in part related to the fact that our sample isom
bgt we observe at least four F_’aschen _Imes_ in only 25 ObJe%ﬁsed of sources with lower levels of accretion than those of
Lines from Pg up to Pa are displayed in Fid. Al2 of the ap-Rejpurth et al.[(1996). In our sample the number of blue- and
pendix only for those objects wherefPis detected with a8l ed-shifted absorptions is comparable, indicating no aleet

The Hx line shows a roughly symmetric profile (type 1) in
f of the objects, whereas in the remaining sources ilaysp
Jnore complex profiles with one or multiple absorptions (t{ipe
and IIl). Clear evidence for (an inverse) P-Cygni profilepgy

of greater than or equal to five. _ ~ profile shape for asymmetric Hines.
The By line is observed in 19 objects, but multiple lines . o )
from the the Brackett series are visible only in two obje&=33 This type of classification, however, does not take into ac-

and Sz88A). The Brfor objects where this line is detected withtount the diferent widths of the lines (i.e. velocity dispersions),

a signal-to-noise (Bl) of greater than or equal to five is reportedvhich may be indicative of a very diverse emission originn€o

in Fig.[A.3 of the appendix. sidering the Balmer series, we report in fig. 1 the histografm
The Balmer lines are observed at very high signal-to-noisethe€ measured full-width-at-half-maximum (FWHM) of therH

almost all cases, while the global quality of the near-IRs(Pan HB, and H9 lines. The FWHM distributions clearly reveal two

and Brackett) data is much lower, owing to the worghl 8f peakggroups of sources, each containing about half of the ob-

the X-Shooter spectra in the infrared segment. For thisoreasl€Cts for Hr and H3: the first group display widths around or

the analysis that we present in this paper is mostly basedeon pelow 100 knjs (narrow line objects), while the second group
Balmer lines. have larger widths with a peak around 200-25Q%m

On this basis, considering thegHine (the line we use as
reference for computing the decrements, see $edt. 3.2)jsn t
work we divide objects with roughly symmetric lines (i.eeth
The moderate resolution of the X-Shooter spectra iicent lines without two or more separate peaks, which would belong
to resolve the wide Hlines, thus revealing a large variety ofto group | in the classical Reipurth et al. (1996) classiftgtin
line profiles, especially for Balmer lines (Fig_A.1). Thede two main groups: sources with narrow symmetric lines (hiteea
profiles can be catalogued using the classification propbgedNS, eleven objects) with FWHM 100 knys, and sources with
Reipurth et al.[(1996), which was originally devised on tlae bwider lines (hereafter W, ten objects). The line profiles i N
sis of the Hr profiles observed in a sample of Herbig and $ources are highly similar and appear to be slightly blufiezh

3.1. Line shapes and widths
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Fig. 2. Continuum-normalised spectra of three stars that exeynpld main types of hiBalmer line profiles observed in the sample (see text for
further details). From left to right: narrow symmetric ptefiNS), wide symmetric profile (W), asymmetric or multi-ged profile (MP). Lines
from He (black) to H11 (purple) are plotted. The profile of the H7 |imdnich is blended with the GaH line, is marked in grey.

in all cases, with an average shift of abeuts knys, except for Despite the decrement shapes vary with continuity within

Par-Lup 3-3, whose peak is basically at zero velocity. this ensemble, we can define four major decrement shapes or
The asymmetric [ profiles shown by the remaining targetstypes, which are summarised in Hig. 3, by using a represeatat

which we classify as multi-peaked (hereafter MP, 15 ob)ectsource for each type. Type 1 (curved) decrements are olzbsierve

may be interpreted as a combination dfelient emission aridr  three objects only and present a fairly curved shape ongjitlie

absorption components, which testify the complexity of¢lre lower part of the decrement ensemble. Type 2 (straight)edecr

cumstellar gas distribution and suggest concurrent darttins ments, which are the most common (26), appear as basically

to the line from accretion and winds. For instance, cleat@vee straight lines in the logarithmic plot. Type 3 (bumpy) densnts

for blue-shifted absorptions at velocities around 5¢kimfound (7/36) present a shape characterised by a wide bump and occupy

in eight objects, which is most likely indicative of the peese the upper side of the decrement ensemble, opposite to type 1.

of strong inner disk winds (Lima et al. 2010). Finally, in type 4 (L-shape) curves/@) the decrement slope is
The Balmer profiles of three targets that represent the foséeep for the first lines of the series, but becomes muchrffatte

mentioned three profile classes are depicted in[Fig. 2. Toe piNup > 6.

files tend to become more and more symmetric in higher lines of We have empirically defined the first three types on the ba-

the H series, as expected based on the lower opacities @& th&s of the value of the Log(HBI4) ratio. This ratio is< —0.80

lines with respect to bl and Hs. in type 1, between-0.80 and-0.45 in type 2, and> —0.45 in
Paschen lines are detected with a goghl Bnly in targets type 3, respectively. Type 4 decrements can instead be defe

that display wide or asymmetric Balmer line profiles. Thetwid those for which the slope of the decrement between the H6 and

of these Palines are in the range 50-200 ksrand show in gen- H14 lines, i.e. the slope of the line connecting the H6 and H14

eral a more symmetric profile than lower Balmer lines, altifou points in the logarithmic plot of the decrements, is grettian

they often retain signatures of the same absorption featize -0.07. The Balmer decrement types of the targets are repiorte

tected in the Balmer series (FIg.A.1 dndJA.2). In that, thea- Tabled.

file is similar to the one of higher Balmer lines, as found atso Since the shape of the decrement depends in principle on

previous works. (Folha & Emerson 2001). It is finally worth-notthe chosen reference line, we explored the possibility ofgus

ing that about one third of the detectegsRiaes show evidence lines with a higher I, as reference, but we obtained no signif-

of an inverse P-Cygni profile indicative of flows of infallimgat- icant variations from the schematic classification we hast |

ter. detailed. The possible dependence of th@edént decrement

shapes on both the line profiles and the source propertiés-is d

cussed in the following sections.
3.2. Balmer decrements 9

The very high quality of the Balmer line spectra in conjuanti 5 3 poc-hen decrements
with the simultaneous measurement of all lines of the sgries
vided by X-Shooter allows us to perform a detailed and urredhe Paschen decrements for each target relative to fhdirkea
dented study of the Balmer decrements in a large and homogesd up to the Pal4 line are shown in [Eig.]C.1 of the appendix, us
neous sample of T Tauri stars. ing the same graphical representation employed for the &alm

In computing the decrements, we decided not to useal decrements. The Pa 11 and Pa 13 lines were not considered sinc
reference, because this line is the most sensitive to gpeftiicts  these lines are blended with the bright IR tripletiaes. Be-
and most subject to contamination from chromospheric eéamisscause of the lower quality of the data of the near-IR arm aed th
(e.g..Manara et al. 2013). The decrements of the targetsvielalarge number of upper limits it is morefticult to identify dif-
to the H3 (H4) line and up to the H15 line are shown in théerent decrement classes as done for the Balmer lines. We can
logarithmic plots of Figl_B.1L of the appendix. For every stae however distinguish between three major shapes, whichage cl
decrementis highlighted in red against the ensemble otalled sify astype A, B, and C, and are reported in Eig. 4. In the fivst t
ments of the sample, which are traced in grey. The error assdagpes, displayed by the majority of the objects, the decrernse
ated with each decrement point (i.e. line ratio) was obtalme roughly straight, steeper in type A and more gradual in type B
propagating the errors on the line fluxes of the two lines. Considering the slope of the line connecting the Pa5 and Pal2
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Fig. 3. Four main Balmer decrement shapes observed in our sample.|Eft to right: type 1 €urved, ParLup 3-4), type 2&raight, Sz100), type
3 (bumpy, Sz106), and type 4 ¢shape, Sz83). Each type is highlighted in red against the decrésradserved for all other stars (in grey).
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Fig. 4. Three main Paschen decrement shapes observed in the sknophdeft to right: type A (Sz73), type B (Sz83), and type C133).

points in the logarithmic plot, we empirically define as type Ha line is in general wider than #and, although this is a real
those in which this slope is lesser or equal than -0.14. e §p effect in a few objects, we note that the presence of strong ab-
stars the decrement shows a plateau or small bump at théoposisorptions in the profile often lowers the intrinsic heighttiog

of the first lines of the series, which have fluxes equal or érighline peak more for ki than for H3 (differential opacity ffects),
than P@&. This type of decrement s clearly observed only in fouthus leading to overestimating the FWHM. Using H9 as repre-
sources (Lup706, Sz103, Sz106, Sz97). Other objects shew pentative for high Balmer lines, the comparison with theliHe

sible hints for a similar shape but we cannot derive a firmsilasshows that the width remains constant throughout the siries
fication for these targets owing to large error bars or ugpetd.  sources with narrow lines, whereas in the remaining objeets
The Paschen decrement class is given in Table 1. find a decrease of the FWHM in highest series lines, even with-
out considering sources that show cledtatiential opacity ef-
fects. This suggests an additional &mission component in ob-
jects with wider lines, which is observed mostly in lower Bak
source parameters lines and tends to disappear with increasing quantum number

4.1. Line widths and velocities Nup.

4. Empirical relations involving lines properties and

The full-widths of the K, HB, and H9 lines are directly com-  To estimate the full width at zero intensity of the lines
pared (Hr vs H3 and H3 vs H9) in the left panel of Fid.]5. The (FWZI) we considered the line width at the level of the fitted
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Table 1. Main source properties anditémission properties for the sources of the Lupus sample.

Source RA(J2000) DEC(J2000 Main properties H lines Palines
Tar (K) L, (Lo) M, (Lo) LOgMaec(Mo/yr) | prof2 dec® | dect
Sz66 15:39:28.28 -34:46:18.0| 3415. 0.200 0.45 -8.73 MP 2 B
AKC2006-19 15:44:57.90 -34:23:39.5| 3125. 0.016 0.10 -10.85 NS 2
Sz69 15:45:17.42 -34:18:28.5| 3197. 0.088 0.20 -9.50 MP 4 B
Sz71 15:46:44.73 -34:30:35.5| 3632. 0.309 0.62 -9.23 w 2 A
Sz72 15:47:50.63 -35:28:35.4| 3560. 0.252 0.45 -8.73 MP 4 B
Sz73 15:47:56.94 -35:14:34.8| 4060. 0.419 1.00 -8.26 MP 2 A
Sz74 15:48:05.23 -35:15:52.8| 3342. 1.043 0.50 -8.09 MP 2 ?
Sz83 15:56:42.31 -37:49:15.5| 4060. 1.313 1.15 -7.37 W 4 B
Sz84 15:58:02.53 -37:36:02.7| 3125. 0.122 0.17 -9.24 MP 2 A
Sz130 16:00:31.05 -41:43:37.2| 3560. 0.160 0.45 -9.23 w 2 A
Sz88A 16:07:00.54 -39:02:19.3| 3850. 0.488 0.85 -8.31 w 4 B
Sz88B 16:07:00.62 -39:02:18.1| 3197. 0.118 0.20 -9.74 w 4 ?
Sz91 16:07:11.61 -39:03:47.1| 3705. 0.311 0.62 -8.85 MP 2 A
Lup713 16:07:37.72 -39:21:38.8| 3057. 0.020 0.08 -10.08 MP 2 A
Lup604s 16:08:00.20 -39:02:59.7| 3057. 0.057 0.11 -10.21 NS 2 A
Sz97 16:08:21.79 -39:04:21.5| 3270. 0.169 0.25 -9.56 w 3 C
Sz99 16:08:24.04 -39:05:49.4| 3270. 0.074 0.17 -9.27 w 3 A
Sz100 16:08:25.76 -39:06:01.1| 3057. 0.169 0.17 -9.47 NS 2 ?
Sz103 16:08:30.26 -39:06:11.1| 3270. 0.188 0.25 -9.04 MP 3 C
Sz104 16:08:30.81 -39:05:48.8| 3125. 0.102 0.15 -9.72 NS 2 ?
Lup706' 16:08:37.30 —39:23:10.8| 2795. 0.003 0.06 -11.63 (-10.23)| MP 1 C
Sz106 16:08:39.76 —-39:06:25.3| 3777. 0.098 0.62 -9.83 (-8.92) MP 3 C
ParLup3-3 16:08:49.40 -39:05:39.3| 3270. 0.240 0.25 -9.49 NS 2
ParLup3-4 16:08:51.43 -39:05:30.4| 3197. 0.003 0.13 -11.37 (-9.27) w 1 A
Sz110 16:08:51.57 -39:03:17.7| 3270. 0.276 0.35 -8.73 w 3 A
Sz111 16:08:54.69 -39:37:43.1| 3705. 0.330 0.75 -9.32 MP 3 A
Sz112 16:08:55.52 -39:02:33.9| 3125. 0.191 0.25 -9.81 NS 2
Sz113 16:08:57.80 -39:02:22.7| 3197. 0.064 0.17 -8.80 w 4 B
2MASSJ16085953-3856275 16:08:59.53 -38:56:27.6| 2600. 0.009 0.03 -10.80 NS 2
SSTc2d160901.4-392512 | 16:09:01.40 -39:25:11.9| 3270. 0.148 0.20 -9.59 MP 3 ?
Sz114 16:09:01.84 -39:05:12.5| 3175. 0.312 0.30 -9.11 NS 2 ?
Sz115 16:09:06.21 -39:08:51.8| 3197. 0.175 0.17 -9.19 NS 2
Lup818s 16:09:56.29 -38:59:51.7| 2990. 0.025 0.08 -10.63 NS 2 ?
Sz123A 16:10:51.34 -38:53:14.6| 3705. 0.203 0.60 -8.93 MP 2 A
Sz1238 16:10:51.31 -38:53:12.8| 3560. 0.051 0.50 -10.03 (-8.86) | MP 1 A
SST-Lup3-1 16:11:59.81 -38:23:38.5| 3125. 0.059 0.13 -10.17 NS 2 A

Notes. Source parameters fram Alcala et al. (2014).

@ Profile type (of the I8 line): NS, narrow symmetric (¥36); W, wide (1936); MP, multi-peaked (1/36).
® Decrement type: 1-4 as in Fg. 3.

© Decrement type: A-C as in Figl 4. Unclear decrement typesnaried with a "?".

@ Sub-luminous source.

@ Mg value after correction for the obscuration factor (see Kle all 2014).

local continuum plus &. In general, the 8! on the local con- 4.2. Line widths and mass accretion rate

tinuum was better for the glthan for Hr and H9, so that the

determination of the maximum velocities might be slightty- u In Fig.[d we plot the FWHM of the B line versus the mass ac-
derestimated for these latter lines. The blue and red wiht®eo cretion rate, using blue points to indicate the narrow symime

H lines have on average a similar extent (see central pafeldime sources (NS) and flagging with a red point the multi-gehk
Fig.[8). The maximum velocities measured on the red and blolgjects (MP). Indeed, in these latter the strong absorgptioay
side of the K8 line span from 200 up to about 800 ksnwhich alter the line profile in such a way that the measured FWHM
means a FWZI in the range 400-1600/smwhile for the HI line is heavily biased compared to the intrinsic width the lineulgo
the wing velocities go from about 50 to 400 fsn have without optical depthfiects. Taking into consideration this

The comparison between FWHM and FWZI (right panels ssible dect, the plot Cor?f‘.fms that Iing Widt.h is global!y re-
Fig. [ clearly shows that the majority of objects have &hd 1ated with the accretion activity of the objects, in agreanweith
Hp profiles that significantly dier from a Gaussian, having inknown empirical rel_at|0ns connecting for example the wioth
most cases very extended wings that indicate gas movingpat Iathe He o the accretion rate (e.g. Natta et al. 2006).
velocities with respect to the star. A high-velocity winchto- It is also evident that the narrow symmetric line sources
bution or broadening from line damping (Muzerolle et al. 200 are indeed associated with the lower mass accretion rates (L
might explain these very extended wings, especially inoaifi Mac.< 9Mo yr=1), although their line width seems independent

thick lines. on theMg value.
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Fig. 5. Line widths and velocities for Balmer lines of the Lupus s#&mnpeft panels: FWHM of HB versus FWHM of kv (top); FWHM of H9
versus FWHM of i (bottom). Central panels: redblue wings extension in Bl(top) and H9 pottom). Right panels. FWZI versus FWHM for
Hp (top) and H9 pottom); dashed lines mark the expected correlation between thd\&hd FWZI (measured ay30, 50, and 1100 of the
peak) in a Gaussian profile. Thefdirent symbols indicate the line profile typology (see $ediabd Table 1: narrow symmetric (circles), wide
symmetric (squares), and asymmetric or multi-peaked ¢e)s Sources where thextdr H3 present a particularly deep central absorption, which
may introduce a strong bias in the line FWHM measurementtésel are marked with a red circle.

4.3. Balmer decrements and source parameters these sources is equal to zero in Al4, so that tiieceof the

obscuration has been interpreted by the authors irstefm

) , dis

We searched for possible connections between the Obserﬁﬁ‘%bscuration factor (see Sect. 7.4 of A14). This is theofact
decrement shapes and the main stellar properties of thetsarga¢ one needs to apply to bring the luminosity of the sources
(namely the stellar madd., luminosity L., radiusR., effective i, agreement with that of other objects of the sample with t
temperaturdr, and visual extinctiorv), but we could deter- same “spectral type. This approach corresponds to assuming a
mine no clear correlation for any of the mentioned parametergrey (i.e. wavelength-independent) extinction. It is iate that
~ Considering the accretion properties of the sources, we fifih approximation of grey extinction might be less accufate
instead a tentative connection of the decrement shape hgth fhe H; emission region, which can be in principle more extended
mass accretion rate, in the sense that the strongest ascietothan the disc of the star from our observing point. If theraris
the sample show decrement shapes that tend to type 4. Eeidefiiount of chromatic extinction that is currently not acdedn
for this can be seen in Figl 8 where the ttecrement curves arefor in the Hi emission region, the type 1 decrements observed
displayed separately for each bin of the mass accretiordiste should be corrected to consider it. Since the it of adding
tribution histogram, with the strongest accretors indidgtight-  the extinction is to raise the decrement curves, if we carsid
most panel). an Ay of a few magnitudes the observed type 1 decrements are

An important point to remark is that the three sources disodified in such a way that they appear as type 2 decrements.
playing a type 1 decrement (Sz106, Par-Lup 3-3, Lup706) havhis efect is depicted in Fid.]7, where the type 1 decrement of
been identified as sub-luminous objects by A14, who prowele éar Lup 3-4 is reddened by considering an extinciga2 mag
idence that the sub-luminosity is due to obscuration of tae sandA,=4 mag, using the Weingartner & Draine (2001) exinction
by the circumstellar disc, as a result of an almost edge-@n.vi law adopted also by A14.
This finding strongly suggests a direct connection betwben t
edge-on line-of-sight and the observed type 1 decremeit. It
likely that in an edge-on geometry also the lithe emission re- 4.4. Balmer decrements and line profiles
gion is partly obscured by the disc. In this scenario the type
decrement could be due to the fact that we are observing ofiilye diferent combinations of Balmer decrement and profile type
the outer parts of the emission region, which might be chardabat we observe are reported in the top panel of Thble 2. The
terised by a dferent extinction. The derived value &§ for most evident relationship between decrement shape andegrofi
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decrements other than type 2 always presenlités with wide
or asymmetric profiles.

Four objects with a type 4 decrement display wide (W) pro-
files. In particular, Sz83, Sz88A, and Sz72 are the sourcts wi
the widest lines (FWHM(l4) ~ 300 knys) in the sample. The
line profiles in type 4 targets remain basically the sametifjne
out all lines of the series.

This is not the case in type Bimpy decrements, where we
note that in three objects (Sz103, Sz106, Sz111) the prdfiles
the H3 and following lines of the series display optical depth
effects (self-absorption in the core of the line) that tend t® di
appear in higheN,, lines (Fig.[A.1), which are optically thin-
ner. For these sources, normalising by th&fldx clearly intro-
duces some bias. However, even applying a flux correction to
take into account the absorption (i.e. filling the absorphy fit-
ting a Gaussian using only the line wings as reference) does n
change significantly the decrement shape. We notice thé&t suc
self-absorption #ects are apparent only in the first three or four

A lines of the series (H3 to HB6), while the location of the bump
50 14 ~10 -9 -8 7 "peak” is around\,p= 9,10. This further supports the conclu-
Log M, (M /yr) sion that the bump is not a bias introduced by disregarditig se
absorption. Moreover, in the remaining type 3 decremerdaibj
the diferential opacity fiects are not found and the profiles seem
fairly consistent betweenand the remaining lines of the se-
ries.
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Fig. 6. FWHM of the H3 line as a function of thél.c of the objects.
The blue points indicate the narrow symmetric line sourd&s) (while
multi-peaked line objects (MP) are flagged with a red poirgcition
rates of the sub-luminous objects have been correcteddordhscura-
tion factor (see Alcalé et al, 210 14 and Table 1), 4.5, Paschen decrements and source parameters

In the bottom panel of Tablel 2 we indicate the occurrence of

the diterent combinations of Balmer and Paschen decrement
L B B I L B B shapes. The four objects that display a clear type C Paschen
decrement comprise three type 3 and one type 1 object. These
sources do not seem to show any particular stellar paranmeter
common.

It must be noted that all targets with a type 4 Balmer decre-
ment display a Paschen decrement of type B. There is therefor
a strong consistency between the Balmer and Pascheette-
ments in these objects, which were shown to be typicallyasso
ated with strong accretors (see HiYy. 8 and $ect. 4.3).

The type 2 sources for which we can derive a solid classi-
fication of the Paschen decrement display a type A shape, with
the only exception of Sz66. The remaining type 2 sources, and
in particular most narrow symmetric line objects, have utaie
Paschen decrement types.

Finally, we note that objects that show agPae with a
clear inverse P-Cygni profile display a Paschen A decremeht a
Balmer decrements of type 2 and 3.

1.0

Par_Lup3-4

0.5

-1.0

4.6. Line ratios and optical depth

-15

o b b b b b b The large number of Htransitions simultaneously observed
4 6 8 10 12 14 16 with X-Shooter allows us to derive information on the lingiep
Ny cal depth, by analysing Paschen and Balmer lines with common
upper level. In Fig. 9, we show the R&fb ratio (P#/Hy, that is,
Fig. 7. Effect of an additional amount of visual extinction on the typghe one computed from lines with the highest SNR) measured in
1 decrement of Par Lup 3-4 (black line). Resulting decreme¥ith  the sample along with information on the profile and decremen
AA=2 mag (red) andA,=4 mag (blue) are shown. type of the sources. Once the line fluxes have been corrected
for extinction, in the case of optically thin emission, thesa-
tios depend only on the Einstein dbeients of the transitions
is that all narrow symmetric line sources (11 objects) diga (Goldwirei 1963).
type 2 @raight) decrement, although not all type 2 decrements First, we note that sources with symmetric narrow profiles
are associated with objects showing narrow symmetric pofilare compatible with optically thin emission in these linghjle
(e.g. Sz123A, Sz74, Sz71). This also means that sources withdefinite trend can be seen for objects witffatent profiles

N

p
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Fig. 8. Decrements and mass accretion rate. Whe distribution histogram is shown in the first panel; the deats relative to each bin are
displayed using the same colour code as in the histogram.
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Fig. 9. Values of the Pgbi5 (Pg/Hy) in the sample. The expected value for optically thin emisss marked with a dashed horizontal line.
The colour marks the decrement shape type (red:1, bluee2nds, purple:4) while the symbol indicates the line prdfifgology (circle: narrow
symmetric, square: wide, cross: multi-peaked); downwaatgles are upper limits.

types. As for the decrement shape, all sources with type kedemeeds to be corrected for absorption would even cause &furth

ments do not agree with the expected value, clearly suggestilecrease of the ratio. We will return on this aspect in $e2i25

optically thick emission for these targets. Also, type leuhs

display ratios that are significantly greater than the aiic

thin value. This supports our previous hypothesis thatektn

might have been underestimated for these sources [Ségtagd.35. Comparison with models

the net éect of the extinction is to lower the ratios. Interestingly, o ) ] ]

the discrepancy between the measured ratios and the edpeéederive information on the properties of the gas emitting t

optically thin value roughly reflect the fiérent obscuration fac- Ht lines we have compared the observed decrements with pre-

tors (grey extinction) applied by Al14 in these targets (25,68, dictions of two standard emission models: the classic Case B

for ParLup3-4, Lup706, Sz123B, respectively). combination|(Baker & Menzel 1933; Hummer & Storey 1987),

in which Balmer lines are optically thin and level popula-

Finally, all type 3 decrement objects, except for Sz111wshdions are determined by radiative cascade from the cominuu

ratios that are in principle compatible with optically themis- and the local line excitation calculations recently depeld

sion in the considered lines. However, Sz103 and Sz106ajispbyKwan & Fischer|(2011), which evaluate self-consistettily

evident opacity fects in the first lines of the series (see Eig.JA.line emissivities upon input of the local physical conditioof

and Sect[4]4) and assuming that the flux of the Balmer ling® gas.
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Table 2. Occurrence of dferent combinations of decrements and pro O T T T T T

file types.Top: Balmer decrement type angbtine profile type Bottom: L ] 0.5 7
Balmer decrement type and Paschen decrement type. Umcedsthen 10— le 4 _ ]
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5.1. Case B Fig. 10. Case B model Balmer (left) and Paschen (right) decrements

are superposed to the observed decrements of our sampdi(gs).
Case B decrements appear in some cases formally compatitple various colours and line styles refer tfelient gas parameters, as
with the observations. This can be seen in Eig. 10, where Casticated in the legend in the left panel.
B predictions for diferent temperatures and electron densities
from the online tables provided by Storey & Humimer (1995) are ) o _ )
directly compared with our data. however, this regime is obtainable only with a very strongtph

In Balmer decrements, the Case B curves cover the cé@pisation rate, which can beflicult to obtain in the circum-
tral and lower part of the Lupus decrement ensemble. Lowellar environment of standard CTTSs. Although ionisaby
temperatureT ~3000 K) high-densityrfe ~ 101° cm3) curves Photons from the hot corona of the star or from the accretion
are those that fall in the central part of the ensemble, wimerst  Shock has been proposed (e.g. Bary et al. 2008), the capabili
of the observed decrements of type 2 are located, which isdhsuch mechanisms to maintain the Case B regime in T Tauri
line with the results of Bary et al. (2008). However, the type €nvironments still needs to be proved.

Paschen decrements shown by most of the sources with type 2
Balme[curve_s are more consistent with lower density 08s( 5.2 | ocal line excitation calculations
10’ cm3) at higher temperature¥ (23000 K).

The characteristic bumpy shape reminiscent of type 3 BalmBhte local line excitation calculations by Kwan & Fischer {20
decrements appears in Case B curves for very low tempesaturereafter KF; see also Edwards et al. 2013) have been deeklop
(T ~ 1000 K) and high electron densities, but the Case B predto-describe line emission under the physical conditiongetqul
tions remain globally below the observed type 3 decrements. for winds and accretion flows in CTTSs. Given one set of local

Although we detect a bump very similar to that predicted bghysical conditions as input (Hhumber densityy, temperature
Case B in objects with decrements of type 2 but tending to type hydrogen ionisation ratgy, and a velocity gradierdv/dl)

3 (Sz66, Sz84), the line profiles in these sources indicatar clthe KF models compute the ionisation fractiasiny, the level
differential optical depthfeects that should rule out an opticallypopulations, and the line optical depths in a self-constdtesh-

thin emission regime. ion. These models can manage optically thick emission amsl th
Finally, Case B completely fails to reproduce the L-shape 8¥0id the implicit limitations of Case B.
the type 4 Balmer decrements, as well as the pldbesop of In this article, we consider the set of models presented in

the type C Paschen decrements. This is in agreement with lgygan & Fischer|(2011). This set was obtained from a 20-level

observation that emission in these objects is not optighily model of the hydrogen atom, by assuming a velocity gradient

(see Seci 416 ald 5.2.2). dv/dl = 150 km s'/2R, and an ionisation ratgy = 2x10*s™.
Even though Case B curves are compatible with some of thBese values were originally chosen by KF to approximate the

observed decrements, the mentioned inconsistencies seam tconditions in the region of a wind or an accretion flow, based o

dicate that the Case B model is generally not appropriatader the set of T Tauri spectra analysed by the authors (Edwasals et

scribing the H emission in T Tauri stars. Indeed, for Case B a2013).

sumptions to be valid it is necessary that radiative detaticn

from leveln=2 is more rapid than excitation by collisions fro

the same energy level. As evidenced by Edwards|et al. (2011?:;),5'2'1' Decrements

terms of physical conditions this translates in an uppettfior The computed model grids for Balmer lines consider a hydro-

the column density of the neutral hydrogen(-dl), dl being the gen total density spanning from lagy=8 to log ny=12 cnt®

emission length scale. Since in CaseBand sony)) is a free and temperatures in the ran§e3750-15 000 K. A direct com-

parameter, the model implicitly assumes that anddl have parison of KF predictions and the Lupus Balmer decrements is

values ensuring that the collisional excitation frae2 remains shown in Fig[Ill. For values of the gas density that vary in the

negligible. As the electron density increases 10°cm™), range logy 9+10 cnT3, the model curves cover the entire locus
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Fig. 11. Balmer decrements predicted by the local line excitatidoutations of Kwan & Fischer (2011) are superposed on theeeents
observed in our sample (grey lines). The panels displaytsstu different values of the hydrogen number densijfy(indicated), while the solid
lines of diferent colours refer to the gas temperatures reported iregfentl.

of the observed decrements. Such a rapid variation in theesha As mentioned above, decrement curves very similar to the

of the decrements is due to the fact that this is the rangertfide type 4 shape are well reproduced in KF models for high hydro-

ties where the lines of the series become optically thickfisiy gen densities (logy >11 cnt3) and various temperatures (in

from the first lines up to higN,, lines (Edwards et al. 2013). generall > 5000 K, see last three panels of Figl 11), thatis, in a

Once all lines of the series are optically thick (lag>11 cnT3) regime where all lines of the series have become opticaltkth

the decrement curves assume a characteristic L-shapaisemi  Since Hr has not been considered in our definition of the

cent of that of type 4 objects. decrement shapes, we have checked the predicted flux for this
Most of the observed decrement shapes are reproduced lim@ against the observations in the cases best reprodycdie b

reasonable way by the KF models. In particular, type 2 dectéF models, namely type 2 and 4 objects. For type 4 sources

ments are in good agreement with curves expected for dessithe observed H is in good agreement with the KF predictions,

in the range logny = 9.4-9.8 cnT3, with temperatures that how-while for type 2 curves we find thatdis overestimated in few

ever cannot be well constrained. objects (see Fid. Bl1 in the appendix). Observed fluxes great
Similarly to Case B, the type 3 decrements are the most d#f@n those predicted may result from additional emissian-co

ficult to be reproduced. The region where type 3 curves are Rnents to the line (e.g. chromospheric and jet emissiojew

cated is roughly covered in KF models by decrements with gig4ver fluxes are more dlicult to explain and might be related to

at densities logy = 9.6-9.8 cm® and fairly low temperatures the strong self-absorptions in the line being not well miedel

(T < 5000 K), but shapes that are very similar to type 3 cannot Paschen decrements computed from KF models are com-

be obtained in any case. pared with observations in Fig.J12. Curves with total hy@mog
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Fig. 12. Paschen decrements predicted by the local line excitatdoulations of Kwan & Fischer (2011) are superposed to theeteents
observed in our sample (grey lines). The panels displaytssfu different values of the hydrogen number densijfy(indicated), while the solid
lines of diferent colours refer to the gas temperatures reported iretfentl.

densities of order 78-10'* cm~2 are consistent with the straighttheir Fig. 5) and have on average higher accretion levetsdba
types A and B. In particular, the predicted model curveshieat Lupus objects.
match the observed type B decrements are obtained for densi-,:ina”y, we point out that the mentioned discrepancies be-
ties logny>11 cnT® and temperatures around 7000-10 000 Kyeen predictions and data might also indicate that thetinpu
with a shape that varies very rapidly with the temperatutti® parameters of the KF models need to be tuned to take into ac-
regime. The high total densities are the same required fi® tycount our observations, so as to better describe the plysica
4 Balmer decrements, which is consistent with the simutiese gitions in the line emission region of some of the targets.iffo
occurrence of type 4 and type B decrements (Table 2). stance, a velocity gradient of 150 km'$2 R, appears too high

It can be noticed that for the same valuengfthe gas tem- for the sources that display narrow symmetric lines. Aljiou
peratures needed to obtain a typical type 4 curve are somewhith different input parameters we expect to obtain decrements
higher than those required for the typical type B shape (HEifls qualitatively similar to those of the current models (i.éhwhe
and[12). Additionally, the type A curves frequently asstaria same basic shapes), some of the features of the decremess cur
with the type 2 Balmer decrements are obtained at higheii-demsight change, such as the prominence of the bump in the type
ties than the relative type 2-like curves. These discreipamiay 3-like decrements. In addition, in the case of a smalleraisio
indicate that the region responsible for the bulk of the Balmgradient we may expect that the same shapes (i.e. the sagne lin
and Paschen line emission is not exactly the same in suck caa#ios) are found at lower gas densities than those of tinelatd
(temperature and density gradients are indeed expectemdjear KF models that we are adopting here, because the line opac-
nately, might depend on the limitations of the current seléf ities scale as,/(dv/dl) (see_Kwan & Fischer 2011). A more
computations. More on the results from the simultaneouk/anan-depth analysis with updated sets of KF models considerin
sis of Balmer and Paschen data is given in $ect.15.2.2. different values of the input parameters and possible additiona

None of the model curves reproduces the type C Pascﬁ@ﬂq_)rmation from lines of other specjt_es (the KF models alse d
decrements with the bump or plateau, although we notice t§&f!°€ Hel, Ol, Call, and Nal transitions, thuieing the op-
for high-density high-temperature gas (i.e. in an optjctilicker portunity to stud_y the line emission region conditions frm_@ny
regime) we obtain flat decrements that are in rough agreeaerffMission lines simultaneously) is beyond the scope of thidla
least with what we observe in the first lines of the seriesx FI@nd is therefore postponed to a future paper.
inversion between Band Fhe foII_ow_ing lines is indeed expected
m_the_ case of blackbody-like emission at these tempersferg. 522 Line ratios
Nisini et al.l 2004).

The relatively narrow range of gas densities required to rée investigate whether the KF models are able to simultasigou
produce the observed spread of the decrements (both Balaezount for the observed Balmer and Paschen lines, we have
and Paschen) is in agreement with the results by Edwards ethkecked the KF predictions against line ratios involvinghtd®a
(2013) from the comparison of KF models with the Paschemd H lines. In Figl_1I3 the measuredsR4s and P@/Hy ratios
decrements of a sample of T Tauri stars, although the dessi{idivided by Balmer decrement type) are compared with the pre
inferred by Edwards et al. (2013) (2%0< ny < 210" cm™) dicted model curves as a function of the total hydrogen dgnsi
appear higher than those associated with type 2 decremahtsfar different temperatures. The peaked shape of the model curves
more in line with those derived for type 4-B decrements. &tje depends on the fierent opacity of the two lines. At low densi-
most of the objects of the Edwards et al. (2013) sample pteseties both lines are optically thin, then the Balmer line buaes
Paschen decrement that complies with our type B definitiea (soptically thick so that the ratio increases until the ogtabepth
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of the Paschen line becomes greater than one. Eventually, 20
enter in a regime were both lines are thick.

The plots confirm that only a few points are compatible wit
densities lower than logy ~ 9.5 and lines that are optically thin,
namely those relative to some type 2 and type 3 sources. Amc 15
these, we basically find all NS objects for which it was poss
ble to measure the ratios. It isfiicult to constrain the temper-
ature for these objects, although we observe that a temypera
as high as 15000 K would imply total hydrogen densities low:
than Logny ~ 9, which does not agree with the higher value
indicated in the decrement analysis. The remaining datatgoi
indicate higher total densities, in global agreement withgep- 0.5
arate analysis of the Balmer and Paschen decrements, ithe
the range before the peak of the model curves (this is presiyme
thecase OftypeZObJeCtS’ Seem 11) Orafterthe peakWh HHH\\‘\H\WH\HV‘\H\\HH‘H\HHH‘\HHHH‘\H
both lines have become optically thick (type 4 sources). 0.0 8 9 10 11 12

Ratios measured in type 4 objects, if put in conjunction wii Log n,
the decrement analysis that suggested high densities g® th
targets (logny > 11 cnt®) to obtain the L-shape curve, pro- 6
vide indication for only moderately high gas temperatuiess(
9000K), with lower temperatures required as the density i 5
creases. For instance, if temperatures as low as 7500 K are (
sidered, the R#Hy indicates that in type 4 objects the densitie
cannot exceed logy ~ 11 cnT?, which is a more stringent con-
straint than the one derived from the Balmer decrement aigaly
only, where typical type 4 decrements were actually obthin
fror’r‘]3 KF models for total densities in the range logny 11+12
cm e,

Finally, we notice that the value of the expected ratios & tt ?
optically thin and thick regimes (before and after the pesi)
very similar for gas at high temperaturgé ¢ 15000 K), espe- 1
cially in the case of the BaHy ratio. On this basis, the ratios ob-
served in type 3 objects that were in principle compatibléawi 0
optically thin emission (see also Fig. 9) might actually lse a
sociated with very high-density and high-temperature Gass
would be consistent with the evident opacitjeets observed in Fig 13. Measurements of the B (top) and P&/Hy (bottom) ratios,
the first lines of the H series of Sz103 and Sz106, but it is Which are displayed in the left portion of the plot and didey Balmer
contrast with the indications, albeit uncertain, from themMious decrement types (we do not include type 1 based on consinlesan
decrement analysis (lag; < 10 cnT3). Sec{4.B), are compared with KF model curves that are platbesus

the total hydrogen density for fiérent gas temperatures (see legend in
the upper panel).
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6. Discussion

Despite the many combinations of Balmer (and Paschen) degreoceeds at moderate levels through geometrically simiple ¢
ment shapes and line profiles (Taliles 2), we are able to fgamti cumstellar structures. In this scheme, the narrow symmiatie
least two groups of objects with common bbservational char- emission would represent the basicéiission manifestation in
acteristics, which we can associate with twéfelient Hi emis- moderately accreting CTTSs.
sion regimes. In the second group we find the sources with type 4-B
The first group contains the narrow symmetric line sourcéBalmer-Paschen) decrementg3®). Based on the good agree-
(11/36), which share highly similar Hine profiles with FWHM ment with predictions of KF models, emission in such objects
around 100 kmgand display a type 2 Balmer decrement. Theyan be well described assuming higher hydrogen densities (
represent a subsample of the sources that show Balmer typgE02 cm3). At these densities the lines are expected to be op-
decrements and Paschen A decrements, which are largelytibaly thick, in agreement with the observed ratios of Pasc
most common in our T Tauri sample. Indeed, 23 sources autd Balmer lines (Sects._4.6 ahd 512.2). These ratios stigges
of 36 have a Balmer 2 decrement, if we also include the thrakso that gas temperatures cannot be too highs(9 000K).
type 1 Balmer decrement sources, which we interpret as "rddie very wide line profiles displayed by most of these objects
dened" type 2 curves. Based on predictions of the KF modedggnal the presence of gas moving at high velocities. Fque ty
such decrements would indicate gas with a total densityén th-B targets out of six are associated with the highest dotret
range Logny = 9+10 cnT3, with temperatures that, howeverrates in our sample, suggesting that there is a direct cdionec
remain not well constrained (= 5 000-15 000 K). In the NS ob- between gas at higher densities (more massive accretion)flow
jects, the line ratios indicate an optically thin emissiegime. and higheM, values. At variance with narrow symmetric line
Additionally, the NS objects are also associated with loaer objects, Type 4-B sources therefore appear as the moseactiv
cretion ratesl(ac< 10°M yr1, Fig.[8). We can speculate thatobjects of the sample, with clear evidence of high-density ¢
these sources are fairly quiescent objects in which theetioor cumstellar structures.
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It is more dificult to delineate common recurrent charadkurosawa et al. 2011). We can indirectly evaluate a possible
teristics for the remaining objects of the sample, whichwsho contribution from winds based on the gas properties derined
great variety of line profiles. Type 3 Balmer decrements ocanrour decrement analysis, in particular for the NS sources;twh
be well reproduced with neither the KF models or Case B, thalsow the simplest line profiles. In our previous work, Nattale
it is not clear if the H gas in sources that display type 3 Balme(2014) studied the so-called slow winds in our Lupus sample.
decrements have properties in between those of the previous Based on the analysis of the slightly blue-shifted low vijoc
groups. On the one hand, decrements that show a bump partieimponent of various optical forbidden lines (e.g1[Su]),
similar to that of type 3 curves are obtained in both Case B awthich have typical FWHM in the range 50-100 kntand signal
KF models for temperatures ¥ 5000K. These fairly low gas the presence of outflowing matter at low velocities, Nattalet
temperatures, however, do not agree with predictions ofistal  (2014) derivedy > 108 cm™3 andT = 5000-7000 K for the gas
accretion models (e.g. Muzerolle etlal. 2001), so that inghe- in the slow winds. These conditions are compatible with ¢hos
nario the H lines might originate in a dierent region. On the derived for the type 2 decrements of the NS sources and sug-
other hand, our analysis suggests in some cases (glg.re@a gest that the same gas can be responsible for at least phg of t
tios, Paschen C decrements) optically thick emission framay H1 emission. On the contrary, we can rule out a significant con-
high temperature and density. These contrasting intextioaets tribution to Hr emission from photo-evaporative winds, because
and the lack of a good agreement between observations andthteeline widths expected for such winds (upt®0kms?, e.g.
predicted decrement shapes may simply indicate that the c&ncolano & Owen 2010 ) are much smaller than those observed
sidered models are not adequate to describe therhission in and the profiles show no evidence of a harrow component at the
type 3 sources. The tentative scheme described above is sline-core.
marised in TablEI3, where the main combinations of decresnent
and profiles are connected with the gas properties anelnils-
sion characteristics.

The Lupus low-mass star sample investigated in this pap@fe presented a study of therHlecombination lines observed
albeit incomplete, is well representative of the Class Ibypo in the X-Shooter spectra of a sample of 36 T Tauri objects in
lation of the Lupus clouds in terms of both stellar, accrgtiothe Lupus star-forming region, for which we had already\dti
and emission line properties (Alcala et al. 2017, submjttdd in a previous work the stellar and accretion properties ial& s
we find evidence of a connection between circumstellar acct®nsistent and uniform fashion. In our analysis we focusnatt
tion activity and decrement types (types 2-A versus 4-Bjs it tion on the H series decrements and their connection with both
plausible that the fraction of stars showing these typesofet |ine profiles and source properties. The aim is to obtainrinfo
ment varies depending on average accretion rate of a gigen siation on the physical conditions of therlgas so as to draw
forming sample. This is for example in agreement with the mea consistent picture of the Hemission in a sample representa-
tioned fact that the T Tauri stars investigated by Edwards) et tive of T Tauri objects. The main conclusions of our work can b
(2013), which are on average characterised by higher a@ereisummarised as follows.
rates than our Lupus sources, present typical Paschen-decreThe Balmer lines present a great variety of profiles, indica-
ments of type B (Sedi. 5.2.1). tive of various kinematic conditions in the circumstellavie

In addition, because the accretion rate decreases in tigie (Eonment. About one third of the objects display profiles trat
Antoniucci et al| 2014), we might expect the relative fracad  fairly narrow (FWHM ~ 100 knys) and symmetric. We refer to
decrement types is correlated to the age of the investigat®d these objects as narrow symmetric line sources. All remgini
ple. In this case, the decrement distribution we observeldhoobjects present more complex: rofiles that we divide into
be representative of young populations with a mean ageaimivide symmetric and asymmetric or multi-peaked. We observe
to that of the Lupus cloud (e.g.3-4 MyrMortier et al/ 2011). a roughly equal distribution of the red and blue asymmetries
Investigations similar to the one performed in this paperear- Paschen lines are observed with a gogd &ly in sources with
couraged to study the decrements in samplesftdréint age.  wide or asymmetric Balmer lines. They appear in general more

We have no knowledge about the possible variability of tsymmetric, although they often retain signatures of theesam
observed decrements and its time-scales. This kind ofiigees absoprtion features seen in the Balmer lines. Several festu
tion would certainly provide additional information on thep- observed in many Kline profiles (e.g. very extended wings,
erties of the H-emitting gas and help to shed light on those casbhigred-shifted absorptions, inverse P-Cygni profiles i)Rae
that are currently diicult to interpret. indicative of both infalling and outflowing matter in the @imm-

The Hri emission lines are commonly associated with gatellar region of the targets.
in the magnetospheric accretion columns (e.g. Muzerobd et  We have empirically classified the observed Balmer decre-
1998h, 2000). The range of gas densities and temperaturesrdents into four types (1 to 4) that presenftelient shapes. Type
rived from the decrement analysisy(> 10° cm™3, T = 5000- 2 is the most common and all narrow symmetric sources present
15000 K) is indeed in good agreement with accretion modefss kind of shape, supporting the idea that these objeetsesh
(e.g.LMuzerolle et al. 2001). Many recent works have consithhe same H emission modality. We found no clear relationship
ered, however, that an important contribution to the lineymédetween Balmer decrement type and source properties, excep
come also from winds that originate in the inner regions ef thor a tentative connection with the mass accretion ratecéndd
sources (e.d. Lima etlial. 2010; Kurosawa & Romanova |2018)ronger accretors of our sample display similar Balmerealec
The presence of additional (wind) emission components-is iment shapes that tend to type 4 and display very wide line pro-
deed suggested by some of the features evidenced in theeprdifiéss. Type 1 Balmer decrements are found only in three sub-
analysis (Secf]3). These models do a reasonable job in-repuminous sources viewed edge-on and this suggests that the
ducing the observed line shapes and put in evidence that theserved shape might be the result of neglecting a (regidual
great variety of line profiles depends not only on the engttirmmount of extinction in the line emission region. If this sago
gas properties but also on geometrical factors such as tfie inis correct, then the actual decrement in these objects xapip
nation and the extent of the magnetospheiiicd region (e.g. of type 2. Despite the lower quality of the near-IR data, we ca

7. Summary
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Table 3. Physical conditions of the Hemitting gas for the main decrement-profile combinatiasssuggested by comparison with models.

Decrement| Profile T (K) log Ny (cm™3) | # of objects| Comments

1 W,MP 3 only in sub-luminous sources; probably reddened type 2eteents
2-A NS 5000- 15000 9.4-9.8 11 optically thin, weakest accretors

2-A W,MP | 5000- 15000 9.4-9.8 9

3 W,MP ? ? 7 decrements not reproduced by models

4-B W,MP <9000 >11 6 optically thick, very wide profiles, strongest accretors

identify three dfferent shapes (named A, B, C) also for Paschemodels with input parameters tuned on the line properties ac
decrements. All the sources with a type 4 Balmer decremeually observed in our sample might provide refined predicti
show a type B Paschen decrement, indicating that these-detat are able to better match the observations.

ments are strongly related. A strong connection betweea 2yp

Balmer decrements and type A Paschen decrements is also re-
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Fig. A.2. Continuum-normalised Paschen lines in sources whegésRietected with a/Bl > 5: P& (black), Pa (red), and P& (blue) are shown.
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