D 5 B LIN Technological University Dub.lin
- ARROW@TU Dublin

Articles School of Mathematics and Statistics

2000-11

Numerical Simulations of Steady and Pulsed Non-Adiabatic
Magnetised Jets From Young Stars

Stephen O'Sullivan
Technological University Dublin, stephen.osullivan@tudublin.ie

Tom Ray
Dublin Institute for Advanced Studies

Follow this and additional works at: https://arrow.tudublin.ie/scschmatart

Cf Part of the Astrophysics and Astronomy Commons

Recommended Citation

O'Suillivan, S. & Ray, T. (2000). Numerical simulations of steady and pulsed non-adiabatic magnetised jets
from young stars. Astronomy & Astrophysics vol. 363, pg. 355-372. doi:10.21427/1bze-ag50

This Article is brought to you for free and open access by the School of Mathematics and Statistics at ARROW@TU
Dublin. It has been accepted for inclusion in Articles by an authorized administrator of ARROW@TU Dublin. For
more information, please contact arrow.admin@tudublin.ie, aisling.coyne@tudublin.ie, vera.kilshaw@tudublin.ie.


https://arrow.tudublin.ie/
https://arrow.tudublin.ie/scschmatart
https://arrow.tudublin.ie/scschmat
https://arrow.tudublin.ie/scschmatart?utm_source=arrow.tudublin.ie%2Fscschmatart%2F169&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/123?utm_source=arrow.tudublin.ie%2Fscschmatart%2F169&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:arrow.admin@tudublin.ie,%20aisling.coyne@tudublin.ie,%20vera.kilshaw@tudublin.ie

Astron. Astrophys. 363, 355-372 (2000) ASTRONOMY
AND
ASTROPHYSICS

Numerical simulations of steady
and pulsed non-adiabatic magnetised jets from young stars

S. O'Sullivan' and T.P. Ray?

! Department of Applied Mathematics, University of Leeds, Leeds LS2 9JT, UK
2 Dublin Institute for Advanced Studies, 5 Merrion Square, Dublin 2, Ireland

Received 8 March 2000 / Accepted 26 April 2000

Abstract. In contrast to jets from radio galaxies, energ{. Introduction

losses due to radiation effects, atomic hydrogen ioni:s,?l;I . : L .
. S . o e simulation of astrophysical jets has a long history (e.g.
tion/recombination and molecular hydrogen dissociation A o et al 19827 Wilson & Scheuer 1983~ Norman 1993)
Important in jets from young stars. Moreover there is now gejy, st of the early work in the field concentrated on jets from

eral agreement that magnetic fields may play a very importe}gdio alaxies. In part this was for historical reasons: jets from
role not only in the formation of these jets but also their subse- . 9 es. i p . . S-Jels I

L7 radio galaxies were the first to be discovered but in addition,
quent collimation.

With these ideas in mind we have developed a new mulplgcause an essentially adiabatic equation of state could be as-

dimensional magneto-hydrodynamic second order upwind cosdjemed’ they were easier to mode! than their nearer galactic
nterparts i.e. Herbig-Haro (HH) jets from young stellar ob-

that includes the above loss terms. Fluxes at cell interfaces %e?c(:%s (YSOs). Many such examples of the latter are now known
calculated using a linear approximation and, if this fails, a noff: ' y P

(see, for example, Ray 1996) since their discovery almost two
decades ago. Their typical temperatures are arouh{ 1€b, in
contrast to AGN jets, one has to allow for the effects of cooling
radiative recombination, ionisation and molecular dissocia-

linear iterative solver. The conditidvi - B =0 is maintained by
including small source terms in the conservation equations.

We find that the propagation dynamics and morpholo
of magnetised supersonic radiative jets are significan
different to their hydrodynamic counterparts even wheh M inth fiots f di laxies. the |
=87 P,,,/B? ~ 1. Both steady and pulsed jets were SimL{:’m oreover, in the case of jets from radio galaxies, the impor-

. g : . ce of magnetic fields has been recognised for many years both
lated. In particular, magnetic fields for the three configurations : : . : )
. . . from observational and theoretical perspectives (Laing 1993;
we tested (helical, toroidal, and poloidal) enhance the jat . A :
ICamenzind 1998). The concensus is that they are also impor-

collimation. For example, longitudinal fields restrict the later. . . S .
motlion Iof the rov)\(/ an?j a purgeII; tloroidlal field trllrough hoo antin the formation and subsequent collimation of YSO jets as

stresses, constricts the jet towards its axis. Such stresses '?rq altho_ugh observational evidence for their presence is much
: ) . - rhnore difficult to come by (nevertheless §ee Ray et al. 1997 and
the toroidal field case, may lead to the jet exhibiting extendg :
: . |Warren-Smith & Scarrott 1999).
nose cones, enhanced bow shock speeds, and disruptior i

. . . o One of the most striking features of the morphology of
internal working surfaces (knots) formed by velocity variatio .

in the jet. We find that poloidal fields maintain a more statr)lisoo ejeitrsn’abce)? fir;)r?hg{roil;%;?asset?uﬁjnrg Hggglr? tshgzge k-l;] e(:fs'
degrge of coIIimatiqn and.kno'ts are pot destroyed. Cooniéepquasi-pgeriédically spacedyas in fof example, HH 34 or
also Improves the jet coIhmaﬂqn as it reduces.the thermﬁh 111 (Ray et al. 1996; Reiphrth et,al. 1997). Altr,mugh the
support in the cocoon making it narrower tha_m |_ts adl.abaté?ecise origin of these knots is still debated (see, for example,
counterpart. Another effect of cooling is that it gives rise tb_

F (¢ H
Rayleigh-Taylor (RT) unstable configurations at the head Mflcono et al. 1998[ Raga et al. 1998) there seems little doubt

the jet causing the bow shock to periodically break up inioat at least some can be identified with internal working sur-

( iati i -
smaller structures that sank back into the jet cocoon. This co%&ﬁs (Ray et al. 1996) caused by temporal variations in the out

lai fthe knotty st in Herbig-H A . .

explain some of the knotty structures seen in Herbig-Haro bows Simulations of YSO jets have now been performed (see,
for example,[Stone & Norman 1993; Stone & Norman 1994;

Key words: Magnetohydrodynamics (MHD) — ISM: jets anoSrnlth 1998) Wh'cf‘ mc!ud? .not only Fhe energy IQSS ‘efms but
also the effects of “pulsing”, i.e. velocity variations in the jet that

outflows : ; . :

in turn produce internal working surfaces (Raga et al. 1998). In

. . this way many of the observed characteristics of YSO jets have

Send offprint requests 18. O'Sullivan (so@amsta.leeds.ac.uk) peen simulated. There are, however, some discrepancies: for ex-
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what one would expect on the basis that they are simple hydro- The absence of magnetic monopoles is demanded via
dynamic internal working surfacels (Eo$lel & Mundt 1998).
Given the likely importance of magnetic fileds in the coliy B=0 (7)

mation jets, it is interesting to see what effects such fields hayenjs constraint is ever true then it is true for all time for a sys-
ontheir subsequent propagation. Moreover, since we are deafiflg governed by these equations by virtue of Eq. (3). However,
with radiative jets in which large degrees of compression cgfyncation errors introduced by finite differencing the equations
occur, initially insignificant magnetic fields can become dynanyean that, from a numerical perspective, Ef. (7) must be han-
ically important through amplification. Thus even if such fieldgjeq by the explicit inclusion of terms proportional¥-: B in

are not important for collimation purposes, this does not meg{s MHD equations (Powell 1994). These terms may be derived

they can be subsequently ignored. Itis also not clear what effegtsy, the primitive equations of electrodynamics by relaxing
magnetic fields have on the development of internal worki

surfaces. With these ideas in mind, we have simulated a numbera new second order accurate MHD code was developed for
of YSO jet configurations using a new magneto-hydrodynamiggled astrophysical flows governed by Egs. (1)-(4) andEq. (7).
second order upwind code that includes energy losses due tofligs code is a hybrid of various techniques and for a complete
diation effects, atomic hydrogen ionisation/recombination argsciption the reader is referred/to O’Sullivan (2000). Fluxes
molecular hydrogen dissociation. TRe B=0 conditionis pre- 4t cell interfaces are calculated by means of a linear Riemann
served to tuncation error accuracy by including small sourggjver, or, if the solution is not physical, a robust non-linear
terms in the conservation equations. Riemann solver. The non-linear solver uses the jump conditions
Outline details of the code are given in Sect. 2 before Wgr shocks and integrates across rarefactions with magnetosonic
present and discuss our results for the three magnetic field c@Ritch-off waves and the degenerate waves resulting from avan-
figurations used (helical, toroidal, and poloidal). We examingning longitudinal magnetic field treated separately as special
both steady and “pulsed” jets. Itis shown that even quite Moghses. Pressure positivity is maintained when integration of the
est magnetic fields, through amplification by compression, cgfaal MHD equations results in a negative pressure by resorting
have dramatic effects on jet development when compared Wigpne of three alternatives. In order of sophistication and appli-
the corresponding hydrodynamic cases. This is especially tggion the options are: an entropy density advection technique
for the evolution of internal working surfaces in pulsed jets. pased on a simplified set of equations valid when no shocks are
present in the local flow (Balsara & Spicer 1999); reverting to
2 Code a first order solution to take advantage of its inherent numeri-

cal diffusivity; and lastly, injecting thermal energy to retrieve
The usual equations of ideal magnetohydrodynamics govern gegsitive pressure.

dynamics of the jets In order to include the effects of radiative energy loss, ioni-
op sation, and dissociation represe.n.tedlciyl Eq. @)_We geparate .
5% +V-(pu)=0 (1) these processes by operator splitting the Qyngmlcal tlmestepplng
from the cooling. Thus, after each step in time, the chemistry
d(pu) i is calculated in the resultant state over the same period. We do
5 TV (puu+1Ip" —BB) =0 (2) not consider structure in the cell when applying the chemistry
routines to the second order state because it would be extremely
0B time-consuming to do so and we find that the morphology of
ot + V- (uB - Bu)=0 (3) the kind of flows considered here are rather insensitive to the
cooling. Therefore the cooling in these simulations is not second
9FE +V-(E4+pHu—(u-B)B)+L=0 (4) orderinspace, butis second order accurate in time. The ionisa-
ot tion fraction of H and dissociation fraction of,Hre explicitly
1 calculated and cooling from atomic species is found using rates
pr=p+ 532 (5) for a plasma of solar abundances (Sutherland & Dopita [1993).
The dissociation rates are obtained from cross sections derived
1 P 1 5 by [Martin & Keogh (1998) for collision-induced dissociation
E= Pu + =1 + §B ®) from the H,(0, 0) ground vibration-rotation state with partners

H, Hs, He, and € . The molecular cooling function used is from
wherel is the identity dyadic and is the energy loss due toLepp & Schull (1983); calculated using four vibrational levels,
radiation, dissociation and ionisation, and the other symb@ach with 21 rotational states. The reader is referred to Appendix
have their usual meanings. Here units are chosen sucBthd&lfor further details.
has absorbed a factor of (v/47). These equations are derived
from t_he classical equatlons of hydrodynamics qnd MaxweILdsr Initial conditions and presentation of results
equations of electrodynamics under the assumptions that charge
separation and displacement current may be neglected. FiM& consider the propagation of jets in molecular environments
freezing and non-relativistic flow speeds are also assumed. under a range of conditions. In all cases we use an initial ambi-



S. O’Sullivan & T.P. Ray: Simulations of magnetised jets from young stars 357

NUMBER DENSITY: MAX= 2.98343, MIN= —0.180211 (
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Fig. 1a—d.Adiabatic molecular jet with no magnetic field present at 1000 yr. All results are displayed for this time unless otherwise stated.
The scale of the grid i8.0 x 107 cm by2.5 x 10 cm.

ent medium of uniform thermal pressure and density. We choose ’
a temperature of’ = 10%K and a nuclear number density of * - ML
n = 50cm~2 as being characteristic of the outer regions inz
molecular clouds and assume a ratio of atomic to molecular '
hydrogen of 1 4y = nu,/ny = 1, whereny, andny are 8
the number densities of atomic and molecular hydrogen respec-
tively). For the jet conditions we also use= 50cm3 and £ °
look at molecular jets witlyy = 1 at atemperaturé = 10® K,
and atomic jets af' = 10* K. We do not consider cooling pro-
cesses beloW = 10° K so the molecular jets are initially in ™
thermal equilibrium. The atomic jets, however, undergo cooling ,,
immediately upon entering the grid. Low densities are used g1
order to better resolve the cooling length scales which go as*
the inverse of the density squared. Clearly both of these cases,
are over-pressurised with respect to the surrounding material, o 500 1000 1500 2000
the latter very much so, and therefore strong constraining pro- z (10%em)
cesses will need to take effect in order to prevent the jet losipgy 2 | ength-ways section of jet beam2% of the jet radius for an
its collimation to rapid expansion once it enters the ambiegdiabatic molecular jet with no magnetic field present.
material.

Cylindrical coordinates under axial symmetey r, ¢) (lon-
gitudinal, radial, and azimuthal coordinates respectively whefeely. A 10% sinusoidal variation is imposed am, for the
¢ is the ignorable coordinate) are used on a the grid with diulsed molecular jet simulations. The inflow aperture radius,
mension2.0 x 107 cm by2.5 x 10'® cm with a cell of length R;, is 25 cells with an additional 5 cells for a smeared inter-
1.0 x 10 cm in each coordinate direction. The inflow velocface between the jet and the ambient material. In the smeared
ity of the jet is chosen to be close to 100 kimfsWe use a jet layer the velocities, number densities, and thermal pressure are
Mach number of\/, = ug/a; = 40 for the molecular jets and all given a hyperbolic tangential profile between their jet and
M, = 10 for the atomic jets, where; is the sound speed inambient values to dampen the effect of excessive shear viscous
the jet anduy is the inflow velocity (all Mach numbers refer toheating due to too sharp a discontinuity. All simulations are run
wave-speeds within the jet beam unless otherwise indicatd@).1000 years, except those for which an earlier time was cho-
This gives values fot, of 104kms! and 103kms! respec- sen to prevent the head of the jet from propagating off the grid.

A Courant number of 0.6 is used.

(P

Log(p)

-12
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Fig. 3a—e.Adiabatic molecular jet with a longitudinal magnetic field.

Material is permitted to freely enter and leave the grid & 1. Poloidal magnetic field

the downwind and upper boundaries by assigning zero-gradient , . . . .
boundary conditions there. The boundary cells at the inflo%ﬂe configuration we consider here, a straightforward longitu-

. . -dipal field permeating both the jet and ambient material with the
aperture are set independently of the grid cells. At the upwugo\c/l;'m B — (By,0,0), is supported by observations which sug-

boundary outside the inflow aperture we use inflow boundar . o . .
conditions rather than reflecting since according to the analyglgsSt thatjets from YSOs have a preferential alignment with their

; - ; " main direction of propagation along the local interstellar mag-
of Koss| & Muller (1988) reflecting boundary conditions ar.?\etic field (Strom & Strom 1987). Requiring initial equiparti-

probably more appropriate for jet simulations close to the dnﬁ%)n of the magnetic and thermal pressures within the beam of
ing source and outflow boundary conditions for simulations ﬂq o )
e jet gives a field strengtBy = 114G andBy = 42 uG for

jets far from the source. At the= 0 symmetry axis reflectin 2 . .
J 0sy y g the molecular and atomic jets respectively. From this we get

boundary conditions are used. ,
We examine the role of magnetic fields under different coﬁ—lf\/en Mach r]ur_nberMA = 35andM, =9 for' the molec-
lar and atomic jets wher&l4 = ug/ca andcy is the usual

f|.gurat|or?s_||'1 the pr.opaggtlon and morphology of thg Jets.. Foﬁﬁv én speeds given by, = B3 /p. The magnetosonic Mach
different initial configurations are considered, each in asmpleeedsM are then qiven bW/ -2 — M—2 + M2 (26 and 7
form justifiable in the context of YSO jets: baseline zero fieldP B 9 W™ = My~ + My~ (

uniform longitudinal field permeating both the jet and ambierﬁ?SpeCt'Vely)'

material, purely toroidal field within the jet beam only, and a
force-free helical field. All fields are chosen to be approximateB:2. Toroidal magnetic field

In equipartition with thg jet (i3 = pm/pu = 1 WheI’Epm' ving considered the most simple of purely poloidal field con-
andp,, are the magnetic and thermal pressures respective éa

Clearly, this requires a much stronger field in the case of t urations it makes sense to examine the effects of a purely

higher temperature atomic jet than in the molecular case (aboourtOIdaI field which, by symmetry, can only have a rgd|al de-
4 times greaten) pendenceB = (0,0, B(r)). I_n our simulations of this case
' we use the same form as Lind et al. 1989 (hereafter LPMB).

Following LPMB, the field adopted corresponds to a uniform
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OG NUMBER DENSITY: MAX= 2.96565, MIN= —0.245472 (
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Fig. 4a—d.Adiabatic atomic jet with no magnetic field present.

current density within a core radiug,, of the jet and a return

current sheath at the jet boundaiy o
B g 0<r<R, <,
B(r) = { Bn!= R, <r<R; ® -
0 R;<r -
Imposing initial hydromagnetic equilibrium on the jet weg -0
have 2
] =12
V-(Ip*-BB)=0 9) \
which, in axisymmetry, becomes i
d Bd(rB %, 100 —
dp  BdrB) _, (10) :
dr r dr < .
Integrating by parts we get
0
_ L "B 0 500 1000 1500 2000
p(r) =p(0) — iB - /0 ! dr 11 z (10%cm)
where the integral term on the right hand side is due to the hagg, 5. | ength-ways section of jet beam2% of the jet radius for an
stress. adiabatic atomic jet with no magnetic field present.
Defining the pressure at= R; to bep.q4. gives
R; BQ 7!
P(0) = Pedge +/ T(, ) g (12)  where
0
Using the definition of LPMB 1 /R \?2
9 a=1-—— <m> (15)
B = M (13) 6m Rj
Y By dr and
is the ratio of the mean internal gas pressure to the meaninternal dge
magnetic pressure. From Eds.(13) did (8) we can soh&for Am = T B2 (16)
to obtain 2mm

B 1 By means of the equation for the thermal pressure under
R = I;€Xp <0'25 N 2B(1 — a)) (14) hydromagnetic equilibrium, Eq.{IL1), we have from Ed. (8)
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2 = =kl G NUMBER DENSITY: MAX= 2.90595, MIN= —-0.301030

(o)

—0.866792, MIN= —4.53853

. N e =~ PERAC PR S N N S ST
//\\ - T e, S STl N o S 55 L
P e T e P N N e L~ — N
e e - = - N s~ — zZ7 e e T
[ [ e

—= ==l QG JET TAG: MAX= 0.00000, MIN= —6.00000 (d)

SQRT TOROIDAL MAGNETIC FIELD: MAX= 10.1244, MIN= —0.000228469 ( )

2 (1_ 2 Ar?
(O‘ * B (1 R%)) Pedge 07 < Fm B.(r) = Bo Tidg (21)
P(r) =4 apedye Ry <r<R; (17) 2(r + 3d)
Pedge RJ <r

. ) where, following Todo et al. 1993, we set the arbitrary constants
The model we hhe_lve usedis gglen bg a CTO'Ce of parametefs, g 4 0 0.99 and three times the jet radius respectivaly.
(@, §) = (0.5, 1). This corresponds to the valuB, = 16 4G s the value of the magnetic field strength on the axis which we

andB,, = 62 uG for the molecular and atomic jets respectlvelyehoose to be the initial equipartition value on the axis. Thus,

o 15 _ 15 _
Rj =25 x107cm, andR,, = 1.2 x 10" cm. The average p _ 11 ,G andB, — 42 4G for the molecular and atomic jets

Mach numbers are calculated by integrating the Wave'Spe‘?é)épectively. From this we gét 4 — 37, andMj — 27 for the
across the jet beam and are given by molecular jet, and/4 = 10, andMp = 7 for the atomic jet.

— Rjug This field configuration is force-free and, being helical,
M= \/ﬁ (18)  should show characteristics of both the purely poloidal and
2 [y cArtdr purely toroidal fields described above. The pitch angle of this

wherec is the wave-speed pertinent to the Mach number beifigld at the jet radius is approximately 0.33 radians.
calcula@. We getf 4 = 35, andM g = 27 for the molecular
jet, andM 4 = 9, andM g = 7 for the atomic jet. 3.4. Presentation of results

The results for the simulations are presented in three formats.
3.3. Helical magnetic field We make use of square root scaled vector field plots for the
The other adopted configuration is a force-free helical field takBRl0idal velocity and magnetic fields with the data set rebinned
from/Todo et al. 1993: to 80 x 10 points. A(_Jldltlonally, in order to more clear_ly rep-
resent the flow outside the beam, the vectors’ magnitudes are
normalised so that the maximum length is twice the spacing be-
tween the sample points. Contour plots with 30 levels between
the maximum and minimum values over a data set rebinned to
B, =0 (20) 400 x 50 points as a smoothing measure, are plotted (when rel-

1 Ar2(r +d)

19
(r+ %d)3 (19)
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LOG NUMBER DENSITY: MAX= 3.38923, MIN= -0.297675
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Fig. 7a—f.Radiative molecular jet with no magnetic field present.

evant) for the total nuclear number density, thermal pressude,Steady adiabatic magnetised jets
jet material fraction, B number density, H ionisation fraction,4 1. Molecular
toroidal velocity, and toroidal magnetic field component. Alog™™
scale is used for all quantities except the toroidal componefise usual bow shock/jet shock configurationis evidentin Elgs. 1
of the velocity and magnetic fields when a square root scaleaisd 3. The flow is prevented from becoming stationary by the
used. The maximum and minimum values are inset on the platgeraction between the internal crossing shocks and the vortices
Finally, axial sections of the jets &0% of the jet radius, re- in the cocoon. These crossing shocks are amplified by Kelvin-
ferred to ask,, are presented. We choose a non-zero radiusHéimholtz instability effects and thus the propagation of the
which to take this section because an on-axis section is prongetois essentially time-dependent d&sl & Miller 1988). The
non-physical features such as the carbuncle eftect (Quirk| 1992)rtices within the cocoon are prompted by the interaction of
and aslatingeffect related to the vanishing radial coordinate ithe crossing shocks within the beam and the working surface
which material gathers on the axis to produce excessively highthe head of the jet and hence have a similar separation to
densities[(Blondin et al. 1990). We should point out that, fahe spacing of these shocks. For each of the jets, the pressure
these reasons, the solutions provided close to the axis showithin the head is large enough to confine the beam near the
be interpreted with care as the evolution of the jet on-axis magad and further upstream the crossing shocks work towards
have been affected. The density and pressure are given todegintaining a collimated beam. Fig. 2 illustrates the effects of
scale and the remainder to linear. For reasons of concisenggs crossing shocks and the bow shock on the state within the
only sufficient plots are presented in this paper to support tjg®. The beam is maintained at a uniform pressure and density
main points made in the accompanying text. until the first crossing shock has propagated from the edge of
the jet toR,. This occurs at aboud2 x 10'®> cm as would be
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expected from a sonic Mach number of 40. Beyond this point °
the incidence of crossing shocks is not so easily predicted dug 4
to the impingement of disturbances from vortices shed from thes \m—
head as it ejects material into the cocoon. ’

Fig[3 shows an adiabatic molecular jet with a longitudinal _g
magnetic field at t=1000yrs. The striking differences between
it and the jet illustrated in Figl1 are in the shape of the head 6f "
the jet and the higher propagation velocities of the bow shocf(qz
The simulations in which the initial magnetic field carries a
longitudinal component have flattened nose cones and have hadf
their propagation retarded by ab®ut 10'° cm? with respectto -~
the hydrodynamic and toroidal field cases. The jets are initial@
over-pressurised and thus undergo an expansion and crossing
shocks propagating from the edge of the beam inwards produce,
higher densities on axes. This focusing gives a narrower, more
ballistic form to the nose cone, however, in the cases where'°
there is a longitudinal field component the lateral motion of the s
beam is constrained and the nose cone is blunt. The magnetic
field does not play a more significant part in the development 92
of the cocoon because the dynamics are dominated by the higbO

Log!

pressure gradients. £
< 0.5 Lﬂ
4.2. Atomic 0.0
. . . 0 500 1000 1500 2000
As one might expect, for very over-pressurised jets (the ther- z (10"cm)

mal pressure ratio for these simulations is about 100) therq:is
a strong initial tendency for the beams to expand upon entgfy
ing the low pressure ambient material. The hydrodynamic case
illustrated in Figl#t shows an initial strong expansion and sub-
sequent re-collimation by oblique internal shocks within theeparation between the reverse shock and the forward shock
beam. The nose is far blunter than in the molecular case du@fothe nose cone. The reverse shock consists of an axisym-
the greater support provided by the higher pressure of the p@gtric triple point formed by the intersection of a strong pla-
shock material. The vortices established are large and dispet8 shock over the central part of the beam and two oblique
the jet material into the cocoon very efficiently reducing thghocks extending away from it. This extended nose cone struc-
ballistic nature of the nose cone and hence lessening the prdgée is formed by the pinching effect of the magnetic hoop
gation distance b2 x 105 cm. We can see better the action oftresses. Material which would otherwise be ejected sideways
the almost immediate expansion, due to the high sound speé'&@, the cocoon is held between the forward and reverse shocks
in the section plots of Fi§]5. The expansion is only halted aad high pressures are created which accelerate the bow shock
the crossing shock, which re-collimates the beam at later imward. It has been pointed out by Frank et al. 1998 that the
reachesk,. The forward and reverse shocks are also clearly vigPeed at which the nose cone propagates through the ambi-
ible in both the pressure and density plots. It is noteworthy trfit material is attributable to the hoop stresses induced by the
the axial velocity is briefly reduced to less than 40 kmhby the Magnetic field bringing about a more streamlined profile to the

crossing shock after which it recovers before being attenuafe@ rather than simply to magnetic pressures as previously be-
again by the reverse shock at the head. lieved (see Kssl et al. 19904, &ssl et al. 1990b). The helical

However, as we have choseéh= 1 the magnetic fields field case shows features characteristic of both the longitudinal
are sufficient to provide the same constraint to the lateral n@j1d toroidal field configurations; the nose cone being slightly
tions of beam material as in the molecular case. The &kfy €xtended and the beam constrained although there is more vor-
Mach numbers are roughly 4 times lower than for the moleclicity in the cocoon due to stronger crossing shocks within the
lar conditions and hence the structures within the jet are mé¥@am of the jet.
dramatically affected. The purely poloidal case is tightly con-
strained by the magnetic field and the cocoon is tightly wrappgd Steady cooled magnetised jets
about the beam. The nose is blunt as in the molecular case and

the vorticity is damped within the cocoon. Kelvin-Helmholt2-1- Molecular

instabilities are eVident in the material W|th|n the cocoon. Th'ﬁ]e hydrodynamic Coo|ed molecular Jet Shown in E]g 7 ShOWS
toroidal field case in Fig.l6 shows the nose cone typical of sugh entirely different morphology to the adiabatic jet shown
simulations (eg. Clarke et al. 1986, LPMB). There is a largg Fig[d. As has been remarked in previous work (e.g.,

.8. Length-ways section of jet beam 2% of the jet radius for a
iative molecular jet with no magnetic field present.
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LOG NUMBER DENSITY: MAX= 3.899186, MIN= —0.301030

(a)

LOG THERMAL PRESSURE: MAX= —1.08568, MIN= -5.20277
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LOG JET TAG: MAX= 0.00000, MIN= —6.00000

LOG H2 NUMBER DENSITY FRACTION: MAX= 0.00000, MIN= 7500000( )

LOG H IONISATION FRACTION MAX= —0.00368686, MIN= —4.00000

()

Fig. 9a—f. Radiative atomic jet with no magnetic field.

Blondin et al. 1990, Stone & Norman 1994) the head of the jet It should also be noted that there are no strong crossing
is dynamically unstable and disrupts into clumps. The disruphocks in the beam of the jet. We can see clear evidence of this
tion is a combined effect of non-uniform cooling and the Rinh Fig.[§ where the profiles of the state variables are relatively
instability. Oblique shocks are driven into the beam of the jétatureless in comparison with the adiabatic counterparts. This
near the head by the high pressure of the surrounding matemaans that the jetis not as effective at forcing its path through the
in the cocoon. As a result of the increased post-shock deresiabient material due to a less focused nose cone. It can be seen
ties the cooling lengths are diminished and a dense annulufrdsn the density and pressure plots in Eig. 8 that the stagnation
formed through which the more tenuous, cooling gas is forcesgion between the forward and reverse shocks at the head is al-
by the high post-shock pressure. This gas is accelerated intortiest isothermal. The compression ratios are higher than those in
jet head as the annulus begins to narrow by the de Laval noze adiabatic case because of the loss of pressure support in this
mehanism and it pushes on the thin shell of cool, dense mater@jion due to collisionally induced radiative cooling. There is
at the leading edge of the head. The resultant acceleration iakgo complete dissociation ofHh this zone as well as a high H

the less dense ambient material causes the shell to becomedRisation fraction, particularly at the reverse shock where there
unstable and it fragments. The period of the instabilities ndara pronounced spike. The number densities of the molecular
the head of the jet is about 60 years which is comparable witjidrogen and the ionisation fraction are important quantities
the RT growth timetgrr ~ 20yr in the shell where we have as these can be related to observations. The weaker bow shock

used wings and the oblique shocks (which have low post-shock tem-

trT 2y peratures) at the reverse jet shock only partly dissociate the H

e ~ 100kms-1 (22) allowing the regions behind the bow shock wings to have rela-
J

tively high molecular abundances. Further back along the bow

from Blondin et al. 1990. Heré; = R;/uo is the dynamical shock there are greater number densitiesadite to the weaker
timescale of the jet.
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adiabatic toroidal case, demonstrating that the effect of cooling
4 amplifies the acceleration effect due to the pressure support of
the dense plug of material in the nose cone being radiated away
and allowing it to be further compressed. It should be noted that
to some degree the sharpness of the nose cone’s profile is ex-
aggerated by the cylindrical geometry as the radial coordinate

WOWN— approaches zero. The helical field case (for the parameters we

have chosen) is more reminiscent of the longitudinal than the
toroidal field simulations. It shows the irregular bow shock char-
acteristic of a cooled jet but with damping by the longitudinal
field component. The extent of damping, however, is less than
the corresponding purely longitudinal case.

U, (km s™)

5.2. Atomic

£ An interesting difference between the adiabatic unmagnetised
. jet in Fig.[4 and the cooled unmagnetised jet in Eg.9 is the
unchecked expansion of the latter. To some degree this is

counter-intuitive as we have seen that if material can be fo-
cused to a narrow region the cooling will prevent the high pres-
sures generated from re-expanding the material in this region.
The essential point here is that there is very little preventing the
over-pressurised beam from expanding as the cooling damps the
reflection shocks which re-collimate the beam in the adiabatic

-0 case. A consequence of this is that the bow shock has a con-
b . k cave profile which allows large parts of the molecular material
passing through it to survive.
0.0 The longitudinal field provides a sufficiently strong field to
0 =00 ] (ygﬂfm 1200 2090 prevent the expansion of the beam seen in the unmagnetised

case. The overall features are very similar to the adiabatic coun-
Fig. 10. Lengthways section of jet beam 2% of the jet radius for a terpart but with the cocoon more tightly wrapped about the beam
radiative atomic jet with a helical magnetic field. and the ejecta forming very strong vortices. The purely toroidal

field case shows a cocoon with a less turbulent flow within and

a more expanded beam. The reasons for this are similar to those

and more oblique bow shock wings. From the plots of the jet ta§scribed for the unmagnetised jet. The crossing shocks are
(which indicates the jet material fraction) it is clear that most ¥€rY clear in the beam. The helical field case in Figh. 1qanhd 11
the H, within the post-bow shock region has come from the je?e_hows characteristics of the other simulations. The beam is con-
Since we have not allowedsHeformation, as the time-scalesstrained from expanding by the longitudinal component and has
are very long in typical cocoon environments, this material muagharply focused nose cone due to the toroidal field. The strong
have passed through the jet shock and survived long enough@gices seen in the longitudinal case are also presenf_Fig. 10
re-expand into the wake. The jet shock and bow shock are igstrates the action of the crossing shocks within the jet beam.
weak to achieve a complete ionisation of the atomic hydrog@h€ stagnation region is clear in all variables. The sharp spike
W|th a typ|ca| cocoon ionisation fraction éf in the H ionisation fraction iS again ViSib|e at the reverse ShOCk.
Although not shown here (sée O’Sullivan (1999)), the Rifote the rapid dissociation of molecular hydrogen on passing
instability is damped by the presence of a longitudinal fief@rough the bow shock.
which supports the bow shock against collapse, but is still
evident with a purely toroidal field. It should be noted th . .
Cerqueira et al. 1997 observed significant fragmentation of t .ePuIsed cooled magnetised jets
head for an axial field. This discrepancy might be attributable this section we consider the effects of variability in the jet
to the differences in initial conditions, in particular their higheinlet velocity for cooled jets. This is of interest due to observa-
densities and hence shorter cooling lengths. For the toroidal fiitthal evidence for the presence of knotty emission structures in
the jet has been accelerated through the action of hoop stresisesnain beam of YSO jets. Although pulsing of jets has been
focusing the beam so that it punches a hole through the ambistuidied in some depth (Suttner et al. 1897; Biro & Raga 1994;
material in an almost ballistic manner. The nose cone is abduveia Dal Pino & Benz 1994; Stone & Norman 1993), a full
55 % 10'° cm more advanced than for the longitudinal field castreatment under the influence of cooling and magnetic fields has
The jet head has propagated atiuk 10*° cm further than the not been published before now. We wish to examine the effects
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LOG NUMBER DENSITY: MAX= 3.95840, MIN= -0.301030 < )
a
MAX= -0.462757, MIN= —4.81640
MIN= 0.0274267
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LOG H2 NUMBER DENSITY FRACTION: MAX= 0.00000, MIN= 76.ODODD< )
LOG H IONISATION FRACTION: MAX=  -0.0272128, MIN= —4.00000 <>
|
Fig. 11a—i.Radiative atomic jet with a helical magnetic field.
i i 1 .
of f|eld§ on the stru_cture and develqpmen'g of thes_e kno_tsw(ﬂt) —uo (14 —sin(wt) (23)
cooled jets. We consider the range of initial field configurations
examined in the previous sections only for the molecular jets
with an inflow velocity given by wherew = 27/100 year*. Thus the magnitude of the velocity

variation at the source is about 20 km's
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LOG NUMBER DENSITY: MAX= 3.60020, MIN= -0.301030
(a)
LOG THERMAL PRESSURE: MAX= -0.419094, MIN= —5.48904
(b)
,,,,,,,,,,,,,,,,,,,,,,,,,,,, s ... . . SORTPOLODALVELOCITY: | MAX= . | 106961,  MIN=. . 000000 . . . .\ .
""" <<l‘/,,”,,/f‘ﬁﬁIIIZIﬁﬁﬁIZZIﬁﬁﬁﬁﬁffﬁﬁﬁﬁﬁiﬁﬁﬁﬁﬁﬁﬁﬁ<,c>,,
U
e
LI R
LOG JET TAG: MAX= 0.00000, MIN= —6.00000
(d)
A
LOG H2 NUMBER DENSITY FRACTION: MAX= 0.00000, MIN= -2.98763
(e)
LOG H IONISATION FRACTION: MAX=  -0.0319799, MIN= —4.00000
()
Fig. 12a—f.Pulsed, radiative molecular jet with no magnetic field.
6.1. Molecular crossing shock, as can be seen in Fig. 12, the high post shock

temperatures result in an increase in the ionisation of the atomic

Fig.[12 shows the results of a simulation for an adiabatic unm ‘drogen and in the dissociation of H

netised molecular jet with a pulseq inflow velocity aiter 100 For the magnetised jet simulations the results again show
%’r?:gi'; gi?tgz sg&g;@zrq%guIj;gg;;:iedsrimZt;ﬁgﬁoa;ic{ﬁg rfulses steepening into forward and reverse shock structures
. P ) P Wit their development is significantly altered by the presence of
into shocks. As we move from the left the most recent pulse I}ﬁ

u

ot vet steepened into a shock structure. The subsequent magnetic fields. For the longitudinal field case the widening
y P ' d PUF%Re knots in the direction transverse to jet axis is hindered

,[Sr:]g\r’]\;tgg g;/?r:l;tg? ?g.tﬁlpﬂﬁgsg\{gg t'gr]ﬁ;ztzf\xgnsor\]/ggf \évt?r ?the field and the knots remain close to the same width. The
ture known as aJn i‘ntelrrl1al)\l/’vork?/n suffacés (IWS). This consié roidal field influence on the knots is even more dramatic. It
9 ' ould be pointed out that the jet in this case has become very

of an upstream shock moving more slowly than the jet veloci dcused due to the influx of the high density IWSs into the head

which decelerates_the materlal_ being driven into |t,_an_d a down-d has travelled the full extent of the grid in 900 years. The jetis
stream shock moving more quickly than the material in front ST - —

it and sweeping up the material in front of it. It can be seen t tOtted In Figl1B at this time as opposed to the 1000 years used
the IWS is initially very narrow but that it widens and broaden's all other cases. The hoop stresses eventually break the IWSs

as it squeezes more and more material sideways into the cocugr?s they are squeezed radially. There is strong compression of
1S9 . eways e %oroidal field within the IWSs and their interaction with the
until it reaches the head of the jet where it is disrupted. Up

. ) ) rossing shocks causes some ionisation and dissociation of the
being broken up, it leaves shock structures in the wake of t 9

. . o . .., atomic and molecular hydrogen respectively towards the nose.
jet which are visible in the cocoon. When IWS interacts with Bor the helical case illustrated in Figl14 it can be seen that
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LOG NUMBER DENSITY: MAX= 5.18554, MIN= —0.190749 (
a)

LOG THERMAL PRESSURE: MAX=  -0.0363808, MIN= -5.62723 ( b)

e SORT POLOIDAL VELOGITY; | MAX= . 10.694], | MIN=_ . 0,00000 = . . ()
,,,,,,,,,,,,, Ve
..............................................................................
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. s UG 4 e T
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LOG JET TAG: MAX= 0.00000, MIN= —6.00000 (d)

SQRT TOROIDAL MAGNETIC FIELD: MAX= 16.2579, MIN= —-5.3555Be-05 (
e)

LOG H2 NUMBER DENSITY FRACTION: MAX= 0.00000, MIN= 71.93003< )

LOG H IONISATION FRACTION: MAX= —0.00433748, MIN= —6.00434 < )

Fig. 13a—g.Pulsed, radiative molecular jet with a toroidal magnetic field. The jet has reached the edge of the grid here after only 900 yrs.

the pulsing has resulted in the formation of a pronounced négeConclusions

cone structure which has advanced atfik 107 cm further The effects of cooling, magnetic fields, and sinusoidal variation
than the non-pulsed case. The IWSs can be seen to broaden0 " 9. mag '

. : . ?r'ghe inflow velocity have been examined for over-pressurised
develop extended, swept back wings which feed material fro . . ;
oo i . . . omic and molecular jets with parameters chosen to be appro-
the jet into the cocoon. The axial section plots given in [Eig).

show that the pulses take up to 200 years to steepen into shogk'%tﬁ Lonrnioglgﬁvisé;—g;iim]aeg:aestff\';gjrg?gg%lf ?t'3?§|’ asc\)l\llgiltlzial
The amplitude of the velocity jump across the shocks is qu 9 ' -apurely p

large atabout 20 knTs (7.7 times the sound speed).Asignaturllz(a)ng'tl“'d'nal.fleld of cc')n.stant magmtu'de p.erme{;\tlrjg both the
t and ambient material; a purely toroidal field within a current

of the pglse driven ghqcks IS the narrow compression Splkeéjz?rrying jet; and a force-free helical field permeating both the
the toroidal magnetic field component. Beyond the point where . :
ettand ambient material.

the first crossing shock is incident noise has begun to disrélp In agreement with previous results, it was found that the

the profiles of the pulse driven shocks in velocity, pressure, and . .
density. Itis interesting to note however, that these spikék;in presence of cooling reduces the pressure support in post-shock

endure intact regions and hence the bow shock is narrower than for the adia-
' batic cases. It was also observed that the head of the jet is subject
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LOG NUMBER DENSITY: MAX= 4.07179, MIN= -0.301030 (
a)

LOG THERMAL PRESSURE: MAX= -0.296199, MIN= —5.34698 ( b>

SQRT POLOIDAL VELOCITY: MAX= 10.6958, MIN=1.01054e-05 (
c)

SQRT TOROIDAL VELOCITY:

MAX= 2.34671, MIN= —2.09052 (d >

LOG JET TAG: MAX= 0.00000, MIN= —6.00000 ( )

SN
)
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—_—,
Qg
SQRT, PQLOIDAL MAGNETIC_FIELD: MAX= 14,5960, MIN= . 00760261 A
—=
P NG
QQQQQQQQ > FE B ~
i e
SQRT TOROIDAL MAGNETIC FIELD:  MAX= 10.6292, MIN=  -2.86664 < >
LOG H2 NUMBER DENSITY FRACTION:  MAX= 0.00000, MIN=  —6.00000 (h)
LOG H IONISATION FRACTION: ~ MAX= ~ -0.270237, MIN=  —6.27024 (
)

Fig. 14a—i.Pulsed, radiative molecular jet with a helical magnetic field.

to disruption due to the combined effects of non-uniform codlhe reflection shocks caused by the jet expanding laterally into
ing and the RT instability which causes it to fragment producirte ambient medium are damped and therefore are unable to re-
an irregular profile for the bow shock unlike the parabolic shapellimate the jet as efficiently as in the adiabatic case. As aresult
seen for the adiabatic jets. Another effect of the cooling is thidie very over-pressurised unmagnetised atomic jet expands rel-
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atively unchecked upon entering the grid. It was noted that there ’
is usually complete dissociation of molecular hydrogen in the & *
stagnation zone and significant atomic hydrogen ionisation. In< Qwﬂ\—
almost all cases the ionisation fraction is greater at the jet shock’

side of the working surface for the parameter space we have=?

studied. o
The introduction of physically justifiable equipartition mag{i
netic fields was shown to have pronounced effect on the propa-""

gation dynamics and morphology of the jets. In all cases the headsg

of the jet had an altered shape and as a result there were differ-

ences in the propagation velocities. As with previous studies, it "~

was observed that a toroidal field will exert hoop stresses on the o

jet beam thereby restricting the lateral flow of over-pressurised

material in the stagnation zone between the forward-facing bow ™

shock and the backward-facing jet shock. This results in an ex-17

tended nose-cone and an accelerated bow shock. It was nated,

that a longitudinal field component similarly helps to maintain

a focused beam and damps the RT fragmentation of the bow "5

shock. However, in this case the field lines prevent lateral mo- Y

tion in either direction and so the nose presents a much flatter

profile to the ambient medium. Similar results to these have *°

recently been found by Stone & Hardee (2000). 89 L
Simulations of molecular jets with a sinusoidally varying

inflow velocity were performed to see what effects this might¢ > H

have on the jet. Variability may be a sufficient explanation for  o.:

the knots seen in a large number of HH flows: it was found

that for the unmagnetised case the pulses gradually steepeninto o 500 1000 1500 2000

IWSs consisting of an upstream shock that decelerates material z (10%em)

moving into it, and a downstream shock sweeping up the mag. 15, | engthways section of jet beam2a% of the jet radius for a

terial in front of it. It was shown that the IWS begins life as @ulsed, radiative molecular jet with a helical magnetic field.

very narrow structure but widens and broadens as more mate-

rial enters it and is squeezed out to the sides into the cocogppendix A: cooling

Once the IWS reaches the termination shock of the jetitis d

rupted and leaves subsidiary shock structures in the body of

cocoon. It was also found that when an IWS interacts withTehe radiative energy losses due to atomic processes are cal-

crossing shock there is increased H ionisation apdisisocia- culated using a function obtained from Sutherland & Dopita

tion. The first results of pulsed cooled magnetised jets were th@993). Their model structure is that of a cooling slab of plasma,

presented. These showed that, as for the hydrodynamic caseidhilly in collisional ionisation equilibrium, which is followed

pulses in the inflow velocity steepened into IWSs but that thejuring its approximately isobaric cooling flow. For our simula-

dynamical evolution and morphology was significantly alteragbns we have chosento use a function based on a modelin which

by the presence of magnetic fields. For the longitudinal fieldplasma of solar abundances (see Tablé A.1) is cooling from

the spreading of the knots into the cocoon is damped becalgf7')=6.5 down to log7")=4.0. Collisional ionisation equilib-

the post-shock material is impeded from leaving the workimim is not assumed and the diffuse radiation field is taken to

surface. This results in broader knots within the main beamigé zero (essentially assuming that the plasma is optically thin).

the jet. The effect of the toroidal field on the development gfhe net cooling function of the plasma considers collisional line

the knots was found to be even more dramatic: with thermaldiation, free-free and two-photon continuum, recombination

support being lost to radiative cooling, the hoop stresses crygbcesses, photo-ionisation heating, collisional ionisation, and

the knots completely. It was also shown that, for the helical fie@ompton heating:

when there is a poloidal field component to support the knots,

the compression spikes of the toroidal field component webect(T) = Aines + Acont £ Arec — Aphoto

robust signatures of the knots. + Aot £ Acompton (A1)

is- . - :
5'& Atomic radiative cooling
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e 1 Table A.1. Solar abundances (from Anders & Grevesse 1989)
ot 1 log(n/nm) log(n/nu)
£ 7er 7 H 000 C 344
& 1 0 -307 Na -5.67
= 1 A 553 S 479
g -a20f - Ar 544 Fe -4.33
S I ] He -101 N -3.95
2 L 4 Ne -3.91 Mg -4.42
g sl Ny Si -4.45 CI_ -6.50
g L /] Ca -5.64 Ni  -5.75

-23.0 L T S S S SR B! ]

21 rotational states. The level populations were determined by

4.0 4.5 5.0 5.5 6.0 6.5
Log temperature (K) balancing downward radiative and collisional rates with col-
Fig. A.1. Plot of log normalised cooling rate (ergs&s1*) against log lisional excitation, neglecting rates to and from higher levels.
temperature (K). Only AJ = 0, £2 transitions were considered. The resultant

radiative cooling ratd , is fitted to a sum of terms representing

. . vibrational and rotational cooling from both HyFand H-Hy
andn; andn. are the ion and electron number densities respeGisions

tively. Linear interpolation is used to determine values between

entries on the table. The cooling function is plotted in Eig] A.1. Loi Lon
An, = np, 14 Lun 1+ Len (A7)
T, 1T

A.2. Atomic hydrogen ionisation and recombination

. S ) ) where the vibrational cooling coefficients at high and low tem-
We wish to calculate the ionisation fraction of atomic hydrogeﬁbrature are

explicitly. It may be inferred from the atomic cooling model de-

scribed above but this would be inappropriate because the initig) ,; = (1.10 x 10~ '3ergs gl)exp(_%) (A.8)
ionisation fraction will, in general, not lie on the cooling curve

of the model. We therefore maintain a fixed ionisation fraction

during the atomic cooling substep and correct the energy defieit. = [PHEH(0, 1) + 1y, kR, (0, 1)]

in the total energy once the ionisation has been explicitly cal- % (8.18 x 10‘13ergs) (A.9)
culated. Itis easy to show (see Falle & Raga 1995) that

de, where the termg(0,1) and kn, (0,1) are thev = 0 — 1
5 +V-((e, +pu)=—-L—-Byl, (A.3) collisional excitation rates for transitions involving H and H

) respectively. Since cooling due toHH, interactions are only
wheree, is the reduced energy equal to the thermal plus th@portant for low temperatures (Lepp & Schull 1983), we ig-

kinetic energy,5y is the ionisation potential of hydroger=( nore theky, (0, 1) contribution.k (0, 1) is defined as
1.002 x 10*3 erg g~1), andI,. is the ionisation rate for hydrogen.

I, is found using the rates given py Falle & Raga 1995. (1.0 x 10*12)T%exp(_%)
if 7> 1635K
I, = ne(ni — ne) O(T) — n2R(T) (A4) g
kH (07 1) =
whereneis the electron number density, is the non-molecular (1.4 x 10*13)exp{% - (%)2}
hydrogen number density, and otherwise.
C(T) — KCT0.5eXp<71.57923< 1()5K) (AS) (A]_O)
R(T) = KgT~°7 (A-6)  The rotational cooling rate coefficients at high and low density
whereK¢c = 6.417x10" 1 e s71 K95 andK p = 2.871 x are
1071%cm? s71 KO 7 are the collisional ionisation and radiative (3.90 x 10~ '%ergs s )exp (—SL1EK)
recombination rates respectively. if T'> 1087K
L’I‘H =
. 2
A.3. Molecular hydrogen cooling dex(—19.24 +0.474x — 1.2472%) .
otherwise

The molecular cooling function used is from Lepp & Schull
(1983). It was calculated using four vibrational levels, each with (A.12)
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the interface. We handle this complication by assuming that no
dissociation occurs across the waves for the time being. Thus,
it is the contact discontinuity which carries the jumpyirand
consequently we use the left state value for regions to the left
of the contact and vice-versa.

-25

A.6. Inclusion of cooling effects in numerical scheme

In dealing with a radiatively cooled jet we must consider a num-
ber of time-scales. These are the the cooling time, the ionisation
time, and the dissociation time. For the type of densities that are
used in this work, the ionisation time-scale is extremely short
and in strong shocks we do not resolve it. This may result in an
estimate of> 1 for the ionisation fraction behind strong shocks
but in this case itis fair to assert that the true ionisation fraction
Fig. A.2. Log rate coefficients (cfis™?) for dissociation of H(0,0) IS unity and so we simply set it to this value.

for four different collision partners plotted against log temperature (K). To ensure that the energy losses due to the cooling are con-
Solid curve H, dotted curve H,, dash-dotted curvee, anddashed sistent with the dynamics occurring, we choose our timestep
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curve He. so that the energy lost through radiative energy loss in a cell
during any timestep is less th&i% of the total thermal en-
and ergy of the cell. This is a rather arbitrary figure but we find that

it is a suitable cap for damping undesirable side-effects of the

—22 1 9243 K
(1.38 x 107*ergs s )exp(— T ) dynamics-chemistry operator splitting as will be described in

L,p if 7" > 4031K the clipping subsectiorffA.6.1). The timestep is also restricted
Q(npy,ny) ) so that no more tha®0% of the molecular hydrogen in a cell
dex(—22.90 — 0.553z — 1.148I02herwise is dissociated. This, again, is an ad hoc figure but heuristically

we would like to give some part of the molecular hydrogen in a
(A.12) post-shock region the chance to survive.

In order to force the numerical scheme to follow the atomic
wherez = log(T/10%*K and and molecular cooling curves reasonably closely through the
077 o077 timestep we integrate the cooling over the timestep. The cri-
Q(nhy, ) = nigy "+ 1.2ny (A-13)  terion for choosing the sub-step values is that the cooling rate
is a function which bridges the gap between the low densfgefficients do not change by more ttieiti between consecu-
(An, o< n2) and high densityAy, o n) limits of the cooling. Ve sub-steps. We also keep the ionisation of hydrogen to below
This function is valid between 100K and) x 10° K. We can 107 per sub-step for similar reasons. .
justify setting the molecular cooling to zero above this range AS remarked earlier in Sect. 2, we have operator split the
because the number densities of Will be very low at these dynamics from the chemistry. This is only valid if the Courant
high temperatures due to collisional dissociation. It is worfpmber for the dynamical step is quite low. Thus, we require
noting that we have included the effects of vibrational energyvalueé ofC’ < 0.6 although this is largely irrelevant as the
level transitions here but have not in the energy equation. Tisstrictions described above present much stronger limitations
cooling due to the vibrational levels only becomes significaff! the timestep.
around7? x 10® K and at this temperature the dominant energy

loss due to H is dissociation. A.61. Anomalous cooling

S ) o High cooling can often occur at the boundary between a hot,
A.4. Collision induced dissociation of molecular hydrogen  tenyous region and a cool, dense one. This problem was men-

The dissociation rates are obtained from cross sections derif}@ged by Blondin et al. (1990). The difficulty arises from the
by [Martin & Keogh (1998) for collision-induced dissociatiorsPatial averaging process.that |S|mp!|C|t|n allfinite differencing
from the H(0, 0) ground vibration-rotation state with partner§chemes. What happens is that the interface between a hot, ten-

H, Ha, He, and e . These coefficients are plotted in Fig.A.2. U0US region and a cold, dense one is often averaged to slightly
hotter, denser values than to which it is entitled. Since radia-

tive cooling goes ag?, this results in a region of anomalously
high cooling with a typical width of one cell. In practice for jet
Obviously differential dissociation of molecular hydrogen givesmulations where such an interface is common along the edge
rise to a non-isotropig. This means that for the Riemann prob©f the jet beam where it meets the ambient material, this gives

A.5. Non-uniformity ofy
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tears through the ambient material in advance of the head of Badle S.A.E.G., Raga A.C., 1995, MNRAS 272, 785
jet. In order to counter this problem we employ the followingrank A., Ryu D., Jones T.W., Noriega-Crespo A., 1998, ApJ 494, L79
technique. Gouveia Dal Pino E.M., Benz W., 1994, ApJ 435, 261

We wish to identify cells which have very high cooling witH<6ss! D., Miller E., 1988, A&A 206, 204

respect to their neighbours. To do this we define two switch&?ss! D-, Miller E., Hillebrandt W., 1990a, A&A 229, 378
SWC is switched on if Kossl D., Miller E., Hillebrandt W., 1990b, A&A 229, 397

Laing R.A., 1993, In: Burgarella D., Livio M., O'Dea C.P. (eds.), As-

Lk~ aLmax(L'”ljk, ﬁifljk) (A.14) trophysical Jets. Cambridge Univ. Press, p. 95
Lepp S., Shull J.M., 1983, ApJ 270, 578
andSWD is set on if Lind K.R., Payne D.G., Meier D.L., Blandford R.D., 1989, ApJ 344,
- - - 89 (LPMB)
LIk > apmax( LTk £ii=1k) (A.15) Norman M.L., 1993, In: Burgarella D., Livio M., O’'Dea C.P. (eds.),

. Astrophysical Jets. Cambridge Univ. Press, p. 211
where we have found a value of 5 fof, to be suitable although norman M.L., Smarr L., Winkler K.-H.A., Smith M.D., 1982, A&A

as long as it is greater than unity it seems to make little differ- 113 285
ence up to a couple of orders of magnitude. We then apply tiaartin P.G., Keogh W.J., 1998, ApJ 499, 793

following fix Micono M., Massaglia S., Bodo G., Rossi P., Ferrari A. 1998, A&A
_ 333, 1001
3 L1 if SWC andSWD O'Sullivan S., 1999, PhD Thesis, University of Dublin, Trinity College
L% = ¢ L2 if SWC and notSWD (A.16) oOrsullivan S., 2000, in preparation
L3 if SWD and notSWC Powell K.G., 1994, ICASE Report No. 94-24
. Quirk J.J., 1992, ICASE Report No. 92-64
where we have defined Raga A.C., Canto J., Cabrit S., 1998, ARA 332, 714
[ LitLik  piclik pijtlk 4 pij-1k Ray T.P., 1996, In: Tsinganos K. (ed.), Solar and Astrophysical MHD
L1 = aymin ( 3 , 5 ) (A.17) Flows. NATO ASI, Heraklion Crete: Kluwer Academic Publishers,
p. 539

Litlik 4 i1k Ray T.,P., MundtR., Dyson J.E., Falle S.A.E.G., Raga A.C., 1996, ApJ

L2=a————— (A.18) 468, L103
2 Ray T.P., Muxlow T.W.B., Axon D.J., Brown A., Corcoran D., Dyson

Ltk | pij-1k J., Mundt R., 1997, Nat 385, 415

L3 = aLf (A.19) Reipurth B., Hartigan P., Heathcote S., Morse J.A., Bally J., 1997, AJ
114, 757
Smith M.D., 1998, Ap&SS 261, 169
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