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STRONG EMISSION-LINE STARS IDENTIFIED TOWARD THE ROSETTE NEBULA
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ABSTRACT

Several strong emission-line stars were found in the optical identification of the ROSAT PSPC sources in
the Rosette Nebula. These possible X-ray emitters were classified from the low-resolution spectra obtained as
Herbig Ae/Be type stars or probable weak-line T Tauri stars. A classical Be star was also identified around
one of the X-ray sources studied. Our study supports the conjecture that ROSAT X-ray observations could
trace low- and intermediate-mass star formation to a distance of ~1.5 kpc.
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1. INTRODUCTION

The Rosette Nebula, a spectacular H 11 region, is exca-
vated by the strong winds of several O stars in the central
young open cluster NGC 2244, which has an age of about
3 x 10° yr (Ogura & Ishida 1981). This on-going star-form-
ing region (Meaburn & Walsh 1986; Clayton et al. 1998;
Phelps & Lada 1997) is located at a distance of ~1.5 kpc at
the tip of a giant molecular complex of about 100 pc in
extent (Dorland & Montmerle 1987). ROSAT PSPC obser-
vations of the densest rim of molecular gas southeast of the
H 1 region were conducted by Gregorio-Hetem et al.
(1998). X-ray hardness ratios and Ly /L, ratios of the X-
ray sources detected were found to be comparable to those
of the low- and intermediate-mass pre-main-sequence
(PMS) stars in nearby star-forming regions (SFR). The
authors argued that most of the pointlike ROSAT sources
in their sample were T Tauri and Herbig Ae/Be stars. We
infer that this could probably be true for ROSAT PSPC
sources all around this active star-forming region. To check
this conjecture, all possible optical counterparts within the
positional error circle of every ROSAT PSPC sources
(Voges et al. 1994) available in a field of 1 square degree cen-
tered on the Rosette Nebula were identified, and low-resolu-
tion spectroscopic observations of those with an USNO R
magnitude of less than 18.0 mag were performed for (1)
accurate spectral classification of the optical counterparts to
the ROSAT point sources aimed at further investigations on
the origin of the X-ray emission in this region; (2) selection
of a sample of late-type cluster members as low-mass PMS
candidates for following up higher resolution spectroscopic
study to further confirm their nature; (3) possible identifica-
tion of Herbig Ae/Be, T Tauri and other strong emission-
line stars such as Be stars to facilitate studies of, for exam-
ple, the initial mass function in this young SFR; (4) further
elucidating if X-ray explorations at the ROSAT detection
limit can efficiently trace star formation at distances greater

! Institute of Astronomy, National Central University, Chung-Li 32054,
Taiwan; ljz@astro.ncu.edu.tw.

2 Beijing Astronomical Observatory, National Astronomical Observ-
atories, CAS, Beijing 100012, China.

3 National Optical Astronomy Observatories, 950 North Cherry
Avenue, Tucson, AZ 85719.

4 Department of Astronomy,
Champaign, IL 61801.

University of Illinois, Urbana-

2590

than 1 kpc, which might to some extent serve also as a refer-
ence to new generation X-ray investigations. In order to
conduct the study outlined above, it was necessary to clas-
sify the strong emission-line stars into specific groups—in
particular, as classical T Tauri stars (CTTSs), weak-line
T Tauri stars (WTTSs), Herbig Ae/Be stars or otherwise
emission-line stars of actually evolved status.

T Tauri stars are low-mass (up to 2 M), late-type (spec-
tral types of later than mid-F) pre-main-sequence stars with
ages from 103 yr to a few 107 yr. CTTSs are characterized by
strong optical emission lines, ultraviolet and infrared
excesses due to mainly the existence of a circumstellar disk,
this subgroup of T Tauri stars are usually discovered by
their conspicuous optical characteristics with especially Ha
prism survey of SFRs. Unlike CTTSs, WTTSs are believed
to be devoid of circumstellar matter or have dissipated their
accretion disks. Because of the lack of extinction in soft X-
ray, they are comparatively more X-ray luminous and there-
fore more easily detected by flux limited X-ray surveys like
the ROSAT mission.

Herbig Ae/Be stars were first proposed by Herbig (1960)
as a group of young, intermediate-mass objects
2 Mo < M <8 My) still in their pre-main-sequence phase
of evolution. As the higher mass counterparts to T Tauri
stars, the criteria for identification of an object as a Herbig
Ae/Be star are as follows: (1) it is usually located in an
obscured region, which guarantees their youth and the
exclusion of evolved stars such as Wolf-Rayet stars and
planetary nebulae. (2) It has spectral types earlier than F8
and the presence of emission lines resembling those of
CTTSs. (3) There is illumination of fairly bright nebulosity
in their immediate vicinity. Classical Be stars which happen
to project onto dark clouds are thus excluded. However,
when there is clear evidence that a candidate star is associ-
ated with star-forming clouds or located in specific environ-
ments such as photodissociated regions, it should be
possible to classify the objects as a Herbig Ae/Be star even
without evidence of nebulosity. (4) Strong infrared excess
due to the existence of circumstellar dust could also be used
to eliminate classical Be stars, which have well separated loci
on infrared color-color diagrams (Finkenzeller & Mundt
1984; Hillenbrand
etal. 1993).

We present in this paper the study of the candidate X-ray
active sources with strong emission lines [ W, (Ha) 25 Al in
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the Rosette Nebula. A detailed description of the project
and systematic study of the low-mass PMS candidates as
optical counterparts to the ROSAT PSPC sources in this
region will be reported in a forthcoming paper (J. Z. Li et al.
2002, in preparation).

2. OBSERVATIONS AND DATA REDUCTION
2.1. Spectroscopic Observations

Low-resolution spectroscopic observations (with disper-
sion of 200 A mm~!, 4.8 A pixel!, and 2”5 slit) of the pro-
gram stars were carried out with the 2.16 m optical telescope
of the Beijing Astronomical Observatory. An OMR (Opto-
mechanics Research Inc.) spectrograph and a Tektronix
1024 x 1024 CCD detector were used during this run of
observations from 2000 December 16 to 25.

The spectral data were reduced following standard proce-
dures in the NOAO Image Reduction and Analysis Facility
(IRAF, version 2.11) software packages. The CCD reduc-
tions included bias and flat-field correction, successful nebu-
lar background subtraction, and cosmic ray removal.
Wavelength calibration was performed based on helium-
argon lamps exposed at both the beginning and the end of
the observations every night. Flux calibration of each spec-
trum was conducted based on observations of at least two
of the KPNO spectral standards (Massey et al. 1988) per
night. The atmospheric extinction was corrected by the
mean extinction coefficients measured for Xing-Long sta-
tion, where the 2.16 m telescope is located, by the Beijing-
Arizona-Taiwan-Connecticut (BATC) multicolor survey
(H.J. Yan 1995, private communication).

2.2. Narrowband Imaging

Narrowband images of the Rosette Nebula were obtained
on 1999 March 3 with the Kitt Peak National Observatory
0.9 m telescope and the MOSAIC camera (Muller et al.
1998) with the Ha, [O 1], and [S ] filters. For each filter,
five exposures of 600 s were taken, each image slightly offset
to fill in physical gaps between the MOSAIC CCDs. The
pixel scale is 07423 pixel !, resulting in a 59’ square field of
view.

3. RESULTS AND DISCUSSION

We have obtained low-resolution spectra of some 60 pos-
sible optical counterparts, with USNO R magnitudes of
brighter than 18.0, for the sample of ROSAT PSPC sources
in the Rosette Nebula. About one-fourth of the program
stars were identified as early-type stars, though the mecha-
nism for X-ray emission from such stars are not yet well
understood. More than 40 have spectral types of later than
F5, a great deal of which indicate apparent Li1 A6707 + Ca1
A6716 blended absorption in their spectra. These late-type
X-ray active stars were taken as promising candidate low-
mass PMS for follow-up intermediate resolution spectro-
scopic observations to further investigate star formation
activity in the Rosette Nebula (J. Z. Li et al. 2002, in
preparation), which is located at a distance of an order of
magnitude farther than the most well-studied active SFR
Taurus-Auriga.

Here, we report the results of our spectroscopy of three
probably high-mass stars with very strong Ha emission and
two other stars we believe are WTTSs. Table 1 presents the

sequence number of these stars, ROSAT designation, X-ray
luminosities assuming a distance of 1.5 kpc and negligible
interstellar absorption, USNO A2.0 coordinates (J2000),
visual magnitudes at the time of observations as estimated
from the spectra obtained (within +0.2 mag), spectral types
accurate to *1 subclass, W,(Ha), classification of these
sources along with indicators of their possible association
with corresponding X-ray emission and their member
Bship to the central open cluster NGC 2244 as adopted
from Ogura & Ishida (1981). Data and discussions of the
other two possible optical counterparts to 1RXP
J063129+0454.9—9A and 9B—are also included for com-
pleteness. We have also calculated X-ray to optical luminos-
ity ratio corresponding to each of the possible optical
counterparts discussed below, all commensurate with the
presumption that they are candidates of Herbig Ae/Be stars
(with Lx /L, of 10-7-1073) or TTSs (1073-10-3).

The optical counterpart to IRXP J063129+0454.9, No. 7
of the program stars, was previously classified by Verschue-
ren (1991) as a B7 Ve. Its spectrum was found to be domi-
nated by strong Ha and a wealth of Fe 11 emission lines
(Fig. 1) such as (27) A\4173.5; (37) AN4515.3, 4520.2, 4549.5,
4629.3; (38) A\4522.6, 4583.8, 4582.8; (40) A\6516.1; (42)
AM4923.9, 5018.4, 5169.0, 5316.8; (49) A\5276.0, 5316.6;
(55) A5534.9; (73) A\7515.3, and (74) A\6147.7, 6247.6,
6456.4, among which the multiplet (42) is the most promi-
nent. Significant O 1 AA7774.1, 8446.7 and Ca 1 infrared
triplet (IRT) AA8498.0, 8542.1, 8662.1 in emission, indica-
tors for the existence of chromospheric activity and maybe
also its X-ray active nature, were detected. Weak He 1
AN7065, 6678 absorption lines are present, signifying a spec-
tral type of late B.

Though located in the central, potentially photodissoci-
ated area of the Rosette Nebula, there is a shell-like nebula
around star No. 7 as indicated by our Ha imaging (Fig. 2a),
and a similar structure was detected in the [S 11] image in this
region. A faint, tenuous nebula is also visible at the same
position in the Palomar Observatory Sky Survey (Fig. 2b).
This nebulosity could actually be associated with and at
least partly illuminated by No. 7 rather than being coinci-
dently projected onto its immediate vicinity, otherwise it
should be easily dissipated in the strong UV radiation field
and can hardly sustain for long. On the other hand, this star
is independently identified as a member of NGC 2244
(Ogura & Ishida 1981), and physical association of the
nebulosity with the star may not necessarily be firmly clari-
fied to support the classification of No. 7 as a Herbig Ae/Be
star, this point was made clear in the introduction. Further-
more, this B7 Ve star was found to lie right on the edge of
the uncertainty ellipse of an IRAS point source—IRAS
0628840456, around which there seems to have no other
possible optical counterparts and No. 7 is therefore prob-
ably in association with the infrared emission. /RAS flux
densities and directly converted magnitudes of each band
(no correction of interstellar reddening) based on the IRAS
definition of zero magnitudes are listed in Table 2. By com-
paring the visual magnitude (Table 1) of this star at the time
of observation with the data presented in Table 2, it is
obvious that No. 7 has a very large infrared color excess.
According to the study of infrared properties of different
groups of Be stars (Hu & Zhou 1990), classical Be stars are
found to have a V" — [25] of less than 5, while for Herbig
Ae/Be stars, this difference is usually greater than 7. With a
V' — [25] of ~8.1, we could at least exclude the possibility



6861 'Te 19 2319 WOy pAdopy v
*SPUOJISITE PUEL ‘SOINUITUDIL ‘SI2IFIP T8 UOTBUI[OIP JO SIIUN PUE ‘SPUOIS PUE ‘SIINUIW ‘SINOY ATB UOISUOSL JYSLI JO S)IU— TLON

W soA SLLM flqeqoxd — 0°6— A0D vel $8'95SS 10 LTLSTEY0  PSOFSIIE  L'SSHO+HSSTEIOdXUT 7777 8¢

i saf SLLM £A1qeqoid 1's— A0D €€l 06'81 £€+0 OFPETEI0  TTOF 680  PECPOHPETEIOrdXAT 777 €s
N sk odf1og/ov BIQH 961 A€ 6'6 €99550S0  86'6E1€90  OFOTFSS0E  8'C0SOH6EIL90r dXAT €1
W ou o [BIISSEIO €07 A €d €Tl 09°65 0S +0 6V1E1€E90 06
W ¢ ¢ @A PH 99°LE 0S +0 8EECTEQ0 e g6
W ou £jqeqoid Teis g 0€ Atd 001 89°6€ 05 70 OFEEIE90  LEOTIS0E  80SHOHECIEI0r dXUT V6
W oA o8 81q10H £6e— A LE €01 SL'8Y¥S 10 SL'6TIE90  61'0F990E  6PSHOT6TIEION dXUT L

oqupy  rediounod [eando UOTIBOYISSE[D) (OH) g adALyemdads g (000Tr) 102 (0002Tf) VU X7 30| uoneusisod.L¥SOY ToquinN

SUVLS ANIT-NOISSINH ODNOILS dHL 40 NOILVOIAISSVT)

[ 41dV.L



STRONG EMISSION-LINE STARS IN ROSETTE NEBULA 2593

(38) 4583.8+4582.8

~ Fell (37) 4515.3+4520.2, (38) 4522.6
— Fell (42) 5169.0

— Fell (37) 45495
— Fell (49) 5316.6, (48) 5316.8

w
¥
2
<
R
&
ol
[
|

- Fell (42) 4923.9
— Fell (42) 5018.4
~ Fell (49) 5276.0

- [Fell] (20F) 4814.5

- H,

Fy(x 10" erg/em’/s/A)

Hel 4471.4 —

HB —

Call H + H, =

0.4 L | | |
3750 4090 4430 4770 5110 5450
Wovelength(A)

9.0

Fy{x 10"%erg /cm?/s /A)
>
>
I
- Fell (55) 5534.9
- [N} (3F) 5754.8 7
— Fell (74) 6147.7
— Fell (74} 6247.6
— Fell (74) 6456.4

~ Fell (40) 6516.1

2.3—

Hel 6678.1
Hel 7065.2 —

Hel 5875 + Nal D —

0.1 1 1 1
5450 5790 6130 8470 6810 7150
Wovelength(A)

3.0

241

~ Fell (73) 7515.3
— Fell 7711.447711.7
- 0l 77741

FA(x 10" erg/cm*/s /A)
w

e

Call IRT

T

™~
©
<
3
S
<3
|

7150 7490 7830

8170 8510 8850

Wavelength(A)

FiG. 1.—Spectral line identifications of source No. 7

that this star is a classical Be. Based on the above analysis,
we feel quite sure to take No. 7 as a Herbig Ae/Be star.

Three possible optical counterparts—9A, 9B, and 9C—
were investigated around 1RXP J063133+0450.8. On the
basis of the spectrum taken, 9C showed strong Ho emission
(Fig. 3a), obvious He 1 absorption lines AA4026.2, 4387.9,
4471.4,4713.1,4921.9 6678.1, 7065.2, and had a highly red-
dened spectrum of B3 Ve, implicating its location probably
farther back into this H 11 region. This source has apparently
no associated /RAS point source, no reflection nebula
around and was thus classified as a classical Be star, making
it unlikely to be the X-ray emitter. 9B, though documented
as possibly a Ha emission source (B4 Vne as revealed by
Pérez et al. 1989) failed to get resolved in this run of observa-
tions due to its proximity to 9A and its fainter brightness.
The B2 V spectrum obtained for this binary system (Pérez et
al. 1989) is thus dominated by 9A. However, if 9B indeed
has Ha emission, it could be a good candidate Herbig Ae/
Be star, since this binary system is found to be positionally
associated with an IRAS point source—IRAS
06288+0452—and 9A, the B2 V star, cannot be responsible
for the strong infrared emission. The Ha narrowband image
around 9A & 9B shows a small aggregation of fainter,
nearby stars, one or more of which could be cluster mem-
bers (see Fig. 4). The X-ray emission could otherwise be
from these low-mass components of the system.

The spectrum of source No. 13 (Fig. 3b) shows strong Ho
emission, other members of the Balmer series and some of
the Paschen series like P19 are weak but significant in emis-
sion. The G band happens to be contaminated by cosmic
rays (left uncorrected to avoid any misleading from this),
which makes it hard to conduct very accurate spectral classi-
fication. Ca 11 H and K are partially filled in, while the Ca 11
IRT and O 1 A\7774.1, 8446.7 are prominently in emission,
all of which indicate probably an active chromosphere of
this F3 Ve, which may well bear properties in between those
of Herbig Ae/Be stars and CTTSs. According to the defini-
tion of Herbig Ae/Be stars introduced in § 1, we decide to
include here this X-ray emitter as of the Herbig Ae/Be type.

TABLE 2

IRAS FLUX DENSITIES AND MAGNITUDES OF THE OPTICAL
COUNTERPART TO 1RXP J063129+0454.9 No. 7

WAVELENGTH
PARAMETER 12 ym 25 ym 60 um 100 gm
Flux density (Jy)....... 1.24 1.23 2.221L 18.95L
Magnitude. ............... 3.81 2.22 —0.35 -3.97

Note.—Upper limit detections of the flux densities are followed
by the letter “ L.”



Fi6. 2.—Faint nebulosity in the immediate vicinity of No. 7, as indicated by the 50” x 50” («) Ha image around this source, and (b) image from the Palomar
Observatory Sky Survey. North is up, and east is to the left.
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F1G. 3.—Spectra of other strong Ha emission sources: (@) spectrum of No. 9C; (b) spectrum of No. 13; (¢) spectrum of No. 53; (d) spectrum of No. 58

This source was also found to be associated with an /RAS
point source—IRAS 0629040508, which further helps to
elucidate its PMS nature. However, No. 13 was classified by
Ogura & Ishida (1981) as a nonmember of NGC 2244 due
probably to its PMS nature. Ogura & Ishida have con-
structed an extinction-free color-magnitude diagram, based
on existing photoelectric and photographic observations of
400 stars with visual magnitudes of brighter than 14.1 mag.
The bright main-sequence stars located in a strip centered
on the ZAMS were identified as possible cluster members.
This method is effective but biased to the selection of single
main-sequence members. Binary systems and PMS mem-
bers of the cluster might therefore be misidentified as prob-
able field stars (for further details please refer to the context
of Ogura & Ishida 1981).

Numbers 53 and 58, the optical counterparts to 1RXP
J063234+0433.4 and 1RXP J063258+4-0455.7, respectively,
both have prominent Ha emission (~5 A) in their spectra
(Figs. 3¢ and 3d). HG of No. 53 exhibited additionally a
reverse emission core in the photospheric absorption. It is
important to note that these two spectra clearly show prom-
inent absorption features around A6710, the equivalent
width of which would be too large for only the Ca 1 A6716
absorption of a GO dwarf, and could be the blended lines of
Li1 A6707 and Ca 1 A6716, which, along with their X-ray
active nature and significant Ha emission, suggest that they
could be promising candidates of WTTSs. We thus classify

these two X-ray emitters as possible WTTSs rather than
merely chromospheric active G stars, their discovery would
represent the detection of at least the high-luminosity end of
the low-mass PMS in this specific region at a distance of
greater than 1 kpc. Further confirmation of their nature
based on following-up intermediate-resolution spectro-
scopic observations will also be conducted.

4. SUMMARY

Low-resolution spectroscopic observations of the sample
of optical counterparts to the ROSAT PSPC sources in the
Rosette Nebula were performed. Five strong Ha emission
stars, including two Herbig Ae/Be stars, one classical Be
and two probable WTTSs, were discovered in the Rosette
Nebula, and detailed investigations of these were reported.
Our study presents apparent evidence that X-ray detections
can serve as efficient tracers of star formation to a significant
distance (~1.5 kpc) across the Galaxy.
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are grateful to an anonymous referee for the constructive
comments and suggestions made on the paper. Thanks to
Prof. J. Y. Hu for some valuable discussions when he is visit-
ing at the Institute of Astronomy. This work is supported
by grant NSC89-2112-M-008-021.
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F16. 4—Ha image around sources 9A and 9B. North is up, and east is to the left
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