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Abstract. We search for radio counterparts to two recentlynagnetic activity, similar to that seen on the Sun but many times
detected strong X-ray sources associated with highly embedd&dnger. This belief gains varying degrees of support from sev-
young stellar objects (SVS4/EC 95 and SVS16). We detect aesal directions. Young low-mass stars are rapidly rotating and
dio source (S68-2) consistent with the position of EC95. We faibnvective, and so might be expected to have strong magnetic
to detect a counterpart for SVS16, and place upper limits onfiislids. This is borne out by direct measurements of the surface
quiescent radio brightness. For S68-2, we show that the rafil@ds of several TTS (Guenther etlal. 1999). Strong flaring ac-
source has a falling spectrum, suggestive of a gyrosynchrottimity is also often observed (Montmerle et al. 1983, Feigelson
emission mechanism, and that it is variable on a timescale&Montmerle 1985, Guenther & Emerson 1997).
years. We search for, but do not detect, evidence for flaring ac- Preibisch (1998) (hereafter P98) reported the detection of a
tivity on timescales of minutes to hours. We also search for, lattong X-ray source in the Serpens star forming region. This X-
do not detect, circular polarisation. We derive the radio lumiay source (hereafter Ser-X3) was identified with a group of opti-
nosity and compare the object to an empirical X-ray — radaally invisible, IR stars collectively known as SVS4 (Strom et al.
luminosity relationship established for dMe stars. We find th&®76). The SVS4 stars have been extensively studied in the NIR
the objectis consistent with the dwarfs relation, but is unusually, among others, Eiroa & Casali (1989), Eiroa & Casali (1992),
X-ray rich compared to other high-luminosity coronal source&iovanetti et al. (1998) and Horrobin, Casali & Eiroa (1997).
By comparing the objects to a sample of active galactic nuclBiese sources are identified as pre-main sequence objects by
in the Lx—Lg diagram, we rule out the possibility that eitheEiroa & Casali (1992) due to their being embedded in nebu-
object is a background AGN. We discuss the ways in whichl@us emission. P98 specifically associated the ROSAT source
normal stellar coronal model might be modified to explain theith the SVS4 member EC95, but could not exclude the possi-
strong, X-ray rich characteristics of the source, which appedifity that nearby EC92 was the true counterpart. [Note: here,
to be the most extreme stellar corona yet found. and henceforth, we use the numbering scheme of Eiroa & Casali
(1992) (in their Table 1) to identify the IR sources.]. By deriving
Key words: stars: activity — stars: coronae — stars: magnetxtinctions from the NIR colours, P98 calculated the hydrogen
fields — stars: pre-main sequence — radio continuum: starscglumn density in the line of sight, and hence derived X-ray lu-
X-rays: stars minosities from the observed count rates of (2<)3? erg/sec
in the case of EC92, or»21033 erg/sec in the case of EC95.
These luminosities exceed those of the most extreme known
coronal sources by an order of magnitude or more. Because
1. Introduction there were X-ray observations at two times separated by days,
nd no significant variation was seen between these, P98 con-
sources. The X-ray activity of weak-lined T Tauri stars is no%“d,ed that the emission was quiescent (i.e. non-flaring). On the
regarded as a defining property of the class, and far more W is of the'ex'treme qwespent X-ray brightness, P98 speculated
have been found in X-ray surveys than were known previoudfjAt the emission mechanism may be non-coronal.
from other methods (Netluser et al. 1995a). The Classical T BOth IR sources are embedded in nebulosity linking them
Tauris (CTTS), thought to be younger than the WTTS, are algbnaghbourmg IR sources. This suggests they are an integral
known to have associated X-ray emission, albeit less extrerR!t Of the SVS4 group and not background objects. Followup
Recently, a number of younger, embedded objects have paRgervations by PI’eI.bISC'h (1999, hereafter P99) mdpate that
detected in X-rays (Casanova et al. 1995, Grosso et al. 195%95 has atotal luminosity of @0,. The lack of a UV-ionized

Koyama et al. 1996, Carkner et al. 1998). The heating mectidl! '€9ion suggests that itis a late-type star (Zhang et al. 1988).
nism for the X-ray emitting plasma in WTTS is believed to bE99'S IR spectroscopy shows that EC95 is K-type star. Compar-
iIson with theoretical tracks indicates that EC95 is a very young,

It is well established that young stars are often strong X-r
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intermediate mass star, presumably a precursor of an HAa@B@ften rapidly rotating, not yet having shed the angular mo-
star, with a mass of 1.543,. mentum of its parent cloud (Bouvier etal. 1993). The interaction
IR photometry has been presented by Eiroa & Casali (199#)various magnetic fields with the accreting material produces
and Giovannetti et al. (1998), amongst others. 3mm obserjats and outflows (e.g. Shu et al. 1994). Any or all of these types
tions by Testi & Sargent (1998) show no sign of a source at théprocesses could be invoked to produce significant X-ray flux.
position of EC95 (an upper limit of 2.7mJy beakifor a beam The purpose of this paper is to investigate one of the empir-
of approximately 8x5"”). This is consistent with the sourceical properties of coronae in general, that thermal X-ray emis-
being a HAeBe star rather than a low-mass protostar. sion from coronal plasma is correlated with synchrotron radio
Preibisch (1997) (hereafter P97) used the ROSAT HRI demission from accelerated electrongifiél & Benz 1993, Benz
tector to search for point sources in the NGC 1333 star-formi8gGidel 1994). We therefore search for radio counterparts to
region. A number of X-ray sources associated with YSO's wetige two extreme sources. If radio luminosity of approximately
detected. One of these X-ray sources, P97’s source nhumbetHel correct magnitude is found, this is evidence (although not
which we will refer to hereafter as NGC1333-X11, or just X11conclusiveevidence) that the source is coronal. Stronger evi-
was associated with the optically-invisible object SVS16. Thience for magnetic activity (implying a corona) would include
object had a very large derived optical extinctiofw{ ~ 28) the detection of rapid flaring activity, circular polarization, or a
and so appeared to have an extreme X-ray luminosity. synchrotron-type falling spectrum.
Preibisch et al. (1998) (hereafter PNS98) obtained further
NIR photometry and spectoscopy of this object. SVS16 consist .
of two widely separated components, SVS16-e and SVSlG—Evi/S.VLA archive data
As with EC95, IR spectra were used with an iterative fittingortunately, the Serpens cloud core is an interesting area for
technique to obtain stellar parameters. For 16-w and 16-e, #tedy in the radio continuum, as it contains a number of radio
spectral types are found to be M2 and M3, the luminosities J&8s powered by the various YSO's. A search through the lit-
and 2.7 and Ay 26.2 and 28, respectively. erature reveals that a point-like radio counterpart to EC95 has
The X-ray luminosity was measured to be P0°2 erg/sec, indeed been detected by, among others, Rpez et al. (1980)
confirming the previous detection by P97 and suggesting tlzeitd Snell & Bally (1986), but was not studied in much depth as
this represents the quiescent X-ray emission. PNS98 conclutleese authors were more interested in spatially extended emis-
that, although the X-ray source was more extreme than thien associated with the nearby IR source FIRS 1. Snell & Bally
most active known T Tauri star, the emission could still be exefer to the FIRS 1 radio counterpart as S68-1, and to the EC95
plained by a coronal model as the luminosity did not exceedunterpart as S68-2, and we will follow this terminology. Nu-
that of the most active RS CVn systems. PNS98 determinerous radio observations of NGC1333 also exist.
Lx/Lyi=8x1073, a high value for late-type stars. From ade- We obtained continuum observations of the SVS4 and
termination of the veiling, PNS98 determined that SVS16 hatiGC1333 regions from the Very Large Array (Vlﬂ\):iata
little circumstellar material, and is therefore likely to be a relarchive. Three data sets were obtained for SVS4. One set of
tively evolved YSO. A-array observations from the 20/07/95 contained both 4.9GHz
The detection of these extreme sources poses interesting 8.4GHz data. Observations at 8.4GHz were obtained dating
guestions concerning the nature of X-ray emission from prigem the 01/05/95 (D-array) and 21/09/93 (D-C hybrid array).
main sequence objects. In particular, there is the questionFor NGC1333, we obtained four data sets in total. All were
whether any coronal model can explain such activity. A partitaken with the array in C configuration. Two observations, one
ular problem lies with the ratid x / Ly,;, which is found to be at 4.9GHz and one at 8.4GHz, had been made on each of the
very high in each case (several10~3 for EC95). Values of 21st of April 1992 and the 5th of June 1992.
Lx/Lpy of more than approximately 16 are not observed The radio continuum maps were reduced with the NRAO
for dwarf coronal sources. The correlation betwégnand ro- data reduction package AIPS. Standard reduction technigues
tation is instead seen to flatten off. This is attributed either veere used.
saturation of the dynamo mechanism which generates the under-
Iying m_agnetic_: fielq_, or t.o the stellar surface being completeg/_ The EC95/Ser-X3 region
filled with equipartition field.
There is no shortage of alternative candidates for modellifigpe region around SVS4 contains a number of interesting radio
X-ray emission from a Young Stellar Object (YSO). The envisources. [For a detailed discussion see for example Curiel, 1995
ronments of YSO'’s are complex and poorly understood. Reor- Rodiguez et al. 1989]. Our low-resolution D-array map is
nants of the parent cloud continue to accrete onto the star, eitsleown in FigllL. The positions of a number of IR sources from
falling inwards in a spherically symmetric flow, or being charkiroa & Casali (1992) have been labelled. The position of Ser
nelled through an accretion disk. The disk may possess a m&g-is also shown.
netic field of its own, and in the case of Classical T Tauri stalS 1 -"\/| A is maintained by the National Radio Astronomy Ob-

(CTTS) stellar magnetic fields may play a role in channelling, 415y (NRAO). The NRAO is operated by Associated Universities

the material onto the stellar surface in the very inner regiopg. under cooperative agreement with the National Science Founda-
(Konigl 1991). At the centre of the system, the young star itsglfn.
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Table 1. The observed radio flux associated with the point-like source S68-2 (EC95) at two wavelengths on 3 separate dates. The derived radio
luminosity at the distance of the Serpens cloud (310 pc) is also given, as derived from the integrated flux.

Date v (GHz) Array Peakflux (mJy) Integrated flux (mJy) Lz (d=310 pc,10* erg/s/Hz)
20/07/95 4.9 A 0.82:0.05 0.92+0.06 10.04+0.7
20/07/95 8.4 A 0.620.06 0.8+£0.1 9.0£1.0
01/05/95 8.4 D 0.640.02 0.78+£0.08 8.5+0.9
21/09/93 8.4 DnC 0450.1 0.64+£0.09 6.0+1.0
0112 15[ I I —

[ [ [
@AEClos E£Co0

00— —
11 45— _
§
B @ c117
—
Q
> 30— —
®}
}_
: 0
0 15 |
1N}
[a)
@ Fig. 1. D-array map of the SVS4 clus-
00— —|  ter, including EC92 and EC95. The po-
sitions of the IR sources (triangles) are
taken from Eiroa & Casali (1992). These
sources have been labelled with the
10 45— _1 numbers from Table 1 of Eiroa & Casali
(1992). The position of the X-ray source
Ser-X3 is marked by a cross, with size
10" corresponding to the positional er-
30f— | | _|  ror given by P98. The position of EC95
18 97 99 28 57 26 Py 24 23 is marked with a star (close to the posi-
RIGHT ASCENSION (B1950) tion ofthg cross centre). The trlangle!ust
Peak flux = 1.0714E-03 JY/BEAM above this is EC92. Two other possible
Levs = 2.0000E-05 * ( 3.000, 6.000, 9.000, radio counterparts are seen, correspond-
18.00, 27.00, 36.00, 45.00) ing to EC117 and EC90.

A close-up view of S68-2 is provided by the A array 4.9GHper. We conclude that the Eiroa & Casali (1992) positions as
map from the 20th July 1995 (Fid. 2). The correspondence t&own in Figl L are correct, and that the earlier Eiroa & Casali
tween Ser-X3 and S68-2 is clear. A clear identification can al€0989) positions are discrepant, probably because the positions
be made between the S68-2 and the IR object EC95. Ser-0f3he sources can depend on the wavelength of the obserations
also correlates well with the position of EC95, as noted by P9&06mez de Castro et al. observed in the | band, whilst Eiroa &
The coincidence of the radio source, X-ray source and IR souf€asali (1989) observed in the J, H and K bands).
provides a strong case that all three detections originate for the
same system. We henceforth refer to th'fs.ObJeC'.[ as I.EC95' \é\./f. Properties of the radio source associated with EC95
note here as an aside that a set of positions given in an ear-
lier paper by Eiroa & Casali (1989) place the nearby IR sourddie radio fluxes for EC95 measured from our maps are shownin
EC92 at a position coincident with the radio source. An earligable[d. Also shown are the derived radio luminosities for a
paper by @mez de Castro et al. (1988), from which Eiroa &listance of 310 pc (de Lara et al. 1991). From the simultaneous
Casali (1989) obtained their positions, gives a position of EC4® and 8.4 GHz data taken on 20/07/95, we can deduce that
and EC92 consistent with the later Eiroa & Casali (1992) ptie radio emission has a falling spectrusix v with spectral



478 K. Smith et al.: Radio counterparts to extreme X-ray YSO's
o \ [ \ \ \ \
01 10 48 . EC92
1104 Q 3105 45—
46— 0
o 0
5
n
[
=) ‘ 8 X-11 Q
S 44— = -
n ° =z
a ° ECO5 g SVs16
) s 2
z Q <
S L Ser-x3 /_\ 4 Z o
K 2
Z [a]
a S68-2 0 °
i} 0 - .
o 400~ — RN
[ o .
0
38— —
0 o \ \ \ \
03 25 56 55 54 53 52
36— — RIGHT ASCENSION (B1950)
° o Peak flux = 9.0490E-04 JY/BEAM
Levs = 1.0000E-05 * ( 2.000, 5.000, 10.00,
| Lo | S | | | | | 15.00, 20.00, 30.00, 50.00, 70.00, 100.0)

1827259 258 257 256 255 254 253 252 251
RIGHT ASCENSION (B1950)
Peak flux = 8.2272E-04 JY/BEAM
Levs = 5.0000E-05 * ( 3.000, 6.000, 10.00,
15.00, 20.00, 30.00)

Fig. 3. Combination of four maps of the SVS16 region. Two 4.9GHz
and two 8.4GHz maps have been averaged. Each map was taken with
the array in C-configuration. The position of the X-ray source is marked

Fig.2. A-array map of the immediate neighbourhood of S68-2 (cor’{‘f'th a cross, the size of which is’5The two triangles mark the posi-

tours). Contour levels are 3, 6, 10, 15, 20 and 30 times the RMS batR! of the east and west components of SV516. The radio continuum
ground (5<10~5Jy). The position of the X-ray source Ser-X3iis markeaourcesfrom Snell & Bally (1986) are labelled (source 4, to the left, and

by the cross. The cross is’Lerom one side to the other, representin ource 7, to the right). The lowest contour level is twice the measured

the quoted positional error of P98. The positions of infrared sourc ;éckgrqqnd RMS of 1pr. The strongest radio emission peak within
positional uncertainty of X11 had peak flux measured as1®5

from Eiroa & Casali (1992) are also shown as circles whose diamet ) oo . . e
nJdy, and is not a significant detection. Furthermore, its position is not

are 2. . : e
consistent with the position of SVS16.

indexa =~ —0.26 + 0.26. The source is detected at all three

dates, suggesting that the radio emission is stable, and if ag¥ar the position of X11 had peak flux 23y and is not sig-
ciated with a corona, quiescent. No significant variation is segificant. We therefore placesa— o upper limit of 36:10 ;Jy
between the radio brightness measured on the 1st May 1995 @andhe radio source, correspondingltp = 4.3 x 10'® ergs™*

that measured on the 20th July, a period of approximately twdz .

and-a-half months. The 8.4 GHz flux has varied by about 20%

between 1993 and 1995, but again this is not significant. \We -

searched for short time scale activity of S68-2 by subtracti\ﬁlgg X-ray properties of Ser-X3 and X11

the other sources in the field from the visibility data, and thaile rederive the X-ray luminosities from the count rates given
examining the source flux as a function of time. We found rio P98 and PNS98. Our motivation is to gain valuesiigr for
evidence of variability on time scales of minutes to hours for amach of the two YSO’s which are directly comparable, and to
of the data sets. No evidence of circular polarisation was foursterive a good estimate of the appropriate errors.

We place an upper limit on the percentage circular polarisation In Fig[4, we have plotted the X-ray luminosity derived from
of V/I < 0.09 based on the measured RMS00i3 mJy. the observed count rate as a function of hydrogen column den-
sity and temperature. It can be seen that, at such high column
densities, the derived luminosity is a strong function of the ex-
tinction.

The region around SVS16 contains several radio sources. ThisThe optical extinctionAy  for each YSO has been calcu-
region was also studied by Snell & Bally (1986), and morated by P99 and PNS98 by fitting an IR spectrum. The optical
recently by Rodiguez et al. (1999). In our data, no radio courextinction is due mostly to dust grains. The X-ray extinction is
terpart to X11 was found within the positional errors. To mak#dgominated by hydrogen and helium up to photon energies of
a deeper search for a counterpart, the four available maps wedveut 0.5 keV (Morrison & McCammon, 1983), and is mostly
coadded. The combined map is reproduced in[Fig. 3. The e to metals at higher energies. Itis relatively insensitive either
sition of the X-ray source (X11) is marked. The RMS of theo the state of the hydrogen (molecular or atomic) or to the co-
background of the coadded map was found to be approximatalgscence of dust grains. There will, however, be a dependence
101Jy. No strong source was seen at or close to the positionoofthe relative abundances. To determine the appropriate X-ray
SVS16 or X11. The strongest source seen in the coadded reafinction from the optical extinction, it is necessary in effect to

4. Search for a radio counterpart to SVS16/X11
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assume a gas-to-dust ratio. Many studies of hydrogen column, [ =~ S S S -
density versus optical extinction have been carried out. The two
quantities are usually found to be well-correlated. There are |
however many discrepant lines-of-sight, and there is evidence
that many of the more usually quoted correlations tend to break
down when the extinction becomes unusually large. In particu-
lar, the gas-to-dust ratio may be significantly lower in molecular 20 |- /o
clouds, since grain destruction mechanisms are suppressed. This} /
has two possible implications for opacity estimates. Firstly, trafy- | J
ping the metals in grains can slightly increase the X-ray opacig’y | /
(by about 11%) (Morrison & McCammon). Secondly, and pos:
sibly more importantly, the extinction measured by photometry
(i.e. the dust extinction) would be disproportionately high com- 10 -
pared to the true H column density. This would then lead to an
overestimate of the X-ray extinction. Ultimately, the extinction
along a given line of sight will be a unique parameter which
should therefore ideally be derived independently for each ob-
ject. This is of course rarely possible. _
We have gathered together a number of typical extinction °| | | | |
laws from the literatuf® We have derived a mean extinction 2 4 6 8
law from these ofVy = (1.8 +0.3) x 10%' Ay.. Since there N (10 em™®)
are so many different extinction relations, with no real basis fgy. 4. L x versus the Hydrogen column densiy; for Ser-X3/EC95.
choose one rather than another, we treat the choice of extinctitiee curves are shown, one for isothermal kT=1 keV (solid line, filled
law as a source of random error. points), one forisothermal kT=3 keV (dashed line, open points), and an
Another uncertainty we encounter is that we do not know tfigermediate case for a mixture of 1 keV and 3 keV plasmas with equal
plasma temperature or temperatures present. Skinner & Wag@ission measures (dot-dashed line). We have indicated the column
(1998) measured the spectrum of the CTTS SU Aur with AScAfensity derived k_)y F_>98 and the resulting X-_ray Iuminos_ity (so_lid lines).
and found that the emission was dominated by a hot plasma C(S?‘H{N \gﬁ%i?;ekggfﬂve:a%tgggssshk?v:'giiq;hfeig%r;ﬂf;ifgncy
Eg;‘ﬁ?&éﬁv: F;]lcff:otrf:]ei nglillegoﬁp%gekriv(lf_:_azsomsalzév\;;thgrlrilsjgé?ed the spectral model of Mewe et al. (1995), whereas P98 used the
. ' : ectral model of Raymond & Smith (1977).
hot plasma components were seen in X-ray spectra of V773 TR
by Skinner et al. (1997). Tsuboi et al. (1998) observed V773
Tauri undergo a major flare, and detected extremely hot (up
to 10keV) plasma near the flare peak. A bimodal temperature
distribution is a general feature of late-type stellar coronaedlty Fjaring versus quiescent emission
therefore seems sensible to attempt to estimate the emission of
EC95 using a two temperature model, involving a contributidA®8 concluded that Ser-X3 was a quiescent source because two
from hot plasma. We use a model comprising a 1keV ando@servations separated by a few days both had similar X-ray
3keV plasma, with equal emission measures. This model wixes. This assertion is borne out to some extent by our radio
produce a result intermediate between a pure 1keV and a p@@é’;\ — the source is detected at similar Strength in all four of
3keV model. We adopt the discrepancy between the value f3# maps. The possibility that P98 happened to observe Ser-
1 keV and our 50-50 model, and between the 50-50 model akd during an intense and long-lived flare, or that both P98's
the 3keV result, asderrors due to the temperature uncertaint@Pservations occurred during separate flare events, cannot be
Finally we incorporate the error in the count rates quoted by Paged out.

or PNS98. Even if we were to accept that the X-ray luminosity could,
For EC95, thedy value is 36-2, sothatNy = (6.741.1) x by coincidence, be due to flaring emission on two separate oc-
1022cm-2, andLx = 5.8 T34 %1032 erg/sec (see Fif 4). casions, it seems unlikely that all the radio observations also

For SVS16/X11 4y = 27.0 + 1 (an average of 16-e andcaught Ser-X3/S68-2 in periods of enhanced activity. We con-
16-W), Ng = 5.0 £ 0.8 x 1022cmr2, and Ly = 1.2 +1.1 siderthatflaring is unlikely to explain the high X-ray luminosity
W) IVH — 9J. . ’ X — L.24 038
32 of Ser-X3.
x 10 erg/sec. A similar situation holds for NGC1333-X11 — P97 and
PNS98 obtain consistent X-ray fluxes with measurements sep-

? from Lada etal. (1994), Bohlin et al. (1978) (cloud sources), Jenkiateq by a year, and on this basis the emission appears to be
ins & Savage (1974) (fady < 1.3), Heiles etal. (1981), Ryter (1996) quiescent

and Knude & Hgg (1999) (value for mixture of low and high velocity
gas). We have excluded a measurement by de Geus & Burton (1991),
because it is seriously discrepant from the others.
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6. Discussion
6.1. Ly — L relation for coronal sources

There exists a correlation between X-ray and radio luminosities
for active stellar coronae (@&lel & Benz, 1993), which holds for 32 -
X-ray luminosities over six orders of magnitude. This relation |
has been established empirically, but the physical inference is
thatthe mechanismresponsible for accelerating the non-thermal ¢
electrons which emit the synchrotron radio continuum, also hez.at
the coronal plasma which gives rise to the thermal X-ray flux,
In this section, we use the radio flux we have measured in theso -
case of EC95, and the upper limit established for any SVS16
counterpart, together with the X-ray fluxes calculated above for
EC95, and given by PNS98 for SVS16, to place these objects |
in the Lx—L r diagram of Gidel & Benz.

The updated X-ray—radio correlation plot ofiGel & Benz
is shown in Fig.b. A line with slope 1 has been fitted to the 5 -
M-dwarfs (a subset of the crosses in the figure), as the X-ray
and radio measurements are simultaneous for these objects. This|

| | |
relation also holds for the other low-luminosity sources — dKe 12 14 16 18

stars and BY Dra objects (tidally-synchronised late-type — late- Log Ly (erg &7 Hz™)

type binaries). The (mainly RS CVn binary) high-luminosityig. 5. The Lx — L relation for stars, following Gdel & Benz (1993)
sources are systematically less X-ray bright compared to thaiid amended to include the X-ray luminous YSO's, and a sample of
radio luminosity. This group also includes the Weak lined fAeBe stars. The two new YSO's are plotted with error bars only. The
Tauri stars (WTTS). Also plotted in Figl 5 are seven of th€VS16 pointis shown with an upper limit in the radio. Both points lie
eight HAeBe stars detected as X-ray sources by Zinneckes@nificantly above the correlation line. The radio error bars for EC95
Preibisch (1994), and also observed by Skinner et al. (1995§)c_nresent the range c_)f_infer_red Iuminosities_at 8.4GHz. The coronal
The eighth, Z CMa, has been excluded because it was foundsﬂgrces have been divided into two categories. dMe stars, dKe stars
Skinner to be extended and so must be a wind source. Of theTe- BY Dra stars, which typically have low luminosities, are plotted

. lUSi id . hat th a@ crosses. WTTS, RS CVn’s, Algols and FK Com stars are shown
maining seven, no conclusive evidence exists that they are reaf¥%mall black dots. The best-it line with slope 1 for the dMe stars is

coronal sources. One of the detected HAeBe radio sources, Jiited, and extrapolated into the high-luminosity regime, for ease of
CrA, was found by Skinner to have a falling spectrum with fresomparison with the YSO points. Also shown are seven HAeBe stars,
guency, and so may be coronal. AB Aur was found to have a figich were detected as X-ray sources by Zinnecker & Preibisch (1994)
spectrum by @del et al. (1989), whilst no spectral informatiorand observed in the radio by Skinner (1993). Three of the HAeBe'’s
is available for the others. All three radio-detected HAeBe's asge detected in the radio (square points), and four are upper limits
consistent with the population of X-ray bright stellar coronaé{iangles).

but not with the dwarfL x — L relation. Their position in the

diagram lies along the radio poor edge of the high-popu-

lation, and this may be because their radio emission is at least

in part thermal. Of the four stars with radio upper limits, twehe saturation regime. It is therefore not cleardivearf coronal

lie close to the dwarf coronal relation. One of these, HR599%wdel could account for the X-ray emission, whether or not the
seems to hava T Tauri-type dwarf companion (Leinert et al.sources obey the . — L ; relation.

1997), which may provide the coronal-type emission.

6.2. The nature of SVS16 — colliding winds?

Lx/Lg,; and the problem of saturation o ) o o
The upper limit for the radio luminosity of SVS16 places it sig-

Studies of main-sequence dwarfs have established that th&fantly above the dwarfé y — L relation for dwarfs. Since

is a correlation between the rotation rate and the magnetic agen the upper limit is inconsistent with the LL 5 relation for
tivity as revealed by coronal emission. This relation becomggarfs, we conclude that this object is probably not a normal
saturated for X-ray fluxes for which {/Lp,; > 107%. The stellar corona, comparable to dMe stars or to higher luminosity
physical reason for this saturation could be twofold: the mags Cvn or WTTS systems. We therefore consider alternative
netic dynamo process becomes saturated above a certain giglels.

lar rotation rate, and/or the stellar surface becomes completely Outflows are a common feature of YSO’s and may provide
filled with equipartition field £y, = B?/8m). The ratio a mechanism for generating X-ray flux without the need for
Lx/L g, for the Serpens and NGC1333 YSO's is very highagnetic fields, and thus possibly an explanation for the ‘pure’
(Lx /Lo =~ 5 x 10~* for EC95), putting the objects well into X-ray source associated with SVS16.
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A model in which winds from two systems collide couldhe unusual properties (see for example Mewe et al., 1982, for
produce a stationary shock in which the plasma temperatardiscussion).
could reach the required levels for thermal X-ray emission. Because it lies close to the dwarf relation, and because its
SVS16 is known to be a wide binary, whilst the possible bfalling-spectrum radio emission is suggestive of a synchrotron
narity of the components is unknown. A wind velocity of asource, we conclude that EC95 is compatible with a coronal
least 400 kms! would be required to heat the plasma to abosburce, which can be compared to dwarf coronae.
1 keV. Typical velocities of the fast component of T Tauri out- The recent observations by P99 strongly suggest that EC95
flows are 250 kms! (Hartigan et al. 1995). It is thus possiblds a proto-HAeBe star. Although intermediate-mass stars should
that colliding winds from two components could have a relativge fully radiative, and therefore should not have a corona, pre-
velocity large enough to produce such a hot shock. Mass ouibus detections of X-rays from HAeBe stars have been made
flow rates for T Tauri stars are found to be in the range® (Preibisch & Zinnecker 1996, Zinnecker & Preibisch 1994).
—1071° M yr=! (Hartigan et al. 1995). If we take a value affout & Pringle (1995) suggested that radially differential ro-
the high end of this range, and assume v=250kf the total tation in intermediate stars could lead to the formation of a
kinetic energy carried by the wind is thénx 1034 erg/sec. If temporary convective layer, and hence a corona.
the main part of the outflow is well-collimated, a near head-on An alternative explanation would be a convective low mass
collision between the outflows of two components could lead tompanion, which would supply the coronal emission.
nearly all the wind material contributing to the shock region. Itis
ther.eforg energetically possible to produce the _observed XfrIQXeBe coronae
luminosity of X11 from such a model. For a detailed discussion
of colliding wind models in YSO's see Zhekov et al., (1994). Very little is known about the nature of possible HAeBe coro-
nae. Tout & Pringle (1995) showed that a HAeBe corona was
energetically possible, powered by rotational shear in the rapidly
spinning young object. They also estimated that the lifetime of
The falling radio spectrum of EC95 is inconsistent with thermalich a corona would be of orden® years, approximately the
emission from an optically thick region. For optically thick windimescale for intermediate objects to evolve onto the main se-
models, typical spectral indices@f~ 0.6 are expected (Wright quence. Ligréres et al. (1996) also examined the development
& Barlow, 1975). We can exclude such models at3hdevel, of convection zones in intermediate stars due to the surface
and conclude that the radio spectrum of EC95 is flat or fallifgrque exerted by a stellar wind, motivated largely by the need
and hence suggestive of optically thin synchrotron emissidn.explain chromospheric activity observed in several HAeBe
3mm observations by Testi & Sargent (1998) show no sign oftars, including AB Aur, one of the X-ray sources shown in
source at the position of EC95 (an upper limit of 2.7mJy beaim Fig [5.
for a beam of approximately’s5”). This further suggeststhat  The radio counterpart of EC95 may be compared to the
the spectrum does not rise into the mm with an index greatmrona of UV Ceti, a near-ZAMS dMe star recently observed
thana ~ 0.5. with the VLBA at an enhanced state of activity (Benz et al.
Detection of circular polarization or rapid variability would1998). A coronal diameter df.4 4 0.4) x 10'° cm was mea-
both be strong evidence of a coronal-type emission mechanismred at a radio luminosity &f.7 x 10'3 erg/sec/Hz. Scaling
Their absence, though, does not allow us discriminate betwegrnthe volume proportional to the observed luminosity of EC95
coronal and non-coronal models. yields a coronal diameter @f8 x 10! cm. The radius of EC95
The X-ray flux plotted for EC95 in Figl5 is the value calis of order 1R, or 7 x 10! cm (P99). Thus the putative corona
culated in Seckl]5. Although this value is lower than that givesf EC95 would not have to extend to many stellar radii in order
by P98, EC95 remains the most X-ray luminous object in thie explain the high emission.
figure, exceeding the most luminous quiescent coronal sourcesAn interesting point arising from théx — Ly relation of
by a factor of three. The source is seen to be consistent with fig.[3 is that the sources are radio poor. A possible reason for
Lx—-Lg relation for dwarfs. Note, however, that the high lumithis could be an unusually high density of material in the mag-
nosity sources seem to be systematically X-ray poor compareztosphere. This would increase the importance of Coulomb
to the low-luminosity sources. EC95 lies substantially abowellisions for electron energy losses (Coulomb interactions are
the population of high-luminosity sources, which includes tHikely to be the dominant mode of electron energy lossiiddly
WTTS (see also for example Feigelson et al. 1998, Fig. 1). relativistic electrons in a coronal environment). This would act
It should be noted that there is one source amongst the highlimit the synchrotron radio flux. The role of increased density
luminosity points which also lies significantly above the coin limiting the radio flux whilst allowing the plasma tempera-
relation, and above and to the left of the general populatiture and therefore the X-ray emission to rise is thought to be
of high-luminosity sources. This is the unusual giant-giant RBiportant in solar microflares (Benz &i@el, 1994).
CVn system Capella (F9 Il + G5 Ill, P=104d). The nature of It is apparent from Fi@]5 that the new YSO's are consid-
Capella’s corona is not well understood. No flaring behavioarably more X-ray luminous than the existing HAeBe X-ray
is seen, and exotic coronal models have been invoked to explsdurces. It is tempting to speculate that the differences between
EC95 and the older HAeBe stars are due to evolution of the

6.3. The nature of EC95
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corona over the pre-main sequence lifetime of the stars. If the |
corona were to simply decay over time, we would expect the; 5 |
stars to move downwards and leftwards in Fig. 5, following the L
Lx — Lg relation for dwarfs. This is possible in the case of
the HAeBe upper limits. Two of these sources lie close to the -
dwarf relation, at lower luminosity than EC95, whilst the other~
two upper limits could of course have any radio luminosity up0 [~
to approximately the luminosity of EC95. The three detected;
sources have radio luminosities comparable to EC95, but alsp
lie some way off the coronal relation. g

5 - |
Companion source

Log og‘x

The coronal emission of EC95 could be caused by a low-mass
companion. This explanation is obviously attractive since low-
mass pre-main sequence stars are known coronal sources. TRE [~
low-mass companion would most likelela T Tauri star. Two
main classes of T Tauri star are generally identified. The Clas- L1 ‘
sical T Tauri stars (CTTS) accrete material from a circumstellar 15 50 o5 3
disk, and there may be a magnetic interaction between the stel- Log L. (erg s! Hz ')
lar magnetosphere and the inner disk. The Weak lined T Tauri R

stars (WTTS) seem to lack disks, and so for our purposes réf. 6. L x — Lr diagram including a sample of 18 AGN (from Wolter
resent the naked corona of a rapidly rotating star. It is not clegral. 1998). The AGN consist of 12 broad emission line objects, five
whether WTTS are more active than CTTS (Nauser et al. radio galaxies and one BL Lac candidate. The X-ray luminosities are
1995b), or not (Casanova et al. 1995, Feigelson et al., 19gg)e_asured by Wolter et al. in the ROSAT 0.1-2.4 keV band and so are

In either case, typical X-ray luminosities for T Tauri stars arré)mparable to the YSO X-ray luminosities. The radio luminosities are

significantly lower than the luminosities of EC95 and SVSl@évseggi\évg:S ;.eéft'gitsli:;?hiz;évaeﬁgvicfﬂxe@iiﬁiisigj?}g?smes

[Some WTTS _form asubsetof the *hidhy sources I_n FI@]' broad emission line objects, 0.7 for radio galaxies and O for the BL Lac
Furthermore, it Car? be seen from Fip. _5 that ECOS is rad'o'pc@;{ndidate. The best fit line with slope 1 for the M dwarfs is shown, as is
when compared with thé x — L relation for dwarf coronae, tnhe pest fit line for the AGN which has been extrapolated down into the
and even more radio poor when compared with the X-ray brigdthrs regime. Mistakenly taking a galactic distance for an AGN would
RS CVn coronae at the top right of the graph. A further prolhift it along such a line in the diagram. Both YSO points are clearly
lem is that the ratid. x / Ly, is large for the system as a wholefar too radio poor to be consistent with the AGN relation.

Saturation usually limits the X-ray luminosity of dwarf coronae

to be at most 1-% 10~2 of the bolometric luminosity. Since a

companion star would presumably contribute only a small p&t/S16 are stellar. There remains the possibility that the X-
of the bolometric luminosity, whilst contributing most or all ofay/radio source has a chance coincidence with the IR object. We
the X-rays,Lx /Ly, would have to be very much greater thagstimate the chance of randomly finding a radio source within
1073. It is therefore unlikely that a low-mass companion with” of one of 160 IR sources in the 18@adius field to be one
a normal corona could contribute the X-ray flux. in 50. Thus it is unlikely that the positional coincidence with
In the case of a CTTS, accretion could provide an extgacos is by chance. As a further step, we examindtke- Lz
heating mechanism in the magnetosphere. The pressure ofragtion for AGN, and compare it to that for stars, to test whether
Cretlng materla-l aljerlng through a C|rCUmS-te”ar disk can d|$he properties of the two YSO sources m|ght be more Compati_
tort the magnetic field considerably (e.g. Miller & Stone 1997}je with background extragalactic sources. In Fig. 6, we replot
rendering the field unstable to reconnection above and belpy@_[g with a sample of AGN'’s taken from Wolter et al. (1998)
the inner disk edge. Reconnection events then heat an extengigded for comparison. This sample is selected on the basis of
corona. Higher than normal density in the magnetosphere, Q4h radio and X-ray detection, in the NRAO VLA Sky Survey
to the presence of accreting material, could limit the radio ﬂU(NVSS) and the ROSAT All Sky Survey (RASS) respectively. It
as discussed above. Such a model might account for both ga@sists mostly of Broad Emission line objects, with some radio

B

|
0 35

bright X-ray emission, and the limited radio luminosity. galaxies and one candidate BL Lac object. A best-fit line with
slope 1 has been determined for the AGN, and has been extrap-
6.4. Background object olated into the stellar regime for comparison. Examination of a

much larger sample of 800 AGN, quasars and BL Lacs shows
Finally, we consider the possibility that the X-ray and radighat this relation holds for a wide range of objects (F. Bauer
sources in either case might be background extragalactic olsersonal communication). The YSO's are incompatible with
jects, such as AGN or quasars. IR spectra show that EC95 @R relation by three orders of magnitude. We concede that this
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