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ABSTRACT
Herbig Ae/Be stars lie in the mass range between low and high mass young stars, and there-
fore offer a unique opportunity to observe any changes in the formation processes that may
occur across this boundary. This paper presents medium resolution VLT/X-Shooter spectra of
six Herbig Ae/Be stars, drawn from a sample of 91 targets, and high resolution VLT/CRIRES
spectra of five Herbig Ae/Be stars, chosen based on the presence of CO first overtone band-
head emission in their spectra. The X-Shooter survey reveals a low detection rate of CO first
overtone emission (7 per cent), consisting of objects mainly of spectral type B. A positive
correlation is found between the strength of the COv = 2–0 and Brγ emission lines, despite
their intrinsic linewidths suggesting a separate kinematic origin. The high resolution CRIRES
spectra are modelled, and are well fitted under the assumption that the emission originates
from small scale Keplerian discs, interior to the dust sublimation radius, but outside the co-
rotation radius of the central stars. In addition, our findings are in very good agreement for
the one object where spatially resolved near-infrared interferometric studies have also been
performed. These results suggest that the Herbig Ae/Be stars in question are in the process of
gaining mass via disc accretion, and that modelling of high spectral resolution spectra is able
to provide a reliable probe into the process of stellar accretion in young stars of intermediate
to high masses.

Key words: stars: early-type – stars: pre-main sequence – stars: formation – stars: circum-
stellar matter – accretion, accretion discs

1 INTRODUCTION

Circumstellar discs surrounding young stellar objects (YSOs) have
been the focus of much research because not only do they provide
the location for possible planet formation to occur, but they play
an essential role in the regulation and evolution of the accretion
that takes place during the star formation process (see the review
of Turner et al. 2014). Pre-main sequence Herbig Ae and Be stars
(HAeBes, see Waters & Waelkens 1998) lie in the mass range be-
tween lower mass T Tauri stars (M⋆ < 2 M⊙) and short-lived, ob-
scured massive young stellar objects (MYSOs,M⋆ > 8 M⊙). Thus,
they offer a unique opportunity to observe and characterise any

⋆ Based on observations made with the ESO Very Large Telescopeat
the Cerro Paranal Observatory under programme IDs 079.C-0725, 084.C-
0952A, 087.C-0124A and 279.C-5031A
† E-mail:john.ilee@st-andrews.ac.uk

similarities or differences between low- and high-mass star forma-
tion processes (see Larson 2003 and McKee & Ostriker 2007 for
reviews). For example, across the mass range between T Tauristars
and MYSOs, there is evidence for a change in the mechanism that
transfers material from the surrounding natal cloud, through the
disc, and on to the central protostar. The mechanism is thought to
switch from T Tauri-like magnetospheric accretion - in which the
disc is truncated at radial distances no larger than the co-rotation ra-
dius and accretion proceeds to the stellar surface via magnetically
channelled accretion funnels (Bertout 1989; Bouvier et al.2007)
- to some other, as yet uncharacterised phenomenon (Vink et al.
2003, 2005). The reason for this possible change in accretion mech-
anism is because the interior envelopes of HAeBes are thought to
be mostly radiative in nature (Hubrig et al. 2009). Therefore, they
lack the interior convection currents required to power strong mag-
netic fields - a requirement for such magnetospheric accretion to
occur. Recent observations show a low detection rate of magnetic
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fields (∼7 per cent) across a large sample of HAeBes, supporting
this scenario (Alecian et al. 2013). It is possible that the lower mass
Herbig Ae stars undergo similar magnetospheric accretion to that
of T Tauri stars (Muzerolle et al. 2004; Mottram et al. 2007),but
the situation for the higher mass Herbig Be stars is not known.

An alternative to magnetospheric accretion is direct accre-
tion (also called boundary layer accretion), where material from
the disc is accreted directly onto the stellar surface, along the
ecliptic plane (Lynden-Bell & Pringle 1974; Bertout et al. 1988;
Blondel & Tjin A Djie 2006). For boundary layer accretion to oc-
cur, a disc-like geometry would have to be present on scales smaller
than the co-rotation radius of the star - the location at which any
magnetospheric accretion funnels would likely begin to operate
(Shu et al. 1994; Muzerolle et al. 2003). Therefore, in orderto in-
vestigate the accretion mechanisms of these young stars, informa-
tion on the geometry of inner regions of the circumstellar disc, close
to the central star is required.

While it is believed that dust is responsible for most of the
thermal emission from circumstellar discs, it is likely that gas is
responsible for the majority of their mass. HAeBes possess strong
stellar radiation fields compared to that of their lower masscoun-
terparts. Because of this, regions of their circumstellar discs close
to the central star are likely to be heated to high temperatures. If
this temperature exceeds the dust sublimation temperature, then
the dust in the disc is destroyed. This gives rise to an inner disc
consisting of only gas, out to the location of the dust sublimation
radius, on scales of a few astronomical units (see the reviewof
Dullemond & Monnier 2010).

Direct observations of these regions of HAeBes are compli-
cated by the fact that most objects lie at relatively large distances.
Thus, the small sizes of the regions involved mean that imaging
is only possible using interferometry. However, this is an observa-
tionally complex task limited to bright targets (Tatulli etal. 2008;
Kraus et al. 2008a; Wheelwright et al. 2012). Therefore, there is
much interest in determining more indirect observational tech-
niques that can probe the conditions close to the central star.

The most abundant molecule in circumstellar discs is molec-
ular hydrogen (H2). However, the large energies required to ex-
cite H2, low transition probabilities, and atmospheric absorption
across the relevant wavelength range mean that thermal emission
from this molecule is difficult to observe, and it is therefore not
an efficient tracer of these regions. Coupled rotational and vibra-
tional emission of the next most abundant molecule, CO, offers
an alternative diagnostic. CO bandhead emission (also called over-
tone emission) is excited in warm (T = 2500–5000 K) and dense
(n > 1015 cm−3) neutral gas - exactly the conditions expected in
the inner parts of accretion discs, making this emission a valu-
able probe of these regions (Glassgold et al. 2004). Severalprevi-
ous investigations have been successful in fitting the CO bandhead
spectra of young stars under the assumption that the emission orig-
inates from a gaseous circumstellar disc (Carr 1989; Blum etal.
2004; Bik & Thi 2004; Thi et al. 2005; Wheelwright et al. 2010;
Cowley et al. 2012; Ilee et al. 2013).

Then = 7–4 transition of atomic hydrogen (Hi) in the Brack-
ett series (Brγ) occurs atλ = 2.16µm, and is also excited at
high temperatures (T & 104 K). The origin of such hydrogen
recombination emission is still unknown. Several theorieshave
been proposed, including; magnetospheric accretion phenomena
(Muzerolle et al. 1998a), inner disc regions (Muzerolle et al. 2004),
stellar winds (Strafella et al. 1998) and disk winds (Ferreira 1997).
Muzerolle et al. (1998b) found that the Brγ line luminosity in a

sample of low mass (0.2–0.8 M⊙) T Tauri stars was tightly cor-
related with the accretion luminosity as measured from bluecon-
tinuum excess. Calvet et al. (2004) extended this investigation to
YSOs with masses up to 4 M⊙, and find good agreement with the
previous study, and the relationship was used to examine theac-
cretion rates of 36 Herbig Ae stars by Garcia Lopez et al. (2006).
More recently, Mendigutı́a et al. (2011) determined accretion lumi-
nosities from 38 Herbig Ae and Be stars by examining the UV ex-
cess in the Balmer discontinuity, and found a correlation with Brγ
luminosity similar to Calvet et al. (2004).

This paper utilises a collection of Very Large Telescope (VLT)
X-Shooter and CRIRES observations of several Herbig Ae/Be ob-
jects based on the detection of CO first overtone bandhead emission
in their spectra. The observations, sample selection and determina-
tion of stellar parameters are described in Section 2. The measured
observable quantities are presented and analysed in Section 3. Mod-
elling of the CO spectra is discussed, and comments on individual
objects are given in Section 4. Discussion of the results from both
sets of observations is presented in Section 5, and finally conclu-
sions are outlined in Section 6.

2 OBSERVATIONS & SAMPLE SELECTION

The observations for this investigation were obtained using two
instruments on the ESO VLT at Cerro Paranal. High resolution
2.3µm spectra of 5 Herbig Ae/Be stars, targeted because of pre-
vious detection of CO first overtone bandhead emission, were
obtained using the cryogenic spectrograph CRIRES (Käufl etal.
2008). The CRIRES observations of HD 36917, HD 259431 and
HD 58647 were taken on 26 and 27 October 2010. Using a slit
width of 0.2 arcsec, the observations achieved spectral resolution
of approximately 80 000. The observations of PDS 37 were taken
on 06 June 2007 and originally published in Ilee et al. (2013). Us-
ing a slit width of 0.6 arcsec, a spectral resolution of approximately
30 000 was achieved. The archival observations of HD 101412
were taken on 5 April 2011, and were originally published by
Cowley et al. (2012). Using a slit width of 0.2 arcsec, this achieved
a spectral resolution of over 90 000. Telluric line removal for all
CRIRES observations was performed using standard stars at com-
parable airmasses, obtained during the same observing run as the
science observations.

In addition to the targeted CRIRES observations, a medium
resolution spectroscopic survey was performed using the cross-
dispersed wide band spectrograph X-Shooter (Vernet et al. 2011).
A total of 91 objects were observed in service mode between Oc-
tober 2009 and March 2010 (Oudmaijer et al. 2011, Fairlamb et
al., in prep). X-Shooter provides simultaneous wavelengthcover-
age from 300–2480 nm using three spectrograph arms - UVB, VIS,
and NIR. The original sample of 91 Herbig Ae/Be stars were taken
from the catalogues of Thé et al. (1994) and Vieira et al. (2003),
and were selected based on sky co-ordinates appropriate forthe
observing semester. A small number were discarded due to insuf-
ficient brightness or ambiguous assignment as a HAeBe star. This
sample is larger than most other published studies by a factor of
2–5. In addition to the large sample size, the use of X-Shooter al-
lows comparison of many spectral features from a single observa-
tion, which is important given that HAeBes have been shown to
be both photometrically and spectrally variable (Oudmaijer et al.
2001). This paper utilises data from the NIR arm, and deals mainly
with the subset of six objects from the full sample that showed a
detection of CO first overtone bandhead emission at 2.3µm.
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The observations using X-Shooter achieved a spectral reso-
lution of R ∼ 8 000 (∆λ = 0.28 nm atλ = 2.3µm) using a slit
width of 0.4 arcsec. A single pixel element covered 0.06 nm, while
a resolution element covered 4.3 pixels. The atmospheric seeing
conditions in the optical varied from 1.1–1.6 arcsec between obser-
vations. The exposure times ranged from several minutes forthe
brightest sources, up to 30 minutes for the faintest ones. Nodding
along the slit was performed to allow background subtraction. The
data were reduced with version 0.9.7 of the ESO pipeline software
(Modigliani et al. 2010), and verified with manually reduceddata
for a handful of objects to ensure consistency. The data wereof
high quality, with signal-to-noise ratios of 100–140 in most cases
across the entire sample of HAeBes.

To correct telluric absorption features within the X-Shooter
spectra, the ESO softwaremolecfitwas used (Smette et al. 2014, in
prep., Kausch et al. 2014, in prep.). Themolecfit program models
the atmospheric absorption above the telescope using temperature,
pressure and humidity profiles for the observing site, a radiative
transfer code, and a database of molecular parameters. We used the
code to accurately model the atmospheric absorption features in the
telluric observations themselves. This then produced model telluric
spectra tuned to the exact atmospheric conditions measuredon the
night of the observation, but free from the effects of noise. These
model spectra were then used to remove telluric features from the
science observations, which resulted in a better correction than was
possible using the standard stars alone.

A log of the observations of these objects is shown in Table
1, their spectra around the CO first overtone and Brγ region are
shown in Figures 1 and 2, and their astrophysical parametersare
given in Table 2.

2.1 Determining stellar parameters

Stellar parameters for the targets observed with CRIRES were
taken from various sources in the literature (see Table 2). Stellar
parameters for the X-Shooter sample were determined directly us-
ing two methods that will be described in detail by Fairlamb et
al. (in prep.), but here we briefly summarise the approach. The
first method involved calculating the temperature and surface grav-
ity, log g, of the objects by adopting a similar method to that of
Montesinos et al. (2009). A best fit was performed across the hy-
drogen recombination lines of the Balmer series (Hβ, Hγ and Hδ)
between the observed X-Shooter spectra and a grid of Kurucz-
Castelli models (Kurucz 1993; Castelli & Kurucz 2004). The fit
was made specifically to the wings of the recombination lines, as
their broadness is sensitive to changes in temperature and surface
gravity. Only the flux measurements above a level of 0.8 of thenor-
malised continuum were included, to avoid contamination ofthe fit
by any emission component. These temperature and surface gravity
values were then compared against theparsec pre-main sequence
evolutionary tracks models (Bressan et al. 2012), which provided a
corresponding stellar mass, radius and luminosity.

However, only half of the objects in the sample could be con-
strained using this method, due to extreme emission of the Balmer
series which eclipses even the broad wings, and often other strong
emission lines were present complicating any temperature estimate.
For these objects, known photometry from the literature wasused
to determine a luminosity for the objects. Then the Kurucz-Castelli
models were fit to the photometry by reddening each model until
a best-fitting slope was found, providing a temperature and sur-
face gravity. A range of distances were then tested to provide a

luminosity and radius, and from the surface gravity a mass was de-
termined. A cross comparison of these parameters was then made
with theparsec tracks, where for each temperature and luminosity
pair there was a unique mass and radius. This then gave a luminos-
ity that with matching parameters between both theparsec tracks
and the photometry fit. Both of the methods described above were
tested for consistency on a handful of objects, and producedvery
similar stellar parameters. The stellar parameters of the object PDS
37 proved difficult to determine using the methods above, so the
distance and luminosity were fixed to literature values (Vieira et al.
2003), which allowed a mass, radius, temperature and luminosity
to be determined.

Estimation of the typical sizes of important physical regions
was also carried out for each object - specifically the location
of the dust sublimation radii,Rsub, and the co-rotation radii,Rcor.
One of the most simple approaches in estimatingRsub is an ana-
lytic prescription, such as those described in Tuthill et al. 2001 and
Monnier & Millan-Gabet 2002. Such approaches are based on the
assumptions about the absorption efficiencies of the dust in the disc,
and using these assumptions to calculate the radius at whichdust
would survive given a certain stellar luminosity. However,these
calculations neglect second order effects, such back-warming of the
disc material through re-radiation of the stellar heating from the
dust grains, or the effect of non-homogenously sized grains. Ad-
dressing such effects requires a proper treatment of radiative trans-
fer. Whitney et al. (2004) calculated a series of two-dimensional
radiative transfer simulations of discs around young stars, with ef-
fective temperatures up to 3×104 K. Their models include the ef-
fect of re-radiation, and use a distribution of dust grain sizes based
on the description in Wood et al. (2002), with sizes between 0.01–
1000µm. From the results of these simulations, the authors deter-
mined an analytic relationship between the dust sublimation radius
and the stellar effective temperature of

Rsub= R⋆

(

Tsub

T⋆

)−2.085

, (1)

whereTsub is the temperature at which the dust sublimates. By as-
sumingTsub is 1500 K, we have used this relation along with the
stellar effective temperatures in order to calculate the dust sublima-
tion radii of our objects, which are shown in Table 2. However, it
seems worthwhile to note that it is difficult to assign a single value
to Rsub - different dust species will likely survive to different tem-
peratures based on their composition, and in reality the dust subli-
mation will take place across a range of radii in the disc. Nonethe-
less, as we are simply estimating the size of typical regionswithin
the discs, such treatment is beyond the scope of this investigation.

Where available in the literature, measuredvsini values were
obtained and used together with the derived disc inclinations from
the CO bandhead fitting (see Section 4), in order to determinethe
stellar angular velocityω. This was then used to determine the co-
rotation radii,

Rcor =

(GM⋆
ω2

)1/3

, (2)

of the objects, which are shown in Table 2.

3 OBSERVATIONAL RESULTS

From the sample of 91 Herbig Ae/Be stars taken with X-Shooter,
we investigate two near infrared emission features - Brγ and the
CO first overtone bandheads. The equivalent widths (W) and full
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Table 1. Log of the observations performed with VLT/X-Shooter and VLT/CRIRES in which CO first
overtone emission was detected. Signal to noise is measuredin featureless regions around 2.28µm.

Object Other name RA Dec Instrument S/N texp Date
(J2000) (J2000) (h)

HD 36917 05:34:47.00 −05:34:10.5 CRIRES 270 0.2 2010-10-26
HD 259431 MWC 147 06:33:04.90 +10:19:20.3 CRIRES 172 0.2 2010-10-26
HD 58647 07:25:56.10 −14:10:45.8 CRIRES 208 0.3 2010-10-27
PDS 37 Hen 3−373 10:10:00.32 −57:02:07.3 CRIRES 114 0.1 2007-06-06
HD 101412 V1052 Cen 11:39:44.46 −60:10:27.9 CRIRES 150 0.2 2011-04-05
HD 35929 05:27:42.79 −08:19:38.6 X-Shooter 68 0.03 2009-12-17
PDS 133 SPH 6 07:25:04.95 −25:45:49.7 X-Shooter 51 0.30 2010-02-24
HD 85567 V596 Car 09:50:28.53 −60:58:03.0 X-Shooter 123 0.02 2010-03-06
PDS 37 Hen 3−373 10:10:00.32 −57:02:07.3 X-Shooter 115 0.03 2010-03-31
HD 101412 V1052 Cen 11:39:44.46 −60:10:27.9 X-Shooter 72 0.06 2010-03-30
PDS 69 Hen 3−949 13:57:44.12 −39:58:44.2 X-Shooter 48 0.03 2010-03-29

Table 2.Astrophysical parameters of the sample that have been adopted for this work. Stellar parameters are determined as described in
Section 2.1 unless otherwise stated. Dust sublimation radii are calculated with Equation 1.K-band magnitudes are taken from 2MASS
(Skrutskie et al. 2006).

Object Spectral K d Teff AV log Lbol M⋆ R⋆ Rsub vsini Rcor

Type (mags) (pc) (K) (mags) (L⊙) (M⊙) (R⊙) (au) (km s−1) (au)
HD 36917 B9.5ea 5.7 470a 10 000a 0.5b 2.20b 2.5a 1.8a 0.4 125b 0.02
HD 259431 B6ec 5.7 800c 14 125c 1.2c 3.19c 6.6c 6.63c 3.3 100d 0.07
HD 58647 B9ee 5.4 277e 10 500f 1.0 2.95f 3.0e 2.8e 0.8 118g 0.03
PDS 37 B2eh 7.0 720h 22 000h 5.66 3.27 7.0 3.0 3.8 . . . . . .

HD 101412 A0III/IVei 7.5 395± 65 9 750± 250 0.39 1.58 2.3 2.2 0.5 8l 0.15
HD 35929 F2IIIeo 6.7 325± 60 7 000± 250 0.10 1.67 2.7 4.6 0.5 70o . . .

PDS 133 B6eh 9.3 2270± 500 13 250± 1000 1.61 2.16 3.2 2.4 1.0 . . . . . .

HD 85567 B7–8Vem 5.8 470± 220 12 500± 1000 0.76 2.48 3.8 3.9 1.5 50q . . .

PDS 69 B4Ven 7.2 645± 120 16 500± 750 1.49 2.81 4.7 3.2 2.2 . . . . . .

a: Manoj et al. (2002),b: Hamaguchi et al. (2005),c: Kraus et al. (2008b),d: Hillenbrand et al. (1992),e: Brittain et al. (2007),f :
Montesinos et al. (2009).g: Mora et al. (2001),h: Vieira et al. (2003),i: Guimarães et al. (2006),j: de Zeeuw et al. (1999),k: Manoj et al.
(2006),l: van der Plas et al. (2008),m: van den Ancker et al. (1998),n: Reipurth & Zinnecker (1993),o: Miroshnichenko et al. (2004),p:

van Leeuwen (2010),q: Miroshnichenko et al. (2001).

width at half maximum (FWHM) of both lines were measured us-
ing theiraf noao/onedspec package. For each object, ten measure-
ments were taken, and an average of these was reported as the final
result, with the error in this value given as the standard deviation of
these measurements.

Because many A- and B-type stars exhibit photospheric Brγ

absorption, the equivalent widths for the Brγ lines needed to
be corrected for this effect. We adopted a method similar to
Garcia Lopez et al. (2006), with the expression

W(Br γ)circ =W(Br γ)obs−W(Br γ)phot10−0.4∆K , (3)

whereW(Br γ)obs is the observed equivalent width,W(Br γ)phot is
the equivalent width of the corresponding Kurucz-Castellistellar
spectra based on spectral type of the object, and∆K is the disc con-
tinuum emission, computed by subtracting the observedK mag-
nitude from the photosphericK magnitude of the corresponding
model at the same given distance. After performing the correction
for photospheric absorption, Brγ emission was detected in 64 ob-
jects in the sample, absorption was detected in 6, and 21 sources
did not show detections (where we define non detection for theBr γ
line as sources which show−1 Å < Wcirc < 1 Å).

Six objects exhibited CO first overtone emission (HD 35929,
PDS 133, HD 85567, PDS 37, HD 101412 and PDS 69), and the
remaining 85 objects did not show detections above a 3-sigmalevel
across thev = 2–0 transition. This subset of six stars showing de-
tections of CO overtone emission in the X-Shooter sample forms

the basis of the subsequent analysis in this work, and their spectra
across the wavelength range including Brγ and CO overtone are
shown in Figure 2. The objects PDS 133, HD 85567, PDS 37 and
PDS 69 all show emission from thev = 2–0, 3–1, 4–2 and 5–3 vi-
brational transitions, while the objects HD 35929 and HD 101412
only show emission across thev = 2–0 and 3–1 transitions.

The detection rate of Brγ emission is 70 per cent, which is
similar to other studies of lower mass T Tauri stars (74 per cent,
Folha & Emerson 2001). The detection rate of CO first overtone
emission is 7 per cent, which is lower than other studies of CO
bandhead emission in young stellar objects, where detection rates
of around 20 per cent have been reported in low to intermediate
mass YSOs (e.g. Carr 1989; Connelley & Greene 2010) and 17 per
cent for massive YSOs (e.g. Cooper et al. 2013).

The line flux is calculated from the product of the equivalent
width of the emission line (in the case of Brγwe use the circumstel-
lar componentWcirc) and the extinction corrected flux of the object
in the K-band (where we takeAK = 0.11AV , Cardelli et al. 1989).
Examination of the near- to far-infrared continuum fluxes ofeach
object suggested that a extrapolation of the K-band magnitude to
2.16µm and 2.3µm is appropriate to determine the line fluxes for
both Brγ and CO. Line luminosities were then calculated using the
distances determined in Section 2.1, where all measurements and
corresponding errors are shown in Table 3.

For the CO first overtone emission, the strongest emission rel-
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Figure 2. VLT /X-Shooter spectra of the sample of objects from Table 1 across the Brγ (left) and CO first overtone (right) wavelength ranges. Spectra have
been normalised to their respective continuum, shifted vertically for clarity, and re-binned by a factor of 2 to reduce the effect of noise. In the right panel,
vertical ticks mark the rest wavelengths of the COv = 2–0, 3–1, 4–2 and 5–3 transitions, respectively.

ative to the continuum is detected in PDS 69, while the weakest
is in HD 35929 (the only star of spectral type F with a CO de-
tection in our sample). The strongest Brγ emission relative to the
continuum is observed in PDS 37, while the weakest emission is
detected in HD 101412. While most of the Brγ emission is single
peaked, we also observe double peaked emission in the spectrum
of HD 101412. The objects displaying single peaked Brγ emission
(PDS 133, HD 85567, PDS 367 and PDS 69) also show other Hy-
drogen recombination lines with similar lineshapes - specifically
single peaked Hα and Paγ emission. HD 101412 shows a weak
double peak in Hα and Paγ, located within a region of broad ab-
sorption. In contrast to the other objects, the Brγ line in HD 32929
appears to be in absorption with a very broad extent in Figure2,
but after correction for the effect of photospheric absorption, we
determine this line to be in emission. It should be noted thatthis
object has also previously been classified as a post-main sequence
star (Miroshnichenko et al. 2004). A full study of the other atomic
hydrogen lines mentioned here, and their diagnostic power,will be
performed in a subsequent publication (Fairlamb et al. in prep.).

Similarly to Brittain et al. (2007), the lineshapes of the Brγ
emission are broad (130–220 km s−1) and do not exhibit a blue-
shifted absorption component often seen in Herbig Ae/Be stars,
which suggests the emission does not originate in a wind. TheBr γ
emission of HD 101412 shows a double peaked line profile, with

a separation of 50 km s−1. As the source of this double peaking is
unknown, the FWHM is measured across the full width of the line,
and should be considered a maximal value. The FWHM of each
lobe of the emission corresponds to approximately 110 km s−1. The
FWHMs of the Brγ emission are approximately 5–10 times the
thermal linewidth expected for hydrogen gas at the effective tem-
peratures of the central protostars (20–30 km s−1). This suggests the
hydrogen recombination lines are broadened by non-thermalmech-
anisms, such as rotation, turbulence or in-fall toward the central
star.

3.1 A relationship between CO bandhead and Brγ emission?

The relationship between the Brγ and CO first overtone is of inter-
est, as both emission lines originate in circumstellar environments.
In addition to the simultaneous X-Shooter observations, the objects
HD 259431 and HD 58647 for which we present CRIRES data
were also shown to posses Brγ emission by Brittain et al. (2007).
These fluxes are included in Table 3. However, it should be noted
that because these data are not simultaneous, any effect of spectro-
scopic variability may alter the values slightly.

Figure 3 shows the luminosities of both lines measured from
the X-Shooter and CRIRES datasets. The detections (filled and

c© 2014 RAS, MNRAS000, 1–14
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Table 3.Equivalent widths (W), line fluxes (F), line luminosities (L) and line widths (FWHM) as measured for Brγ and COv = 2–0 emission shown in
Figures 1 & 2. Equivalent widths for Brγ are corrected for photospheric absorption using the methoddescribed in Section 3. Equivalent widths for CO
are measured from 2.29–2.30µm. Also shown is the mass accretion rate,Ṁ, calculated based on the relationship described in Equation 4.

Object W(CO) F(CO) L(CO) FWHM(Brγ) W(Br γcirc) F(Br γ) L(Br γ) Ṁ
(Å) (W m−2) (L⊙) (km s−1) (Å) (W m−2) (L⊙) (M⊙ yr−1)

CRIRES
HD 36917 −7.6± 0.2 1.9± 0.3× 10−15 −1.9± 0.3 . . . . . . . . . . . .

HD 259431 −4.4± 0.1 1.2± 0.2× 10−15 −2.2± 0.4 . . . −3.9± 0.3∗ 1.1± 0.1× 10−15∗ −2.1± 0.4 3.2× 10−6

HD 58647 −2.4± 0.2 7.9± 0.8× 10−15 −2.2± 0.1 . . . −3.3± 0.3∗ 9.8± 0.1× 10−16∗ −1.7± 0.1 4.8× 10−7

HD 101412 −2.8± 0.3 1.3± 0.4× 10−16 −3.2± 0.4 . . . . . . . . . . . .

PDS 37 −2.0± 0.4† 2.4± 0.8× 10−16 −2.4± 0.3 . . . . . . . . . . . .

X-Shooter
HD 35929 −2.4± 0.4 2.2± 0.4× 10−16 −1.7± 0.2 570± 90 −1.3± 0.9 1.2± 0.2× 10−16 −2.6± 0.2 1.5× 10−7

PDS 133 −4.0± 0.7 4.0± 0.7× 10−17 −2.2± 0.9 170± 5 −5.4± 0.5 5.3± 0.6× 10−17 −2.2± 0.9 1.3× 10−6

HD 85567 −4.7± 0.2 1.1± 0.1× 10−15 −1.6± 0.2 130± 2 −4.3± 0.1 9.8± 0.3× 10−16 −1.7± 0.2 1.2× 10−6

PDS 37 −3.0± 0.2 3.7± 0.3× 10−16 −2.9± 0.3 190± 6 −9.1± 0.9 1.2± 0.1× 10−15 −3.2± 0.5 1.3× 10−6

HD 101412 −5.1± 0.5 2.4± 0.2× 10−16 −3.1± 0.4 220± 20 −2.9± 0.4 1.3± 0.5× 10−16 −3.4± 0.4 1.3× 10−7

PDS 69 −6.7± 0.8 4.6± 0.6× 10−16 −2.2± 0.5 205± 15 −8.4± 0.6 5.8± 0.6× 10−16 −2.1± 0.5 9.1× 10−7

†: Data does not extend across the fullv = 2–0 bandhead, therefore this value should be considered a lower limit,
∗: taken from Brittain et al. (2007), where we assume an error of 10 per cent.
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Figure 1. VLT /CRIRES spectra of the sample of objects showing CO first
overtone bandhead emission. Spectra have been normalised to the contin-
uum and shifted vertically for clarity. Vertical ticks markthe rest wave-
lengths of the COv = 2–0 and 3–1 transitions, respectively. The observa-
tions of PDS 37 were conducted using an alternative wavelength setting to
the rest of the observations, therefore no data is availablebeyond 2.311µm.
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Figure 3. A comparison of the line luminosities measured from the CO
v = 2–0 and Brγ lines (after correction for photospheric absorption) for
objects displaying such lines in emission or with an upper limit for non-
detection. Filled circles represent measurements from thesimultaneous X-
Shooter observations, open circles represent non-simultaneous measure-
ments from the CRIRES observations and literature data, andarrows repre-
sent measured upper limits for non-detections. A best fit to the detections,
log L(CO)= (0.6± 0.2) logL(Br γ) − (0.8± 0.5), is shown with a red line.

open circles) occupy the upper ranges of the relationship, show-
ing that detection of CO overtone emission is associated with
the detection of Brγ emission. The detections show a positive
correlation, best fitted with the relationship logL(CO) = (0.6 ±
0.2) logL(Br γ)− (0.8±0.5). While this correlation does not imply
a direct dependence on both of the emission lines, it suggests that
similar factors may affect the strength of both lines when they are
present.

As the calculation of upper limits for CO first overtone emis-
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sion is complicated by the non-Gaussian shape of the overallfea-
ture, here we describe the process adopted to determine them. Us-
ing the modelling routine described in Section 4, a synthetic CO
first overtone spectra is created, along with a spectrum of random
noise. The strength of random noise is altered to produce a series of
spectra that span the range of SNR shown by the observations (50–
260). The strength of the CO emission is decreased until the peak
of the v = 2–0 bandhead drops below the 3-sigma level in each
of these spectra. The equivalent width is then measured across the
2.29–2.3µm wavelength range for the corresponding model (with
no random noise). The relationship between the true equivalent
width and the signal-to-noise ratio was then determined, and then
used to calculated the upper limit of equivalent width for each non-
detection, based on the SNR of the spectrum. The upper limitsfor
non-detections were then taken as the product of the K-band flux
density and this equivalent width,FUL = FKWUL . To ensure consis-
tency, we also perform an identical procedure for the non detections
of Br γ emission. However in this case, we use a Gaussian lineshape
centered at 2.1655µm, rather than a model bandhead spectra.

Analysis of the non-detections shows that the upper limits for
the line luminosities of CO first overtone emission are between 1
and 1.5 dex below the luminosities calculated from the detections.
This suggests that our observations are not limited by noisein the
spectra, and that more sensitive observations with longer integra-
tion times would not allow the detection of weaker CO first over-
tone emission following the same trend.

Given that the line luminosities in both axis of Figure 3 were
calculated by multiplying the equivalent widths by the samecon-
tinuum fluxes and the same square distances to the corresponding
objects (Section 2.1), we tested the possibility that the correlation
is spurious. However, the Spearman’s probability of false correla-
tion does not significantly increase when both the continuumand
distance values are considered through the partial correlation tech-
nique (Wall & Jenkins 2003). This suggests that the correlation be-
tween line luminosities is not spurious, although we note that more
data is necessary to provide any statistical significance.

This correlation between the line luminosities is in agreement
with several previous studies of both emission lines in young stars.
Carr (1989) studied a sample of 40 YSOs, in which they find a pos-
itive correlation between the line luminosity of the COv = 2–0
emission and the Brγ emission in the 10 objects with such emis-
sion. Connelley & Greene (2010) examined NIR spectra of 110
Class I YSOs, and found a positive correlation between the equiv-
alent widths of the COv = 2–0 and the Brγ lines, where detected
in their sample.

3.2 Determining accretion rates

As mentioned previously, the luminosity of Brγ has been shown to
correlate well with the accretion luminosity of intermediate mass
YSOs, giving rise to several correlations between the two quanti-
ties (see, e.g. Calvet et al. 2004). Recently, Mendigutı́a et al. (2011)
looked at a large sample of Herbig Ae stars and determined a cor-
relation following

log
Lacc

L⊙
= (0.91± 0.27)× log

LBrγ

L⊙
+ (3.55± 0.80). (4)

We have used this correlation between accretion luminosity
and Brγ line luminosity to determine the accretion luminosities of
the objects possessing Brγ emission. Once the accretion luminosity

has been determined, it is then used to calculate the mass accretion
rateṀ via

Ṁ =
LaccR⋆
GM⋆

. (5)

Table 3 shows the mass accretion rates that were determined
for each object using this procedure (including the two objects
where measurements were taken from Brittain et al. 2007). Wealso
performed measurements of strength of Brγ emission for the re-
maining objects in the X-Shooter observations.

The mass accretion rates of the all objects exhibiting Brγ

emission span the range of 10−9–10−4 M⊙ yr−1, with the majority
of objects possessing rates of approximately 1× 10−7 M⊙ yr−1. The
mass accretion rates of the objects exhibiting both Brγ and CO first
overtone emission span a smaller range of 10−7–10−6 M⊙ yr−1, with
an average of 6× 10−7 M⊙ yr−1. Therefore, while it seems objects
possessing CO first overtone emission span a small range in mass
accretion rate, their average mass accretion rate does not seem sub-
stantially different to objects without such CO emission.

The accretion rates are somewhat higher than measured by
Calvet et al. (2004), who examined the spectra of nine intermedi-
ate mass T Tauri stars and find an average mass accretion rate of
3 × 10−8 M⊙ yr−1. However, the HAeBes studied here are located
at larger distances, are more luminous, and are thus (on average)
likely younger than the T Tauri stars described above. If mass ac-
cretion rates decrease with stellar age, then this may explain why
the mass accretion rates of the HAeBes are higher than those of
the T Tauri stars. When compared with similar objects, such as the
study of 38 Herbig Ae stars by Mendigutı́a et al. (2011), the ac-
cretion rates determined here are in agreement with their reported
median mass accretion rate of 2× 10−7 M⊙ yr−1.

However, it should be noted that the relation in Equation
4 was determined from examination of Herbig Ae objects (with
Teff < 1.2 × 104 K), and the applicability of this magnetospheric
shock model in relation to the Herbig Be objects presented here
has not yet been proven (Mendigutı́a et al. 2012). Other emission
lines have been shown to accurately correlate with various emis-
sion excesses, allowing them to be used as accretion tracers(e.g.
Hei, Oudmaijer et al. 2011). This will be investigated in detailfor
the remainder of the X-Shooter dataset in a subsequent publication
(Fairlamb et al. in prep.).

4 MODELLING THE CO BANDHEADS

In order to determine the origin of the CO emission, we fitted the
spectra using a model describing the circumstellar environment
of CO as a thin disc in Keplerian rotation, previously utilised in
Wheelwright et al. (2010); Ilee et al. (2013) and Murakawa etal.
(2013). The program is briefly described below.

The population of the CO rotational levels, to a maximum of
J = 100, for each∆v = 2 vibrational transition considered are
determined in each cell according to the Boltzmann distribution,
which assumes local thermodynamic equilibrium, and a CO/H2 ra-
tio of 10−4. The disc is divided into 75 radial and 75 azimuthal cells.
Each transition is assumed to follow a Gaussian with a width of ∆ν.
The intensity of emission from each cell of the disc is calculated
from Iν = Bν(T) (1− e−τν ). The emission is then assigned a weight
determined from the solid angle subtended by the cell on the sky.
The emission from each cell is wavelength shifted to accountfor
the line-of-sight velocity due to the rotational velocity of the disc.
The emission from all cells is then summed together, smoothed to
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Table 4.Parameter space that is searched during the model fitting procedure

Parameter Range
Inclination i 0 < i < 90◦

Intrinsic linewidth∆ν 1 < ∆ν < 30 km s−1

Inner radiusRi 1 < Ri < 100 R⋆
Inner temperatureTi 1000< Ti < 5000 K
Inner surface densityNi 1012 < Ni < 1025 cm−2

Temperature exponentp −4 < p < 0
Surface density exponentq −4 < q < 0

the instrumental resolution, and then shifted in wavelength to ac-
count for the radial velocity of the object to produce the entire CO
bandhead profile for the disc.

The excitation temperature and surface number density of the
disc are described analytically as decreasing power laws,

T(r) = Ti

(

r
Ri

)p

(6)

N(r) = Ni

(

r
Ri

)q

, (7)

whereTi andNi are the excitation temperature and surface density
at the inner edge of the discRi , andp andq are the exponents de-
scribing the temperature and surface density gradient, respectively.
The optical depth,τ, is taken to be the product of the absorption co-
efficient per CO molecule, and the CO column density. Since we are
considering a geometrically thin disc, the column density is given
by the surface number densityN. The outer radius of the CO emis-
sion region is taken to be the radius at whichT falls below 1000 K,
the temperature at which we assume CO overtone emission can no
longer be excited sufficiently to be detected.

The best fitting model is determined using the downhill sim-
plex algorithm, implemented by theamoeba routine of the IDL dis-
tribution. The input spectra are first continuum subtracted, and then
normalised to the peak of thev = 2–0 bandhead. Model fits are
compared to the data using the reduced chi-squared statistic, χ2

r ,
and the error in the data is taken to be the standard deviationof the
flux in the pre-bandhead portion of the spectra. Free parameters of
the fit are the inner surface number density, the inner temperature,
the inner radius, the intrinsic linewidth, the temperatureand density
exponents and the inclination. The fitting routine is repeated with
six starting positions spread across the parameter space toavoid re-
covering only local minima inχ2

r , and the final best fitting model
is determined from these six runs. The range of parameter space
searched is shown in Table 4. Errors on the best fitting parame-
ters are calculated by holding all other fitting variables attheir best
fitting values, and altering the parameter of interest untilthe differ-
ence in reduced chi-squared,∆χ2

r , increases by unity.

4.1 Fitting the X-Shooter observations

The object HD 101412 provides useful test case for our analysis,
as it has been observed with both X-Shooter at medium resolution
and CRIRES at high resolution. Figure 4 shows the comparisonof
thev = 2–0 bandhead for both sets of observations.

The CRIRES spectrum atR ∼ 90 000 shows much detail that
is not seen when the considering data of a lower spectral resolu-
tion of R ∼ 8 000. In particular, the individual rotational transi-
tions in the blue shoulder of the bandhead and the double-peaked
rotational transitions are almost entirely lost in the X-Shooter spec-
trum. When the CRIRES spectrum is convolved with a Gaussian
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2.294 2.296 2.298 2.300
λ (µm)

0.0

0.5

1.0

1.5

F
(λ

) 
+

 k

CRIRES (R~90000)

X−SHOOTER (R~8000)

CRIRES (R~8000)

Figure 4. Comparison of CRIRES and X-Shooter data for HD 101412. The
CRIRES spectrum atR∼ 90 000 shows much detail that is not distinguish-
able when considering data of a lower spectral resolution ofR∼ 8 000.

corresponding to the spectral resolution of the X-Shooter data, re-
binned the appropriate amount, and given a similar level of random
noise, the data appears qualitatively similar to the X-Shooter spec-
trum. However, measurement of the equivalent width of the original
and degraded CRIRES spectra yielded very similar results (2.8 Å),
while measurement of the X-Shooter spectrum gave a larger equiv-
alent width of 5.1 Å, suggesting that the CO first overtone emission
in HD 101412 may be variable. Nonetheless, it is clear that much
information is lost when the spectrum is degraded to the resolution
of X-Shooter.

We performed the fitting routine on both the high resolution
CRIRES data and the lower resolution X-Shooter data for HD
101412. The fitting routine performed poorly on the X-Shooter
data, recovering multiple best fit solutions at similarχ2

r values with
very different parameters (which we do not show here). We attribute
this to the low resolution data not showing important features in
the spectra, such as the blue shoulder of the bandhead and thenar-
row, double peaked rotational transitions mentioned earlier. How-
ever, when the fitting routine was performed on the high resolution
CRIRES spectra for HD 101412, a single, unambiguous best fitting
model was obtained.

4.2 Fitting the CRIRES observations

Given the issues of fitting the X-Shooter spectra described previ-
ously, we chose to restrict our modelling of the CO bandheadsto
the 5 objects observed with CRIRES. The results of this fitting are
shown in Table 5 and Figure 5. Below we discuss the fitting results
on an object-by-object basis.
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Figure 5. CRIRES spectra showing the CO first overtone bandhead emission (black) with best fitting model (red). Regions of the spectrum excluded from the
fitting are shown in grey. Insets show the line profile of theJ = 51–50 transition of CO taken from the best fitting model. Beneath the spectra are diagrams
depicting the corresponding structure of the model: the size of the central star is shown at the origin, the black region depicts the size of the CO emission region,
the grey region stretches from the dust sublimation radius outwards (Equation 1), and a vertical line marks the locationof the co-rotation radius (Equation 2,
where data is available).
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Table 5.Best fitting parameters obtained from the fits to the CO overtone emission using the fitting routine. The outer disc radius is defined at
the point in the disc in which the temperature drops below 1000 K, therefore no error is presented. Errors shown with asterisks denote that the
change in the value of the reduced chi-squared statisticχ2

r was less than one across the allowed parameter range used in the fitting procedure
(see Table 4).

Output Parameter HD 36917 HD 259431 HD 58647 HD 101412 PDS 37

CO inner radius Ri (au) 0.1+0.01
−0.02 0.89+0.1

−0.1 0.18± 0.01 1.0+0.2
−0.1 1.6+0.1

−0.5

CO outer radius Ro (au) 1.5 4.3 0.62 1.1 3.8

Inclination i (◦) 51+7
−2 52+5

−3 75+∗
−10 87+∗

−20 89+1∗
−35

Inner surface number density Ni (cm−2) 6.0+2
−3 × 1020 0.16+5.6

−∗ × 1020 0.62+12
−∗ × 1020 14+75

−4 × 1021 0.1+6.3
−∗ × 1020

Inner temperature Ti (K) 3400+800
−250 3200+10

−200 2800+10
−300 1000+50

−∗ 5000+∗
−1200

Intrinsic linewidth ∆ν (km s−1) 5.4+3
−2 10.7±∗ 10.8± ∗ 5.2+3

−2 18± ∗

Temperature exponent p −0.5+0.1
−0.1 −0.74+0.4

−1.1 −0.89+0.3
−0.9 −0.46+∗

−2.4 −1.9+0.7
−∗

Surface number density exponentq −1.8+0.2
−0.2 −3.3+1.2

−∗ −1.6+1.5
−∗ −0.5± ∗ −1.7± ∗

Reduced chi-squared χ2
r 3.0 5.3 6.2 3.8 2.5

4.2.1 HD 36917

HD 36917 is assumed to be a B9.5 type, 2.5 M⊙ star with a stellar
radius of 1.8 R⊙, an effective temperature of 104 K and located at
a distance of 470 pc (Manoj et al. 2002; Brittain et al. 2007).The
bolometric luminosity has been determined to be 245 L⊙, with a
visual extinction of 0.5 mags (Hamaguchi et al. 2005).

Our modelling of the CO bandheads indicates a best fitting
disc model extending from 0.1–1.5 au, at an inclination of 51◦.
The inner edge of the CO emitting region reaches a temperature
of 3400 K, at a density of 6× 1020 cm−2. The temperature and sur-
face number density exponents are well constrained at−0.5 and
−1.8 respectively, and the temperature exponent agrees well with
the value of−0.5 expected from a flat disc in radiative equilibrium
(Chiang & Goldreich 1997). The location of the CO emission re-
gion crosses inside the dust sublimation radius of 0.4 au, ascal-
culated from Equation 1, but lies beyond the co-rotation radius of
0.02 au. The intrinsic linewidths of the individual transitions in the
CO bandhead correspond to 5.4 km−1, which are approximately 2–5
times the thermal linewidths for CO at temperatures between1000–
5000K, indicating broadening by non-thermal mechanisms.

Our results are in contrast to the study of Berthoud (2008),
who are unable to fit their observations of the COv = 2–0 band-
head using a disc and/or ring model, due to the fitting procedure
returning solutions that converge with unphysical values (such as
temperatures higher than the dissociation temperature of CO). The
authors therefore model the emission using an expanding shell of
CO, which produces satisfactory fits to the spectrum, in particular
the rounded, convex-shaped blue shoulder of the bandhead intheir
data. Our observations of HD 36917 do not exhibit such a rounded
blue shoulder, but rather a traditional concave-shaped blue shoul-
der, traditionally attributed to emission from a disc. Thisallows us
to obtain a satisfactory fit to the spectrum using our disc model. As
our data is of higher spectral resolution than the observations pre-
sented in Berthoud (2008), it is unlikely that the differences in the
spectrum presented here are due to a resolution effect. It is possi-
ble that the source of the CO emission in HD 36917 is variable,and
that overtones are excited both within a disc and shell like geometry
around the central star. However, time monitoring of any spectral
variability of the source would be required to confirm this.

4.2.2 HD 259431

HD 259431 (MWC 147) is taken to be a 6.6 M⊙ star with a radius of
6.6 R⊙, having a spectral type of B6, located at a distance of 800 pc.
It has a high bolometric luminosity of 1550 L⊙, and an effective
temperature of 14 125 K (Kraus et al. 2008b).

The best fitting disc model for HD 259431 extends from 0.89–
4.3 au at an inclination of 52◦. It is interesting to note that the
spectro-interferometric study of Kraus et al. (2008b) determine an
inclination of approximately 50◦ for this object, which agrees very
well our derived disc inclination. The temperature and surface num-
ber density of the inner disc are 3000 K and 2× 1020 cm−2, with ex-
ponents of−0.7 and−3.3 respectively. The temperature exponent
is in agreement with the expected value of−0.75 from a flat black-
body disc (Chiang & Goldreich 1997). The inner edge of the disc
extends to within the dust sublimation radius of 3.3 au, however
this lies outside the co-rotation radius of 0.07 au as calculated from
vsini = 100 km s−1(Hillenbrand et al. 1992). The linewidth of the
individual rotational transitions of CO is 10.7 km s−1, however this
is not well constrained. Nevertheless, this is a factor of 3–8 times
the thermal linewidth for CO at 1000–5000 K.

Brittain et al. (2007) measured the Brγ emission of HD
259431 and determine a full width at zero intensity (FWZI) of
350 km s−1, with a luminosity of 38.1×10−4 L⊙ which they calculate
to correspond to a mass accretion rate of 4.1 × 10−7 M⊙ yr−1using
a relationship based upon UV veiling. Using these measure-
ments with the relationship described in Mendigutı́a et al.(2012),
we calculate a higher mass accretion rate 3.2 × 10−6 M⊙ yr−1.
Hillenbrand et al. (1992) also find a higher accretion rate of1.01×
10−5 M⊙ yr−1, determined from fitting the SED of HD 259431. This
discrepancy may be explained by the fact that the accretion rate cal-
ibrations used have not been proven to be valid for Herbig Be stars
as hot as HD 259431.

4.2.3 HD 58647

The stellar mass of HD 58647 is assumed to be 3.0 M⊙ with a ra-
dius of 2.8 M⊙, located at a distance of 277 pc (Brittain et al. 2007).
It has an effective temperature of 10 500 K and a bolometric lumi-
nosity of 910 L⊙ (Montesinos et al. 2009).

Minor issues were encountered while fitting HD 58647, which
showed a decrease in signal-to-noise across the final detector chip
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containing thev = 3–1 bandhead. For this reason, the fitting rou-
tine was restricted to data from the first and second detectorchip
and extrapolated across the remaining data. Though this data in not
included in the formal fitting process, it can be seen that themodel
qualitatively reproduces the features across this region of the spec-
trum very well.

The best fitting model extends from 0.18–0.62 au, at an in-
clination of 75◦. This is entirely within the dust sublimation ra-
dius of 1.1 au as calculated from Equation 1. The inner edge ofthe
CO emitting region reaches a temperature of 2800 K, at a density
of 6.2 × 1019 cm−2. The temperature and surface number density
exponents are not well constrained, but give best fitting values of
−0.89 and−1.6 respectively. The intrinsic linewidths of the indi-
vidual transitions in the CO bandhead correspond to 10.8 km s−1, a
factor of 3–8 times the thermal linewidth for CO at 1000–5000K.

Berthoud (2008) fitted their observations of the CO overtone
emission in HD 58647 with an optically thick ring at a temperature
of 2380 K, a surface density of 1.6 × 1020 cm−2, and an intrinsic
linewidth of 7.7 km s−1, seen at an high inclination to the line of
sight. These values agree with the fit obtained using our observa-
tions and disc model to within approximately 1–1.5σ.

Brittain et al. (2007) measure the Brγ emission line from
HD 58647 to be double peaked, with a full width at zero inten-
sity (FWZI) of 400 km s−1, and a luminosity of 21.8 × 10−4 L⊙
They calculate this to correspond to an accretion rate of 3.5 ×
10−7 M⊙ yr−1, which is consistent with the accretion rate of 4.8 ×
10−7 M⊙ yr−1determined using Equation 4.

4.2.4 HD 101412

We determine HD101412 to be a 2.3 M⊙ star with a radius of
2.2 R⊙, and an effective temperature of 9750 K. It has a relatively
low bolometric luminosity of 38 L⊙, and a visual extinction of
AV = 0.39 mags. Our modelling of the CO overtone indicates a
best fitting disc model extending from 1.0–1.1 au, at an inclina-
tion of 87◦. The inner edge of the CO emitting region reaches a
relatively low temperature of 1000 K, at a relatively high density
of 1.4 × 1022 cm−2. The temperature and surface number density
exponents are−0.46 and−0.5 respectively. These values are not
well constrained, likely due to the fact that the emitting region is
very narrow, and thus determination of a gradient for the temper-
ature and density is difficult. The intrinsic linewidths of the indi-
vidual transitions in the CO bandhead correspond to 5.2 km s−1,
which is 2–4 times the thermal linewidth. In contrast to all other
best fitting disc models, the CO emission region for HD 101412
lies beyond the dust sublimation radius of 0.5 au calculatedfrom
Equation 1. Additionally, HD 101412 exhibits the relatively weak
double-peaked Brγ emission, contrary to the strong single peaked
Br γ emission of other objects studied in this work.

HD 101412 was the subject of a similar investigation involv-
ing CO bandhead emission by Cowley et al. (2012). The authors
find fits to their spectra assuming a disc of CO that is at most
0.8–1.2 au in extent, at a temperature of 2500 K, and assuming
the disc is edge on, following the inclination of 80◦ determined
from Fedele et al. (2008). Our results only differ slightly from
Cowley et al. (2012), but it should be noted that their model and
fitting routine were different to the methods presented here. For in-
stance, they assume an isothermal ring of CO with fixed parameters
such as inclination, and the fitting was performed visually with no
systematicχ2

r minimisation. However, the results here still suggest

a narrow ring of CO, at approximately distance from the central
protostar, at a slightly cooler temperature.

High spectral resolution observations of the [Oi] emission line
at 6300 Å were examined by van der Plas et al. (2008), who deter-
mined that this emission originates from a region in a disc from
0.15–10 au, viewed at an inclination of 30◦, and corresponds to a
vsin i of 8 km s−1. The authors suggest that HD101412 is in tran-
sition between a flaring and self shadowed disc. The authors also
note a drop in the radial [Oi] emission of 50 per cent at approx-
imately 0.5 au (corresponding to their calculated dust sublimation
radius), and a re-brightening shortly afterwards at approximately
0.8 au. The initial drop is attributed to the self shadowing of a puffed
up inner rim at the dust sublimation radius, but the authors note that
the observed re-brightening is unexpected. HD 101412 was one of
the subjects of a study of CO fundamental ro-vibrational emission
by van der Plas (2010). The comparable linewidths of CO and [Oi]
led this author to suggest that HD 101412 has a disc with strongly
flared gas, but mostly settled dust.

This interpretation could explain why we apparently detect
CO bandhead emission beyond the dust sublimation radius in HD
101412, in contrast to the other objects studied here. Our best fit-
ting model for the spectrum of HD 101412 suggests a relatively
cool (1000 K) but high density (1022 cm−2) emission environment
- if there is a sufficient amount of dense gas located above the
highly settled dust in the disc, then CO first overtone emission
may originate from these regions. The X-Shooter spectrum ofHD
101412 only exhibits the COv = 2–0 and 3–1 bandheads, suggest-
ing there is not sufficient energy in the origin environment to excite
the higher vibrational transitions.

It is not clear how our disc model would perform when at-
tempting to fit CO emission that is not from an axisymmetric disc
geometry, which may explain why our reported high inclination is
in contrast to the low measuredvsin i of 8 km s−1 and low incli-
nation reported in van der Plas et al. (2008). In addition, asthere is
an inversely proportional degeneracy between the locationof the
emission and the disc inclination in our CO modelling procedure,
adopting a lower inclination would mean the corresponding emis-
sion region is closer to the star, likely inside the dust sublimation ra-
dius. As the inclination recovered for HD 101412 is almost exactly
edge on, then the reported location of the CO emission represents
an upper limit to the radial distance of this region.

4.2.5 PDS 37

PDS 37 (aka G282.2988−00.7769) was previously investigated as
a massive young stellar object in Ilee et al. (2013), where a stel-
lar mass, radius and effective temperature of 11.8 M⊙ and 4.7 R⊙,
26 100 K were calculated from the bolometric luminosity and
adopted for the fitting of the CO emission. This lead to a best fit-
ting disc model 1.7–9 au in extent, at an inclination of 80◦. The
inner temperature of the disc was 4800 K, and the surface density
was 1× 1020 cm−2, varying with a slope of -0.97 and -1.4 respec-
tively. The intrinsic linewidth of the transitions was determined to
be 16.3 km s−1.

Here we calculate PDS 37 to have a mass of 7.0 M⊙, a radius
of 3.0 R⊙, a bolometric luminosity of 1860 L⊙ and an effective tem-
perature of 22 000 K. Modelling the CO bandhead emission using
these stellar parameters indicates a best fitting disc modelextend-
ing from 1.6–3.8 au, at an inclination of 89+1

−35
◦. The inner edge of

the CO emitting region reaches a temperature of 5000 K, at a den-
sity of 1.0×1019 cm−2. The temperature and surface number density

c© 2014 RAS, MNRAS000, 1–14



12 J. D. Ilee et al.

exponents are not well constrained at−1.9 and−1.7 respectively.
The location of the CO emission region coincides with dust subli-
mation radius of 1.5 au, as calculated from Equation 1. The intrinsic
linewidths of the individual transitions in the CO bandheadcorre-
spond to 18 km s−1, which is approximately 6–14 times the thermal
linewidths for CO at temperatures between 1000–5000 K. Alter-
ing the stellar parameters changes the best fitting model parameters
slightly, however still indicates a relatively large CO emission re-
gion, at a high temperature, viewed almost edge-on.

PDS 37 is also the subject of a spectropolarimetric study by
Ababakr et al. (in prep.), where strong polarisation signatures are
seen across the Hα and doubly peaked Feii emission lines, indicat-
ing the presence of a gaseous disc viewed at a high inclination to
the line of sight.

5 DISCUSSION

5.1 The detection rate of CO first overtone emission

From an initial sample of 90 targets obtained with X-Shooter(the
most complete spectroscopic sample of Herbig Ae/Be stars to date),
we find a low detection rate of CO first overtone bandhead emission
of approximately 7 per cent. While a low detection rate in itself is in
agreement with previous studies, our detection rate is substantially
lower than studies of low mass T Tauri and Herbig Ae stars (20
per cent, Carr 1989; Connelley & Greene 2010), and also of higher
mass MYSOs (17 per cent, Cooper et al. 2013).

It is also striking that although our full X-Shooter sample con-
tains many A-type stars, we have only detected CO overtone emis-
sion in one A-type star. In contrast to this, although our sample
contains few B- and F-type stars, we have detected CO in a total
of 7 B-type stars and one F-type star. So, also in our sample there
may be evidence that the detection rate for CO first overtone emis-
sion is lower for intermediate-mass young stars than for low- and
high-mass young stars. Below we discuss possible explanations for
this.

High temperatures are required to excite the CO sufficiently in
order for CO bandhead emission to become detectable. Several of
the objects in our study are B-type stars (and HD 101412 is of type
HA0, having also been classified as B-type by Manoj et al. 2006).
Therefore, these objects are hotter and more massive than their A-
type counterparts. It could be that many T Tauri and Herbig Ae
stars are not hot enough to continually excite the CO overtones in
a circumstellar disc environment. In such cases, variable CO emis-
sion in lower mass YSOs could be explained by bursts of active
accretion (Biscaya et al. 1997) or by originating from a different
environment (e.g. magnetic funnel flows, Martin 1997). However,
modelling of high spectral resolution observations of a large num-
ber of T Tauri stars would be required to confirm the origin of the
emission.

It is also possible that the majority HAeBes do not have
enough gas in their close circumstellar environments to allow suf-
ficient excitation of the CO bandheads. In addition to high temper-
atures, high densities (n> 1015 cm−3) are required before this ro-
vibrational emission becomes sufficiently excited to be detectable.
While direct measurements of the amount of gas within these
young stellar systems is difficult, there is evidence of cleared gaps
around many HAeBe stars (a recent example being HD 142527,
Casassus et al. 2012). If the gas within these inner regions is cleared
efficiently, then it will not be possible to reach densities high
enough to allow overtone emission to occur. Our modelling ofthe

CO overtone spectra indicates the emission originates fromenvi-
ronments with a surface density of at least 1020 cm−2. In addition,
Muzerolle et al. (2004) present models of the inner regions of discs
around HAeBe stars, and show that for accretion rates greater than
10−8 M⊙ yr−1, the inner gaseous disc becomes optically thick. The
accretion rates determined from our analysis of the Brγ in these
objects are above this level, further suggesting that theseobjects
possess a large amount of gas of a high density close to the central
protostar.

One unresolved issue with this interpretation is that thereare
a handful of objects possessing high accretion rates that donot ex-
hibit CO first overtone emission. The work of Calvet et al. (1991)
showed that CO in absorption could be expected from high mass
accretion rates (observed in FU Ori objects), however we do not
detect such absorption in our observations.

5.2 The location and orientation of the emitting regions

The location of the detected emission is of interest, as it determines
which regions of the circumstellar environment can be probed. We
find that four out of five of the objects possess best fitting disc mod-
els with inner radii located interior to the corresponding dust sub-
limation radii. This suggests that the CO emission originates from
a gaseous disc, close to the central protostar. The one object for
which this is not the case, HD 101412, exhibits features which are
not typical when compared to the other objects studied here (see
Section 4.2.4).

The co-rotation radii lie between 0.02–0.23 au, and are inte-
rior to the dust sublimation radius in all objects. The CO emis-
sion is also shown to originate from beyond the co-rotation radius,
in objects wherevsini measurements are available in the litera-
ture. Therefore, our modelling suggests that while CO first overtone
emission is a valuable probe of the inner gaseous disc component
around young stars, other spectral tracers are required to trace re-
gions close to the co-rotation radius, where any deviationsfrom
magnetospheric accretion geometry are likely to occur.

The inclinations of the best fitting disc models range from
51–72◦, suggesting a preference for moderate to high inclinations.
While the number of objects modelled in this paper is too low to ac-
curately determine the statistical significance of this, itis nonethe-
less possible that a geometric selection effect is at work. One pos-
sible explanation for a preference toward more inclined discs could
be that in addition to a inner disc, the CO emission may also trace
the vertical inner wall of the dust disc, located at the dust subli-
mation radius. However, further investigation using models that are
able to include such emission geometry would be required to con-
firm this.

A preference for moderate to high inclinations is in contrast
to the study of CO emission of massive YSOs by Ilee et al. (2013),
which found an essentially random orientation of disc inclinations.
The masses of the objects studied in Ilee et al. (2013) were deter-
mined from the bolometric luminosity of the objects, which may
have included contributions from accretion, and could therefore be
overestimates of the true stellar masses. In such cases, an overes-
timate of the stellar mass can lead to a lower inclination being re-
covered. This effect can be seen in our modelling of PDS 37 - in
this work, we recover a an inclination of 87◦ using a stellar mass
of 7.0 M⊙, while in Ilee et al. (2013) we recover an inclination of
80◦ from a stellar mass of 12 M⊙. While this effect is small, it may
explain why no such preference for moderate to high inclination
angles was found for MYSOs.
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A positive correlation between the line luminosities of theCO
bandhead and Brγ is found, and while this does not imply a direct
dependence (and the number of objects with emission is too low
to attribute a statistical significance to the correlation), it does sug-
gest that similar factors affect the strength of both emission lines.
However, analysis of the linewidths shows that the Brγ emission
is approximately 20 times larger than the corresponding linewidths
obtained from the fitting of the CO bandheads. This difference in
linewidth suggests that both lines do not originate in the same kine-
matic environment, and are therefore likely not co-spatial. This
is in contrast to the recent interferometric study of Eisneret al.
(2014), who find a near-coincidence of CO overtone, Brγ and con-
tinuum emission in 5 YSOs. The spectro-interferometric study of
Kraus et al. (2008a) suggests two possible origins for Brγ emis-
sion - compact regions, or more extended regions possibly tracing
stellar or disc winds. Further analysis on the precise location of the
Br γ emission will be required in order to study any possible con-
nections between these two emission lines.

6 CONCLUSIONS

This paper presents medium resolution VLT/X-Shooter and high
resolution VLT/CRIRES near-infrared spectra of several Herbig
Ae/Be stars, in an investigation of the inner regions of their cir-
cumstellar discs. Below we summarise the main findings:

• From a large spectroscopic survey of over 90 HAeBe targets,
we detect only six objects exhibiting CO first overtone bandhead
emission, corresponding to a detection rate of approximately 7 per
cent. Analysis of the upper limits suggests that the majority of non-
detections are not due to the sensitivity of the X-Shooter instru-
ment.
• The objects displaying CO overtone emission are mainly of

spectral type B, and are thus hotter and more massive than their
A-type counterparts.
• In all objects that display CO bandhead emission, we also

find Brγ emission of varying strengths. We find a positive corre-
lation between the strength of the COv = 2–0 bandhead and the
Br γ line, in agreement with previous investigations (Carr 1989;
Connelley & Greene 2010), showing this correlation extendsto
YSOs of higher masses.
• The high resolution spectra of 5 objects exhibiting CO first

overtone emission are fitted with a model of a thin disc undergoing
Keplerian rotation, and good fits are obtained to all spectra. It was
determined that the spectral resolution of the X-Shooter instrument
was insufficient to obtain reliable model fits using this procedure.
• The linewidths of the Brγ emission are between 10–40 times

larger than the intrinsic linewidths of the CO overtone emission,
suggesting that they originate in different kinematic environments.
• The location of the CO overtone emission in these best fitting

models is consistent with the hypothesis that it originatesfrom a
small scale gaseous disc, interior to the dust sublimation radius,
but beyond the co-rotation radius of the central star.

It is important to note that for the object where spatially re-
solved observations have also been performed, HD 259431 (MWC
147, Kraus et al. 2008b), we obtain a remarkably similar value to
the inclination of the disc based on our fitting technique (∼ 50◦).
While this comparison can currently only be made in one object, it
does suggest that high spectral resolution observations can be used
as an alternative to interferometric observations to investigate the
sub-au scale regions around young stars.

We plan to investigate this with further observations using
VLTI /AMBER, which will enable direct measurements of the spa-
tial extent of the CO-emitting gas, and allow comparison with our
spectral fitting technique. This, alongside more sophisticated mod-
elling that can include the vertical structure of inner discs, will pro-
vide much information on the nature of the inner regions around
Herbig Ae/Be stars.
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Käufl H. U. et al., 2008, in Society of Photo-Optical Instrumen-
tation Engineers (SPIE) Conference Series, Vol. 7014, Society
of Photo-Optical Instrumentation Engineers (SPIE) Conference
Series

Kraus S. et al., 2008a, A&A, 489, 1157
Kraus S., Preibisch T., Ohnaka K., 2008b, ApJ, 676, 490
Kurucz R. L., 1993, SYNTHE spectrum synthesis programs and
line data. Smithsonian Astrophysical Observatory

Larson R. B., 2003, Reports on Progress in Physics, 66, 1651
Lynden-Bell D., Pringle J. E., 1974, MNRAS, 168, 603
Manoj P., Bhatt H. C., Maheswar G., Muneer S., 2006, ApJ, 653,
657

Manoj P., Maheswar G., Bhatt H. C., 2002, MNRAS, 334, 419
Martin S. C., 1997, ApJL, 478, L33
McKee C. F., Ostriker E. C., 2007, ARA&A, 45, 565
Mendigutı́a I., Calvet N., Montesinos B., Mora A., Muzerolle J.,
Eiroa C., Oudmaijer R. D., Merı́n B., 2011, A&A, 535, A99

Mendigutı́a I., Mora A., Montesinos B., Eiroa C., Meeus G.,
Merı́n B., Oudmaijer R. D., 2012, A&A, 543, A59

Miroshnichenko A. S., Gray R. O., Klochkova V. G., Bjorkman
K. S., Kuratov K. S., 2004, A&A, 427, 937

Miroshnichenko A. S., Levato H., Bjorkman K. S., Grosso M.,
2001, A&A, 371, 600

Modigliani A. et al., 2010, in Society of Photo-Optical Instrumen-
tation Engineers (SPIE) Conference Series, Vol. 7737, Society
of Photo-Optical Instrumentation Engineers (SPIE) Conference
Series

Monnier J. D., Millan-Gabet R., 2002, ApJ, 579, 694
Montesinos B., Eiroa C., Mora A., Merı́n B., 2009, A&A, 495,
901

Mora A. et al., 2001, A&A, 378, 116
Mottram J. C., Hoare M. G., Lumsden S. L., Oudmaijer R. D.,
Urquhart J. S., Sheret T. L., Clarke A. J., Allsopp J., 2007, A&A,
476, 1019

Murakawa K., Lumsden S. L., Oudmaijer R. D., Davies B.,
Wheelwright H. E., Hoare M. G., Ilee J. D., 2013, MNRAS, 436,
511

Muzerolle J., Calvet N., Hartmann L., 1998a, ApJ, 492, 743
Muzerolle J., Calvet N., Hartmann L., D’Alessio P., 2003, ApJL,
597, L149

Muzerolle J., D’Alessio P., Calvet N., Hartmann L., 2004, ApJ,
617, 406

Muzerolle J., Hartmann L., Calvet N., 1998b, AJ, 116, 2965
Oudmaijer R. D. et al., 2001, A&A, 379, 564
Oudmaijer R. D. et al., 2011, Astronomische Nachrichten, 332,
238

Reipurth B., Zinnecker H., 1993, A&A, 278, 81
Shu F., Najita J., Ostriker E., Wilkin F., Ruden S., Lizano S., 1994,
ApJ, 429, 781

Skrutskie M. F. et al., 2006, AJ, 131, 1163

Strafella F., Pezzuto S., Corciulo G. G., Bianchini A., Vittone
A. A., 1998, ApJ, 505, 299

Tatulli E. et al., 2008, A&A, 489, 1151
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