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ABSTRACT

We calculate the centimeter wavelength free-free emission of the jets of young stellar objects (YSOs) with the
X-wind model enhanced by a variety of physical processes. Using parameters characteristic of a Class | YSO
with a mass-loss rate 06f10°° M, yr *, we obtain a 3.6 cm map and a spectral index that compare well with
high spatial resolution observations of L1551 IRS 5. Models with lower mass-loss rates, appropriate for Class
I YSOs with revealed optical jets, produce radio jets that are too weak to be detected at current sensitivity levels.
In addition to demonstrating the consistency of the density distribution oktwéhd model with observations,
we are able to obtain information on the processes that heat and ionize the inner jet, i.e., X-ray ionization and
shock heating and ionization.

Subject headings. ISM: Herbig-Haro objects — ISM: jets and outflows — radiation mechanisms: thermal —
radio continuum: stars — stars: winds, outflows

1. INTRODUCTION Most of the heating comes from dissipation of the mechanical
nergy of the wind in turbulence and shocks. A suggestion
om the current work is that UV radiation from the same
shocks may play a role in the ionization structure of radio jets.
Generating collimated jets is an essential task for theoretical

models of the outflows from YSOs. Théwind approach of
SGSL has been successful in producing the observational prop-
erties of the forbidden lines of $and O1 that are a diagnostic

f the temperature and electron density of the optical jets of
evealed sources. Observations of radio jets probe embedded
sources that are too heavily extincted to be visible at optical
%Navelengths. Even when both are observed, the radio emission
S, o »7). The classic example of an unresolved, constant ve- is at the_: base of the optlcgl jet. Because of _the penetrating power
v : ' of centimeter waves, radio jets are useful in probing the under-

locity, fully ionized, isothermal, spherical wind has= 0.6 . Ivi o . . .9
ying driving mechanism of jets. The present application of the
Reynolds (1986) showed tha< 0.6 occurs for an unresolved, X-wind model to radio continuum emission is timely in the con-

partially opaque flow whose cross section grows more slowly o+ "¢ geveloping capabilities for improved high spatial reso-

than its length. The index can vary from= 2 for totally lution radio observations. It should also help us to discriminate

grz)aque emihssionlp :"_Q'tl forttc()jtall)é_tragstparem %miSSi?(?',between different theoretical approaches, e.g., between disk
SErvers have usually INterpreted radio data with Reynolas i, 4s (reviewed by Koigl & Pudritz 2000) andX-winds.

mOdfl’ ct)btalmngi the slpecttrﬁl '3332( tLrO'E tOt?l flux Te’a(tfhure- In this Letter we consider the well-observed outflow source
vrvienrt]j Sm % dzelv(grr?u Véf‘\;} elré% 45'20(;0) ir?clued\i/re]gogrr?yesri]czgl prgp L1551 IRS 5, variously referred to in the literature as a Class 0

. LT T eI " or Class | YSO, and model the radio jet observed at 3.6 cm by
erties calculated from first principles (Shang et al. 2002, ; ' e
hereafter SGSL), a more detgiled gnalyéis is r?ow possible Ro;j(rgyeg e_lt_r? . (2003, hereaftfethOS) %S 1I‘ree-free (Iemlshsmn from

I L . g ' an X-wind. The parameters of the model are partly chosen on

1gggef product.|on 0;: mlllluansgy radio erE:ssmfn (Sﬁe Ar\]ngladaf the basis of our previous discussion of the optical jets of revealed
jets inci(r)v?/ Ilzﬁ\élllseSW)YSa(‘)SS Oggevi%ig ag:ﬁerirgg?éet det:‘a‘tac;?éfarsources. The choice of model parameters is important since only

. ) LT S Class 0 and Class | YSOs have mass-loss rates large enough to
radiation produced too little ionization to account for the ob- produce radio jets detectable with current sensitivity. In the fol-

servations (e.g., Rodjuez et al. 1989). Opinion has shifted lowin : : ;

I ; g, we describe our model in more detail (8§ 2), then present
on the role of shock-produced UV radiation (e.g., Curiel et al. : -
1987). Gonzkez & Canto (2002) recently obtained thermal resuilts (8 3), and conclude with a brief summary (8 4).

radio emission at the millijansky level by modeling periodically

driven shocks in a spherical wind. In the calculations of SGSL, 2. THEORETICAL BACKGROUND

a main source of ionization is X-ray radiation, an essentially

universal property of YSOs (Feigelson & Montmerle 1999).  The basic parameters of the SGSL thermal-chemical-dynam-

ical model are the stellar massé, , radiRs , bolometric lu-
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Free-free radio emission has been detected in more than 10($r
outflows (e.g., Eislffel et al. 2000) from both high- and low-
luminosity young stellar objects (YSOs). The emission from low-
luminosity YSOs is generally weak, typically a half to a few
millijanskys. The jetlike structure in well-observed (nearby and
luminous) sources shows that the radio emission is collimated
on a scale smaller than 10 AU. Thus, high angular resolution
maps of radio jets probe deep into the launch region and presen
a significant challenge for theoretical models of YSO outflows.

has a flat or positive spectral power index(flux density
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We adopt the SGSL phenomenological expression for the

40— ' ' ' ' \ ' ' volumetric mechanical heating rate:
'U3
1201 \ i I1mech = «p g ’ (1)

100} \ 1 wherep andv are the local gas density and flow velocity,
respectively, in a frame at rest with respect to the star,sand
is the distance a fluid element has traveled along a streamline
80 1 in the flow. The phenomenological parameter 0 reflects the
magnitude of the disturbances in the flow, possibly magnetic
in origin, that lead to the dissipation of mechanical energy into
6or | heat. We anticipate <1 so that only a small fraction of the
| mechanical energy is dissipated by shocks or magnetoturbulent
a0l / ‘ | cascades. Smallis also required for consistency with the cold
| 2 flow assumption inX-wind theory. Modeling of the forbidden
» lines led to values od in the range 0.002-0.005. For the radio
ook / = \ | jet work discussed below, values somewhat larger, perhaps by
/ e s a factor of 2, are needed.
> 1 The shock waves encompassed in equation (1) can also produce
0 - : 2\ : L UV radiation in the Balmer and Lyman continua that ionize as
=0 2 - o %0 well as heat the gas. In the same spirit as equation (1), we can
represent this ionization rate per unit volume by the formula

AU
[
1

Fic. 1.—Free-free intensity contours (in units of ergs éra * sr*) for the

X-wind model using parameters scaled up from the SGSL ratioyl,, = R = ﬁnHv/S, (2)
2 x 10® ergs gt M, =10° Mg yr'%, Ly = 1.3 x 10® ergs §*, o =
0.005 andB = 0.

whereg is a phenomenological shock-ionization parameter.

To calculate the free-free emission in the resultitwind,
we use the equation of radiative transfer for the steady mono-
chromatic intensity for each line of sight. The optical depth of
the thermal free-free radio emission scales with the square of
the electron density profile, and the resultant intensity is weakly
dependent on temperature and sensitive to the electron density.
In contrast, the forbidden-line emission is sensitive to both the
temperature and the electron density.

source responsible for the radio jets studied in this Letter, we
chooseM, = 0.5M, an®R, = 3R, .

SGSL noted that X-rays affect the thermal and ionization
structure of theX-wind through the combinatioh, /M, . This
follows from the well-known fact that the X-ray ionization rate
& enters rate equations (including the hydrodynamic heat equa
tion) through the ratid,/n,, , whene, is the volume density of
hydrogen nuclei. This scaling with the X-ray ionization param-
eter breaks down when other ionization processes are compet-
itive, In discussing the forbidden lines of T Tauri stars, we used
L«/M,, = 2 x 10**ergs g*, basedoM,, = 3 x 10°M_ yr We focus on the thermal radio jets observed by RO3 in L1551
andL, = 4 x 10* ergs s". The quantityL,/M,, can be inter- IRS 5, located in the Taurus molecular cloud at a distance of
preted as thaverage efficiency for converting accretion power 140 pc. L1551 IRS 5 has a bolometric luminosity of 30440
into X-rays at radiu®, L«/M, = ¢,GM,/fR, (Shuetal. 1997). and an accretion rate 6f10°> M yr* (Adams et al. 1987),
For exampleGM, /fR, isA x 10" ergs g for the model T consistent with the wind mass-loss rate~& x 10° Mg yr*
Tauri star in SGSL, which implies, ~0.05 . FM, = 10°° obtained from Hi observations (Giovanardi et al. 2000). Very
Mg yr™*, appropriate for the Class 0/Class | source L1551 IRS Large Array (VLA) observations at 7 mm reveal two circumstellar
5, the corresponding value &f, 53 x 10**  ergs.sSuch disks of a binary system (Rdduez et al. 1998). Using the VLA
a large X-ray luminosity has only been observed in rare pro- with the Pie Town antenna at 3.6 cm and an angular resolution
tostellar flares (Grosso et al. 1997; Feigelson & Montmerle 1999; of about 01 (14 AU), RO3 mapped the radio jets of the binary
Tsuboi et al. 2000). We begin with such models, but we move at the center of the larger scatel() jets observed at optical and
later to models that assume smaller X-ray luminosities, com- NIR wavelengths (Fridlund & Liseau 1998; Itoh et al. 2000). The
pensating for the decrease with enhanced mechanical sources dbtal 3.6 cm flux density of the source~g mJy, with about half
heating and ionization. (1.7 mJy) coming from the compact cores (both sides) of the two

Among the microphysical processes for a magnetocentri- jets. This system provides the best available data for comparison
fugally driven wind included by SGSL are ionization of hy- with theory at the present time.
drogenfromthe = 1 and = 2 levelsviaLymanand Balmer  Starting from the work of SGSL, we try to construct a steady
continuum photons emitted by both the accretion funnel hot jet model that can produce the observed 3.6 cm flux density of
spots and the star itself. Bremsstrahlung cooling was omitted~1.2 mJy associated with the stronger core of the south radio
since it is small compared with line cooling, but it is included jet and counterjet in L1551 IRS 5 (R03). We first adapt=
here for completeness. Molecular hydrogen is not considered.0.005 3 = 0 (no shock-wave ionization), ard,/M,, = 2 x
The main synthesis pathway for, fbrmation via the H ion 10" ergs g* (same ratio as SGSL), along witd, = 10°°
is ineffective because collisional dissociation is so strong at the M, yr*. Using a very small pixel size-@ mas in the transverse
high temperatures-8000 K) of jets. Furthermore, ;&mission direction), Figure 1 shows the resulting intensity of the jet seen
has not been detected from the jet proper of fast outflows (Davisedge-on (by assuming reflection symmetry about the midplane
et al. 2002, 2001). for the counterjet). The intensity contours range from'i@o

3. RESULTS
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Fic. 2.—Convolved intensity at 3.6 cm for the model of Fig. 1 usingabeam  Fic. 3.—Convolved map at 3.6 cm for a model with reduced =
of 0712 x 0718, inclined at 20 with respect to the jet axis. The solid contours 1.3 x 10* ergs s* anda = 8 = 0.007. The solid and dotted contours cor-
are 80, 100, 120, 150, 200, 300, and 401y beam*. The dotted innermost respond to the same levels as in Fig. 2. This model also produces a flux of
contour corresponds to 6@y beam®. The half-length of the jet core i< 86, 1.6 mJy. The half-length of jet core i$3B.
and the flux (jet and counterjet) is 1.6 mJy.

10 *% ergs cm? st srt and exhibit cylindrical collimation of  through the interaction of the separate winds from the binary
the electron density. They also show a cusplike behavior nearsource. Overall, the contours in Figures 1 and 2 show the central
the vertical axis due to the presence of a hollow core in the peaking and elongation found in the observations of R03. The
model. The ionization fraction is of order a few percent, and the model in Figure 1 has a 6 cm flux of 1.4 mJy, which implies
temperature on the axis i€10* K. Within 20 AU of the z-axis, a spectral inde = 0.3 . This prediction could be tested by
the electron density is in the range*20C¢ cm3. Closer to the simultaneous 'L resolution observations at 3.6 and 6 cm to
star, within a few AU, it reaches10’ cm 2. This high-density =~ avoid problems with variability.
region poses interesting challenges for future high angular res- In Table 1 we summarize the model results as a function of
olution observations. mass loss at 3.6, 6, and 0.7 cm for the case 0.005 8 5

A map of the convolved intensity at 3.6 cm of the model in 0, andL,/M,, = 2 x 10" ergs @". For mass-loss rates lower
Figure 1 is shown in Figure 2. The model was convolved with than3 x 107 Mg yr*,S, oc » %', characteristic of optically
a 0712 x 018 beam, whose position angle is°2Morth to thin free-free emission. For higher mass-loss rates, the spectra
east), as in the observations of R03. This convolution with an turn over and gradually steepen @~ 0.3 for, ~ 10°°
inclined beam produces an observed asymmetry with respecM yr *. Table 1 shows that in order to detect radio jets with
to the jet axis. The solid contours correspond to the seventhe VLA with good sensitivity in its highest resolution config-
highest contours in Figure 1 of R03, and the 81y beam® uration, the YSO must havel,, >3 x 107" M, yr* .
contour defines the outer extent of the jet cores. The half-length  Although the model in Figures 1 and 2 reproduces the size
of the model jet core is-0"36, and the total flux (doubled to and overall spatial variation of the observed radio jetin L1551,
account for jet and counterjet) is 1.6 mJy, somewhat larger thanit assumes a very large X-ray luminosity, = 1.3 x 10%
the 1.2 mJy of the observations, primarily because of the ex-ergs s*. The ionization produced close in by the X-rays is
istence of an extra innermost contodotted curve). Apart from carried outward in the slowly recombining flow. To explore the
this minor discrepancy, Figure 2 fits nicely both the spatial trade-off between decreasihg  and increasingve varied
variation of the flux density and the resolved length of the these two parameters over a range of acceptable values. We
observed jet core. The observations do not resolve the jet infound that good solutions for L1551 IRS 5 exist for  smaller
the direction perpendicular to the jet axis. We make no attemptthan that used in Figure 1 far in the still modest range of
to compare additional lower level contours given by R03 be- 0.005-0.01, provided we allow for the possibility of a nonzero
cause they suggest external disturbances that might arisesalue forg (i.e., shock-induced UV ionization). Figure 3 shows

TABLE 1
ToTAL MobEL FLUX DENSITIES FOR L,/M,, = 2 x 10% ergs g% a = 0.005 AND A DISTANCE oF 140 pc

MW
PARAMETER 3x10%Myyrt 1x107Mgyyr® 3x107Mgyr® 1x10°Mgyr?
Sem (5 GHZ) (MJy)......... 1.7 x 102 0.076 0.30 1.4
Si6em (8.3 GHZ) (MJy)...... 1.6 x 102 0.073 0.30 1.6
S mm (43 GHz) (MJy)....... 1.3 x 102 0.060 0.25 2.1

Spectral indeXp ............. -0.1 -0.1 0.0 0.3
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a convolved radio jet image for a choicelof  thatis 10 times
smaller than in Figure 2, but with = 8 = 0.007 . The total
flux from this model is 1.6 mJy. The radio image of Figure 3
is very similar to Figure 2, including an extra innermost (dotted) L _
contour, and could just as well represent the present state of L _
observations for L1551. 0.3 - -
The phenomenological heating of equation (1) was introduced L
by SGSL in their modeling of the optical jets in active T Tauri -
stars. Both equations (1) and (2) have the nice property that their -
spatial variation is scale-free. But one must question whether _
this formulation really applies without modification at the small % 02 [
distancess— 0 probed by radio jets. A generalization of the r
spatial dependence in the shock heating and ionization laws
adopted in these equations frdas  1tlfs + s,) can eliminate
the unwanted innermost (dotted) contours in Figures 2 and 3.
Figure 4 shows an example with= 3 = 0.01 s, =2 AU,
andL, = 1.3 x 10* ergs . The total flux produced in this
model is 1.3 mJy and gives a size abotB®for either side of
the jet. A similar modification of the model in Figure 2 with a
choice ofs, = 1 AU produces approximately the same size and ol v !
total flux. A length scals, of a few AU, interior to which there -0.2 —0.1 Y 0.1 0.2
are only weak shocks or none at all, could represent the period- x ()
icity length in the type of pulsed model advocated by Gteza FiG. 4—Convolved map at 3.6 cm for a similar model as in Fig. 3, with

& Canto (2002), modified for jetlike geometries. « =f = 0.0lands, = 2 AU. The same solid contours are plotted, but the
inner dotted contour has disappeared. This model has a total flux (jet and
counterjet) of 1.3 mJy and a half-length df30

b ———————7—+———— 17—

4. DISCUSSION AND INTERPRETATION

We have calculated radio continuum images and spectra for'[eCtabIe radio jets with younger and embedded low-mass YSOs

the free-free emission of théwind model heated and ionized that have strong molecular outflows (Ralrez & Reipurth

. . 994). It is gratifying that the theoretical framework provided
by the processes discussed by SGSL and extended to includ - ; . ; -
shock ionization. Several general properties—total fluxes, spec-%y theX-wind model for interpreting the radio and optical data

oo : . : .~ ~allows this semiquantitative relationship to be established for
tral indices, and sizes—agree with the observations compiled . : e
by Anglada (1996 Table92). More specifically, the mapg in YSO jet sources with ages and spectral energy distributions
Figures 2, 3, and 4 compare quite well with the observations that span the range from Class 0 (embedded protostars) to Class

of the southern jet core in L1551 IRS 5 (R03). Il (classical T Tauri stars).

Our calculations indicate that the radio flux from YSOs with
mass-loss rates much bel@w 10" M, ~Yis too weak to We acknowledge fruitful discussions with L. Ragliez, P. Ho,
be detected with current sensitivity. The strongest centimeter-W. J. Welch, P. D’Alessio, and G. Anglada. We also thank the
continuum jet sources among low-mass YSOs, e.g., L1551, HL anonymous referee for helpful suggestions. Support has been re-
Tau, DG Tau B, and HH 111, do have bright optical jets on ceived from these grants: Theoretical Institute for Advanced Re-
larger scales. Instrumental improvements that would allow the search in Astrophysics, Academia Sinica, and National Tsing Hua
simultaneous measurements of radio and optical radiation fromUniversity, NSC92-2112-M-007-051 and NSC92-2112-M-001-
the same source would help to better constrain the parameter§62 in Taiwan; DGAPA/UNAM IN104202 and CONACYT 40091
of the theory. Enough data already exist to associate the defor S. L.; and NSF grant AST-0097978 for A. G.
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