ASCA Observations of Emb edded Sources in Da rk Clouds

KA TSUJI KOY AMA

1;2

, KENJI HAMAGUCHI

1

, HIROSHI MURAKAMI

1

, YOHKO

TSUBOI

1

1

Dep artment of Physics, Graduate d school of Science, Kyoto University, Sakyo-ku, Kyoto 606

2

CREST, Japan Scienc e and T e chnolo gy Corpor ation (JST), Kwaguchi, Saitama 332

ABSTRACT. This pap er rep orts on the current status of hard X-rays from protostars detected with

the ASCA satellite. F rom the center of the R Corona Australis (R Cr A) molecular cloud (called

the Cornet cluster), we found hard X-ray p oint sources. One of the sources, probably the emb edded

far-infrared source R1, exhibited a p ow erful X-ray are. These phenomena are similar to, but with

a signi�cantly higher temp erature than, those seen in T T auri stars. The are sp ectrum is unusual,

showing a broadened or double emission-line structure b etween 6.2 and 6.8 keV. The ux of this source

decreased much with the second and third observ ations made one years after, instead another class I

source b ecame the brightest. Consequently

, the Cornet cluster is found to b e highly variable in the hard

X-rays.

The � Ophiuchi dark cloud also harb ors several X-ray emitting class I sources, two (EL29 and

YL W15A) exhibited typical ares and another (WL6) showed a sinusoidal v ariation with no sp ectral

change. The latter would b e due to the rotation of the star.

Since X-rays are unexp ected from current protostellar theories, these ASCA observations should

hav e a signi�cant impact on our understanding of star formation and the earliest phases of stellar

evolution.

The NGC1333 and the Orion clouds I I and I I I, also exhibited X-ray p oint sources visible only in

the hard X-ray band, hence are highly p ossible to b e embedded protostars. In addition to these clouds,

a class I source is found in the Linds 1495E. Based on radio bip olar ow observ ations made on the �

Oph dark cloud, we prop ose a uni�ed picture of protostars.

1. Intro duction

It is conv enient to see the star evolution by the infra-red sp ectra. Stars of main sequence

and late phase of T T auri hav e no circumstellar gas, hence show black b o dy radiations

from the star surfaces. W e call these the class I I I sp ectra. Classical T T auris have

accretion disks, and the sp ectra are the sum of the stellar surface and the accreting

gas. These are the class I I sp ectra. Protostars hav e class I sp ectra, which are dominated

by infalling gas. Therefore radiations from the stellar surfaces are b ehind the stronger

radiations from the circumstellar gas. Protostars or class I infrared sources are generally

emb edded deep in molecular clouds and/or dense circumstellar accreting gas. Therefore

they are invisible with soft X-rays. W e rep ort hard X- ray results of these embedded

protostars with the ASCA satellite.

2. The R Cr A cloud

Impressive ASCA results of a star forming region, the R Cr A dark cloud, are found

in �gures 1a and b in the pap er of Koyama et al.(1996). In the soft X-ray band b elow

2 keV, the center of the cloud, which is shown by contour levels of the molecular gas,

is dark; literally the dark cloud. Moving to the hard X-ray band, the center b ecomes

bright. It shows complex X-ray structures. The p osition of class I ob jects are given by

blue squares. W e see a go o d correlation of the hard X-ray image and the p osition of the

protostars. W e therefore conclude that many of the protostars in the R Cr A cloud are

X-ray emitters.

Figure 3 in Koy ama et al.(1996) is an X-ray light curve of the center of the dark

cloud, with a time span of a few days. A typical are similar to T T auri is found. The X-

ray sp ectrum of the pre- are phase is hard and is highly absorb ed compared to T T auris

in the same cloud. Also we can see a clear emission line from the iron K-shell. In the are

phase, the sp ectrum b ecomes very strange, with tw o emission lines, separated ab out 0.5

keV (�gure 4 in Koy ama et al. 1996). If this separation is due to a Doppler e�ect, we

need 10% of the light sp eed, suggesting presence of a sub-relativistic jet. Therefore this

feature is particularly interesting, how ever I do not discuss detail now.

With follow-up observ ations of this cloud, we found a long term v ariabilit y b ehavior

of the hard X-rays. The X-ray images largely change from the �rst to the second ob-

serv ations made after tw o years. This means that virtually all the class Is in this cloud

are highly v ariable. W e also compared the X-ray sp ectra of the two observ ations, then

found the sp ectra are also time v ariable.

3. The � Oph Dark Cloud

The next example is the � Oph dark cloud. Kamata et al (1997) shows the X-ray image

of the central region of the cloud with the 2-energy bands (see �gure 1c and 1d in

Kamata et al. 1997). In the hard X-ray band, X-ray sp ots coincide to the class I ob jects

are found. The brightest are protostars EL29 and WL6.

The X-ray light curve from the protostar EL29 showed a are asso ciated with sp ectral

hardening. This is typical to T T auris, but with a higher temp erature.

The light curve of the other protostar WL6 was totally di�erent from EL 29. It

showed a sinusoidal mo dulation with essentially no sp ectral change. This is well demon-

strated in �gure 4 of Kamata et al.(1997). W e susp ect this is not a are but would b e

due to a stellar rotation. If so, the rotation sp eed is as fast as ab out one day

. In order

to con�rm this, follow-up observ ations were made after 3.5 years. Then we found WL6

( and also EL 29) b ecame very faint and another class I source YL

W15A exhibited in-

termittent ares. Before moving to other dark clouds, we list embedded class I sources

in the R Cr A and the � Oph dark clouds in T able 1.

4. The NGC1333 Cloud

In the soft X-ray band (0.5 - 2 keV), we found 4 bright sp ots, which coincide to the

HRI sources No’s 10, 14, 15 and 19 (Preibisch, 1997). The brightest source is No. 10. W e

T ab. 1 - Class I X-Ray Source List

Candidate Note

R Cr A

IRS2=TS13.1 v ariable

IRS5=TS2.4 "

IRS1=TS2.6=HH100IR=VSS15 "

IRS6=TS2.3 "

IRS7=R1 Flare, X-ray jets ?

� Oph

EL29=YL

W Flare

WL6=YL

W14 Rotation?

YL W15A=IRS43 Intermitten t ares

Ref. T a ylor and Storey (1984), Wilking et al. (1992), Wilking, T aylor and Storey

(1986), Zinnecker and Preibisch (1984), W alter and Kuhi (1981) , Andre and Mont-

merle (1994) Elias (1978), Lada and Wilking (1984), Wilking , Lada and Y oung

(1989).

also found a bright X-ray region with a p eak b etween the p ositions of No’s 17 and

18. Whether this sp ot is due to either No. 17 or 18 or b oth is uncertain at present. Even

fainter sources are found at the p ositions of No’s 5, 7, 16 and 20 and p ossibly at No.

11. In the hard X-ray band (4 - 10 keV), we clearly found X-ray p eaks at the p ositions

of No’s 10, 15 and 19, of which No 15 is the brightest. At the p osition b etween No’s 17

and 18, a hard X-ray sp ot was found as well as in the soft X-ray band.

New X-ray sources ( no detection with the ROSA

T HRI) were found mostly in the

hard X-ray band (4 -10 keV): two bright sp ots at ( 3 h

29 m

16.

s

, 31 o

17

0

52

00

,) and ( 3 h

29 m

07 s

, 31 o

17

0

03

00

), and unresolved X-rays near No. 15 sources. On the other hand, a

sp ot at (3 h

29 m

25 s

, 31 o

22

0

26

00

) was found b oth in the soft and the hard X-ray bands.

In addition to these emission regions, low er surface brightness X- rays extending ab out

5’ radius near (3 h

29 m

05 s

, 31 o

15

0

) were also found in the hard X-ray band. This would

b e an integrated emission of many faint X-ray sources, p ossibly emb edded deep in the

core of NGC1333.

5. Other Dark Clouds

A further example of hard X-rays from protostars is found in the dark cloud L1459E.

The hard X-ray ASCA image of L1495 E shows X- rays at the p osition of a class I,

IRAS 04154-2823 (Y amauchi, priv ate communication). Also we found many hard X-ray

sources in b etw een the Orion Molecular cloud I I and I I I (Y amauchi et al., 1996), which

are probably ob jects in very young phases of star formations.

6. Summary of X-rays from Protostars

Several highlights of protostar X-rays, which should b e noted are:

(1) W e found quiescent X-rays , which hav e hard and largely absorb ed sp ectra, with

signi�cant iron K-shell emissions.

(2) At least two protostars, R1 and EL29 exhibited ares , which are similar to a T

T auri, but with a higher temp erature. The sp ectrum of R1 in a are is very p eculiar

with two-lines structure.

(3) A sinusoidal ux mo dulation with no sp ectral change is found from WL6. It suggests

that the star is rotating fast with a p erio d of ab out 1 day .

(4) W e also found long term ux and sp ectral v ariability’s from many protostars.

(5) Some dark clouds harb or hard X-ray sources, which are not identi�ed yet (NGC1333)

or coincide to the p ositions of the molecular cores (OMC I I and I I I).

7. Uni�ed Picture of the Protostars

W e certainly found X-rays from some protostars, but not for other protostars. An exam-

ple of anti-evidence for X-rays from protostars is the densest region of the Chamaeleon

I I cloud; it has three class I sources, non of which shows X-ray emission even in the hard

X-ray band of ASCA( Y amauc hi et al. 1997). The most famous ob ject of protostar, the

bip olar ob ject L1551-IRS5 also shows no X-ray (Carkner et al., 1996). The bip olar ob-

ject in the � Oph dark cloud east, IRAS 16293-2422 shows no X-ray neither (Tsub oi,

priv ate communication) . So where do es this di�erence come from?

T o try to answer this question, we conducted radio observ ations on the X-ray emit-

ting protostars. W e discov ered bip olar ows with small angle separation of the bip olar

patterns (Sekimoto et al., 1997). This is in contrast to the well-kno wn bip olar ob jects

having lager separation patterns from which we found no X-ray . W e prop ose one idea, a

uni�ed picture of protostars. Protostars have accreting circumstellar discs with a typical

column larger than 10

25

H/cm

2

. and also have bip olar out ows with a smaller column

of ab out 10

23

H/cm

2

. F rom the disk face-on viewing angle, we see absorb ed X-rays and

small separation angle bip olar patterns. Moving to the disk edge- on direction, we see

no X-ray b ehind the extremely dense matter, but see largely separated bip olar ow

patterns. The latters, of course, are known as famous bip olar ob jects.

Ackno wledgements

W e thank S. Y amauc hi and M. Itoh for informing us the results of the NGC1333 and

Chamaeleon dark clouds b efore publications.

References

Koyama, K., Maeda, Y., Ozaki, M., Ueno, S., Kamata, Y., T aw ara, Y., Skinner, S.,

Y amauc hi S.: 1994, Publ. Astron. Soc. Japan 46, L125-L129.

Carkner, L., F eigelson, E., Koyama, K., Montmerle, T., Reid, L. N.: 1996, Astr on. J.

464, 286-305.

Y amauchi, S., Koy ama, K., Sak ano, M., Ok ada, K.: 1996, Publ. Astr on. So c. Jap an 48,

719-738.

Koyama, K., Hamaguchi, K., Ueno, S., Kobay ashi, N., F eigelson, E.: 1996, Publ. Astr on.

Soc. Japan 48, L87-L92.

Kamata, Y., Tsub oi, Y., Koyama, K., Y amauc hi, S.: 1997, Publ. Astr on. So c. Jap an 49,

461-470.

Preibisch, T.: 1997, Astr ophys. J. (in press).

Sekimoto, Y., T atematsu, K., Umemoto, T., Hirota, T., Koy ama, K., Tsub oi, Y., Hirano,

N., Y amamoto, S.: 1997, Astr on. Astr ophys. (in press).