Astron. Astrophys. 334, 750755 (1998) ASTRONOMY
AND
ASTROPHYSICS

Possible bending mechanisms of protostellar jets

Christian Fendt and Hans Zinnecker

Astrophysikalisches Institut Potsdam, An der Sternwarte 16, D-14482 Potsdam, Germany

Received 17 November 1997 / Accepted 4 March 1998

Abstract. Observations of several bipolar jet flows from youn& Mundt (1997) observed Herbig-Haro flows on a parsec-scale,
stellar objects reveal a slight difference in the apparent directiand report changes in the flow direction (up~4010°). They
of propagation for jet and counter jet. point out possible mechanisms for such changes, in particular

In this paper, possible mechanisms leading to such a jet geecession and Lorentz forces. Mundt et al. (1990) observed
flection are investigated. We discuss various effects, such assheeral cases, i.e. the HH 30 jet and the HL Tau jet/counter jet,
motion of the jet source within a binary system, gravitationathere they derived curvature radii frab6 to 3 10*® cm. They
pull due to an asymmetric external mass distribution, dynamiegére first to point out that the jet transverse displacement from a
pressure of the external medium, inertial effects due to prog#raight motion of a protostellar jet may be due to Lorentz forces.
motion of the jet source, an inclined interstellar magnetic fieldhere are several examples known, where the jet/counter and
and the coupling between a magnetic jet and an external mpgform an S-shape structure (Eiffel & Mundt 1997).
netic field. For HH 30 Lopez et al. (1995) derive a P.A. for the jet prop-

We find that for typical protostellar jet parameters the moatyation of 30and 217for the outer jet and counter jet, respec-
likely mechanisms leading to a bent jet structure laneentz tively. They point out a 'mirror symmetry’ of jet and counter jet,
forceson the magnetic jet and/or motion of the jet source inm@iling out Lorentz forces as the driving force of the jet deflec-
binary systemDynamical pressuref a dense external mediumtion, unless a complex structure of the ambient magnetic field
or a stellar wind from a companion star cannot be excludediasupposed (see below).
source of jet bending. Bent jets are observed also for extragalactic jet sources.

Eilek et al. (1984) investigated several bending models for
Key words: MHD — ISM: jets and outflows — galaxies: jets3C 465, which exhibits a drastic bending of about°-30
— stars: magnetic field — stars: mass loss — stars: pre-mainsg@despite being a very well collimated jet/counter jet system
quence initially. They conclude that either Lorentz forces or interaction
with cool clouds may account for the bending.

Inthis paper we compare and discuss several physical mech-
anisms possibly responsible for a change of propagation direc-
tion for protostellar jets. Their effectiveness is estimated for
There is now quite anumber of cases for protostellar jets/courtigpical protostellar jet parameters.
jets, where the observed direction of propagation for jet and
counter jet is not exactly80°.

Zinnecker et al. (1996, 1997) find that in the otherwise pe2- Formation and propagation of magnetic jets

fectly collimated, symmetric jet/counter jet system HH 212 the

direction of propagation for jet and counter jet deviates by e briefly outline the general aspects and conditions of proto-
angle of about 2from 18C. In the case of HH 111, Gredel g stellar jet formation. It is now almost accepted that protostellar

Reipurth (1993) find a difference oPietween the two lobes; 1€tS aremagneticallydriven jets (Pudritz & Norman 1986; Ca-

however, the other bipolar jet originating in the same sourB&nzind 1990, 1997; Shu et al. 1994). Recently, these theoret-
region, HH 121, shows a rather large angle difference betwd&f! ideas received direct support by radio observations, which,
its lobes of 18- 20°. Another case is HH 24. where the flonfOr the firsttime, detected large-scale magnetic fields in the out-

directions are misaligned by fr jet and counter jet (Mundt et oW from a young stellar object (Ray et al. 1997).
al. 1991). Following current jet models the jet originates in the inner-

In addition, many of the observed jets do not propagate if2St part of a magnetized star-disk system (Camenzind 1990;
straight motion, but form a curved or bent jet structure.dfiel Shu etal. 1994; Fendt et al. 1995; Fendt & Camenzind 1996).
Whether the jet field is basically anchored in the accretion disk
Send offprint requests 1€. Fendt, (cfendt@aip.de) or in the stellar surface, is, however, not yet clear.

1. Protostellar jets with counter jets
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The principal mechanisms of jet formation can be summa-
rized as follows. The underlying hypothesis is that jets can only
be formed in a system withkigh degree of axi-symmetry

— Magnetic fields generated by the star-disk system.

— The star-disk system also drivesalectric current

— Accretingmatteris ejected as a plasma wind (either from
the stellar or disk surface) and couples to the magnetic field.

— The plasma becomescelerated magnetically.e. by con-
version of Poynting flux to kinetic energy.

— Plasma inertia leads to bending of the poloidal field (i.e. the
field along the meridional plane including the jet axis). The
pinching forces of the generated toroidal component (i.e.
the field component winding around the jet axis) eventually -
collimate the wind flow, forming a collimated jet structure. Jet

— The plasma velocity subsequently exceeds the speed of the | *®
magnetosonic waves. In the fast magnetosonic regime the
flow is causally decoupled from outer boundary conditions.

— Where the jet front meets the interstellar medium (ISM), a
bow shocldevelops, thermalizing the jet energy. Also, the
electric current is closed via the bow shock, and the jet net
current returns to the source of the current via the ISM.

Counter jet

Fig. 1.Model geometry in a deflected jet/counter jet system (solid line)
with an angle of deflection.. The corresponding curvature radius is
R... The direction of deflected jet propagation is approximated by the
chord (thick dashed line). The jet source is represented as a star-disk-
system.
A general point concerning the deflection of a jet from its orig-
inal pafch of motion i_s that it can only be caused by sane 3.1. Binary (multiple) system
celeration/deceleratiomechanism. It cannot be caused by e.g.
a steady, proper motion of the jet together with the jet sourdgould an orbital motion of the jet source in a binary system
since in this case the jet will have the same tangential velociégcount for the jet deflection? Binary systems are very common
as its source. Thufgrcesmust be involved, either acting on theamong main-sequence stars, and there is evidence that the binary
jet itself or on the jet source. frequency among protostars and PMS stars is at least as high
In the following we basically suppose the general model a among main-sequence stars (see Mathieu 1994; Zinnecker &
jet formation outlined in Sect. 2. The jets are ejected as straidggtendner 1997).
axisymmetric magnetosonic flows. The possible mechanisms To date, there are only few examples known of a jet source
leading to a change in the direction of jet propagation could being member of a multiple systems. Among them is T Tau
generally classified in three groups: (Herbst et al. 1996) and RW Aur (Hirth et al. 1997). However,
the separation of the components in T Tau and RW Aur is rather
— Internal effectson small scales such as acceleration of tHarge. In turn, this may be the reason why jet motion occurs at
jet source (by e.g. a binary component), or precession ofalh since the formation of a jet requires a system with a high
accretion disk in a binary system. degree of axisymmetry, which would be disturbed by a close
— Mixed effectsuch as the interaction between intrinsic ancompanion.
external properties, such as a Lorentz force due to a jet net Here we assume a scenario of a young stellar binary system
current and an external magnetic field. with one component emitting jets (see Fig. 2). The jet source
— External effect®n large scales such as a gravitational paroves a distancAz while ejecting a series of different portions
tential of a source outside the star-jet structure or a pressofdghe jet. The observed jet appears deflected, as the velocity
/magnetic field of the ambient medium. components of the jet are different for different tintesndt.
We estimate a kinematic time scalg,, ~ 100 yrs for an
In general, we assume that the jet/counter jet with a lengthserved jet lengtii;., ~ 10'7cm and for a typical jet speed
scaleL;.; follows a curvedtrajectory with the correspondingof 300 kms ™. This time scale might be larger, if the jet axis is
curvature radiusR,.. This assumption is consistent with thénclined against the orbital axis.
observations, although a straight jet trajectory in the case of Inthe case of asmall ratiz / L;c, we definex as the angle
a small angle of deflection can not be excluded. Usually, thetween a straight jet propagation and the observed orientation,
deflection anglex is small and of the order of some degreesyhich for analytical reasons is approximated as straight line,
a =~ tan(a) = 0.5 Lier/ Rx, (see Fig. 1). sin @ = Ax/Lje;. With the assumption that this motion is due to

3. Possible mechanisms leading to a jet deflection
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Fig.2. Model geometries in deflected
jet/counter jet systemkeft: Binary star - jet
system. Shown is the jet source at different
timest; andt,. The observed jet is ejected
betweent; andt¢z. The dynamical time of
the jet motion israyn = t2 — ¢1. The angle
of deflectionw is approximated by a straight
line (thick dashed line)Right: A poloidal
current densityj, in the jet and an exter-
nal magnetic fieldB.x perpendicular to the
jet axis give rise to Lorentz forces. The S-
shape (solid line) and C-shape (dashed line)
of the jet system depend on the direction of
the current flow, as indicated.

Counterjet
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acceleration by a companion star, the deriw@dimumbinary (Note that, on the other hand, this implies that the formation the

separation isAz. It might be larger because of two reasongets is just a short event along the path of the binary).

First, the binary system may not have completed half of its From the constraints (i) and (ii) it can be derived that the

orbit. Second, the jet axis might be inclined against the orbii@ndition for an observation of the bendingfts> 7 7y,. The

axis (different from Fig. 2). upper limit for P is given by the observational resolution for
In the case of HH 212 the angle af= 2° corresponds to Az. The ratio

Az = 120 AU, if we assume a length scalg., ~ 10'7cm for 1 . )

the inner jet as_ot_)served (|._e. the series (_)f the_lnner]et knotsj o Lier \?( sina\? Vjet Mot \ 2 1

Az is a lower limit for the binary separation with regard to g~ <1017cm) ( > (300kms—1>< Mg ) (1)

detection of a jet bending within the kinematic time scale. In

turn, the binary separation gives the maximum valueXer  joes not strongly depend on the jet length and the total mass of
Thus, there are two constraints on the binary period withe system.
regard to a detection of a jet bending: (i) If the period is t00 The most likely main-sequence binary separation in the so-
large, the low orbital speed of the jet soureg leads to an angle |5¢ neighborhood is about ~ 30 AU (Duguennoy & Mayor
of deflectiona ~ tan o > (v, /vje) too small for a detection, 1991). For pre-main-sequence binaries the semi-major axis fol-
within the kinematic timescale. (i) Similarly, a small periodjgys roughly al /a distribution between 120 AU and 1800 AU
equivalent to a small binary separatidh the jet deflection is (Reipurth & Zinnecker 1993; Bhler & Leinert 1997). These
too small, sincedz < D. values are in agreement with the: estimated above for HH 212
For the example of HH 212 from Kepler's Third Law followsas a requirement for a minimum binary separation in order to
an orbital period of the binary systemBfz 500 yrs, assuming influence the shape of the jet.
atotal mass of the systefi;,, = 1 M andaminimumbinary  Note that, although the binarity of the young stellar system
separation oD = 0.5 - 120 AU. breaks the axisymmetry on the large scale, the jet source itself
This period is several times larger than the jet propagatianust provide an axisymmetric geometry in order to produce a
time scale foil0'”cm, in other words, the jet bending time scalget in the first place. The scenario of a ‘stellar’ jet formation
is shorter than the period of the orbit of the jet source. Thereforeight be preferred in close binary systems compared to a ‘disk’
jetbending would be observable within the kinematic time scajet formation. This is because tidal interaction between disk

sin 2°
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and companion star may disturb the axisymmetry needed for jet For a system tangential velocity and an external medium

formation and thus prohibit the jet formation. of constant densitys;.,, the stationary dynamic pressure ex-
Jet wiggling is observed for a number of protostellar jetsrted by the ISM isPp = nis,v?. The force density i/ Pp.

Examples are HH 30 (Burrows et al. 1996) and HH 83 (Reipurthwe assume thaPp drops on length scales of some jet radii

1989). Itis, however, not yet clear whether this type of motioR;e;, comparison of centrifugal force with dynamical pressure

is due to precession or other effects. One should keep in miedce gives

that HH 30 is a very elongated, and thus presumably very stable

jet structure, with a full length of about@lundt et al. 1990) et _

or even %Lopez et al. 1995). For HH 83, Reipurth (1989) give £« Rjet

a physical amplitude of the wiggling helical motion of 400 AUIf we again definey ~ tan(a) = 0.5 L.i /Ry as the angle of

This length scale would be identical to the binary separation Jkaction we find jerie

we suppose that the wiggling arises not from tidal interaction, '

Ujet o nismvz ) (4)

but from kinematic motion of the jet source in a binary system. 1 Ljet Nism [ Vs 2
Evidence for tidal interaction and a precessing jet is fourft = tan(@) = 2 Ry T (U.et) = ()

in the case of the famous SS 433 system (Margon & Anderson o ! 9

1989). The precession amplitude$ with a period of 160 — 19-3 (L-iet/Riet> (”ism/”-iet> (U*/U-iet)

days. This jet is, however, relativistic and presumably highly 20 1 0.01

magnetized, which is in difference to protostellar jets. This value for is below the observed angles. The maximum
deflection angle is observed if we look perpendicular to the

3.2. Gravitational/inertial effects motion of the star (but depends on the inclination of the jet

o ] axis). The observed deflection angle becomes larger if the jet
Could an external gravitational potential due to a mass asy{yis is inclined.

metry in the ISM account for a deflection of the jet? From com- e energy density involved in this stationary process is
parison of gravitational to centrifugal forces on the jet, mpnismvf, being released in heating the jet and the ambient
medium. The resulting jet luminosity due to this ‘braking’ pro-

ot A M, X je U'2 ;
GPetBMext _ PietUer (2) cessis of the order of

R2 R,
~ . 37.. L=
whereA M. is the external mass asymmetry (correspondindrad =~ 277w ismV; Liet fjer = ((6)
to an external attractor with mags\/.,; ata distance?,),one  _ ¢1o-81 ( Nism )( Rjet )( Liet )( Uy )‘3_
calculates a deflection angle for typical jet parameters, © \103cm23/\105cm /) \10"7cm  \km 51
L 02 In terms of the jet kinematic luminosity we calculate
jet Vjet ] y

a ~ tan(a) = = 3)

2G AMext 9 1 Lrad ~ Nism Ljet 'Ui* ° ~ }O( Vs (7)

— 0.03 Ljet Ujet AMext Liin — Njet Rjet \Vjet / 2 \Wjer )
) 10" cm /) \ 300 kms™* 107 M

which is very small for typical protostellar jet parameters, and
Thus, the deflection of the jet by a gravitational potential réherefore hardly observable.
quires an unreasonably high mass asymmetry inthe ISM. There- Dynamical pressure of an external medium might however
fore, these large scale gravitational/inertial effects can hardig important if the jet is propagating under the influence of
account for the observed jet deflection. a stellar wind from young stars in its vicinity (Mundt, 1997,
Another possibility is that the star, or rather the jet sourcprivate communication). This scenario of the protostellar jet
becomes accelerated itself, while the jet remains in a steady reovironment is likely, since star formation produces groups of
tion. Since a large scale external gravitational potential attragtsung stars.
both star and jet, only internal, i.e. small scale, potential differ- In order to estimate this effect we have to rewrite Eq. (5),
ences may account for a specific acceleration of the star. Wiéh the wind densityn;s,, — nwing @and velocity of the wind
most reasonable source for such a potential would be a binagy— vying. With the estimates,;i,a ~ 0.1vje; and the density
companion (see Sect. 3.1) contrastnyindg /njes =~ 0.1 we finda ~ 0.01, which is of the
order of the observed angles.

3.3. Dynamical pressure of external medium

_— 4. Incli I ic fiel
Suppose that the star-disk-jet system as a whole performg a nclined strong external magnetic field

steady motion. If it then penetrates a large cloud in the ISM, tiidithout a detailed consideration, we mention another possibil-
‘light’ jet flow will be deflected due to the dynamical pressurdy of deflection of jets from their propagation direction. That
of the cloud, while the ‘*heavy’ star will continue on its pathis by strong external (poloidal) magnetic fields inclined against
(Note that this scenario is different from that of a jet source tite jet axis. In a simple picture, this field acts like a wall for the
rest, where the jet bores a funnel through the ISM.) conducting jet plasma (ideal magnetohydrodynamics, frozen in
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magnetic field), and, depending on the field strength and on the 24 g). With typical jet parameters (see Camenzind 1990;
inclination angle, the jet will tend to flow along this wall. JeFendt et al. 1995) we find

and counter jet are deflected in opposite direction, forming a - By Lot
- i ~ 0.018sin ¢ I = 12 11
S-shaped structure (see E|g. 2). a 0.018 sin (1011 A> (10 MG> (1017 Cm> (11)
Currents are not considered here (but see Sect. 3.5). Esti- ", L
mation of the involved field and jet kinetic energy shows that a < Rjet ) ( Njet )‘1 ( Vjet )

typical protostellar jet will clearly dominate the external field, 1018 ¢m 100 cm—3 300kms™ !
) -2 which is of the order of the observed valugés(2°),
8

V2 . . 2
% =4103 ( Diet ) ( et ) ( Bext We see from Eq. (10) that the deflection angle is rather sen-
Bz, /AT 100cnr3/ \100km 7! 10 uG iy . - ;
sitive to the jet parameters. The question arises, why only small

This process is therefore unlikely for protostellar jet deflectiodeviations from the intrinsic direction of propagation have been
The 'magnetic wall’ consisting of the interstellar magnetic fieldbserved? We suspect that a hypothetical larger deflection will
of typical field strength is too soft in order to deflect the jgtist destroy the jet as such. Furthermore, it is not that plausi-
motion. ble to change all the protostellar jet parameters in the brackets
with a positive exponent in Eq. (11) by, say, an order of mag-
nitude. Thus, Lorentz bending may change the direction of jet
propagation only slightly.
Here we estimate the Lorentz forces between the current car- However, considering the possibility of sweeping the exter-
rying jets and an external (interstellar) magnetic field. A nal magnetic field out of the jet funnel (see above), the magnetic
poloidal current along the jet is necessary in order to achievéield in Eq. (11) may be strongly over-estimated concerning its
high degree of collimation (Heyvaerts & Norman 1989). strengthinsidethe jet. In this case the deflection due to Lorentz

Comparison of the centrifugal force due to the curved jéarces would be much weaker. In turn, one may conclude that
motion and the Lorentz force due to jet current and exterrly jets with finite conductivity could be deflected.

3.5. Lorentz forces

magnetic field gives The direction of the jet deflection is determined by the di-

) rection of the poloidal current, if we assume that the external
ljp  Boy = Piet Vjet 9) field remains constant along the whole jet/counter jet structure
¢ “ R. (see Fig. 2). We expect an S-shape structure of the jets, if the

poloidal current flows in opposite direction in the jet and counter
tlg_t. Similar shapes were observed (see discussion ibftak&
Mundt 1997). Alternatively, in a C-shaped jet/counter jet topol-
ogy the poloidal current would flow in the same direction in
é)[oth the jet and counter jet (see below). This scenario would be
appropriate for e.g. the HH 212 jets, where jet and counter jet
are deflected in the same (western) direction (Zinnecker et al.

wherejp is the poloidal current density arf..,, the poloidal
component of the external magnetic field (see Fig. 2). In
grating over the jet diameter, only tip@loidal external mag-
netic field component which iperpendicularto the jet axis,
By sin g, gives a net Lorentz force perpendicular to the j
axis (with the angle between the jet and the poloidal field)
The toroidal part of the external field does not contribute to t
bending of the jet as a whole, it rather pinches and coIIimat%%%)' . . .
the jet structure itself. The jet magnetic fidR].; is responsible In qrder to explain l.)Oth types of jet bending, one may hy-
forthe internal jet structure, i.e. the collimation and acceIerati(‘.?i‘?thesIze that the physical parameters of the accretion disk play
of the jet, and cannot bend the jet. a role for the closure _of the current system. In the case of the S-
In Eq. (9), it was assumed that the external fielthasno- shaped topologyt_hejet current _system c_Ioses_ via the bow s_hock
geneoun a large scale, at least on the scale of the jet leng .d the_ISM to anighly conductiveaccretion disk (and possi- :
Otherwise the bending effect will vary along the jet axis. y continues to the star), and the same holds for the counter-jet

In particular, it was assumed that the external field is pres?ﬁ'trrem' In the case of a C-shaped topology the jet current closes

alsowithin the jet, after all in Eq. (9)p and B.y, have to be rom the bow shock via the ISM to the counter jet, and does not

measured at the same physical position. This is a critical poﬂﬁnetrate theveakly conductivaccretion disk. The difference

if we consider highly conductive jets, where the jet plasma, %the disk cqnductlwty_ could be cause@ by a d|ffer.ent tempgr-
ure, accretion rate, different composition of the disk material.

it flows along the jet, may potentially sweep any external fie giff devel tvari ¢ durina the lif
out of the jet funnel. In this case the Lorentz force in Eq. ( ese dilierences may develop at various stages during the fite-
me of the accretion disk.

would vanish and the problem is similar to that of Sect. 3.4. t
From Eq. (9), it is straightforward to find an expression for

small deflection angles, 4. Conclusions
Tjot Bext sin & Liet In this paper we have discussed several possible mechanisms
o = tan(a) = (10)  providing a deflection of protostellar jets from their original

¢ ZWm"jetRertUert rovid _
. direction of propagation.
with the jet particle densityi;e, the jet radiusR;e, the jet Among these physical mechanisrggavitationalattraction

velocity ve, and the particle mass (in the followingm ~ of a mass external to the star-jet systerartial effects of the jet
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source and jet in an ambient medium, andrained magnetic Mundt R., Brugel E.W., Bhrke T., 1987, ApJ, 319, 275
field are probably irrelevant for the observed jet deflection dfundt R., Ray T.P., Bhrke T., Raga A.C., Solf J., 1990, A&A, 232,
several degrees. 37
Dynamical pressuref the ambient medium on the jet cannolMundt R., Ray T.P.,, Raga A.C., 1991, A&A, 252,740
be ruled out, but requires lower jet velocities and a higher dengitydritz R.E., Norman C.A., 1986, ApJ, 301, 571
contrast between jet and ambient medium than observed. <& T-P. Muxiow T.W.B,, Axon D.J. etal., 1997, Nature, 385, 415

. . . . Reipurth B., 1989, A&A, 220, 249
We find two physical processes, which are possible reasgggﬁurth B. Zinnecker H.. 1993 AGA. 278. 81

for jet deﬂect_ion. Th_ese are (1) the ac'Fior? of Lorentz forc%shu F.H., Najita J., Wilkin F., Ruden S.P., Lizano S., 1994, ApJ, 429,
between the jet and interstellar magnetic field, and (2) orbital 7gq
motion of the jet source in a binary (or multiple) system. Meclginnecker H., McCaughrean M., Rayner, J., 1996. In: Beckwith S.,
anism (1) requires a net electric current flow in the jet, arealistic Staude J., Quetz A. & Natta A. (eds.), Proc., Disks and Outlows
possibility in the case of a highly collimated jet. The conduc- around Young Stars, Lecture Notes in Physics 465, Heidelberg,
tivity of the accretion disk might play a role concerning the Springer, p.236
closure of the current system and the shape of jet / counter4#étnecker H., McCaughrean M., Rayner J., 1997. In: Malbet F. and
systems (S-shape vs. C-shaped). However, depending on howcastets A. (eds.), Proc. IAU Symp. 182, Low Mass Star Formation
the interstellar magnetic field is distributedthin the jet, the __— from Infall to Outflow, p.182 .
magnitude of jet bending due to Lorentz forces remains uncélmecker H"_ Brandner W., 1997. In: Docobo etal. (eds.) Visual Dou-
tain. Mechanism (2) requires a certain interrelation between the ble Stars: Formatlon, Dynamics and. Eyolunonary Tracks, Conf.
L . . . Proc. Santiago de Compostella, Spain, in press

kinematic parameters of the jet and binary components. Other-
wise the bending is too small (for high jet speeds or large binary
separation). For typical jet speeds30f) km s ' the binary sep-
aration must be of the order of 100AU in order to obtain a
jet deflection angle of several degrees. This is, indeed, what is
observed as a typical separation in pre-main sequence binaries.

Although all processes discussed above imply non-
axisymmetry of the jet source - jet system on large scale,
we emphasize that the jet formation itself always requires an
intrinsically axisymmetric topology. A high degree of non-
axisymmetry would disrupt the jet. This might be the reason
why protostellar jets show only small deflection angles.
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