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A B S T R A C T 

Intermediate-mass stars (IMSs) represent the link between low-mass and high-mass stars, and co v er a ke y mass range for giant 
planet formation. In this paper, we present a spectroscopic surv e y of 241 young IMS candidates with IR-excess, the most complete 
unbiased sample to date within 300 pc. We combined VLT/X-Shooter spectra with BVR photometric observations and Gaia 

DR3 distances to estimate fundamental stellar parameters such as T eff , mass, radius, age, and luminosity. We further selected 

those stars within the intermediate-mass range 1.5 ≤ M � /M � ≤ 3.5, and discarded old contaminants. We used 2MASS and 

WISE photometry to study the IR-excesses of the sample, finding 92 previously unidentified stars with IR-excess. We classified 

this sample into ‘protoplanetary’, ‘hybrid candidates’, and ‘debris’ discs based on their observed fractional excess at 12 μm, 
finding a new population of 17 hybrid disc candidates. We studied inner disc dispersal time-scales for λ < 10 μm and found very 

different trends for IMSs and low-mass stars (LMSs). IMSs show excesses dropping fast during the first 6 Myr independently 

of the wavelength, while LMSs show consistently lower fractions of excess at the shortest wavelengths, and increasingly higher 
fractions for longer wavelengths with slower dispersal rates. In conclusion, this study demonstrates empirically that IMSs 
dissipate their inner discs very differently than LMSs, providing a possible explanation for the lack of short period planets 
around IMSs. 

Key words: stars: circumstellar matter – stars: early-type – stars: evolution – stars: fundamental parameters – stars: pre-main- 
sequence. 
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 I N T RO D U C T I O N  

he disco v ery of thousands of planets around different types of stars
as allowed astronomers to study a variety of planetary systems
rchitectures, and obtain demographics on exoplanets populations
e.g. Mulders et al. 2018 , Yang, Xie & Zhou 2020 , Gaudi 2022 ).
hese statistics give hints on how planet formation depends on the
tellar characteristics of the host star, such as mass and multiplicity.
n particular, there is evidence that the occurrence rate of giant
lanets peak around intermediate-mass stars (Lovis & Mayor 2007 ;
effert et al. 2015 ). Interestingly, giant planet frequency appears

o drop dramatically for higher mass stars ( > 3.5 M �), and this
ight be due to their faster disc dispersal (Pinilla, Garufi & G ́arate

022 ). Intermediate-mass stars (IMSs: stars with masses within
he range 1.5 ≤ M � /M � ≤ 3.5) seem to offer a ‘sweet spot’ for
iant planet formation given their particular disc sizes, disc masses,
 E-mail: d.p.iglesias@leeds.ac.uk (DPI); o.panic@leeds.ac.uk (OP) 
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nd disc dispersal rates. The distribution of planets around IMSs
eems to concentrate at 1–2 au from the star, ho we ver, there is
 lack of low-mass ( M planet < 0.7 M Jup ) short period planets with
emimajor axes < 0.6 au (Johnson et al. 2007 ; Bowler et al. 2010 ;

oe & Kratter 2021 ). Although planets are more difficult to detect
round main-sequence IMSs than in low-mass stars (LMSs) due to
heir intrinsic stellar properties (higher luminosity, pulsations, faster
otation leading to broadened spectral lines); radial velocity surveys
ave been carried around more evolved IMSs, which have slower
otational speed and thus narrower lines, and yet this so called
planet desert’ of short period low-mass planets remains (Johnson
t al. 2010 ; Reffert et al. 2015 ; Medina et al. 2018 ). In addition, since
hort period planets (P < 20 d) should be easier to detect via transit
han long period ones as they are more likely to transit the star and
ransit more often, then these planets must be intrinsically rare around
MSs. Theoretical studies demonstrate that giant planet formation in
MSs is more efficient than in low-mass stars. Planetary embryos
round IMSs rapidly accumulate enough mass for their cores to be
ble to accrete gas before the disc gets dispersed (Kretke et al. 2009 ).
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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he fa v oured location for these planetary embryos to grow is the
nner edge of the ‘dead zone’; an inactiv e re gion trapped between
he inner region of the disc, where the gas is thermally ionized, and
urbulent layers further out in the disc, where the surfaces become 
onized by other phenomena such as X-rays or cosmic rays (Kretke 
t al. 2009 ). 

The properties of circumstellar discs, as the building blocks of 
lanets, are of course determinant in the architecture of planetary 
ystems. Ho we ver, their structure is also dependant on their stellar
ost. Disc mass is one of the most rele v ant properties as it basically
etermines the amount of material available for building planets and, 
s a consequence, has an impact on the size and number of planets in
 system. Studies show that the disc mass–stellar mass dependence 
s steeper than linear and that dust masses in IMSs are significantly
igher than in low-mass stars (Pascucci et al. 2016 , Stapper et al.
022 ). This is thought to be related to the frequency of giant planets
round IMSs. Ho we ver, not all the disc material will be destined to
uild planets; part of it will accrete onto the star, and part of it will be
ost from the system via winds and outflows. As giant planets can only
orm and migrate in presence of dense gas before the disc is depleted,
t is crucial to understand when and how of the disc dispersal (e.g.
elson & Papaloizou 2004 , Paardekooper & Papaloizou 2009 ). 
Most disc dispersal studies have focused on LMSs given their 

igh frequency among stellar populations (e.g. Haisch, Lada & Lada 
001 , Hern ́andez et al. 2010 , Ercolano et al. 2011 ). Other works, such
s Ribas, Bouy & Mer ́ın ( 2015 ) compared disc evolution in LMSs
gainst IMSs together with very massive stars up to 8 M �, which
re known to evolve very differently (e.g. Woosley, Heger & Weaver 
002 ). Recent surv e ys of IMSs hav e focused in particular on Herbig
e/Be type stars (e.g. Vioque et al. 2020 , 2022 ; Wichittanakom et al.
020 ). These are also pre-main-sequence IMSs, ho we v er, the y are
ndergoing gas accretion and thus are not ideal targets for the study
f inner disc clearing. 
Sev eral ke y differences are found between LMSs and IMSs after

re-main sequence. For example, IMSs are the most frequent hosts 
f giant planets, both at short- and large-orbital separations (Reffert 
t al. 2015 , Wagner et al. 2022 ). IMSs also host the brightest debris
iscs, which in a number of cases are coincident with directly imaged
lanets (Marois et al. 2008 ; Chauvin et al. 2018 , Lagrange et al.
019 ). Perhaps the most pertinent difference to the contents of this
aper is the fact that gas in debris discs is found almost e xclusiv ely
round IMSs. Gas detection rate in debris discs around main sequence 
-type IMSs stars is nearly 70 per cent, while for lower mass F-G-K

tars, this falls only to 7 per cent (Mo ́or et al. 2017 ). This strongly
mplies that the physical mechanism responsible for the presence 
f gas in debris discs must operate preferentially around IMSs, and 
ight be directly related to the gas disc lifetime in IMSs (Nakatani

t al. 2021 ). 
In this paper, we aim to study the inner disc evolution of IMSs

ith the purpose of better understanding the particular process of 
lanet formation around IMSs. For this, we have collected the largest, 
nbiased sample of young IMSs surrounded by circumstellar discs. 
he best way to measure the clearing of the inner disc regions (up

o a few au) is by studying the near-IR excess caused by dust. In
his study, we accurately measure the basic stellar parameters of the 
ample, study their near-to-mid infrared excesses, and compare disc 
volution in IMSs to studies of low-mass stars. 

This paper is structured as follows: in Section 2, we describe 
ur initial sample of study, the observations used in this work and
heir reduction. Section 3 explains the methodology used in this 
ork to estimate all the basic stellar parameters for the sample, such

s T eff masses and ages, and the calculation of infrared excesses 
t different wavelengths. In this section, we also further refine the
nitial sample and perform an assessment of the ages to discard
volved contaminants. In Section 4 , we perform an analysis and
iscussion of the results obtained in Section 3 . We conduct a disc
lassification based on the IR-excess levels at 12 μm, and make
everal comparison to previous studies of low-mass stars and others 
tudies on disc evolution. In Section 5 , we present the conclusions,
nd in the Appendix, we present additional results as byproducts of
he surv e y such as accretion diagnostics for the Herbig Ae/Be stars
ound in the sample, and some comments on individual objects. 

 SAMPLE  SELECTI ON,  OBSERVATI ONS ,  A N D  

ATA  R E D U C T I O N  

.1 Sample selection 

e used the Tycho- Gaia Astrometric Solution (TGAS; Gaia Collab- 
ration et al. 2016 ) and Hipparcos catalogues (van Leeuwen 2007 )
o select new intermediate-mass pre-main sequence stars candidates. 
he candidates are spatially distributed all o v er the southern sky as
bservable from Paranal observatory in Chile, and not concentrated in 
ny particular star forming region. Selecting only the stars which have
GAS B T and V T photometry, we used the ef fecti ve temperature T eff 

 alues gi ven in the Tycho-2 Spectral Type Catalogue (Wright et al.
003 ), and the parallaxes from TGAS (or Hipparcos when TGAS
ere not available) and estimated stellar luminosities. Luminosities 
ere obtained by fitting black body profiles of the appropriate T eff to

he dereddened photometry. These allowed us to place the sources in
n HR diagram, where we selected only those stars consistent with
.5 ≤ M � /M � ≤ 3.5. This selection was then crossmatched with the
ide-field Infrared Surv e y Explorer (WISE) catalogue to look for
id-IR excesses. Only stars with measured excess levels W 1 – W 4
1 were kept. This limit corresponds to a debris disc level of excess

t 22 μm (Wyatt et al. 2015 ). The sample was volume limited by
etting the furthest distance at 300 pc. All the catalogues we used
re limited in magnitude being the brightest limit V mag < ∼11, but
ecause our stars are inherently bright, these biases do not affect our
ample within the volume selection. We estimate that our sample is
5–55 per cent complete within 300 pc for sources < 5 Myr and 1.5
o 3.5 M �. 

The candidates selection consists of 241 objects, of which 27 had
re vious X-Shooter archi v al data. The candidates and their indi vidual
oordinates are listed in Table 1, and rele v ant information taken from
he literature such as spectral types, photometry, and distances is 
resented in Table 2 . 

.2 Obser v ations 

e carried out observations with the X-Shooter echelle spectrograph 
Vernet et al. 2011 ) for 214 objects in the sample during ESO
eriods 101 and 102 1 (i.e. between April 1018 and March 2019).
-Shooter is mounted at the Very Large Telescope (VLT) and co v ers
 total wavelength range of 3000–23 000 Å split into three arms: the
V-blue (UVB) arm co v ering 3000–5600 Å, the visible (VIS) arm

o v ering 5500–10200 Å, and the near-IR (NIR) arm co v ering 10200–
4 800 Å. Observations were performed using the 1.0, 0.9, and
.6 arcsec slit widths for the UVB, VIS, and NIR arms, respectively,
esulting in the corresponding spectral resolutions of 5400, 8900, and 
MNRAS 519, 3958–3975 (2023) 
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Table 1. Full sample of pre-selected young intermediate-mass stars candidates. Columns 1 to 9 list identifier used for this work (either HIP or TYC), Simbad 
main identifier, coordinates, number of observations, observing date (or first and last observing date for the case of more than one epoch), and SNR achieved for 
the UVB, VIS, and NIR arms of X-Shooter (maximum value if more than one epoch). 

Name Simbad ID RA DEC N obs. Obs. date SNR (UVB) SNR (VIS) SNR (NIR) 
(J2000) (J2000) (yyyy-mm-dd) 

HIP 4088 HD 5208 00:52:28.35 −69:30:10.4 1 2018-07-16 648 730 459 
TYC 628-841-1 BD + 13 277 01:47:57.86 + 13:53:09.4 1 2018-06-14 91 104 32 
TYC 6433-1491-1 CD-24 991 02:16:23.15 −23:49:36.0 1 2018-07-25 238 244 108 
TYC 1765-1373-1 BD + 22 333B 02:21:36.14 + 23:37:54.7 1 2018-10-12 206 208 83 
HIP 12055 HD 16152 02:35:24.47 −09:21:02.7 1 2018-07-28 778 590 280 
HIP 13910 HD 18572 02:59:08.41 −04:47:00.1 1 2018-07-28 716 508 268 
TYC 56-284-1 HD 20246 03:15:25.07 + 01:41:46.7 1 2018-10-22 399 380 262 
TYC 1235-186-1 BD + 14 592 03:40:14.42 + 15:11:26.3 1 2018-10-22 395 560 496 
HIP 17527 ∗18 Tau 03:45:09.74 + 24:50:21.3 7 2015-10-27–2018-10-19 1011 713 629 
HIP 17543 V ∗ CT Hyi 03:45:23.74 −71:39:29.3 2 2009-10-15–2018-10-22 710 492 151 
. . . . . . . . . . . . . . . . . . . . . . . . . . . 

Notes . Only a portion of this table is presented here to show its content and description. Given its size (241 objects), the full table is only available at the CDS. 
Coordinates and Simbad ID were taken from Simbad data base (Wenger et al. 2000 ). 

Table 2. Information taken from the literature for the full sample of pre-selected IMSs. Columns 1 and 2 list identifier and spectral types. Columns 3 to 10 
present the photometry used in this study; B T V T R photometry, 2MASS K s , and the four WISE bands. Column 11 shows distances derived from Gaia DR3 
parallax es, e xcept otherwise indicated. 

Name Spectral B T V T R K s W 1 W 2 W 3 W 4 Dist. 
type (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (pc) 

HIP 4088 G0/2V 7.89 7.29 6.88 5.81 ± 0.03 6.78 ± 0.12 7.77 (u.l.) 5.81 ± 0.02 5.75 ± 0.05 60.22 ±0 . 10 
0 . 10 

TYC 628-841-1 G5 11.57 10.81 10.32 9.53 ± 0.02 9.48 ± 0.02 9.52 ± 0.02 9.31 ± 0.04 8.32 ± 0.26 237.81 ±1 . 13 
0 . 75 

TYC 6433-1491-1 G5 11.20 10.59 10.18 9.40 ± 0.02 9.38 ± 0.02 9.41 ± 0.02 9.27 ± 0.04 8.26 ± 0.22 199.04 ±0 . 52 
0 . 58 

TYC 1765-1373-1 K0 10.89 10.22 9.77 9.10 ± 0.02 8.81 ± 0.03 8.77 ± 0.02 8.31 ± 0.03 7.18 ± 0.12 257.41 ±1 . 30 
1 . 39 

HIP 12055 A0V 7.13 7.10 7.09 7.06 ± 0.02 7.02 ± 0.05 7.04 ± 0.02 6.72 ± 0.01 5.59 ± 0.04 131.35 ±0 . 49 
0 . 54 

HIP 13910 B9.5V 8.04 8.02 8.01 8.00 ± 0.02 7.92 ± 0.02 7.95 ± 0.02 7.73 ± 0.02 6.33 ± 0.06 217.28 ±2 . 11 
1 . 84 

TYC 56-284-1 F7V 9.33 8.89 8.60 7.69 ± 0.02 7.50 ± 0.03 7.53 ± 0.02 7.18 ± 0.02 6.50 ± 0.07 161.08 ±0 . 77 
0 . 79 

TYC 1235-186-1 K0 10.18 9.15 8.51 6.56 ± 0.02 7.45 ± 0.40 6.46 ± 0.02 6.49 ± 0.02 6.43 ± 0.07 152.68 ±0 . 46 
0 . 54 

HIP 17527 B7V 5.58 5.64 5.68 5.81 ± 0.02 5.83 ± 0.12 5.72 ± 0.04 5.55 ± 0.01 3.84 ± 0.03 137.86 ±1 . 05 
0 . 81 

HIP 17543 ApSi 6.14 6.25 6.31 6.58 ± 0.03 6.59 ± 0.08 6.56 ± 0.02 6.15 ± 0.01 4.24 ± 0.02 153.28 ±0 . 69 
0 . 79 

– – – – – – – – – – –

Notes . Only a portion of this table is presented here to show its content, description, and references. Given its size, the full table is only available at the CDS. 
Spectral types and B T V T photometry were taken from the Tycho-2 Spectral Type Catalogue (Wright et al. 2003 ). R photometry was obtained from the USNO-B 

Catalogue (Monet et al. 2003 ). Distances were taken from Bailer-Jones et al. ( 2021 ), except for a few cases not available in DR3: HIP 57027 taken from Gaia 
Collaboration ( 2018 ), and HIP 59896, HIP 69761, HIP 74911, and HIP 91893 taken from v an Leeuwen ( 2007 ). Objects with pre vious studies in the literature 
are marked with a ‘ ∗’. 
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100. Exposure times were estimated using the X-Shooter Exposure
ime Calculator 2 with the intent of achieving a signal-to-noise ratio
NR > 100 for the three X-Shooter arms, respectively. Since our

argets are bright ( V mag : 4.7–11.4), the required SNR was achieved
n 120 s or less. The total exposure times were split in four exposures
combined into a single spectrum during the reduction process),
nd for the NIR one nodding cycle was used to ensure good sky
ubtraction. 

For the remaining 27 objects in our sample, we collected the
lready available X-Shooter data from the ESO archive to complete
ur data base of X-Shooter observations for the full sample. The
umber of observations obtained for each object, observing dates,
nd SNR are summarized in Table 1 . 
NRAS 519, 3958–3975 (2023) 
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.3 Data reduction 

e reduced the obtained X-Shooter data using the version 3.5.0 of
he X-Shooter EsoReflex pipeline (Modigliani et al. 2010 ; Freudling
t al. 2013 ). In a few cases where data was affected by saturation, the
aturated exposures were removed from the pipeline input (typically
our exposures were combined), and only the best quality data were
o-added for the final product. For the cases where too many bad
ixels were present within a region of the 2D data and a gap was
roduced in the extracted spectrum, we increased the interpolation
ange in the pipeline set-up to allow it to construct the spectrum
rofile o v er a wider wav elength range interpolating between bad
ixels. Telluric corrections were performed for all the spectra using
olecfit (Kausch et al. 2015 ; Smette et al. 2015 ). This is particularly

mportant for the VIS and NIR ranges as they get significantly
ffected by contamination from H 2 O, O 2 , O 3 , and CO 2 (among other
olecules) in the Earth’s atmosphere. Barycentric radial velocity

orrections were also applied a posteriori to the spectra. This way

https://www.eso.org/observing/etc/bin/gen/form?INS.NAME = X-SHOOTER+INS.MODE = spectro
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e are able to measure the stellar radial velocities with respect to the
arycentric rest frame (see Section 3.1.1 ). 
For the cases where more than one spectrum was obtained, we 

ombined all the observations into a single ‘median spectrum’ 
y computing the statistical median of all the spectra (previously 
ormalized to the continuum) in order to achieve better signal to 
oise (SNR). Poor SNR observations (SNR � 20) were discarded 
nd not included in the median. 

 M E T H O D S  A N D  RESULTS  

.1 Estimation of stellar parameters 

.1.1 Radial velocity measurement 

n order to find the best fitting synthetic spectral model for the spectral
ines it is necessary to either shift the model’s wavelength to match
he radial velocity of the science spectra or to centre the science
pectra to the wavelength of rest to match the models. Either way, a
easurement of radial velocity is needed (Frasca et al. 2017 , Iglesias

t al. 2018 ). 
There is a marked difference between the spectra of mainly 

adiative, hotter stars, and the spectra of cooler stars with a conv ectiv e
urface. On one hand there are the spectra of earlier types (early F,
, A, and O) that have a radiative surface and, in general, fewer

pectral lines that are, in addition, frequently rotationally broadened 
specially in the case of A-type stars). On the other hand, the spectra
f later types (late F, G, K, M) with a conv ectiv e surface layer show
 v erall plenty of spectral lines having narrow widths due to, for the
ost part, their lower rotational velocities. The boundary between 

early’ and ‘late’ type stars is typically considered to be middle- 
 (F5), although this limit is not strict given that chromospheric 
mission lines have also been detected in stars earlier than F5 
Mizusawa et al. 2012 , Linsky 2017 ). 

The standard procedure to measure radial velocities of stars 
ypically consists of cross-correlating the spectra with a binary mask 
r a radial velocity standard star (e.g. Baranne, Mayor & Poncet 
979 , Kurtz & Mink 1998 , Elliott et al. 2014 ). This method can
rovide accurate radial velocity measurements for late type stars, but 
t can result in very large uncertainties for the early types. A simple
ethod, such as measuring the centroid of strong lines gives more 

recise measurements of radial velocities for the case of B, A, and
arly F type stars (e.g. Iglesias et al. 2018 , Torres 2020 ). Therefore,
e divided our sample in ‘early’ and ‘late’ subsamples by visually 

nspecting the spectra, and classifying according to the characteristics 
f a radiative or convective surface as described above. 
We measured radial velocities of the ‘late’ group (73 stars) by 
eans of the cross-correlation method using binary masks as stellar 

emplates. For the ‘early’ subsample (168 stars), we followed a 
rocedure similar to Iglesias et al. ( 2018 ). We fitted Lorentzian
rofiles to five photospheric Balmer lines in order to measure the 
entroid of these lines and estimated radial velocities, and their 
ncertainties from the average and standard deviation among these 
ines measurements. We included H α, H β, H γ , H δ, and H ζ in the
alculation. We did not include H ε since it is blended with the Ca II H
ine at 3968.47 Å. For the cases where strong emission was found
n H α, this line was excluded from the estimates given that it is not
ossible to obtain a good centring of the absorption profile. For those
bjects having more than one epoch we averaged the measurements 
rom all the epochs, and included the dispersion in the uncertainties 
y error propagation. The radial velocity measurements can be found 
n Table 3 . 
MNRAS 519, 3958–3975 (2023) 
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Table 4. Adopted and explored values for the parameters of the Kurucz 
models. 

Parameter Values 

Turbulent velocity 2.0 km s −1 

Additional turbulence 0.0 km s −1 

Opacity threshold 0.001 
T eff 3500–20000 K, with 
 = 250 K 

log ( g ) 3.5–5.0 dex, with 
 = 0.1 dex 
[Fe / H] 0.0 
vsin i 0–400 km s −1 , with 
 = 10 km s −1 
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Table 5. Spectral lines used for the vsin i , T eff , and log ( g ) estimation. 

Element Wavelength ( Å) Usage 

Ca II K 3933.663 ‘early’ subset 
Ca II H 3968.468 ‘early’ subset 
Fe I 4046.0620 ‘late’ subset 
H δ 4101.7415 ‘early’ and ‘late’ subsets 
Ca I 4226.73 ‘late’ subset 
Fe I 4271.7602 ‘late’ subset 
G -band 4307.74 ‘late’ subset 
H γ 4340.471 ‘early’ and ‘late’ subsets 
Fe I 4383.5447 ‘late’ subset 
Fe I 4404.7501 only vsin i 
Mg II 4481.126 ‘early’ subset and vsin i 
H β 4861.3615 ‘early’ and ‘late’ subsets 
H α 6562.8518 ‘early’ and ‘late’ subsets 
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.1.2 Effective temperature, surface gravity, and projected 
otational velocity 

e used Kurucz models (Castelli, Gratton & Kurucz 1997 ) to
stimate ef fecti ve temperature ( T eff ), surface gravity (log ( g )), and
rojected rotational velocity ( vsin i ) for the sample. We computed
ynthetic models using the spectral synthesis codes SYNTHE and
TLAS 9 (Sbordone et al. 2004 ). We built a grid of models co v ering

he UV-optical wavelengths with a spectral resolution similar to
hat of our VIS X-Shooter data (i.e. R = 10 000). We used the
tandard values for turbulent velocity, additional turbulence, and
pacity threshold offered by ATLAS 9 , as shown in Table 4 . For the
 eff , we explored a wide range of values ranging from 3500–20 000 K

n steps of 250 K; for the log ( g ), we co v ered a range from 3.5–5.0 dex
n steps of 0.1 dex, and for the vsin i , we co v ered the range from 0–
00 km s −1 in steps of 10 km s −1 . These ranges should generously
o v er all the possible T eff , log ( g ), and vsin i values in our sample.
s in previous works where a similar procedure to estimate stellar
arameters w as emplo yed (e.g. Fairlamb et al. 2015 , Wichittanakom
t al. 2020 , Vioque et al. 2022 ), we have also adopted a metallicity
alue of [Fe / H] = 0. Although, as discussed in these works, the
emaining parameters could be affected by the metallicity, on the
ther side, by fixing a standard metallicity value we a v oid introducing
urther de generac y on the models, since different combinations of
arameters can produce similar models. We explored the metallicity
ependence by fixing a different value of [Fe / H] for a few objects. We
ound that for small differences in metallicity with respect to solar,
uch as [Fe / H] = + 0.2, the average T eff and log ( g ) values were
ithin 1 σ , and for larger differences, e.g. [Fe / H] = −1.0, T eff could
ary up to 2 σ . The estimation of vsin i , however, was not affected by
hanges in metallicity. A summary of the range of parameters and
dopted values used for the models is given in Table 4 . 

When comparing models to the science spectra models were
hifted in wavelength to match the radial velocities of the stars
omputed in the previous step. In addition, since the spectral
esolution of the models is constant while the resolution of our
bserv ations dif fers for the three X-Shooter arms, we performed
 Gaussian convolution to the models to match the specific spectral
esolution of each wavelength range used for the model fit, and
esampled to match the spectral data points. Each spectral line was
ormalized to the continuum by fitting a portion of the continuum at
ach side of the absorption line. The model lines were normalized as
ell following the same procedure as for the science spectral lines

or a good comparison. For the cases where the lines presented core
mission features, the emission regions were masked and excluded
rom the fit as the models do not reproduce these emission features.
he best fit models for each line were chosen by means of the
inimum reduced χ2 . 
We started by estimating the vsin i in order to fix this value for

ll the lines used in the T eff and log ( g ) assessment, since the effect
NRAS 519, 3958–3975 (2023) 
f rotational broadening can strongly bias the T eff estimation (Royer
t al. 2002 ). We used the Mg II line at 4481.13 Å to estimate the vsin i
alue as this line is narrow and well isolated and thus, widely used
or projected rotational velocity estimation. For the cases when this
ine was blended or too weak and did not allow a good fit, the Fe I
ine at 4404.75 Å was used instead as it offers similar characteristics.

e searched for the best model fit for these lines within the grid of
odels described abo v e, and adopted the best fitting vsin i value as
 fixed parameter for the rest of the lines. 

For the T eff and log ( g ) estimation, we used subsets of the spectral
ines as listed in Table 5 . We split the sample in the two subsets
efined previously for the radial velocity measurements; ‘early’ and
late’ subsamples, and used different sets of spectral lines for both
ases since certain lines are weaker/stronger according to the spectral
ype. The spectral lines used for each subsample were carefully
elected based on the studies of stellar atmospheres by Gray &
orbally ( 2009 ), where it is discussed which lines are good T eff 

nd luminosity indicators for specific T eff ranges. For the ‘early’
ubsample we used Ca II H & K, Mg II , H α, H β, H γ , and H δ,
nd for the ‘late’ subsample we used Ca I , Fe I at 4046, 4271, and
383 Å, H α, H β, H γ , H δ, and the G -band, as these were found to
e the strongest lines and the best T eff indicators o v erall for each
ubsample. The observ ed wav elengths of rest adopted for these lines
ere taken from the NIST 

3 Atomic Spectra Database. The lines
sed for each subsample and their wavelengths of rest are listed in 
able 5 . 
T eff and log ( g ) estimates were obtained by averaging the best

tting T eff and log ( g ) of the lines used for the corresponding subset.
s was done for the radial velocity estimation, for the cases where H α

resented a strong emission, this line was excluded from the average
s the emission dominates the underlying photospheric absorption
ine making the photospheric model fit less accurate. Errors were
alculated as the quadratic sum of the standard deviation, and the
alf of the step value used in the grid (shown in Table 4 ). Estimations
f vsin i , T eff and log ( g ) for each object are presented in Table 3 .
xamples of the Kurucz model fit for an early-type star, and for a

ate-type star are shown in Fig. 1 . 

.1.3 Visual extinction, distance, and radius 

fter obtaining the T eff , log ( g ), and vsin i estimates, we used
 Kurucz model spectrum with these values co v ering the full

https://physics.nist.gov/PhysRefData/ASD/lines_form.html
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Figure 1. Examples of Kurucz model fitting for the ‘early-type’ object HIP 57451 (top) and for the ‘late-type’ object HIP 25309 (bottom). A vsin i of 330 
and 60 km s −1 were determined for these early and late-type targets, respectively, and used as a fixed parameter for all the lines. The Ca II K line in HIP 57451 
presented interstellar absorption features which were excluded from the model fitting (shaded grey region). The best fitting T eff and log ( g ) values for each line 
are indicated on top as ‘ T ’ and ‘ g ’, respectively. Kurucz models are shown in dotted red line and X-Shooter spectra in black. 
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av elength range pro vided by SYNTHE (i.e. 100–10 000 nm) in
ombination with photometric measurements to estimate the stellar 
adius R � and visual extinction A V . We followed a similar procedure
o Fairlamb et al. ( 2015 ) and Wichittanakom et al. ( 2020 ) to estimate
 � and A V , ho we ver, only B T V T R magnitudes were used in this case
iven that I magnitudes were not available for the full sample, 
nd, for few particular cases, only B T and V T magnitudes were 
sed when R was not available. Basically, the flux density f of the
urucz model and the (derredened) observed photometric fluxes 

re scaled by the square ratio of distance to the star and its radius
( D / R � ) 2 ). We first converted the B T V T R magnitudes to fluxes using
he zero magnitude absolute flux densities from Bessell, Castelli 
 Plez ( 1998 ). Then, we estimated the B T V T R fluxes from the
odel spectra from the convolution with the transmission curve of 

he B T V T R passbands. We obtained the best fitting A V by varying
 V in steps of 0.01 magnitude, and finding the best alignment of

he model with the dereddened photometry. Then, the D / R � value
as obtained by scaling with the dereddened V T -band flux. The 
bserved photometry was dereddened each time using the extinction 
alues from Cardelli, Clayton & Mathis ( 1989 ), and adopting the
tandard value of total to selective extinction parameter R V = 3.1. 
he uncertainties in the A V and D / R � ratio were estimated by

ollowing the same procedure, but using the Kurucz model spectra 
orresponding to the upper and lower T eff values ( T eff ± uncertainty ),
nd finding the resulting lower and upper A V and D / R � values. Finally,
e used (photogeometric) distances obtained from the Gaia DR3 

atalogue (Bailer-Jones et al. 2021 ; Gaia Collaboration et al. 2022 )
o obtain R � estimates from the D / R � ratio. The uncertainties in the
 � values were obtained by error propagation of the corresponding 
istances and D / R � uncertainties. Distances are shown in Table 2 , and
stimates of A V , D / R � , and R � are listed in Table 3 . Examples of the
hotometry fitting for an early and a late-type star are illustrated in
ig. 2 . 
.1.4 Mass, luminosity, and a g e 

uminosities were calculated using the Stefan–Boltzmann law: L � 

 4 πR 

2 
� σT 

4 
eff . Having luminosities and T eff values, the stars were

laced in the HR diagram, as shown in Fig. 3 . Initially, a set of
tellar tracks and isochrones from PARSEC (Bressan et al. 2012 ) for
asses between 1 and 8 M �, solar metallicity Z = 0.0152 (same as

he metallicity adopted for the Kurucz models), and ages from 0 to
00 Myr were used to estimate masses, and ages by interpolating
etween the closest values to the stellar tracks. We also estimated the
asses and ages using the evolutionary tracks from Siess, Dufour &
orestini ( 2000 ), using masses between 1 and 7 M � (the maximum
vailable) solar metallicity and the same age range. We compared 
ur results for both sets of evolutionary tracks, and we found that
ges were in agreement within the first ∼20 Myr, and then started to
iverge significantly, while masses were in good agreement overall. 
his is likely because around this age, the intermediate-mass stars 

each the zero age main sequence (ZAMS), then their evolutionary 
racks start to decrease in T eff and o v erlap with the younger ages
roducing ambiguity in the results. Therefore, we decided to split 
he age of the stellar tracks at the turning point for each mass, and
btain both pre and post ZAMS age values, as shown in Fig. 3 .
oth age values are presented in Table 3 along with the masses and

uminosities. Given that our sample has been selected under criteria 
f being likely pre-main-sequence objects and having IR-excesses, 
e initially adopt the pre-main-sequence age and mass values as the
ost probable ones. Later in Section 3.4, we analyse in more detail to

hose objects that might be more evolved, and re-assign their masses
nd ages using the post-ZAMS stellar tracks. Finally, we chose to
se the mass and age estimations based on the PARSEC stellar tracks
ather than those of Siess et al. ( 2000 ), because they offered a finer
nd slightly more extended (in terms of mass) grid of stellar tracks,
llowing a more precise interpolation. 
MNRAS 519, 3958–3975 (2023) 
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Figure 2. Example of photometry fitting for the ‘early-type’ object 
HIP 102719 (top), and for the ‘late-type’ object TYC 453-449-1. Stellar 
parameters used for each Kurucz model are indicated. The best fit between 
the model and BVR photometry for HIP 102719 was found for a reddening 
value of A V = 0.52 ±0 . 02 

0 . 05 mag and a scaling ratio D / R � = 85.53 ±1 . 25 
2 . 35 pc R �−1 , 

and for TYC 453-449-1 this was achieved for A V = 0.23 ±0 . 20 
0 . 23 mag and D / R � 

= 126.50 ±3 . 36 
2 . 02 pc R �−1 . 
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.2 Sample refinement 

ne of the main purposes of our surv e y is to study how circumstellar
iscs evolve around intermediate-mass stars. In particular, we are
nterested in how fast the inner disc regions get cleared, and how
hey compare to low-mass stars. Using the calculated basic stellar
arameters and Gaia DR3 distances, the sample is refined by
electing those with masses within the range 1.5 ≤ M � /M � ≤ 3.5,
nd with distances ≤300 pc for further analysis of their IR excesses.
s the distances were updated from the initial selection made using
GAS, now 95 per cent of the objects had distances ≤300 pc when
sing Gaia DR3. We found that 154 ±29 

23 (63.9 ±12 . 0 
9 . 5 per cent) of

ur candidates fall within the refined selection. Lower and upper
ncertainties are derived considering lower and upper uncertainties
n masses and distances simultaneously, thus estimating the minimum
nd maximum number of objects that might fall within the selection.
he placement in the HR diagram for the stars in the refined sample

s shown in Fig. 4 . 
NRAS 519, 3958–3975 (2023) 
.3 Infrared excess 

yatt et al. ( 2015 ) suggest that a helpful classification of circum-
tellar discs could be based on the fractional IR-excess f λ, which is
efined as the ratio of the total flux measured from a system to that
f the stellar flux at a given IR wavelength λ, i.e.: f λ = F ( λ)/ F � ( λ).
nce obtained the reddening A V and the flux ratio D / R � , it is possible

o estimate the fractional f λ abo v e the stellar flux by using again
he Kurucz model spectra as stellar templates. We have used K s -
and photometry from Two Micron All Sky Survey (2MASS survey;
krutskie et al. 2006 ) and W 1, W 2, W 3, and W 4 bands photometry
rom WISE surv e y (Cutri et al. 2021 ) to estimate fractional IR-
xcesses f λ at 2.2, 3.4, 4.6, 12, and 22 μm, respectively. Since the
urucz models only span a wavelength range between 0.1 and 10 μm,
e extended the wavelength coverage up to 25 μm by fitting a Planck

unction to the models in order to co v er the W 3 and W 4 bands. We
onsider a star to have IR-excess at a given λ when f λ is ‘firmly’ > 1
i.e. 1 σ abo v e 1). The mentioned photometry was derredened using
he estimated A V values and following the wavelength dependence as
efined in Prato, Greene & Simon ( 2003 ). Uncertainties were derived
y error propagation of the photometry, A V , D / R � , and flux. The f λ
alues are presented in Table 6 . 

.4 Assessment of ages 

s described in Section 3.1.4 , age estimates were adopted from
he pre-ZAMS stellar tracks in order to a v oid ambiguity in the
esults but this, of course, biases the age estimation of possibly
ore evolved stars. Therefore in this section, we study in more

etail those objects that might be older and more likely post-main-
equence. We start with the emission-line objects; we have found
2 objects in our preliminary sample with emission in their Balmer
ines. They could either be Herbig Ae/Be stars or classical Be (CBe)
tars, both presenting similar emission lines, and usually hard to
istinguish based on their spectra and their position in the HR
iagram. Ho we ver, Herbig Ae/Be are young pre-main-sequence (pre-
S) stars (Hillenbrand et al. 1992 ), while CBe stars are considered

o be more evolved objects (Rivinius, Carciofi & Martayan 2013 ).
 search of the literature finds that six of them were classified as
erbig Ae/Be stars, 13 as CBe stars, based on their emission lines

nd presence/lack of IR-excess, and three of them have not been
et classified to the best of our knowledge. In addition, we analysed
heir estimated masses and fractional excesses, and compared them
ased on their classification in the literature. We found that, o v erall,
Be stars were more massive than the Herbig ones, and the Herbig
e/Be stars had much larger fractional excesses than the CBe

tars. Considering this, the three previously unclassified objects;
IP 23201, HIP 77289, and HIP 92364 were more consistent with

he characteristics of the CBe stars, and thus we assign them this
lassification. The six accreting Herbig Ae/Be stars are analysed in
ore detail in Appendix A . 
The estimated ages for the Herbig Ae/Be stars are consistent with

hem being pre-MS, but the initial ages estimated for the CBe stars
 � 2 Myr) are unlikely to be so young. Although some studies have
ound CBe stars in clusters of age 5–8 Myr (F abre gat & Torrej ́on
000 ), it has been suggested that, o v erall, CBe stars are in the second
alf of their main sequence lifetime, and tend to be older than 10 Myr
Zorec, Fr ́emat & Cidale 2005 ; Wisniewski & Bjorkman 2006 ).
herefore, we opt for re-assigning the ages for the CBe stars to

hat estimated from the post-ZAMS stellar tracks, as described in
ection 3.1.4 . Three out of the 16 CBe stars fall within the refined
election of IMSs, and since our study is devoted to study disc

art/stac3619_f2.eps
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Figure 3. Full sample of 241 IMS candidates placed in the HR-diagram. Top: Pre-ZAMS evolutionary tracks with initial masses from 1 to 7 M � are shown in 
solid lines, and isochrones of 1, 5, 10, and 20 Myr in dashed lines. Bottom: Post-ZAMS evolutionary tracks with initial masses from 1 to 7 M � are shown in 
solid lines, and isochrones of 100, 200, 500, and 1000 Myr in dashed lines. Evolutionary tracks and isochrones are from Bressan et al. ( 2012 ). 
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M

Figure 4. Selection of IMS within the range 1.5 ≤ M � /M � ≤ 3.5 and 
within ≤300 pc. Contaminants discarded from this selection due to being 
more evolved are highlighted in red crosses (giants), yellow diamonds 
(older/contaminated), and cyan squares (classical Be stars). Pre-main- 
sequence evolutionary tracks with initial masses from 1.5 to 4 M � are shown 
in solid lines, and isochrones of 1, 5, 10, and 20 Myr are plotted in dashed 
lines. 
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volution in young stars, these were excluded from the sample. The
3 remaining CBes were more massive than 3.5 M �. 
Then we assess the presence of giant contaminants in the sample.

ed giants stars share similar locations in the HR diagram as
oung pre-main-sequence stars, but they are much more evolved.
e examined the possible giant contaminants in three ways: by
easuring the Li I line at 6708 Å by analysing gravity-sensitive and
 eff -sensitive spectral indices, and by looking at their IR-excesses
nd shape of their SEDs. Lithium depletion can be used as an age
ndicator for F, G, and K-type stars, and the Li I line at ∼6708 Å is
 good abundance tracer (Vican 2012 , Soderblom et al. 2014 ). We
easured the equi v alent width (EW) of the mentioned Li I line for the

ate-type stars in our sample, and classified those with EW < 0.1 Å as
i-poor and thus likely older. In addition, we calculated the gravity-
ensitive and T eff -sensitive spectral indices γ 1 and β t , respectively,
ollowing Damiani et al. ( 2014 ), and analysed their placement in
he γ 1 versus β t diagram. These spectral indices basically measure
he strength of a set of gravity- (or T eff ) sensitive lines. As giant
tars have lower gravities than pre- and MS stars their low-gravity-
ependant lines are stronger. In fig. 28 of Damiani et al. ( 2014 ),
hey sho w ho w γ 1 increases as β t decreases for giant stars, while
re-MS stars remain closer to γ 1 = 1. In comparison, some of the
tars in our sample show clear signs of being giant contaminants
oing upwards in the γ 1 versus β t diagram. After this analysis, those
i-poor objects with spectral indices consistent with giant stars and
 lack of IR-excess were considered to be evolved contaminants,
nd their ages were re-assigned to post-MS. Seven of these older
ontaminants were found within the refined selection of IMSs (as
escribed in Seccion 3.2 ), and were remo v ed from the sample. 
We also checked whether our targets belonged to stellar asso-

iations or star forming regions. We used the BANYAN � tool
the Multi v ariate Bayesian Algorithm to identify members of Young
ssociations; Gagn ́e et al. 2018 ), which calculates the probability
f belonging to stellar associations within 150 pc of the Sun. We
ound 22 objects (15 per cent of our targets) with ≥99 per cent
robability of belonging to an association. These associations have
NRAS 519, 3958–3975 (2023) 
ge estimations and some are older than 100 Myr (see table 1 in
agn ́e et al. 2018 and references therein). Therefore, we discard

ny (member) star with an age that is not compatible with the age
f the association. We found eight stars that belong to associations
lder than ∼30 Myr (incompatible with their pre-MS stellar ages),
nd thus more likely to be post-MS. The remaining 14 stars had ages
n agreement with the young age of their respective associations.
inally, we visually inspected the AllWISE coloured infrared images
Wright et al. 2010 ), and the DSS coloured optical images (York et al.
000 ) for each of our targets looking for possible contamination that
ight lead to a ‘false’ IR-excess. We found six cases where the star
as affected by contamination of reflection nebulae, and therefore

n a dust-rich region. Since this interstellar dust might affect the IR-
xcess measurement, we discard these stars to be cautious. It is worth
entioning that five out of these six stars were among those eight

tars we found to belong to older stellar associations. Furthermore,
hese five stars had the largest age difference with respect to their
ssociation. It is possible that the contamination might have had an
mpact in the estimation of the stellar parameters (the extinction, in
articular, and as a consequence the luminosity) affecting the age
etermination. More details regarding these stars can be found in the
ppendix B . 
In total, 19 objects (3 CBe, 7 giants, and 9 stars in older associations

nd/or with contamination) were excluded from the refined selection,
eaving the sample with a new total of 135 objects within 1.5–3.5 M �
nd < 300 pc. Those contaminants excluded from this final selection
re highlighted in the HR diagram (see Fig. 4 ). A list of these objects
s given in the Appendix B . 

 ANALYSI S  A N D  DI SCUSSI ON  

.1 Disc classification 

e classify our sample into circumstellar disc evolutionary stages.
his classification is moti v ated by Wyatt et al. ( 2015 ) (W15), where

he evolution from protoplanetary to debris disc was studied based
n observations of fractional excesses. Fig. 1 in W15 shows age
 ersus fractional e xcesses at 12, 22, and 70 μm for a selection of
nown protoplanetary and debris discs around A-type stars (which
all into the category of intermediate-mass stars). When looking at
he fractional excesses ( R λ in their paper) at 12 μm in fig. 1 of W15
left top panel), there is a clear distinction between the distribution of
rotoplanetary and debris discs. Indeed, all known debris discs in that
tudy have fractional excesses 1 < f 12 μm 

≤ 2, while protoplanetary
iscs range from values of f 12 μm 

abo v e 25 up to o v er 1000. 
We therefore classify as ‘debris’ discs those systems with frac-

ional excess 1 < f 12 μm 

≤ 2 : 112 objects, as ‘hybrid candidates’
hose systems with 2 < f 12 μm 

≤ 25 : 17 objects, and as ‘protoplane-
ary’ those with f 12 μm 

> 25 : 5 objects. One object was found to have
o excess at 12 μm. The different categories along with their ages
nd f 12 μm 

are shown in Fig. 5 , right, 4 th row. We note that a number
f our sources fall between the debris and protoplanetary categories
opulating a desert, where the only previously known object was
D 141569, as shown in fig.1 of W15. We will further discuss this
roup of objects in Section 4.4 . 

.2 IR-excess statistics 

e studied the o v erall age versus near-IR excess trends across the
ifferent wavelengths by dividing our sample selection in age bins of
 Myr, as shown in Fig. 5 (left). The corresponding fractional excess
 λ values calculated for each wavelength are shown at the right side of
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X-shooter survey of young IMSs 3967 

Table 6. Fractional excesses and disc classification based on f 12 μm 

. 

Name f 2 . 2 μm 

f 3 . 4 μm 

f 4 . 6 μm 

f 12 μm 

f 22 μm 

Disc classif. 

HIP 13910 0.92 ±0 . 09 
0 . 08 0.99 ±0 . 10 

0 . 09 0.96 ±0 . 10 
0 . 08 1.41 ±0 . 14 

0 . 12 4.55 ±0 . 52 
0 . 45 Debris 

HIP 17543 0.94 ±0 . 11 
0 . 08 0.95 ±0 . 13 

0 . 11 0.98 ±0 . 11 
0 . 09 1.74 ±0 . 20 

0 . 15 8.96 ±1 . 04 
0 . 80 Debris 

HIP 21024 0.92 ±0 . 06 
0 . 06 0.93 ±0 . 06 

0 . 06 0.89 ±0 . 06 
0 . 05 1.22 ±0 . 07 

0 . 07 4.56 ±0 . 31 
0 . 30 Debris 

HIP 22402 1.16 ±0 . 13 
0 . 14 1.11 ±0 . 13 

0 . 15 1.10 ±0 . 12 
0 . 13 1.60 ±0 . 17 

0 . 20 3.28 ±0 . 38 
0 . 43 Debris 

HIP 23633 1.04 ±0 . 06 
0 . 05 1.06 ±0 . 08 

0 . 07 1.04 ±0 . 06 
0 . 05 3.30 ±0 . 19 

0 . 15 30.65 ±1 . 75 
1 . 38 Hybrid 

HIP 24092 0.88 ±0 . 06 
0 . 05 0.92 ±0 . 07 

0 . 06 0.89 ±0 . 06 
0 . 05 1.20 ±0 . 09 

0 . 07 2.83 ±0 . 32 
0 . 30 Debris 

HIP 56379 3.09 ±0 . 18 
0 . 22 9.50 ±1 . 94 

1 . 98 18.85 ±3 . 09 
3 . 18 784 ±263 

265 9448 ±514 
633 Protoplanetary 

TYC 6487-537-1 1.09 ±0 . 06 
0 . 05 1.11 ±0 . 06 

0 . 04 1.07 ±0 . 06 
0 . 04 1.32 ±0 . 08 

0 . 05 2.95 ±0 . 39 
0 . 37 Debris 

HIP 25453 0.92 ±0 . 05 
0 . 06 0.92 ±0 . 08 

0 . 09 0.93 ±0 . 05 
0 . 06 1.24 ±0 . 07 

0 . 08 4.58 ±0 . 28 
0 . 31 Debris 

HIP 25763 0.90 ±0 . 06 
0 . 07 1.10 ±0 . 07 

0 . 08 1.16 ±0 . 07 
0 . 09 1.73 ±0 . 10 

0 . 13 4.44 ±0 . 34 
0 . 41 Debris 

... ... ... ... ... ... ... 

Notes . Only a portion of this table is presented here to show its content. Given its size, the full table is only available at 
the CDS. 
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ig. 5 , along with the ages. The e xcess lev el classification at 12 μm
s shown as well (fourth panel from top to bottom). All the stars
av e e xcess at 22 μm as this was an initial selection criterion for the
ample. 

In order to have a better picture of the excess evolution at different
avelengths, we computed the fraction of stars with excess per age 
in for each wavelength. Since the number of IMSs in the sample
rops dramatically for ages > 6 Myr, and the number of stars per bin
fter this age are too few to obtain reliable statistics, we will limit
his analysis up to ages < 6 Myr. The results are shown in Fig. 6 ,
here the approximate location of the excess with respect to the star

raced by each band is indicated, considering stars of 1.5 and 3.5 M �
s lower and upper limits for the distance range. The approximate 
ocations were derived by using Wien’s displacement law to estimate 
he temperature observed for each band, and then using Stefan–
oltzmann law to calculate the distance from the star where dust
ould heat to such a temperature, adopting typical values for T eff 

7000–13 000 K, and for R � ∼ 1.7–3 R �, for the range. We can
ee similar percentages of stars with excess for those wavelengths 
 10 μm ( K s , W 1, and W 2). A least squares linear fit was applied

o the data points (assuming linear trends), and the corresponding 
lope and intercept values obtained for these bands were: K s = 

 −11.13 ± 1.98, 81.29 ± 7.47), W 1 = ( −11.74 ± 1.44, 90.08 ± 5.45), 
nd W 2 = ( −13.35 ± 3.30, 94.77 ± 12.45), respectively. These 
rends show initial excess fractions of ∼80 per cent at the age of
 Myr, decreasing down to about 20–30 per cent at the age of 6 Myr.
hese results must be considered, ho we ver, under age uncertainties of 
1–2 Myr. 
In addition, we wanted to compare inner disc dispersal evolution 

or the different types of disc classification (i.e. ‘protoplanetary’, 
hybrid candidates’, and ‘debris’ discs cate gories). F or this, we 
omputed the fraction of stars per disc class for the three bands
 10 μm (without any age constraints). These are shown in Fig. 7 .
e can see that 100 per cent of the ‘protoplanetary’ discs have

xcess < 10 μm, as expected. About 84–89 per cent of the ‘hybrid
andidates’ discs have excess < 10 μm, and ∼26–34 per cent of the
debris’ discs still have their inner excesses. This is further evidence 
hat hybrid discs seem to be at an intermediate stage of evolution
etween protoplanetary and debris discs, with a small percentage 
f them having dissipated their inner region, while none of the 
rotoplanetary discs show inner clearing and most of the debris discs
o. This figure again shows similar excess fractions for the three 
avelengths (2.2, 3.4, and 4.6 μm), confirming the disc dispersal 
rends under 10 μm we observe in Fig. 6 . 

.3 Comparison to low-mass stars and other studies 

n this section, we compare the results obtained for our sample of pre-
ain-sequence IMSs to previous studies of low-mass stars (LMSs) 

nd other studies of disc evolution. A key difference to the studies
f LMSs is that such studies have the advantage of a well defined
tar forming region membership, and hence ratios of excess versus 
o-excess stars can be made, and also the pre-main-sequence nature 
f those stars suffers less ambiguity. Haisch et al. ( 2001 ), Ribas et al.
 2015 ) (from now on: R15), and Hern ́andez et al. ( 2010 ) investigated
he disc evolution around solar and low-mass stars, and estimated 
isc dispersal time-scales and the excess fraction dependence on 
tellar mass. Overall, these studies agree that the disc dispersal time-
cale has a certain dependence on stellar mass; discs seem to survive
onger for lower mass stars, yet, most of them focus on the low-mass
nd solar mass regime. Therefore, we have attempted to perform a
air comparison of several studies against our IMSs sample. 

As a first comparison, we analysed three circumstellar disc surv e ys
n star forming regions that have well characterized samples with 
vailable stellar parameters such as T eff , mass and age, and that
av e IR-e xcesses measured at 22 μm in order to achiev e a direct
omparison to our sample. We took the sample of Andrews et al.
 2013 ): a study of disc dust mass versus stellar mass dependence
n the Taurus–Auriga star forming region, the sample of Barenfeld 
t al. ( 2016 ): a study of LMSs with circumstellar discs in the Upper
corpius OB association, and the sample of Comer ́on et al. ( 2009 ): a
tudy of LMSs and their IR-excesses in the Lupus clouds from which
e selected cloud 3 due to its larger number of targets. We collected

he 2MASS and WISE photometric bands for these samples, and 
sed their stellar parameters to select LMSs with masses < 1.5 M �,
nd estimated their fractional excesses following the same procedure 
s we did in our study. For the sample of Taurus–Auriga, using
he stellar age estimations of Andrews et al. ( 2013 ), LMSs with
ges < 6 Myr were selected. As done for our sample in Section 4.2 ,
he fraction of stars with excess at different wavelengths was then
alculated for age bins of width 1 Myr. For the sample of Upper
corpius, unfortunately, no individual ages were a vailable, b ut this
tellar association is in the age range 5–11 Myr (Barenfeld et al.
016 ), and we included it for additional comparisons. For the sample
MNRAS 519, 3958–3975 (2023) 
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M

Figure 5. Left: Histograms of fractional excesses. Right: The corresponding age versus excess values. From top to bottom: excess in K s , W 1, W 2, W 3, and W 4 
bands. Typical age uncertainties are in the order of ∼2 Myr. Protoplanetary discs are highlighted in red circles. Error bars might be smaller than markers. 
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f Lupus, although individual ages were available, most of them were
ged between 1–3 Myr, and there were not enough stars to obtain
xcess fractions in the other age bins therefore we grouped them
ogether in a single bin centred at 2 Myr. For the three samples, we
NRAS 519, 3958–3975 (2023) 
rossmatched the stars with Gaia DR3 distances, and discarded any
tar having distances not compatible with that of the star forming
egion as inaccurate distances affect the measurement of the IR-
xcesses. This was particularly important for the sample of Lupus

art/stac3619_f5.eps
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Figure 6. Percentage of stars with excess per age bin ≤6 Myr at 2.2, 3.4, 
4.6, 12, and 22 μm ( K s , W 1, W 2, W 3, and W 4 bands, respectively). The 
approximate location of the excess with respect to the star traced by each 
band is indicated. A small shift has been added to the horizontal position 
to a v oid o v erlap. True age bin centre is that of pink circles. 117 objects are 
included in this figure. 

Figure 7. Comparison of excess fractions for λ < 10 μm for each disc 
classification based on fractional excess at 12 μm. 
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Figure 8. Same as Fig. 6 but for stars with masses < 1.5 M �. Top: Stars with 
ages ≤6 Myr from the Taurus–Auriga star forming region. Bottom: Stars aged 
between 1–3 Myr from Lupus cloud 3 (shown at 2 Myr) and stars aged 5–
11 Myr from Upper Scorpius (placed at the 5–6 Myr bin for comparison). 
Sample of Taurus–Auriga taken from Andrews et al. ( 2013 ), including 123 
objects in the figure. Sample of Lupus taken from Comer ́on, Spezzi & L ́opez 
Mart ́ı ( 2009 ), including 42 objects, and sample from Upper Scorpius taken 
from Barenfeld et al. ( 2016 ), including 92 objects. 
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loud 3 (at ∼200 pc), where we found a considerable number of stars
aving distances in the order of 1000 to 10 000 pc. 
Fig. 8 shows the disc evolution for the LMSs in these three regions

analog to Fig. 6 for our sample), this time considering stars of 0.08
nd 1.5 M � as lower and upper limits for the distance range, with a
 eff range ∼2000 –7000 K, and a R � range ∼0.1–1.7 R �. We can see

he difference in inner disc dispersal rates in LMSs with respect to
MSs. In Taurus–Auriga, the slopes for wavelengths < 10 μm range 
etween ∼−6 to −4, while in our sample of IMSs, these slopes are
uch steeper, ranging between ∼−13 to −11. Ho we ver, the most

utstanding contrast is the difference in excess fractions among the 
hree different wavelengths in LMSs, as opposed to the very similar
ractions observed in IMSs. The excess fractions are consistently low 

t 2.2 μm, and consistently high at 4.6 μm, with the fraction at 3.4 μm
ight in between. Similar fractions are observed in Upper Scorpius, 
here even at an older age there is a large difference between the

raction of excess at different wavelengths, at 2.2 μm being very 
ow, and at 4.6 μm remaining v ery high. F or the case of Lupus,
he fractions are lower o v erall in comparison to Taurus–Auriga and
pper Scorpius, but the gap between the fraction of excess at different
avelengths is still observed. Comer ́on et al. ( 2009 ) comment on the
uzzling properties of this population, where there seems to be little
ircumstellar material within 1 au, and speculate that this might be
ue to formation ‘outside the shielding environment of a molecular 
loud’. 

Overall, our results show that the inner disc dispersal rate is slower
n LMSs in comparison to IMSs, and the fraction of stars with excess
s progressively lower closer to the star in LMSs. The lower initial
raction of excess at shorter wavelengths in LMSs is easy to explain
f we consider a typical IMSs (for instance, a T eff ∼ 9700 and a R � 

2.2 R �); an excess at 2.2 μm would mean the presence of dust at
bout 0.3 au from the star. But, for a LMSs (for example, T eff ∼ 3850
nd a R � ∼0.6 R �), excess at 2.2 μm must come from dust at very few
tellar radii, or only ∼0.012 au from the star. The colder the star, the
losest the dust must be in order to produce excess at a determined
MNRAS 519, 3958–3975 (2023) 
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avelength, then the coldest and lower mass stars are not expected to
av e e xcess at such short wav elengths. Radial drift is believ ed to fast
issipate the discs of most LMSs during the earlier stages (Michel,
an der Marel & Matthews 2021 ), and thus the innermost regions are
leared already at a very early age. 

Theoretical studies such as Kunitomo et al. ( 2021 ) predict that
iscs around IMSs evolve faster than those around LMSs. Our
esults confirm that the observed inner disc dispersal trends point
owards IMSs dissipating their inner regions more rapidly than
MSs. This can be explained because of the fundamental differences
etween LMSs and IMSs on the pre-main sequence. Abo v e 1.5 M �,
oung IMSs develop radiative envelopes, and consequently increase
heir luminosities and ef fecti v e temperatures (P alla & Stahler 1990 ,
iess et al. 2000 ). This increases far- and extreme-ultraviolet (FUV
nd EUV) emission, while loss of convection means that X-rays
re weaker (Wright & Drake 2016 ). This contributes to a rapid
hotoe v aporati ve inner disc clearing process in IMSs, preventing
he replenishment of material from the outer disc (Wyatt 2008 ).
n the other hand, for LMSs inner clearing seem to be mainly

ttributed to radial drift and rapid dust growth (Michel et al.
021 ). 
As mentioned in the introduction, IMSs unlike LMSs, lack of

ow-mass close-in planets b ut ha ve the highest frequency of giant
lanets (Bowler et al. 2010 , Reffert et al. 2015 ). Giant exoplanets are
hought to form further away in the disc than the first few au (Pollack
t al. 1996 ), and then migrate inwards to their final orbits through the
nteraction with the disc (Papaloizou et al. 2007 , Paardekooper et al.
010 , Yamada & Inaba 2011 ). Kunitomo et al. ( 2011 ) showed that
he missing planets could not have been engulfed by the host star as
ar out as 1 au, and their decreased frequency of detection must date
ack to the formation/migration stage. This is supported by previous
tudies of disc evolution such as Kennedy & Kenyon ( 2009 ) and
15: the IMSs disperse their discs faster than LMSs, and in this way
alt inward-migrating giants at larger orbital distances. Kennedy &
enyon ( 2009 ) studied disc dispersal dependence on stellar mass in

everal clusters by analysing disc fractions derived from the fraction
f stars undergoing accretion. Unfortunately, this study is not directly
omparable to our sample as all our stars have been pre-selected to
av e mid IR-e xcess. Ho we ver, some comparisons can be made to the
tudy of R15. 

R15 compared disc evolution for a sample ranging from M to O
pectral types (i.e. from low to high-stellar masses). They split the
ample in ‘low-mass’ and ‘high-mass’ at a limit of 2 M � and in age
ins of 1–3 (‘young’) and 3–11 Myr (‘old’). They defined three disc
lassification groups according to their IR-excesses in IRAC and
IPS1 photometry: protoplanetary (with excess at λ ≤ 10 μm, i.e.

RA C3 or IRA C4 bands), evolv ed (no e xcess in the IRAC bands but
ith excess in MIPS1), and discless (with no excess). We attempted

o compare our sample with this study by performing the same disc
lassification and using the same definition of excess they proposed,
hich is based on an excess significance rather than a fractional

xcess. Since most of our sample does not have IRAC or MIPS1
bservations, we used the closest WISE bands available instead
 W 2 instead of IRAC bands, and W 4 in replacement of MIPS1).

e divided our sample in the same mass and age bins as R15, and
ompared the resulting disc frequencies. Ho we ver, since our sample
nly contains stars having some IR-excess level, and since there are
ot many stars under 2 M � in our sample, we only considered the
omparison in terms of the ratio between the protoplanetary and
volved discs (excluding the discless stars), and only in the ‘high-
ass’ bins (abo v e 2 M �). Despite the comparison not being able to

est the stellar mass trends, our ratios are compatible with those of
NRAS 519, 3958–3975 (2023) 
15, observing similar percentages of young protoplanetary discs,
nd confirming that the fraction of evolved discs increases with age.

Haisch et al. ( 2001 ) studied disc frequencies and lifetimes for
everal clusters of ages up to 30 Myr and covering the entire stellar
ass function. They used JHKL colours to estimate circumstellar disc

ractions for all the clusters. For the comparison, we used 2MASS
HK s photometry and WISE W 1 band at 3.4 μm as it corresponds
o the same wavelength as L band. JHKL colour–colour diagrams
ere used to derive the infrared excess fractions for our IMS sample

ollowing a procedure analogous to Haisch et al. ( 2001 ) but adapted
o a bluer sample. Since the colder object in our sample corresponds
o a spectral type F9, we chose the reddening limit to pass through
he G0 colour in Bessell & Brett ( 1988 ). Haisch et al. ( 2001 ) found
hat half of the stars lose their discs within ∼3 Myr (with an initial
isc fraction for the younger discs of about 80 per cent), and that
 v erall all stars lose their discs within a time-scale of about 6 Myr.
e found that, o v erall, the disc fractions were constant and close to a

00 per cent for all ages, and this is due to the selection criteria of our
ample of having excess at 22 μm. Our results based on the JHKL
olour–colour diagram are then consistent with what we observed in
ur fractional excess analysis for wavelengths > 10 μm. This suggests
hat the JHKL colour–colour methodology of IR-excess estimation

ight not be very sensitive to inner disc dissipation. 
Very similar results were obtained when comparing with the study

y Hern ́andez et al. ( 2010 ). They identified stars with excess at
4 μm as those with colours K − [24] > 0.69. For the comparison
e used the closest bands K s and W 4, and studied the excesses in our

election of pre-main-sequence IMSs. Again, we found that close to
 100 per cent of this sample had IR-excesses, which is consistent
ith the initial selection of the sample. 
Finally, we searched our sample in the literature to find out how
any of our objects have been previously studied and identified as

tars with IR-excess. We crossmatched our sample with the census
y Cotten & Song ( 2016 ), which is the most e xtensiv e compilation
f infrared excess stars, with about 1750 sources including 246
eferences from the literature and new infrared excess stars, and
lso with more recent surv e ys of debris discs such as Pearce et al.
 2022 ), and Herbig Ae/Be stars surv e ys such as e.g. Wichittanakom
t al. ( 2020 ), Vioque et al. ( 2020 ), Vioque et al. ( 2022 ). We found
hat 43 objects in our sample (34 per cent) have been previously
dentified as infrared excess stars. This means 66 per cent of our
ample has no previous study of their IR-excess, and that we likely
dentified 92 new young IMSs with measured mid-IR-excess. Those
bjects previously identified in the literature are marked with a ‘ ∗’
n Table 2 . 

.4 Discs caught between protoplanetary and debris disc stage 

n Section 4.1 , we classified our discs into ‘protoplanetary’, ‘hybrid
andidates’, and ‘debris’ categories based on their IR-excess level
t 12 μm, f 12 μm 

. This is further illustrated in Fig. 9 where we
how our sample compared directly to the sample of W15, where
t is evident how our newly identified pre-main sequence IMSs
opulate the previously nearly empty region between the debris
nd protoplanetary disc categories. The excess level and pre-main
equence nature of these objects suggest that they are akin to
D 141569; a well studied, peculiar object often classified as a
ybrid disc due to its particular gas and dust properties, placing
t in an intermediate state between protoplanetary and debris disc
Miley et al. 2018 , Di Folco et al. 2020 , Gravity Collaboration et al.
021 ). We find 17 IMSs that are ‘firmly’ (abo v e uncertainties) within
he hybrid candidate range. 
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Figure 9. Comparison of f 12 μm 

for our selection of IMSs with respect to 
pre viously kno wn discs as sho wn in Wyatt et al. ( 2015 ), debris discs with 
CO from Mo ́or et al. ( 2017 ), and studied debris discs from Pearce et al. 
( 2022 ). Filled circles are disc detections and open circles are upper limits. 
Grey shaded regions mark the excess level corresponding to protoplanetary 
and debris disc. 
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This newly disco v ered population of hybrid disc candidates might 
e the key to unveil longly debated questions such as the origin of
as in debris discs around main sequence stars (15–50 Myr, Mo ́or
t al. 2017 , P ́ericaud et al. 2017 ). This has been the subject of intense
esearch o v er the past decade. An important clue to the origin is
hat gas in debris discs is detected almost e xclusiv ely around A-type
tars, i.e. intermediate-mass stars (IMSs, M � = 1.5–3.5 M �). This is
hy our ‘hybrid candidate’ sample can be seen as the progenitors of

he debris discs with gas detections during the main sequence. 
The primordial origin for the gas is one scenario, with remnant 

as persisting from protoplanetary discs, i.e. from the pre-main 
equence phase up to several tens of Myr. The other scenario is the
econdary origin, where the gas is produced via collisional erosion of
lanetesimals or sublimation of icy bodies such as comets, fa v oured
cenario for debris discs with very tenuous amounts of gas, such as

Pic (Matr ̀a et al. 2018 ). Such gas is shown to be able to enrich
he atmosphere of planets with heavy elements, and influence their 
abitability, whereas primordial gas is not (Kral, Da v oult & Charnay
020 ). The origin of gas in debris discs: primordial versus secondary
emains elusive (Marino et al. 2020 , Smirnov-Pinchukov et al. 2022 ).
he particular challenge for both scenarios is explaining the survi v al
r sustained production of large masses of CO, comparable to low- 
ass protoplanetary discs, found at advanced ages abo v e 10 Myr

K ́osp ́al et al. 2013 , Mo ́or et al. 2017 ; P ́ericaud et al. 2017 ). 
A growing body of work has focused on the secondary origin for

ebris disc gas. Ho we ver, a recent theoretical result of Nakatani et al.
 2021 ) has shown that primordial origin of gas cannot be discarded
n spite of the advanced age of gaseous debris discs (15–50 Myr). In
heir simulations, gas can survive well beyond the pre-main sequence, 
referentially around IMSs. This happens when dust evolution in 
rotoplanetary disc reaches the point where submicron sized dust is 
emo v ed from the system, at the latest stage of disc photoe v aporation.
f this occurs while gas is still present, the central IMS, weak in X-
ays, will be unable to heat the gas via FUV for which small dust is
he conduit. In low-mass stars ho we v er, the gas is remo v ed re gardless
ue to strong X-ray photoe v aporation, which does not rely on dust
s an intermediary. This hypothesis shifts the focus from collisional 
roduction of gas in debris discs to a much earlier stage, where the
rotoplanetary disc has just dispersed leaving behind the nascent 
ebris disc system, such as in the case of our ‘hybrid candidate’
ources. 

To draw a comparison in terms of ages and excess levels to the
ebris discs with gas in Fig. 9, we show the sample studied by Mo ́or
t al. ( 2017 ). Using the stellar parameters published in that study
such as T eff and age), we obtained their fractional excesses f 12 μm 

,
nd compared those debris discs around IMSs with CO detections 
o our sample, as shown in Fig. 9 . We can see that most of these
aseous debris discs are found in the ‘hybrid candidate’ category 
ased on their f 12 μm 

excesses but to the difference of our sample,
heirs is older with 15 Myr age for their youngest stars. This gives
s a hint that our sample is ideally placed to investig ate g as retention
n discs around IMSs as proposed by Nakatani et al. ( 2021 ), which
ill be the subject of our consequent observational study in a future
ublication. For further comparison in Fig. 9 , we also show the
ractional excesses of known debris discs around IMSs with stellar 
arameters as published in Pearce et al. ( 2022 ). Their fractional
xcesses remain consistently below 2, across all ages. 

 SUMMARY  A N D  C O N C L U S I O N S  

e have studied and characterized the most homogeneous and 
nbiased sample of young intermediate-mass stars with IR-excess 
o date with VLT/X-Shooter spectroscopic data in the stellar mass 
ange 1.5 ≤ M � ≤ 3.5. Once identified, older contaminants likely 
volved past the ZAMS were removed from the sample. 

We have estimated all the basic stellar parameters for the full
ample of candidates, and studied their IR-excesses at 2.2, 3.4, 4.6,
2, and 22 μm. We studied the age versus excess trends at these
avelengths. Since the initial selection criteria of the sample was 
aving excess levels of W 1 − W 4 ≥ 1, then, as expected for the longer
avelengths ( > 10 μm), we found that close to a 100 per cent of the

ources had fractional excesses > 1, and in particular, a 100 per cent
f them had excesses at 22 μm. 
Therefore, the key results regard wavelengths shorter than 10 μm. 

t all three wavelengths, 2.2, 3.4, and 4.6 μm, the IMSs show
lmost identical trends of decreasing excess fractions with age from 

bout 80 per cent at 1–2 Myr to ∼30 per cent at 5–6 Myr. We
lso investigated these percentages for samples of known LMSs, 
re-selecting these using the W 1 − W 4 ≥ 1 excess criterion as in
ur sample. We chose a well characterized star forming region: 
aurus–Auriga (sample from Andrews et al. 2013 ), collecting the 
tellar parameters from their catalogue and selecting the LMSs 
 1.5 M �. For LMSs, we find a very different behaviour, namely

rends with much moderate slopes and excess fractions that differ for
ifferent wavelengths, with shortest wa velengths ha ving consistently 
he lowest fractions. This would suggest that while the inner disc
egions with radius up to about 3 au dissipate with age around IMSs
or LMSs, the dissipation is more dependant on the proximity to the
tar. Perhaps the most marked difference is that most LMSs retain
heir 4.6 μm excess, which at 5–6 Myr is still above 80 per cent. This
eans that as long as there is material in the outer disc (few to tens

f au, mid-IR), disc material is retained also down at sub au-scale
round LMSs. Ho we ver, LMSs sho w larger degrees of dissipation
lower excess fractions) at 2.2 μm, where at any age the majority
f stars in the sample show no e xcess. A cav eat here is that we
ssume that Taurus is representative of LMSs. As a check we used
pper Scorpius (from Barenfeld et al. 2016 ) and Lupus cloud 3 (from
omer ́on et al. 2009 ). Upper Scorpius was similar in fractions to the
ldest stars in Taurus at the age o v er 5 Myr, confirming the trends
MNRAS 519, 3958–3975 (2023) 
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bserved in Taurus star forming region. The percentage of stars with
 xcess were o v erall a bit lower for the case of Lupus, but the drop in
xcess fractions for shorter wavelengths (i.e. closer to the star) was
onfirmed. 

This empirical study confirms that circumstellar discs around IMSs
 volve dif ferently than those surrounding LMSs, and this is likely
he cause of the distinct planetary systems architectures observed in
MSs as compared to their low-mass counterparts. The faster inner
isc dispersal in IMSs might explain the lack of low-mass short
eriod planets around these stars, a phenomenon that is not observed
n LMSs. 

Based on the fractional excesses at 12 μm, we classified the sample
nto ‘protoplanetary’ (5 objects), ‘hybrid candidates’ (17 objects),
nd ‘debris’ (112 objects) disc categories. We report here for the
rst time a new population of 17 hybrid disc candidates that might
epresent a missing link in the evolution from protoplanetary to debris
iscs. These stars are the most likely progenitors of the known debris
iscs with gas at the main sequence, and as such are well placed to
est the primordial g as h ypothesis for the origin of gas in those discs.

Several Herbig Ae/Be stars undergoing accretion were found in
he preliminary sample, and we estimated their mass accretion rates
nd compared it to LMSs studies finding agreement with the mass
ersus mass accretion rate correlation in LMSs, and o v erall trends
ound in other studies (please see the Appendix A for details). 

In addition, one of the most remarkable findings in this paper is
hat we identified a dispersed population of young IMSs, the majority
ot associated with any previously known region of star formation,
nd not identified in any previous surveys of IR-excess stars. This
mplies the possibility that IMSs can form isolated. 

We will further analyse our sample of IMSs, addressing other
actors playing a role in disc evolution such as binarity and the
resence of gas. We will study the hybrid disc candidates with
LMA 

4 and high-resolution spectroscopic observations, 5 aiming to
haracterize these discs, their morphology , binarity , composition, and
resence of gas. 
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ibas Á., Bouy H., Mer ́ın B., 2015, A&A , 576, A52 
ivinius T., Carciofi A. C., Martayan C., 2013, A&A Rev. , 21, 69 
oyer F., Gerbaldi M., Faraggiana R., G ́omez A. E., 2002, A&A , 381, 105 
bordone L., Bonifacio P., Castelli F., Kurucz R. L., 2004, Mem. Soc. Astron.

Ital. Suppl., 5, 93 
iess L., Dufour E., Forestini M., 2000, A&A, 358, 593 
krutskie M. F. et al., 2006, AJ , 131, 1163 
mette A. et al., 2015, A&A , 576, A77 
mirno v-Pinchuko v G. V., Mo ́or A., Semenov D. A., Ábrah ́am P., Henning
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PPENDI X  A :  HERBI G  AE/BE  STARS  IN  T H E  

AMPLE  A N D  AC C R E T I O N  DI AG NOSTI CS  

erbig Ae/Be stars are pre-main-sequence intermediate-mass stars 
haracterized by the presence of emission lines and an IR excess
Hillenbrand et al. 1992 ; Hern ́andez et al. 2004 ). Since our initial
ample consists of pre-main-sequence IMS candidates, it is likely that 
ome of them are Herbig Ae/Be stars. Therefore, we studied accretion 
racers in the full sample looking for emission lines indicative of
alling into the category of Herbig Ae/Be stars. We found a total of
ix stars among these candidates presenting emission in lines such 
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M

Figure A1. The observed H α line of HIP 56379 (in black), the underlying 
absorption estimated by fitting a Kurucz model to the wings of the line (in 
red), and the net emission (in dashed blue line). The vertical dotted grey 
lines mark the limits of the central region that was excluded for the model 
fitting. The dashed green horizontal line marks the continuum level. The 
stellar parameters used to fit the underlying absorption of this particular line 
are: T eff = 12 500 K, log ( g ) = 4.7 dex and vsin i = 70 km s −1 . The resulting 
measurements of EW in this case were: EW obs = −23.24 ± 0.92, EW abs = 

9.07 ± 0.91, and EW emi = −32.32 ± 1.29. 
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s the Balmer series Br γ , Pa α, and Pa β among others. These six
erbig stars were previously identified in the literature (e.g. in The,
e Winter & Perez 1994 ; Vieira et al. 2003 ; Vioque et al. 2018 , 2022 ;
hen, Shan & Zhang 2016 ; Arun et al. 2019 ; Wichittanakom et al.
020 ; Guzm ́an-D ́ıaz et al. 2021 ), ho we ver, we wanted to characterize
hem as well as part of our sample, and present them in comparison
o other studies. 

Accretion luminosities and mass accretion rates can be estimated
ased on the intensity of the H α line, since this is the strongest
as accretion tracer (e.g. Mendigut ́ıa et al. 2011 ). The strength of
his emission line can be quantified by measuring its equi v alent
idth. Ho we v er, the observ ed equi v alent width EW obs is af fected
y the intrinsic absorption, the emission, and the contribution of any
ontinuum excess at a given wavelength. For the case of the H α line,
he excess contribution is negligible, so the EW of the net emission
NRAS 519, 3958–3975 (2023) 

able A1. Measurements of equi v alent widths, fluxes and mass accretion rates for

Name EW obs EW abs EW emi F λ

( Å) ( Å) ( Å) (W m 

−2 Å

HIP56379 −23.24 ± 0.92 9.07 ± 0.91 −32.32 ± 1.29 6.43 × 10

HIP78092 −6.37 ± 0.69 5.05 ± 0.50 −11.41 ± 0.86 1.55 × 10

HIP85755 3.90 ± 0.34 7.38 ± 0.74 −3.47 ± 0.81 3.81 × 10

HIP87819 −12.54 ± 0.76 9.73 ± 0.97 −22.27 ± 1.23 6.83 × 10

HIP94260 1.19 ± 0.90 10.00 ± 1.00 −8.81 ± 1.35 4.00 × 10

TYC6779-305-1 −6.29 ± 0.63 4.97 ± 0.50 −11.26 ± 0.80 3.92 × 10
an be estimated as EW emi = EW obs − EW abs , where EW abs is the
W of the intrinsic absorption. To estimate the EW abs , we have used

he Kurucz model that best fits the wings of the H α line excluding
he central region containing the emission, as shown in the example
n Fig. A1 . Since the error in the EW obs is dominated by the noise
f the target spectrum, the uncertainties for the EW obs are estimated
s the extent of the wavelength region used for the measurement
ivided by the SNR of the continuum: σEW obs = 
λ/SNR. The
W abs depends mainly on the model used to estimate the intrinsic
bsorption and the shape of this model is based on a combination of
tellar parameters. Given that different combinations of parameters
ill result on different model shapes, it is complicated to quantify

he uncertainty exactly. Hence, since uncertainties for the stellar
arameters are in the order of ∼10 per cent, we will adopt a (likely
enerous) 10 per cent of uncertainty of the EW abs . The uncertainty
f EW emi is then given by error propagation. Although it is also
ossible to measure EW emi directly by integrating the emission
ine profile of the net emission after subtracting the underlying
bsorption by obtaining EW obs and EW abs independently, we a v oid
ntroducing the uncertainty in radial velocity shift between the
odel and the observ ed spectrum, as the y must be aligned for the

ubtraction. 
The flux of the emission line is estimated as F emi = EW emi × F λ,

here F λ is the estimated continuum flux at the central wavelength
f the line, in this case, H α. F λ is calculated in a similar manner as
ther fluxes in previous sections by using the Kurucz model with the
tellar parameters and scaling it by the D / R � factor. The emission
ine luminosity is calculated as L emi = 4 πD 

2 F emi , where D is the
istance to the star. Uncertainties for F emi and L emi are derived by
rror propagation of the values involved. 

The accretion luminosity is calculated in terms of the emission line
uminosity by following the relationship (Mendigut ́ıa et al. 2011 ): 

log 

(
L acc 

L �

)
= A + B × log 

(
L emi 

L �

)
, (A1) 

here A and B are constants that vary depending on the line. For the
ase of H α, we use the relationship determined by Fairlamb et al.
 2017 ), where A = 2.09 ± 0.06 and B = 1.00 ± 0.05. Then, the mass
ccretion rate is determined from the accretion luminosity, stellar
adius and stellar mass as (Wichittanakom et al. 2020 ): 

˙
 acc = 

L acc R � 

GM � 

. (A2) 

ncertainties for L acc and Ṁ acc are derived by error propagation as
ell. EW obs , EW abs , EW emi , F λ, F emi , L emi , L acc, and Ṁ acc for the six
erbig Ae/Be stars in the sample are presented in Table A1 . The

elationship between M � and Ṁ acc is shown in Fig. A2 . 
 the subsample of Herbig Ae/Be stars based on their H α emission. 

F emi log ( L emi ) log ( L acc ) log ( Ṁ acc ) 
−1 ) (W m 

−2 ) [ L �] [ L �] [M � yr −1 ] 

 

−15 (2.08 ± 0.08) × 10 −13 −1 . 12 ±0 . 02 
0 . 02 0.97 ±0 . 10 

0 . 10 −6 . 69 ±0 . 03 
0 . 03 

 

−15 (1.77 ± 0.13) × 10 −14 −1 . 86 ±0 . 03 
0 . 03 0.23 ±0 . 12 

0 . 12 −7 . 09 ±0 . 09 
0 . 06 

 

−14 (1.33 ± 0.31) × 10 −13 −1 . 18 ±0 . 09 
0 . 12 0.91 ±0 . 01 

0 . 02 −6 . 49 ±0 . 08 
0 . 07 

 

−15 (1.52 ± 0.08) × 10 −13 −1 . 32 ±0 . 02 
0 . 03 0.77 ±0 . 10 

0 . 10 −6 . 82 ±0 . 03 
0 . 04 

 

−15 (3.52 ± 0.54) × 10 −14 −1 . 13 ±0 . 06 
0 . 07 0.96 ±0 . 05 

0 . 05 −6 . 54 ±0 . 05 
0 . 03 

 

−16 (4.42 ± 0.32) × 10 −15 −2 . 42 ±0 . 03 
0 . 03 −0 . 33 ±0 . 15 

0 . 15 −7 . 77 ±0 . 05 
0 . 04 

nuary 2023
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Figure A2. Mass accretion rates in our sample compared to other studies. 
Single-line fits are shown for reference, dashed red line for M17, and solid 
orange line for W20. Error bars might be smaller than markers. 
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Table B1. List of contaminants: classical Be stars (CBe), giant stars, stars 
belonging to older associations, and stars with nebulosity contamination (in 
square brackets). 

CBe Giants In assoc. 

HIP 108402 ∗HIP 104305 [HIP 17527] 
HIP 22112 ∗HIP 23528 [HIP 17588] 
HIP 23201 HIP 74242 [HIP 17664] 
HIP 28561 ∗HIP 78378 [HIP 17862] 
HIP 29635 HIP 79945 [HIP 19720] 
HIP 30448 HIP 85488 HIP 26966 
HIP 38779 ∗HIP 86866 HIP 33359 
HIP 51491 HIP 87422 HIP 52160 
HIP 57143 ∗TYC 1235-186-1 [HIP 80019] 
HIP 61738 TYC 1605-722-1 –
HIP 74911 TYC 462-1284-1 –
HIP 77289 ∗TYC 463-4076-1 –
HIP 81710 ∗TYC 5116-72-1 –
∗HIP 92364 TYC 6858-2632-1 –
HIP 94770 TYC 7903-1637 –
HIP 95109 TYC 8697-1523-1 –
– TYC 9394-1843-1 –
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1 Mass accretion rates 

ig. A2 shows the mass accretion rates Ṁ acc for the Herbig 
e/Be stars of our sample, along with the sample of LMSs in the
hamaeleon I star-forming region studied in Manara et al. ( 2017 )

M17, their fig. 4), and the full sample of Herbig Ae/Be stars studied
n Wichittanakom et al. ( 2020 ) (W20, their fig. 7, right). The best
ingle-line fits from these works are shown, considering the full 
ass range in each case. Our sample of accreting stars consists only

f six objects, which are also shown for comparison. Their masses
nd accretion rates are consistent with the trends in the literature, 
specially if we consider the limited number of objects, and the 
act that these studies also show different slopes when splitting 
heir samples into lower and higher masses. Other works, such as

endigut ́ıa et al. ( 2011 ) find much steeper slopes for a range of
asses similar to our sample. 

PPEN D IX  B:  C O M M E N T S  O N  I N D I V I D UA L  

B J E C T S  

1 Peculiar objects 

IP 82714 (HD 152384): This object was studied in detail by van
en Ancker et al. ( 2021 ). They found the presence of refractory
lements such as Ca II , Fe I , Mg I , and Si I , and an absence of volatiles.
hey suggest this circumstellar material might be attributable to 
ollisions of rocky planets. Interestingly, this target falls within our 
election of young intermediate-mass stars and within the ‘hybrid’ 
isc classification. 

2 Contaminants 

2.1 Classical Be stars 

s discussed in Section 3.4 , we found 16 emission line stars in the
nitial sample likely to be classical Be stars. For future reference, 
hese stars are listed in Table B1 . Those falling within the IMSs
efined selection (and excluded from it) are marked with a ∗. Those
bjects without previous classification as CBe stars in the literature 
re highlighted in bold face. 

2.2 Giant stars 

ollowing on the age assessment in Section 3.4 , we also found
 number of giant stars in the sample, seven of them within the
efined sample were discarded. For reference, these stars are listed in
able B1 . Same as for the CBe stars, those objects without previous
lassification as giant stars in the literature are highlighted in bold
ace, and those falling in the refined selection are marked with a ∗. 

2.3 Stars belonging to older associations and stars with 
ontamination 

s described in Section 3.4 , we found eight stars with ≥99 per cent
robability of belonging to a stellar association with an estimated 
ge in the literature that is incompatible with a pre-MS age. In
ddition, we found six stars presenting contamination from reflection 
ebulae, five of them among the ones found in associations older than
0 Myr. These stars are highlighted in square brackets in Table B1 .
IP 17527, HIP 17588, HIP 17664, and HIP 17862 belong to the
leiades cluster, aged 112 ± 5 Myr (Dahm 2015 ). These stars are

ocated in the Merope Nebula, which is a diffuse reflection nebula,
 cloud rich in interstellar dust reflecting the light of bright stars,
nd therefore these stars suffer from high extinction. Similarly, 
IP 19720 is found in the μ Tau association, a 62 ± 7 Myr coe v al
roup of stars (Gagn ́e et al. 2020 ) and it is also affected from
ontamination of a reflection nebula. HIP 26966, HIP 33359, and 
IP 52160 are found in the Columba association (42 ±6 

4 Myr; Bell,
amajek & Naylor 2015 ), Octans association (35 ± 5 Myr; Murphy
 Lawson 2015 ), and IC2602 open cluster (46 ±6 

5 Myr; Dobbie,
odieu & Sharp 2010 ), respectively . Finally , HIP 80019 is found

n the Upper Scorpius association (10 ± 3 Myr, Pecaut & Mamajek
016 ) and, although the estimated age for this star (7 ±1 

2 Myr) is con-
istent with that of the stellar association, it presents contamination 
rom a reflection nebula and thus discarded from the analysis as well.
MNRAS 519, 3958–3975 (2023) 
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