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Abstract

This paper presents a comprehensive study with the Japanese X-ray astronomical satellite ASCA on
X-rays from the main body of the p Ophiuchi dark cloud. We have constructed separate X-ray images using
3 energy bands and 12 time-sliced data, and thereby detected 19 X-ray sources, doubling the previous ASCA
results of 11 X-ray sources. Three of the sources are associated with class-I infrared sources, which precede
the T Tauri phase. Half of the 19 sources were found to be time variable, and 5 flare-like events with
an averaged energy of > 3 x 103% erg were observed. With the analogy of solar flares, we estimated the
flare loop height and plasma density to be 3 x 10! cm and 3 x 10! cm™2, respectively. Among these
sources, a flare from the class-I source EL 29 exhibited an order-of-magnitude larger absorption (Ng) than

in quiescence states, which may indicate the exsistence of a dense protostellar disk.
Key words: Stars: flare — Stars: pre-main-sequence — Stars: X-rays — X-rays: sources — X-rays:

spectra

1. Introduction

The p Ophiuchi dark cloud is one of the nearest well-
known star-forming regions, located at (I,b) = (353, +16)
with a distance of 165 pc from our solar system, hence
about 35 pc above the galactic plane, and extending to
10°. The total mass of the molecular gas was estimated
to be 3 x 10* M), which is typical among the galactic dark
clouds (Dame et al. 1987).

In the early observations of HoCO (Loren et al. 1983),
two concentrations of dense gas, named core A (near
Lynds 1686) and core B (near Lynds 1681), were iden-
tified. These observations indicate peak densities of
10° cm™3 and 10% cm ™2 for cores A and B, respectively.
About 20 objects, including T Tauri-like variables, were
found in the visual band in the vicinity of the main body.
Their spectral types range from B2 V to G2 V (Chini
1981). From near-infrared observations, these cores show
a high visual extinction of Ay = 50-100 mag (Wilking,
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Lada 1983; Vrba et al. 1975; Vrba et al. 1976; Chini
1981). From a C80 observation in this region (Wilking,
Lada 1983), the size and total mass were estimated to be
1 x 2 pc? and ~ 600Mg, respectively.

About 100 infrared objects were identified as
Young Stellar Objects (YSO) in the main body of the
p Oph dark cloud; 80% were classified into infrared
classes 0 to III: 10% of class I, 50% of class II and 40% of
class III objects (Andre, Montmerle 1994). From these
populations of YSOs, the star-forming efficiency (SFE)
was estimated to be > 22% in the p Oph core, which is
much higher than the > 2% found in the Taurus complex
(Wilking 1989).

Observations of individual objects in the infrared band
have been made and discussed by many authors (Wilking
et al. 1989; Elias 1978; Vrba et al. 1975; Simon et al. 1987;
Adams et al. 1987; Wilking, Lada 1983; Andre, Mont-
merle 1994; Greene et al. 1994) and the main body is
thought to be a progenitor of a bound open cluster, while
the Taurus complex is thought to produce field stars.

The class-0 sources are the gravitational collapsing
phase in molecular cores, growing central condensation
with gas infall onto large circumstellar disks. In the next
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stage, the class I-phase, gas accretes from the disk onto
the central object, which may be called protostars. The
following stages have been observationally and theoret-
ically well studied, characterized by a quasi-static evo-
lution and are called “Classical T Tauri Stars” (CTTS)
and “Weak Lined T Tauri Stars” (WTTS), roughly cor-
responds to class-II and -III, respectively (for reviews,
see Shu et al. 1987; Wilking 1989).

The Einstein satellite found that class-II and -III
sources are bright and variable in the soft X-ray region
(Montmerle et al. 1983). Their X-ray spectra can be
fitted by a thin thermal model with a temperature of
about 1 keV, suffering absorption column densities in
the range 10%°-10?! cm~2. These X-ray sources show
flickering in the soft X-ray band, referred to as an X-ray
Christmas Tree. The overall distribution of the normal-
ized amplitude variations are reproduced by a power law
with an index of 1.4, which is similar to that of solar
flares (Montmerle et al. 1983). Thus, the flickering phe-
nomenon was explained by solar-like flare activities. No
X-rays were found from any class-I sources. Casanova
et al. (1995), with the recent deep ROSAT observation,
reported 55 reliable detections of X-ray sources in the
1.0-2.4 keV energy band. Seven class-I sources lie within
the error circles of X-ray peaks. Then, X-rays from one of
the class-I sources was confirmed with the following HRI
observation (Grosso et al. 1997). Neither Einstein satel-
lite nor ROSAT detected X-rays from the class-0 source
VLA 1623.

The hard X-ray band (> 4 keV), on the other hand, has
been studied by non-imaging instruments; hence, only
spatially averaged information of each molecular core
with a typical size of a square degree was available. The
hard X-ray spectra of star-forming regions obtained by
the Japanese X-ray satellites Tenma and Ginga showed a
higher temperature of kT ~ 4 keV with Ny ~ 10?2 ¢cm ™2
and a Fe abundance of 0.3-0.4 cosmic (Koyama 1987;
Koyama et al. 1992). The temperature determined with
hard X-rays was significantly higher than that found in
the soft X-rays as well as those of typical solar flares,
thus increasing the controversy on the X-ray origin from
the dark cloud. Another unsolved question is whether or
not class-0 and -I sources are X-ray emitters.

These issues are now being largely addressed by the
ASCA wide-energy band observations. In an early re-
port, Koyama et al. (1994 ; hereafter Paper I) found sev-
eral hard X-ray sources in the core region, which were not
seen in the Einstein IPC band pass of 0.3—4 keV. These
sources are deeply embedded objects with an equivalent
hydrogen-column density of 1022 cm—2.

Following Paper I, we have made a further source find-
ing and identification using 3 energy bands and 12 time-
sliced images, and performed spectral and timing studies

‘for these sources. We present here a comprehensive re-

port on the ASCA X-rays from the p Oph dark cloud.
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Throughout this paper we assume the distance to the
p Oph core to be 165 pc (Dame et al. 1987).

2. Observation and Source Selection

The ASCA observations were made with two sets of
solid state imaging spectrometers (SIS) and gas imaging
spectrometers (GIS) as focal-plane instruments of four
X-ray telescopes (XRT). The nominal energy range of
these instruments is 0.5-10 keV with an effective area for’
each XRT of 300 cm? and 200 cm? at 1.5 keV and 4.5 keV,
respectively (Burke et al. 1991; Tanaka et al. 1994;
Serlemitsos et al. 1995; Tsusaka et al. 1995; Ohashi et al.
1996). The field of view of the XRT is about 30 in di-
ameter (FWHM), while the GIS and SIS cover about 40’
diameter and 22’ x 22’ of the sky, respectively. The ASCA
satellite was pointed at the central position of the p Oph
dark-cloud main body, («,8)j2000 = (162268, —24°31")
for about a 40 ks effective exposure during a time span
of 70 ks, starting from 02:19 to 22:45 on 1993 August
20. Since the systematic error of ASCA positions can be
as large as about 1’, we refined the sky coordinates of
the ASCA image by referring to the ROSAT position of
ROXR1-13, (16726™352, —24°23'36") 32000. We searched
for X-ray peaks in the 1-2 keV, 2-5 keV, and 5-7 keV
energy bands. In addition, we made 12 time-sequentially
sliced images in both the 0.5-2 keV and the 2-10 keV
energy bands. The typical exposures and time span of
each image were 3 ks and 1.5 hr, respectively. These im-
ages were also used to study the temporal variability. As
we note later, we found X-ray flares with typically a few
hours of decay time. We therefore could efficiently search
for variable sources using these time-sliced images with
a rather enhanced signal-to-noise ratio compared to the
time-averaged image of full exposure.

Source detection is not a simple process, due to the
position-dependent point-spread function of the XRT
(blurring and aberration; Serlemitsos et al. 1995; Tsusaka
et al. 1995), shaded by the window supporting grid of
GIS, the dead regions between CCD chips and the con-
tamination of nearby bright sources. Furthermore, these
complicated effects are energy dependent.

Thus, for simplicity, we uniformly set 3 criteria for the
source detection. The first is:

1. The threshold level was set at S/N = 5 (0.5-10 keV)
using photons within a radius of 0/5, which includes 16%
of the incident flux.

The X-ray peak profiles of the GIS instruments were
greatly smeared compared to the sharp peak of XRT
(T'susaka et al. 1995; Serlemitsos et al. 1995), and the GIS
has a typical energy-dependent positional accuracy of 0/5
at 6 keV (Ohashi et al. 1996). We therefore adopted a
positional error of 0/5. On the other hand, since no smear
effect was found in the SIS image, the position error is
as small as about 0/25. Accordingly, we set a second
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criterion of the source detection:

2. We required simultaneous detection of GIS 2 and
GIS 3 within 0/5, or SIS 0 and SIS 1 within 0/25, or
both.

We found that bright sources often make spurious peaks
on the Maltese Cross shape of the XRT response function
(Tsusaka et al. 1995). We therefore generally excluded
these possible ghost peaks with the following criterion:
3. We ignore the instrumental peaks found near to bright
X-ray sources.

The most severe condition was found to be the 2nd item.
After screening with these criteria, we selected 19 X-ray
peaks from the 108 X-ray images.

3. Results and Discussion

8.1. Source Identifications

In addition to the sources found in Paper I, X-ray
sources, designated as C1-C7, were found in various en-
ergy bands. Sources C2 and C5 were identified during
their flare phase (both were found in the period 21:16-
22:13 on 1993 August 20) in the 2-10 keV energy band
image. We also resolved source No. 9 (in Paper I) into
9A and 9B using the soft- and hard-energy band images.

To extract the source counts, an aspect correction of
X-ray telescope was made using a ray-tracing simulation
program (Tsusaka et al. 1995) assuming monochromatic
incident X-rays of 1.5 keV, 3.0 keV, and 6.0 keV for the
1-2 keV, 2-5 keV, and 5-7 keV band data, respectively.
We also subtracted blank-sky data, which included the
internal background and the Cosmic X-ray Background
(CXB) for both the GIS and SIS data. The internal back-
ground levels were below 10% of typical X-ray sources,
and the CXB level was also at the same level; thus any
possible error due to background subtraction is negli-
gibly small. The results of the detected point sources
and their X-ray fluxes in the 3 energy bands are summa-
rized in table 1. Optical or IR counterparts were simply
selected from the currently available catalog (see table
notes). The counterparts lying within 0/25 of SIS sources
were assigned high confidence (Level 1 in the table), while
those within 0/5 of GIS sources were assigned a lower con-
fidence (Level 2). Compared to the Einstein and ROSAT
images, we discovered eight (No.’s 6, 8, 9B, 10, C1, C2,
C5, C7) new X-ray sources. A new source (No. C2) is
neither an optical nor IR candidates in the error region.

3.2.  X-Rays from Class-0 and -I Candidates

To demonstrate the higher capability of the present
source finding procedure than that reported in Paper I,
we show two energy-band SIS images (combined images
of SIS 0 and 1), together with a molecular-cloud contour
map and catalogued infrared sources around the molec-
ular core and RGB (red, 5-7 keV; green, 2-5 keV; blue,
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1-2 keV) weighted GIS (GIS 2 and 3 combined) and
SIS (SIS 0 and 1 combined) images of the entire field
of view in figure 1 (Plate 14) . We see point sources
near to the cloud core only in the hard X-ray band. Re-
markably, we found X-rays from two (EL 29 and WL 6)
and possibly one more (WLY 2-46) class-I source. No
class-I sources were found using the soft-band Einstein
telescope (Montmerle et al. 1983), while Casanova et al.
(1995) reported the possible detection of 7 class-I can-
didates (GSS 30-IRS 1/LFAM 1, GY 224, WL 6/GY
256, IRS 43, IRS 44/IRS 46, IRS 54, and IRS 48) with
the ROSAT telescope. They noted, however, that these
class-I identifications are marginal due to source confu-
sion in the crowded region. One may argue that the
source-confusion problem is not improved with the ASCA
observations because of the rather limited spatial resolu-
tion (about 3’ of the half-power diameter) of XRT com-
pared to ROSAT. However, the response function of XRT
has a cusp-shape structure with a sharp peak at the im-
age center. We can thus separate, for example, two point
sources with a separation angle less than 0/5 using the
peak position of the SIS images |see figure 1 (Plate 14)].
In particular, X-ray detection from class-I sources EL 29
and WL 6 is very certain, because no other candidate
exists in the X-ray error region. Recently, Grosso et
al. (1997) confirmed the X-ray emission from the class-I
source IRS 43 with a deep exposure of the HRI image.
Koyama et al. (1996) found hard X-rays from a cluster of
class-I objects at the core of the R CrA molecular cloud.
Accordingly, the present paper would be the third report
for the highly possible detection of X-rays from class-I ob-
jects. Further detailed discussions on individual class-I
sources are given separately in subsection 3.6. No X-rays
were found from the GIS and SIS positions of the class-0
source VLA 1623.

3.3.  Variabilitiy and Flares

To estimate temporal variations of individual X-ray
sources, we examined source intensities in the 0.5-2 keV
and 2-10 keV energy band during 12 different epochs for
each source, with a typical exposure and time span of 3 ks
and 1.5 hr, respectively. We applied the Kolmogorov-
Smirnov test under the assumption of constant flux for
individual sources using the XANADU/XRONOS (Ver.
4.02) software package. The thus-obtained variability
probabilities are given in table 2 together with the max-
imum and minimum luminosities in the 2-10 keV energy
bands. From the table, we can see that about one third
of the sources show significant variability during an ob-
servation time span of around 70 ks. For a comparison,
we also list the Einstein results for variability.

Among the variable sources, 5 flare-like events were
found, as noted in table 2. An example of the flare profile,
the light curve of a flare from the No. 2 source, is given

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System


http://ads.nao.ac.jp/cgi-bin/nph-bib_query?1997PASJ...49..461K&db_key=AST

[Vol. 49,

*(L86T Te 90 SunIM) SM ‘(6861 Te 30
SuD[IM Ur g °[qel) ¢ XTM ‘(6861 Te 30 Supmm W T o[qe3) T ATM ‘(86T ePeT ‘SUBMIM) TM ‘(G261 ‘T2 90 ®QIA) DSSA (9261 T2 1 ®qIA) SSA ‘(sp6T Suiqelipny ‘eanig) US ‘(G661 T8 30 wWong)
SMS ‘(6861 e 30 IeSIPNYS) OHS ‘(8861 °Te 30 2UNS) WVAS ‘(G261 Te % 2qip) S ‘(3661 Te 10 BroUwse)) TUXOH ‘(2661 1oezueddy ‘metanog) sXOY ‘(€861 ‘T8 39 S[HoWIUOW) XOU ‘(4861 ‘T8 3291puy)
SOY/D0Y ‘(1861 ‘Te %0 uppr®my) ASN (1661 ‘T8 30 snooT) WVAT ‘(8861 Mg ‘S1919H) OGH ‘(6761 oreH) T-0IeH ‘(3661 Sunox ‘ousern) XD ‘(461 Te 10 Worepsein) SSO ‘(8161 send) Td ‘(6961
uekjeyeIy ‘szplioq) Ivod ‘(€661 TR 90 UowwoD) gUD (2681 woyl) @D‘(1861 1WD) O ‘(gL61 weuusponyz ‘umolg) Zg ‘(6861 Te 30 Auosieg) DOHLI (0961 [PAIMY ‘TMPW) SV 9I8 suonBlALIQqY
(seouaI9jol1 JUSISIIP SY) JO oNeA WINWIIXIWI 9Y} PUB WNWIIUIW 9Y3 33edIput 820uaS19A1p) opnjruSewr pueq 3f o
§390.008 J[qISIA Jo 9dAy [e130eds pur ‘UOIIOUIIXS [ensla ‘opnyudeur [ensip ,
“(z 1A9] :SID ‘T 19A9] :SIS) pueq A310u0 ASY OT-G'0 8Y} Ul S[DIID OIS G0 UIGILM sO1IsHysiyess uojoqd o3 anp N/S |
*SI 10} SUIPBI I0118 G;() UIY}IM 7 pue SIS I0j SNIPeI 10119 GZ ;0 UTYHM ] [9A3] S)epipued pue uonaele( ,

PS9EVG—0'0ZVZITSIS=ESZAD PSTI-L8'0T T T8 €08 VOFET SO0FST SOFVT (,00.87.h2— ‘Sg'1gWLTUIT) LD
0F-THXOH=22X0H/
92TTHT—0"LIVZIISIS=

LPTAD=1222—0" LIP3 Y0=0rD0UIa=VTM=68-CATM=CI-TAITM=9ZDSSA  £9'6-02'6 n I 9Tl 608 €0FET VOFeE T0FS0 (0068575~ ‘e68TwllydT) 90
102AD/

£E1E—8 POV UO=8E1EPZ—E S0VZITSIS =22 DOUAI=30CAD=LTTM 0£TT-0V01 (I 1 T8 ¥og €O0FST 0F60 T'0FT0 (60,8507~ ‘a7'90wly9I) SO

LESSO=CDSSA=9ZTA=0TTAD=6-TUXOU=SIXOUd S0'8-V6'L I T 610 ¥0e TOFS0 £0F9T TO0FVT (,87,00072— ‘s0FPw98491) ¥

008172 —8°€2£ZITSMS=T08T —8'€2ECAUD=6CAD/ 16°01-06 0T
C081—9°32€2dHO=

s £ZAD=E08T7Z—9 ¢ZeZ9ISIS=0S=2£SSO=€2TI=90X0U=82-THXOH  80°L20'L (I 1 g0l 808 €OFFI €0F9T 0FTT (,78,70ohe— ‘sQ¥2u9B91) €D
< auou T 9Tt 90¢ €0Fe [ ¥0Fee €0FeT A:wm;mawwl h.L.Noswﬁ__wd [4e)
..auw 8TOHS 4 L9 662 Z0Fv0 €0FTT €0FeT A:bok.movwl ..o.mmanmawC 0
et L28AD/
..m 6C0=6TEAD=VEIVOA=CSTCATM=6V-TATM=L0ZSV=689C1-FC—dD=
g YeASM=PETI=64S=v9COHH=CCLLASN=CG-TUXOU=625XOU=6ZX0Y  LS'.-0'L O9M+¥¥/20/¢TT (I) ¢ €01 008 €O0F60 VOFLT VOFIE (69,1270~ ‘oS Thmlle9I) 1T
m vm&%@"uommIv.omvwm.mOHwﬁmmvwlw.ONvmemMmemUOdmmHv~|~>§H©q>~v 70°'0T-£6°6 I T gL 60¢ €0FLT V'OFee TOF60 A\Rm\mwovul ,L‘Ssnwamd 0]
Z8ZAD .
. PLTAD=GETEVT— L LTVTIISIS=0SDOTAI=97—CATM=9T-TATM 6501-0L'6 (D 2 10T 208 VOFYT SOFVEe TOFIT (Z7,68ch2— ‘W0°08wlEy91) €6
> 092AD=00S€—9 LT YD=6SVEVZ—8 LTVCITSIS=0r—CATM=
ST-TATM=92LLASN=2THS=£9Z20gH=Tr-TIXOU=TZSXOU=IZXOH 0T'6-9%'8 STN+¥M/90/¥'€T III 1T 9%T S08 ¥ OFST ¥OFEZ €O0FLT (98,102~ ‘8'6Twmlly9) V6
PIZAD=EL0E—8 L0PZHHD= 1
LEOEVT—6°L0V2ITSHIS=E2DO0HII=L-TATM=STIOXOHU=STIM=LZINVAT=62TH 8I'8-8.'9 T V'8 0'1e ¥'0F9C €0FLT 1T0FTO A:hmk.m..ovml »nm.aoahmnwﬁv 8
TIZAD=SEL5—€ LOVZdHO=pZDOUII=0TITM=LE-TIX0d  76'3-GL'8 I 1 40T 908 TOFOT €0FLT T0FS0 (,I1,P8. 78— ‘e€'60mldadT) L
98TAD 14 6’8 ¥'0g 7OFCT v0FPT €0FV1 A:wm\wvowwl .ww.woaun__mﬂv 9
0LAD=079T—9'2EETAUD=5V91¥Z—8'2€£T9ISIS=FUd0 Zd=6TD=CIINVIS=TS=9-TATM=
SESSO=TTINVAT=8SOU=STDOY=92SSA=50Td=80-TUXOY=VISXOU=VIXOH 83,629 A Sd/LTT/006T QI & SII L0€ TOFIT €OFIT TOFET (,82,68.7C— ‘b PEwITL9T) &
0ZAD=
STPIPG—0'32E091SIS=HqPEIVoa=0edSM=9TD=T€SSD=6£90GH=C2TI=d0ISXOH  $8'9-219 0/99/9%1 11 I T% 908 €O0FV1 voFse £0Fee (,80,12,58— ‘T €CwITHI) ¥
ZZOHS=0TD=LNVAS=TZIVod=g6SSA=92-TATM=
£2SSD=PSOU=8DOU=9-T0TRH=TTH=LEIOTH=CT-TYXOU=8SXOU=8X0H  2Z'9-£T9 03/99/6'€T AUl °  LTv  VIE  60F96 & TFS9Z60T8€s(,9€,80.58— :2'€0wIT,9T) €
ETI-CATM=PZ-TATM=0CSSD=0T-THXOU=LSXOHU=LXO0Y 62'8 hx\n.v\m.ca III T it |°0¢ PO0F8T SOFFY €0F9¢ Azmmbnoqwl..L.hm:.w«;wd [4
0T-ZATM=E2SSA=8-TYXOU=PsXOU=VXOH €8 2)/69/€s1 ¢ LVL 808 SOFST L0F69 SO0FV (,90,68.78— ‘T TSmSGeq9T) T
(9D [;_s 819 Fnoﬁ X w8 Junoo] VX0OH
+a1 o380 3] dS/AV/A sseD e (N/S (*T)B01 AT L-G AT GG AMGT 00028 (9 ‘D) ‘ON
*SUOIYROYIIUapI Jo Areurmung ‘T 9[qe],
<t
e
<

OITOYC Ty - ISYd 66T

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System


http://ads.nao.ac.jp/cgi-bin/nph-bib_query?1997PASJ...49..461K&db_key=AST

997 PASIT © T49: [ 461K

rt

No. 4] X-Ray Analysis of the p Oph Dark Cloud with ASCA 465
Table 2. The minimum and maximum luminosities and flare events.
No. Lyp., (2-10keV) Ly . (2-10 keV)  Variability propability’ ~ ASCA IPCH
ROXA™ [x10% erg s7] [x10%° erg s77] (0.7-10 keV) Flare Variability

1o 7.3+ 2.3 1.6+ 1.5 99.4% yes
2 22.9+ 4.2 0.7£ 0.7 >99.9% yes yes
3 38.5£ 6.9 23.6+ 3.7 73.7% yes
4o 9.0+ 2.3 2.3t 1.2 80.6% yes
2 6.6+ 2.1 1.9+ 1.7 47.3% yes

[ 2 5.9+ 2.0 <2.4 69.3%
T 11.0+ 4.3 1.1+ 1.1 >99.9% yes
8 54.1+ 9.9 3.3+ 2.3 >99.9% yes

9A .. 46+ 1.9 1.6+ 1.1 53.7% yes

9B ... 10.5+ 4.4 2.5+ 1.5 90.8%

10 .o 13.9+ 5.1 2.5+ 1.7 >99.9%

5 2.3+ 1.0 0.5£ 0.5 50.8%

Cl.iii 1.9+ 1.1 <24 40.5%

C3. 9.3+ 2.2 3.6t 1.6 83.8%

Chd.oiviiiii i 5.6+ 2.1 1.0£ 0.8 93.2% yes

Clo 71+ 24 1.0£ 0.8 96.2% yes

* Sources No. C2, C5, and C6 are ignored because of contamination of nearby bright sources.
T Variability probability of X-ray flux in the 0.7-10 keV with Kolmogorov-Smirnov test using XANADU/XRONOS version

4.02.

¥ X-ray variability in the 0.3-4 keV energy band of Einstein IPC observation (Montmerle et al. 1983).

in figure 2, in the soft and hard X-ray bands together
with the hardness ratio. We can clearly see fast rises and
a slow exponential decays in both the flux and hardness
ratio; similar features found in the flare from class-II or
-III objects (T Tauri stars). Class-I flares have also been
reported from IRS 43 in Ophiuchus (Grosso et al. 1997)
and R CrA (Koyama et al. 1996).

From the light curves of the five flares, we estimated
exponential decay times are around 7-32 ks and the total
2-10 keV energies are around (2-6) x 1035 erg. Since the
decrease in the hardness ratio is attributable to a decrease
of the plasma temperature, we could estimate the plasma
density from the decay time beyond on the assumption
of radiative cooling of a thin thermal plasma. We also
estimated the flare loop height (assuming a single-loop)
based on the analogy of a solar flare (van den Oord 1988)
with @ = 0.1 (ratio between the diameter and length of
the loop) and I' = 2 (ratio of the cross sections between
the loop top and bottom). Due to the limited photon
statistics of the X-ray flare, we fixed the peak temper-
ature to be 7 keV, the best-fit value for the case of the
No. 2 flare. The thus-derived physical parameters have
a large error. Nevertheless, for a semi-quantitative dis-
cussion and a comparison for other flare data, we list
the best-fit values in table 3. Typical values of the elec-
tron density and flare loop height are 3 x 10'! cm™2 and

3 x 10! cm, respectively. Since 1/4 of all the X-ray

sources show X-ray flares of Fx > 103% erg, we can es-
timate the frequency of such a large flare as being one
flare per 4 days. Assuming equilibrium between the ther-
mal pressure and magnetic field pressure, we crudely esti-
mated the magnetic field strengths of the X-ray emitting
plasma to be 200-400 Gauss.

3.4. X-Ray Spectra of the Cloud Cores

In order to study the global spectral structure of the
cloud, we also obtained wide-region GIS spectra from
Lynds 1686 and Lynds 1681, with 6’ and 9’ radii from
their C'¥0 intensity peaks of (16"26™3, —24°22')32000
and (1627™1,—24°35) 52000, respectively. The back-
ground spectra were taken from the off-plane blank-
sky field. We fitted it to a single-temperature thin-
thermal model (Raymond-Smith model, or R-S in short;
Raymond, Smith 1977) with the absorption-column den-
sity Ng (Morrison, McCammon 1983). We referred to
the metal abundance table by Feldman (1992) for the
R-S model to these background-subtracted spectra. For
simplicity, we assumed a point source for the aspect re-
sponse function generated in several energy bands, be-
cause the reflectivity of the X-ray telescopes depends on
the incident X-ray energy (Tsusaka et al. 1995). All of
the spectra were well explained by R-S models with the
best-fit parameters listed in table 4. All of the errors of
the parameters obtained from spectral fitting were 90%
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Table 3. Summary of flare parameters.

No. e-fold log (Lxp.y ) log (Ex) log (ne) log (H) log (B)
ROXA [hr] [erg s71; 2-10 keV) lerg; 2-10 keV] [em™?] [cm] [G]
2. 1.7 314 35.1 11.5 11.1 2.6
4. 4.3 31.0 35.1 11.1 11.7 2.4
T 10.8 31.0 35.6 11.7 11.6 2.2
8 2.3 31.7 35.7 11.3 11.4 2.5
CTl.ovviiiii.. 2.6 31.0 35.0 11.3 11.1 2.5

0
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Fig. 2. Light curves of source No. 2 in the 0.5-2 keV
band. (upper panel) and 2-10 keV band (middle
panel). The data are the summed count rate of
SIS 0+1 + GIS 2+3 within 1/5 radius. The ratio
of the hard bands to the soft band (the hardness ra-
tio is given in the lower panel. The horizontal axis
shows the epoch from 1993 August 20 0:00. The
minimum and maximum of the hardness ratio cor-
respond to temperatures of 2 keV and 7 keV, respec-
tively.

confidence errors, unless otherwise mentioned.

The spectra of the cloud core regions show higher tem-
peratures of 4.7 and 2.7 keV for near L1681 and L1686,
respectively, than the commonly accepted temperature
of the star-forming region of about 1 keV (Montmerle et
al. 1983). The best-fit abundance of these cloud cores
are found to be about 0.3 cosmic. Since the spectrum of
Lynds 1686 is dominated by the brightest X-ray source,
No. 3 (ROX-8) in the field of view, we made two tem-
perature model fittings with fixed parameters for the

No. 3 source, which was determined separately, and var-
ied another set of R-S parameters. The best-fit temper-
ature was then increased to be 4.6 keV (table 4).

By inspecting the catalogued IR source distribution
(Wilking et al. 1989), we found that the L1686 region
is dominated by class-II and -III sources, while the cat-
alogued IR sources are rather sparse in the L1681 re-
gion. Also, the distribution of soft X-ray sources, e.g.,
the ROSAT observation, shows more sources in the L1686
than in the L1681 regions. We therefore infer that the
L1681 region is more crowded with deeply embedded
sources than in L1686. It would be reasonable to assume
that possible embedded sources in L1681 are dominated
by a younger stage (class-I, for example) than those of
the catalogued sources (mostly class-II and -IIT) found in
L1686. Since the X-ray temperatures of the two clouds
are essentially indistinguishable, no spectral dependence
on the evolutionary stage is inferred. This is in sharp
contrast to the R CrA cloud, in which class-I sources
definitely show a higher temperature than the surround-
ing class-II and -III objects (Koyama et al. 1996). To
study whether or not class-1 objects, as a whole, exhibit
a higher temperature than class-II or -I1I would be an im-
portant subject for future X-ray astronomy. We also note
that the plasma temperature of 3—4 keV and abundance
of 0.3 cosmic found in the cloud cores are entirely consis-
tent with the results of the non-imaging instruments of
Ginga and Tenma (Koyama 1987).

8.5.  X-Ray Spectra of Individual Sources

The GIS and SIS spectra of relatively bright and iso-
lated sources were analyzed after the background sub-
traction outlined in subsection 3.4. For these individual
sources, we made a combined fitting of the SIS and GIS
spectra, unless otherwise noted. The elemental abun-
dance was a free parameter for the stronger sources (2, 3,
8, and 10), but was fixed at 0.3 cosmic for fainter sources,
consistent with the global abundance found above. We
also note that the abundances of No. 2, No. 3, and No. 8
in quiescence show values consistent with 0.3 cosmic.

As noted in subsection 3.2, some sources show either
flare activities or a large time variability; we analyzed
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Table 4. The best-fit spectral parameters.
No. Instrument kT N Fe abundance” Redx? Comment®
ROXA [keV] [x10%%2 cm™?] (ratio to the cosmic) (d.o.f.)
) GIS 2.23+1.42/—0.61 0.84+0.35/—0.33 0.3 fixed 1.25 (82)
2 GIS&SIS  2.64+0.54/—0.40 0.83+0.13 <0.32 1.07 (115)
 JEUVETRRII GIS&SIS 2.8940.54/—0.51 1.084+0.26/—0.23  0.94+1.32/—0.65 1.08 (47) Flare
 JURVETRTRTI GIS&SIS 1.35+0.56/—0.35 0.93+0.45/-0.26  <0.37 1:43 (16) Quiescent
S GIS&SIS 2.37+0.12/—0.14 1.03+0.07/—0.05 0.254+0.10 1.07 (217)
8. GIS&SIS 11.3+17.8/—5.0 9.5+2.9/—2.3 1.64+00/—0.9  1.42 (53)
8 GIS&SIS 4.0+4.6/—2.3  19+11/—6 1.242.6/—-0.6  1.94 (53) Flare
8 GIS&SIS 3.0 fixed 3.841.5/-1.3 0.37+1.19/—0.37 1.94 (53) Quiescent
9A i SIS 0.73+0.16 0.74+0.2/-0.3 0.3 fixed 1.42 (9)
9B .\t GIS  4.1+443/-11  2.8+1.1 0.3 fixed 1.05 (40) No. 9A and 9B?
1000 GIS&SIS 3.240.9/—0.7  4.140.7/—0.6 <0.21 1.01 (56)
100 GIS&SIS 2.240.5/—04  4.6+1.0/—0.6 0.3 fixed 1.55 (56) High state
100 GIS&SIS 2.24+1.0/—0.6  5.0+1.4/-1.1 0.3 fixed 0.88 (53) Low state
11t GIS 0.73+0.29/—0.15 0.36+0.22/—0.36 0.3 fixed 1.11 (19)
L1686............. GIS  2.74+0.16/—0.14 1.09+0.07 0.29+£0.12 1.29 (180) r<6’
L1686. ... ... ... GIS  4.6+4.0/-15  1.64+1.7/-0.6 0.3 fixed 1.30 (180) L1686&No.3¢
L1681............. GIS 4.74+0.97/—0.68 2.73+0.28/-0.26 0.39+0.13/—0.12 1.04 (159) r<9’

* Data without errors are fixed parameters. Errors and upper limits are 90% confidence level.
T Comments are for flare or quiescent component and high or low state.
¥ No. 9A and 9B or L1686 and No. 3; combined fitting (see text).

separately the flare and quiescent spectra (in the case of
No. 2 and 8), or the spectra during high (higher than
averaged flux) and low(lower than averaged flux) states
(in case of No. 10), and attempted R-S model fitting. For
the flare spectra, we subtracted the quiescent data, while
the background spectra for the quiescent data are the
same, as mentioned regarding the overall source spectra
(blank-sky data).

In addition to these spectral analyses, we estimated
the overall X-ray properties of the detected X-ray sources
using the three band (1-2 keV, 2-5 keV, and 5-7 keV)
fluxes (see table 1). The results are given in figure 3 by
a two-color diagram. From this figure we found that the
temperature and absorption of most sources ranged be-
tween 2-5 keV and (1-5) x 10?2 cm ™2, respectively. These
are consistent with the results from a spectral fitting of
the individual sources shown in table 4. Adopting these
spectral parameters, we calculated the total X-ray lumi-
nosities listed in table 1. The luminosity in the 2-10 keV
band ranges from 102°-° to 103!4erg s~!, which is roughly
the same as that found in the lower energy band of 0.4-

4 keV (e.g., Montmerle et al. 1983). Thus, the X-ray lu-

minosity from YSOs, at least those in the p Oph cloud,
is approximately equal in the soft and hard X-ray bands.

Since those sources associated with the class-I coun-
terparts exhibit a larger absorption in X-rays than do
class-II or -III objects (see table 4), we compared the

Ny and H — K obtained by the X-ray and near-infrared
observations. In table 5 we have listed the previously re-
ported H — K magnitude and the ratio between H — K
and Ny (X-rays).

The Ay values of the class-IIIs are almost consis-
tent with the galactic gas-to-dust mass ratio of ~ 200
(Gorenstein 1975; Ryter et al. 1975; for review, see Ryter
1996), while those of class-Is are equivalent to 3-times
smaller values, assuming a black-body temperature of
3500 K for the central stars (e.g., Kenyon et al. 1993a)
and the dust-size population from Savage and Mathis
(1979). Such a large fraction of dust compared to gas
cannot be easily understood, because even if all heavy
elements are depleted into dust grains, a factor of 3 en-
richment of dust can, at most, be obtained (Sofia et al.
1994). In class-Is and -II with stellar disks, the X-ray
emitting region would be more deeply inside than the
infrared-emitting region; the X-rays are more absorbed
than the infrared. Thus, the small Ngy/H — K ratios of
class-Is compared with class-IIIs are hardly understood;
they possibly require a particular geometry or lower star
temeperature than expected.

For detailed modelings, we certainly need more studies
as to whether or not such lower Ng/H — K ratios in
class-Is are common in star-forming regions (e.g., Kenyon
et al. 1993a, 1993b), which is beyond the scope of this

paper.
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Fig. 3. X-ray color-color diagram for the detected
sources (see table 1). The horizontal axis shows the
count ratios in the 1-2 keV and 2-5 keV bands, while
the vertical axis is for the ratios between 2-5 keV
and 5-7 keV bands. The solid and dotted curves are
predicted iso-temperature curves of a thin thermal
model (R-S model).

3.6. Comments on Selected Sources
No. 2

Source No. 2 was identified as being ROX-7; which
showed temporal variability by factor of 2 in the
Einstein IPC observations with a maximum time scale
of <2d. During the ASCA observation, this source
showed an X-ray flare (figure 2). The temporal varia-
tion of the hardness ratio corresponds to a temperature
variation from 2 to 7 keV, assuming a constant Ny of
1 x 10?2 cm~2. The spectral analysis during the flare
and quiescent were separately carried out with the best-
fit parameters listed in table 4. We found that the flare
temperature was significantly higher than the quiescent
value. The mean flare temperature of about 3 keV is
almost same as the results from non-imaging X-ray ob-
servations of Ginga and Tenma (Koyama 1987; Koyama
et al. 1992) and the averaged spectra of the p Oph cloud
cores with ASCA.

No. 3

The source is the brightest source in the field, one or-
der of magnitude brighter than any other source, and is
thus chosen for a boresight determination (section 2). No
variability was found. A detailed spectral analysis using
the SIS instrument was already presented in Paper 1.

[Vol. 49,

Table 5. X-ray and infrared characteristics.

No. IR*  H — K(ref)f Nu/H — K!
ROXA class [mag] [x102cm™%mag™']
2. III 056+0.04(WLY2)  1.7(1.2-2.5)
3. IIID 0.64+0.14(EL) 1.6(1.5-1.7)
8. I 4.0140.04(SKS) 0.9(0.6-1.3)
9B....... I 3.14+0.05(3KS) 0.9(0.5-1.2)
10........ I 4.01:+0.09(SKS) 1.2(1.0-1.6)
n........ II  0.60+0.14(EL) 0.6(0.0-1.0)

* IR class: Andre and Montmerle (1994).
t H — K values: abbreviations are the same as table 1.
t uncertainties in the brackets are due to Ny error in table 4.

No. 7

In Paper I, this source is identified as an IR source,
either GY 211, WL 10, or GY 220, but have now been
firmly identified as being WL 10. This source showed a
significant time variability in both the soft (0.5-2 keV)
and hard (2-10 keV) bands. The equivalent temperature
and absorption of this source are 2 keV and 4x10%2 cm™2,
respectively. This result indicates the class-I nature of
this object.

No. 8

We found only one IR candidate (EL 29) in the error
region of source No. 8. We can thus firmly identify this
source as being EL 29, an infrared variable (Elias 1978),
class-I object located near to the CO peak (Wilking,
Lada 1983) near Lynds 1681. A hard X-ray flare in the
2-10 keV energy band was found with the parameters
listed in table 2. More detailed comparisons of the flare
and the quiescent states are given in table 4. We note
that the flare spectrum showed significantly higher ab-
sorption of about Ng = 2 x 10?3 cm~2 than that found
in the quiescent spectrum (Ng = 4 x 10?2 cm~2). EL 29
shows a deep silicate absorption feature (Hanner et al.
1995), which indicates an edge-on geometry of the cir-
cumstellar disk (e.g., Kenyon et al. 1993a). Simon (1987)
found that the circumstellar envelope has a spatial extent
of 102 AU. We therefore infer that the excess absorption
during the X-ray flare arises through the dense disk along
the line of sight, while the quiescent X-rays are produced
over the region of the stellar surface, which do not suffer
disk extinction.

No. 9B

This source is clearly found in the hard (2-10 keV)
energy band near the position of No. 9 (Paper I). Two
IR candidates, GY 282 and a class-I object, WLY 2-46,
are within the error circle.
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Fig. 4. X-ray light curve of source No. 10 in the
0.5-10 keV energy band. The vertical axis shows
the SIS 0+1 + GIS 243 counts within 3’ radius
[counts s™1]. The horizontal axis shows the time
[hr] from 1993 August 20 0:00. The period is about
0.97 d with an amplitude of 30%.

No. 10

Only one young stellar object, the class-I source WL 6,
lies within the error circle of the source. It exhibited
sinusoidal variability during the observation (figure 4).
No significant difference in the plasma temperature and
absorption between the high- and low-state spectra was
found (table 4). These characteristics differ from the flare
properties of other sources. We suspect that the energy-
independent and sinusoidal modulation of No. 10 is due
to stellar rotation with a period of about 0.97 d, with a
large sunspot or coronal hole covering about 30% of the
stellar surface. Near-infrared observations show that fast
rotation periods and large sunspots are general charac-
teristics of many T Tauri stars (Hartmann et al. 1987).
Also, fast stellar rotation causes a high X-ray luminosity,
as in RS CVn stars (Rosner et al. 1985). If the flux varia-
tion of No. 10 is due to stellar rotation, this would be the
first discovery of stellar rotation from a protostar. On the
other hand, the variability can also be understood as an
X-ray flare without any significant spectral variation. In
this case, the exponential decay time and emitted energy
are estimated to be 4 x 10* s and 2 x 10%° erg, respec-

tively. We should be conservative until future long-term

X-ray and infrared monitoring can be obtained.

No. C3

In the error region of C3, we found 2 candidates,
EL 23 (Elias 1978; Andre, Montmerle 1994; Vrba et al.

X-Ray Analysis of the p Oph Dark Cloud with ASCA 469

1975) and GY 29 (Greene, Young 1992). ROSAT also
found this source to be a candidate of EL 23 with a
finer spatial resolution, like ROXR 1-25 (Casanova et al.
1995). Hence, source C3 is likely to be associated with
ROXR 1-25 and EL 23 = S2.

No. C5

This source is found to exhibit the largest hardness ra-
tio (5-7 keV/2-5 keV) among the observed X-ray sources.
Allowing a reasonable temperature range of 2-3 keV, we
estimated from the hardness ratio the Ny value to be
(2-3) x 10?3, In spite of this possible large absorption,
no class-I source was found in the error region; instead,
class-II sources WL 17 and GY 201 were found. Fur-
ther details concerning the X-rays were not available,
mainly due to large contamination from a nearby bright
X-ray source, EL 29.

No. C7

This source shows a flare event only in the hard X-ray
band, which indicates that either the spectrum becomes
hard, or the absorption becomes larger during a flare.

4. Conclusion

We have studied images, spectra and temporal varia-
tions in the 0.5-10 keV energy band of the p Oph mem-
bers using data obtained by the X-ray astronomy satellite
ASCA.

1. Using 3 energy bands and time-divided X-ray im-
ages, we found 19 X-ray sources in the p Oph region
and resolved a previously identified X-ray source
(No. 9) into two sources (9A and 9B). Eight among
the 19 sources are new X-ray sources which have not
been catalogued by either Einstein or ROSAT obser-
vations.

2. We found no X-rays from the class-0 source
VLA 1623, but did discover hard and variable X-rays
from two class-Is (EL 29 and WL 6) and one possible
candidate (WLY 2-46) near to the cluster core.

3. A large absorption of Ny = 2x 10?3 cm™2 was found

from the class-I source EL 29 during its flare. We
infer that large amounts of circumstellar materials
have an anisotropic distribution, such as a protostel-
lar disk around the central source, which increases
the line-of-sight X-ray absorption.

4. We found a hint that the X-ray modulation of the
source No. 10 (WL 6) is due to its stellar rotation
with about a 0.97-d period with a large X-ray bright
spot covering 30% of the stellar surface.
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5. Flare parameters observed from 5 X-ray sources are
similar to solar flares, except for their X-ray lumi-
nosities or loop sizes. The loop sizes are comparable
to the solar diameter, and the magnetic field in the
X-ray emitting region is estimated to be 200-400 G.

The authors thank all the members of the ASCA team,
particularly those who took great efforts in the software
and hardware development and support daily operation
of ASCA. The authors also appreciate the useful com-
ments and advice of Drs. E. Feigelson, Y. Tawara, S.
Sato, K. Leighly, A. Mizuno, S. Matsuura, T. Hirao, and
K. Tachihara.

References

Adams F.C., Lada C.J., Shu F.H. 1987, ApJ 312, 788

Andre P., Montmerle T. 1994, ApJ 420, 837

Andre P., Montmerle T., Feigelson E.D. 1987, AJ 93, 1182

Antunes A., Nagase F., White N.E. 1994, ApJ 436, L83

Barsony M., Burton M.G., Russell A.P.G., Carlstrom J.E.,
Garden R. 1989, ApJ 346, L93

Bouvier J., Appenzeller 1. 1992, A&AS 92, 481

Brown R.L., Zuckerman B. 1975, ApJ 202, L125

Burke B.E., Mountain R.W., Harrison D.C., Bautz M.W.,
Doty J.P., Ricker G.R., Daniels P.J. 1991, IEEE Trans
ED-38, 1069

Casanova S., Montmerle T., Feigelson E.D., Andre P. 1995,
AplJ 439, 752

Chini R. 1981, A&A 99, 346

Comeron F., Rieke G.H., Burrows A., Rieke M.J. 1993, ApJ
416, 185

Dame T.M., Ungerechts H., Cohen R.S., Geus E.J., Grenier
I.A., May J., Murphy D.C., Nyman L.A. et al. 1987, ApJ
322, 706

Dolidze M.V., Arakelyan M.A. 1959, SvA 3, 434

Drake S.A., Singh K.P., White N.E., Simon T. 1994, ApJ 436,
187

Elias J.H. 1978, ApJ 224, 453

Feldman U. 1992, Phys. Scr. 46, 202

Gorenstein P. 1975, ApJ 198, 95

Grasdalen G.L., Strom K.M., Strom S.E. 1973, ApJ 184, L53

Greene T.P., Wilking B.A., Andre P., Young E.T., Lada C.J.
1994, ApJ 434, 514

Greene T.P., Young E.T. 1992, ApJ 395, 516

Grosso N., Montmerle T., Feigelson E.D., Andre P., Casanova
S., Gregorio-Hetem J. 1997, Nature submitted

Hanner M.S., Brooke T.Y., Tokunaga A.T. 1995, ApJ 438,
250

Haro G. 1949, AJ 54, 188

Hartmann L.W., Soderblom D.R., Stauffer J.R. 1987, AJ 93,
907

Herbig G.H., Bell K.R. 1988, Lick Obs. Bull. No. 1111

Kenyon S.J., Calvet N., Hartmann L. 1993a, ApJ 414, 676

Kenyon S.J., Whitney B.A., Gomez M., Hartmann L. 1993b,
AplJ 414, 773

Koyama K. 1987, PASJ 39, 245

Koyama K., Asaoka I., Kuriyama T., Tawara Y. 1992, PASJ
44, 1255

Koyama K., Hamaguchi K., Ueno S., Kobayashi N., Feigelson
E.D. 1996, PASJ 48, L87

Koyama K., Maeda Y., Ozaki M., Ueno S., Kamata Y.,
Tawara Y., Skinner S., Yamauchi S. 1994, PASJ 46, L125
(Paper I)

Kukarkin B.V., Kholopov P.N., Artiukhina N.M., Fedorovich
V.P., Frolov M.S., Goranskij V.P., Gorynya N.A.,
Karitskaya E.A. et al. 1981, New Catalogue of Suspected
Variable Stars (Nauka, Moscow)

Leous J.A., Feigelson E.D., Andre P., Montmerle T. 1991,
AplJ 379, 683

Loren R.B., Sandqvist A., Wootten A. 1983, ApJ 270, 620

Merrill P.W., Burwell C.G. 1950, ApJ 112, 72

Montmerle T., Koch-Miramond L., Falgarone E., Grindlay
J.E. 1983, ApJ 269, 182

Morrison R., McCammon D. 1983, ApJ 270, 119

Ohashi T., Ebisawa K., Fukazawa Y., Hiyoshi K., Horii M.,
Ikebe Y., Ikeda H., Inoue H. et al. 1996, PASJ 48, 157

Raymond J.C., Smith B.W. 1977, ApJS 35, 419

Rosner R., Golub L., Vaiana G.S. 1985, ARA&A 23, 413

Ryter C.E. 1996, Ap&SS 236, 285

Ryter C.E., Cesarsky C.J., Audouze J. 1975, ApJ 198, 103

Savage B.D., Mathis J.S. 1979, ARA&A 17, 73

Schlickeiser R., Harwit M., Ozel M.E., Sieber W,
Younis S.M., Schinckel A. 1989, A&A 216, 197

Serlemitsos P.J., Jalota L., Soong Y., Kunieda H., Tawara Y.,
Tsusaka Y., Suzuki H., Sakima Y. et al. 1995, PASJ 47,
105

Shu F.H., Adams F.C., Lizano S. 1987, ARA&A 25, 23

Simon M., Howell R.R., Longmore A.J., Wilking B.A,,
Peterson D.M., Chen W.P. 1987, ApJ 320, 344

Sofia U.J., Cardelli J.A., Savage B.D. 1994, ApJ 430, 650

Stine P.C., Feigelson E.D., Andre P., Montmerle T. 1988, AJ
96, 1394

Strom K.M., Kepner J., Strom S.E. 1995, ApJ 438, 813

Struve O., Rudkjgbing M. 1945, ApJ 109, 92

Tanaka Y., Inoue H., Holt S.S. 1994, PASJ 46, L37

Thome J.M. 1892, Resultados del Observatorio Nacional Ar-
gentino, 16, 1

Tsusaka Y., Suzuki H., Yamashita K., Kunieda H., Tawara
Y., Ogasaka Y., Uchibori Y., Honda H. 1995, Appl. Opt.
34, 4848

van den Oord G.H.J., Mewe R., Brinkman A.C. 1988, A&A
205, 181

Vrba F.J., Strom S.E., Strom K.M. 1976, AJ 81, 958

Vrba F.J., Strom K.M., Strom S.E., Grasdalen G.L. 1975,
AplJ 197, 77

Wilking B.A. 1989, PASP 101, 229

Wilking B.A., Lada C.J. 1983, ApJ 274, 698

Wilking B.A, Schwartz R.D., Blackwell J.H. 1987, AJ 94, 106

Wilking B.A., Lada C.J., Young E.T. 1989, ApJ 340, 823

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System


http://ads.nao.ac.jp/cgi-bin/nph-bib_query?1997PASJ...49..461K&db_key=AST

7PASY; _.49: ZA61KD

rt

Plate 14

(a) GIS image

(b) SIS Image

& Blue ure enhane

'

ed N Bloe are eudances by Sut rlass I

(d) Hard X-ray Image (core)

Fig. 1. ASCA images of the p Oph cloud core, main body. The upper two images are normalized RGB-weighted images of
GIS 2+4GIS 3 and SIS 0+SIS 1 (ab), respectively. Red, green, and blue correspond to 5-7 keV, 2-5 keV, and 1-2 keV
flux, respectively (red and blue are enhanced by 50% to make reddened objects clear). The open circles show the cluster
members and IR classes (Andre, Montmerle 1994) and pointing arrows show ROXA sequential numbers. The lower
two images (cd) are SIS 0+-SIS 1 images in the 0.5-2 and 2-10 keV energy bands. The contours are the C1#0(1—0)
column densities (Wilking, Lada 1983), in units of 10'%cm =2, from 1.0 to 2.5 in steps of 0.5, correponding to Ay ~ 30,
50, 70, 100, respectively. IR sources from Greene and Young (1992) are indicated by the closed circle; the crosses are
class-I sources.
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