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Abstract

A star is born from a molecular cloud core and evolves to main sequence through the
protostellar and T Tauri phases. With the ASCA satellite, we probed 17 fields (totally
24 observations) of nearby dark clouds to search X-rays from protostars. In this survey,
we detected X-rays from 40% of protostar candidates with S/N > 5 level in the 2-10
keV band. They include Class 0 protostars, i.e. earliest phase of protostars, which had
never been detected before.

Based on the results of the outflow observations, we found that the X-ray detection
of a protostar is highly dependent on the orientation of the outflow; the X-rays can only
be detected from a pole-on viewing angle, where the X-rays penetrate through lower
density of the bipolar flow and are less absorbed by dense circumstellar disks. X-ray
non-detected protostars have edge-on geometry, hence the X-rays are completely blocked
by an extremely high column along the circumstellar disk.

From two Class I protostars (EL29 and YLW15 in p Oph), we detected totally four X-
ray flares. Their temperatures and emission measures during the flares lie on a universal
correlation from solar micro flares to stellar giant flares. From a Class I protostar WL
6, we obtained sinusoidal modulation with constant temperature, which may be due to
a spin of a protostar. The period is apparently shorter than the spin periods of the
older stages. However, the relation between the X-ray luminosities and V' sin ¢, which
are assumed from the period of WL 6, is similar to those in the older phase. These two
results imply that at protostellar phase, X-rays in both the flare and quiescent states are
emitted magnetically as well as the older phases of low-mass stars.

The flares from YLW 15 was quasi-periodic, which occurred every ~20 hours. It
is consistent with a quasi-periodic reheating of the same plasma loop of ~ 14 R with
diameter-to-length ratio a ~ 0.07. The inferred large-scale magnetic structure and the
observed periodicity imply that the reheating events of the same magnetic loop originate
in an interaction between the star and the disk due to the differential rotation. This
result gives us a crucial information about structure of the central star and its close
vicinity, which can not be studied by any other wavelengths.

We detected an intermediate-mass protostar EC95, which exhibited time variability
like contiguous flares with higher temperature than in typical T Tauri stars. Since the
temperature and the emission measure is plotted on the same correlation with solar-
type stars, our result would be the first support that even an intermediate-mass star has
magnetic activity in the protostellar phase. They may have a convective zone inside the
star itself or/and the inner disk, which has not been expected by any theory of stellar

evolution.
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Chapter 1

Introduction & Review

1.1 Molecular Clouds in Our Galaxy

In our Galaxy, about a half of the mass of interstellar gas (2-4x 109 M) is believed
to exist as molecular clouds. Distribution of molecular clouds in the Milky Way is

shown in Figure 1.1 (Dame et al. 1987) and Figure 1.2 (Dame et al. 1987).

1.1.1 Giant Molecular Cloud

A large molecular cloud, which has mass of 10°-3 x 10°M, and several 10 pc scale,
is generally called a Giant Molecular Cloud (hearafter GMC). GMCs are thought
to contain most of molecular gas in our Galaxy. GMCs are distributed along spiral
arms of the Galactic plane, and do not exist in inter-arms. GMCs are believed to
be the places where both the low-mass star (< 3M)) formation and high-mass star
(> 3My) formation occur simultaneously. The most famous example of GMCs is
the Orion molecular cloud (d ~ 450 pc).

Radio mapping of the *CO line, which traces relatively low density region, has
revealed that a GMC consists of “clumps”, of which the mass, scale, and density
are M =~ 10>-10*M, R =~2-5 pc, Ny, ~ 10*5cm 3, respectively. Mapping of
the C¥O or CS line, which traces relatively higher density region, has revealed
that the clumps consist of still smaller and higher density clumps “molecular cloud
cores”, of which the scale are typically R ~0.1-0.3 pc. Half of the molecular core
is associated with “IRAS source” which was detected in far- to mid-infrared band

of TRAS satellite.



1.1.2 Dark Cloud

Relatively smaller molecular cloud, neighbored with the Sun, is generally called a
“dark cloud”. The mass is about 1/1000-1/100 of that of GMC. Dark clouds are
known to be the places where low-mass star formation occur. The Taurus (d ~
140 pc) and p Oph (d ~ 165 pc) dark clouds are famous examples of dark clouds.
As well as GMC, observations with various kind of molecular lines have revealed
the hierarchical density structure. The molecular cloud cores have typical mass,
scale, temperature, and density of M ~ 4M,, R~ 0.1 pc, T'= 1- 11 K, Np, =
3-80x10%*cm 2, respectively (Myers & Benson 1983, Mizuno et al. 1994).

1.1.3 Gould’s Belt

The dark clouds Lupus and p Oph lie at the positive Galactic latitude, while the
Orion and Taurus clouds are at the negative-latitude. It indicates the molecular
clouds within 500 pc from the Sun follow the “Gould’s Belt” (GB hereafter). Gould
(1879) found asymmetry in the distribution of the brightest stars on the sky with
respect to the Galactic equator, more than one century ago. It has an ellipsoidal
shape with a semi-major axis of about 500 pc and a semi-minor axis of about 340
pc, the Sun being located 150 to 250 pc off center. He concluded that these bright
stars were aligned along a great circle crossing the Milky-Way at an angle close to
20°. Since then many astronomers have worked on this structure, and confirmed its
existence in OB associations or young Galactic clusters, gas, and dust. Recently,
Guillout et al. (1998a, b) confirmed with the ROSAT all sky survey that X-ray
selected young stars also distribute along the GB.

For the formation of the GB, several scenario such as collisions of high veloc-
ity clouds with the Galactic disk (e.g. Comerén & Torra 1992, 1994), supernova
explosions, or induced star formation by strong stellar winds originating at a cen-
ter of Cas-Tau association (e.g. Blaauw 1991) have been proposed. On the other
hand, some authors have pointed out that even a random spatial distribution of a
few prominent OB associations (which are usually selected to trace the GB) would
mimic the impression of an “inclined belt” in the sky. Despite of these many mod-
els or scenarios, the origin is thus still a puzzle. An extensive review of the present
knowledge on the GB system and the interstellar medium can be found in Popel

(1997) and references therein.



HANIIDOTDLLOVIVD
+081 002 022 0b2 2092 £082 +00€ <026 «0b§ <0 <02 Ob <09 <08 5001 +02! Db 09! +081
T T T < zc-—xo T T T T T T T T T T T T ¥ T T T T T T T T T T T T T T L] ¥ T T T W -U
NOFTIVAYH) ¢ 0no |
2 8 zo.mw%nwp 0y . Ve ¥ ¢ 280 5._@
o
- 2 now vrEw ) NI
180 Now © . VNINVD vae n YoM ISA XA 1809k  BESLOON A snumy
‘ A2 ? Q o r m ’ o
Pgat W/s 180 VWO MW@.M. ﬁ:m,,l.m/fzﬂ\be o aﬁwo. v |
_ °
80 W39 vian - Do, se2s
- 280 NOW . %uwuﬂmy 1 .
$ON01D @o %V vunov AA
" Q . sano1098EZ
02 SN 0 d & SN3d3) P 1
1 '\ 1 1 L 1 1 1 1 1 1 1 1 '} A L 1 1 i 1 1 1 1 1 1 L 1 1 1 1 1 1 1

HANIIILVI DILOVIVD

Figure 1.1: The velocity-integrated CO map of the Milky Way obtained by Dame et al.

(1987).
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1.2 Evolution of Young Stellar Objects

Early stellar evolution is reviewed by Shu, Adams, & Lizano (1987) and André &
Montmerle (1994). In this section, we briefly review the essence. A star is born
deep in a molecular cloud and evolve to the main-sequence through a “young stellar
object” (YSO). A large fraction of YSOs is either optically invisible or too faint
for spectral typing. Its radiation is not a single blackbody spectrum, hence we can
hardly trace the evolution of YSOs along a simple scheme like the Hertzsprung-
Russell (H-R) diagram as performed by Cohen & Kuhi (1979).

Near-IR spectroscopic studies have placed embedded sources onto the H-R
diagram (Greene & Meyer 1995; Greene & Lada 1996), but the number of observed
sources 1s still limited. In practice, most of the YSOs are classified with a broadband

infrared photometry: spectral energy distribution (SED: Lada 1987).

1.2.1 Classification at Near Infrared Band

YSOs are believed to evolve by losing a circumstellar material via accretion and
outflow. Then the near-infrared band, which is emitted from the circumstellar
material, is used for the classification of YSOs. Generally, the spectral index [ =
—d log vFr/d log v] in the infrared band up to 2.2 pm is used for the classification
(Lada & Wilking 1984, Adams et al. 1987, Lada 1991).

Class I objects (ajg > 0) have the SED peak in the millimeter or infrared
bands. The SED is broader than a single blackbody function, probably due to an
integrated emission from a hot (3000-5000 K) stellar-like object and warm (300—
1000 K) dusty envelopes around it.

These YSOs (Class 0 and I) are associated with dense molecular cores (Myers et
al. 1987) and bipolar flows, suggesting dynamic gas accretion phase, which would
correspond to a protostellar phase. The ages are thought to be ~10*° yr.

Class IT objects (arr < 0) are thought to have exhausted most of the envelope,
leaving a circumstellar disk, hence have peaks at the near-infrared band. The
SEDs are also broader than a single temperature blackbody, due to contribution
of circumstellar disks. The central stars are optically visible and correspond to
Classical T Tauri stars (CTTS: ~ 10° yr).

Class III objects (a;r < 0) have blackbody-like spectra. They include pre-

main sequence stars surrounded by optically thin disks, very young stars of the
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main sequence and ‘“naked” T Tauri stars (Weak-lined T Tauri Stars, WTTS:
~107 yr) (Walter et al. 1988).

1.2.2 Classification at milli/submillimeter band

In addition to Class I-III, the observations with bolometers at millimeter wave-
lengths have revealed the existence of colder sources that do not fit in the classifi-
cation scheme depicted above. Such objects are called “Class 0” sources (André et
al. 1993) or “extreme Class I” sources (Lada 1991). They are thought to be in an
evolutionary stage prior to Class I.

A Class 0 protostar is defined as a (sub)millimeter source with three attributes
(André et al. 1993; Barsony 1995): (1) at most, weak emission at A\ < 10um,
(2) a spectral energy distribution similar to a blackbody at 15-30 K, and (3)
Lubmm/ Lot > 5 x 1072, where Lgyupmm is luminosity measured at A > 350um
and Ly, is a bolometric luminosity. Class 0 protostars can be observationally dis-
tinguished from the pre-protostellar cores (see below) by detection of a centimeter
source (ionized gas) or an outflow, which is indirect evidence for a central core.

Radiation in the millimeter wavelengths is due to the gravitational energy re-
lease of accreting circumstellar envelope. The millimeter fluxes from Class 0 objects
(André & Montmerle 1994) have shown that the envelope gas has not been fully
accumulated to the central star: the stellar mass is smaller than the envelope mass,
M., > M,). The central star in the Class I objects, on the other hand, has already
accumulated most of the stellar mass, (Me,, < M,). The SEDs of these different
classes have been successfully modeled by assuming a systematic dispersal of the
total circumstellar mass from Class 0 to Class III (Adams et al. 1987, Kenyon et
al. 1993); the circumstellar mass decreases by a factor of 5-10 from one class to
the next (André & Montmerle 1994). The evolutionary sequence from Class 0 to
IIT (by André 1994) is summarized in Figure 1.3.

Pre-protostellar cores prior to the start of gravitational collapse can also be
identified by mapping the millimeter /submillimeter (Benson & Myers 1989, Ward-
Thompson et al. 1994) and molecular line (Mizuno et al. 1994) emission in dark
clouds. Mizuno et al. (1994) revealed that the time-scale of the pre-protostellar
phase is a few hundred thousand years. They showed that the pre-protostellar

cores are, in contrast to the results of Benson & Myers (1989), less dense and more



extended than those of protostellar cores.

1.2.3 Classification by Bolometric Temperature

Another useful parameter to classify the YSOs in the SED scheme is the bolometric
temperature (7},; Myers & Ladd 1993): a blackbody temperature with the mean
frequency equal to that of the observed continuum spectrum. The temperatures
represent the circumstellar conditions. Compared with the other methods, T}, uses
all the photometric information of a YSO (see Myers & Ladd 1993), and then can
be applied to a wide range of YSOs, including all the four spectral classes (Chen
et al. 1995, 1997). T}, increases monotonically from Class 0 objects to Classes I,
II, and III, corresponding to the SED evolution. Typical T}, for Class 0, I, IT and
IIT sources are, respectively, < 100 K, ~700 K, ~2000 K and ~3500 K. The log-
log diagram of Ly, vs. Tpe (the BLT diagram) for YSOs is analogous to the H-R
diagram for the main sequence stars. The BLT diagram can be used to compare
observations with theoretical evolutionary models and to study in comparison of

different star-forming regions (Chen et al. 1995, 1997).



A (mm) 0.01 0.1 ] CLASS 0O
‘m[—mm]—!ﬁ-rrnn[—ﬂ—ﬂ-mm :
_F Class 0}1 Main
~E 3 accretion
13 3 phase ?
2F Cold Black Body :
SE 3 Age < 10*yr
E Mcs 2 0.5Mg

CLASS I:

- Late
5 accretion
= phase ?
o

o]

-

CLASS II:
> Optically
95 thick
o disk
o
-
Age ~108yr
1 1 ] 1 <M.- >~001M
12 10 100 sk °
A (um)

LI T

CLASS III:
Optically
thin
disk?

4
Class III|

Stellar
Black Body

Log (A Fx,

Age s 107yr
<Md|$k> <0.003M@

Figure 1.3: Evolutionary sequence of the spectral energy distributions for low-mass
YSOs proposed by André (1994). The four panels (Classes 0, I, II, and IIT) correspond

to successive stages of evolution.



1.3 Outflows from YSOs

1.3.1 Features

With the radio molecular-line observation, Snell et al. (1980) unexpectedly discov-
ered an outflow from a protostar L1551 TRS5. Since then, outflow features have
been observed in various forms; molecular outflow (in the other word, standard CO
outflow), optical HH jet, collimated Hy molecular jet, Radio Continuum Jet, and
Atomic Neutral Jet. The outflow activity is more efficient in Class 0 than Class 1.

The standard CO outflow has usually a bipolar structure emerging from a close
vicinity of a central star. The total mass of a molecular flow can range from less
than 1072 M, (e.g. HH 34; Chernin & Masson 1995a, Terebey et al. 1989) to
~200Mg (e.g. Mon R2, Wolf et al. 1990; DR21, Russell et al. 1992). The outflow
sizes ranges from less than 0.1 pc (e.g. Ori-I-2, Cernicharo et al. 1992) to ~5 pec.
The velocity is generally only a few km s~!. The total kinetic energy of the CO
outflow can reach 10*7-10*® erg (e.g. DR21, Garden et al. 1991). The measured
dynamical time scales range from 10® to a few 10° years. The collimation factor is
typically ranging from 2 to 5 (e.g. Richer et al. 1992).

The optical HH jet sometimes contains multiple bow shocks (e.g. HH 34;
Reipurth et al. 1986, Biihrke et al. 1988, Reipurth & Heathcote 1992, Morse et al.
1992) and extends up to 1.5 pc (Bally & Devine 1994). In many cases, these HH
jets have the same orientation, similar extension, and compatible kinematics to the
corresponding CO outflows (HH 34: Chernin & Masson 1995a; HH 111: Reipurth
& Cernicharo 1995, Cernicharo & Reipurth 1996; HH complexes in L.1551: Mundt
& Fried 1983, Snell et al. 1980). The HH jets are generally highly collimated, with
collimation factors of up to 100. The velocity is generally as high as several 100
km s~L.

The collimated molecular jets characteristic of strong Hy emission are detected
around many Class 0 YSOs, including L1448-mm (Terebey 1991, Bally et al. 1993b,
Davis et al. 1994a), IRAS 03282 (Bally et al. 1993a, Bachiller et al. 1994b), IC
348-mm (McCaughrean et al. 1994), VLA 1623 (Dent et al. 1995), and L1157-
mm (Hodapp 1994, Davis & Eisloffel 1995). Most of the Hy molecular jets have
short kinematical ages of < 1000 yr (e.g. McCaughrean et al. 1994), and the H,

emissions form a cocoon shape around the HH jet: i.e. long filaments, which are



not strictly coincident with an axis of the HH jet. The H; lines thus are emitted in
the mixing layer between ambient and out-flowing materials. The velocity of the
H, molecular jet is in the range 10-50 km s~ (Shull & Beckwith 1982, Draine et
al. 1983, Smith 1994).

The radio continuum jet emerges as a continuum emission at the centimeter
wavelengths (Cohen et al. 1982, Bieging et al. 1984, Bieging & Cohen 1985).
Most of them are interpreted as free-free emission from a collimated thermal jet
(Reynolds 1986), while some of them showed spectral indices characteristic of non-
thermal synchrotron emission (e.g. Serpens/FIR1: Curiel et al. 1993; HH 222:
Yusef-Zadeh et al. 1990; RCrA TRS7: Brown 1987). The coexistence of thermal
and non-thermal radio emission in the YSO jets has been modeled by Henriksen et
al. (1991), who suggest that the non-thermal emission is due to relativistic electrons
possibly accelerated by a diffusive shock at the region of interaction between the
jet and the ambient cloud material.

The atomic neutral jet has been observed with HI 21 c¢m lines around a few
low-mass YSOs such as HH 7-11/IRS, L1551/IRS, and T Tau (Lizano et al. 1988,
Giovanardi et al. 1992, Rodriguez et al. 1990, Ruiz et al. 1992). The broad wings
indicative of winds of up to 200 km s~! and the mass-loss rates of 107% to 107> M,
yr~! have been revealed. HI emissions have also been detected in two high-mass

bipolar outflows (NGC 2071, Bally & Stark 1983; DR21, Russell et al. 1992).

1.3.2 Origin

The outflows from YSOs have following puzzles as well as the other space jets

(AGNs, $5433).

e acceleration and engine

Is there any kind of pressure, buoyancy, or system like de Laval nozzles ?

e support mechanism of the orientation
Jets are bipolar, and extend 10°-107 times larger than the central engine.
What mechanisms support the orientation 7

e collimation
They have generally high collimation factors (excluding the CO molecular

outflows). What collimates them 7
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To address these questions, many magnetically driven jets model have been
proposed and numerically simulated. These models can be divided into two cate-
gories, depending on whether the jet arises at the disk surface or at the star/disk
boundary layer. In both cases, accretion disks can provide momentum and energy
to bipolar molecular outflows.

Konigl (1989) was the first to consider the disk structure with realistic magnetic
fields. Wardle & Kénigl (1993) refined this model for the disk structure. Pringle
(1989) suggested that a strong toroidal magnetic field could be produced at the
boundary layer between the accretion disk and the star by a dynamo effect, but
the details of the ejection process were not modeled. Other models that place the
origin of the jet at the boundary layer have been proposed by Camenzind (1990),
Bertout & Regev (1992), Ferreira & Pelletier (1993a, 1993b, 1995).

The most popular model of this category is that of the X-celerator. This model
assumed initially (Shu et al. 1988) that the jet was generated at the region of the
stellar equator where centrifugal and gravitational forces are compensated (the
X-point). The YSO was assumed to have a strong magnetic field and was able
to continue accreting by ejecting a strong outflow at a significant fraction of the
in-fall rate. Since the mass-loss happens on the equatorial plane, the optical jets
are produced by the expansion of the flow toward the rotational poles. The main
difficulty of this model is that the star needs to rotate at the break-up velocity at
its equator, while actual T Tauri stars are known to rotate at about a tenth of this
velocity (Bouvier et al. 1986). The X-celerator model has been modified (Shu et
al. 1994a, 1994b; Najita & Shu 1994; Ostriker & Shu 1995) to allow for the star
rotating velocity below that of break-up. Following a suggestion by Koénigl (1991),
it is assumed that the stellar magnetic field is strong enough to truncate the disk at
a radius from the star. The rapid rotation of the material in a small region around
this radius may drive a funnel inflow into the star together with a X-type outflow.

While Shu et al. (1994a) assumed partially open magnetic fields in the magne-
tosphere between the central star and the disk, Hayashi et al. (1996) assumed that
the dipole magnetic field of the central star thread the rotating disk, performed
2.5-dementional MHD simulations, and reproduced a unified picture in which both
X-ray flares and outflows are originated simultaneously by reconnection of the loop

between star and disk.
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These ideas which link outflows and disks are supported by observational re-
sults. In T Tauri stars, forbidden line emission, which is thought to arise from an
outflow, is only seen in objects presenting near-IR excesses attributed to disks (Ed-
wards 1995), and the intensity of the high-velocity emission seen in the [OT] 6300 A
line is correlated with the near-IR color excess (Edwards et al. 1993). More than
80% of YSOs with the outflows have circumstellar disks (Strom 1995, Dougados et
al. 1996). Cabrit & André (1991) found the correlation between momentum flux
of CO molecular outflows and the mass of the YSO envelope. This correlation was
improved by Bontemps et al. (1996), demonstrating that there is a good continuity
from Class 0 to Class I sources. These correlations of outflows and disks imply that
outflow and in-fall occurred simultaneously or at least closely linked.

Outflows probably limit the mass of the star/disk system under formation and

are indispensable for transporting away the excess angular momentum of accretion

disks.
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1.4 X-rays from YSOs

1.4.1 FEinstein and ROSAT Observations

The Finstein Observatory was the first satellite to detect soft X-rays from low-mass
YSOs. The FEinstein observations discovered not only that a significant fraction of
the previously known T Tauri stars (“classical” T Tauri Stars: CTTS) were strong
X-ray emitters, but also that a new class of T Tauri Stars (TTSs), lacking the
emission-line signatures of the CTTS. These stars, dubbed “weak-lined” TTS (or
WTTS), outnumber the CTTS by large factors (generally 2 to 10). Subsequent
observations in the infrared wavelength (near- to far-IR, i.e. > 2 pm to 100 pm),
and in sub-mm ranges showed that a CTTS was surrounded by optically thick
circumstellar disk (i.e. corresponding to a Class II in SED), while a WTTS was
surrounded at most by optically thin disk, and the emission lines originate at the
interface between the star and the disk, when present (i.e. corresponding to Class
Il in SED). The X-rays were found to have strong variabilities with occasional rapid
flares — consistent with enhanced solar-type activities of magnetic fields produced
by the dynamo mechanisms (Feigelson and DeCampli 1981, Montmerle et al. 1983).
Then the X-rays were thought to be essentially solar-like, coming from magnetically
confined plasma loops, at temperatures comparable to those seen on the Sun (~
1 keV), but with larger luminosities than those of solar X-ray (~ 10*7 erg s~ ') by
3-5 orders of magnitude. Since an outer layer of a T'TS is entirely convective over
large depth, magnetic fields were assumed to originate from the classical dynamo
mechanism. (For reviews, see, e.g. Montmerle et al. 1993, Feigelson 1994.)

After the Finstein and post- Finstein observations, numerous ROSAT observa-
tions have been done, first in the course of the All-Sky Survey (RASS), then pointed
at various molecular clouds and star-forming regions, or specific classes of young
stars, like Herbig Ae/Be stars (more massive counterparts to TTSs). Through
these observations, the sample of WT'TSs increased remarkably. The increased
YSO samples lead to statistical studies and the results are as follows;

(1) Observations of the Cha I cloud (Feigelson et al. 1993), the p Oph cloud
(Casanova et al. 1995), or the IC346 young star cluster (Preibisch et al. 1995)
show that X-ray luminosity of a T'TS spans a large dynamic range from as low as

10?8 erg s~! to more than 4 orders of magnitude. The luminosity is correlated with
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global stellar parameters, like bolometric luminosity or mass. In particular, the
“saturation line” in X-ray luminosity (see Figure 1.4 and 1.5) is tightly correlated
with bolometric luminosity or square of stellar radii, which implies quiescent X-rays
come from a large number of mini flares on the stellar surfaces, and when the star
is fully covered with flares, it appears as the saturation line.

(7i) Correlations between X-ray luminosity and stellar rotation have obtained.
It holds not only to T'T'Ss but more generally to cool stars. Stellar rotation is a key
for dynamo process, then the results support that X-rays from TTSs are generated
by dynamo mechanism. Adopting the correlation between Ly vs. Lg), the faster
rotation of stars lead to larger X-ray active region on the stars.

(7i7) Correlations of both X-ray luminosity and surface flux with stellar age
have been found (Neuh&user et al. 1995).

(iv) No large difference of X-ray properties between CTTS and WTTS (Feigel-
son et al. 1994, Casanova et al. 1995, Preibisch et al. 1995) is found, except the
interstellar extinction (large-scale RASS observations of Taurus, Neuh&user et al.
1995). This suggests that circumstellar matter plays no essential role for the X-ray
emission, hence X-rays are specific signature for an activity state of a central star.

Although, FEinstein and ROSAT detected soft X-rays from many TTSs, only
a few protostars were found to emit soft X-rays, because soft X-rays are easily
absorbed by dense circumstellar materials around protostars; the reports of X-rays
from Class I sources with ROSAT were given by Grosso et al. 1997; Neuhauser
& Preibisch 1997. Neither the Finstein satellite nor ROSAT detected X-rays from

Class 0 sources, which have large circumstellar extinction, Ay up to 1000.

1.4.2 Temma and Ginga Observations

These satellites have no imaging capability, but have a wide spectral range ( Temma:
2-10 keV, Ginga: 1-37 keV), which include the Tron K shell transition line (E~
6.7 keV). Therefore they were powerful to determine the spectra of sources, and
detected the X-rays from highly obscured regions. The obtained results are as
follows:

(7) Thin thermal emissions with high temperatures (~ 2-5 keV) were discovered
(Figure 1.6, 1.7).

(7i) Flare events in the hard X-ray band (> 2 keV) were found (Figure 1.8,
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1.9).
(7i7) From the Iron K shell line (F ~ 6.7 keV), metal abundances of star forming
regions were determined for the first time, which were less than cosmic abundance.
(1v) X-rays from dark cloud with high absorption of Ny > 10> H cm™2 were
discovered (Koyama et al. 1987, 1992).

1.4.3 ASCA Observations and Unsolved Problems

Though these satellites gave many contributions to YSO study, they still had weak
points. The soft X-ray imaging satellites Finstein and ROSAT had less sensitivity
in hard X-ray band which can penetrate dense absorbing matters. Then they could
hardly detect protostars in highly obscured regions. The hard X-ray spectroscopic
satellites Temma and GINGA had no imaging capability, hence can hardly pin-
point to any infrared/optical counterpart, even if they detect highly absorbed X-
rays. In these senses, ASCA has advantage by its high sensitivity from soft to hard
(up to 10 keV) band, with a reasonable imaging capability and a high spectral
resolution (see Chapter 2).

These capabilities have been already demonstrated by recent ASCA results in
dense molecular cores. A group of Class I sources has been identified by ASCA in
the “Coronet” IR cluster, located in the heavily obscured RCrA cloud (Koyama et
al. 1996), with evidence for emission up to 10 keV. More mysteriously, the flare
spectrum from this region shows a distinct double line at 6.16 and 6.85 keV, in
the vicinity of 6.7 keV, where the Fe-K line normally provides a single signature
when it comes from a plasma with k7 ~ 1 keV. This feature remains unexplained
to date. In contrast, in a joint ROSAT/ASCA observation of the L1551 cloud,
Carkner at al. (1995) detected no X-ray from the Class I source L1551-IRS5 which
excites the famous CO outflow.

ASCA also enabled to analyze flares from YSOs very precisely. For example,
Tsuboi et al. (1998) detected a large flare on active WTTS V773 Tau in the hard
X-ray band (> 2 keV). From the time-sliced spectra, they found several new and
interesting features including the highest temperature of 100 million K in the flare
peak (Figure 1.10). This demonstrates that if we detect large flares from protostars,
we can analyze the spectrum precisely as well as V773 Tau.

The early ASCA observations opened a new window for the YSO study. With
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the ASCA observations on YSOs, we investigate the following unsolved problem.

e When does a star begin to emit X-rays 7

Although X-rays from Class I protostars were detected (e.g. Koyama et al.
1996, Grosso et al. 1997), whether or not Class 0 protostars emit X-rays is
open question. Due to the large amount of accreting gas and the deep location
in molecular core, Class 0 objects could have extremely large absorption, up
to ~ 10** H cm 2 or more. Therefore, with hard X-ray imaging by ASCA,

we reveal this question.

e What is the X-ray emission mechanism ?

In more evolved TTSs, it is well established that the X-rays are emitted
by the stellar magnetic surface activity, independently of the existence of a
circumstellar disk. However, at earlier stages, an origin of X-rays are not
obvious. One idea is the same as that for TTSs, i.e. dynamo activity at
an outer convection layer of the central star. The other possible idea would
be the dynamo activity around boundary layer between the central star and
inner disk. The difference in X-rays between protostars (Class 0, I) and the
other phases of star formation (Class II, III) could be a clue to solve the

origin.
e How is the structure and dynamics around a central star 7

X-rays could be emitted from a close vicinity of a central star, while radio to
infrared wavelengths originate from surrounding matters, and not from the
central star itself. Hence, from X-ray activity of protostars, we reveal physics

around a central star and its inner accretion disk.
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Figure 1.4: X-ray luminosity vs. bolometric luminosity for stars.

left: Chal region (Feigelson et al. 1994). Filled (open) circles are CTT (WTT) stars,
crosses are proposed new T Tauri stars, and squares are the two B9 stars.

center: 11495 region (Strom & Strom 1994). The line shows the best fit to the data.
right: Orion region (Gagné et al. 1995). Downward-pointing triangles indicate X-ray
upper limits, smaller symbols indicate uncertain L, determinations, and open circles
indicate that strong X-ray flares were detected on these stars. Most stars appear very

close to or below the saturation line corresponding to log (Lx/Lps) ~ —2.9.
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of the Rho Oph cloud (Koyama 1987; right panel) obtained with the Temma satellite.
The solid lines show the best-fit thin thermal plasma models.
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Chapter 2

Instrument

In this chapter, we report on the ASCA satellite and the instruments onboard

ASCA.

2.1 ASCA

ASCA is the 4th Japanese X-ray satellite launched on 20 February 1993, by the
M-3SII-7 rocket from Kagoshima Space Center(KSC)(Tanaka et al. 1994). The
satellite orbit is semi-circular with the perigee of 520 km and the apogee of 620 km.
It weights 417 kg and is 4.7 m long along the telescope axis and 3.5 m wide across
the solar paddles. Figure 2.1 shows the schematic view of ASCA in orbit.

ASCA can contact KSC only for about 10 minutes each in 5 (or 6) consecutive
orbits out of the 15. These orbits are usually called “contact orbits”, and the

other ten “remote orbits”. During the remote orbits, ASCA can send (down-

Figure 2.1: The schematic view of the ASCA satellite.
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link) the stored data to the NASA DSN stations of Madrid, Canberra, Goldstone,
Wallapse and San Diego. These down-link operations are pre-programmed in the
KSC contact pass.

ASCA carries four identical X-ray telescopes (XRT: Serlemitsos et al. 1995) of
3.5 m focal length, which are equipped with four imaging spectroscopic detectors;
two Gas Imaging Spectrometers (GIS: Ohashi et al. 1996; Makishima et al. 1996)
and two Solid state Imaging Spectrometers (SIS: Burke et al. 1994).

The satellite attitude is controlled in three-axis with the stability of better
than 10” and absolute pointing accuracy about ~ 30”. To achieve them, ASCA is
equipped with 4 gyros with an additional back-up, four reaction wheels, two CCD
star cameras and 3 magnetic torquers, each with control electronics. The satellite
attitude is limited to keep the direction of the solar paddle within 30° from the sun.
The maneuver is performed by changing the angular momentum balance among
the reaction wheels with the slew rate of ~ 0°.2 s1.

As the telemeter channel, ASCA uses X-band (down-link at KSC, 8.5 GHz) and
S-band (up-link 2.1 GHz, down-link 2.3 GHz). The orbital elements are measured
twice a day. The data from the detectors and on-board instruments are compiled
by the data processor (DP), then stored in the bubble data recorder (BDR) of
134 Mbits capacity. The telemeter has three bit-rates, HIGH of 32 Kbits s71,
MEDIUM of 4 Kbits s' and LOW of 1 Kbits s™!'; thus the recording time is 68,
545 and 2185 minutes, respectively. HIGH-bit-rate is mainly used in the contact
orbits, and MEDIUM-bit-rate is in the remote orbits. LOW-bit-rate is used to save
the BDR capacity in case that the detectors cannot observe the target, i.e., the
satellite is in the South Atlantic Anomaly (SAA) or the target is behind the earth.

2.1.1 XRT

ASCA has four identical conical foil X-ray mirrors which are weight saved versions
of similar mirrors flown earlier on the Broad Band X-Ray Telescope experiment
(BBXRT) aboard Astro-1, which was one of the space shuttle mission developed
by NASA. Since X-ray photons above a few keV are reflected only in a grazing
incident angle, or the light pass is almost parallel to the mirror surface, the ef-
fective area of the X-ray reflector is largely limited; see in the case of paraboloid

(Figure 2.2a), for example. To gain reflection area and to compensate aberrations,
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Figure 2.2: The schematic figure of the X-ray telescope. (a) The primitive model. (b)
Wolter type I geometry, which is used in ASCA XRT.

the X-ray mirror consists of multi-nesting tandem with aligned and co-focusing
paraboloids and hyperboloids (Wolter type I geometry; Figure 2.2b). The ASCA
XRT approximates this concept with a flat conical surfaces instead the parabolic
and hyperbolic surface. This simplification is crucially practical, allowing us to
construct the multiple-nesting of 119 thin foils for one XRT. Nearly flat pieces
of the aluminum foil of 125um thickness are first shaped into flexible conical seg-
ments having approximately the required curvature, then dipped in an acrylic bath
to smooth the surface, deposited a ~ 500 A gold layer to increase X-ray reflectivity,
then finally placed into a housing, constrained by supporting lags to fit the X-ray
optics. One XRT with 119 foils aligned by ~ 1 mm pitch has a 558 cm? effective
area, more than 50% of the geometric open area. A trade-off of this large effective
area by the thin foil mirrors is found in less spatial resolution than the ideal Wolter
type 1 optics. The half-power diameter of XRT is about 3 arcmin. Table 2.1 gives
the design parameters of XRT.

To maintain the best-performance of the mirror in orbit (i.e., to keep the re-
flecting surfaces free from contaminations and to minimize the mirror deformation
by thermal stress), heaters and thin (0.22 and 0.54um for the SIS and GIS, respec-
tively) aluminized mylar covers were placed near and on the entire mirror aperture.
Since X-ray reflectivity depends on the grazing angle and photon energy, the effi-
ciency and point spread function (PSF) of XRT also depend on the source position
and energy. The efficiency and PSF are calibrated on ground in several points (in
energy, mirror position, and incident angle), but overall features are simulated with
the ray-tracing with appropriate optical constant (complex refractive index) of the
mirror foils, including the real XRT structures. The final response is supplied by

the ASCA team with fine tunings to fit the standard sources: Crab for spectrum
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Table 2.1: XRT design and performance parameters.

Design Parameters

Mirror Substrate 0.125 mm aluminum foil

Surface 10pm Acrylic Lacquer + 500 AAu
Number of Nested Cones 120 (back-to-back layers)
Outer/Inner Diameter 345/120 mm

Focal Length 3500 mm

Grazing Angle Range 0.24-0.70 deg.

Geometric Area 558 ecm? (each)

Field of View 24/16 arcmin (Q1/7 keV)
Number of Telescopes 4

Mirror Weight 10 kg (each)

Performance Parameters

Effective Area ~ 300/~ 150 cm?@1.5/7 keV (each)

Size of Blur (Encircled Energy) =~ 3 arcmin Half Power Diameter
(no energy dependence)

Reflector Surface Roughness ~3A

and Cyg X-1 for imaging. Figure 2.3 shows the energy dependence of the XRT
effective area. The values used to plot the graph is an integrated flux within the
6 arcmin radius circular area from the image center.

The effective area decreases rapidly as the off-axis angle increases. At higher
incident energy, since the grazing angle should be smaller, only inner foils remain
effective. Accordingly, effective area decreases as incident photon energy increases.
Figure 2.4 shows the effective area for each off-axis angle as a function of energy.

Possible residual deformation of the foils worsens the angular resolution. While
the half power diameter (HPD) of XRT is expected to be about 0.3 arcmin in the
ideal case, the real value is about 3 arcmin. Figure 2.5 shows the radial profile
of the PSF. Tt can be approximated as a Gaussian in the central core of (r <
1"), followed by an exponential function outside. The quadrant mirror structure
make the PSF to be the Maltese-cross shape (Figure 2.6). As the off-axis angle
increases, the PSF is largely distorted. For the evaluation of the contamination
of a bright source to the surrounding regions, the encircled energy function (EEF)

which is defined as the ratio of photons flux in a circle with given radius from a
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Figure 2.3: The energy dependence of the XRT effective area on-board ASCA.
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Figure 2.4: The off-axis angle dependence of the XRT effective area on-board ASCA.
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Figure 2.5: The point spread function of the ASCA XRT.

point source is useful. Figure 2.7 shows the EEF for different energies. It shows
that about 80% of the flux drops within the circle of a 6 arcmin diameter. The
difference of the encircled fraction between high and low energy become large as
the increasing angular radius. Therefore, the apparent spectrum becomes harder
as the accumulation radius increases.

Another practical problem of the XRT is stray lights from outside of the field
of view (FOV). The XRT geometry does not allow photons reaching the focal plane
without being intercepted by the foils; however, the photons scattered due to the
surface roughness, single or more than 3 reflection, or back-side reflected photons
may come in the focal plane. We call these photons as the stray light. Figure 2.8
shows the image of the stray light when the Crab nebula is 1° offset from the
detector center. The stray light, if strong source is nearby, is crucial for a weak

source or extended emission, like the cosmic X-ray background (CXB).

2.1.2 GIS

The GIS (Gas Imaging Spectrometer), which has been developed mainly by Uni-
versity of Tokyo, ISAS and Meisei Electric Co., Ltd., consists of two imaging scin-
tillation proportional counters (GIS2 and 3) and a signal processing part (GIS-E).
Also the radiation belt monitor (RBM) is equipped.

Compared with the SIS (see next subsection), the GIS has larger efficiency
(by a factor of 2 at 7 keV) at high energy, higher temporal resolution, larger
dynamic range in the source intensity and a four-times wider FOV  however, it

has a lower soft X-ray efficiency, a somewhat worse position resolution and poorer
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Figure 2.6: Point spread function of the ASCA XRT for four different off-axis angles.
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Figure 2.8: The stray light image of the Crab nebula at 1° offset from the detector

center.

energy resolution by a factor 2—4 than those of SIS.

Each GIS-S consists of a gas cell, a position-sensitive photo-tube and high-
voltage suppliers. Figure 2.9 shows the cross section of the GIS-S. The X-rays
from the XRT are detected by the 25 mm-depth gas cell, which is filled with 96%
of Xe and 4% of He to 1.20 atm pressure (at 0°C). The gas is sealed by a beryllium
foil of a 10pum thickness and a 52 mm diameter, supported by a stainless grid and
fine mesh. The gas cell is divided into two, the drift region just inside the Be
window and the following scintillation region. Each region is biased by 1 kV cm™!
and 4 kV cm™! electric fields. To intercept the non-X-ray backgrounds, the GIS
has a hood coated by a 0.2-0.5 mm thickness tin foil and partially by a 0.1 mm
thickness molybdenum foil.

The X-ray photon is photo-absorbed in the drift region and creates free elec-
trons. The electrons drift into the scintillation region guided by the bias field, then
accelerated by the stronger field. Xe atoms are excited by the electrons, then emit
UV photons of wavelength of ~ 170 nm. This excitation and relaxation processes
occur as the electrons pass the scintillation region in 2-3us; thus, makes a scintil-
lating light column. The number of UV photons becomes ~ 1.5 x 10° for a 6 keV
X-ray photon. Since these process are not accompanied by the secondary-electron

multiplication, the energy resolution is kept 2-3 times better than the proportional
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counter. The scintillation UV photons are detected by a position-sensitive photo-
tube set below the gas cell.

The energy information is obtained from the final dinode signal. The energy
resolution is about 8.0% (FWHM) at 5.9 keV, which scales as inverse square root
of the energy. X and Y positions of a detected photon are calculated using outputs
from 32 (16 for X and 16 for Y) multi-wire anodes. The position resolution is about
0.5 mm (FWHM), which corresponds to about 30 arcsec, at 5.9 keV, and scales as
inverse square root of the energy. The signals from the photo-tube are processed
by GIS-E.

To eliminate non-X-ray backgrounds, only signals with the pulse shape (rise
time) of the limited band are transferred to the on-board CPU. With this pro-
cess, about 90% of backgrounds within the 2-10 keV band are eliminated. In
addition, on-board CPU eliminates the event of which position is outer than the
certain radius or the spatial distribution of multi-anode output is larger than the
certain length. This discrimination method is called SPRD. Without SPRD, it
is known that the strong source near the edge of the GIS, such as the calibration
source, makes a ghost image at the inner area if the event position is determined
with the Fast Lorentzian Fitting, used for the usual data processing. With these
discriminations, 99% of the non-X-ray background is eliminated and the residual
non-X-ray background in the 17 arcmin radius is 5 x 10~* counts s cm ™2 keV ™!
in the 2-10 keV band.

Since the telemetry capacity is limited, the GIS has four different telemetry

modes:

PH (Pulse Height) For nominal observations, this mode is usually used. One
event consists of the pulse-height, position, rise-time, event-spread and timing
information packed to 31 bits. The commandable bit-share are 10, 8, 5, 8
and 10 bits in normal operation. In this mode, all the data are processed by

on-board CPU.

PH PCAL (Position Calibration) This mode is prepared for the calibration
of the position calculation done by on-board CPU. All information including
32 anode signals is transmitted. Thus the maximum source intensity and
the temporal resolution are reduced much from the PH-mode. PCAL data,

however, can be processed on ground in a failure mode of on-board CPU.
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Table 2.2: The temporal resolutions and the maximum source intensities of the GIS.

Temporal resolution

mode  Bit rate Timing bits Maximum Source Intensity [count s~ !]
0 bit 10 bits
H 62.5 ms 61us 256
PH M 500 ms 488 s 32

L 2s 1.95 ms 8

H 31.25 ms 32
PCAL M 250 ms 4

L 1s 1

H 05s  1.95ms 128 Crab!
MPC M 4s 15.6 ms 16 Crab

L 16 s 62.5 ms 4 Crab

t: 1 mCrab ~ 1 event s

MPC (Multi-channel Pulse Count) This mode transmits only the pulse-height
and timing information. The pulse-height converted data are accumulated
in on-board memory in DP. The maximum number of spectral bin is 256,
which can be reduced to increase time resolution. This mode can be used for

an extremely strong source or in a failure made of on-board CPU.

Memory Check This mode dumps the RAM image (32 KB x2) of on-board CPU.
Usually, this mode is carried out once a day during the KSC contact to check

whether on-board memory is correct or not.

Table 2.2 gives the temporal resolution and maximum source intensity of the GIS
in each telemetry mode.

The gain of the GIS differs from position to position, hence the gain calibration
by pointing Cas A in various positions has been performed. In addition, the gain
changes with the pressure and the impurity of the counter gas and the photo-
tube temperature. To correct these effects, the gain of the GIS is monitored by
%TFe isotopes at the edges of the entrance windows of the each gas cell. These
calibration data are accumulated by the ASCA team and distributed to the end
users.

Figure 2.10 shows the effective area with the combination of XRT and GIS.
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Figure 2.10: The effective area with the combination of XRT and GIS.
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Figure 2.11: The signal block diagram of SIS.

2.1.3 SIS

The SIS (Solid state Imaging Spectrometer) consists of three components — two
cameras (SISO and SIS1), each with four CCD chips, the analog electronics (SIS-
AE) and the digital electronics (SIS-DE). SIS-DE is equipped in the DP body. The
DP also has responsibility of a part of the SIS data processing. Figure 2.11 shows

the signal block diagram of the SIS subsystem.

The CCD detector can be regarded as a cluster of solid state detectors (SSD)

with a large number of square-aligned microscopic (27 x 27um? in case of SIS)

electrodes called ‘pixels’.

absorbed by the nearest pixels, then are carried by the driving external clock from

The electron cloud induced by the X-ray photon are
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Figure 2.12: The cross section of the SIS camera.

pixel to pixel to the readout gate.

Since the charge is thus transferred from pixel to pixel, which have very small
electric capacitance, the floating electric capacitance at the readout gate also very
small. This extremely small capacitance makes a higher readout voltage than
normal SSD, hence the readout noise can be very small. On the other hand, the
temporal resolution is much lower than the normal single detector such as GIS,
because the charges are read sequentially. In the case of SIS, the readout cycle of
one chip is 4, 8 or 16 sec in 1-, 2- or 4-CCD-mode, respectively.

Figure 2.12 shows the cross section of the SIS camera, and Figure 2.13 shows
the chip configuration of the SIS. In the normal operation, the CCD chip is cooled
down to about —60°C by a Peltier device (TEC, thermal electric cooler) to reduce
the dark current. The TEC dissipates the heat into the housing, which is cooled
to —30-40°C with the radiator coupled to the heat pipe. The chip in the housing
is covered by a multi-layer insulator and supported by Lexan columns in order to
reduce the heat inflow. In front of the chip, a Lexan film of a 1000A thickness
coated with aluminum of a 400A thickness at each side is placed to cut off the
optical light.

The SIS-AE generates the chip driving clock, controls the TEC and converts
the video signal from the SIS-S to the digital data (PH data). In contrast to GIS,
SIS has no hardwired logic.

The SIS-DE receives the PH data from the SIS-AE and extracts the X-ray

34



~22.5 arcmin

X
S0CO socz 7
m——————— X Satellite coordinates
|Gap: ~0.5mm : S1C2 S1C1
| ~18.5 pixels Lk @ Y
| ~29 4 arcsec
\ L Y ~22.8 arcmin 1 F()i;;ﬂ )2
= M m
o SOC1 & @SOCZ Y T( DETX =(1.59 arcsec )2
1 420 pixels |
| amm | s1c3¥ gl sico
| ~11.1 arcmin || |x
T_, y DETY

T Detector coordinates

1 422 lines

T P "
~114 mm | Gap: ~04183 mml : 1 CCD mode default position

X o ~4 8 pixels

| ~11.2 arcmin | | ~7.6 arcsec! 2 CCD mode default position

________ -

4 CCD mode default position

@ @ @ Old 1,2 CCD mode default position

(©) SISO Optical Axis
@ SIS1 Optical Axis

Figure 2.13: The chip configuration of the SIS.
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Figure 2.14: The X-ray event pattern of the CCD detector.

events. The X-ray photon of a 10 keV energy induces a primary electron cloud of a
1um size by the photo-absorption process, with the size scaling as E1'™ (Janesick
et al. 1985). After drifting to the electrode of each pixel, the size is grown to be
~ 5um. Since this size still smaller than the that of pixel, the electron cloud does
not separate into larger than four pixels (Figure 2.14). On the other hand, charged
particle events leave long tracks (long cloud). Using this difference of the cloud
size, SIS-DE can eliminate the non-X-ray backgrounds. The energy of the X-ray
event is calculated from 3 x 3 pixels around the local maximum pulse height pixel.

The dark current level consists of ‘Dark level’ and ‘Bias level’. To save the
on-board memory, the Dark level is taken from the average of the pixel group,

which is typically in a % X % (default value) frame. This dark level is further time
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averaged and is updated using the event-free pixel levels as:

MeanPixelLevel

NewDarkLevel = OldDarkLevel + 1, (2.1)

n
where n+1 is the history parameter and set as 1, 4, 8 or 16 on command. The set of
Dark level is called the dark frame. The Bias level is the DC offset of the dark cur-
rent level. This is obtained from the PH data of the over-clock region, where there
is no real electrode but only the driving clock is operated to these virtual pixels.
Since the Dark level and the Bias level are the mean value in the grouped pixels,
their possible variation within the group degrade the energy resolution essentially
taken from multiple pixels. To take account or compensate this degradation, two
approaches are currently used: (i) make the up-to-date response matrix including
the long-term change of the resolution. This method can be applied for all the
data, but needs the long term trend for pixel by pixel, which require a lot of work,
hence has only been at a limited region. (ii) Since the dark level of each pixel
is found to be rather constant in a short time scale (a few days), we can obtain
the pixel-by-pixel dark template for the short time scale, by observing the night
earth with the FRAME-mode or accumulating the event-free corner pixels of the
FAINT-mode data (see below). With this template, we can adjust the pulse height
on the ground. This method can be applied for the FAINT-mode data and the
grade-0 BRIGHT-mode data.

The SIS has three observation modes (FAINT, BRIGHT and FAST) and four
diagnostic modes (FRAME, DARK FRAME, HISTOGRAM and INTEGRATION):

FAINT The event information consists of the CCD ID, the addresses and 12 bit
pulse heights of nine pixels. The size of each event is 16 bytes including the
CCD ID. This mode can be used only for faint sources, but all the pulse

heights relating with the event are obtained.

BRIGHT The pulse heights of 9 pixels are summed, and the summed PH data
and the Grade information are transmitted. Table 2.3 gives the definition of
the Grades. The event data has 4 bytes and consists of the Grade, addresses
and the summed pulse height, which consists of 11 bit; the original 10242047
channels are binned by a factor of two and 2048-4095 by a factor of four.

FAST In this mode, the chip is driven to project all the charge onto one-dimensional

array. Thus the spatial information is reduced to one dimension, but the
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Table 2.3: The grade definitions of the BRIGHT-mode SIS events.

grade name split pattern
0 single center
1 single+ center (4 detouched corner(s))
2 vertical split center + top or bottom (+ detouched corner(s))
3 left split center + left (+ detouched corner(s))
4 right split center + right (4 detouched corner(s))
5 single-sided+ single-sided split + touched corner pixel(s)
(+ detouched corner(s))
6 L or square L or square split (4 detouched corner(s))
7 Others all others

scan period of a frame becomes faster than other modes. The event data
has 2 bytes and consists of the Grade, the one-dimensional addresses and
the pulse height with the same binning as that of the BRIGHT-mode. This
mode is used for bright point sources of which each chip may be recorded by
more than one X-ray photon event within the accumulation time of the other

modes.
FRAME This mode sends the pulse heights of all pixels with 12 bit resolution.

DARK FRAME This mode sends a map of dark frame to ground with 8 bit

resolution.

HISTOGRAM This mode makes the histogram of pulse heights of 4096 bins for

all pixels and send to ground.

INTEGRATION This mode integrates the events in the chip for 160 s, read the

resultant pulse heights and send them to ground with 12 bit resolution.

The SIS has three clocking mode for observation and FRAME-modes — 1, 2 and
4 CCD-modes. The exposure time for each clocking mode is 4, 8 and 16 s, respec-
tively. Table 2.4 gives the summary of three observation modes.

As the SIS has no radio isotope, the relative gain between each chip was de-
termined with the strong Fe-K emission line of supernova remnant W49B. It was
pointed by all chips and the gains were determined within 0.5% errors. The abso-

lute energy scale was determined with the strongest internal background emission
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Table 2.4: Observation modes of the SIS.

Faint Bright Fast
Temporal resolution 4/8/16s  4/8/16 s 16 ms
Maximum event ratet 128/16/4 512/64/16 1024/128/32
PHA bits 12 11 11
Spatial bits 9x%x9 9x%x9 1 (and 3 timing bits)
Number of grade — 8 2

f: In 1/2/4 CCD mode for Faint and Bright.
I: In bit High/Med/Low. The unit is [events/s/2sensors].

line, Ni, which originate in the Kovar (an Fe-Ni alloy) frame-store shield.

In the charge transfer from pixel to pixel, a small fraction of the charge are lost
with a rate called the charge transfer inefficiency (CTI). The CTI is periodically
calibrated by pointing Cas-A at the each corner of chips. The calibration data are
accumulated by the ASCA team and released to the end user.

Within the limited telemetry capability, we optimize the data acquisition by
changing the event threshold and discrimination levels for the three items: the
Level, Grade and Area discriminations.

The event threshold is a fundamental parameter of the on-board processing,
and can be changed only by the agreement of the SIS team. After the initial check
during the early part of the PV phase, the event threshold was set at 100 ADU for
all chips until 1995 Dec 23, then after, the event threshold has been set to different
ADU values for different chips such that they all correspond to the energy of 0.4
keV.

Level discrimination, when activated, plays a similar role (all events whose
central pixel is below the threshold are discarded during on-board processing).

BRIGHT-mode has the eight grades (0-7), which are extensions of four basic
groups: S (single), P (single-sided split; subdivided into Vertical, Left and Rights),
L (L-shaped) and @Q (square-shaped). The extensions arise because of the exis-
tence, in some events, of corner pixels which do not belong to the block since they
touch the distributions only at the corners (so-called ‘detached’ corners). Usually,
charges produced by an X-ray photon (less than, say, 5 keV) are split into 1 or
2 pixels, i.e., S events (grades 0-1) and P events (grades 2-5). However, grade-1

events, which consist of single events with one or more detached corners, should
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be ignored because most are particle events (it is hard for an X-ray event to split
the charges into diagonal two pixels). A sizable fraction of higher energy X-rays
(5-10 keV), which tend to be absorbed deeper in the CCDs, are detected as L or
Q (grade-6) events, while grade 7 events are dominated by particle events. Since
each pixel included in the final PHA calculation contributes its own read-out-noise,
grade 0 events have the best resolution and grade 6 the worst. The SIS team has
concentrated on a combination of grades 0, 2, 3 and 4; this combination is therefore
the best-calibrated. In particular cases, however, it may be better to add grade 6
events (to increase signal-to-noise at high energies) or to use only grade 0 events.

The CCDs that make up the SIS detector system are also sensitive to optical
light. Since optical photons create an electron-hole pair, a large number of optical
photons may raise the dark level. We found that parts of SISO Chip 2 and Chip 3
suffer from the ‘light leakage’: when the line of sight is close to the bright Earth,
these regions produce many spurious ‘detections’; due to the optical lights entering
SISO near these regions. They have effects similar to the flickering pixels, although

the physical origins are different.
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Chapter 3

Observations

3.1 Protostar Sampling

With ASCA, we executed X-ray survey of protostar candidates. As catalogs of
protostars, we used four samples which Carkner et al. (1998) used: low temperature
IR sources in five nearby star forming regions compiled by Chen et al. (1995, 1997),
Herbig-Haro outflow sources from Reipurth (1994), CO outflow sources from Fukui
et al. (1993) and the list of Class 0 objects from Bachiller (1996). In addition
to the samples, in the p Oph region, we used samples of Class I candidates from
Motte et al. (1998), and in the Orion Molecular Cloud 2-3, we used samples from
Lis et al. (1998). For the classification, we rely on the bolometric temperatures
obtained by Chen et al. (1995, 1997). We assumed that Class I sources typically
have 70 < T, < 650 K and Class 0 sources have 1;,,; < 70 K.

3.2 Observed Field

We list the observed fields in Table 3.1. All the fields are nearby dark clouds of

distances less than about 500 pc.

3.3 Observation Mode

All the observations were executed with SIS 0, SIS 1, GIS 2, and GIS 3, hence
four independent data-sets were provided. The data were filtered as following

subsections. The net observing time for each detector is listed in Table 3.3.
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3.3.1 GIS

Each of the GIS was operated in the Pulse Height mode with the standard bit
assignment that provides time resolutions of 62.5 ms and 0.5 s for high and medium
bit rates, respectively. The data were post-processed to correct for the spatial gain
non-linearity. Data taken at geomagnetic rigidities lower than 6 GV and during
passage through the South Atlantic Anomaly were rejected. We also rejected the

data at elevation angles less than the value listed in Table 3.3.

3.3.2 SIS

Each of the SIS was operated in the mode as listed in Table 3.2. If the observations
were made in the 4-CCD mode (high bit-rate) and 2-CCD mode (medium bit-
rate), we used only the 4-CCD mode data. The data were corrected for spatial
and gain non-linearity, residual dark distribution, dark frame error, and hot and
flickering CCD pixels using standard procedures. Data were rejected during the
South Atlantic Anomaly and at elevation angles less than the value listed in Table
3.3. In order to avoid contamination due to light leaks through the optical blocking
filters, we excluded data taken when the satellite viewing direction of the bright

rim of the Earth was within the angles listed in Table 3.3.

3.4 Images

For each observed field, we made X-ray images with two energy-bands (soft: 0.7-2
keV, hard: 2-10 keV) combining SIS 0 + 1, because SIS has better spatial resolution
than GIS. We compared the SIS peak positions of bright X-ray sources in 0.7-2 keV
band to the more accurately known IR /optical positions. This procedure (in this
paper, we call it “the attitude fine tuning”) is performed for each of the SIS field,
if proper X-ray sources and their accurate optical positions are available. Then
the absolute position error (the attitude determination error) of the SIS sources is
reduced to as much as ~5 arcsecs from 40" of the general errors (Gotthelf 1996),
depending on the number of the reference sources and its X-ray flux and relative
position in the SIS map. The sources we used for the attitude fine tuning and the
offset of initial SIS image are listed in Table 3.4.

All the figures and tables we show are thus position-corrected ones. In the
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figures, protostar candidates are indicated by crosses (Class I and some young
Class II) and asterisks (Class 0). The contour levels are background-subtracted

values.

3.5 Detection Criteria

Typically, the source data were extracted from 1'.2 square region in the SIS images,
then extracted the background data taken from a source-free box region. However
the region size for the background varies from field to field depending on the source
density and CCD chip mode. The background regions are indicated by solid-lined-
box in images in the later chapters. After subtracting the background, we correct
the count rates with the Point Spread Function and vignetting. For the sources of
which the counts do not exceed a 5x RM S signal-to-noise (S/N) criterion where
the noise is based on the background Poisson statistics, we show only the upper
limits of the count rates.

If we detect protostars, we executed further analysis for each of the protostars.
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Table 3.1: Observed fields

Field Field center Date(UT) Exposure

RA(1950) Dec(1950) dd/mm/yy ksec
RhoOphCore (PV) 16h 23.8m —24° 22/ 20/08/93 40
RhoOphCore (AO6) 16h 24.4m —24° 27 02/03/97 100
RhoEast (AO4, March) 16h 29.6m —24° 21/ 20/08/93 20
RCrA (AO4, 1st day) 18h 58.0m —37° 4/ 04/04/94 40
RCrA (AO4, 2nd day) 18h 59.0m —37° 10’ 08/04/94 40
RCrA2 (AO6) 18h 58.8m  —36° 59'  05/04/96 80
B209 (A02) 4h 11.0m  +28° 100 16/02/95 40
B209 (AO3, 1st day) 4h 11.3m  +28° 7' 16/09/95 30
B209 (AO3, 2nd day) 4h 10.9m  +28° 2/ 13/02/96 20
TMC1 4h 36.5m  +25° 47’ 13/02/96 40
1C359 4h 15.7m  +28° 18 02/09/95 40
L1551 4h 29.1m  +18° ¢/ 23/02/94 40
Lupus 3 16h 5.5m —39° 0 02/02/96 40
Serpens 18h 27.1m +1° 1% 15/04/97 100
NGC1333 3h 26.1m +31° 12/ 30/08/95 100
L1448 3h 22.3m  +30° 29’ 30/08/95 100
NGC1977 5h 33.1m —5° (/ 30/04/93 20
Orion Nebula (PV) 5h 33.1m  —5° 20’ 30,/04/93 20
Orion Nebula (AO5, 1st day)  5h 33.1m  —5° 21/ 23/09/97 50
Orion Nebula (AO5, 2nd day)  5h 33.0m —5° 21’ 30/09/97 10
L1641North 5h 33.5m —6° 33’ 13/03/94 40
HH212 5h 41.1m -1°9 28/02/98 30
HH91 5h 38.9m —1° 18 01/03/98 30
L1582B 5h 29.3m  +12° 47 22/02/98 40

43



Table 3.2: SIS Mode

Field HIGH Bit-rate MEDIUM Bit-rate

Obs. mode CCD mode Obs. mode CCD mode
RhoOphCore (PV) FAINT 0123/2301  BRIGHT  0123/2301
RhoOphCore (AO6) FAINT 0123/2301 FAINT 1212/3030
RhoEast (AO4, March) FAINT  1111/3333  FAINT  1111/3333
RCrA (AO4, 1st day) FAINT 0123/2301 BRIGHT 0123/2301
RCrA (AO4, 2nd day) FAINT 0123/2301  BRIGHT  0123/2301
RCrA2 (AO6) FAINT 1111/3333 FAINT 1111/3333
B209 (AO2) FAINT 0123/2301 BRIGHT 0123/2301
B209 (AO3, 1st day) FAINT 0101/2323  BRIGHT  0101/2323
B209 (AO3, 2nd day) FAINT 0101/2323 BRIGHT 0101/2323
T™C1 FAINT 0123/2301 BRIGHT 0123/2301
1C359 FAINT 0123/2301  BRIGHT  0123/2301
L1551 FAINT 0123/2301  BRIGHT  0123/2301
Lupus 3 FAINT 0123/2301 BRIGHT 0123/2301
Serpens FAINT 0123/2301 FAINT 1212/3030
NGC1333 FAINT 0123/2301 FAINT 0123/2301
1.1448 FAINT 1111/3333  BRIGHT  1111/3333
NGC1977 FAINT 0123/2301 BRIGHT 0123/2301
Orion Nebula (PV) FAINT 0123/2301  BRIGHT  0123/2301
Orion Nebula (AO5, 1st day) FAINT 1111/3333  BRIGHT  1111/3333
Orion Nebula (AO5, 2nd day) FAINT 1111/3333  BRIGHT  1111/3333
L1641North FAINT 1111/3333 FAINT 1111/3333
HH212 FAINT 1111/3333 FAINT 1111/3333
HH91 FAINT 1111/3333 FAINT 1111/3333
L1582B FAINT 1111/3333 FAINT 1111/3333
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Table 3.3: Data selection and net observing time
Field GIS SIS
1 @ 6B @ () ((6) (7
(] [ks] [ks] [] [7] [ks] [ks]
RhoOphCore (PV) 10 38 38 5 40 27 27
RhoOphCore (AO6) 94 94 5 20 61t 63f
RhoEast (AO4, March) 20 20 5 20 21 21
RCrA (AO4, 1st day) 40 40 10 20 36 37
RCrA (AO4, 2nd day) 37 37 10 20 34 34
RCrA2 (AO6) 32 68 10 20 61 61
B209 (AO2) 43 43 10 20 38 39
B209 (AO3, 1st day) 25 25 10 20 22 22
B209 (AO3, 2nd day) 16 16 10 20 13 13

TMC1 41 41 10 20 36 37
1C359 390 39 10 20 24 24
L1551 42 42 10 20 40 40
Lupus 3 41 41 10 20 37 38
Serpens 89 89 10 20 48" 48t
NGC1333 94 94 10 20 76 81
L1448 53 53 10 20 49 49
NGC1977 17 17 10 20 16 16

Orion Nebula (PV)
Orion Nebula (AOb5, 1st day)
Orion Nebula (AO5, 2nd day)

20 20 10 20 18 19
50 50 10 20 45 0
8 8 10 20 8 8

[ B O L G & 1 O L O & L 5 L O L I 5 1 G o G o G & 1 S G L S L L e L S L L S L S S L S S

L1641North 37 37 10 20 34 34
HH212 33 33 10 20 31 31
HH91 26 26 10 20 24 25
L1582B 40 40 10 20 38 38

Column(1)(4): elevation angles from the Earth for GIS and SIS, respectively.
Column(2)(3)(6)(7): net observing time (GIS2, GIS3, SISO, and SIS1, respectively).
Column(5): lower limit from the bright rim of the Earth.

t: net observing time during 4-CCD mode.
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Table 3.4: Reference sources for the attitude fine tuning

Field ref. sources initial SIS offset  reference
RA (s) Dec (")
RhoOphCore (PV) DoAr21, ROX7 -1.8 +10.3 (1)
RhoOphCore (AO6) ROXs21, ROXs31 +0.18 -7.4 (2)
RhoEast (AO4, March) IRAS16293-2424 —-0.6 +0.6 (1)
RCrA (AO4, 1st day) CrAl, HR7169, CrA2 ~1.0 —2.6 (3)
RCrA (AO4, 2nd day) CrAl, CrA2 +1.0 +2.3 (3)
RCrA2 (AOG6) CrAl —0.8 ~8.3 (3)
B209 (AO2) V773 Tau, Anon 1 -3.3 -0.2 (4)
B209 (AO3, 1st day) V773 Tau +4.6 +2.1 (4)
B209 (AO3, 2nd day) V773 Tau, Anon 1 -2.8 +16.4 (4)
TMC1 TRAS04369+2539, GN Tau —0.09 —2.8 (5)
1C359 V410 Tau, Elias 1, Hubble 4 —0.06  —14.9 (4)
L1551 V826 Tau, L1551-51, 55 ~1.3 —34 (4)
Lupus 3 Sz96 -1.9 —10 (4)
Serpens EC95 +3.1 —4.7 (6)
NGC1333 source 10, source 19 +1.6 —2.7 (7)
L1448 — — — —
NGC1977 — +1.8 +11 (4)
Orion Nebula (PV) HBC452, 463 +1.8 +12 (4)
Orion Nebula (AO5, 1st day)  Trapezium -0.8 +12 (8)
Orion Nebula (AO5, 2nd day) Trapezium -1.6 +3.0 (8)
L1641North HD37131 +0.6 ~3.1 (8)
HH212 — — — —
HH91 — — — —
L1582B — — — —

References— (1):André & Montmerle 1994, (2): Barsony et al. 1997, (3): Digitized Sky
Survey, (4): Herbig Bell Catalogue, (5): Jones & Herbig 1979 (6): Eiroa & Casali 1992,
(7): Preibisch 1997, (8): data of PV phase, (9): Tycho Reference Catalogue
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Chapter 4

Rho Ophiuchi (D= 165 pc)

The p Oph 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 (see Figure 1.1 and 1.2), and extending to 10°. The
total mass of the molecular gas was estimated to be 3x10*M,, which is typical
among the Galactic dark clouds (Dame et al. 1987).

In the early observations with HoCO (Loren et al. 1983), two concentrations
of dense gas, named core A (near Lynds 1686) and core B (near Lynds 1681),
were identified. These observations indicate that the peak densities of cores A
and B are 105 cm™ and 10% cm™3, 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 Ay = 50-100 mag (Wilking
& Lada 1983; Vrba et al. 1975; Vrba et al. 1976; Chini 1981). From the C'®0O
observation in this region (Wilking & Lada 1983), the size and total mass were
estimated to be 1x2 pc? and ~600M,, respectively.

About 100 infrared objects were identified as YSOs in the main body of the p
Oph dark cloud, and 80% of them were classified into infrared Class 0 to III; the
ratio is 10%, 50%, and 40% for Class I, Class II, and Class III objects, respectively,
and only two Class 0 sources are recognized (André & 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
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discussed by many authors (Wilking et al. 1989; Elias 1978a: Vrba et al. 1975,
Simon et al. 1987; Adams et al. 1987; Wilking & Lada 1983; André & Montmerle
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 Einstein satellite found that Class II and III sources were bright and
variable in the soft X-ray band (Montmerle et al. 1983). Their X-ray spectra
were fitted by a thin thermal model with a temperature of about 1 keV, with

=2, These X-ray sources

absorption column densities in the range 10*°-~10%! ¢m
show flickering in the soft X-ray band, referred to as an X-ray Christmas Tree. The
overall distribution of the normalized amplitude of the variations is 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 phenomenon was explained by solar-like flare
activities. No X-ray was found from any Class I sources. Casanova et al. (1995)
with the deep ROSAT observation, reported 55 reliable detections of X-ray sources
in the 1.0-2.4 keV energy band. Seven Class I sources (GSS 30-IRS 1/LFAM 1, GY
224, WL6/GY256, IRS43, TRS44/TRS46, IRS54, and IRS48) lie within the error
circles of X-ray peaks. They noted, however, that these Class I identifications are
marginal due to source confusion in the crowded region. Then, X-rays from one of
the Class I sources were confirmed with the following HRI observation (Grosso et
al. 1997). Neither Finstein satellite 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 Temma and Ginga
found that the cloud shows a higher temperature of kT ~ 4 keV with Ny ~ 10%2
cm ~% and Fe abundance of 0.3-0.4 cosmic (Koyama 1987, Koyama et al. 1992).
The temperature determined with hard X-rays arises a big question on the X-ray
origin from the dark cloud. Another unresolved question is whether or not Class 0
and I sources are X-ray emitters.

Throughout this section, we assume the distance to the p Oph core to be 165
pc (Dame et al. 1987).
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4.1 Core region (PV phase)

We show the two band contour maps of p Oph main cloud obtained with SISs in
Figure 4.1.

In the hard band image, we detected several X-ray sources from the central
region of the cloud (it lies near the center of the SIS field of view), while in the soft
band image, we can see no X-ray from the region. We show the count rate of each
source in Table 4.1. At least, we detected five Class I sources with > 5 ¢. In the

following subsection, we concentrate on the bright Class I sources EL29 and WL6.

4.1.1 EL 29

No other IR candidate within the error region around EL 29 is found, hence
we can firmly identify this point source to be EL 29, an infrared variable (Elias
1978a), Class I object located close to the CO peak (Wiliking & Lada 1983) near
Lynds 1681. From this source, a hard X-ray flare in the 2-10 keV energy band was
found. The light curve and the parameters are shown in Figure 4.2 and Table 4.2.

More detailed comparison of the flare and the quiescent states are given in
Table 4.3. We note that the flare spectrum showed a significantly higher absorption
(Ng ~ 2 x 102 cm™?) than that found in the quiescent spectrum (Ny = 4 x 10*
cm?). EL 29 shows a deep silicate absorption feature in the IR band (Hanner et
al. 1995), may be due to a circumstellar disk (e.g. Kenyon et al. 1993). Simon
(1987) found that the circumstellar envelope has spatial extension of 100 AU. We
can 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. This
flare phenomenon is similar to that of a large flare found from the Weak-lined T
Tauri star V 773 Tau (Tsuboi et al. 1998). At the flare peak of V 773 Tau, high
absorption was shown and it decreased as the flare decayed, although V773 Tau
has no significant circumstellar disk. Some unknown process may possibly work

during the flare event.
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4.1.2 WL 6

This source exhibited sinusoidal variability during the observation (Figure 4.2). No
significant difference in the plasma temperature and absorption between the high-
and low-state spectra was found (Table 4.3). These characteristics differ from flare
properties (e.g. EL 29). We suspect that the energy-independent and sinusoidal
modulation of this source is due to a modulation of the X-ray emitting region along
with possible stellar rotation. The period of the sinusoidal curve was about 0.97
day. A fast stellar rotation causes a high X-ray luminosity, as in RS CVn stars
(Rosner et al. 1985). If the flux variation of this source is due to stellar rotation,

this would be the first discovery of fast spin from a protostar.
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Figure 4.1: X-ray images of the p Oph cloud main body (PV phase), obtained with SISs.
The contour levels for both band maps, in units of (10~3counts/SIS/ks/pixel), are : 0.3,
0.5, 0.9, 1.4, 2.4, 3.9, 6.4, and 10.5.
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Table 4.1: Protostar candidates in Rho Oph Core (PV)

Name RA Dec 0.7-2 keV 2-10 keV Class
(1950) (1950) (cts ks71 SIS™1)  (cts ks~ SIS~ 1)

WIL12 16 23 42.5 —24 28 4 <0.5 <1.1 I
IRS27=WL22 16 23 57.3 —24 28 15 <1.3 4.84+1.2 idl
WL16 1624 0.3 —2430 44 <14 8.6£1.8 il
TRS29=WL1 16 24 2.4 —24 21 46 <0.7 <1.8 1
EL29 162477 —243037.2 <0.7 22.04+2.6 1
1RS34 16 24 13.6 —24 19 58 <0.7 3.3£0.8 It
IRS43=YLW15 16 24 25.1 —-24349.9 <5.2 <8.6 1
1RS44 16 24 26.2 —24 32 53 <5.8 8.242.3¢ 1
1RS46 16 24 27.4  —24 32 36 <4.0 8.5£2.3¢ 1
WL6 16 24 19.8 —24 238 <1.8 22.54+2.1 1
LFAM1 16 23 20.3 —24 16 6.6 — — I
WL19 1624 9.7 —24 3149 <4.3 5.9£1.7 II-1ID?
RhoOphB 16 24 13.3 —24 18 50 <04 <1.3 1
GY245=CRBR72 16 24 16.6 —24 32 34 <3.8 <3.7 |
GY284 16 24 29.4 —24 18 15 <0.6 <0.5 I
CRBR42=GY91 16 23 39.1 —24 20 32 <0.3 <1.5 1
CRBRS5 16 24 22.8 —24 34 23 —b 12.6+2.8¢ I
LFAMZ26 16 24 03.5 —24 29 48.1 <0.7 6.9£1.6 I
YLW256=GY256 16 24 20.4 —24 22 58 <24 —° I
VLA1623 16 23 25.0 —24 17 47 — — 0

a: contaminated by X-rays from a complex of many unresolved T Tauri stars.

Q=

IS

: CRBRS5 is unresolved from ITRS43.
e: contaminated by WL 6.

classification by André & Montmerle (1994).
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Figure 4.2: X-ray light curves of EL.29 and WL 6. Background is not subtracted. The
X-ray data of EL29 Were extracted from a l-arcmin radius circle centered on the EL29,
while those of WL 6 were extracted from a 3-arcmin radius circle centered on the WI6.

The data obtained by SIS 0, 1 and GIS 2, 3 are averaged.
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Table 4.2: The minimum and maximum luminosities of Class I sources

Source Ly max (2210 keV) Ly pin (2-10 keV)  Variability probability ASCA
[1030 erg s71] [1030 erg s71] (0.7-10 keV) Flare
EL 29 54.149.9 3.342.3 >99.9% yes
WL 6 13.945.1 2.5+1.7 >99.9% not but sinusoidal
IRS 44/46 10.544.4 2.5+1.5 90.8%

t: Comments are for flare or quiescent component and high or low state.

Table 4.3: Best-fit parameters to spectra of EL29 and WL6.

Source kT Fe abundance Ny X2 Comment
[keV] [solar] [10%2cm 2] [d.of]

EL29  4.0%3% 1.21+28 19731 1.94 (53)  Flare

EL 29 3.0 (fixed) 0377512 3.811% 194 (53) Quiescent

WL6 22193 0.3 (fixed) 46750 155 (56) High state

WL6 22700 0.3 (fixed) 50711  0.88(56) Low state

These parameters are obtained using SISs & GISs. The errors and upper limits are at

90% confidence level.
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4.2 Core region (AO6)

We executed the second ASCA observation of the main body of p Ophiuchi 3.5
years after the first observation to detect further time variability of protostars.
Towards the end of this observation, we detected an enormous flare from T Tauri
star ROXs31 which is located close to YLW15 (see §3.1, source 6 in Figure 4.3. The
peak flux of ROXs31 is about 1 count s ~!, which is 1-2 orders of magnitude larger
than YLW15 (see chapterll), and its broad point spread function contaminates
YLW15 during the flare. Therefore, we excluded the GIS and SIS data taken
during the flare of ROXs31 in all analysis of YLW15.

Figure 4.3 shows X-ray images of the main body of this cloud. After the at-
titude fine tuning, remaining excursions (the absolute position error) between the
X-ray and IR positions are 5.5"” (rms), which is consistent with the SIS position un-
certainty for point sources (Gotthelf 1996). Then we take the systematic positional
error to be 5.5".

In the 2-10 keV band image (Figure 4.3, right panel), we can see several X-ray
sources from the center of this cloud. The brightest X-ray source in the 2-10 keV
band is an unresolved source at a(1950) = 16h 24m 25.1s and 6(1950) = —24° 34’
10.3”. We derived this peak position by two-dimensional fitting in the 2-10 keV
band using the Display45 analysis software package (Ishisaki et al. 1998). Since
the statistical error is 1”7, the overall X-ray error (including the absolute position
error) is +6".

The closest IR source is YLW15 with the VLA position of «(1950) = 16h 24m
25.0s and 6(1950) = —24° 34’ 9.8"” (£0.5”; Leous et al. 1991), hence is located
away from the nominal position of the X-ray source by only 1.5"” and within the
error region. The next nearest source is GY263 with IR position of a(1950) = 16h
27m 24.7s and 6(1950) = —24° 40’ 4.9"” (+1.3"; Barsony et al. 1997). The source is
located 5.5” from the X-ray position, which is on the border of the X-ray position
error circle. Thus we conclude that the hard X-rays are most likely due to the
Class I source YLW15.

The other detected hard X-ray sources (with a criterion of S/N > 50) are two
older Class I sources, IRS51 (source 2) and EL29 (source 3), which have flat SEDs.
L29 (source 3) and WL6 (source 4) are faint, though both of them emitted strong
X-rays in the first ASCA observation made in August 1993 (for comparison, see
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Figure 4.1.

4.2.1 YLWI15

Lightcurves

We extracted a lightcurve from a 3’ radius circle around the X-ray peak of YLW15
(see Figure 4.3). Before the enormous flare from T Tauri star ROXs31, which
occurred in the last phase of this observation, we detected another large flare from
Class 1T source SR24N, located about 7" away from YLW15 in the GIS field of view.
To subtract the time variable contamination from the SR24N in the extended flux
of YLW15, we selected a 3’ radius background region (dotted circle in Figure 4.3),
equidistant from SR24N and YLW15. On the other hand, using such a background,
we cannot exclude the contamination from ROXs21 (source 5 in Figure 4.3), which
is 2 arcmin apart from YLW15. Since the X-rays from ROXs21 are dominant below
2 keV (see the next subsection), we examine time variability only in the hard X-ray
band (> 2 keV) in which the flux is dominated by YLW15.

Figure 4.4 (upper panel) shows the background-subtracted lightcurve in the
2-10 keV band with the sum of the SIS (SIS 0 and 1) and GIS (GIS 2 and 3).
The light curve shows a saw-tooth pattern with three flares. The peak fluxes of
the flares become successively less luminous. Each flare exhibits a fast-rise and an
exponential decay with an e-folding time of 31+1 ks (x?/d.o.f. = 61/46), 33+3 ks
(80/47), and 58775 ks (33/24), for the first, second, and the third flares, respectively.
We show the best fit lightcurves for the second and the third flares with dashed
lines, and show the best-fit quasi-static model (see chapter 11) for the first flare

with a solid line in Figure 4.4 upper panel.

Time-Sliced Spectra

To investigate the origin of the quasi-periodic flares, we made time-sliced spectra
for the time intervals given in Figure 4.4. We extracted the source and background
data for each phase from the same regions as those in the light curve analysis. We
found that all the spectra show a local flux minimum at ~1.2 keV. For example, we
show the spectra obtained with SISs at phases 1 and 8 in Figure 4.5. This suggests
that the spectra have two components; one is hot with heavy absorption and the

other is cool with less absorption.
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Then we examined possible contamination from the bright, soft X-ray source
ROXs21 (source 5 in Figure 4.3). We extracted the spectrum of ROXs21 from a
2" radius circle around its X-ray peak. We extracted the data during phase 1, in
order to be free from contamination from the flare on SR24N, which occurred during
phases 4-6 (see above paragraph of the light curve analysis). The background data
for ROXs21 were extracted from a 2’ radius circle at the same distance from ROXs21
as that of YLW15, when YLW15 was in the flare phase 1. After the subtraction of
the background, the spectrum of ROXs21 is well reproduced by an optically thin
thermal plasma model with x?/d.o.f. = 17/23. The best-fit temperature is about
0.6 keV at the fixed absorption of Ny =1.3x10%' em~? | which is estimated from
Ay = 0.6 mag (Bouvier and Appenzeller 1992). The flux of the soft component of
YLW15 is about 30% of the flux of ROXs21, which is nearly equal to the spill-over
flux from ROXs21. Thus the soft X-ray component found in the YLW15 spectra is
due to the contamination from the nearby bright source ROXs21.

Having obtained the best-fit spectrum of ROXs21, we fitted the spectrum of
YLW15 in each phase with a two-temperature thermal plasma model. The cool
component is set to the contamination from ROXs21, and the hot component is
from YLW15. For YLW15, free parameters are temperature (k7T'), emission measure
(EM), absorption (Ng) and metal abundance. For ROXs21, EM is the only free
parameter and the other parameters are fixed to the best-fit values obtained in
phase 1. We found no significant variation in the absorption of YLW 15 from
phase to phase, hence, we fixed the absorption column to the best-fit value at
phase 1. The resulting best-fit parameters of YLW15 for each time interval are
shown in Table 4.5. The best-fit spectra of phases 1 and 8 are illustrated in Figure
4.5, and the time evolution of the best-fit parameters are shown in Figure 4.4.

The physical condition and origin of the triple flare are discussed in chapter

11.
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Figure 4.3: X-ray images of the p Oph cloud main body (AOG6), obtained with SISs.
The contour levels, in units of (10 3counts/SIS/ks/pixel), are: 0.3, 0.7, 1.1, 1.6, 2.3, 3.2,
4.4, 6.0, 8.0, and 10.6 for the soft band, 0.3, 0.8, 1.5, 2.4, 3.5, 5.0, 6.9, 9.4, 12.7, and 17.0
for the hard band. The background region for YLW15, which was used in the lightcurve

and spectral analysis, is shown by a dotted circle.
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Table 4.4: Protostar candidates in Rho Oph Core (AO6)

Name RA Dec 0.7-2 keV 2-10 keV Class
(1950) (1950) (cts kst SIS™1)  (cts ks~ ! SIS™)

WL12 16 23 42.5 —24 28 4 <1.4 <9.1 I
IRS27=WL22 16 23 57.3 —24 28 15 <1.0 <35 ivdl
WL16 1624 0.3 —24 30 44 <1.2 <2.2 jivdl
IRS29=WL1 16 24 2.4 —24 21 46 <0.8 <1.1 I
EL29 1624 7.7  —24 30 37.2 <1.1 8.5+1.8 I
IRS34 16 24 13.6  —24 19 58 <0.8 —d iy
IRS43=YLW15 16 24 25.1 —24 34 9.9 —a 93.043.9 I
IRS44 16 24 26.2 —24 32 53 e - I
TRS46 16 24 27.4  —24 32 36 e - I
IRS48 16 24 35.5 —24 23 55 <0.6 <0.9 I
IRS51 16 24 37.6  —24 36 35 <4.7 17.443.1 I
IRS54 162450 —24255 <0.9 <1.2 I
WL6 16 24 19.8  —24 23 8 <2.3 —d I
WL19 1624 9.7  —24 3149 <1.2 <8.6 IT-11D%
RhoOphB 16 24 13.3  —24 18 50 <2.6 <6.3 I
GY245=CRBR72 1624 16.6 —24 32 34 <3.8 <5.0 I
GY284 16 24 29.4 —24 18 15 b <5.4 I
CRBRS5 16 24 22.8  —24 34 23 — —c I
LFAM26 16 24 03.5 —24 29 48.1 <1.0 <22 I
YLW256=GY256 16 24 20.4 —24 22 58 <1.7 —d I

: contaminated by X-ray from T Tauri star ROXs21/SR12A-B.
: contaminated by X-ray from T Tauri star ROXs29.

: contaminated by X-ray from TRS43.
: contaminated by X-rays from T Tauri stars GY244, 246, and 247.

: classification by André & Montmerle (1994).
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Figure 4.4: Upper panel: Background-subtracted lightcurve of YLW15 obtained with
all the detectors (SIS 0 + SIS 1 + GIS 2 + GIS 3) in the 2-10 keV band. All time
bins are 1024 s wide. Middle panel: Time profile of the best-fit temperature. The error
bars indicate 90% confidence. Lower panel: Same as the middle panel, but for the best-
fit emission measure. The solid lines during Flare I are the best-fit quasi-static model,
and the dashed lines during Flare II and III are the best-fit exponential model. One
reheating plasma loop is assumed in both cases. Dotted lines during Flare IT and IIT in
the upper panel show each flare component without the contribution of the other flares,
under assumption that the three flares occurred independently (see chapter11). Asterisks
show the average of the model during one time bin. The time axis starts at 00:00:00.0

UT (1997 March 2).
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Figure 4.5: The SIS (SIS 0 + 1) spectra of YLW15 at phase 1 and 8 (see Figure 4.4).
The solid lines show the best-fit two-temperature coronal plasma model derived from
simultaneous fitting of GIS and SIS data. Lower panel shows the residuals from the

best-fit model.

Table 4.5: Best-fit parameters to spectra of YLW15%.

Phase® kT Abundance EMc¢ Lx*? x2/d.o.f
(keV) (solar) (10%%ecm™3)  (10%'ergs s71)

1 56713 04707 7.2%0% 15+1 181/106
2 44792 04707 3.4%53 6.0£0.7 191/164
3 29705 07507 2.170% 3.440.7 80/84
4 53719 06707 2.7194 5.6+1.0 55/52
5 23703 05109 32708 4.4%1.2 163/138
6 1.67903 <1.3 2.3713 2.5+1.8 46/40
7 42708 <0.4 2.210:3 3.5+0.5 153/139
8 3.0t52 0.7ty L7 2.940.6 59/65

The errors and upper limits are at 90% confidence level. The distance of YLW15 is
assumed to be 165 pc.
@ Absorption column density, fixed to the best-fit value for phase 1, or 3.3x10%? cm™2.
b see Figure 4.4
¢ Volume Emission Measure, [n2dV (n.: electron density, V: emitting volume).

¢ Absorption-corrected X-ray luminosity in the 0.1 — 100 keV band.
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4.3 East region (AO4: 1996 Mar 3)

We observed the east region of the Rho Ophuchi cloud on Aug 20 1993. This
region, includes TIRAS16293—2422, one of the most famous Class 0 objects, which
exhibits molecular outflow complex (Mizuno et al. 1990).

Figure 4.6 shows the SIS image of the cloud. The position of the Class 0 source
TRAS16293-2424 is shown by asterisk, but we see no X-ray from the source in both
the energy bands.

Table 4.6: Protostar candidates in Rho Oph East region

Name RA Dec 0.7-2 keV 2-10 keV Class
(1950) (1950) (cts ks~ SIS™!)  (cts ks™! SIS™!)
TRAS16293—-2422 16 29 209 —24 2213 <0.4 <0.6 0
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Figure 4.6: X-ray images of the p Oph East region, obtained with SISs. The contour
levels, in units of (10~3counts/SIS/ks/pixel), are : 0.1, 0.2, 0.3, and 0.6 for the soft band,
0.1, 0.3, and 0.5 for the hard band.
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Chapter 5
Coronae Australis (D = 130 pc)

The Coronae Australis cloud is one of the closest star forming region, located at
(I, b) = (0,—17 ~ —22) with a distance of 130 pc from our solar system (Marraco
& Rydgren 1981). Due to the high Galactic latitude (see Figure 1.1), it appears
to be free of foreground or background dust and molecular gas. The total mass of
the cloud was estimated to be about 7000 Mg (e.g. Cappa de Nicolau & Poppel
1991).

This cloud is separated to three large molecular condensations embedded in
neutral hydrogen (Cappa de Nicolau & Pdppel 1991). The most massive of the
clouds (~4300 Mg ), which is lying closest to the Galactic plane b = —18°, coincide
with the cloud A in Rossano’s (1978) extinction map. This cloud is usually called
the R CrA cloud according to the well-known variable star in the cloud center.

The highest density region of the R CrA core is distinctly seen in the millimeter-
wave continuum and the CS (5-4) and (7—6) emission covering a 2" diameter region
centered on the embedded source IRS 7 (also known as R1; Henning et al. 1994,
Saraceno et al. 1996). The total visual extinction through the densest part of the
core is estimated from the C*®O column density to be Ay ~35 mag (Wilking et al.
1992).

The R CrA cloud contains many variable stars (Taylor & Storely 1984). The
brightest star in the cloud is Herbig Be star TY CrA, which has almost reached
the zero-age main- sequence, whereas the stars S CrA, T CrA, VV CrA and R
CrA are still before the zero age main sequence (Knackle et al. 1973). Bibo (1992)
classified R and T CrA as members of the Herbig Ae/Be stellar group as well as
TY CrA. A compact embedded cluster of 15 objects, dubbed the Coronet, was
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found surrounding the star R CrA in an infrared survey of the core (K<14 mag;
Taylor & Storey 1984). Further IR observations by Wilking et al. (1986, 1992)
revealed more IR sources and showed that five among the sources detected by
Taylor & Storey (1984) have an IR spectral index of o > 0.2. These five sources
are therefore classified as Class I objects (see Wilking et al. 1984). Wilking et al.
(1997) performed a deep near-IR (NIR) imaging survey of the R CrA core. Their
sample of 692 K-band sources can be expected to reveal the complete population
of Class I and II sources in the core.

Koyama et al. (1996) presented the results of a deep (80 ks) ASCA obser-
vation of the Coronet region. In their X-ray image, they found five peaks which
seem to coincide with the positions of the five Class I protostars. Neuhauser and
Preibisch (1997) analyzed archival ROSAT data of the CrA star forming region,
and confirmed the X-ray emission from three of the five infrared Class I protostars.

After the first observation with ASCA (AO 4: Koyama et al. 1996), we executed
the follow-up observation in AO 6. In this section, we mainly report the new results

obtained in the AO 6 observation, comparing those in AO 4.

5.1 Core region 1 (AO 4 the 1st day)

We observed the center of the Coronet cluster on April 4 1994. We show the two
energy-band images obtained with SISs in Figure 5.1.

As Koyama et al. (1996) noticed, we see a bright complex structure around the
cloud core (the Coronet clusters) in the hard X-ray band, while in the soft X-ray
band image, we see the X-rays from T Tauri stars and Herbig Ae/Be stars (e.g.
Cr A 1, HD 176386, TY CrA) which are distributed in less obscured region of this
cloud.

We show the count rate of each protostar in Table 5.1. Since IRS 7 and IRS 9
are unresolved each other, we show the sum of the count form IRS & and IRS 9.
In the region (IRS 7 + IRS 9), the Herbig Ae star R CrA is also included, however,
considering the large absorption of the spectrum (Koyama et al. 1996), R CrA can
be excluded as the origin of the X-rays.
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Figure 5.1: X-ray images of the R CrA cloud core (AO4, the first day), obtained with
SISs. The contour levels for both of the band maps, in units of (10~3counts/SIS /ks/pixel),
are : 0.3, 0.5, 0.9, 1.6, 2.7, 4.3, 7.0, 11.2, and 17.8.
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Table 5.1: Protostar candidates in the R CrA region (AO4, the first day)

Name RA Dec 2-10 keV Class
(1950) (1950) (cts kst SIS~ 1)
IRS 2=TS 13.1 18 58 19 —37 2 50 26.2+1.6 I
IRS 5=TS2.4 18 58 25.5  —37 1 39 32.1£1.8 I
IRS 1=TS2.6 18 58 282  —372 29 25.3+£1.7 I
IRS 7 + IRS 9% (18 58 31.7 —37 1 31.5) 41.542.5 I
IRS 9=R2 18 58 30.7  —37 1 24 I
IRS 7=R1 18 58 32.7  —37139 I

In the soft band (0.7-2 keV), all of the protostar candidates are contaminated by a
bright source T Tauri star CrA 1.

a: This region also includes Herbig Ae star R CrA: «(B1950) = 18h 58m 31.6s,
6(B1950) = —37° 01’ 30”, however, with the large absorption of the spectrum (Koyama
et al. 1996), R CrA is excluded as the origin of the X-ray.

67



5.2 Core region 1 (AO 4 the 2nd day)

We observed 10" east from the center of the Coronet cluster on 1994 April 8. We
show two energy-band X-ray images obtained with SISs in Figure 5.2.

The soft X-ray band image is similar to the image obtained on 1994 April 4.
However, in the hard X-ray band, we see an X-ray enhancement at the position
of R1, which is largely different from the observation on 1994 April 4. This X-ray
enhancement is likely due to the X-ray flare from R1 (Koyama et al. 1996).

We show the count rate of each protostar in Table 5.2. Here also, we show
those of IRS 7 and IRS 9 by the sum of the counts, however, as Koyama et al.
(1996) mentioned, we can conclude the largest contribution to the hard X-ray is
due to R1, because R1 is the closest to the hard X-ray peak, and within the error

circle of hard X-ray peak, no other cataloged source is found.

Table 5.2: Protostar candidates in R CrA region (AO4, the second day)

Name RA Dec 0.7-2 keV 2-10 keV Class
(1950) (1950) (cts ks7!1 SIS™1)  (cts kst SIS™1)
IRS 2=TS 13.1 18 58 19 —37250 —a 43.242.7 I
IRS 5=TS2.4 1858255 —37139 —a 34.842.4 I
IRS 1=TS2.6 1858 28.2 —37229 —a 41.542.5 I
IRS 7+ IRS 9* (18 58 31.7 —37 1 31.5) —a 61.143.0 I
IRS 9=R2 18 58 30.7 —37124 I
IRS 7=R1 18 58 32.7 =371 39 I
TRAS32 18 59 35.8  —37 1153 <0.5 <0.6 I

a: In the soft band (0.7-2 keV), all of the protostar candidates but TRAS32 region are
degraded by T Tauri star CrA 1.

b: Herbig Ae star R CrA: a(B1950) = 18h 58m 31.6s, 6(B1950) = —37° 01’ 30",
however, with the large absorption of the spectrum (Koyama et al. 1996), R CrA is
excluded for the origin of the X-ray.
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Figure 5.2: X-ray images of the R CrA cloud core (AO4, the second day), obtained with
SISs. The contour levels for both of the band maps, in units of (10~3counts/SIS /ks/pixel),
are : 0.4, 0.6, 1.0, 1.7, 2.8, 4.4, 7.1, and 11.3.
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5.3 Core region 2 (AO 6)

We executed the follow-up observation of the center of the Coronet cluster on April
5 1996. We show the two-energy band X-ray images obtained with SISs in Figure
5.3.

In the soft X-ray band image, we see almost same X-ray distribution as the
previous two observations. However, in the hard X-ray band, we see that X-rays
from a complex of R2 and R1 are apparently decreased. Moreover, we can see the
hard X-ray peak around the complex moved near to IRS 9 (R2) from IRS 7 (R1).
Thus X-rays from the flare source IRS 7 (R1) shows long-term decrease as is seen

in Table 5.3, 5.2, and 5.1, which refers the PSF and vignetting corrected flux.

Table 5.3: Protostar candidates in R CrA region (AOG6)

Name RA Dec 2—-10 keV Class
(1950) (1950) (cts ks™t SIS™1)
IRS 2=TS513.1 18 58 19 —37 2 50 45.3£2.2 I
IRS 5=T152.4 18 58 25.5 =371 39 52.34+2.2 1
IRS 1=T52.6 18 58 28.2  —372 29 44.312.0 1
IRS 7+ IRS 9* (18 58 31.7 —37 1 31.5) 24.5x+1.5 I
IRS 9=R2 18 58 30.7 =371 24 I
IRS 7=R1 18 58 32.7 37139 I

In the soft band (0.7-2 keV), all of the protostar candidates are contaminated by a
bright T Tauri star CrA 1.

a: This region also includes Herbig Ae star R CrA: «(B1950) = 18h 58m 31.6s,
6(B1950) = —37° 01’ 30".
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Figure 5.3: X-ray images of the R CrA cloud core (AO6), obtained with SISs. The
contour levels for both of the band maps, in units of (10~ 3counts/SIS/ks/pixel) are: 0.1,
0.2, 0.6, 1.3, 2.4, 4.0, 6.7, 10.9, 17.5, and 28.0 for the soft band, and are : 0.2, 0.4, 0.8,
1.5, 2.6, 4.2, 6.9, 11.1, 17.7, and 28.2 for the hard band.
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Chapter 6
Taurus (D = 140 pc)

The Taurus dark cloud complex is one of the closest low mass star forming region,
located at (I, b) = (170, —12) with a distance of 140 pc (Elias 1978¢). Due to
the reasonable angular distance from the Galactic plane, suitable declination, and
proximity to the sun, the cloud complex has been extensively studied by near-
infrared survey (e.g. Elias 1978c), far-infrared survey using IRAS satellite (e.g.
Beichman et al. 1986), optical spectroscopy (e.g. Herbig, Vrba, & Rydgren 1986),
and X-ray observations (e.g. Zickgraf et al. 1998). The complex contains many
small dark clouds and numerous T Tauri stars (Cohen & Kuhi 1979), which indicate
that the Taurus region is the recent star formation site.

The surveys by several molecular lines have revealed structures of different den-
sity gases. The most extensive 2CO (J = 1—0) line observations, tracing gas with
n(H,) ~ 102 cm ™3, were made by Ungerechts & Thaddeus (1987). They covered the
whole Taurus region and revealed the overall distribution of the molecular cloud.
13CO observations, which trace gas with n(Hs) ~ 10® cm™ were made by Mizuno
et al. (1995). They observed ~40 deg? with a grid spacing of 2'. C1*0O (J =1-10)
observations, which trace gas with n(Hy) ~ 10* ¢cm=3, were carried out by Ohashi
(1992), Hayashi et al. (1994), and Onishi et al. (1998).

Most of the YSOs in Taurus are found in the vicinity of molecular cores with
typical mass of 1 Mg, densities of 10* to 10° cm ™3, temperatures of ~10 K, and
visual extinctions of 5 mag to 10 mag (Myers 1985, and references therein, Myers
et al. 1987). Only 8 associated B stars are observed within a 12 pc projected
radius of the cloud center (Elias 1978c, Walter & Boyd 1991), and there is no

evidence for the formation of massive stars in the radio continuum search by Gimore
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(1980). The molecular cores, and hence the YSOs, are distributed throughout a
low-extinction, filamentary molecular complex covering about 2400 pc? (Ungerechts
& Thaddeus 1987). These young stellar populations are the important differences
between Taurus and Rho Oph in spite of both have similar mass of 3.5 x10*M,
(Ungerechts & Thaddeus 1987) and the number of low-mass stars. The Rho Oph
cloud lies in the Upper Scorpions subgroup of the Sco-Cen OB association, and has
about 20 B or A0 stars within a four times smaller area (radius ~6 pc), with the
B2V star (HD 147889) and a B3-B5 V star (source 1) embedded in the western
edge of the complex (Elias 1978¢, De Geus et al. 1989). As a result, warmer dust
and gas temperatures are observed in Rho Oph relative to Taurus (e.g. Greene &
Young 1989, Jarrett et al. 1989, Snell et al. 1989).

In order to investigate the differences in X-rays between this cloud and the
other near clouds (especially Rho Oph), we executed ASCA observations of this

region.

6.1 B209 region (AO2)

ASCA observed the Barnard 209 dark cloud on February 16-17 1995. In this
observation, large flare from V 773 Tau was detected. The report focused on
the flare has been written by Tsuboi et al. (1998). In Figure 6.1, we show two
energy-band X-ray images obtained with SISs. The X-ray data were extracted from
pre-flare phase of V773 Tau (Tsuboi et al. 1997).

We see an X-ray enhancement around Class I source IRAS04108+2803B in the
hard band, but it is only 4.0 o level. Class II source CW Tau is hidden by the large
emission from V 773 Tau (see Table 6.1).
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Figure 6.1: X-ray contour maps of B209 region (AO2), obtained with SISs. The contour
levels in units of (10~ 3counts/SIS/ks/pixel) are: 0.2, 0.4, 0.7, 1.2, 1.9, 3.1, 4.9, 7.9, and
12.5 for the soft band, 0.1, 0.3, 0.6, 1.1, 1.8, 3.0, 4.8, 7.8, and 12.4 for the hard band.
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Table 6.1: Protostar candidates in B209 region (AO2)

Name RA Dec 0.7-2 keV 2-10 keV Class
(1950) (1950) (cts ks~ SIS™!)  (cts ks™! S IS7)

IRAS04108+2803B 4 10 49.3 +28 3 57 <2.5 <5.7 I

CW Tau 411109 +28327 —a —a I1f

t: Prusti et al. 1992
a: contaminated by V773 Tau.
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6.2 B209 (AO3, the 1st day)

ASCA observed the Barnard 209 dark cloud on Sep 16-17 1995. In this observation,
another large flare from V 773 Tau was detected. The report mainly on the flare
has been written by Skinner et al. (1997). In Figure 6.2, we show two energy-band
contour maps obtained with SISs, together with protostar candidates indicated by

crosses.
Due to the large flare from V 773 Tau (Skinner et al. 1997), IRAS04108+2803B

and CW Tau are not found. We see no significant X-ray from IRAS04113+4-2758,
neither (see Table 6.2).

Table 6.2: Protostar candidates in B209 region (AO3, the first day)

Name RA Dec 0.7-2 keV 2-10 keV Class
(1950) (1950) (cts ks7!1 SIS™!)  (cts ks ! SIS~ 1)
TRAS04108+2803B 4 10 49.3 +28 3 57 —a —a I
TRAS04113+2758 4 11 20.9 +27 58 30 —a <7.9 I
CW Tau 411109 428327 —a —a It

t: Prusti et al. 1992
a: contaminated by V773 Tau.
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Figure 6.2: X-ray images of B209 region (AO3, 1st day), obtained with SISs. The
contour levels in units of (10~3counts/SIS/ks/pixel), are : -0.1, 0.1, 0.4, 0.9, 1.6, 2.8, 4.6,
7.6, 12.2, 19.6, 31.3, 49.8, and 79.2, for the soft band, and 0.0, 0.2, 0.5, 1.0, 1.7, 2.9, 4.6,
7.7,12.3, 19.7, 31.4, 49.9, and 79.3 for the hard band.
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6.3 B209 (AO3, the 2nd day)

ASCA observed the Barnard 209 dark cloud on Feb 13 1996. In Figure 6.3, we
show two energy-band X-ray images obtained with SISs.

We see X-ray enhancement around Class I source IRAS04108+2803B again,
but it is only 4.60 level. We detected no significant X-ray from Class II source CW
Tau.

Table 6.3: Protostar candidates in B209 (AO3, the second day)

Name RA Dec 0.7-2 keV 2-10 keV Class
(1950) (1950) (cts ks™t SIS™!)  (cts ks™! S IS7)

IRAS04108+2803B 4 10 49.3 +28 3 57 <0.6 <4.1 I
CW Tau 411109 +28327 —a —a It

t: Prusti et al. 1992
a: contaminated by V773 Tau.
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Figure 6.3: X-ray images of B209 region (AO3, 2nd day), obtained with SISs. The
contour levels for both of the band maps, in units of (10~3counts/SIS/ks/pixel), are :
0.2,0.3, 0.7, 1.2, 1.9, 3.1, 4.9, and 7.9.
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6.4 TMC1

ASCA observed the TMC1 region on Feb 13 1996. In Figure 6.4, we show two
energy-band contour maps obtained with SISs.

We detected no significant X-ray from the protostar candidates.

Table 6.4: Protostar candidates in TMCI region

Name RA Dec 0.7-2 keV 2-10 keV Class
(1950) (1950) (cts ks™! SIS™!)  (cts ks™! S IS™1)
TRAS043614+2547 436 9.4 425 47 27 <0.2 <0.3 I
TRAS043654+2535 4 36 31.0 425 35 52 <0.5 <0.98 I
TRAS04368+2557 4 36 49.5 425 57 16 <0.2 <0.3 0
TRAS04369+2539 4 36 54.6 42539 17 —a — If

t: Kenyon et al. 1990
a: contaminated by B5 star 1C2087
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Figure 6.4: X-ray images of TMC1 region, obtained with SISs. The contour levels, in
units of (10~3counts/SIS/ks/pixel), are: 0.1, 0.2, 0.3, 0.4, 0.7, and 1.1 for the soft band,

0.1, 0.2, 0.3, 0.5, and 0.9 for the hard band.
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6.5 IC359

ASCA observed the IC359 region on September 2-3 1995. In Figure 6.5, we show
the two energy-band X-ray images obtained with SISs.

IRAS04154+4-2823 and CoKu Tau-1 are contaminated by WTTS V410 Tau and
WTTS Hubble 4, respectively.

Table 6.5: Protostar candidates in 1C359 region

Name RA Dec 0.7-2 keV 2-10 keV Class ref
(1950) (1950) (cts ks~ SIS™!)  (cts ks™! S IS7)

IRAS04154+2823 415 25.6  +28 23 59 —a _a I

CoKu Tau-1 415 45.46 +28 13 14 b b 1

Reference for the coordinate — (1) Strom & Strom 1994
a: contaminated by Weak line T Tauri star V410 Tau. b: contaminated by Weak line T
Tauri star Hubble 4.

82



0.772 keV band

L7 416"

L7 416"

“28°30" |

—4+28°20/

e 28210
415"

STTTE28°301

o

o —4+28°20"

e 28°10"
415"

Figure 6.5: X-ray images of 1C359 region, obtained with SISs. The contour levels for
both of the band maps, in units of (10~3counts/SIS/ks/pixel), are : 0.1, 0.3, 0.5, 0.8,

1.4, 2.3, 3.7, 5.9, 9.4, and 14.9, from the lower level.
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6.6 L1551

ASCA observed the L1551 region on February 23-24 1994. The comprehensive
report has been represented by Carkner et al. (1993). In Figure 6.6, we show the
two energy-band X-ray images obtained with SISs.

We detected no significant X-ray from protostars.

Table 6.6: Protostar candidates in 1.1551 region

Name RA Dec 0.7-2 keV 2-10 keV Class ref
(1950) (1950) (cts ks™! SIS™!)  (cts ks™! SIS™1)

L15511RS5 4 28 40.2 +18 1 41.3 <0.78 <0.87 I

HLTau 428444 +18 7 36.2 — — I1

L1551NE 428 50.8 +18210.8 <0.28 <0.89 I

HH30IRS 428 43.3 +186 02 — — 1

Reference for the coordinate — (1) Carkner et al. 1998

a: contaminated by Classical T Tauri star XZ Tau.
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Figure 6.6: X-ray images of the L1551 region, obtained with SISs. The contour levels
for both of the band maps, in units of (10~3counts/SIS/ks/pixel), are : 0.1, 0.3, 0.5, 0.8,
1.4, 2.3, 3.7, 5.9, and 9.4.
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Chapter 7
Lupus (D = 140 pc)

The Lupus dark cloud is located at the distance of 140 pc, which is derived by
photometries of the field stars in Lupus (Huges et al. 1993), and then one of the
most nearby low mass star forming region. The cloud is near the Sco OB association
and extends within [ ~ 335° — 348° and b ~ 0° — 25° consisting of four subgroups
designated to be Lupus 1 (B228), 2, 3 and 4.

Since the Lupus cloud is located in the southern sky of ~ —30° in declination,
this cloud draw only a little attention until 1980’s. However, recently improved ob-
serving facilities in the southern hemisphere leads to many extensive investigations
with optical (e.g. Huges et al. 1994) infrared (e.g. Huges et al. 1992), and radio
(e.g. Tachihara et al. 1996) wavelengths. On the other hand, X-ray observations
(e.g. Krautter et al. 1997) increased the population of the Weak line T Tauri stars
in the cloud surroundings, which are less obscured regions.

The Lupus cloud has some similarities to the Taurus and Chamaeleon clouds; it
consists of low mass stars and no OB star, many famous T association exists (70 or
more), and total mass of the molecular cloud (3x10*M: Krautter 1991) is nearly
the same as that of the Taurus dark cloud (3.5 x10*M,: Ungerechts and Thaddeus
1987). However, in the Lupus dark cloud, M stars (i.e., M < 0.5 M) are formed
selectively (Krautter and Kelemen 1987, Appenzeller et al. 1983) compared with
the other star forming region. Strom et al. (1988) and Krautter (1991) proposed
that the abnormal star mass distribution in the cloud is due to a sub-critical star
formation.

Lupus 1 is a part of extremely thick molecular cloud B228, and shows a filamen-

tary structure with the major axis perpendicular to the Galactic plane. The total
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mass is estimated to be ~ 3600 M. Thirteen YSOs are associated in this molec-
ular cloud. The optical polarization vectors (Strom et al. 1988) indicates that the
magnetic field lines lie perpendicular to the filament. From the IRAS point source
15398—3359 associated with this molecular cloud, molecular outflow is discovered
for the first time in the Lupus cloud (Tachihara et al. 1996). On the other hand,
Heyer and Graham (1989) discovered shock excited nebulosity near this object.
Thus the nebulosity would be due to the excitation by the outflow from the central
core. The authors proposed that the molecular outflow may be physically related
to HH 185. The dynamical age of the outflow is estimated as ~2000 yr, suggesting
that star formation is on-going, because the molecular outflow would be associated
with low-mass protostars (e.g. Fukui et al. 1993).

The Lupus 2 dark cloud is a small molecular cloud of ~400 M. A Herbig Haro
object HH55 and a luminous T Tauri star RU Lup are associated near the peak of
the integrated flux of *CO. However, no molecular outflow has been found from
this cloud (see Gahm et al. 1993).

The Lupus 3 dark cloud has a mass of ~1000 M. The line profiles of this cloud
indicate the presence of a few components with different velocity The magnetic
field line is perpendicular to the filament (Myers & Goodman 1991). T Tauri stars
associated with this cloud are low-mass (<0.5 Mg). Most of them have ages of
~107 yr, older than those in Lupus 1 and 2 (Huges et al. 1994).

A cloud of ring-like structure with a velocity gradient along the ring was discov-
ered by Tachihara et al. (1996), and is designated as Lupus 5. The peak velocity
changes from 3.5 km s~} at the south-west side of the ring to 6.0 km s~ at the
south-east side. No optical source has been cataloged in the literature so far. The

total mass is estimated to be ~2100 M, (Tachihara et al. 1996).

7.1 Lupus3

We observed the center of the Lupus 3 dark cloud on February 2-4 1996. We show
the two energy-band X-ray images obtained with SISs, together with protostar
candidates in Figure 7.1.

Th28 is an optically visible star, but has a group of HH flows and highly opaque
disk-like material (Krautter 1991). In this observation, the Th28 is buried by the
strong emission around HD144667 and CD-38 10894B, and no excess is seen in
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both the X-ray band maps.

Table 7.1: Protostar candidates in the Lupus 3 region

Name RA Dec 0.7-2 keV 2-10 keV Class ref
(1950)  (1950) (cts kst SIS™1)  (cts kst SIS™)
Th28 16583 —38 5516 — — 1

Reference to the coordinate — (1) Tachihara et al. 1996
a: contaminated by HD144667 or CD-38 10894B.
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Figure 7.1: X-ray images of the Lupus 3 region, obtained with SISs. The contour levels
for both of the band maps, in units of (10~3counts/SIS/ks/pixel), are : 0.1, 0.3, 0.5, 0.8,
1.4, 2.3, 3.7, 5.9, and 9.4.
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Chapter 8
Serpens (D= 310 pc)

The Serpens dark cloud is a nearby (d = 310 pc; de Lara et al. 1991), very active
star forming region (for a review see Eiroa 1991), located at (I, b) = (32, +5), and
extending about 1° x 2°.

The Serpens dark cloud was first recognized as a potential site of star formation
through the identification of embedded IR objects and associated reflection nebulae
(Strom et al. 1974, 1976). The core of the cloud was first found in the NH3 map,
which shows two dense condensations separated by 3’ (Ungerechts & Giisten 1984).
One of the condensations is located to the south-east of the Serpens Reflection
Nebula (SRN) and the other is to the north-west. The recent submillimeter and
radio observations revealed much smaller structures; seven condensations in the
core region. Five of the seven peaks have characteristics of Class 0 protostars
(Casali et al. 1993, McMullin et al. 1994, White et al. 1995, Hurt et al. 1996, Hurt
& Barsony 1996). The Serpens cloud shows further signatures for an early phase
of star formation: Herbig Haro objects (Reipurth & Eiroa 1992) and molecular
outflows (Eiroa et al. 1992).

On the other hand, after the early detection of 20 infrared sources by Strom et
al. (1976), recent infrared imaging surveys by Eiroa & Casali (1992) and Giovan-
netti et al. (1998) have revealed the presence of more than 150 near-infrared (NIR)
sources in this region. Some 50 of these objects are most probably associated to
the cloud, but a large fraction of them have no optical counterpart. The optically
invisible source 4 of Strom et al. (1976) (SVS 4, hereafter) could be resolved into
a small cluster of at least 11 individual NIR sources by Eiroa & Casali (1989).

These sources are surrounded by nebulosity, show extremely red color, and exhibit
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a moderate NIR excess. Thus, they are believed to be YSOs deeply embedded in
the molecular cloud core. With a stellar mass density of ~ 10° My pc—3, SVS 4
constitutes one of the densest clusterings of YSOs (Eiroa & Casali 1989).
Recently, Preibisch (1998) detected strong X-ray emission from an optically
invisible infrared source EC95, which is deeply embedded (Ay ~ 34 mag) in the
SVS 4. The quiescent, i.e. non-flaring, soft X-ray luminosity is about (6-18) X

1032 erg s7!, ranking this source to be the most X-ray luminous YSO ever detected.

8.1 Core region

We observed the central region of the Serpens cloud on April 15-16 1997. We show
the two energy-band X-ray images obtained with SISs together with protostars
indicated by asterisks (Class 0) and a cross (FU Ori) in Figure 8.1.

We detected no significant X-ray from low-mass protostars, SMM 1, 2, 3, 4,
9, and the FU Ori (see Table 8.1). However, we detected intense X-rays from the
EC95 (source 3; Preibisch 1998) in both soft and hard band. Preibisch (1998)
proposed that EC95 is a very young object, probably not older than a few 10° yrs
(~ Class I), while Giovannetti et al. (1998) reported that the source has a small
NIR excess. From NIR spectrum, the mass of EC95 is estimated to be 2-3 Mg,
hence would be a “proto-Herbig Ae/Be star” (Preibisch private communication).

In addition to the X-rays from EC 95, we detected unidentified source in the
north direction from the HRI source 2, but we here concentrate on the X-rays from

EC 95.

8.1.1 EC95

Lightcurve

We accumulated X-ray photons from EC95 by co-adding the SISO + 1, GIS 2 +
3 events in a 3’ radius circle around the source. For the background, we used the
events from an annulus with 5" inner radius and 8 outer radius centered on EC95.
We excluded the events within the 2’ radius circles around the source 2 of Preibisch
1998 from the background. The background subtracted light-curve of EC95 in the
2-10 keV band is shown in Figure 8.2. This light curve shows no strong flare event

but rather small amplitude flux variability. In fact, fitting with constant flux model
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is rejected with y?/d.o.f. = 174.2/92. This variability would be due to integrated

emissions of many small flares.

Spectrum

We accumulated each of the data and background from the same regions as those
used in the timing analysis. The background subtracted spectrum with the best-fit
thin thermal model and their parameters are given in Figure 8.3 and Table 8.2,
respectively. We found that the EC95 has rather high temperature of about 5 keV,
which is higher than the typical temperature of YSOs in quiescent state, and than
the assumed temperature (1-3 keV) by Preibisch (1998). The temperature of the
thin thermal plasma is mainly determined from the energy of exponential fall-off
(Rybichi & Lightman 1979). In our case, the energy (~ 5 keV) is included in the
hard X-ray band which is almost free from absorption and free from contamination
of most of the soft X-ray sources (see Figure 8.1). Therefore we can conclude our
derived temperature and emission measure are reliable. The best-fit absorption
of Ng ~ 2 x 10?2 cm~2 is much smaller than Ny ~ 8 x 1022 ecm™2, the value
estimated from NIR data (Preibisch 1998). The intrinsic X-ray luminosity in the
total X-ray band (0.1-100 keV) is 6 x10%* ergs s, which is 1-2 order of magnitude
smaller than that derived by Preibisch (1998). These apparent discrepancies can be
explained by the difference between the assumed spectral parameters (temperature
and absorption) in Preibisch (1998) and our best-fit parameters, i.e., there is no
flux change in the ROSAT band. Our derived X-ray luminosity is still larger than

typical luminosities (~ 10%° ergs s7!) in the quiescent state of YSOs.
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Figure 8.1: X-ray images of the Serpens cloud main body, obtained with SISs. The

contour levels for both the bands, in units of (10~ 3counts/SIS/ks/pixel) are :

7.1, 11.3, 17.9, 28.4, and 45.1.
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Table 8.1: Protostar candidates in Serpens Core

Name RA Dec 0.7-2 keV 2-10 keV Class
(1950) (1950) (cts ks™ SIS™!)  (cts ks™! SIS™)
SMM9=S68N 18 27 15.2 +1 14 57 <0.2 <1.4 0
SMM1=FIRS1 1827 17.3 +1 1323 <1.4 <2.2 0
SMM3 18 27 27.3  +1 11 55 —a —= 0
SMM4 18 27 24.7 +1 1110 —a —= 0
SMM?2 18 27 28.0 +1 10 45 —a —e 0
FUOri 18 2716.8 41 14 15 <1.4 —= Oorl
EC95 18 27 25.6 41 10 42 I?

a: contaminated by X-ray from EC 95 (see text).
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Figure 8.2: The lightcurve of EC95 in 2-10 keV band. All the SIS data and GIS data

are averaged, and background is subtracted.
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Figure 8.3: The SIS (cross: SIS 0 and 1, averaged) and GIS (open circle: GIS 2 and
3, averaged) spectra of X-ray spectrum of EC95. The solid lines show the best-fit one-

temperature coronal plasma model. Lower panel shows the residuals from the best-fit

model.
Table 8.2: Best-fit parameters to spectrum of EC95.
Name kT Abundance EMe Ny Lx® x2/d.o.f
(keV) (solar) (10%*ecm™3)  (102em™2) (103ergs s71)
EC95 4607 02401  3.440.3 2,010 6 221.6/184

The errors are at 90% confidence level. The distance of CR95 is assumed to be 310 pc.
¢ Volume Emission Measure.

b Absorption-corrected X-ray luminosity in the 0.1 — 100 keV band.
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Chapter 9

Perseus (D = 200-350 pc)

The Perseus molecular complex is a conglomeration of regions of high visual ex-
tinction extending over some 9 by 9 degrees at a Galactic longitude of ~160° and
latitude ~ —19°. Its high Galactic longitude and its low local sidereal time (LST)
velocity determined from CO (Sargent 1979) and *CO (Bachiller & Cenicharo
1986) suggest that it is within a few hundred parsecs from the sun. After the
several debates for the distance, the current consensus is that the NGC 1333 cloud
lies between 220 pc (Cernis 1990) and 350 pc (Borgman & Bllauw 1990), the value
adopted by most of the authors.

The Perseus complex lies ~10° away from Taurus. The spatial distance be-
tween the Perseus and Taurus complex is probably 100-200 pc (the uncertainty is
mainly due to the inaccurate determination of the Perseus distance). From an ex-
tensive survey of this complex in several molecular lines and star counts, Bachiller
& Cernicharo (1986) showed that the molecular cores in Perseus have densities and
temperatures similar to those of the Taurus clumps.

The Perseus complex contains two active sites of star formation, IC348 and
NGC1333, connected by a chain of colder dark clouds (e.g. B1, B1E) with strong
molecular emission. These two active regions contain newly-formed intermediate-

mass stars of spectral type B, as well as a cluster of low mass YSOs.

9.1 NGC1333

The NGC1333 star forming region has been extensively studied in the millimeter

and centimeter molecular lines and in the IR continuum emission. The mass was
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derived to be 10°M,, by Lada et al. (1974).

Several far infrared sources within the NGC1333 region are listed in the IRAS
Point Source Catalog. Harvey et al. (1984) and Jennings et al. (1987) performed
more sensitive far infrared surveys and detected a number of compact dust cores.
In some of these cores, especially in IRAS 1 (see Knee et al. 1990), IRAS 2 (see
Ward-Thompson et al. 1996), IRAS 4 (see Sandell et al. 1991), many protostar
candidates have been found.

In X-ray wavelength, Preibisch (1996) executed a deep ROSAT HRI observation
of this region, and detected 20 sources, 16 of which were assumed to be the members
of the cluster of pre-main sequence stars. They detected X-rays from a Class I
source SVS16 with the X-ray luminosity of 2.8x103? erg s71.

We executed observations of the NGC1333 dark cloud on 1995 August 30 —
September 2. We show the two energy-band X-ray images obtained with SISs, to-
gether with protostars in Figure 9.1. Around a protostar candidate SVS12, which is
optically visible, we detected diffuse X-ray emission in both the soft and hard bands

. However, we detected no significant X-ray from the other protostar candidates.

Table 9.1: Protostar candidates in NGC1333

Name RA Dec 0.7-2 keV 2-10 keV Class ref
(1950) (1950) (cts ks™t SIS™1)  (cts ks™! SIS™H)
NGC1333IRAS2 03 2549.9 43104 16 - —a 0
NGC1333IRAS4A 03 26 04.8 431 03 13 - <2.0 0
NGC1333IRAS4B 03 26 06.5 +31 02 51 — <1.4 0
SVS12 03 25 55.4  +31 10 05 3.6+0.5° 2.140.4° 1

Reference for the coordinate — (1) Morinari et al. 1993
a: contaminated with SVS19

b: not point like but diffuse emission
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Figure 9.1: X-ray contour maps of the NGC1333 cloud core, obtained with SISs. The
contour levels for both of the band maps, in units of (1073counts/SIS/ks/pixel), are :
0.1,0.2, 0.3, 0.5, 0.7, 1.0, and 1.4.
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9.2 L1448

L 1448 is a dense globule located ~ 1° south-west from NGC 1333 at a distance of
about 300 pc (Cernis 1990, Herbig & Jones 1983).

This dark globule was well determined in the *CO and (J = 1 — 0) moder-
ate resolution maps carried out with the Bordeaux radio telescope (Bachiller and
Cernicharo 1986a). The NHj (1, 1) and (2, 2) maps of L 1448 with ~1'.5 res-
olution were presented by Bachiller and Cernicharo (1986b). These observations
showed the existence of a dense core of about 50 M, with a kinetic temperature
Tk = (12+ 1) K and central density n(Hy) ~ a few 10* cm 2.

L 1448 contains at least four young stellar objects (YSOs). IRAS 0322043035
(L1448 IRS 1) is a Class I YSO associated with a red reflection nebula RNO 13
(Cohen 1980). Ladd et al. (1993) estimated that the luminosity in the 2.2-35 pym
range (the Kjss luminosity) is about 5 L. Levreault (1988) found a low-velocity
outflow with blue-shifted molecular gas extending east of the infrared source. IRAS
03222 + 3034 (L 1448 IRS 2) is an embedded object located several arc-minutes
to the east of IRS 1. It has K35 luminosity of about 8 L. The SED shows
steep rise toward the low frequency side, hence is most likely from a Class 0 YSO.
IRAS 03225 + 3034 (L1448 IRS 3) is a Class I YSO that lies at the peak of the
13CO emission from the L 1448 cloud core. Tt is associated with a small reflection
nebula, an HyO maser, and is a compact source in the radio (centimeter wavelength)
continuum, with K35 luminosity of about 18 L. This source had been regarded
as the driving source of the molecular outflow found in L 1448 until the discovery
of L 1448C (Curiel et al. 1990, Bachiller et al. 1991a).

L, 1448C, lying about 90" south of IRS 3, is a Class 0 YSO buried in the parent
cloud core, hence is barely detected with wavelengths less than 100 pm (Bachiller
et al. 1991b). L 1448C is one of the youngest (~3000 yr) known YSOs, and drives
the L 1448 outflow, a highly collimated molecular jet seen in the CO, SiO, and H,
emissions (Bachiller & Cernicharo 1990, Guilloteau et al. 1992, Bally et al. 1993,
Bachiller et al. 1995). Near-infrared observations of Bally et al. (1993) and Davis
et al. (1994) reveal a spectacular Hy jet in the blue-shifted lobe of the L 1448C
molecular outflow. Clumps of the CO and SiO emission (“bullets”) are associated
with bright knots of 2.122 pm Hy emission. Chernin et al. (1994) interpreted that
the 2.122 yum H, emission is due to cooling layers behind the bow shocks at the
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surfaces of the Hy jet. Bally et al. (1997) detected one HH object associated with
I 1448C, and another HH object to the southeast of 1. 1448C.

We observed the 11448 dark cloud on 1995 August 30 — September 2. In
Figure 9.2, we show the two energy-band X-ray images obtained with SISs, together
with protostars indicated by crosses (Class I) and asterisks (Class 0). We see no
significant X-ray emission from the protostars in both the soft and hard band

images (see Table 9.2).

Table 9.2: Protostar candidates in 1.1448 region

Name RA Dec 0.7-2 keV 2-10 keV Class
(1950) (1950) (cts ks™! SIS™!)  (cts ks™! SIS™H)

L1448C 32234.3 4303335 <0.4 <1.1 0

L1448TRS3 3 22 31.5 430 34 49 <0.6 <0.4 I
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Figure 9.2: X-ray contour maps of the 1.1448 region, obtained with SISs. The contour
levels, in units of (10~ 3counts/SIS/ks/pixel), are: 0.01, 0.05, and 0.11 for the soft band,
0.1, 0.2, and 0.3 for the hard band.
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Chapter 10
Orion (D = 450 pc)

The Orion cloud complex is the nearest (d =450 pc; e.g. Genzel & Stutzki 1989)
giant star-forming complex (GMC) from the sun, located at (I, b) = (208, —17).
It consists of the Orion A (L 1641 and 1647) and Orion B (L 1630/L 1627) clouds.
The Orion A cloud extends to the south from the Orion Nebula by about 6 deg,
while the Orion B cloud extends to the north from the Horsehead Nebula by about
4 deg. The total mass of the molecular gas in Orion A and B are estimated to be
1.0x10° Mg and 0.8x10% M, respectively (Maddalena et al. 1986). Both of the
clouds have very clumpy and filamentary structures as well as the nearby Taurus
and Ophiuchi clouds. They posses an HII region, an OB association, embedded
infrared sources, and a large number of YSOs.

The first systematic survey of the molecular cores in the Orion A cloud was
made in the NH; inversion lines (Ho et al. 1979). A higher resolution survey was
next made with the Bonn 100 m telescope by Batrla et al. (1983), which covered
the Orion KL, Orion-S and Orion Molecular Cloud 2 regions (hearafter OMC 2); a
total of eight cores were cataloged. The detailed distribution of high-density gas,
which were warmed by newly formed stars around Orion KL, has been extensively
investigated on ~1” to 10" scales using interferometric techniques (see, Chandler
& Wood 1997, Wilson et al. 1996, Wright et al. 1996, Blake et al. 1996, Wiseman
& Ho 1996, Umemoto et al. 1994, Tatematsu et al. 1993b, Murata et al. 1990,
Migenes et al. 1989). However, for regions outside the OMC 2, Orion KL, Orion-S
regions, less data are available. The high-density molecular cloud cores in the Orion
A cloud have been studied with single-dish telescopes for NH3 (Harju et al. 1991,
1993; Cesaroni & Wilson 1994) and CS (1-0) (Tatematsu et al. 1993a). Tatematsu
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et al. (1993a) have found 2—7 CS (1-0) cores with an average size of ~0.1 pc for
each the ¥CO (1-0) clump.

On the other hand, with the 1.3 mm band, Chini et al. (1997a) obtained a
high-resolution (~11") dust continuum map of the OMC 2/3 region in Orion A,
and found 11 and 10 embedded sources from OMC 3 and OMC 2, respectively.
Six sources in OMC 3 were firmly identified to be Class 0 sources. They suggested
that we can trace the protostellar evolution from the north (OMC 3: younger)
to the south (Class I: relatively older). Recently, Lis et al. (1998) obtained 350
pm continuum emission maps of the OMC 2/3 and OMC 1 regions, which have
comparable angular resolution to the 1.3 mm map obtained by Chini et al. (1997a).
In the OMC 2/3 clouds, 33 compact dust sources are detected, including all the
sources except OMC 3 MMS10 detected by Chini et al. (1997a). From the ratio
of 60 and 100 pum fluxes obtained with IRAS, Lis et al. (1998) estimated the
upper limits for the dust temperatures to be ~ 25 K and 29 K for OMC 3 and
2, respectively. In addition, using the 1300 pum flux by Chini et al. (1997a), Lis
et al. (1998) derived the flux ratio of 350/1300 pm. This flux ratio indicates
that the temperatures of most sources in OMC 2/3 are much lower than 70 K
which implies the boundary temperature between Class 0 and I (Chen et al. 1995,
1997) The average value is ~ 17 + 4 K, for optically thin dust emission with
f = 2 (grain emissivity exponent), and 11.5 + 2 K for = 2.5. Thus these
dust continuum sources are most likely Class 0 protostars. The presence of several
molecular outflows (Castets & Langer 1994) and the discovery of nearly a dozen
collimated Hy outflows from YSOs embedded in this dust filament (Yu et al. 1997)
indicate the OMC 2/3 region is one of the most active sites of on-going low- and
intermediate-mass star forming regions.

The Orion B (L 1630) molecular cloud complex is associated with four centers
(NGC 2023, 2024, 2068, 2071). The first unbiased survey of the cores in Orion B
cloud was made with the CS (J = 2-1) emission (Lada et al. 1991). Then Gibb et
al. (1995) observed six out of 42 interstellar molecular cloud cores found with the
high spatial resolution (60 arcsec) observation by Lada et al. (1991). Many young
T Tauri stars in these areas were found to be a faint red emission line sources
(Herbig 1963, Wiramihardja et al. 1989). Reipurth (1985) surveyed the Orion
B cloud on the deep red Schmidt plates and found many small nebulae, most of

which have subsequently turned out to be HH objects (Reipurth 1989, 1993). The
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energy spectra of HH objects often show steeply rising slopes, hence would mostly

be Class I sources and Class 0 for some cases.

10.1 NGC1977

We observed the region containing the reflection nebula NGC1977 on Aug 30 1993.
The comprehensive report in this observation has been already represented by
Yamauchi et al. (1996). Here, we focus on the X-rays from protostars. In Figure
10.1, we show the two energy-band X-ray images obtained with SISs, together with
Class 0 protostars (Lis et al. 1998, Chini et al. 1997a) indicated by asterisks. The
count rate of each protostar is listed in Table 10.2.

Although sources which exceed 5 o level are small number (only CSO2 and
possibly CSO 11/12), we see the hard X-ray distribution along with the “islands”
of the dust continuum peaks in OMC3, while no excess in the soft X-ray band
(0.7-2 keV) is found from this region. Thus the hard X-rays would be coming from
deep inside the molecular core, because the column density of the OMC3 core of
larger than 4x10?* ¢cm~2 (Chini et al. 1997a) absorbs most of the soft X-rays.
In OMC 2, rather strong X-rays (e.g. source 24 in Yamauchi et al. 1996) with
relatively small absorption (hence, these would be point sources lying in front of
the molecular core) make it difficult to see X-rays from inside the core. Still some
hints are found, showing hard X-ray arc along the dust “islands”. We thus have
good hint for the hard X-ray emission from inside the cores (350 pm and 1.3 mm

peaks) in OMC2 and OMC3, where Class 0 protostars are lying.
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Figure 10.1: X-ray contour maps of the NGC1977 region, obtained with SISs. The
contour levels, in units of (10 3counts/SIS/ks/pixel), are : 0.2, 0.4, 0.8, 1.3, 2, 3, 5, and
7 for the soft band, and are: 0.2, 0.4, 0.6, 1.0, 1.4, and 2.1 for the hard band.
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Table 10.1: Protostar candidates in NGC1977 region

Name RA Dec 0.7-2 keV 2-10 keV Class
(1950) (1950) (cts ks~ SIS™!)  (cts ks™! SIS™)
CSO1 53301.9 —500 39 <3.5 <3.8 0
CS02 53246.0 —50118 <3.2 4.3+1.4 0
CS03 532479 —501 52 <1.9 <4.2 0
CS04 53249.2 —501 56 <1.5 <2.8 0
CSO5=MMS1 532502 —50213 <1.8 <1.9 0
CSO6=MMS2 532506 —50223 <1.5 <2.8 0
CSO7=MMS3? 53251.3 —50244 <1.2 <35 0
CSO8=MMS4 532526 —50243 <1.3 <2.8 0
CSO9=MMS5 53254.6 —5 0308 <1.1 <4.7 0
CSO10=MMS6 532 55.6 —5 03 24 <3.1 <4.8 0
CSO11 53259.3 —505 31 <5.7 6.241.71 0
CSO12=MMS7 532 58.7 —5 0549 <4.7 514177 0
CSO13=MMS8 532589 —50711 —a <5.9 0
CSO14=MMS9 532584 —507 37 —a <7.1 0
CSO15 532551 —508 34 —b —c 0
CSO16=FIRlc 532 56.0 —509 02 —b — 0
CSO17=FIR1b 53255.9 —509 28 —b — 0
CSO18=FIRla 532 56.7 —509 46 b — 0
CS019 532573 —51012 —b — 0
CSO20=FIR2  53256.7 —51027 —b — 0
Cs021 532587 —51018 —b — 0
MMS10 533045 —507 34 —a <7.1 0

t: contaminated with each other.

a: contaminated by unidentified source located at 5h33m00.4s —5d07m37.2s (B1950) and
source 24 in Yamauchi et al. 1996.
b: contaminated by source 24 in Yamauchi et al. 1996.

c: contaminated by source 21 in Yamauchi et al. 1996.

106



10.2 Orion Nebula (M42) (PV)

We observed the Orion Nebula region on 1993 Aug 30-31. In Figure 10.2, we show
the two energy-band images obtained with SISs. Protostar candidates indicated
by crosses, especially the Class 0 protostars detected by Chini et al. (1997a) and
Lis et al. (1998) are indicated by asterisks.

In this region, the protostar detection is difficult because of the large contam-
ination from the Orion Trapezium region (Yamauchi et al. 1996). For example,
Ori KL and OMC-1 FIR4 are completely embedded in the emission from the Orion
Trapezium. In addition, due to the strong X-rays (i.e. source 20, 24, and 28 in Ya-
mauchi et al. 1996) probably lying in front of the molecular core, make it difficult
to see X-rays from inside the core. Therefore, we see no significant X-ray emission

from the protostars in both the soft and hard band image (see Table 10.2).
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Figure 10.2: X-ray images of the Orion Nebula region (PV), obtained with SISs. The
contour levels for both of the band maps, in units of (10~ 3counts/SIS/ks/pixel), are :
-0.9, -0.7, -0.5, 0.1, 0.8, 2, 4, 7, 12, 20, 30, 50, 80, and 130, for the soft band, and -0.2,
0.0, 0.3, 0.8, 2, 3,5, 8, 12, 20, 30, 50, 80, and 130, for the hard band.
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Table 10.2: Protostar candidates in Orion Nebula region (PV)

Name RA Dec 0.7-2 keV 2-10 keV Class
Name (1950) (1950) (cts ks ™! SIS™1)  (cts ks~ ! SIS~ 1)
CSO16=FIRlc 532 56.0 —509 02 <2.3 <2.3 0
CSO17=FIR1b 532559 —509 28 <6.1 <1.5 0
CSO18=FIRla 532 56.7 —5 09 46 e <4.6 0
CSO19 532573 —510 12 e e 0
CSO20=FIR2 532 56.7 —51027 — —e 0
CsS021 532587 —51018 e - 0
CSO022=FIR3 532598 —51130 - e 0
CSO23=FIR4 532591 —51155 b —b 0
CSO24=FIR5 532587 —51217 b b 0
CS025=FIR6b 532 55.6 —5 14 02 b b 0
CS026 532586 —51416 <7.7 b 0
CS027 53257.0 —514 26 — — 0
CSO28=FIR6a 532 55.7 —5 1435 e e 0
CSO29=FIR6c 532 54.0 —5 1507 e e 0
CSO30=FIR6d 532522 —51512 — —c 0
CS031 532539 —51623 —d —d 0
CS032 532537 —516 47 —d —d 0
CS033 532519 —51728 —d —d 0
OriKL 53247 52414 —d —d I
OMC-1FIR4 532459 —5 2606 —d —d I

: contaminated by source 24 in Yamauchi et al. 1996.

: contaminated by source 24 and 28 in Yamauchi et al. 1996.

: contaminated by source 20 in Yamauchi et al. 1996.

: contaminated by Trapezium region.
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10.3 Orion Nebula (M42) (AO 5)

In AO 5, we observed the Orion Nebula region with ASCA dividing the period into
two. The first observation was done for =50 ksec exposure on September 23-24
1997, and the second observation was done for =10 ksec exposure on September
30-October 1 1997. At the first observation, no data were available for SIS 1,
because of a trouble of the data acquisition. In Figure 10.3 and 10.4, we show the
two energy-band X-ray images obtained with SISs. Due to the large X-ray flux of

the Trapezium, we can see no significant X-ray emissions from the protostars in

both the soft and hard band images.

Table 10.3: Protostar candidates in Orion Nebula (AOS5, the 1st day)

Name RA Dec 0.7-2 keV 2-10 keV Class
(1950) (1950) (cts ks™ SIS™!)  (cts ks™! SIS™1)

OriKL 53247 52414 —a —a I

OMC-1FTIR4 532459 —5 26 06 —a —a I

a: contaminated by Trapezium region.

Table 10.4: Protostar candidates in Orion Nebula (AO5, the 2nd day)

Name RA Dec 0.7-2 keV 2-10 keV Class
(1950) (1950) (cts kst SIS™1)  (cts kst SIS™)

OriKL 053247  —0524 14 —a —a I

OMC-1FIR4 05 32459 —05 26 06 —a —a I

a: contaminated by Trapezium region.
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Figure 10.3: X-ray images of the Orion Nebula region (1st day), obtained with SISs.
The contour levels for both of the band maps, in units of (10~3counts/SIS/ks/pixel), are:
0.6, 1.0, 1.6, 2.5, 4.0, 6.3, 10, 16, 25, 40, 63, and 100.
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Figure 10.4: X-ray images of the Orion Nebula region (2nd day), obtained with SISs.
The contour levels for both of the band maps, in units of (10~3counts/SIS/ks/pixel), are:
0.6, 1.0, 1.6, 2.5, 4.0, 6.3, 10, 16, 25, 40.0, 63, and 100.
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10.4 L1641 North

We observed the L1641 North region on March 13-15 1994. In Figure 10.5, we

show the two energy-band X-ray mages obtained with SISs together with Protostar

candidates indicated by crosses.

We see no significant X-ray emission from the protostars in both the soft and

hard band images.

Table 10.5: Protostar candidates in 1.1641 North region
Name RA Dec 0.7-2 keV 2-10 keV Class ref
(1950) (1950) (cts ks7 1 SIS™1)  (cts ks ! SIS™1)
HH34IRS 533 03.7 —6 2853 — — 1
HH222VLA 533 15.62 —6 24 54.72 b <1.7 2
L1641North 5 33 52.7 —6 24 02 3.3£0.8° 3.1+0.7¢ 3

a: This source is on the gap between CCD chips.
b: contaminated by V571 Ori (CTTS) and/or NGC1977 222 (CTTS).

¢: highly confused with Parenago 2375.

References for the coordinates — (1) Reipurth et al. 1986 A&A 164 51;
(2) Yusef-Zadeh, F. et al. 1990, ApJ 348, L64;
(3) Fukui et al. 1993
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Figure 10.5: X-ray images of the 1.1641 North region, obtained with SISs. The contour
levels, in units of (10~3counts/SIS /ks/pixel), are : 0.2, 0.4, 0.8, 1.3, 2.2, and 3.6 for the
soft band, 0.1, 0.3, 0.5, 0.8, and 1.4 for the hard band.
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10.5 HH212

We observed the L1630 HH212 region on February 28-March 1 1998. In Figure
10.6, we show the two energy-band X-ray images obtained with SISs, together with
a Class 0 protostar indicated by asterisk. We see no significant X-ray emission from

the protostar in both soft and hard band images.

Table 10.6: Protostar candidates in HH212 region
Name RA Dec 0.7-2 keV 2-10 keV Class
(1950) (1950) (cts ks~ SIS™!)  (cts ks™! SIS™)

HH212-mm 541 19.0 —104 08 <0.25 <1.0 0

References for the coordinates — Carkner et al. 1998
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Figure 10.6: X-ray contour maps of the HH212 region, obtained with SISs. The contour
levels, in units of (10~3counts/SIS/ks/pixel), are : 0.002, 0.05, and 0.1 for the soft band,
0.03, 0.1, and 0.3 for the hard band.
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10.6 HHI1

We observed the L1630 HH91 region on March 1-2 1998. In Figure 10.7, we
show the two energy-band X-ray images obtained with SISs, together with Class
0 protostars indicated by asterisks. We see no significant X-ray emission from the

protostars in both the soft and hard band images.

Table 10.7: Protostar candidates in HH91 region
Name RA Dec 0.7-2 keV 2-10 keV Class
(1950) (1950) (cts ks~ SIS™!)  (cts ks™! SIS™)

HH91IRS 539259 —-11501 <0.42 <1.6 1?7

References for the coordinates — Moneti, A. & Reipurth, B. 1995
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Figure 10.7: X-ray images of the HH91 region, obtained with SISs.  Proto-
star candidate (HH91IRS) is indicated by cross. The contour levels, in units of
(10 3counts/SIS/ks/pixel), are : 0.04, 0.1, 0.2, and 0.4 for the soft band, 0.04, 0.1,
and 0.2 for the hard band.
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10.7 L1582B

L 1582 B is one of the dark filaments coincident with a northern fragment of the A
Orionis molecular ring, at an estimated distance of 400 pc (Maddalena & Morris
1987). The cloud contains RNO 43 (Cohen 1980) at the edge, which is the brightest
of a group of HH objects knots (RNO 43 a to d, Jones et al. 1984).

The high-velocity CO emission present around the HH objects shows a double
pattern of overlapping blue-shifted and red-shifted gas previously attributed to a
pair of outflows seen nearly a pole-on geometry (RNO 43 N and RNO 43 S, see
Edwards & Snell 1984). Jones et al. (1984) found that the proper motion vectors
of the HH objects associated with the two outflow components all pointed away
from a single far-infrared source of luminosity 12.4 Lg (Cohen & Schwarts 1987,
assuming a distance of 400 pc) located farther south, on the axis defined by the
two high-velocity emission regions.

We observed the L1582B region on February 22-24 1998. We show the two
energy-band X-ray images obtained with SISs, together with protostars in Figure
10.8. We see no significant X-ray emission from the protostars in both soft and

hard band images.

Table 10.8: Protostar candidates in L1582B region

Name RA Dec 0.7-2 keV 2-10 keV Class
(1950) (1950) (cts ks~ SIS™!)  (cts ks™! SIS™)
RNO43IRS 0529 30.74 +12 47 34.3 <0.18 <0.36 0

References for the coordinates — Chini et al. 1997b
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Figure 10.8: X-ray images of the L1582B region, obtained with SISs. The contour levels,

in units of (10~3counts/SIS/ks/pixel), are: 0.02, 0.05, 0.09, and 0.15 for the soft band,
0.01, 0.07, and 0.2 for the hard band.
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Chapter 11

Discussions

11.1 X-ray Loud vs. X-ray Quiescent

We proved 99 protostar candidates through a survey in 17 fields (24 observations)
of dark clouds.

In the soft band (0.7-2 keV), there were 53 protostar candidates which were
almost contamination-free. From the sources, we detected 3 sources (5% of the
total) with S/N > 5 level, although two of them are not point-like but diffuse.

In the hard band (2-10 keV), there were 59 protostar candidates which were
almost contamination-free from the other TTSs. From the sources, we detected
22 sources (40% of the total) with S/N > 5 level, although some of them are
contaminated with the other protostar candidates or are not point-like but diffuse
emissions, then the minimum number of the detection is 18 sources (30% of the
total).

The detected and non-detected sources are listed in Table 11.1. In this section,

we discuss the reason for the detection and non-detection.
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Table 11.1: X-ray detection of protostar candidates

Name Field Detection® Variability’ SED Ly, Outflow® M,y iowe
Soft  Hard Hard [Lo] [1075 Mg yr=1]

WL12 Oph N N I 6.4 extend

TRS27=WL22 Oph N D long 117 15.7

WL16 Oph N D long 17 18.3

TRS29=WL1 Oph N N I 1.1

EL29 Oph N D flare 1 36.3  overlap

TRS34 Oph N D — 11 0.8

TRS43=YLW15 Oph N D flare I 7.2 overlap

TRS44 Oph N D — I 8.9 overlap 2

TRS46 Oph N D — I 0.8

TRS48 Oph N N I 10.7  extend

IRS51 Oph N D long 1 2.2 overlap

TIRS54 Oph N N 1 9.9

WL6 Oph N D sin?, long I 1.02  overlap

LFAMI1 Oph — — I 0.04

WL19 Oph N D long 1111 0.12

RhoOphB Oph N N I (bipolar)

GY245=CRBR72 Oph N N I

GY284 Oph N N I

CRBR42=GY91  Oph N N I

CRBRS85 Oph — D — I

LFAM26 Oph N D long I

YLW256=GY256 Oph N — I

VLA1623 Oph — — 0 1 extend 0.5

TRAS16293-2422 Oph — N 0 18.1 extend 4

TRS2=TS513.1 CrA — D long I 11.0

TRS5=T52.4 CrA — D long I 0.9

IRS1=T52.6 CrA — D long I

TRS9=R2 CrA — D long I 0.6

IRS7=R1 CrA — D flare, long I 3.6 overlap

TRS32 CrA N N 1 1.3
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Table 11.1-Continues

Name Field Detection®  Variability SED Ly, Outflow® M2, 0w
Soft  Hard Hard [Lo] [10° Mg yr—1]

IRAS04108+2803B  Tau N N I 0.6

CW Tau Tau — IT

TRAS041134-2758 Tau N T 2.0

TRAS04361+4-2547 Tau N N I 2.5 extend 0.9

TRAS043654-2535 Tau N N I 1.9 extend

TRAS043684-2557 Tau N N 0 1.3

TRAS04369+2539 Tau — 11 4.6 0.3

TRAS04154+2823 Tau — I 0.3

CoKu Tau-1 Tau — I

L15511RS5H Tau N N I 21.0 extend 2

HLTau Tau — I 6.0 extend

L1551INE Tau N N I 3.9

HH30IRS Tau —

Th28 lup —

SMM9=5S68N Serp N N 0

SMM1=FIRS1 Serp N N 0 50

SMM3 Serp — 0 <11

SMM4 Serp — 0 <11

SMM2 Serp — — 0

FUOri Serp N — 0

EC95 Serp D D short 1?7

TRAS2(NGC1333) Perseus — 0 40

TRAS4A(NGC1333) Perseus N 0 14 >0.2(7)

TRAS4B(NGC1333) Perseus N 0 14 >0.2(7)

SVS12 Perseus D D — 13.0

1L.1448C Perseus N N 0 10 extend 0.1-2

L1448IRS3 Perseus N N I 9 extend 2
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Table 11.1-Continues

Name Field Detection® Variability SED Ly,  Outflow® M, tow
Soft  Hard Hard [Lo] [107° Mg yr—1]

CSO1 Ori N N 0

CS02 Ori N D — 0

CS03 Ori N N 0

CSO4 Ori N N 0

CSO5=MMS1  Ori N N 0 <55

CS06=MMS2  Ori N N 0

CSO7=MMS3?  Ori N N 0

CSO8=MMS4  Ori N N 0 <56

CS09=MMS5  Ori N N 0

CSO10=MMS6  Ori N N 0 <60

CSO11 Ori N D — 0

CSO12=MMS7 Ori N D _— 0 76

CSO13=MMS8  Ori — N 0 <89

CSO14=MMS9  Ori — N 0 <94

CSO15 Ori e 0

CSO16=FIRlc  Ori N N 0 128

CSO17=FIR1b  Ori N N 0

CSO18=FIRla  Ori — N 0 <138

CS019 Ori - - 0

CSO20=FIR2  Ori e 0 <157

Cs021 Ori - - 0

MMS10 Ori _— N 0

CSO022=FIR3  Ori e 0 10
CSO23=FIR4  Ori - - 0 100
CSO24=FIR5  Ori - - 0

CSO25=FIR6b  Ori - - 0

CS026 Ori N — 0

CS027 Ori e 0
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Table 11.1-Continues

Name Field Detection® Variability? SED Ly, Outflow® M Odut Flow
Soft  Hard Hard [Lo] [107° My yr=1]

CSO28=FIR6a Ori — — 0

CSO29=FIR6¢ Ori — — 0

CSO30=FIR6d Ori — — 0

CS0O31 Ori — — 0

Cs032 Ori — — 0

CS0O33 Ori — — 0

OriKL Ori — — 1 3000

OMC-1FIR4 Ori — — 1

HH34IRS Ori — —

HH222VLA Ori — N

L1641North Ori D D — 20

HH212-mm Ori N N 0

HH91IRS Ori N N 17

RNO43IRS Ori N N 0 20

a: Detection in soft band (0.7-2 keV) and hard band (2-10 keV). D and N means

13 7

detection and non-detection, respectively. means undistinguishable due to a
contamination from the other bright source.

b: X-ray variability at the hard band; short — variability within one day, long —
variability in days to years, flare — X-ray flare, sin — sinusoidal modulation

c: Feature of red- and blue-shifted lobes in molecular outflow (see subsection 11.1.4)

d: Massloss rate derived from Wu, Huang, and He 1996; Moutﬂow = My %X 6V/Rpaz.
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11.1.1 Age Effect: When a Star Begins to Emit X-rays 7

In observations of Orion cloud, we obtained a hint for X-rays from Class 0 objects
lying OMC2/3 region (see Table 11.1, Table 11.2). The OMC 2/3 region was
included in the field of view of GIS among the four observations executed on Aug
30-31 1993, Sep 23-24 1997, Sep 30-Oct 1 1997. Then we accumulated all the
GIS data, in order to search the detection in this region by GIS which has more
sensitive in hard band than SIS.

We show the X-ray contour maps of the OMC 2-3 region, obtained with GISs
(combined images of GIS 2 and 3) in Figure 11.1. Class 0 sources (Chini et al.
1997a, Lis et al. 1998) are indicated by asterisks.

In this deep exposure map (= 95 ksec x 2 GIS), the hard X-ray distribution is
rather well correlated to “islands” of the 350 ym and 1.3 mm peaks, i.e. embedded
protostars, within limited spatial resolution of GIS. The distribution is also corre-
lated with the filament of the molecular cloud (Chini et al. 1997a). In particular,
hard X-ray enhancement around CSO1, CSO3-10 (MMS1-6), CSO12 (MMST7),
CSO14 (MMS9) in OMC 3 and CSO 21 in OMC 2 is highly suggestive. As for
the sources, the MMS 6 is surrounded by a region of high-velocity emission in the
velocity range vrgp =14-18 km s™! (Chini et al. 1997a). and from MMS 7, a large
HH flow of ~10" was discovered to (Yu et al. 1997).

On the other hand, no excess is found from this region in the soft X-ray band
(0.7-2 keV) (see above panel). This indicates the hard X-rays are coming deep
inside the molecular core. Then this result would be the first evidence for the hard
X-ray emissions from inside the cores (350 yum peak, 1.3 mm peak) of OMC2 and
OMC3, where Class 0 protostars are lying, and we suppose that X-rays from Class
0 protostars have been already emitted.

As for Class I and IT phases, we detected 14 sources of 29 Class I samples, while
we detected 4 sources of 5 Class II samples. Then we found that all the evolutional
phases emit X-ray certainly. We listed the detection rates of each evolutional phase
in Table 11.2, seperating by the source distance. These rates were obtained with
SIS detectors. In the Table 11.2, it is shown that there are few Class 0 sources in
near molecular clouds and few Class I sources in distant molecular clouds. Then

we obtain no apparent effect by age statistically without bias by distances.
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0.7-2 keV band

Figure 11.1: X-ray contour maps of the OMC 2-3 region, obtained with GISs (combined
images of GIS 2 and 3). Class 0 sources (350 um sources: Lis et al. 1998) are indicated
by asterisks. The contour levels, in units of (counts/GIS/ks/pixel), are: 3.6, 4.3, 5.2, 6.3,
7.5,9.1, 10.9, 13.1, 15.8, 19.0, 22.8, 27.4 for the soft band, and 3.0, 3.5, 4.2, 5.0, 5.9, 7.1,
8.4, 10.0, 11.9, 14.1, 16.8 for the hard band. Vignetting is not corrected. Background is
127

not subtracted.



Table 11.2: Detection rates of protostar candidates at each phase (2-10 keV band)
SED Distance
~150 pc  ~300 pc ~ 500 pc

0 0/2 0/5 3/20
I 13/26 1/2 0/1
1T 4/5 0/0 0/0
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11.1.2 Stellar Mass Effect

In the first order, the bolometric luminosity derived at IR band represents the
stellar mass. Then, to investigate the dependence of detection on stellar mass,
we made a diagram of X-ray flux versus bolometric luminosity as seen in Figure
11.2. We chose the samples from p Oph, R CrA, and Taurus cloud, which lie at
the almost same distance of about 150 pc, and excluded the sources in flare phase.
From this diagram, we find that the detected protostar candidates have bolometric
luminosities range from 0.1 to 50 solar luminosity. The bolometric luminosities of
non-detected protostars also indicate similar distribution, and we see no apparent

difference between detected protostars and non-detected ones in the stellar mass.
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Figure 11.2: Bolometric luminosity versus X-ray flux of protostar candidates in p Oph,
R CrA, and Taurus cloud. Class 0s, Class Is, and Class IIs are shown by open stars,
filled squares, and open triangles, respectively. The range of birth line luminosities Ly;,.;,
corresponding to three typical stellar masses (0.2, 0.6, and 2.0 M); from Bontemps et
al. 1996) are indicated by vertical dotted lines. The protostar candidates in flare phase

are excluded from these samples.
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11.1.3 Long Term Variability Effect

Several selected fields, which include p Oph, RerA and Orion, have been repeatedly
observed. In the first observation of the p Oph region, two Class I sources WL6 and
EL29 were found to be hard X-ray sources (see section 4.1). However, in the second
observation (3.5 years later) these two Class I sources were found to The kinematic
timescale corrected for the inclination for outflows from X-ray emitting protostars
is around 5x10* yr, which is as same as the timescale of (2-5)x10* yr for typical
outflows (Levreault 1988; Wu, Huang, & He 1996). To investigate the evolutionary
stage of X-ray emitting protostars in their outflow phase, we follow a scheme of
a decline in the outflow force that was presented by Bontemps et al. (1996). For

a low-mass protostar, the outflow force is reported typically Foo ~ 107* M, km

-1 1 1

s71 yr~! at the early Class 0 stage and Foo ~ 2 x 107% My km s7! yr~! at the

late Class I stage. The force corrected for the inclination of the X-ray emitting

Lyr=t. Therefore, the observed four X-ray

protostars is of order 3x107% M, km s~
emitting protostars are in the late Class I stage according to this scheme.

be very faint (section 4.2). In contrast, we found a new hard X-ray source (>
2 keV) at the position of another Class I star YLW15.

Similarly, in the RCrA cloud, we found an apparent flux variations of the X-ray
complex consisting of R2 and R1 in 2.6 years between the second and the third
observations (section 5.2 and section 5.3). Other Class I sources in RCrA also
showed long time variabilities in the three observations (see the Count rates in
Table 5.1, Table 5.2 and Table 5.3).

We then conclude that hard X-rays from Class I protostars are highly variable
over long time spans, and we suspect that the hard X-ray non-detection from the

majority of Class I objects is, at least partly, due to the long-term time variability,

in which duty ratio of high flux state would be small.

11.1.4 Geometry Effect: A Unified Picture ?

To search the characteristics of both detected and non-detected protostars further,
we executed the observations of CO outflows toward five X-ray emitting proto-
star candidates in the p Ophiuchi region, collaborating with Sekimoto, Tatematsu,
Umemoto, Koyama, Hirano, and Yamamoto.

We have carried out the outflow observations of 2CO (J = 2-1) with the
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Caltech Submillimeter Observatory, and *CO (J = 1-0) with the Nobeyama 45 m
telescope for four Class I sources (EL 29, WL 6, IRS 44, IRS 46) and one Class
IT source (WL 10), which were firmly identified with the first observations (section
4.1). These infrared sources are located in the core region of the p Ophiuchi cloud,
as defined by the C'®O (J = 1-0) emission (Wilking & Lada 1983). The X-ray
(Lx) and infrared (L;g) luminosities of these sources are ~ 1030 ergs s™! (section
4.1) and 0.3-48 L, (Wilking et al. 1989), respectively.

We found bipolar flows from four X-ray emitting YSOs out of the five samples
(Figure 11.3). Since IRS46 is close to the outflow source IRS44, with a separation
of 24 arcsecs, it is not clear whether or not the observed outflow belongs to IRS46 or
IRS44. Terebey et al. (1989) observed the IRS 44/IRS 46 region with the Owens
Valley Millimeter Interferometer of a beam size of 5-12 arc-sec, and detected a
CO outflow from IRS 44, but not from IRS 46. Thus here, we assume that the
outflow emission from IRS46 is at a negligible level in comparison with that from
IRS44. The high detection rate (4/5) of outflows from the X-ray emitting protostars
suggests that a low mass pre-main sequence star starts to emit X-rays in the outflow
phase of stellar evolution. In surveys of T Tauri stars, outflows were detected from
about 10% (Lada 1985). Bontemps et al. (1996) detected outflows from almost
all (~90%) Class I sources. Thus, we confirmed that the X-ray sources observed
with ASCA are protostars which are in an earlier phase of stellar evolution than T
Tauri stars.

The kinematical time-scale of the outflows from X-ray emitting protostars,
after the correction of the inclination angle, is around 5x10* yr, which is nearly
the same as that the time-scale of (2-5)x10* yr for typical outflows (Levreault
1988; Wu, Huang, & He 1996). To investigate the evolutionary stage of X-ray
emitting protostars in their outflow phase, we follow the scheme of Bontemps et al.
(1996), which present a decrease of the outflow force along the evolutional phase.

For a low-mass protostar, the outflow force is reported typically Foo ~ 107*M

1 -1

km s~ yr~! at the early Class 0 stage and Fopo ~ 2 x 107 M, km st yr! at

the late Class I stage. The outflow forces of the X-ray emitting protostars, after
the correction of the inclination angle, are all in the order 3x107 M, km s™! yr—'.
Therefore, the observed four X-ray emitting protostars are in the late Class I stage
according to this scheme.

The most notable feature of these out-flows is that the blue and red lobes show
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compact feature; they are largely overlapped each other, suggesting nearly pole-
on geometry (Figure 11.3). According to the three-dimensional outflow model by
Cabrit & Bertout (1986, 1990), these outflows have an inclination angle of around
10° for a half-cone opening angle of 30°.

Apart from our CO observations, there are outflow observations which support
the pole-on configuration of the X-ray emitting protostars. The molecular outflow
from Class I source IRS 7 (=R1) in the R CrA cloud core (see also section 5.1) were
observed by Levreault (1988) and Anderson et al. (1997). Since the blue and red
lobes of the outflow overlap each other (see Fig 11.4; from Figure 4 in Anderson
et al. 1997), we estimate the inclination angle is around 30°. The bright X-ray
source, YLW 15 (=IRS 43: Class I), in the p Ophiuchi cloud (see also section 4.2)
has also overlapped feature of blue- and red-lobes, which implies a nearly pole-on
configuration (Bontemps et al. 1996; Figure 11.5). In Figure 11.3, Figure 11.4, and
Figure 11.5, we summarize all the outflow features of detected protostars.

For comparison, we show the outflow features of non-detected sources in Figure
11.6 and Figure 11.7 and Table 11.1. All these have extended feature of blue- and
red- lobes. It implies that we see the outflows from almost perpendicular angles.
For example, the inclination angle of L1551 IRS 5 is larger than 55° (Ohashi et al.
1996), and that of VLA 1623 is 80°-85° (André et al. 1990).

We summarize the outflow features of protostars in Table 11.1. X-ray detected
protostars show pole-on geometries in the outflow features, and there are no pro-
tostars which show edge-on geometries. On the other hand, non X-ray detected
protostars show edge-on geometries, and there are no protostars which show pole-on
configurations.

Consequently, we propose a unified picture with analogy of Seyfert I and II
galaxies; every protostar emits X-rays, but the X-rays can only be detected from
pole-on viewing angle, whose inclination angle is smaller than about 45°. In this
geometry, the line of sight gas is mainly due to the relatively lower density of the
bipolar flow and is not due to denser circumstellar disks. Thus hard X-rays are less
absorbed. X-ray non-detected protostars have an edge-on geometry, on the other
hand, hence X-rays are completely blocked by an extremely high column along the
circumstellar disk.

It is quite natural that X-ray emitting protostars have a pole-on configuration,

because a circumstellar gas disk absorbs even hard X-rays, if the X-rays are emitted
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from the nearest part of the protostar. For hard X-rays at 5 keV, the optical depth
becomes unity at a column density of 3x10?* ¢cm~—2 (Morrison & McCammon 1983).
On the other hand, the column density of gas disks of protostars is reported to be
more than 10?* ¢cm™2. For example, the circumstellar disk around the outflow
source B335 is reported to have a column density of 1-6x10** cm 2 (Hirano et al.
1992). Keene & Masson (1990) reported that a possible 65 AU circumstellar disk
around L1551-IRS 5 has a column density of 6x 102 cm™2, on the basis of 2.73 mm
continuum observations.

It is noteworthy that two X-ray emitting protostars (EL 29 and IRS 44) are
reported to have an extended circumstellar disk. Simon et al. (1987), using lunar
occultation technique in the K-band, detected extended emission from EL 29 (7
mas ~ 1 AU in diameter) and IRS 44 (80 AU in diameter) among the 18 young
stars observed in the Taurus and Ophiuchus clouds. Zinnecker et al. (1986) also
reported two symmetric components around EL29 with L-band speckle observa-
tions, a compact core with a diameter of about 8 AU and an extended halo with a
diameter of 320-480 AU. These extended structures observed in the infrared may
lend additional support for a nearly pole-on configuration of the circumstellar disk

of these protostars, because symmetrically extended structure would be found in

the case of a disk pole-on configuration.
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Figure 11.3: X-ray emitting protostars:

Integrated intensity CO (J = 2—1) maps of the blueshifted (solid contours) and redshifted
(dotted contours) outflow emission for four X-ray emitting protostars. Filled squares
show the positions of the infrared sources. A filled triangles shows the position of TRS
46. Integration ranges (lobe, velocity interval in km s~!) and contours (lowest contour,
step in K km s™1) are as follows: EL 29: (blue, -4 to 0) (low 0.6, step 0.2) (red, 8 to 12)
(low 1.5 step 0.5); IRS 44: (blue, -4.5 to -0.5) (low 0.6, step 0.2) (red, 9 to 13) (low 0.6
step 0.2); WL 6: (blue, -4 to 0) (low 0.6, step 0.2), (red, 7 to 11) (low 1.0 step 0.3); WL
10: (blue, -4 to 0) (low 0.9, step 0.3), (red, 7 to 11) (low 0.9, step 0.3).

134



120 .

Dec. offset (arcsec)

—-120

120 60 —60 -120

0
R.A. offset (arcsec)

Figure 11.4: X-ray emitting protostar:
The HCO™(J = 1 — 0) outflows around X-ray emitting protostar RCrA IRS7 (=R1)
(Anderson et al. 1998; Fig.4). The blue (full line contour) and redshifted (dashed

line contour) outflows cover the velocity range —15 ~ 0 km s~!, and 10 ~ 25 km s~}

1 1

respectively. The contour levels are from 0.5 K km s™ in increments of 0.5 K km s7.
The location of the IRS 7 (=R5) is denoted by a star, the T Tauri star T CrA (left) and
the Herbig Ae/Be star R CrA (right) are denoted by crosses, the Herbig-Haro objects
are denoted by squares whilst the embedded infrared source HH100-IR is denoted by a

triangle.
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Figure 11.5: X-ray emitting protostars:

12C0O (J = 2 — 1) maps of the blue (solid contours) and redshifted (dotted contours) out-
flow emission for two X-ray emitting protostars (IRS43=YLW15 and IRS51). Positions
of central YSOs marked by crosses; blue- and red- shifted integration intervals indicated
in upper left corners. Sources, lowest contours, and contour steps (for the blue- and
red-shifted emission, respectively) are: TRS43 (0.9, 0.5), (0.9, 0.5) K km s~!, TRS51 (1.2,
0.4), (1.2, 0.4) K km s~ . From Bontemps et al. (1996).
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Figure 11.6: X-ray non-detected protostars:
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upper-left: VLA1623, André et al. (1990)
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upper-right: TIRAS 16293-2422 in RHo Oph, Mizuno et al. (1990)
lower-left: HL Tau Monin, et al. (1996)
lower-left: L1551 TRS5, Ohashi et al. (1996)
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Figure 11.7: X-ray non-detected protostars:

200 (J = 2 — 1) maps of the blue (solid contours) and redshifted (dotted
contours) outflow for eight X-ray emitting protostars (WL12, TRS48, VLA1623,
IRAS16293-2422 in Rho Oph Core, L1448-1RS3, L.1448-core in [.1448, IRAS04361+4-2547,
TMC1A=IRAS04365+2535 in Taurus). Positions of central YSOs marked by crosses;
blue- and red-shifted integration intervals indicated in upper left corners. Sources, low-
est contours, and contour steps (for the blue- and red-shifted emission, respectively)
are: WL12 (0.8, 0.5), (0.7, 0.5) K km s~!, TRS48 (2.0, 0.5), (2.0, 1.0) K km s~}
VLA1623 (3.0, 1.5), (3.0, 1.5) K km s~', TRAS16293-2422 (8.0, 5.0), (10.0, 5.0) K km
s~1, L1448-TRS3 (1.2, 1.0), (2.0, 1.0) K km s~ !, L1448-core (1.4, 1.0), (2.0, 1.0) K km
s71, TRAS04361+2547 (1.2, 0.5), (0.7) K km s~!, TMC1A=IRAS04365+2535 (1.0, 0.6),
(0.7) K km s~!. From Bontemps et al. (1996).
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11.1.5 Host Cloud Effect: Magnetic Field Orientation

In Table 11.3, we list the X-ray detection rate from protostars in each of the clouds.
We see apparent difference of the detection rate from a cloud to cloud. For example,
the detection rates in p Oph and RCrA are very high (50% and 80%, respectively),
but we detected no protostars in Taurus, which is almost at the same distance to

those of p Oph and RCrA.

Table 11.3: Detection rates of protostar candidates in each molecular cloud (2-10

keV band)

Distance Field Detection
[pc] Region(#7)  Yes No (%)
p Oph(2) 8 9 47
RCrA(1) 5 1 83
~150
Taurus(4) 0 8 0
Lupus(1) 0 0 -
300 Serpens(1) 1 2 33
Perseus(2) 1 4 20
~500 Orion(6) 4 19 17

1: Number of the field of view

There are some reports that all the magnetic fields in one cloud lie with the
same orientation (e.g. Goodman & Heiles 1994 — Ophicus; Goodman et al. 1990 —
Taurus, Ophicus), while we can not uniquely derive the direction of the magnetic
field with only the observed polarization.

On the other hand, in the Table 11.1, we can see that all the outflow features
measured in Taurus show extended feature (~ edge-on geometry) and all the out-
flow feature in the p Oph main body and RCrA show overlapped, i.e., pole-on
geometry.

Based on the above two results, although the measured samples are still limited,
we can assume that most of the sources in Taurus have a edge-on geometry, while
those in the p Oph main body and RCrA have a pole-on geometry. This scenario
could at least partly explain the apparent difference of the detection rate from a

cloud to cloud.
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11.2 Mechanism of X-ray Flares

Like TTSs, we obtained some flares from protostars (EL 29, R1 and YLW 15).
These X-ray flares imply that greatly enhanced magnetic activity, already well-
established in older T'T'Ss and the Sun, is present in the earlier protostellar phase.

In this point of view, we discuss the flare properties on protostars.

11.2.1 Individual Flare (1) — EL29

In the first observation of the p Oph region (section 4.1), we detected X-ray flare
from EL29. From the light curve, we estimated exponential decay time and the
total energy. 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 length (assuming a single-loop) based on the analogy
of a solar flare (van den Oord 1988) with aspect ratio (diameter/loop length) a =
0.1, and the I" = 1 (ratio of the cross-section between the loop top and bottom).
The detailed procedure is written in Appendix. The derived physical parameters
are shown in Table 11.4. The electron density and flare loop length are 1x10
cm® and 3x10" cm, respectively. Assuming equilibrium between the thermal
pressure and magnetic field pressure, we estimated the magnetic field strengths of
the X-ray emitting plasma to be 200 Gauss. The electron density and magnetic

field strength is comparable to those of solar flares, but the loop size is 1-3 orders

of magnitude larger; it is larger than solar radius.

Table 11.4: Flare parameters of EL 29.

Source T Lxpeak (2-10 keV)  Eyp (2-10 keV) Ne l B
[ks] [103! erg s71] [1036 erg] [10't em=3] [10Y ecm] [G]
EL29 83 5.4 0.4 1 3 200

7: e-folding time of the lightcurve decrease; Lx peqr: X-ray luminosity in 2-10 keV band
at the flare peak; Fi,: X-ray total energy emitted by the flare during its cooling phase
in 2-10 keV band; n.: electron density; I: loop length; B: minimum value of the

magnetic field confining the loop plasma
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11.2.2 Individual Flare (2) — YLW15

In the second observation of the p Oph region (section 4.2), we have discovered a
peculiar time behavior from YLW15: quasi-periodic flares. Here we examine the
relation between each of the flares and the physical conditions, then discuss the

origin of the quasi-periodic flares.

Physical Conditions of the Triple Flare

If the three intermittent flares are attributed to a single persistent flare, with the
three events due to geometrical modulation, such as occultation of the flaring region
by stellar rotation or orbital rotation of the inner disk, then only the emission
measure should show three peaks and the temperature would smoothly decrease
during the three flares. However, in our case, we see the temperature follows
the same pattern as the luminosity, decreasing after each jump at the peaks, as
indicated in Table 4.5 and Figure 4.4. To test further, we fitted the data in phases
1-8 with a single exponential decay model, and confirmed that it is rejected with
89 % confidence. We then interpret the 2-10 keV variability of YLW15 as due to
a triple flare, in which each flare followed by a cooling phase. Now, we label the
phases 1-3, 4-6, and 7-8 as Flare I, Flare 11, and Flare III, respectively, and discuss
separately. We focus on the cooling phases to estimate the physical conditions of

the plasma in each flare.

Flare 1

Here we assume that the plasma responsible for Flare I is confined in one semi-
circular magnetic loop with constant cross section along the tube flux, with length
L, and diameter-to-length (aspect) ratio a, based on the similarity between stellar
and solar flares, and on the analogy of the solar flares.

To the decay of Flare I, we apply a quasi-static cooling model (van den Oord &
Mewe 1989), in which the hot plasma cools quasi-statically as a result of radiative
(90 %) and conductive (10 %) losses (see detailed comment in Appendix §1). If
the loop indeed cools quasi-statically, the temperature 7" and the emission measure
(EM) must satisfy the relation T'%/*/EM = cst.

We calculate the values of 7'%4/E M for the three successive bins (phases 1-3)
of Flare I to be (7/107 K)'3/4 /(EM/10°* cm™3) = 61 & 55, 59 + 42, 25 £ 18,
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These values are consistent with a constant value within the rather large errors.
In fact, we fit the data to the quasi-static model, and get satisfactory values of x2_,
for the count rates, temperature, and emission measure (see Table 11.5 panel 1).

Thus we conclude that our hypothesis of quasi-static cooling is well verified; an
underlying quiescent coronal emission may not be required. From the peak values
of T"and EM, and the quasi-static radiative time scale, we derived loop parameters
as listed in Table 11.6. The detailed procedure is written in Appendix. The value of
0.07 found for a is within the range for solar active-region loops (0.06 < ag < 0.2,
Golub et al. 1980), which supports the initial assumption that the flare is due to

a solar-type activity.

Flares IT and II1

The appearance of Flare II can be interpreted either by the re-heating of the cooling
plasma during Flare I, or by the heating of a plasma different from that of Flare L.
In the latter case, the lightcurve and £'M would be the sum of Flare I component
and new flare component. The EFM of the new flare component can be derived by
subtracting the component extrapolated from Flare I. The derived EM are 1.6+0.4
(phase 4), 2.5+0.8 (phase 5), and 1.9£1.5 (phase 6). Then we fitted the lightcurve
and E'M with the quasi-static model assuming the above two possibilities. How-
ever, in both of the cases, the model did not reproduce the lightcurve and EFM
simultaneously, and the quasi-static cooling model cannot be adopted throughout
the triple flare but Flare I.

For simplicity, we fitted the parameters in Flare IT with an exponential model.
The best-fit parameters are shown in Table 11.5, and each models for the reheating
and the distinct flare assumptions are shown by the dashed and the dotted lines in
Figure 4.4, respectively. The obtained Y2, and the timescale for each lightcurve and
EM were similar between the two assumptions. Therefore both of the possibilities
cannot be discriminated. As for EM, both of the fits show no decay or very long
time decay, which is not seen in the usual solar flares. The constant feature in £ M
makes the quasi-static model unacceptable. Since we cannot derive the aspect ratio
of Flare II by fitting with quasi-static cooling model, assuming the ratio derived in
Flare I and that radiative cooling is dominant, we deduced the plasma parameters

as shown in Table 11.6. Here, we derived the values assuming the reheating scenario
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(the former assumption). The results show that the plasma density and the volume
remain roughly constant from Flare I. This supports that Flare II resulted from
reheating of the plasma created by Flare I.

As for Flare III, because of the poor statistics and short observed period, the
fits to lightcurve with the exponential model give no constrain between the above
two possibilities. The fitting results are shown in Table 11.5 and Figure 4.4. We
derived the plasma parameters of Flare III doing the same procedure for Flare II,
as shown in Table 11.6. These values are similar to those in Flare I and II. All these
results support the scenario that a quasi-periodic reheating makes the triple flare.
The heating interval is ~20 hour. The loop size is approximately constant through
the three flares and is as large as ~14 Rg. The periodicity and possible large-scale
magnetic structure support a scenario that differential rotation between a central
star and inner disk twisted magnetic field lines, which confine a high temperature
plasma in the loop, then by the re-connection of the field line, the same plasma is
reheated periodically (e.g., Hayashi, Shibata, & Matsumoto 1996).

Such a quasi-periodic reheating has never been detected in the other protostar
candidates. The reason is thought because there have been no other observation of
star forming region executed for such a long time as this observation of Rho Oph.
We suspect that other protostars can have such a quasi-periodic flares, when they

are active phase.
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Table 11.5: Fitting of cooling phase of flares from YLW15

fit analytical expression (F') F Q F, T Xzed
[ks] (d.o.f.)
[1] 2] 8] [4] [5] [6]
Figs(t)=F, x {1+ ({#—t1)/37}7* I [cntsks™!] 4 1725 311 0.8 (45)
kT [keV] 8/7 56%06 [31] 0.5 (2)
EM [10%*cm™3] 26/7 10.440.9 [31] 0.4 (2)
Fy(t) = F, x exp{—(t — t2)/7} I [entsks 1] - 62+ 3 3343 1.7 (47)
kT [keV] - 4+1 50 £ 20 1.5 (1)
EM [10°*ecm™3] - 3+1 > 53 0.4 (1)
Fiio(t) = Figs(t) + Fa(t) I [entsks™ 1] - 46 + 3 29 4 2 1.6 (47)
EM [10°*cm™3] - 1.6 +0.8 > 54 0.6 (1)
F3(t) = F, x exp{—(t — t3)/7} I [entsks™1] - 35 +2 58173 1.4 (24)
kT [keV] - 543 55 (> 16) x%2 =0 (0)
EM [10*em™3] - 25407 71(>23) x>=0(0)
Fiiows(t) = Fiyo(t) + F5(t) I [entsks Y] - 28 £ 2 63+ 15 1.4 (24)

Panel 1 gives the quasi-static fit for Flare I. Panel 2 (Panel 3) gives the exponential fit
for Flare II (Flare III): first assuming that the flares are reheating of the same plasma
volume as the previous flare; second assuming that the three flares are independent (the
previous flares contribute to the latter flares). 1, t11, and ¢yyp are the beginning time of
Flare I, II, and III, respectively. We assume only positive values for the decay time

(Column [5]). The errors are at 90 % confidence level.
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Table 11.6: Physical properties for the triple flare from YLW15

Flare a ! Ne B Lx peat T FEtot
# [Re]  [10M em—?] [G] 103t ergs™!]  [ks] [10%6erg]
1 0.0740.02 14+£2 0.5£0.1 150£20 20+1 311  6.0£0.5
2 [0.07£0.02] 11+£5 0.4+0.1 120+£30 8+1 33+3  2.8+0.6

3 [0.074£0.02] 15+£10  0.3+£0.2  100+£60  4.6+0.5  58%75 2.7+1.0

a: diameter-to-length ratio of the loop; L: loop length; n.: electron density; B:
minimum value of the magnetic field confining the loop plasma; Lx peqr: X-ray
luminosity at the flare peak in the 0.1-100 keV band; 7: characteristic decay time of

the lightcurve; Fyy: total energy released during the cooling phase in X-ray wavelength.
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11.2.3 kT vs. EM

Recently, Shibata & Yokoyama (1999) reexamined Feldman et al. (1995) ’s correla-
tion between flare temperature T' and emission measure EM = n?V | by including
solar micro flares observed by Yohkoh (Shimizu 1995) and two YSO’s flares ob-
tained with ASCA (V 773 Tau: Tsuboi et al. 1998, R1 in RCrA: Koyama et
al. 1996). As a result, they found that the correlation is well represented by the
power-law relation, KM o T* with power-law index a ~ 8.3 + 1.0. The universal
correlation is well explained with their model on the basis of magnetic reconnection
with heat conduction and chromospheric evaporation, assuming that the gas pres-
sure of a flare loop is comparable to the magnetic pressure. The theory predicts
the relation EM =~ 10 (B/15G)° (n./10° cm %)3/2 (T /107 K)'"/2 em™3. The
interesting point is that all the observational data points, including close binary
flares (RS CVn system — F-G dwarf + K subgiant: © Peg from Doyle et al. 1991
and UX Ari from Tsuru et al. 1989; Algol — B 8V + K2IV from Stern et al. 1992),
lie on the line of around B = 5-15 G. The predicted magnetic field strength pre-
dicted by them (5-15 G) is about 10 times smaller than those estimated for solar
and stellar flares (e.g. Tsuneta 1996, Ohyama & Shibata 1998, Tsuboi et al. 1998).
However, it should be noted that their estimated value refers to only “average”
strength of “dissipated component” of magnetic field. (That is, the reconnection
could be partial.)

We confirm the relation to the flare data of T Tauri stars which we detected
in this survey. We added three TTS data; one is a flare on ROXs7 (at PV phase
in Rho Oph region: subsection 4.1), and the others are the flares on ROXs21 and
SR24N (at AO6 in Rho Oph region: section 4.2). We analyzed them using GIS
data and show the results in Figure 11.8. We see all the T Tauri stellar flares lied
on the power-law relation around B~5G (see Figure 11.8). We thus demonstrated
for the first time that the diagram of Shibata & Yokoyama (1999) provides further
support on the magnetic reconnection scenario for the flare of T Tauri stars.

The next, we plotted the flare property of protostars on the same diagram.
Figure 11.8 shows the log-log plot. From this plot, we confirmed that the protostars
indicated by filled squares lie also on the “universal correlation” around B~5G,
and then we conclude the X-ray flares from protostars are most likely originated

by magnetic reconnection as well as the other cool stars.
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11.2.4 Flare Scales

Although we had evidence that X-ray flares of protostars originate magnetically,
it is not clear where the protostellar magnetic fields are generated. Then we here
compare the physical properties of the protostellar flares with those of the other
cool stars.

For the samples of cool stars, we selected bright flare sources including RS CVns
as seen in Table 11.7. All the flare sources have a well-determined temperature
using a wide range of energy band of Tenma,Ginga, and ASC A satellites. The
densities and volumes for all the sources were derived assuming that radiative
cooling is dominant.

As a result, we found that the three flares occured on the YLW15 are on the
high end of the energy distribution for protostellar flares, with total energies in
excess of 3-6 x10% ergs. Although the plasma densities, temperatures, and then
derived equipartition magnetic fields are typical of stellar X-ray flares, the emitting
volume of the triple flare is huge; it exceeds the volumes in binary systems of RS
CVns by a few orders of magnitude. The large size of this magnetic structure would
be correspondent with a star-disk scale, and then at least in the case of the triple

flare on the YLW15, a star-disk interaction in protostars would be implied.
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Figure 11.8: log-log plot of emission measure (EM) vs. plasma temperature (k7" of
solar flares (from Feldman et al. 1995 and references therein), solar microflares observed
by Yohkoh SXT (from Shimizu 1995), four stellar flares (open circles: from Feldman et
al. 1995 and references therein), three flares on Class I1Is (open squares; V 773 Tau from
Tsuboi et al. 1998, ROXs7 from Kamata et al. 1997, ROXs21 in this work), a flare on
Class II (open triangle; SR24N from this work), five flares on Class Is (filled squares; R1
in R CrA from Koyama et al. 1996, EL 29 from Kamata et al. 1997, the untitled three
filled squares are three flares on YLW 15 in chapter 3). The EM — T relation curves
based on equation [EM B~5T'7/2; Shibata & Yokoyama 1998] are also plotted for
B=1,5,and 15 G.
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Table 11.7: Comparison with the other flares

Source SED Te \% T Kkl pear EMyeak Eio ref.
[10' em™3] [1033em?] [ks] [keV] [10%°em™3] [10%6 erg]

YLW15(T) I 0.5 3 31 6 0.7 6
YLWI15(IT) 1 0.4 2 33 5 0.3 3
YLWIS(TIT) 1 0.3 2 58 4 0.2 3
EL29 I 1 0.2 8 4 0.3 0.4

RCrA I 1 0.04 20 6 0.04 0.2 (1)
SR24N 11 5 0.1 6 7 3 6
ROXs31 111 3 0.6 7 6 6 13
ROX7 111 3 0.01 6 3 0.1 0.1

V773Tau T 3 0.6 8 10 5 8 (2)

Algol 1 0.09 20 5 0.1 0.6 (3)

7 Peg 8 0.006 2 6 0.3 0.2 (4)

AU Mic 6 0.002 2 5 0.06 0.03 (5)

reference: (1) Koyama et al. 1996 and Hamaguchi private comm.

(2) Tsuboi et al. 1998

3

(3) Stern et al. 1992
(4) Doyle et al. 1991
(5)

5) Cully et al. 1993
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11.3 Emission Mechanism of Persistent X-rays

We detected some protostars in non-flare state. The spectra have line emission
from highly ionized iron (~ 6.7 keV) and are well fitted by thin thermal plasma

model.

11.3.1 Ly vs. V sin ¢

From protostar WL6, we obtained suggestive time variability; sinusoidal light curve
with constant temperature (section 4.1). It can be interpreted due to the spin
period of a protostar. If the sinusoidal modulation of WL 6 is really due to the
spin of the central star, the period is only about one day which is shorter than
those of the other evolutional stage (TTSs: ~3-7 day, Sun: ~28 day).

In low-mass stars, a relation between Lx vs. V sin ¢ has been known (Pallavicini
et al. 1981, Feigelson et al. 1993). Assuming the spin period of 1 day and stellar
radius of 1R, we estimated V sin ¢ of the protostars, then plot the quiescent X-ray
properties of in the diagram. We see that all of the protostar data lie on the same
line of the correlation obtained with more evolved low mass stars (Figure ?77). Thus
the quiescent X-rays from protostars are most likely to be originated by magnetic
reconnection as well as the more aged low mass stars.

From protostar WL6, we obtained suggestive time variability; sinusoidal light
curve with constant temperature (section 4.1). It can be interpreted due to the
spin period of a protostar. If the sinusoidal modulation of WL 6 is really due to
the spin of the central star, the period is only about one day, and then apparently
shorter than those of the other evolutional stage (TTSs: ~3-7 day, Sun: ~28 day).

In low-mass stars, a relation between Ly vs. V sin ¢ has been known (Pallavicini
et al. 1981, Feigelson et al. 1993). Then assuming the spin period, we plot the
quiescent properties of protostars in the diagram, and we found that all of them
lie on the correlation (Figure 11.9). Thus the quiescent X-rays from protostars
are most likely to be originated by the magnetic reconnection process, which is

proposed for the older low-mass stars (e.g. TTSs, main sequence stars).
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11.3.2 kT vs. EM

To investigate the origin for persistent X-ray further, we made the same log-log
plot of emission measure (EM) vs. plasma temperature (kK7) as that in subsection
11.2.3, but for the data in the quiescent phase of protostars. The diagram is shown
in Figure 11.10.

In the Figure 11.10, we see rather horizontally scattered plot than that in the
flare phase (Figure 11.8). The temperatures of protostars are systematically higher
than those of T'TSs, and we see a correlation of KM ~ constant.

If the origin of the quiescent X-rays in these YSOs are integrated emissions of
small flares, the deviation of emission measure of WTTSs from the line [B~5G]
indicates that WTTSs should have a larger number of smaller flares than those of
protostars. However, one puzzle is that the temperature of protostar in quiescent
is comparable to that in the flare phase, and the X-rays are explained by only one
large flare. Therefore we might require the modification of mini-flare model for the

quiescent X-rays from the protostars.
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Figure 11.9: Lx vs. V sin ¢ diagram of main sequence low-mass stars (Pallavicini et
al. 1981) T Tauri stars (Feigelson et al. 1993), and protostars (this work) in quiescent
state. Protostars are shown by filled circles. The properties are obtained by assuming

spin period of 1 day (WL6) and R, = 11'[1,'5]%@.
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Figure 11.10: log-log plot of emission measure (FM) vs. plasma temperature (k7')
of quiescent X-ray of YSOs overlaid with solar flares (from Feldman et al. 1995 and
references therein), solar microflares observed by Yohkoh SXT (from Shimizu 1995).
Filled squares indicate Class I protostars (WL6 and IRS 44/46 in Rho Oph — section 4.1,
Cornet cluster in R CrA- Koyama et al. 1996). Open squares indicate five Class IIIs
(a: ROX21, b: ROX7, ¢: ROX8 in Rho Oph — this work, d: CrAl in R CrA — Koyama
et al. 1996, e: Ced 110, f: CHX10a in Chal — Yamauchi et al. 1998). The stellar mark
indicates the proto-Herbig Ae/Be star EC95 see section 8.1. The EM — T relation curves
based on equation [EM B~5T'7/2; Shibata & Yokoyama 1998] are also plotted for
B=1,5,and 15 G.
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11.4 Intermediate-mass Protostars

We would like to note the X-ray emission from one “proto-Herbig Ae/Be star”
EC95. EC95 lies in Serpens cloud (section 8.1), and is believed to be intermediate-
mass protostar. We detected it in both soft and hard band. We found that the
EC95 has temperature of about 5 keV, which is higher than the typical temperature
of TTSs in quiescent state; it is comparable to the temperatures of protostars in
quiescent state.

The X-rays from intermediate-mass stars are already big puzzle, because they
are believed to have no convective zone on the stellar surface, then the magnetic
origin have been hard to explain the X-rays. Also, the shock heating of the stellar
winds can not explain the X-ray temperature, because the wind velocity is only
about 100 km s~ ! at most. From EC95, we obtained a hint of time variability like
contiguous small flares.

Then assuming that the emissions mainly come from one flare at each moment,
we plot the properties on the log-log plot (Figure 11.8) of emission measure (EM )
vs. plasma temperature (k7T"). On the diagram, EC95 lies on the universal correla-
tion. Then we conclude that the origin of the X-ray from EC95 is the same as those
of low-mass protostars — magnetic origin. Medium-mass stars might have magnetic
activities only in the youngest phase, which are amplified in convective zone of the

star itself, or in the boundary layer between the star and the circumstellar disk.
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Chapter 12

Summary

We have conducted an X-ray survey of 17 fields (totally 24 observations) in nearby
star forming regions. 40% of the protostar candidates are detected with S/N > 5
level in the 2-10 keV band, while in the soft band, the detection rate is less than
5%.

e In the Orion molecular cloud 2-3 region, we obtained a hint for the hard

X-rays from Class 0 protostars.

e Both bolometric luminosities of the X-ray detected and non-detected proto-
star candidates range from 0.1 to 50 solar luminosity. Thus no systematic
difference of the the bolometric luminosity is found between the X-ray de-

tected and non-detected protostar candidates.

e Hard X-rays from protostars are variable over long time spans. Then the no
hard X-ray from many Class I objects is, at least partly, due to the long-term

time variability.

o X-ray detected protostars showed pole-on geometry in the outflow features,
while X-ray non-detected protostars showed edge-on geometry (non-overlapped
feature in outflow), without exception. X-ray non-detection from edge-on pro-
tostars would be due to the complete blocking of X-rays by an extremely high

column along the circumstellar disk.

e Following the detection of protostellar flare from R1 in R CrA, we detected
flares from EL 29 and YLW 15 in Rho Oph. Plotting on the (KT vs. EM)
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diagram, we found that all the flares lie on the “universal” power-law corre-
lation which hold among cool stellar flares. Then we conclude that the X-ray
flares from protostars are most likely originated by magnetic reconnection as

well as the other more evolved cool stars.

YLW 15 showed quasi-periodic flares which occurred every ~20 hours. It is
consistent with quasi-periodic reheating of the same plasma loop of ~ 14 R
with diameter-to-length ratio @ ~ 0.07. The derived large-scale magnetic
structure and the observed periodicity imply that the reheating originates in

a star-disk interaction caused by a differential rotation between them.

WL 6 showed time variability, which is not flare-like, but is sinusoidal mod-
ulation with constant temperature. This implies the rotation of protostar.
The period of one day is apparently shorter than the spin periods in the more

evolved stage (TTSs, Sun).

Taking the period of WL6 to be a typical spin period of protostars and
assuming stellar radius of 1R, we plot the data of protostars in the quiescent
state on the (Lx vs. V sin ) diagram, and found that they lie on the
correlation which holds in cool stars generally. This result implies that the
quiescent X-rays from protostars are due to magnetic origin as those in the

more evolved low mass stars.

Plotting the properties in the quiescent state on the (k71" vs. EM) diagram,
we found a relation of EM ~ constant. Temperatures of protostars are sys-
tematically higher than those of TTSs. If we adopt the universal correlation
in flare X-rays, the temperature and E'M of protostar in the quiescent state
should be originated from a few number of large flare, which contradict to the
quiescent flux. Therefore we might require the modification of the mini-flare

model in quiescent state.

We detected X-rays from a intermediate-mass protostar EC95, which exhib-
ited time variability like contiguous flares, and high temperature. Plotting
on the (kKT vs. EM) diagram, we confirmed that it lies on the universal cor-
relation which holds among flare sources. Then we interpret that the origin

of X-rays from EC95 is the same as that of low-mass stars — magnetic origin.
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Appendix A

Determination of Physical

Parameters of the Flares

A.1 Loop Parameters

Since some parts of our analysis are based on the model of Van den Oord & Mewe
(1989, hereafter VM), which has been generally applied to a flare decay for solar-
type flares, we briefly review the VM model here. VM assumes that the thermal
energy in a plasma is decreased by radiative and conductive losses with respective
time constant of 7, and 7.. Then the decay time is given as 1 /7.y = 1/7,4+1/7.. VM
further assume that the flare light curve and temperature decrease exponentially
with decay times 7, and 77, respectively. This effective cooling time is related to
observed time scales by 1/7.5f = 7/87p + 1/27,. We assume here that the flare
occurs in only one semi-circular loop with a constant cross section along the tube
flux. The geometrical parameters are: radius R (R = L/m; length L), diameter-
to-length ratio a, and volume V. VM gives a relation of L versus a, depending
on T.sr, the temperature and the emission measure (hereafter EM ), and the ratio
7,/Te. Note that the relation is applied in any time interval during an assumed
exponential decay epoch of the light curve and temperature.

Due to the limited photon number, we usually use the time averaged temper-
atures (T') and the EMs. For example, we have: T = fttif T(t")dt'/(ty —t;), where
t; and t; are, respectively the start and stop times to accumulate the data for
estimating the temperature.

We now have a relation between L and a, but the ratio 7,/7. is uncertain, and
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it might even change during the decay of the flare. Therefore, we assume that the
flare volume cools quasi-statically, or evolves through a sequence of quasi-static
equilibrium, in which the plasma loop satisfies a scaling law, and 7, /7. = cst.

The dependency of 7, and 7, on the temperature and EFM, and relation of
7./T. = cst lead to the relation of T'%/*/EM = cst.

VM analytically gives several physical quantities versus time, which all depend
on the quasi-static radiative time scale (7, ,). The time scale 7. ., can be estimated
from the light curve which must be proportional to the radiative loss. The T and
E M should be fitted to the above relation using this value of 7, ,,. Then we can
give the peak values kT, s, EM, s (see Col. [4]-][5] in our Table 11.5 panel 1 for
details).

Using the expressions for the radiative time (eq.[23a] of VM), the EM (eq.[3] of
VM) and the scaling law (SL[2], eq.[196] of VM), we obtain the loop characteristics

for the quasi-static model:
a = 1.38X(Tp 45 /10 ks) /2 X (KT} s/ V) 33/ S (B M, 10 /10°* em—3)Y/2 (A1)
L =1.0Rgs X (Tr4s/10ks) x (KT, 45/ keV)®, (A.2)
Ne = 4.4 x 101 em 3 X (7,45 /10 ks) L x (KT}, s/ keV )32 (A.3)

Using the expression for the ratio 7, /7. on page 252 of VM, we found 7, /7, =
X f, with the parameter  depending only on the exponent of the temperature in
the expression for the radiative loss (for temperature above 20 MK, p = 0.18), and
the multiplicative function f coming from the expression for the mean conductive
energy loss (formula [7] of VM), which is equal to 4/7 for a loop with a constant
section. Thus, 7,/7, = 0.1. ! In other words, the quasi-static model implies that
91 % of the lost energy are radiative : radiation is the dominant energy loss process.

Assuming that the cooling is only radiative, we can use simplified relations

based on the exponential decay of the light curve, the temperature, and the EM:
ne = 4.4 x 101 em™3 x (14/10ks)™! x (kT,/keV)*/*, for kT > 2keV, (A.4)
L =74Rsx(a/0.07) 3% (14/10 ks)*x (KT, /keV) Y2 x (EM,/10°4)Y/3 (A.5)

with kT, (EM,) the peak value of the temperature (EM).

WM wrote 7,/7. = u = 0.18, and the analytical expression for the conductive energy loss in
the quasi-static model without taking this multiplicative factor 4/7 into account (see Table 5 of

VM).
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A.2 Magnetic Field

Assuming equi-partition between the magnetic pressure B*/87 and the ionized gas
pressure 2n.k7T’, we can obtain the minimum value of the magnetic field which

confine the X-ray emitting plasma:

B =284G x (n./10° em™)Y2 x (KT /keV )}/ (A.6)

A.3 Released Energy

For estimating the energy released by a flare, we need the peak luminosity value
of the flare. As the light curve must be proportional to the intrinsic luminosity,
we can fit the time averaged intrinsic luminosities with the same model used for
the light curve fitting. This gives the peak luminosity, Lx ,cqk, and a characteristic

decay time 7. Thus, the total energy released by a flare is:

Eiot ~ 10 erg X (Lx pear/10* erg ,s71) x (7/ks) (A7)
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