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ABSTRACT

Herbig AgBe stars lie in the mass range between low and high mass ytansg and there-
fore ofer a unique opportunity to observe any changes in the foomgtiocesses that may
occur across this boundary. This paper presents mediututiesoV/LT/X-Shooter spectra of
six Herbig A¢Be stars, drawn from a sample of 91 targets, and high resaltiT/CRIRES
spectra of five Herbig A@e stars, chosen based on the presence of CO first overtode ban
head emission in their spectra. The X-Shooter survey rexselw detection rate of CO first
overtone emission (7 per cent), consisting of objects maifilspectral type B. A positive
correlation is found between the strength of the €©2-0 and Bty emission lines, despite
their intrinsic linewidths suggesting a separate kineaatigin. The high resolution CRIRES
spectra are modelled, and are well fitted under the assumiftad the emission originates
from small scale Keplerian discs, interior to the dust suhbtion radius, but outside the co-
rotation radius of the central stars. In addition, our figdimre in very good agreement for
the one object where spatially resolved near-infraredfietemetric studies have also been
performed. These results suggest that the Herbj@éAstars in question are in the process of
gaining mass via disc accretion, and that modelling of hjggt#ral resolution spectra is able
to provide a reliable probe into the process of stellar @mmén young stars of intermediate
to high masses.

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

arxiv:1409.4897v1 [astro-ph.SR] 17 Sep 2014

1 INTRODUCTION similarities or diferences between low- and high-mass star forma-
tion processes (seée Larson 2003 and McKee & Ostriker| 2007 for
reviews). For example, across the mass range between Tstargi
and MYSOs, there is evidence for a change in the mechanism tha
transfers material from the surrounding natal cloud, tglhothe
disc, and on to the central protostar. The mechanism is titcog
switch from T Tauri-like magnetospheric accretion - in whibe

Circumstellar discs surrounding young stellar objects@¥phave
been the focus of much research because not only do theydprovi
the location for possible planet formation to occur, butytp&y
an essential role in the regulation and evolution of the ettam
that takes place during the star formation process (seeethew
Ofmm4)' Pre-main sequence H_erblg Ae and Be sta disc is truncated at radial distances no larger than thetion ra-
(HAeBes, see Waters & Waelkens 1998) lie in the mass range be'dius and accretion proceeds to the stellar surface via niaghg

tween lower mass T Tauri starb{ < 2 M) and short-lived, ob- channelled accretion funnels (B 19B9: - a0 7)
scured massive young stellar_objects (MYS®s, > 8 Mo). Thl.Js‘ - to some other, as yet uncharacterised phenom eta
they dfer a unique opportunity to observe and characterise any mm). The reason for this possible change in acoretéh-
anism is because the interior envelopes of HAeBes are thaagh
_ ) be mostly radiative in natur 09). Therefdhey
* Based on observations made with the ESO Very Large Telesabpe |gck the interior convection currents required to powesrsjrmag-
the Cerro Paranal Observatory under programme IDs 07925;@84.C- netic fields - a requirement for such magnetospheric acereti

09524, .0_8.7 [C-0124A and 279.C-5031A occur. Recent observations show a low detection rate of atégn
1 E-mail: john.ilee@st-andrews.ac.uk
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fields (~7 per cent) across a large sample of HAeBes, supporting sample of low mass (0.2-0.8JY/ T Tauri stars was tightly cor-

this scenari 13). Itis possible that tvedr mass
Herbig Ae stars undergo similar magnetospheric accretichdt

of T Tauri stars|(Muzerolle et al. 2004; Mottram etlal. 20050t

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 maltércam
the disc is accreted directly onto the stellar surface, gltre
ecliptic plane |(Lynden-Bell & Pringle _1974: Bertout ef R98B;
IBlondel & Tjin A Djiel 2006). For boundary layer accretion to-o
cur, a disc-like geometry would have to be present on scalafier
than the co-rotation radius of the star - the location at Wwizny
magnetospheric accretion funnels would likely begin torafee
(Shu et all 1994: Muzerolle etlal. 2003). Therefore, in otden-
vestigate the accretion mechanisms of these young stéosnia-
tion on the geometry of inner regions of the circumstellacdtlose
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 thyas is
responsible for the majority of their mass. HAeBes possees
stellar radiation fields compared to that of their lower memsn-
terparts. Because of this, regions of their circumsteliscgiclose
to the central star are likely to be heated to high tempegatuf
this temperature exceeds the dust sublimation temperahea
the dust in the disc is destroyed. This gives rise to an inisr d
consisting of only gas, out to the location of the dust sultion
radius, on scales of a few astronomical units (see the reeiew

Dullemond & Monniet 2010).

Direct observations of these regions of HAeBes are compli-
cated by the fact that most objects lie at relatively largaatices.
Thus, the small sizes of the regions involved mean that intagi
is only possible using interferometry. However, this is ésarva-
tionally complex task limited to bright targem;
Kraus et all 20084; Wheelwright et al. 2{)12). Thereforerethe
much interest in determining more indirect observatioreaht
nigues that can probe the conditions close to the centnal sta

related with the accretion luminosity as measured from bhre
tinuum excesa@%) extended this invettigdo
YSOs with masses up to 4Mand find good agreement with the
previous study, and the relationship was used to examinadhe
cretion rates of 36 Herbig Ae stars by Garcia Lopez =t al. €200
More recently, Mendigutia et al. (2011) determined adondumi-
nosities from 38 Herbig Ae and Be stars by examining the UV ex-
cess in the Balmer discontinuity, and found a correlatiotin\Bir y
luminosity similar t I_(2004).

This paper utilises a collection of Very Large TelescopeTyL
X-Shooter and CRIRES observations of several HerbifBaeb-
jects based on the detection of CO first overtone bandheasbEmi
in their spectra. The observations, sample selection areirdma-
tion of stellar parameters are described in Se¢flon 2. Thesored
observable quantities are presented and analysed in 88ctitod-
elling of the CO spectra is discussed, and comments on theivi
objects are given in Sectig 4. Discussion of the resulis footh
sets of observations is presented in Sedfion 5, and finatiglae
sions are outlined in Sectignh 6.

2 OBSERVATIONS & SAMPLE SELECTION

The observations for this investigation were obtained gi$imo
instruments on the ESO VLT at Cerro Paranal. High resolution
2.3um spectra of 5 Herbig ABe stars, targeted because of pre-
vious detection of CO first overtone bandhead emission, were
obtained using the cryogenic spectrograph CRI et
). 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 spectralutsn

of approximately 80 000. The observations of PDS 37 werentake
on 06 June 2007 and originally publishetom}

ing a slit width of 0.6 arcsec, a spectral resolution of agpnately
30000 was achieved. The archival observations of HD 101412
were taken on 5 April 2011, and were originally published by

The most abundant molecule in circumstellar discs is molec- .|!,2_Q1|2). Using a slit width of 0.2 arcsec, thisiaged

ular hydrogen (H). However, the large energies required to ex-
cite H,, low transition probabilities, and atmospheric absorptio
across the relevant wavelength range mean that thermasiemis
from this molecule is dficult to observe, and it is therefore not
an dficient tracer of these regions. Coupled rotational and vibra
tional emission of the next most abundant molecule, C@re
an alternative diagnostic. CO bandhead emission (alsectcaiter-
tone emission) is excited in warnt (= 2500-5000 K) and dense
(n > 10" cm®) neutral gas - exactly the conditions expected in
the inner parts of accretion discs, making this emissionla-va
able probe of these regions (Glassgold et al, 2004). Sepezai-
ous investigations have been successful in fitting the C@Hzed
spectra of young stars under the assumption that the emiss
inates from a gaseous circumstellar di et
2004; Bik & Thl [2004; Thi et all 2005; Wheelwright et/al. 2010;
ICowley et all 2012; llee et Al, 2013).

Then = 7—4 transition of atomic hydrogen (iHin the Brack-
ett series (By) occurs atd = 2.16um, and is also excited at
high temperaturesT( > 10*K). The origin of such hydrogen
recombination emission is still unknown. Several theotiese
been proposed, including; magnetospheric accretion phena

a spectral resolution of over 90 000. Telluric line remowa &ll
CRIRES observations was performed using standard stamsrat ¢
parable airmasses, obtained during the same observingsrtirea
science observations.

In addition to the targeted CRIRES observations, a medium
resolution spectroscopic survey was performed using tbeser
dispersed wide band spectrograph X-Sho )2
A total of 91 objects were observed in service mode between Oc
tober 2009 and March 2010 (Oudmaijer etal. 2011, Fairlamb et
al., in prep). X-Shooter provides simultaneous wavelemgier-
age from 300—2480 nm using three spectrograph arms - UVB, VIS
and NIR. The original sample of 91 Herbig /Be stars were taken
from the catalogues of Thé etlal. (1994) and Vieira et al0&0
and were selected based on sky co-ordinates appropriatheor
observing semester. A small number were discarded due ué ins
ficient brightness or ambiguous assignment as a HAeBe diey. T
sample is larger than most other published studies by arfatto
2-5. In addition to the large sample size, the use of X-Shaite
lows comparison of many spectral features from a singlerghse
tion, which is important given that HAeBes have been shown to
be both photometrically and spectrally varial

(Muzerolle et al. 1998a), inner disc regions (Muzerollelﬂzmdl)
stellar winds|(Strafella et HI. 1998) and disk wi

IMuzerolle et al. [(1998b) found that the Biine luminosity in a

2001). This paper utilises data from the NIR arm, and dealﬂlr;na
with the subset of six objects from the full sample that shwae
detection of CO first overtone bandhead emission afith3
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Investigating the inner discs of Herbig Be stars 3

The observations using X-Shooter achieved a spectral reso-luminosity and radius, and from the surface gravity a massdea
lution of R ~ 8000 A1 = 0.28nm atd = 2.3um) using a slit termined. A cross comparison of these parameters was théa ma
width of 0.4 arcsec. A single pixel element covered 0.06 nirijev with the rarsec tracks, where for each temperature and luminosity
a resolution element covered 4.3 pixels. The atmosphedgmnge pair there was a unique mass and radius. This then gave ademin

conditions in the optical varied from 1.1-1.6 arcsec betwalzser- ity that with matching parameters between both theec tracks
vations. The exposure times ranged from several minutethéor and the photometry fit. Both of the methods described above we
brightest sources, up to 30 minutes for the faintest oneddixg tested for consistency on a handful of objects, and produeeg
along the slit was performed to allow background subtracfide similar stellar parameters. The stellar parameters of bjecoPDS
data were reduced with version 0.9.7 of the ESO pipelinevsoé 37 proved dificult to determine using the methods above, so the

(Modigliani et al/2010), and verified with manually reducgata distance and luminosity were fixed to literature val .
for a handful of objects to ensure consistency. The data wkre M), which allowed a mass, radius, temperature and lwsitino
high quality, with signal-to-noise ratios of 100-140 in rmoases to be determined.

across the entire sample of HAeBes. Estimation of the typical sizes of important physical regio
To correct telluric absorption features within the X-Shewot ~ was also carried out for each object - specifically the locati
spectra, the ESO softwav@Lecrir was used (Smette et al. 2014, in  of the dust sublimation radiRs,, and the co-rotation radiR.o.
prep., Kausch et al. 2014, in prep.). TheLecrir program models One of the most simple approaches in estimafag is an ana-
the atmospheric absorption above the telescope using tatpe lytic prescription, such as those described in €
pressure and humidity profiles for the observing site, aatadi [IMonnier & Millan-Gabet 2002. Such approaches are based ®n th
transfer code, and a database of molecular parameters.aif¢hes assumptions about the absorptidficéencies of the dust in the disc,
code to accurately model the atmospheric absorption fesitarthe and using these assumptions to calculate the radius at wdhisth

telluric observations themselves. This then produced ietleric would survive given a certain stellar luminosity. Howeviiese
spectra tuned to the exact atmospheric conditions measuréue calculations neglect second ordéieets, such back-warming of the
night of the observation, but free from th&ects of noise. These  disc material through re-radiation of the stellar heatiranf the
model spectra were then used to remove telluric features fhe dust grains, or theffect of non-homogenously sized grains. Ad-
science observations, which resulted in a better cormettian was dressing suchfiects requires a proper treatment of radiative trans-
possible using the standard stars alone. fer. [Whitney et al. [(2004) calculated a series of two-diniemes!

A log of the observations of these objects is shown in Table radiative transfer simulations of discs around young staith ef-
[, their spectra around the CO first overtone ang Begion are ;ectmfe temr;eratures Udp t0<30;K Tbhelr mofd(;els include tbhe e(fj-

in Ei i i ect of re-radiation, and use a distribution of dust grazesibase

ZR,Zer:r:r;—;?&eﬂl ard 2, and their astrophysical parameters on the description in Wood etlal. (2002), with sizes betweéi-0

1000um. From the results of these simulations, the authors deter-
mined an analytic relationship between the dust sublimagalius

2.1 Determining stellar parameters and the stellar féective temperature of
Stellar parameters for the targets observed with CRIRES: wer R —R Tsub 2085 )
taken from various sources in the literature (see TEble @)la® sub = AT, ’

parameters for the X-Shooter sample were determined bjingst

ing two methods that will be described in detail by Fairlantb e

al. (in prep.), but here we briefly summarise the approacte Th

first method involved calculating the temperature and serfgav-

ity, log 9 of the objects by adopting a similar method to that of
11(2009). A best fit was performed across jhe h

whereTgy, is the temperature at which the dust sublimates. By as-
suming Tsyp is 1500 K, we have used this relation along with the
stellar défective temperatures in order to calculate the dust sublima-
tion radii of our objects, which are shown in Table 2. However
seems worthwhile to note that it isficult to assign a single value

drogen recombination lines of the Balmer serie@(H y and H5) toeiasiﬁr-eilfézrszrg gﬁ?ﬁ;ﬁec%?ns \pvg:tillc)krfl);r?:jjri\/r:\lrz;ﬁtﬁhtrr]e: tltel T-
between the observed X-Shooter spectra and a grid of Kurucz- P P ' Y

Castelli models[( 93: >004). The fi mation will take place across a range of radii in the disc. &lbe-

was made specifically to the wings of the recombination litass less, asweare simply est.lmatlng the size of typlca! reg .m?m
. . o . the discs, such treatment is beyond the scope of this igagiin.
their broadness is sensitive to changes in temperaturelafate

gravity. Only the flux measurements above a level of 0.8 oftire Where available in the literature, measuvegini values were
malised continuum were included, to avoid contaminatiotheffit obtained and used together with the derived disc inclinatfoom

by any emission component. These temperature and surfadeygr ~ the CO bandhead fitting (see Sectidn 4), in order to deterthime
values were then compared against thi&sec pre-main sequence stellar angular velocityw. This was then used to determine the co-
evolutionary tracks models (Bressan et al. 2012), whickigesl a rotation radii,
corresponding stellar mass, radius and luminosity. GM, )1/3

However, only half of the objects in the sample could be con- Reor = (7 ’ )
strained using this method, due to extreme emission of thad&a of the objects, which are shown in TaBle 2.
series which eclipses even the broad wings, and often ofiroergs
emission lines were present complicating any temperaginmate.
For these objects, known photometry from the literature wsesd
to determine a luminosity for the objects. Then the Kuruest€lli
models were fit to the photometry by reddening each model unti From the sample of 91 Herbig Age stars taken with X-Shooter,
a best-fitting slope was found, providing a temperature amel s we investigate two near infrared emission features v Bnd the
face gravity. A range of distances were then tested to peowid  CO first overtone bandheads. The equivalent widW &nd full

3 OBSERVATIONAL RESULTS

© 2014 RAS, MNRASO00,[THIZ
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Table 1. Log of the observations performed with VIX-Shooter and VLTCRIRES in which CO first
overtone emission was detected. Signal to noise is measufeatureless regions around 2,28.

Object Other name RA Dec Instrument /NS teyp 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 3373  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 SPH6 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 3373  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 3949  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 beenediépt this work. Stellar parameters are determined as itbescin
Section Z1L unless otherwise stated. Dust sublimation aa€icalculated with Equatidd K-band magnitudes are taken from 2MASS

(Skrutskie et dl. 2006).

Object Spectral K d Te Av logLpe My R, Rsup  Vsini Reor
Type (mags)  (pc) (K) (mags) @ (Mo)  (Ro)  (au) (kmsh)  (au)

HD 36917 B9.58 5.7 47 10000 0.5° 2.20 2% 1.8 04 129 0.02

HD 259431 B6& 5.7 800 1412% 1.2 3.19 6.66 6.6 33 100 0.07

HD 58647  B9& 5.4 27F 10500 1.0 2.9 3.6 28 08 118 0.03

PDS 37 B28 7.0 720 22 000" 5.66 3.27 7.0 3.0 38 ...

HD 101412  AOlljIvel 7.5 395+ 65 9750+ 250 0.39 1.58 2.3 2.2 05 '8 0.15

HD 35929  F2lI& 6.7 325+ 60 7000z 250 0.10 1.67 2.7 4.6 05 90

PDS 133 B6R 9.3 2270+ 500 13250+ 1000 1.61 2.16 3.2 2.4 1.0 ...

HD 85567 B7-8V@ 5.8 470+ 220 12500+ 1000 0.76 2.48 3.8 3.9 15 %0

PDS 69 B4VE 7.2 645+ 120 16500750  1.49 2.81 4.7 3.2 2.2

a:[Manoj et al. -Z)b Hamaguchi et AI-5¢, Kraus et al.[(2008b): [Hillenbrand et all. mz)e [Brittain et al. -7)f
(Guimaraes et al \de Zeeuw et all (1959

[Montesinos et all(2009%; Mora et al. (2001 b IMI (2003):

dmmm@o

6);

Bmmmummkér@w Mmihnﬁhﬁnko_el_dlmm

rmop eroshnlchenko etéd I-l)

width at half maximum (FWHM) of both lines were measured us-
ing themrar Noao/oNEDsPEC package. For each object, ten measure-
ments were taken, and an average of these was reported asathe fi
result, with the error in this value given as the standardeadien of
these measurements.

Because many A- and B-type stars exhibit photospherig Br
absorption, the equivalent widths for the Bilines needed to
be corrected for this feect. We adopted a method similar to

[Garcia Lopez et all (2006), with the expression
W(BI y)circ = W(BI ¥)obs = W(BT ¥)pnot 1074, ®3)

whereW(Br y)ops is the observed equivalent widt/(Br y)gnot iS
the equivalent width of the corresponding Kurucz-Castehilar
spectra based on spectral type of the object,/ds the disc con-
tinuum emission, computed by subtracting the obsekethag-
nitude from the photospherik magnitude of the corresponding
model at the same given distance. After performing the ctime
for photospheric absorption, Bremission was detected in 64 ob-
jects in the sample, absorption was detected in 6, and 2te®ur
did not show detections (where we define non detection foBthe
line as sources which showl A < W < 1 A).

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-sigved
across they = 2-0 transition. This subset of six stars showing de-
tections of CO overtone emission in the X-Shooter samplm$or

the basis of the subsequent analysis in this work, and theitsa
across the wavelength range includingyBand CO overtone are
shown in FiguréR. The objects PDS 133, HD 85567, PDS 37 and
PDS 69 all show emission from the= 2—-0, 3—-1, 4-2 and 5-3 vi-
brational transitions, while the objects HD 35929 and HD41®L
only show emission across the= 2—0 and 3-1 transitions.

The detection rate of Br emission is 70 per cent, which is
similar to other studies of lower mass T Tauri stars (74 pat,ce
IFolha & Emersdr 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 deteciies
of around 20 per cent have been reported in low to intermediat

mass YSOs (e. MS&M@L&Q@I&MMO) and 17 per
cent for massive YSOs (e013).

The line flux is calculated from the product of the equivalent
width of the emission line (in the case of Bwe use the circumstel-
lar component\;;) and the extinction corrected flux of the object
in the K-band (where we tak&y = O.11Av,m@9).
Examination of the near- to far-infrared continuum fluxeeath
object suggested that a extrapolation of the K-band madmita
2.16um and 23 um is appropriate to determine the line fluxes for
both Bry and CO. Line luminosities were then calculated using the
distances determined in Sectionl2.1, where all measurenaewt
corresponding errors are shown in TdOle 3.

For the CO first overtone emission, the strongest emissien re

© 2014 RAS, MNRASD0O,[THI4
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4T HD 35929 11 HD 35929 ]
L J L | | | | i
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Figure 2. VLT /X-Shooter spectra of the sample of objects from Thble 1 adtwes Bry (left) and CO first overtone (right) wavelength ranges. Speltave
been normalised to their respective continuum, shiftedioadly for clarity, and re-binned by a factor of 2 to redute tdfect of noise. In the right panel,
vertical ticks mark the rest wavelengths of the €6 2-0, 3-1, 4-2 and 5-3 transitions, respectively.

ative to the continuum is detected in PDS 69, while the weakes a separation of 50 knt&. As the source of this double peaking is
is in HD 35929 (the only star of spectral type F with a CO de- unknown, the FWHM is measured across the full width of the,lin
tection in our sample). The strongest,Bemission relative to the and should be considered a maximal value. The FWHM of each
continuum is observed in PDS 37, while the weakest emission i lobe of the emission corresponds to approximately 110Rnihe
detected in HD 101412. While most of the Bemission is single FWHMSs of the Bry emission are approximately 5-10 times the
peaked, we also observe double peaked emission in the spectr thermal linewidth expected for hydrogen gas at tifective tem-

of HD 101412. The objects displaying single peaked Bmission peratures of the central protostars (20-30 kh).§ his suggests the
(PDS 133, HD 85567, PDS 367 and PDS 69) also show other Hy- hydrogen recombination lines are broadened by non-themaah-
drogen recombination lines with similar lineshapes - djetly anisms, such as rotation, turbulence or in-fall toward téetral
single peaked K and Pg emission. HD 101412 shows a weak star.

double peak in K and Pg, located within a region of broad ab-
sorption. In contrast to the other objects, theyBine in HD 32929
appears to be in absorption with a very broad extent in Figglire

but after correction for thefkect of photospheric absorption, we 3.1 Arelationship between CO bandhead and By emission’

determine this line to be in emission. It should be noted thiat The relationship between the Band CO first overtone is of inter-
object has also previously been classified as a post-maireseg est, as both emission lines originate in circumstellarrements.
star (Miroshnichenko et dl. 2004). A full study of the othesraic In addition to the simultaneous X-Shooter observatiorepthjects
hydrogen lines mentioned here, and their diagnostic pawitihe HD 259431 and HD 58647 for which we present CRIRES data
performed in a subsequent publication (Fairlamb et al. @pgr were also shown to posses Bemission by Brittain et al| (2007).

Similarly to_mn the lineshapes of theyBr These fluxes are included in Talple 3. However, it should bechot
emission are broad (130-220 kmi)sand do not exhibit a blue- that because these data are not simultaneous,ftett ef spectro-

shifted absorption component often seen in HerbigB&estars, ~ SCOPIC variability may alter the values slightly.
which suggests the emission does not originate in a wind BFhe Figure[3 shows the luminosities of both lines measured from
emission of HD 101412 shows a double peaked line profile, with the X-Shooter and CRIRES datasets. The detections (filled an

© 2014 RAS, MNRASD00,[THIZ



6 J.D.lleeetal.

Table 3. Equivalent widths V), line fluxes ), line luminosities L) and line widths (FWHM) as measured forBand COv = 2-0 emission shown in
Figuredd &2. Equivalent widths for Brare corrected for photospheric absorption using the medesdribed in Sectidnl 3. Equivalent widths for CO
are measured from 2.29-2.8M. Also shown is the mass accretion rdig, calculated based on the relationship described in Equdtio

Object W(CO) F(CO) L(CO) FWHM(Bry) W(Bry.rc) F(Bry) L(Bry) M
A) (Wm-?) (Lo) (kms™) A (Wm-?) (Lo) (Moyr™)
CRIRES
HD 36917 -7.6+02 19x03x10% -19+03
HD 259431 -44+01 12+02x10% -22+04 -39+03" 11+01x10'™ -21+04 32x10°
HD 58647 -24+02 79x08x10% -22+01 -33+03" 98+01x10'% -17+01 48x107
HD 101412 -2.8+03 13+04x10% -32+04
PDS 37 -20+04" 24+08x10% -24+03
X-Shooter
HD 35929 -24+04 22+04x10' -17+02 570+90 -1.3+09 12+02x10%% -26+02 15x107
PDS 133 -40+07 40+£07x10Y -22+09 170+5 -54+05 53+06x101Y -22+09 13x10°
HD 85567 -47+02 11+01x10' -16+02 130+2 -43+01 98+03x10%%® -17+02 12x10°
PDS 37 -30+£02 37+03x10' -29+03 190+6 -91+09 12+01x10'® -32+05 13x10°
HD 101412 -51+05 24+02x10' -31+04 220+20 -29+04 13+05x10%®  -34+04 13x107
PDS 69 -67+08 46+06x101% -22+05 205+15 -84+06 58+06x101® —21+05 91x107
+: Data does not extend across the fu# 2—0 bandhead, therefore this value should be consideretea limnit,
x: taken frol7), where we assume an erfréO@er cent.
S A A R | [ e e
; 1
HD 36917 L % 1
N | -2f .
\ L l 1
25 . ~ 1]
HD 259431 i =
8 o :
S FO: b
4 (=2} L 4
o L 4
| | € it
- L A l %i v ]
+ 201 HD 58647 : K “1 ﬁ@ b
3 z ahu iy z
M T ANy WWMM : ! \) i Y ;
—5: ““““ [P \L cl [ ]
| -5 -4 -3 -2 -1
PDS 37 log L(Brv) (Lo)
15 m |
" h ] Figure 3. A comparison of the line luminosities measured from the CO
v = 2-0 and By lines (after correction for photospheric absorption) for
HD 101412 objects displaying such lines in emission or with an uppmitlfor non-
detection. Filled circles represent measurements fronsithaltaneous X-
Shooter observations, open circles represent non-sinedtes measure-
0 WWMM{ ments from the CRIRES observations and literature dataaeds repre-
1 sent measured upper limits for non-detections. A best fiiéodetections,
! B logL(CO) = (0.6 + 0.2) logL(Bry) — (0.8 + 0.5), is shown with a red line.
2.30 2.31 2.32
A (um)

Figure 1. VLT /CRIRES spectra of the sample of objects showing CO first
overtone bandhead emission. Spectra have been normalisied tontin-
uum and shifted vertically for clarity. Vertical ticks matke rest wave-
lengths of the CQv = 2-0 and 3-1 transitions, respectively. The observa-
tions of PDS 37 were conducted using an alternative wavéiesggting to
the rest of the observations, therefore no data is availzdfend 2.311um.

open circles) occupy the upper ranges of the relationshipys
ing that detection of CO overtone emission is associateth wit
the detection of By emission. The detections show a positive
correlation, best fitted with the relationship lb@CO) = (0.6 +
0.2) logL(Bry) - (0.8+0.5). While this correlation does not imply
a direct dependence on both of the emission lines, it sugdlest
similar factors may fiiect the strength of both lines when they are
present.

As the calculation of upper limits for CO first overtone emis-
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Investigating the inner discs of Herbig Be stars 7

sion is complicated by the non-Gaussian shape of the oviesll has been determined, it is then used to calculate the massiaoc
ture, here we describe the process adopted to determine them rateM via
ing the modelling routine described in Sect[dn 4, a synth€® - LaccRs

first overtone spectra is created, along with a spectrumrafaia M=

noise. The strength of random noise is altered to produceesss
spectra that span the range of SNR shown by the observations (
260). The strength of the CO emission is decreased untileh& p
of thev = 2-0 bandhead drops below the 3-sigma level in each
of these spectra. The equivalent width is then measuredsithe
2.29-2.3um wavelength range for the corresponding model (with

oM. ®)
Table[3 shows the mass accretion rates that were determined
for each object using this procedure (including the two cisje
where measurements were taken fm@momm
performed measurements of strength ofyBrmission for the re-
maining objects in the X-Shooter observations.

no random noise). The relationship between the true egrival ~The mass accretion rates of the all objects exhibiting' Br
width and the signal-to-noise ratio was then determined,than emission span the range of £610* Mo yr, W'“; the mlaJOth
used to calculated the upper limit of equivalent width focleaon- of objects possessing rates of approximateky10~* My yr—. The

detection, based on the SNR of the spectrum. The upper liorits ~ Mass accretion rates of the objects exhibiting both &nd CO first
non-detections were then taken as the product of the K-bamd fl ~Overtone emission spana snl‘laller range 017-1@0? Mo yr, with
density and this equivalent widty. = Fx Wy, . To ensure consis- ~ an average of & 10~ My yr—. Therefore, while it seems objects

tency, we also perform an identical procedure for the noeafietns ~ Possessing CO first overtone emission span a small rangess ma
of Bry emission. However in this case, we use a Gaussian lineshapeaccretion rate, their average mass accretion rate does@ot sub-
centered at 2.1655m, rather than a model bandhead spectra. stantially diferent to objects without such CO emission.

The accretion rates are somewhat higher than measured by
.4), who examined the spectra of nine irtelim
ate mass T Tauri stars and find an average mass accretionf rate o
3 x 108 M, yr-t. However, the HAeBes studied here are located
at larger distances, are more luminous, and are thus (omgeler
likely younger than the T Tauri stars described above. Ifsyas
cretion rates decrease with stellar age, then this may iexplay
) ) o ) ) the mass accretion rates of the HAeBes are higher than tHose o
Given that the line luminosities in both axis of Figlile 3 were the T Tauri stars. When compared with similar objects, ssdha
calculated by multiplying the equivalent widths by the sazpe- study of 38 Herbig Ae stars Hy Mendigutia et &l. (2011), tbe a

tinuum fluxes and the same square distances to the corréagond (etion rates determined here are in agreement with thearted
objects (Sectioh 2]11), we tested the possibility that theetation median mass accretion rate ok207 M., yr.

'TQ' Spurious. Hoyve\_/t_ar, the _Spearmans probability of fab_meia— However, it should be noted that the relation in Equation
tion does not significantly increase when both the continaunah B was determined from examination of Herbig Ae objects (with
distance values are considered through the partial ctioel&ch- w ! xaminat '9 . Wi

. - . . Ter < 1.2 x 10°K), and the applicability of this magnetospheric
(Wall & Jenkins 2003). - ef A . .
nique 3). This suggests that the coriictie shock model in relation to the Herbig Be objects presented he

tween line luminosities is not spurious, although we noge thore — L
data is necessary to provide any statistical significance. has not yet been proveh_LM_en_ngulLa_éLaL_iOH)_. Othe_”ms
lines have been shown to accurately correlate with varionis-e

This correlation between the line luminosities is in agreetn sion excesses, allowing them to be used as accretion trgeers

with several previous studies of both emission lines in gpstars. Her, [Oudmaijer et af. 2011). This will be investigated in defail

(198) studied a sample of 40 YSOs, in which they find a pos  the remainder of the X-Shooter dataset in a subsequentatibli

itive correlation between the line luminosity of the GO= 2-0 (Fairlamb et al. in prep.).

emission and the Br emission in the 10 objects with such emis-

sion.|Connelley & Greehe (2010) examined NIR spectra of 110

Class | YSOs, and found a positive correlation between thiéveq 4 MODELLING THE CO BANDHEADS

alent widths of the CQ@ = 2-0 and the By lines, where detected
in their sample. In order to determine the origin of the CO emission, we fittesl t

spectra using a model describing the circumstellar enkrent
of CO as a thin disc in Keplerian rotation, previously uglisin

Wheelwright et all. [(2010);_llee etlal. (2013) and Murakawal=t

m). The program is briefly described below.

Analysis of the non-detections shows that the upper linoits f
the line luminosities of CO first overtone emission are betw#
and 1.5 dex below the luminosities calculated from the dietes.
This suggests that our observations are not limited by rinitiee
spectra, and that more sensitive observations with longegiia-
tion times would not allow the detection of weaker CO firstreve
tone emission following the same trend.

3.2 Determining accretion rates

As mentioned previously, the luminosity of ihas been shown to The population of the CO rotational levels, to a maximum of
correlate well with the accretion luminosity of interme@ianass J = 100, for eachAv = 2 vibrational transition considered are
YSOs, giving rise to several correlations between the twantje determined in each cell according to the Boltzmann distidioy

ties (see, e.g. Calvet eflal. 2004). Recehtly. Mendigutéd €2011) which assumes local thermodynamic equilibrium, and #G®a-

looked at a large sample of Herbig Ae stars and determined-a co tjo of 104. The disc is divided into 75 radial and 75 azimuthal cells.

relation following Each transition is assumed to follow a Gaussian with a witlthvo
L La, The intensity of emission from each cell of the disc is calted
log Lacc =(0.91+0.27)x log L—y +(3.55+ 0.80). (4) from |, = B,(T) (1 - e ™). The emission is then assigned a weight
© ©

determined from the solid angle subtended by the cell onkie s
We have used this correlation between accretion luminosity The emission from each cell is wavelength shifted to accéomt

and Bry line luminosity to determine the accretion luminosities of the line-of-sight velocity due to the rotational velocitiytbe disc.

the objects possessing Bemission. Once the accretion luminosity  The emission from all cells is then summed together, smaothe
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Table 4.Parameter space that is searched during the model fittirg guoe

Parameter Range
Inclinationii 0<i<90°
Intrinsic linewidthAy 1< Ay <30kms?
Inner radiusk; 1< R <100R,
Inner temperaturéd; 1000< Tj < 5000K

1012 < Nj < 10%°cm2
-4<p<0
-4<q<0

Inner surface densitiy;
Temperature exponent
Surface density exponeqt

the instrumental resolution, and then shifted in wavelengtac-
count for the radial velocity of the object to produce tharenEO
bandhead profile for the disc.

The excitation temperature and surface number densityeof th
disc are described analytically as decreasing power laws,

-1l

I'q
)

whereT; andN; are the excitation temperature and surface density
at the inner edge of the di$g, andp andq are the exponents de-
scribing the temperature and surface density gradiergectisely.
The optical depthz, is taken to be the product of the absorption co-

(6)

M0=M( (7

efficient per CO molecule, and the CO column density. Since we are

considering a geometrically thin disc, the column densitgiven
by the surface number densif; The outer radius of the CO emis-
sion region is taken to be the radius at whickalls below 1000 K,

the temperature at which we assume CO overtone emissionocan n

longer be excited dficiently to be detected.

The best fitting model is determined using the downhill sim-
plex algorithm, implemented by theioesa routine of the IDL dis-
tribution. The input spectra are first continuum subtracéed then
normalised to the peak of the = 2-0 bandhead. Model fits are
compared to the data using the reduced chi-squared statisti
and the error in the data is taken to be the standard deviatitire
flux in the pre-bandhead portion of the spectra. Free paesef
the fit are the inner surface number density, the inner teatpes,
the inner radius, the intrinsic linewidth, the temperatamd density
exponents and the inclination. The fitting routine is repdatith
six starting positions spread across the parameter spaveitbre-
covering only local minima iry?, and the final best fitting model
is determined from these six runs. The range of parameterespa
searched is shown in Tal[é 4. Errors on the best fitting parame
ters are calculated by holding all other fitting variablethair best
fitting values, and altering the parameter of interest uhéldifer-
ence in reduced chi-squaretly?, increases by unity.

4.1 Fitting the X-Shooter observations

The object HD 101412 provides useful test case for our aisalys
as it has been observed with both X-Shooter at medium résolut
and CRIRES at high resolution. Figlire 4 shows the compan$on
thev = 2—0 bandhead for both sets of observations.

The CRIRES spectrum & ~ 90 000 shows much detail that
is not seen when the considering data of a lower spectralureso
tion of R ~ 8000. In particular, the individual rotational transi-
tions in the blue shoulder of the bandhead and the doublkegea
rotational transitions are almost entirely lost in the Xe8ter spec-

HD 101412

CRIRES (R~90000)

FO\) +k

X-SHOOTER (R~8000)

0.5+ |
CRIRES (R~8000)
00 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1
2.294 2.296 2.298 2.300
A (um)

Figure 4. Comparison of CRIRES and X-Shooter data for HD 101412. The
CRIRES spectrum & ~ 90 000 shows much detail that is not distinguish-
able when considering data of a lower spectral resolutidR ©f8 000.

corresponding to the spectral resolution of the X-Shoo#ta,de-
binned the appropriate amount, and given a similar levedioflom
noise, the data appears qualitatively similar to the X-$éospec-
trum. However, measurement of the equivalent width of tigircal
and degraded CRIRES spectra yielded very similar resulssi(2
while measurement of the X-Shooter spectrum gave a largev-eq
alent width of 5.1 A, suggesting that the CO first overtonession
in HD 101412 may be variable. Nonetheless, it is clear thathmu
information is lost when the spectrum is degraded to thduiésa

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-Shoote
data, recovering multiple best fit solutions at simjdwvalues with
very different parameters (which we do not show here). We attribute
this to the low resolution data not showing important feasuin
the spectra, such as the blue shoulder of the bandhead andrthe
row, double peaked rotational transitions mentioned earttiow-
ever, when the fitting routine was performed on the high re&mi
CRIRES spectra for HD 101412, a single, unambiguous bastffitt
model was obtained.

4.2 Fitting the CRIRES observations

Given the issues of fitting the X-Shooter spectra describvetip
ously, we chose to restrict our modelling of the CO bandhéads
the 5 objects observed with CRIRES. The results of this fjttire
shown in Tabl€b and Figufé 5. Below we discuss the fittingltesu

trum. When the CRIRES spectrum is convolved with a Gaussian on an object-by-object basis.
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Figure 5. CRIRES spectra showing the CO first overtone bandhead emifisiack) with best fitting model (red). Regions of the spettexcluded from the
fitting are shown in grey. Insets show the line profile of the 51-50 transition of CO taken from the best fitting model. Behehe spectra are diagrams
depicting the corresponding structure of the model: the gizhe central star is shown at the origin, the black regepias the size of the CO emission region,
the grey region stretches from the dust sublimation raditeards (Equatiofll), and a vertical line marks the locatibthe co-rotation radius (Equati@h 2,
where data is available).
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Table 5.Best fitting parameters obtained from the fits to the CO owmertemission using the fitting routine. The outer disc raditdefined at
the point in the disc in which the temperature drops below0XGherefore no error is presented. Errors shown with sst®idenote that the
change in the value of the reduced chi-squared stafiétivas less than one across the allowed parameter range usefiting procedure

(see TablEl).

Output Parameter HD 36917 HD 259431 HD 58647 HD 101412 PDS 37
CO inner radius R (au) 0.19%% 0.89°21 0.18+0.01 10%92 1.601
CO outer radius Ry (au) 15 4.3 0.62 1.1 3.8
Inclination i(°) 517 523 757, 87 892
Inner surface number density ~ N; (cm™2) 6.073x 100 0.1636x10?° 06212x 100 14775x 107 0.1753x 10°°
Inner temperature Ti (K) 34oo+ggg 320025, 2800725, 100030 50007 500
Intrinsic linewidth Av(kms?l) 543 10. 745 108 + * 5.23 18+

0.1 04 03 " 07
Temperature exponent p 0571 -0.7479 -0.8973 -0.46'3, -1.9*7
Surface number density exponentq -1.8722 -3.3*12 -1.615 —05+ ~17++
Reduced chi-squared x? 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 58far with a stellar
radius of 1.8R, an dfective temperature of #& and located at

a distance of 470 p¢_(Manoj etlal. 2002; Brittain et al. 200He

bolometric luminosity has been determined to be 245with a

visual extinction of 0.5 mag$s (Hamaguchi el al. 2005).

Our modelling of the CO bandheads indicates a best fitting
disc model extending from 0.1-1.5au, at an inclination of.51
The inner edge of the CO emitting region reaches a temperatur
of 3400K, at a density of & 10°°cm2. The temperature and sur-
face number density exponents are well constrained0i and
—1.8 respectively, and the temperature exponent agrees wibll wi
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 acaks
culated from Equatiofl1, but lies beyond the co-rotationusof
0.02 au. The intrinsic linewidths of the individual traimsits in the
CO bandhead correspond to 5.4Rpwhich are approximately 2-5
times the thermal linewidths for CO at temperatures betvi®e0—
5000K, indicating broadening by non-thermal mechanisms.

Our results are in contrast to the studmmoom

who are unable to fit their observations of the @& 2—-0 band-
head using a disc afat ring model, due to the fitting procedure
returning solutions that converge with unphysical valumgl as
temperatures higher than the dissociation temperatur€©gf The
authors therefore model the emission using an expandinfathe
CO, which produces satisfactory fits to the spectrum, iniqaer
the rounded, convex-shaped blue shoulder of the bandhehdiin
data. Our observations of HD 36917 do not exhibit such a rednd
blue shoulder, but rather a traditional concave-shaped &houl-
der, traditionally attributed to emission from a disc. Tailws us
to obtain a satisfactory fit to the spectrum using our discehoiks
our data is of higher spectral resolution than the obsematpre-
sented i8), it is unlikely that thefediences in the
spectrum presented here are due to a resoluti@tte It is possi-
ble that the source of the CO emission in HD 36917 is variatid,
that overtones are excited both within a disc and shell ld@ngetry
around the central star. However, time monitoring of anycspé
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 Mtar 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 155Q L and an &ective

temperature of 14 125 al. 2008b).

The best fitting disc model for HD 259431 extends from 0.89—
4.3au at an inclination of 52 It is interesting to note that the
spectro-interferometric study MOSb) detee an
inclination of approximately 50for this object, which agrees very
well our derived disc inclination. The temperature andacgfnum-
ber density of the inner disc are 3000 K and 20°° cm2, with ex-
ponents of-0.7 and—3.3 respectively. The temperature exponent
is in agreement with the expected value-@75 from a flat black-
body disc [(Chiang & Goldreith 1997). The inner edge of the dis
extends to within the dust sublimation radius of 3.3 au, hawre
this lies outside the co-rotation radius of 0.07 au as cated|from
vsini = 100 km s*(Hillenbrand et all. 1992). The linewidth of the
individual rotational transitions of CO is 10.7 kmtshowever this
is not well constrained. Nevertheless, this is a factor & 8mes
the thermal linewidth for CO at 1000-5000 K.

Brittain et al. (2007) measured the Bremission of HD
259431 and determine a full width at zero intensity (FWZI) of
350 km s, with a luminosity of 381x107* L, which they calculate
to correspond to a mass accretion rate 4f>410~" M, yr-tusing
a relationship based upon UV veiling. Using these measure-
ments with the relationship described in Mendigutia e{(2012),
we calculate a higher mass accretion rat2 8 105 Mg yr.
Hillenbrand et al.[(1992) also find a higher accretion rat&.0f x
10°° M, yrt, determined from fitting the SED of HD 259431. This
discrepancy may be explained by the fact that the accretimrcal-
ibrations used have not been proven to be valid for Herbigt&s s
as hot as HD 259431.

4.2.3 HD 58647

The stellar mass of HD 58647 is assumed to be 3,0Mth a ra-
dius of 2.8 M,, located at a distance of 277 007).
It has an &ective temperature of 10500 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 detgtp
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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 detetiipr
and extrapolated across the remaining data. Though trasmabt
included in the formal fitting process, it can be seen thahtbeel
qualitatively reproduces the features across this redidineospec-
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 Equatidn 1. The inner edgiesof
CO emitting region reaches a temperature of 2800 K, at a ©fensi
of 6.2 x 10 cm2. The temperature and surface number density
exponents are not well constrained, but give best fittingeslof
—0.89 and-1.6 respectively. The intrinsic linewidths of the indi-
vidual transitions in the CO bandhead correspond to 10.8knas
factor of 3—8 times the thermal linewidth for CO at 1000-5800

8) fitted their observations of the CO overtone
emission in HD 58647 with an optically thick ring at a temgara
of 2380K, a surface density of@x 10?°cm 2, and an intrinsic
linewidth of 7.7kms?, seen at an high inclination to the line of
sight. These values agree with the fit obtained using ourrease
tions and disc model to within approximately 1-&.5

Brittain et al. (2007) measure the Bremission line from
HD 58647 to be double peaked, with a full width at zero inten-
sity (FWZI) of 400kms?, and a luminosity of 2B x 10 L,
They calculate this to correspond to an accretion rate.5fx3
107 My yrt, which is consistent with the accretion rate o8 &
1077 M, yrtdetermined using Equati@nh 4.

4.2.4 HD 101412

We determine HD101412 to be a 2.3 Mtar with a radius of
2.2R,, and an #ective temperature of 9750 K. It has a relatively
low bolometric luminosity of 38L, and a visual extinction of
Ay = 0.39 mags. Our modelling of the CO overtone indicates a
best fitting disc model extending from 1.0-1.1 au, at an macli
tion of 87. The inner edge of the CO emitting region reaches a
relatively low temperature of 1000 K, at a relatively highndigy

of 1.4 x 10??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 emittingiom is
very narrow, and thus determination of a gradient for thepem
ature and density is flicult. The intrinsic linewidths of the indi-
vidual transitions in the CO bandhead correspond to 5.2&ms
which is 2—4 times the thermal linewidth. In contrast to dahey
best fitting disc models, the CO emission region for HD 101412
lies beyond the dust sublimation radius of 0.5au calculé&teh
Equatiorl. Additionally, HD 101412 exhibits the relativaveak
double-peaked By emission, contrary to the strong single peaked
Bry emission of other objects studied in this work.

HD 101412 was the sub
ing CO bandhead emission

ect of a similar investigation involv-

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

High spectral resolution observations of thel@mission line
at 6300 A were examined by van der Plas et al. (2008), who-deter
mined that this emission originates from a region in a disenfr
0.15-10 au, viewed at an inclination of°3@nd corresponds to a
vsini of 8kms?. The authors suggest that HD101412 is in tran-
sition between a flaring and self shadowed disc. The authseos a
note a drop in the radial [@ emission of 50 per cent at approx-
imately 0.5 au (corresponding to their calculated dustimadilon
radius), and a re-brightening shortly afterwards at apiprately
0.8 au. The initial drop is attributed to the self shadowihg pufed
up inner rim at the dust sublimation radius, but the authots that
the observed re-brightening is unexpected. HD 101412 wabn
the subjects of a study of CO fundamental ro-vibrationalssion
byO). The comparable linewidths of CO antl [O
led this author to suggest that HD 101412 has a disc with gyon
flared gas, but mostly settled dust.

This interpretation could explain why we apparently detect
CO bandhead emission beyond the dust sublimation radiu®in H
101412, in contrast to the other objects studied here. Ostrftie
ting model for the spectrum of HD 101412 suggests a relgtivel
cool (1000 K) but high density (#&cm2) emission environment
- if there is a sfiicient amount of dense gas located above the
highly settled dust in the disc, then CO first overtone eroissi
may originate from these regions. The X-Shooter spectrubif
101412 only exhibits the C@= 2—-0 and 3—-1 bandheads, suggest-
ing there is not sflicient 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 axisymmetrigcdi
geometry, which may explain why our reported high inclioatis
in contrast to the low measuradsini of 8kms? and low incli-
nation reported in van der Plas et al. (2008). In additiontheee is
an inversely proportional degeneracy between the locatfdhe
emission and the disc inclination in our CO modelling praged
adopting a lower inclination would mean the correspondimise
sion region is closer to the star, likely inside the dustisoétion ra-
dius. As the inclination recovered for HD 101412 is almostaly
edge on, then the reported location of the CO emission reptes
an upper limit to the radial distance of this region.

4.25 PDS37

PDS 37 (aka G282.298®80.7769) was previously investigated as
a massive young stellar object @013), whereeh s
lar mass, radius andfective temperature of 11.8/Mand 4.7 R,

26 100K were calculated from the bolometric luminosity and
adopted for the fitting of the CO emission. This lead to a best fi
ting disc model 1.7-9 au in extent, at an inclination of .80he
inner temperature of the disc was 4800 K, and the surfacdtgens

by Cowley et Al (2012). The authors Was 1x 10°cm™?, varying with a slope of -0.97 and -1.4 respec-

find fits to their spectra assuming a disc of CO that is at most fively. The intrinsic linewidth of the transitions was detened to
0.8-1.2au in extent, at a temperature of 2500K, and assumingP€ 16.3km st

the disc is edge on, following the inclination of ‘8@etermined
from I.8). Our results onlyffdr slightly from
.|L2_Q1|2), but it should be noted that their model a
fitting routine were dierent to the methods presented here. For in-
stance, they assume an isothermal ring of CO with fixed paeasie
such as inclination, and the fitting was performed visualithwo
systematig/? minimisation. However, the results here still suggest

© 2014 RAS, MNRASO00,[THIZ

Here we calculate PDS 37 to have a mass of 7,0&8radius
of 3.0 R,, a bolometric luminosity of 18604.and an &ective tem-
perature of 22 000 K. Modelling the CO bandhead emissiongusin
these stellar parameters indicates a best fitting disc neodehd-
ing from 1.6-3.8 au, at an inclination of 89°. The inner edge of
the CO emitting region reaches a temperature of 5000 K, aha de
sity of 1.0x 10 cm2. The temperature and surface number density
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exponents are not well constrained-dt9 and—1.7 respectively.
The location of the CO emission region coincides with dustisu
mation radius of 1.5 au, as calculated from Equdfion 1. Ttimsic
linewidths of the individual transitions in the CO bandheadre-
spond to 18 km, which is approximately 6—14 times the thermal
linewidths for CO at temperatures between 1000-5000 K.rAlte
ing the stellar parameters changes the best fitting modahpeters
slightly, however still indicates a relatively large CO sgion 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 sigres are
seen across the ddand doubly peaked Reemission lines, indicat-
ing the presence of a gaseous disc viewed at a high inclméatio
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-Shodtiee
most complete spectroscopic sample of HerbigB&estars to date),
we find a low detection rate of CO first overtone bandhead éoniss
of approximately 7 per cent. While a low detection rate ialfts in
agreement with previous studies, our detection rate istantially
lower than studies of low mass T Tauri and Herbig Ae stars (20

per cent,_Calir 1989; Connelley & Gregne 2010), and also idhig

mass MYSOs (17 per ce @013).

Itis also striking that although our full X-Shooter samptane
tains many A-type stars, we have only detected CO overtorigem
sion in one A-type star. In contrast to this, although our giam

CO overtone spectra indicates the emission originates &owvi
ronments with a surface density of at least®n2. In addition,
Muzerolle et al.|(2004) present models of the inner regidmiszs
around HAeBe stars, and show that for accretion rates greete
108 M, yr, the inner gaseous disc becomes optically thick. The
accretion rates determined from our analysis of the Br these
objects are above this level, further suggesting that tbgects
possess a large amount of gas of a high density close to thelken
protostar.

One unresolved issue with this interpretation is that tlaeee
a handful of objects possessing high accretion rates thabtex-
hibit CO first overtone emission. The work|of Calvet et mP
showed that CO in absorption could be expected from high mass
accretion rates (observed in FU Ori objects), however weao n
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, asérd@nes
which regions of the circumstellar environment can be probkde
find that four out of five of the objects possess best fitting disd-
els with inner radii located interior to the correspondingstdsub-
limation radii. This suggests that the CO emission origgadtom
a gaseous disc, close to the central protostar. The onetdbjec
which this is not the case, HD 101412, exhibits features whie
not typical when compared to the other objects studied e (
Sectiof4.21).
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 £mi
sion is also shown to originate from beyond the co-rotatadius,

contains few B- and F-type stars, we have detected CO in h tota in objects wherevsini measurements are available in the litera-

of 7 B-type stars and one F-type star. So, also in our sample th
may be evidence that the detection rate for CO first overtoms-e
sion is lower for intermediate-mass young stars than for lamad
high-mass young stars. Below we discuss possible exptarsafor
this.

High temperatures are required to excite the C@a@ently in
order for CO bandhead emission to become detectable. $efera
the objects in our study are B-type stars (and HD 101412 igpef t
HAO, having also been classified as B-typ 2006
Therefore, these objects are hotter and more massive thath
type counterparts. It could be that many T Tauri and Herbig Ae
stars are not hot enough to continually excite the CO ovesadn
a circumstellar disc environment. In such cases, variafle@is-
sion in lower mass YSOs could be explained by bursts of active
accretion [(Biscaya et Hl. 1997) or by originating from &etent
environment (e.g. magnetic funnel flows, Mditin 1997). Heeve
modelling of high spectral resolution observations of geanum-
ber of T Tauri stars would be required to confirm the originha t
emission.

It is also possible that the majority HAeBes do not have
enough gas in their close circumstellar environments tmnadiuf-
ficient excitation of the CO bandheads. In addition to highger-
atures, high densities (8 10'°cm3) are required before this ro-
vibrational emission becomesfhuiently excited to be detectable.

ture. Therefore, our modelling suggests that while CO fivstimne
emission is a valuable probe of the inner gaseous disc coampon
around young stars, other spectral tracers are requirgdde te-
gions close to the co-rotation radius, where any deviatfonis
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 load-
curately determine the statistical significance of thig ionethe-
less possible that a geometric selectidieet is at work. One pos-
sible explanation for a preference toward more inclinedsieould
be that in addition to a inner disc, the CO emission may akswetr
the vertical inner wall of the dust disc, located at the dustlis
mation radius. However, further investigation using medkeét are
able to include such emission geometry would be requiredmte c
firm this.

A preference for moderate to high inclinations is in cortras
to the study of CO emission of massive YSO.{b_)L—IJ_e_e_hZOlS
which found an essentially random orientation of disc imations.
The masses of the objects studieOlS) wesg-de
mined from the bolometric luminosity of the objects, whiclkayn
have included contributions from accretion, and coulddfwe be
overestimates of the true stellar masses. In such casesgeagse
timate of the stellar mass can lead to a lower inclinatiom$pee-

While direct measurements of the amount of gas within these covered. This ffect can be seen in our modelling of PDS 37 - in

young stellar systems isfilcult, 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 regiarieared
efficiently, then it will not be possible to reach densities high
enough to allow overtone emission to occur. Our modellinthef

this work, we recover a an inclination of 8sing a stellar mass
of 7.0 M, while in@.KZ_Q]b) we recover an inclination of
80 from a stellar mass of 12 M While this efect is small, it may
explain why no such preference for moderate to high indfmat
angles was found for MYSOs.

© 2014 RAS, MNRASD0O,[THI4
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A positive correlation between the line luminosities of @©
bandhead and Bris found, and while this does not imply a direct
dependence (and the number of objects with emission is two lo
to attribute a statistical significance to the correlatj@gnjoes sug-
gest that similar factorsfiect the strength of both emission lines.
However, analysis of the linewidths shows that theyBimission
is approximately 20 times larger than the correspondingwidths
obtained from the fitting of the CO bandheads. Thi$edéence in
linewidth suggests that both lines do not originate in theeskine-
matic environment, and are therefore likely not co-spaffdiis
is in contrast to the recent interferometric stud !
), who find a near-coincidence of CO overtoney Bnd con-
tinuum emission in 5 YSOs. The spectro-interferometriclgtaf
.Ma) suggests two possible origins foy Bmis-
sion - compact regions, or more extended regions possiatyny
stellar or disc winds. Further analysis on the precise ionaif the
Bry emission will be required in order to study any possible con-
nections between these two emission lines.

6 CONCLUSIONS

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

e From a large spectroscopic survey of over 90 HAeBe targets,
we detect only six objects exhibiting CO first overtone barath
emission, corresponding to a detection rate of approximateer
cent. Analysis of the upper limits suggests that the majofinon-
detections are not due to the sensitivity of the X-Shootstrin
ment.

e The objects displaying CO overtone emission are mainly of
spectral type B, and are thus hotter and more massive than the
A-type counterparts.

e In all objects that display CO bandhead emission, we also
find Bry emission of varying strengths. We find a positive corre-
lation between the strength of the GO= 2-0 bandhead and the
Bry line, in agreement with previous investigatio@@;%g
Connelley & Greene 20/10), showing this correlation extetws
YSOs of higher masses.

e The high resolution spectra of 5 objects exhibiting CO first
overtone emission are fitted with a model of a thin disc uncdieig
Keplerian rotation, and good fits are obtained to all spettraas
determined that the spectral resolution of the X-Shootgriment
was instificient to obtain reliable model fits using this procedure.

e The linewidths of the By emission are between 10-40 times
larger than the intrinsic linewidths of the CO overtone esios,
suggesting that they originate infiirent kinematic environments.

e The location of the CO overtone emission in these best fitting
models is consistent with the hypothesis that it originditesn a
small scale gaseous disc, interior to the dust sublimatioiius,
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 259431GMW
147,b), we obtain a remarkably similar e/atu
the inclination of the disc based on our fitting technique50°).
While this comparison can currently only be made in one dbjec
does suggest that high spectral resolution observationbeased
as an alternative to interferometric observations to itigete the
sub-au scale regions around young stars.

© 2014 RAS, MNRASD00,[THIZ

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 comparisorhvaitir
spectral fitting technique. This, alongside more soplastid mod-
elling that can include the vertical structure of inner disaill pro-
vide much information on the nature of the inner regions adou
Herbig AgBe stars.
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