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ABSTRACT

Context. Current planet formation models are largely based on the observational constraint that protoplanetary disks have a lifetime
of ∼3 Myr. Recent studies, however, report the existence of pre-main-sequence stars with signatures of accretion (strictly connected
with the presence of circumstellar disks) and photometrically determined ages of 30 Myr or more.
Aims. Here, we present a spectroscopic study of two major age outliers in the Orion Nebula Cluster. We use broadband, intermediate
resolution VLT/X-shooter spectra combined with an accurate method to determine the stellar parameters and the related age of the
targets to confirm their peculiar age estimates and the presence of ongoing accretion.
Methods. The analysis is based on a multicomponent fitting technique, which derives simultaneously spectral type, extinction, and
accretion properties of the objects. With this method, we confirm and quantify the ongoing accretion. From the photospheric parame-
ters of the stars, we derive their position on the H-R diagram and the age given by evolutionary models. With other age indicators like
the lithium-equivalent width, we estimate the age of the objects with high accuracy.
Results. Our study shows that the two objects analyzed are not older than the typical population of the Orion Nebula Cluster. While
photometric determination of the photospheric parameters are an accurate method to estimate the parameters of the bulk of young
stellar populations, our results show that those of individual objects with high accretion rates and extinction may be affected by large
uncertainties. Broadband spectroscopic determinations should thus be used to confirm the nature of individual objects.
Conclusions. The analysis carried out shows that this method allows us to obtain an accurate determination of the photospheric pa-
rameters of accreting young stellar objects in any nearby star-forming region. We suggest that our detailed, broadband spectroscopy
method should be used to derive accurate properties of candidate old and accreting young stellar objects in star-forming regions. We
also discuss how a similarly accurate determination of stellar properties can be obtained through a combination of photometric and
spectroscopic data.
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1. Introduction

The formation of planetary systems is strongly connected to
the presence, structure, and evolution of protoplanetary disks
in which they are born. In particular, the timescale of disk sur-
vival sets an upper limit on the timescale of planet formation,
becoming a stringent constraint for planet formation theories
(Haisch et al. 2001; Wolf et al. 2012). As the observed timescale
for the evolution of the inner disk around pre-main sequence
(PMS) stars is on the order of a few Myr (e.g., Williams & Cieza
2011), all models proposed to explain the gas giant planet forma-
tion (core accretion, gravitational instability) are generally con-
strained to agree with a disk lifetime of much less than 10 Myr.

� This work is based on observations collected at the European
Southern Observatory, Chile (Pr.Id. 288.C-5038, 089.C-0840,
090.C-0050).

Observations of nearby young clusters (age � 3 Myr) show
the presence of few outliers with derived isochronal ages of more
than 10 Myr. For example, this is found in the Orion Nebula
Cluster (ONC; Da Rio et al. 2010a, 2012) and in Taurus (White
& Hillenbrand 2005). The age of the objects is derived from their
position on the H-R diagram (HRD) and thus subject to several
uncertainties, which are either observational (e.g., spectral type,
extinction), intrinsic to the targets (e.g., strong variability, edge-
on disk presence, Huélamo et al. 2010), or related to the as-
sumed evolutionary models (e.g., Da Rio et al. 2010b; Baraffe &
Chabrier 2010; Barentsen et al. 2011). On the other hand, obser-
vations of far (d > 1 kpc) and extragalactic more massive clus-
ters revealed the presence of a large population of accreting ob-
jects older (ages> 30 Myr) than the typical ages assumed for the
cluster (∼3−5 Myr). Examples of these findings are the studies
of NGC 3603 (Beccari et al. 2010), NGC 6823 (Riaz et al. 2012)
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Table 1. Parameters available in the literature for the objects analyzed in this work.

Name Other RA Dec SpT Teff AV L∗ M∗ age
names (J2000) (J2000) [K] [mag] [L�] [M�] [Myr]

OM1186 MZ Ori 05:35:20.982 –05:31:21.55 K5 4350 2.40 0.13 0.66 64
OM3125 AG Ori 05:35:21.687 –05:34:46.90 G8 5320 1.47 0.63 0.95 25

Notes. Data taken from Da Rio et al. (2010a, and references therein).

and of various regions of the Magellanic Clouds (De Marchi
et al. 2010, 2011; Spezzi et al. 2012). Observations in these clus-
ters are dominated by solar- and intermediate-mass stars, for
which the age determination is subject to the same uncertain-
ties as for nearby clusters, but also to other uncertainties: For
example, the age of these more massive targets is more sensitive
to assumptions on the birthline (Hartmann 2003).

These findings challenge the present understanding of proto-
planetary disk evolution and can imply a entirely new scenario
for the planet formation mechanism. On one side, the existence
of one or few older disks in young regions does not change the
aforementioned disk evolution timescales but represents a great
benchmark of a possible new class of objects, where planet for-
mation is happening on longer timescales. In contrast, the pres-
ence of a large population of older objects, representing a signif-
icant fraction of the total cluster members, could imply a totally
different disk evolution scenario in those environments.

We thus want to verify the existence and the nature of older
and still active protoplanetary disks in nearby regions. For this
reason we have developed a spectroscopic method, which allows
us to consistently and accurately determine the stellar and accre-
tion properties of the targeted objects. Here, we present a pi-
lot study carried out with the ESO/VLT X-shooter spectrograph
targeting two major age outliers with strong accretion activity
in the ONC. This is an ideal region for this study, given its
young mean age (∼2.2 Myr, Reggiani et al. 2011), its vicinity
(d = 414 pc, Menten et al. 2007), the large number of objects
(more than 2000, Da Rio et al. 2010a), and the large number of
previous studies (e.g., Hillenbrand 1997; Da Rio et al. 2010a,
2012; Megeath et al. 2012; Robberto et al. 2013). Our objectives
are therefore a) to verify the previously derived isochronal ages
of these two objects by using different and more accurate age
indicators and b) to assess the presence of an active disk with
ongoing accretion.

The structure of the paper is the following. In Sect. 2, we
report the targets selection criteria, the observation strategy, and
the data reduction procedure. In Sect. 3, we describe the proce-
dure adopted to derive the stellar parameters of the objects; and
in Sect. 4, we report our results. In Sect. 5, we discuss the impli-
cations of our findings. Finally, we summarize our conclusions
in Sect. 6.

2. Sample, observations, and data reduction

2.1. Targets selection and description

We have selected the two older PMS candidates from the sam-
ple of the Hubble Space Telescope (HST) Treasury Program
on the ONC (Robberto et al. 2013). Our selection criteria were
as follows: clear indications of ongoing accretion and of the
presence of a protoplanetary disk; an estimated isochronal age
much larger than the mean age of the cluster, i.e. �30 Myr;
a location well outside the bright central region of the nebula
to avoid intense background contamination, which corresponds

to a distance from θ1 Orionis C larger than 5′(∼0.7 pc); and
low foreground extinction (AV � 2 mag). To find the best
candidates, we have combined HST broadband data (Robberto
et al. 2013) with narrow-band photometric and spectroscopic
data (Hillenbrand 1997; Stassun et al. 1999; Da Rio et al. 2010a,
2012) with mid-infrared photometric data (Megeath et al. 2012).
According to Da Rio et al. (2010a, 2012), the total number of
PMS star candidates in the ONC field with a derived isochronal
age � 10 Myr, which is derived using various evolutionary mod-
els (D’Antona & Mazzitelli 1994; Siess et al. 2000; Palla &
Stahler 1999; Baraffe et al. 1998), is ∼165 including both ac-
creting and nonaccreting targets, which corresponds to ∼10%
of the total population. Among these, ∼90 objects (∼5%) have
ages �30 Myr. The presence of ongoing accretion has been
estimated through the Hα line equivalent width (EWHα) re-
ported in Da Rio et al. (2010a). We use a threshold value of
EWHα > 20 Å, which implies non negligible mass accretion
rates (Ṁacc � 10−9 M�/yr). This is a high threshold that leads to
select stronger accretors. Following White & Basri (2003) and
Manara et al. (2013), objects with EWHα < 20 Å can still be
accretors but with a lower accretion rate. The available Spitzer
photometry (Megeath et al. 2012) has been used to confirm the
presence of an optically thick circumstellar disk, which is al-
ready suggested by the strong Hα emission. This is performed
by looking at the spectral energy distribution (SED) of the tar-
gets to see clear excess with respect to the photospheric emis-
sion in the mid-infrared wavelength range. Among the objects
with isochronal age �10 Myr, there are ten objects (<1%) show-
ing very strong Hα excess, or EWHα > 20 Å. Very striking, two
PMS star candidates, each with an isochronal age � 30 Myr,
have clear indications of Hα excess and the presence of the disk
from IR photometry. These two extreme cases of older-PMS star
candidates are selected for this work.

The two targets selected are OM1186 and OM3125, and we
report their principal parameters available from Da Rio et al.
(2010a, and reference therein) in Table 1. Both targets are lo-
cated on the HRD almost on the main sequence, as we show
in Fig. 1, where the position of these sources is reported using
green stars. We also plot the position of other PMS star can-
didates in the ONC field, as shown with blue circles if their
EWHα < 20 Å and with red diamonds if EWHα ≥ 20 Å. Their po-
sition on the HRD clearly indicates that they have an isochronal
age much larger than the bulk of the ONC population with ages
between ∼60 Myr and ∼90 Myr for OM1186, according to dif-
ferent evolutionary tracks, and between ∼25 Myr and ∼70 Myr
for OM3125. The spectral type (SpT) of the two targets has been
determined in Hillenbrand (1997) to be K5 for OM1186 and
G8-K0 for OM3125.

2.2. Observations and data reduction

Observations with the ESO/VLT X-shooter spectrograph have
been carried out in service mode between February and
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Fig. 1. H-R diagram of the ONC from Da Rio et al. (2012) with green
stars showing the positions of the two targets of this study. The over-
plotted evolutionary tracks are from D’Antona & Mazzitelli (1994). We
plot (from top to bottom) the 0.3, 1, 3, 10, 30, and 100 Myr isochrones.

March 2012 (ESO/DDT program 288.C-5038, PI Manara). This
instrument covers the wavelength range between ∼300 nm and
∼2500 nm simultaneously, dividing the spectrum in three arms –
namely, the UVB arm in the region λλ ∼ 300−550 nm, the VIS
arm between λλ ∼ 550−1050 nm, and NIR from λ ∼ 1050 nm
to λ ∼ 2500 nm (Vernet et al. 2011). The targets have been ob-
served in slit-nodding mode to have a good sky subtraction in
the NIR arm. For both targets we used the same slit widths (0.5′′
in the UVB arm and 0.4′′ in the other two arms) and the same
exposure times (300 s × 4 in all three arms) to ensure the highest
possible resolution of the observations (R = 9100, 17 400, and
10500 in the UVB, VIS, and NIR arms, respectively) and enough
S/N in the UVB arm. The readout mode used in both cases was
“100,1 × 1,hg”. The seeing conditions of the observatory during
the observations were 1′′ for OM1186 and 0.95′′ for OM3125.

Data reduction has been carried out using the version 1.3.7
of the X-shooter pipeline (Modigliani et al. 2010), which is
run through the EsoRex tool. The spectra were reduced inde-
pendently for the three spectrograph arms. The pipeline with
the standard reduction steps (i.e., bias or dark subtraction, flat-
fielding, spectrum extraction, wavelength calibration, and sky
subtraction) also considers the flexure compensation and the in-
strumental profile. Particular care has been paid to the flux cali-
bration and telluric removal of the spectra. Flux calibration has
been carried out within the pipeline and then compared with the
available photometry (Robberto et al. 2013) to correct for possi-
ble slit losses. We have also checked the conjunctions between
the three arms. The overall final agreement is very good. Telluric
removal has been carried out using the standard telluric spec-
tra that have been provided as part of the X-shooter calibration
plan on each night of observations. The correction has been ac-
complished using the IRAF1 task telluric, using the procedure
explained in Alcalá et al. (2013).

3. Method
The determination of SpT and stellar properties in accreting
young stellar objects (YSOs) is not trivial for a variety of rea-
sons. First, YSOs are usually still embedded in their parental
molecular cloud, which originates differential reddening effects

1 IRAF is distributed by National Optical Astronomy Observatories,
which is operated by the Association of Universities for Research
in Astronomy, Inc., under cooperative agreement with the National
Science Foundation.

in the region. This with the presence of a circumstellar disk
surrounding the star can modify the actual value of the extinc-
tion (AV ) on the central YSO from one object to another. Second,
YSOs may still be accreting material from the protoplanetary
disk on the central star. This process affects the observed spec-
trum of a YSO – producing excess continuum emission in the
blue part of the spectrum, veiling of the photospheric absorption
features at all optical wavelengths and adding several emission
lines (e.g., Hartmann et al. 1998). The two processes modify the
observed spectrum in opposite ways: extinction toward the cen-
tral object suppresses the blue part of the spectrum, making the
central object appear redder and thus colder, while accretion pro-
duces an excess continuum emission, which is stronger in the
blue part of the spectrum, making the observed central object
look hotter.

For these reasons, SpT, AV , and accretion properties should
be considered together in the analysis of these YSOs. Here, we
present the minimum χ2

like method that we use to determine SpT,
AV , and the accretion luminosity (Lacc) simultaneously. With
this procedure, we are able to estimate L∗, which is used to de-
rive M∗, the age of the target using different evolutionary mod-
els, and the mass accretion rate (Ṁacc). Finally, we determine
the surface gravity (log g) for the input object by comparison to
synthetic spectra.

3.1. Parameters of the multicomponent fit

To fit the optical spectrum of our objects, we consider three com-
ponents: a set of photospheric templates, which are used to de-
termine the SpT and therefore the effective temperature (Teff) of
the input spectrum; different values of the extinction and a red-
dening law to obtain AV ; and a set of models, which describe the
accretion spectrum that we use to derive Lacc.

Photospheric templates. The set of photospheric templates
is obtained from the one collected in Manara et al. (2013).
This is a sample of 24 well-characterized X-shooter spectra of
nonaccreting (Class III) YSOs which are representative of ob-
jects of SpT classes from late K to M. We extend this grid with
two new X-shooter observations of nonaccreting YSOs from the
ESO programs 089.C-0840 and 090.C-0050 (PI Manara): one
object with SpT G4 and the other one with SpT K2. In to-
tal, our photospheric templates grid consists of 26 nonaccreting
YSOs with SpT between G4 and M9.5. We use Class III YSOs
as a photospheric template, because synthetic spectra or field
dwarfs spectra would be inaccurate for this analysis for the fol-
lowing reasons. First, YSOs are highly active, and their photo-
sphere is strongly modified by this chromospheric activity in
both the continuum and the line emission (e.g., Ingleby et al.
2011; Manara et al. 2013). Second, field dwarf stars have a dif-
ferent surface gravity with respect to PMS stars, which are sub-
giants. Using spectra of nonaccreting YSOs as templates miti-
gates these problems.

Extinction. In the analysis we consider values of AV in the
range [0−10] mag with steps of 0.1 mag in the range AV =
[0−3] mag and 0.5 mag at higher values of AV . This includes
all the possible typical values of AV for nonembedded objects in
this region (e.g., Da Rio et al. 2010a, 2012). The reddening law
adopted in this work is from Cardelli et al. (1989) with RV = 3.1,
which is appropriate for the ONC region (Da Rio et al. 2010a).

Accretion spectrum. To determine the excess emission due
to accretion and thus Lacc, we use a grid of isothermal hydro-
gen slab models, which has already been used and proven to be
adequate for this analysis (e.g., Valenti et al. 1993; Herczeg &
Hillenbrand 2008; Rigliaco et al. 2012; Alcalá et al. 2013). We
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describe the emission due to accretion with the slab model to
have a good description of the shape of this excess and to cor-
rect for the emission arising in the spectral region at wavelengths
shorter than the minimum wavelengths covered by the X-shooter
spectra at λ � 330 nm. In these models, we assume local ther-
modynamic equilibrium (LTE) conditions, and we include both
the H and H− emission. Each model is described by three param-
eters: the electron temperature (Tslab), the electron density (ne),
and the optical depth at λ = 300 nm (τ), which is related to the
slab length. The Lacc is given by the total luminosity emitted by
the slab. The grid of slab models adopted covers the typical val-
ues for the three parameters: Tslab are selected in the range from
5000 to 11 000 K, ne varies from 1011 to 1016 cm−3, and τ has
values between 0.01 and 5.

Additional parameters. In addition to the five parameters just
introduced – namely, the photospheric template, AV , and the
three slab model parameters (Tslab, ne, τ), there is the need to
also include two normalization constant parameters: one for the
photospheric template (Kphot) and one for the slab model (Kslab).
The first rescales the emitted flux of the photospheric template
to the correct distance and radius of the input target, while the
latter converts the slab emission flux as it would have been emit-
ted at the stellar surface by a region with the area given by the
slab parameters.

3.2. Determination of the best fit

To consider the three components (SpT, AV , Lacc) together, we
develop a Python procedure, which determines the model that
best fits the observed spectrum. We calculate a likelihood func-
tion for each point of the model grid, which can be compared
to a χ2 distribution, by comparing the observed and model spec-
tra in a number of spectral features. These are chosen in order
to consider both the region around the Balmer jump, where the
emitted flux mostly originates in the accretion shock, and re-
gions at longer wavelengths, where the photospheric emission
dominates the observed spectrum. The form of this function that
is addressed as χ2

like function is the following:

χ2
like =

∑
features

[
fobs − fmod

σobs

]2
, (1)

where f is the value of the measured feature, obs refers to mea-
surements operated on the observed spectrum, mod refers to
those on the model spectrum, and σobs is the error on the value
of the feature in the observed spectrum. The features considered
here are the Balmer jump ratio, defined as the ratio between the
flux at ∼360 nm and ∼400 nm; the slope of the Balmer contin-
uum between ∼335 nm and ∼360 nm; the slope of the Paschen
continuum between ∼400 nm and ∼475 nm; the value of the
Balmer continuum at ∼360 nm; that of the Paschen continuum
at ∼460 nm; and the value of the continuum in different bands
at ∼710 nm. The exact wavelength ranges of these features are
reported in Table 2. The best fit model is determined by mini-
mizing the χ2

like distribution. The exact value of the best fit χ2
like

is not reported, because this value itself should not be consid-
ered as an accurate estimate of the goodness of the fit. Whereas
a fit with a value of χ2

like which is much larger than the minimum
leads to a very poor fit of the observed spectrum, this function
is not a proper χ2, given that it considers only the errors on the
observed spectrum and only some regions in the spectrum.

The procedure is as follows. For each photospheric tem-
plate we deredden the observed spectrum with increasing val-
ues of AV . Considering each slab model, we then determine the

Table 2. Spectral features used to calculate the best-fit in our multi-
component fit procedure.

Name Wavelength range
[nm]

Balmer Jump ratio (355−360)/(398−402)
Balmer continuum (slope) 332.5−360
Paschen continuum (slope) 398−477
Continuum at ∼360 352−358
Continuum at ∼460 459.5−462.5
Continuum at ∼703 702−704
Continuum at ∼707 706−708
Continuum at ∼710 709−711
Continuum at ∼715 714−716

value of the two normalization constants Kphot and Kslab for ev-
ery value of AV . This is done matching the normalized sum of
the photosphere and the slab model to the observed dereddened
spectrum at λ ∼ 360 nm and at λ ∼ 710 nm. After that, we cal-
culate the χ2

like value using Eq. (1). This is done for each point of
the grid (SpT, AV , slab parameters). After the iteration on each
point of the grid terminates, we find the minimum value of the
χ2

like and the correspondent values of the best fit parameters (SpT,
AV , slab parameters, Kphot, Kslab).

We also derive the uncertainties on these two parameters and
thus on Lacc from the Δχ2

like distribution with respect to the SpT
of the photospheric templates and the different values of AV .
Indeed, these are the main sources of uncertainty in the deter-
mination of Lacc, which is a measurement of the excess emission
with respect to photospheric emission due to accretion. Most of
the accretion excess (�70%) is emitted in regions covered by
our X-shooter spectra and originates mostly in the wavelength
range of λ ∼ 330–1000 nm, while most of the excess emission
at longer wavelengths is due to disk emission and is not consid-
ered in our analysis. To derive the total excess due to accretion,
we need a bolometric correction for the emission at wavelengths
shorter than those in the X-shooter range at λ � 330 nm. This
is calculated with the best fit slab model. Our analysis of the
slab models lead to the conclusion that this contribution accounts
for less than 30% of the excess emission and that the shape of
this emission is well constrained by the Balmer continuum slope.
Different slab model parameters with reasonable Balmer contin-
uum slopes that would imply similarly good fits as the best one
would lead to values of Lacc always within 10% of each other, as
it has also been pointed out by Rigliaco et al. (2012). Therefore,
once SpT and AV are constrained, the results with different slab
parameters are similar. With our procedure, we can very well
constrain all the parameters. Typically, the solutions with χ2

like
values closer to the best-fit are those within one spectral subclass
of difference in the photospheric template at ±0.1−0.2 mag in
extinction values and with differences of Lacc of less than ∼10%.
Other sources of uncertainty on the estimate of Lacc are the noise
in the observed and template spectra, the uncertainties in the dis-
tances of the target, and the uncertainty given by the exclusion
of emission lines in the estimate of the excess emission (see e.g.,
Herczeg & Hillenbrand 2008; Rigliaco et al. 2012; Alcalá et al.
2013). Typical errors altogether on estimates of Lacc with our
method are of 0.2−0.3 dex.

As previously mentioned, the accretion emission veils the
photospheric absorption features of the observed YSO spectrum.
These veiled features can be used to visually verify the agree-
ment of the best fit obtained with the χ2

like minimization pro-
cedure. To do this, we always plot the observed spectrum and
the best fit in the Balmer jump region, in the Ca I absorption
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line region at λ ∼ 420 nm, in the continuum bands at λ ∼
710 nm, and in the spectral range of different photospheric ab-
sorption lines, which depends mainly on the temperature of the
star (Teff) – namely, TiO lines at λλ843.2, 844.2, and 845.2 nm,
and the Ca I line at λ ∼ 616.5 nm. The agreement between the
best fit and the observed spectrum in the Balmer jump region at
λ ∼ 420 nm and in the continuum bands at λ ∼ 710 nm is usu-
ally excellent. Similarly, the best fit spectrum also reproduces the
photospheric features of the observed one at longer wavelengths
very well.

3.3. Comparison to synthetic spectra

As an additional check of our results and to derive the surface
gravity (log g) for the target, we compare the target spectrum
with a grid of synthetic spectra. In particular, we adopt synthetic
BT-Settl spectra (Allard et al. 2011) with solar metallicity, such
that log g is in the range from 3.0 to 5.0 (in steps of 0.5) and Teff
is equal to that of the best fit photospheric template using the
SpT-Teff relation from Luhman et al. (2003), and with a Teff that
corresponds to the next upper and lower spectral sub-classes.

The procedure used is the following. First, we correct the
input spectrum for reddening using the best fit value of AV .
Subsequently, we remove the effect of veiling by subtracting
the best fit slab model, which is rescaled with the constant Kslab
derived in the fit, to the dereddened input spectrum. Then, we
degrade the synthetic spectra to the same resolution of the ob-
served one (R = 17 400 in the VIS), and we resample those to
the same wavelength scale of the target. We then select a re-
gion, following Stelzer et al. (2013), with many strong absorp-
tion lines dependent only on the star Teff and with small contam-
ination from molecular bands and broad lines. This is chosen
to derive the projected rotational velocity (v sin i) of the target
by comparison of its spectrum with rotationally broadened syn-
thetic spectra. The region chosen is in the VIS arm from 960 to
980 nm and is characterized by several Ti I absorption lines and
by some shallower Cr I lines. Then, we broaden the synthetic
spectra to match the v sin i of the observed one, and we compare
it with the reddened- and veiling-corrected target spectrum in
two regions, which are chosen because they include absorption
lines sensitive to both Teff and log g of the star, following Stelzer
et al. (2013, and references therein). One occurs in the wave-
length range from 765 to 773 nm, where the K I doublet (λλ ∼
766−770 nm) exists, and another occurs in the range from 817 to
822 nm, where the Na I doublet (λλ ∼ 818.3−819.5 nm) exists.
The best fit log g occurs at the synthetic spectrum with smaller
residuals from the observed-synthetic spectra in the line regions.

3.4. Stellar parameters

From the determined best fit parameters using the explained pro-
cedure in this Section, we obtain Teff , AV , and Lacc. The first cor-
responds to the Teff of the best fit photospheric template, which is
converted from the SpT using the Luhman et al. (2003) relation,
derived with the multicomponent fit and verified with the com-
parison to the synthetic spectra. The value of AV is also derived
in the multicomponent fit, while Lacc is calculated by integrating
the total flux of the best fit slab model from 50 nm to 2500 nm.
The flux is rescaled using the normalization constant Kslab de-
rived before. This total accretion flux (Facc) is then converted in
Lacc using the relation Lacc = 4πd2Facc, where d is the distance
of the target.

To derive L∗ of the input spectrum, we use the values of L∗ of
the nonaccreting YSOs used as a photospheric template for our
analysis, which have been derived in Manara et al. (2013). From
the best fit result, we know that fobs,dereddened = Kphot · fphot +
Kslab · fslab, where f is the flux of the spectrum of the dereddened
observed YSO (obs, dereddened), of the photospheric template
(phot), and of the slab model (slab). The photospheric emission
of the input target is then given solely by the emission of the pho-
tospheric template rescaled with the constant Kphot. Therefore,
we use the relation:

L∗,obs = Kphot · (dobs/dphot)2L∗,phot, (2)

where d is the distance, L∗,phot is the bolometric luminosity of
the photospheric template, and L∗,obs is that of the input object.
With this relation, we derive L∗ for the input YSO.

From Teff and L∗ we then derive R∗, whose error is de-
rived by propagation of the uncertainties on Teff and L∗. The
target M∗ and age are obtained by interpolation of evolutionary
models (Siess et al. 2000; Baraffe et al. 1998; Palla & Stahler
1999; D’Antona & Mazzitelli 1994) in the position of the tar-
get on the HRD. Their typical uncertainties are determined by
allowing their position on the HRD to vary according to the er-
rors on Teff and L∗. Finally, we derive Ṁacc using the relation
Ṁacc = 1.25 · LaccR∗/(GM∗) (Gullbring et al. 1998), and its error
is determined propagating the uncertainties on the various quan-
tities in the relation. We report the values derived using all the
evolutionary models.

Another important quantity, which can be used to asses the
young age of a PMS star, is the presence and the depth of the
lithium absorption line at λ ∼ 670.8. Given that veiling substan-
tially modifies the equivalent width of this line (EWLi), we need
to use the reddening- and veiling-corrected spectrum of the tar-
get to derive this quantity. On this corrected spectrum, we calcu-
late EWLi, integrating the Gaussian fit of the line, which is previ-
ously normalized to the local pseduo-continuum at the edges of
the line. The statistical error derived on this quantity is given by
the propagation of the uncertainty on the continuum estimate.

4. Results
In the following, we report the accretion and stellar properties of
the two older PMS candidates obtained by using the procedure
explained in Sect. 3.

4.1. OM1186

The best fit for OM1186 is shown in Fig. 2: the red line is the
observed spectrum, the green is the photospheric template, the
cyan line is the slab model, and the blue is the best fit. The re-
gion around the Balmer jump is shown in the upper plot. The
other panels show the normalization region around ∼710 nm,
the continuum normalized Ca I absorption line at ∼422 nm, and
the photospheric features at λ ∼ 616 nm and λ ∼ 844 nm. We
clearly see that the agreement between the observed and best
fit spectra is very good in all the region analyzed. This is ob-
tained using a photospheric template of SpT K5, which corre-
sponds to Teff = 4350 K with an estimated uncertainty of 350 K,
AV = 0.9 ± 0.4 mag, and slab parameters leading to a value of
Lacc = 0.20 ± 0.09 L�. We then confirm the SpT reported in the
literature for this object, but we derive a different value for the
extinction, which was found to be AV = 2.4 mag.

The result of the comparison of the input spectrum to the grid
of synthetic spectra is shown in Fig. 3. The best agreement is
found using a synthetic spectrum at the same nominal Teff of the
best fit photosphere: Teff = 4350 K with log g= 4.5. In Fig. 3,
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Fig. 2. Best fit for the object OM1186. Balmer
jump, normalization region, Ca I absorption fea-
ture, and photospheric features used to check de-
rived veiling.

both regions adopted for the log g analysis are shown, and the
red line refers to the reddening- and veiling-corrected observed
spectrum, while the black dotted line is the synthetic spectrum,
which reproduces the observed one better. We also report the
residuals in the bottom panel.

From the best fit, we derive a value of L∗ = 1.15 ± 0.36 L�
for this object. With this value and using Teff = 4350 K, we
derive the mass and age for these objects with the evolution-
ary models of Siess et al. (2000), Baraffe et al. (1998), Palla
& Stahler (1999), and D’Antona & Mazzitelli (1994). The val-
ues derived are, respectively, M∗ = {1.1 ± 0.4, 1.4 ± 0.3,
1.1 ± 0.4, 0.6 ± 0.3} M� and age = {3.2+4.8

−2.0, 4.7+7.2
−2.5, 2.8+2.9

−1.7,
0.8+1.4
−0.4} Myr. Moreover, we derive Ṁacc with the parameters

derived from the fit and from the evolutionary models, and
we obtain Ṁacc = {1.3 ± 0.8, 1.1 ± 0.6, 1.4 ± 0.8, 2.4 ±
1.8} × 10−8 M�/yr for this object, according to the different
evolutionary tracks. From the reddening- and veiling-corrected
spectrum, we derive EWLi = 658 ± 85 mÅ. All the parame-
ters derived from the best fit are reported in Table 3, while those
derived using the evolutionary models are in Table 4.

4.2. OM3125

For OM3125, the values reported in the literature are SpT G8-K0
and AV = 1.47 mag. Using the same procedure, we obtain a min-
imum χ2

like value with a photospheric template of SpT K7, which

corresponds to Teff = 4060 K with an uncertainty of 250 K and
AV = 1.2 ± 0.3 mag. With this best fit model, we do not re-
produce the Ca I absorption feature at λ ∼ 616.5 nm very well,
because the amount of veiling in this line is too high. Looking at
the solutions with values of χ2

like similar to the minimum value,
we find that the best agreement between the observed and fit-
ting spectrum in this feature is with a value of AV = 1.0 mag.
Please note that the choice of this solution instead of the one with
AV = 1.2 mag implies the same derived parameters L∗ and Lacc
well within the errors. We show this adopted best fit in Fig. 4, us-
ing the same color−code as in Fig. 2. The slab model used here
leads to a value of Lacc = 1.25± 0.60 L�. The effect of veiling in
this object is stronger than in OM1186, and this is clearly seen
in both the Balmer jump excess and the Ca I absorption feature
at λ ∼ 420 nm, which is almost completely veiled. The Ca I ab-
sorption features has also emission on reversal of the very faint
absorption feature. Moreover, the other photospheric features are
also much more veiled, as it is shown in the bottom panels of
Fig. 4. In the bottom right panel, there are also hydrogen and he-
lium emission lines due to accretion in correspondence with the
TiO absorption features normally present in the photosphere of
objects with this SpT (see Fig. 2 for comparison).

In Fig. 5 we show the synthetic spectrum analysis for this
object, using the same color code as in Fig. 3. In this case, the
best agreement is found with a synthetic spectrum with Teff =
4000 K and log g= 4.0.
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Fig. 3. Comparison of the reddening- and veiling-corrected
spectrum of OM1186 with a synthetic spectrum with Teff =
4350 K and log g= 4.5.

Table 3. Newly derived parameters from the multicomponent fit.

Name SpT Teff AV L∗ R∗ log g EWLi Lacc

[K] [mag] [L�] [R�] [cm/s2] [mÅ] [L�]
OM1186 K5 4350± 350 0.9± 0.4 1.15± 0.36 1.9± 0.4 4.5± 0.5 658± 85 0.20± 0.09
OM3125 K7 4060± 250 1.0± 0.3 0.81± 0.44 1.8± 0.5 4.0± 0.5 735± 42 1.25± 0.60

The luminosity derived for this object from its best fit is
L∗ = 0.81± 0.44 L�. With this value and using Teff = 4060 K, we
derive the mass and age for these objects with the evolutionary
models of Siess et al. (2000); Baraffe et al. (1998); Palla &
Stahler (1999); D’Antona & Mazzitelli (1994). The values de-
rived are M∗ = {0.8 ± 0.3, 1.2 ± 0.2, 0.8 ± 0.2, 0.5 ± 0.2} M�
and age = {2.2+6.6

−1.0, 4.32+8.7
−2.0, 2.4+4.3

−1.3, 0.8+2.7
−0.3} Myr, respectively.

According to the different evolutionary models, this object has
Ṁacc = {1.2 ± 0.9, 0.8 ± 0.5, 1.2 ± 0.7, 1.9 ± 1.2} × 10−7 M�/yr,
and EWLi = 735 ± 42 mÅ. These results are also reported in
Tables 3 and 4.

5. Discussion
With the results presented in the previous section, we determine
new positions for our target on the HRD. This is shown in Fig. 6
with green stars representing the two YSOs analyzed in this
study and the other symbols representing the rest of the ONC
population, as in Fig. 1. Their revised positions are compatible
with the bulk of the population of the ONC, and their revised
mean ages, ∼2.9 Myr for OM1186 and ∼2.4 Myr for OM3125,
are typical ages for objects in this region, for which the mean
age has been estimated around 2.2 Myr (Reggiani et al. 2011).
We also check that the final results do not depend on the value
that we have chosen for the reddening law, i.e. RV = 3.1. With
a value of RV = 5.0, we obtain ages, which are systematically
younger than the one obtained in our analysis by a factor ∼30%
for OM1186 and∼50% for OM3125. With the newly determined
parameters, these objects are clearly not older than the rest of

the population, and their status of candidate older PMS is due to
an incorrect estimate of the photospheric parameters in the lit-
erature. Figure 6 also shows that most of the objects that then
appear older than 10 Myr have small or negligible Hα excess
(blue circles). Among the objects with age � 10 Myr, only eight
objects actually show signatures of intense accretion (one red
diamond visible in the plot; the other seven have Teff < 3550 K
and are, therefore, outside the plot range) and at the same time
of age older than 10 Myr. These objects should be observed in
the future with techniques similar to the one we used here (see
Sect. 5.3 for details) to understand their real nature. In the fol-
lowing, we analyze other derived parameters for these objects
that confirm the age estimated with the HRD. Then, we address
possible reasons which lead to misclassification of these targets
in the literature.

5.1. Age related parameters

Lithium abundance: using the values of EWLi and the stellar
parameters obtained in the previous section, we calculate the
lithium abundance (log N(Li)) for the two targets by interpo-
lation of the curves of growth provided by Pavlenko & Magazzu
(1996). We derive log N(Li) = 3.324 ± 0.187 for OM1186 and
logN(Li) = 3.196 ± 0.068 for OM3125. These values are com-
patible with the young ages of the targets, according to various
evolutionary models (Siess et al. 2000; D’Antona & Mazzitelli
1994; Baraffe et al. 1998). Indeed, these models predict almost
no depletion of lithium for objects with these Teff at ages less
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Fig. 4. Best fit for the object OM3125. Same as
Fig. 2.

Table 4. Parameters derived from evolutionary models using newly derived photospheric parameters.

OM1186 OM3125

Evolutionary M∗ age Ṁacc M∗ age Ṁacc

model [M�] [Myr] [10−8 M�/yr] [M�] [Myr] [10−8 M�/yr]

Siess et al. (2000) 1.1± 0.4 3.2+4.8
−2.0 1.3± 0.8 0.8± 0.3 2.2+6.6

−1.0 12.0± 8.6

Baraffe et al. (1998) 1.4± 0.3 4.7+7.2
−2.5 1.1± 0.6 1.2± 0.2 4.3+8.7

−2.0 7.9± 4.7

Palla & Stahler (1999) 1.1± 0.4 2.8+2.9
−1.7 1.4± 0.8 0.8± 0.2 2.4+4.3

−1.3 11.6± 7.5

D’Antona & Mazzitelli (1994) 0.6± 0.3 0.8+1.4
−0.4 2.4± 1.8 0.5± 0.2 0.8+2.7

−0.3 18.6± 12.3

than 3 Myr, which means that the measured lithium abundance
for younger objects should be compatible with the interstellar
abundance of log N(Li)∼ 3.1−3.3 (Palla et al. 2007).

Surface gravity: the derived values of the surface gravity for
the two targets are compatible with the theoretical values for ob-
jects with Teff ∼ 4000−4350 K and an age between ∼1−4.5 Myr.
Indeed, both models of Siess et al. (2000) and Baraffe et al.
(1998) predict a value of log g∼ 4.0 for objects with these prop-
erties. Nevertheless, the derived value of log g for OM1186 is
also typical of much older objects, given that models predict
log g∼ 4.5 at ages ∼ 20 Myr with a very small increase in future
evolutionary stages. However, the uncertainties on the determi-
nation of this parameter are not small, and the increase of this
value during the PMS phase is usually within the errors of the
measurements.

5.2. Sources of error in the previous classifications

Both targets have been misplaced on the HRD, but the reasons
were different. For OM1186, we confirmed the SpT available
from the literature, but we found different values of AV and
Lacc with respect to Da Rio et al. (2010a). In their work, they
use a color−color BVI diagram to simultaneously derive AV and
Lacc with the assumption of the SpT. To model the excess emis-
sion due to accretion, they use a superposition of an optically
thick emission, which reproduces the heated photosphere, and
of an optically thin emission, which models the infalling accre-
tion flow. From this model spectrum they derive the contribu-
tion of accretion to the photometric colors of the targets by syn-
thetic photometry. Their method assumes that the positions of
the objects on the BVI diagram are displaced from the theoretical
isochrone due to a combination of extinction and accretion.
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Fig. 5. Comparison of the reddening- and veiling-
corrected spectrum of OM3125 with a synthetic
spectrum with Teff = 4000 K and log g= 4.0. Same
as Fig. 3.

With the assumption of the SpT, they can find the combination
of parameters (AV , Lacc), which best reproduces the positions
of each target on the BVI diagram. With these values, they
corrected the I-band photometry for the excess due to accretion,
derived using the accretion spectrum model, and for reddening
effects. Finally, they derived L∗ from this corrected I-band pho-
tometry using a bolometric correction. Using this method, they
found a solution for OM1186 with a large value of AV and,
subsequently, accretion. Given the large amount of excess due
to accretion they derive in the I-band, they underestimated L∗
and assigned an old age to this target. On the other hand, our
revised photospheric parameters are compatible with those of
Manara et al. (2012), who found AV = 1.16 mag, L∗ = 0.77 L�,
and age∼ 6 Myr. In their analysis, they used the same method
as Da Rio et al. (2010a), but they also had U-band photometric
data at their disposal, and thus used an UBI color−color dia-
gram. Given that the excess emission due to accretion with re-
spect to the photosphere in the U-band is much stronger, they
were able to determine the accretion properties of the targets
more accurately and to find a unique correct solution.

Regarding OM3125, we derived a different SpT with respect
to the one usually assumed in the literature (G8-K0; Hillenbrand
1997) with our analysis. This estimate was obtained using an
optical spectrum covering the wavelength region from ∼500 nm
to ∼900 nm, and their analysis did not consider the contribu-
tion of accretion to the observed spectrum. This was assumed
not to be a strong contaminant for the photospheric features
in this wavelength range. This is a reasonable assumption for
objects with low accretion rates, but it was later shown not to
be accurate for stronger accretors (Fischer et al. 2011), as we

already pointed out for this target. In particular, strong veil-
ing makes the spectral features shallower, which lead to an in-
correct earlier classification of the target. Hillenbrand (1997)
marked this SpT classification as uncertain, and they also re-
ported the previous classification for this object from Cohen &
Kuhi (1979), who classified it as being of SpT K6, a value which
agrees with our finding. This previous classification is obtained
using spectra at shorter wavelengths (λ ∼ 420−680 nm) with
respect to Hillenbrand (1997) and with no modeling of the ac-
cretion contribution. The difference in the classification is most
likely because some TiO features at λλ ∼ 476, 479 nm, which
are typical of objects of spectral class late-K, were covered in
the spectra of Cohen & Kuhi (1979). Given the large amount of
veiling due to accretion that is present in the spectrum of this
object, it represents a clear case where the detailed analysis car-
ried out in our work is needed. We conclude that even optical
spectra covering large regions of the spectra, like those used in
Hillenbrand (1997) and in Cohen & Kuhi (1979), can lead to dif-
ferent and sometimes incorrect results, if the veiling contribution
is not properly modeled.

5.3. Implications of our findings

Accretion veiling, extinction, and spectral type are difficult to
estimate accurately from limited datasets, especially if they are
mostly based on only few photometric bands. When classi-
fying YSOs, the difficulty increases, given that accretion and
extinction may substantially modify the observed spectra. For
this reason, the use of few photometric bands, where accretion,
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Fig. 6. H-R diagram of the ONC from Da Rio et al. (2012) with col-
ored stars showing the new positions of the two targets of this study.
The overplotted evolutionary tracks are from D’Antona & Mazzitelli
(1994). We plot (from top to bottom) the 0.3, 1, 3, 10, 30, and 100 Myr
isochrones.

extinction, and spectral type effects can be very degenerate (e.g.,
B−I band range), or of spectra that cover only small wavelength
regions (e.g., λ ∼ 500−900 nm), can lead to different solutions,
which may be incorrect.

With our work, we show that an analysis of the whole op-
tical spectrum, which includes a detailed modeling of the var-
ious components of the observed spectrum, leads to an accu-
rate estimate of the stellar parameters. When good quality and
intermediate resolution spectra with large wavelength coverage
from λ ∼ 330 nm to λ ∼ 1000 nm are not available, we suggest
that a combination of photometric and spectroscopic data could
also lead to a robust estimate of the stellar parameters of the
targets independently of their SpT. In particular, the photometric
data should cover the region around the Balmer jump (using both
U- and B-band) and around λ ∼ 700 nm (R- and I-band). With
this dataset, it would be possible to derive accretion and veiling
properties, extinction, and SpT by means of photometrical meth-
ods similar to those of Manara et al. (2012). This could be ex-
panded to include different photospheric templates and different
accretion spectra. At the same time, spectra in selected wave-
length regions, where photospheric lines sensitive to Teff and/or
log g are present, are necessary to pin-down degeneracies on the
SpT. Finally, the lithium absorption line should be included as
another test of the age.

Our work also implies that single objects, which deviate
from the bulk of the population in nearby young clusters (age
�3 Myr), could be affected by an incorrect estimate of the pho-
tospheric parameters, especially in cases where the determina-
tion is based on few photometric bands and the effects of veiling
due to accretion and extinction are strong. On the other hand,
we have no reason to believe that also a large number of objects
positioned along the isochrones that represents the bulk of the
population in nearby regions should be affected by similar prob-
lems. We think that the vast majority of the estimates available
are correct for the following reasons. First of all, objects with
low or negligible accretion should be easier to classify, given that
their spectral features are not affected by veiling. Then, there are
small effects in various regions due to differential extinction. In
particular, we expect the amount of misclassified objects to be
particularly small when dealing with objects located in regions

less affected by extinction effects, such as σ-Ori. Larger num-
bers of objects could be misclassified in very young regions
(age� 1 Myr, e.g., ρ-Oph), where both accretion and extinction
effects are strong. We could have here both an underestimation
of L∗, as in the case of OM1186, due to an overestimation of
Lacc and an overestimation of L∗ due to an underestimation of
Lacc. These effects could contribute to the spread of L∗, which
is observed in almost all star forming regions. Finally, accretion
variability effects should not substantially affect the properties
of most of the targets, given that these effects are usually small
(e.g., Costigan et al. 2012).

Even though any conclusion on the nature of the older pop-
ulations observed in massive clusters cannot be drawn from this
work, we suggest that the method explained here or the alterna-
tive approach suggested in this section should be used to study
these objects in more detail.

6. Conclusion

We have observed two candidate old (age> 10Myr) accreting
PMS in the ONC with the ESO/VLT X-shooter spectrograph
to confirm previous accretion rate and age estimates. Using a
detailed analysis of the observed spectra based on a multicom-
ponent fit that includes photospheric emission, the effect of red-
dening, and the continuum excess due to accretion, we derived
revised accretion rates and stellar parameters for the two targets.
We confirm that the objects are accretors as from previous stud-
ies, but the revised photospheric parameters place these objects
in the same location as the bulk of the ONC young stellar pop-
ulation (age∼ 2−3 Myr). Therefore, they cannot be considered
older PMS, but they are classical accreting YSOs. In particular,
we confirmed the previously estimated SpT for OM1186, but we
derived different values of AV and Lacc with respect to previous
works in the literature, finding that the real position of this ob-
ject on the HRD leads to a mean age estimate of ∼2.9 Myr. On
the other hand, we derived a different SpT for OM3125 with
respect to the usually assumed value in the literature. With the
other parameters, this moved this target to a position on the HRD
leading to an age of ∼2.4 Myr. The analysis of the lithium abun-
dance and that of the surface gravity confirm this finding, even
if the uncertainties for the latter were large.

We showed that we are able to accurately determine the stel-
lar parameters of YSOs with our analysis, while the use of few
photometric bands alone (e.g., only the B- and I-band) or of only
spectra covering small wavelength regions can lead to large er-
rors in the derived position on the HRD. We thus suggest that
single objects in nearby young clusters whose position on the
HRD is not compatible with the bulk of the population in their
region, could be misplaced, especially if there is the suspicion
of high optical veiling connected to large values of the accre-
tion rate. The nature of these individual objects will need to be
verified using a detailed analysis similar to the one reported in
this study to verify the existence and to study the properties of
long-lived disks around young stellar objects.
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