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OPTICAL EMISSION IN THE BEAM OF STELLAR JETS: A POSSIBLE MECHANISM
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ABSTRACT
We propose a mechanism for the optical emission observed in the beam section of stellar jets based on

the stability properties of circularly polarized Alfve� n waves propagating in the partially ionized medium
Ðlling the jetÏs channel. We Ðrst derive the relevant magnetohydrodynamic equations, which include the
Hall term for such a partially ionized medium, a term which give rise to dispersive e†ects. Quasi-
equipartition of thermal and magnetic energies is assumed, and the model is developed in the one-
dimensional approximation but keeping the three components of the vectorial Ðelds. Mild compressions
or very weak shocks occur in the Ñow when instabilities develop, depending on the relative sign of the
angular momentum of the underlying accretion disk and the external magnetic Ðeld. Simulations per-
formed under quite general conditions show that the temperature/density perturbations associated with
the instability are consistent with the average luminosity contrast observed in the jetÏs beam between
bright knots and interknot regions.
Subject headings : ISM: jets and outÑows È MHD È polarization È shock waves È

stars : preÈmain-sequence

1. INTRODUCTION

Stellar Herbig-Haro (HH) jets have been the subject of
intense investigation over past years (see, for example, the
reviews by & HeathcoteMundt 1993 ; Reipurth 1993 ; Raga

These nebulosities associated with1991a, Ko� nigl 1995).
young stellar objects (YSOs) trace highly collimated gas
that accelerates away from the star at several hundred kilo-
meters per second. They are generally detected at optical
wavelengths, and their common appearance is that of a
narrow chain of bright knots (““ jet ÏÏ) followed by one or
more bow-shaped terminal features aligned with the jet
section. All structures produce emission-line spectra which
are believed to form in the cooling regions behind shock
fronts, the terminal bow shock being characterized by
higher excitation km s~1), while the jet section(vshock D 150
shows an extremely low excitation type of emission
(witnessed by the high value of the [S II]/Ha ratio), with
typical shock velocities of 10È30 km s~1.

The purely hydrodynamical models so far proposed in
order to give justiÐcation to the peculiar morphology and
emission properties of the nodular linear section (on which
we concentrate our attention) are of three distinct types.
One type involves static periodic patterns of oblique inter-
nal shocks, which invariably form when a supersonic jet
exits from a De Laval nozzle ; a second based on the
assumption that the matter is ejected with periodic velocity
Ñuctuations from the circumstellar environment, thus
forming a chain of traveling working surfaces in the beam;
the last one, Ðnally, invokes the action of Kelvin-Helmholtz
instabilities at the border of the Ñow channel as responsible
for the formation of weak traveling shocks internal to the
beam. Although a lot of work has been devoted to the topic,
none of the proposed approaches, is capable of reproducing
the observed properties in a satisfactory way (see Bacciotti,
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Chiuderi, & Oliva hereafter for an extended1995, BCO,
discussion). The main difficulty with such models is the
identiÐcation of the mechanism capable of generating long-
lived shock fronts traveling at high velocity, which produce
simultaneously very low excitation spectral features. A pos-
sible resolution could come from the introduction in the
models of magnetic Ðelds, that could play an important role
in lowering the gas excitation efficiency of shock fronts that
may eventually form inside the beam. Magnetic Ðelds are
surely present in the jet which propagates in a magnetized
molecular environment, and several models have recently
been proposed that invoke magnetic Ðelds as a crucial
ingredient of the outÑow acceleration and collimation pro-
cesses (see, for example, & Shibata &Uchida 1985 ; Pudritz
Norman Wang, & Sulkanen1986 ; Lovelace, 1987 ;

Berk, & Contopoulos & PudritzLovelace, 1991 ; Pelletier
The outÑows are, as a rule, roughly parallel to the1992).

nebular large-scale Ðeld et al.(Strom 1986 ; Ray 1987 ;
Direct measurement of the intensity of theReipurth 1989).

magnetic Ðeld inside the jet itself is impeded by the large
internal velocity dispersion of the optical lines : typical
values for the dispersion found in lines from YSO jets range
between 15 and D100 km s~1, large enough to render the
measurement of Zeeman splitting practically impossible at
optical and IR wavelengths, unless the magnetic Ðelds
exceed several hundred gauss. To arrive at an estimate of
the intensity B of the magnetic Ðeld in the jet, we shall make
the assumption that the magnetic energy density is in quasi-
equipartition with the thermal forms of energy. Assuming
that most of the matter in the jet has a mean temperature of
2000 K and a mean numerical density cm~3nH D 104

Morse, & Raymond a value of(Hartigan, 1994 ; BCO),
BD 200 kG is obtained, which leads to an Alfve� n speed of
D5 km s~1. In most of the magnetic acceleration models
previously mentioned, the magnetic surfaces have an
hourglass shape, with the Ñattened mass accretion envelope
situated on the central perpendicular plane of the hourglass.
Due to the high thermal pressure in the disk, the Ðeld lines
are more or less tightly connected to it, and it is therefore
likely that while the accretion disk rotates around the pro-
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tostar, circularly polarized Alfve� n waves are excited that
can propagate to large distances. The aim of this paper is to
analyze the properties of the Ñuid motion of the jet gas in
the presence of MHD waves and the stability of such waves
with respect to amplitude perturbations in a regime appro-
priate for the physical conditions of a YSO jet, and at large
spatial and temporal scales.

The optical lines coming from HH objects indicate that
the jet gas is mainly in atomic form. Recent studies, in addi-
tion, have demonstrated that the degree of ionization in the
linear jet section varies from moderate to low: Raga

was the Ðrst to realize that the hydrogen ionization(1991b),
fraction in jets is most likely around 10%; this suggestion
has been conÐrmed by the new model-independent spectral
diagnostic technique described in that gives for theBCO,
linear section of the HH 34 and HH 111 jets values around
7%È10% Eislo� †el, & Ray while for(BCO; Bacciotti, 1996a),
the optical outÑow from the T Tauri star RW Aurigae, a
degree of ionization around 10%È20% has been found

Hirth, & Natta We thus adopt for the(Bacciotti, 1996b).
description of the propagation of waves in the collimated
section of the jet a model based on the MHD equations
using a generalized OhmÏs law appropriate for the case of a
weakly ionized medium. Since the relevant equations
contain nonlinear terms coupling Alfve� n and sonic waves,
the instabilities that may form as a consequence of an initial
perturbation of the magnetic wave amplitude (due, for
example, to a sudden release of accumulated magnetic
twist), may produce steepened hydrodynamic features that
can degenerate into traveling shock fronts. In addition, it
will be proved that partial ionization stresses the dynamical
importance of the Hall e†ect : it is its dispersive character
that competes with the steepening of velocity proÐles by the
hydrodynamical nonlinearities. In conclusion, as we shall
show, the stability properties of circularly polarized Alfve� n
waves most likely excited by the rotation of the accretion
disk will allow for the presence of traveling weak shocks in
the Ñow. We derive the equations in taking into account° 2
the simpliÐcations that can be drawn using several obser-
vational facts. We analyze these equations both analytically
and numerically in in the context of a regime stressing° 3
the large-scale dynamics and the quasi-equipartition
between magnetic and thermal energy densities, following a
previous analysis by in the context of solarHada (1993)
wind physics. The paper concludes with a discussion in ° 4.

2. THE HALL MHD EQUATIONS FOR A PARTIALLY

IONIZED MEDIUM

The medium that constitutes the jet is a weakly ionized
plasma, the neutrals making up about 90% of the total
number density. Even so, the ionization of the jet is much
larger than that of the embedding cloud, typically of the
order of 10~4 to 10~6. This fact has important conse-
quences when we are choosing the regime appropriate for
describing the jetÏs properties, as we shall point out later on.

We start by considering a system composed of three
Ñuids, corresponding to electrons (e), ions (i), and neutrals
(n). We further restrict the analysis to a pure hydrogen
plasma, so that The plasma must be electricallym

i
^ m

n
.

neutral on average, which implies everywhere. Then
i
^ n

ederivation of the appropriate three-Ñuid equations and their
reduction to one-Ñuid form is standard ; it can be found, e.g.,
in to which we refer the reader for details.Braginskii (1965),
In the following we shall simply recall the steps relevant to

our discussion. The level of ionization of the plasma is mea-
sured by the ratio

m \ n
i

n
i
] n

n
, (1)

which can a priori be space-dependent (in fact, it decreases
along the jet axis, as shown in Bacciotti et al. 1996b, 1996a).
The one-Ñuid plasma matter density o and average speed U
are deÐned as
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where the are the single-species densities and the areo
s

u
sthe corresponding average velocities.

By adding the continuity and momentum equations for
the three Ñuids, we easily obtain their one-Ñuid form:
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current density. It is easily shown that the electric Ðeld term
qE is always negligible in the MHD regime.

To deÐne the pressure term, we Ðrst express the single-
species velocities as and then deÐneu
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average over the random velocities distribution function.
Finally, P\ ;

s
P

s
.

The dissipative and dispersive e†ects come into play
through the so-called generalized OhmÏs law. Neglecting
terms of the order and proceeding in the standardm

e
/m

iway, we arrive at (see eq. [7.12])Braginskii 1965,
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where p is the electrical conductivity.
In order to use equation (2) in conjunction with the equa-

tion of motion, it is necessary to express the quantities u
i
,

and in terms of the global quantities U, P, and o.P
e
, n

iFrom the deÐnitions, and assuming equal temperatures for
all species we have :
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Adapting to our notation the expression for given byu
D(his eq. [7.10]), we haveBraginskii (1965)
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The ““momentum transfer rate coefficient ÏÏ can bea
in
@

found in Roberge, & Dalgarno who give, forDraine, (1983),
small values of u
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After an estimate of the order of magnitude of the terms
appearing in we arrive at the following expres-equation (3),
sion for u

D
:

u
D

^
(1 [ m)2109

mn
n
2m

i

1
4n

B2
L

cm s~1 ,

where L is the scale length for variations of B. Using the
values mentioned in we Ðnally get cm s~1.° 1, u

D
^ 1017/L

We therefore see that for every reasonable value of L ,
This estimate is further strengthened by the obser-u

D
> u

i
.

vations of spectral lines from both ionized and neutral
species that indicate The above arguments thenu

n
^ u

i
.

allow us to simply replace by U in the generalized OhmÏsu
ilaw that now reads :
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From an order-of-magnitude estimate of the various
terms we conclude that both the Joule dissipative term j/p
and the pressure gradient term can be safely neglected in the
conditions under study. The last term on the right, the so-
called Hall term, must instead be retained when the drift
velocity of the electrons with respect to the ions is of the
same order as the ionÏs speed. This occurs in a partially
ionized medium due to the di†erent slowing down of the
two charged species caused by the collisions with the neu-
trals.

We can thus retain in OhmÏs law the usual induction
term and the Hall term; this leads to the following induc-
tion equation :
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B

. (5)

The latter equation, together with the continuity and
momentum equations previously written, constitutes the
starting point of our analysis corresponding to the three-
Ñuid approach with approximately equal ion and neutral
velocities. Note the factor 1/m in the Hall term. From a
physical point of view it can be said that at Ðxed ion density,
when neutrals are present, the ions and the electrons are
slowed down di†erently in a collision with a neutral, obvi-
ously because of their di†erent mass, and thus the current,
proportional to the di†erence of velocities between ions and
electrons, is larger, hence there is a stronger Hall e†ect
which translates in the equations by the 1/m factor. Indeed,
one recovers the usual MHD equations for a fully ionized
Ñuid for m ] 1 (no neutrals present). However, we stress that
the above equation is not valid in the opposite limit of a
very weakly ionized plasma such as for the interstellar
medium, where m can be as low as D10~6. In that case u

Dbecomes much larger and the replacement of by U is nou
ilonger applicable. A new dominant term then appears cor-

responding to the ambipolar drift. The apparent paradox
(that in the limit m ] 0 the Hall term is negligible) comes
from the fact that, hidden in this formulation of the equa-
tion, the current, of course, is proportional to the ion
density, which in this limit would become negligible.

3. ANALYSIS OF THE MODEL

3.1. Basic Equations
We consider a protostar surrounded by a rotating accre-

tion disk embedded in a uniform magnetic Ðeld, with a

double jet emanating in two opposite directions. The rota-
tion of the disk excites polarized Alfve� n waves that propa-
gate within the beam of the jetÈa weakly ionized medium
(m D 0.1). We propose to study the stability properties of
such waves in the framework of the equations developed in
the preceding section. As a Ðrst approximation, we consider
a slab geometry (three components of the vectors, with only
one-dimensional dependence of variables), and a constant
ionization fraction m.

In the following we will use a nondimensional form of the
modiÐed MHD equations derived in the previous section.
They read :
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Here o is the total density (ions ] neutrals) normalized to
P is the total pressure normalized to B \ (h,o0, B02/4n, b
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z
) B0, v
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is the velocity of the center of mass normalized to the Alfve� n
speed where and are the meancA \ (B02/4no0)1@2, o0 B0density and mean magnetic Ðeld in the jet ; is assumed toB0be parallel to the x-axis. Time and space are thus normal-
ized to and where is the ion gyro-)
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i
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i
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c
frequency.

To close the above set, an energy equation must be speci-
Ðed. Since this paper is intended as a Ðrst approach to the
study of the competition between nonlinear and dispersive
e†ects in weakly ionized plasma, even a simple adiabatic
law d(Po~c)/dt \ 0 could suffice. However, we have also
tried to mimic the e†ect of heating and radiation by replac-
ing the speciÐc-heat ratio c by a variable parameter j. The
justiÐcation for such a procedure relies upon the fact that in
most astrophysical gaseous nebulae heating and cooling
timescales are much shorter than dynamical timescales,
therefore the energy equation practically reduces to an equi-
librium between the heating and cooling processes active in
the gas : has shown that, by linearizing theElmegreen (1991)
full energy equation around an equilibrium state, it is
actually possible to compute j when the heating and radi-
ation terms are expressed as power laws of the basic ther-
modynamic quantities. For example, Passot, &Vazquez,
Pouquet in their simulations of ISM properties in(1995),
star formation regions, assume as their main source of
heating the ubiquitous, yet of uncertain origin, di†use UV
radiation Ðeld, which is believed to provide the source of
ionization for the warm ionized medium in the ISM: they
set the corresponding heating rate proportional to o, while
for the radiation losses they use a piecewise cooling curve
proportional to di†erent powers of the temperature,
depending on the temperature range. Adopting tentatively
the same approach as in et al. (see alsoVazquez (1995)

Vazquez, & Pouquet we Ðnd since, forPassot, 1996), j \ 13,the temperature range we are interested in, the radiative
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cooling rate turns out to be proportional to o2T 1.5
& McCray An empirical justiÐcation of(Dalgarno 1972).

such a choice can in fact also be found in the results of the
above-mentioned ISM simulations et al.(Vazquez 1995 ;

Vazquez, & Pouquet that use the full energyPassot, 1995)
equation and yet result in a scatter plot for which PD o0.3
is a good Ðt, both in the unmagnetized and in the magne-
tized cases. We shall therefore adopt as our energy equation

d
dt

(Po~j)\ 0 (7)

and check the sensitivity of the results to j both analytically
and numerically.

As already mentioned in we assume that all physical° 1,
variables depend only on the coordinate x, but we maintain
the full three-dimensional character of vector Ðelds. The
star is located at the origin, and it is surrounded by an
accretion disk that lies on the y-z plane ; the bipolar jet Ñows
along the ]x and [x directions, parallel to the large-scale
uniform magnetic Ðeld, which has the same (positive) orien-
tation on both sides of the star.

We Ðrst introduce the complex variables

v\ v
y
] iv

z
, b \ b

y
] ib

z
and cast into the formequation (6)
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with h 4 1.
A medium described by the above system of model equa-

tions admits circularly polarized Alfve� n waves as linear
normal modes. This is easily seen by linearizing the system
around a static equilibrium state where the nor-(U0\ 0)
malized magnetic Ðelds and density are 0, 0) andB0\ (1,

Assuming that the Ðrst-order quantities vary as expo0\ 1.
[i(kx [ ut)], the linear dispersion relation in the long-
wavelength limit turns out to be

u\ [k2/2m ^ k ,

where in our nondimensional system of units. The k2cA \ 1
term contained in the dispersion relation reÑects the fact
that the circularly polarized ( o b o\ constant) Alfve� n waves
are modiÐed by dispersive e†ects.

We wish now to introduce the e†ect of a weak nonlin-
earity (we are looking for weak shocks) and see how this
modiÐes the above results. The standard technique to do
this is to expand in terms of a small parameter v not only
the variables but also the coordinates. This method, called
““ reductive perturbation expansion,ÏÏ has been successfully
applied to the study of the formation of MHD solitons due
to the competition between nonlinear steepening and dis-
persion. For quasi-parallel propagation, and away from
equipartition where is the average sound(c

s
2/cA2 D 1, c

sspeed), the system of reduces to a single non-equations (8)
linear equation for b, the density and the velocity being
given in terms of b only. The equation for b turns out to be
the derivative nonlinear Schro� dinger (DNLS) equation,

whose properties have been thoroughly investigated by
numerous authors & Newell(Kaup 1978 ; MjÔlhus 1978 ;

& Wyller & SheerinMjÔlhus 1986 ; Spangler 1982 ;
Spangler 1985).

Near equipartition, the system of three standard MHD
wave modes (Alfve� n and slow and fast magnetosonic)
become degenerate, and the equation for b develops a singu-
larity. A new treatment becomes necessary, and the triply-
degenerate problem has been solved by for theHada (1993)
fully ionized solar wind plasma. As we see below, an inter-
esting physical consequence of being near equipartition is
that the equations for b and v no longer decouple, so that
the full nonlinear dynamics is now retained.

From now on, we shall closely follow HadaÏs (1993)
approach, since the only modiÐcations to his basic system
of equations are our introduction of the factor 1/m in the
induction equation to take into account the partial ioniza-
tion of the medium, and the inclusion of a nonzero velocity
in the x-direction. We thus write

o \ 1 ] vo1] v2o2] É É É ,

P\ 1 ] vp1] v2p2] É É É ,

u \ u0] vu1 ] v2u2 ] É É É ,

v\ vv1] v2v2] É É É ,

h \ 1 ] vh1] v2h2] É É É ,

b \ vb1] v2b2] É É É . (9)

In contrast to scheme, a constant parallelHadaÏs (1993)
speed has been introduced in the basic state to take intou0account the fact that the waves propagate in a high-speed
Ñow. It is easy to show, however, that this does not change
the basic physical properties of the results : the features
emerging in the ““ natural ÏÏ frame that moves along with the
magnetic perturbation are the same in both cases, the only
di†erence being the fact that in HadaÏs case this frame
moves with speed while in our case it moves practicallyc

A
,

with the bulk Ñow, owing to the fact that Alfve� n waves are
transported by the Ñuid motion.

As far as the coordinates are concerned, the scaling is
directly suggested by the consideration that the regime we
are interested in is one in which the nonlinear evolution of
the wave competes with the defocusing e†ects associated
with dispersion. The appropriate scaling is thus uniquely
determined by imposing the constraint that the temporal
evolution term, the nonlinear term, and the Hall term are at
the same order in the magnetic induction equation. In addi-
tion, it is convenient to work in a moving frame, since this
eliminates from the equations uninteresting translational
motion terms. These conditions lead to the introduction of
the following scaled variables :

X \ v(x [ Ct) , q\ 12v2t ,

where C is the speed of the moving frame, and the factor 12in the deÐnition of the slow variable q is included in order to
make a direct connection with the paper of Hada (1993).

The Ðnal important assumption concerns equipartition.
The condition that b remain close to unity can be formally
written as where, as stated before, is thec

s
2/cA2 [ 1 \ v*, c

saverage sound speed and * is a parameter of order unity.
Compatibility conditions determine the value of C : one

Ðnds where the plus (minus) sign standsu0[ C\ p \^1,
for regressive (progressive) propagation with respect to the
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orientation of the ambient magnetic Ðeld. We note that for
the problem at hand so that our reference frameo u0 o? 1,
practically moves with the bulk Ñow.

The computation is now straightforward : by equating
terms at the Ðrst nontrivial order, we obtain

Lu1
Lq

\ [ L
LX

("u12[ p*u1] o b1 o2) ,

Lb1
Lq

\ [ L
LX

(u1 b1)[
i
m

L2b1
LX2 , (10)

together with and Hereu1\ [po1, o1\ p1, b1\ pv1."\ (j ] 1)/2 (see eq. [7]).
essentially coincide with those ofEquations (10) Hada

the only di†erence being the factor 1/m entering the(1993),
dispersive term (and These equations describe theu0D 0).
behavior of small-amplitude magnetic and velocity pertur-
bations under the combined inÑuence of nonlinearity and
dispersion. Without the dispersive Hall term (and adding
dissipation), they are reminiscent of the equations modeling
MHD turbulence written by Thomas (1968).

3.2. Stability Diagram
Let us concentrate Ðrst on progressive propagation,

which concerns waves excited by the disk rotation and pro-
pagating in the positive-x half-space.

It is immediately seen that the equations admit as solu-
tions circularly polarized Alfve� n waves, as in the linear case
when the velocity (or equivalently the density) pertur-
bations vanish at Ðrst order. In fact, andu1\ 0 b1\AeiÕ,
with and satisfy theA\A0\ constant, /\ k0X [ u0 q
above equations, provided that Therefore, theu0\ [k02/m.
same small-amplitude waves found in the linear case (the
factor of 2 di†erence in the dispersion relation is related to
the di†erent deÐnitions of the time variables) still persist
after the introductions of the nonlinear terms. However, any
small deviation from a perfectly constant amplitude for the
magnetic perturbation induces a dynamical reaction in the
system due to the coupling between velocity and magnetic
perturbations.

It is thus important to analyze the stability properties of
those waves under the inÑuence of small changes in the
amplitude A. The analysis is carried out writing A\A0]
dA, and expanding to Ðrst order/\ /0] d/, u1\ 0 ] du,

The linear set of equations that obtains forequations (10).
the perturbations dA, d/, and du (all of which are Fourier-
decomposed as usual as Dei(KX~)q)) can be solved when the
determinant D of the associated matrix vanishes. This leads
as in to a cubic equation. The long-wavelengthHada (1993)
limit K ] 0 of the equation D\ 0 can be shown to reduce
to that of Hada with simply the wavenumber of the carrying
wave changed into in our case.k0 k0/mThe main feature of linear stabilityHadaÏs (1993)
diagram, namely, the antisymmetry of the unstable regions
with respect to the origin in the *)-plane, is thus(k0/m,
recovered as shown in From that Ðgure, we seeFigure 1
that the behavior of the system at Ðxed * under the e†ect of
a small perturbation of the amplitude of the basic Alfve� n
waves changes from stability to instability when the sign of

is changed, except for very small values of *, in whichk0case the system is always stable.
The discussion can be repeated for the regressive propa-

gation case in a completely analogous manner, retrieving
exactly the same results, except for the fact that the stability

FIG. 1.ÈLinear stability diagram in the long perturbation wavelength
limit for progressive wave propagation. The stability boundaries for three
di†erent normalized wave amplitudes are shown in the *) param-A0 (k0/m,
eter space. The solid line illustrates the case while the dotted andA0\ 1,
dash-dotted lines refer to the cases and respectively.A0\ 0.2 A0\ 0.6,
The labels S and U in the Ðgure stand for stable and unstable regions.

diagram in the *)-plane is reversed with respect to the(k0/m,
k0/m-axis.

The physical meaning of the above formal results and
their implications for the phenomena under study are
readily found, transforming back the magnetic variables to
the original nonscaled reference frame Ðxed with respect to
the star. The unperturbed circularly polarized wave in this
frame can be written as

b1(x, t) \ b
x
] ib

y
\ A0 exp

G
ik0 v

C
x [

A
w

B
] v

u0
2k0

B
t
DH

,

where is real and is the dominant termA0 w
B

\^ o u0 o ^ 1
of the phase velocity of the wave for the progressive and
regressive waves, respectively. From the above expression it
can be deduced that for both waves there is a one-to-one
correspondence between the sign of the wavenumber andk0the polarization character of the carrying wave, being left-
handed if and right-handed otherwise. Consideringk0[ 0
now one single propagation direction, the sign of changesk0with the sense of rotation impressed to the transverse com-
ponent of the magnetic Ðeld. The dependence on the sign of

of the onset of the modulational instability is thereforek0explained by considering the fact that the perturbed wave
envelope will steepen only when the rotation of the trans-
verse component agrees with the sense of the thermal ion
motion around the basic magnetic Ðeld, since in that case a
resonant ampliÐcation sets in.

In the physical system under study the sense of rotation
impressed to the transverse component of the magnetic Ðeld
is determined by the rotation of the disk, and it is therefore
the same for both the waves propagating away from the
central object. These waves, however, have opposite direc-
tion of propagation with respect to the ambient Ðeld and
therefore opposite polarizations, and hence wavenumbers
of opposite signs. Since, however, the stability diagram
associated with opposite propagation is reversed with
respect to it follows that, assuming the same plasma b onk0,both sides, the waves traveling in the two opposite lobes
show analogous stability/instability properties, developing
instabilities or not depending on the relative angle between
the angular momentum vector of the disk and the external
uniform magnetic Ðeld. This picture is consistent with the
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physical argument mentioned above : the instability arises
when the rotation of the transverse component of the mag-
netic wavevector, which, as we have seen, is the same on
both sides, agrees with the sense of thermal ion motion. The
sense of rotation of ions, however, also does not change
passing from one lobe to the other, due to the hourglass
conÐguration of the zeroth-order Ðeld.

3.3. Numerical Exploration of the Nonlinear Regime
To see the further dynamical evolution of the system, we

must go beyond the linear phase of the modulational insta-
bility. This allows us to conÐrm the basic asymmetry of the
stability diagram and to investigate the behavior of the
unstable waves for long timescales.

The numerical code utilized to integrate equations (10)
was developed by one of us (F. B.) in order to investigate the
nonlinear propagation of MHD waves in conditions in
which the Hall term is relevant, together with a strong
coupling between hydrodynamic and magnetic e†ects. The
numerical code and some numerical tests are extensively
described in Passot, & Sulem and only itsBacciotti, (1996c),
main features are described here. The code is pseudo-
spectral and is designed for the three-dimensional case,
although in the present case it is used in its one-dimensional
version. Several di†erent schemes are implemented for the
time stepping : after several tests, we chose as the most accu-
rate for the case at hand a combination of exact temporal
solutions for linear second-order terms and an Adams-
Bashforth scheme for the nonlinear terms.

We followed the evolution of the various physical quan-
tities through the nonlinear regime, starting always from the
same initial conditions but varying the values of * and k0/m,
in order to verify whether the predictions of the linear sta-
bility analysis are still valid in the nonlinear regime, and
what is the character of the instability.

We furthermore studied two di†erent situations : the
adiabatic case, for which we adopted a value of j equal to
the speciÐc-heat ratio c\ 5/3 in and a caseequation (7),
that includes ““ radiative losses,ÏÏ as previously discussed,
modeled as a Ðrst approximation by a polytropic law with a
di†erent value of the exponent, namely, We concen-j \ 13.trate here on progressive propagation.

The runs were made with a spatial grid of N \ 256 regu-
larly spaced points and temporal steps equal to 10~2 or
10~3. The spatial scale was ampliÐed and rescaled by a
factor of 15 to reproduce correctly a long-wavelength per-
turbation on the amplitude of the carrying wave. The initial
condition used was for the velocity perturbation,ui\ 0.0
while for the magnetic Ðeld we chose a circularly polarized
wave modulated in amplitude by a Gaussian, in the form

In the following itb \ b
y
] ib

z
\ (1] 0.05e~4(x~n)2)eik0x.

should be remembered that numerically thereforeu1\ o1,the resulting density proÐles are velocity proÐles too. Since,
as we will show, sharp fronts are readily formed, we add a
viscous term of the form in the velocity equationlL2u1/Lx2
in at our resolution, a typical value used forequations (10) ;
l is 0.4. The ionization fraction for all these runs was kept
constant at m \ 0.1.

We explored various regions of the parameter(k0/m [ *)
space, retrieving the same conditions for the growth of the
instability predicted by the linear analysis. In Figures 2, 3,
and we illustrate the results for three representative cases,4
all with *\ 4. In we present the Ðnal spatialFigure 2
proÐle of the velocity at the time q\ 100 for two unstable

FIG. 2.ÈSpatial proÐle of the normalized velocity perturbation atu1the time q\ 100 for the unstable cases *\ 4, (solid line)k0/m \[2, j \ 13and *\ 4, j \ 5/3 (dashed line), superimposed on the proÐle ofk0/m \ [2,
the stable case *\ 4, (dash-dotted line), which on this scalek0/m \ 2
appears as a straight horizontal line.

cases with the Ðrst one for the adiabitic casek0/m \[2 :
j \ 5/3 (dashed line) and the second one for (solidj \ 13line). The third (dot-dashed) line in the Ðgure refers to the
stable case shows the velocity proÐle ink0/m \ 2. Figure 3
the stable case on a stretched scale. illustrates theFigure 4
proÐles of the magnetic perturbations (i.e., the wave
envelope for the same three cases.b

y
2 ] b

z
2)

FIG. 3.ÈSpatial proÐle of the normalized velocity perturbation atu1the time q\ 100 of the stable case *\ 4, as in but on ak0/m \ 2, Fig. 2
stretched velocity scale.

FIG. 4.ÈSpatial proÐle of the normalized wave envelope B2\ b
y
2] b

z
2

at the time q\ 100 for cases identical to those in Fig. 2.
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As can be readily seen, the development of the instability
results in the formation of sharp fronts in the velocity/
density proÐle of the Ðrst order (in v) of the velocity/density
perturbation. As expected, the radiative case develops
stronger fronts. The perturbation of the magnetic amplitude
is also subject to growth, both in the adiabatic and in the
radiative cases. In the stable case, on the contrary, the per-
turbations never grow very far beyond the initial imposed
value ; this has been tested as well for times much longer
than the ones displayed here.

3.4. Comparison with Observations
Even though in this paper we want to prove a point of

principle rather than make a detailed comparison with the
observations, we can use the results of the numerical simu-
lations to check whether the instabilities that form are
indeed capable of producing the conditions for the observed
emission.

Absolute luminosity measurements of bright features of
stellar jets are hardly found in the literature (the line inten-
sity is intrinsically very weak, especially in the beam region
we are modeling, and is very likely attenuated by an
unknown amount of dust commonly present in star-
forming regions). The most meaningful comparison with the
observations that can be performed at this stage is therefore
an estimate of the average relative luminosity contrast
between the bright knot, which in the simulations is associ-
ated with the maximum of the density perturbation (o

M
),

and the weakly emitting region between a knot and the
following one (““ interknot ÏÏ region), associated with the
density minimum in our plots.(o

m
)

We derived a representative value of the observed
average luminosity contrast from the papers by Raga,
Mundt, & Ray and Ray, & Raga in(1991) Mundt, 1991,
which the authors present, for several well-known colli-
mated jets, relative intensity tracings along the jet axis inte-
grated across the jet in the light of the forbidden [S II]
jj6716, 6731 doublet. For each jet we determined the ratio

where and are the average relative minima&\ l6
m
/l6
M

, l6
m

l6
Mand maxima read on the tracings. Averaging then over all

the jets, a mean ratio obtains.&1 D 0.4
This value has to be compared with the luminosity ratio

given by our simulations. If the ionization fraction of the
gas is assumed to be constant, the emissivity (ergs cm~3
s~1) in a collisional forbidden line is roughly proportional
to o2T ~1@2 exp where T is the gas temperature([ Texc/T ),
and K for the [S II] lines. In the adiabatic caseTexc D 21,400
both the variation of the density and that of the tem-
perature contribute to the emissivity, while in the radiative
case the excess heating radiated away on timescales much
shorter than the dynamical timescales, and the compression
at the shock front can be considered as isothermal (Draine
& McKee Transforming back the numerical results1993).
into physical values, we estimated the ratio & between the
calculated emissivity at the minimum and at the maximum
as a function of v, considering for the adiabatic case a refer-
ence temperature (intermediate between and of 5000T

m
T
M
)

K, and neglecting the temperature variation in the radiative
case. The result is shown in where we plot both theFigure 5,
adiabatic (solid line) and the radiative (dashed line) curves. It
can be readily seen that the observed value can be&1 \ 0.4
obtained assuming vD 0.15 in the adiabatic case and
vD 0.23 in the radiative one. These values of v are consis-
tent with the observed velocity Ñuctuation in the beams of

FIG. 5.ÈRatio & between the emissivity at the density minimum and
the emissivity at the density maximum as a function of v, for the adiabatic
case (solid line) and the radiative one (dashed line). The average value of &
stemming from observations of jets is D0.4.

various laboratory jets that are in the range 16%È30%
et al. In addition, note that the obtained(Arneodo 1996).

results actually refer to a limiting case, since we took *\ 4
and a very small initial amplitude perturbation in the
envelope of the magnetic wave (5%). Results from other
runs (not shown here) demonstrate that a smaller * (i.e., a
case closer to equipartition) and/or a larger imposed initial
perturbation would produce a stronger jump in o and this
would produce the same observed luminosity contrast with
a smaller v.

The physical picture that emerges from the previous dis-
cussion is one in which circularly polarized Alfve� n waves
excited by the rotation of the accretion disk propagate away
from the star in opposite directions with opposite polarities.
If the plasma b is such that * has the same sign on both
sides, these waves may develop into sharp compressions or
weak shocks, which will generate heating and density
enhancements on both lobes of the jet, while negligible
e†ects develop in both lobes again for the other sign of *.
This constitutes a simple, new-conception explanation for
the optical and IR-emission of the nodular beam of proto-
stellar jets, and for the fact that in some cases only the
terminal bow shock is identiÐed, while the linear section is
not visible Morse, & Reipurth(Reipurth 1994 ; Bally, 1996).

4. DISCUSSION AND CONCLUSIONS

In this paper we propose a new possible physical mecha-
nism to form Ñow perturbations in the beam section of a
stellar jet, which could be described as mild compressions or
very weak shocks, of the peculiar type required to justify the
low-excitation emission of bright moving knots. The
mechanism if based on the stability properties of Alfve� n
waves propagating in the partially ionized medium that Ðlls
the jetÏs channel.

Circularly polarized Alfve� n waves are excited by the rota-
tion of the circumstellar disk that twists the large-scale mag-
netic Ðeld perpendicular to the plane of the disk. The waves
propagate inside the gas in opposite directions, and with
opposite polarizations, since the sense of rotation impressed
by the disk to the transverse components of the magnetic
Ðeld is the same on both sides. We have shown that under
the physical conditions present inside the jet the wave pro-
pagation is well described in the context of the MHD
regime with the Hall term included in the magnetic induc-
tion equation, as a consequence of the partial ionization of
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the medium. When quasi-equipartition between thermal
and magnetic energies is assumed, the variables and the
coordinates can be conveniently expanded to obtain a sim-
pliÐed, but still nonlinear, set of equations, suitable for the
study of the evolution at large spatial and temporal scales of
modulations of the initial wave amplitude. These modula-
tions are plausibly occurring at the jetÏs base as a conse-
quence of the sudden release of accumulated magnetic twist.

An analytical quasi-linear stability analysis shows that
for quasi-parallel propagation modulational perturbations
may develop instabilities for opposite signs of the wave-
number (uniquely correlated with the polarization of thek0carrying wave) and of the quantity * (see However,Fig. 1).
if the sense of propagation is reversed, the stability diagram
in the *)-space is also reversed with respect to the(k0/m,

Oppositely traveling waves have both oppositek0/m-axis.
senses of propagation and opposite polarizations. If the
plasma b has the same value on both sides of the star, and
the large-scale magnetic Ðeld has the same direction and
orientation (as is natural to assume following common
cloud contraction models), the traveling waves will show
the same stability/instability properties on both sides. In
particular, they will develop or not develop instabilities,
depending on the relative angle between the angular
momentum vector of the disk and the external uniform
magnetic Ðeld.

A numerical study of the equations in the full nonlinear
regime reveals the character of the instability. Our simula-
tions show that in the unstable parameter regime, sharp
compression fronts do form in the Ñow, while in the stable
case the perturbations remain bounded approximately to
their initial value. Even in the limiting case of very small
initial perturbations and without imposing strict equi-
partition, temperature/density perturbations associated
with the instability do give rise to the average luminosity
contrast observed in the jet beam between bright knots and
interknot regions. In spite of the admitted crudeness of the
assumptions made in this preliminary study, we believe that
the idea of nonlinear steepening of modulational pertur-
bations of Alfve� n waves could constitute a promising alter-
native to the pure Ñuid mechanisms so far investigated to
explain the peculiarities of the observed morphology of
stellar jets. In addition, this model could provide an expla-
nation for the puzzling observation that, in some cases, the
linear jet sections are missing, even if the terminal bow
shocks are present. This model could in principle help
determine the actual direction of the magnetic Ðeld if future
observations are able to resolve accretion disks and deter-
mine their sense of rotation. In fact, from the knowledge of
the sense of rotation of the disk and the fact that the jet is
observed together with the terminal bow shocks, one can
deduce the actual direction of the magnetic Ðeld, in the
framework of this model, at least when the plasma b can be
assumed to be approximately the same on both sides.

A number of reÐnements and extensions of this work can
be envisaged at the present stage. The inclusion of cylin-

drical geometry together with the e†ects of weak depen-
dence on transverse variables would be desirable, as well as
that of a variable ionization fraction along the jet, as
derived from the observations, for example in RW Aurigae

et al. and in HH 34 et al.(Bacciotti 1996b) (Bacciotti 1996a).
The observed variation (analyzed both empirically and with
a phenomenological model), proportional to 1/(1 ] x),
where x is the distance from the star along the axis, could be
introduced, although at some cost, since a new nonlinear
term appears in the induction equation.

Finally, a puzzling and striking fact remains to be
explained, namely, that the emission of stellar jets is often
observed to be one-sided : it has been estimated that in
about 50% of known cases a counterjet is barely seen, or
not observable at all, in spite of the fact that matter is
clearly ejected symmetrically, as evidenced by the presence
of terminal bow shocks on both sides, located at approx-
imately the same distance from the star and moving with
comparable velocities in opposite directions (see, for
example, the cases of HH 46/47 and HH 34 described in
Reipurth & Heathcote and respectively). Extinc-1991 1992,
tion arguments, based on the projection of the jet axis with
respect to the observer, combined with the location of the
parent YSO at the rim of a dense cloud, do not always
apply, since observations of monopolar jets at wavelengths
inÑuenced in a lesser way by dust extinction conÐrm the
asymmetry of the phenomenon & Reipurth(Rodriguez

et al. All this evidence points toward an1994 ; Curiel 1993).
intrinsic nature of the observed asymmetry, generated by a
mechanism that, while leaving unaltered the basic proper-
ties of the ejection of matter, is capable of giving rise to
di†erent emissions in the two opposite lobes.

The physical theory in the form proposed here could
justify an asymmetry only if the plasma b is signiÐcantly
di†erent on the opposite sides of the star or the magnetic
Ðeld has a quadrupolar conÐguration at large scale.
However, kinetic e†ects, such as nonlinear Landau
damping, that have been investigated in the literature both
in the high-b regime and for the equi-(Rogister 1971)
partition b D 1 case of interest here are known to introduce
extra nonlinear and nonlocal terms in the DNLS equation

& Wyller Spangler(MjÔlhus 1986, 1988 ; 1989, 1990 ;
& Diamond The importance of the newlyMedvedev 1996).

added terms depends on b, on the ratio of electronic to ionic
temperatures, and on the degree of anisotropy of the pres-
sure. Consideration of these e†ects could in principle lead to
an asymmetry in the stability character of the traveling
waves and, as a consequence, in the emission properties of
the jet.
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