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Abstract. The analysis of the stability properties of astrophysvolution, showing that three-dimensional jets undergo faster
ical jets against Kelvin-Helmholtz (or shear-layer) instabilitiesvolution, enhanced mixing and larger jet momentum deple-
plays a basic role in the understanding of the origin and physit¢ian. The temporal duration of the shock-dominated phase of
characteristics of these objects. Numerical simulations by Botihe Kelvin-Helmholtz instability evolution is strongly reduced,
et al. (1998) have shown that the three-dimensional non-linesdwocks that form are weaker, and the direct association between
evolution of KH instabilities in supersonic jets is substantiallgtructures observed in astrophysical jets and shocks originating
faster than in the two-dimensional case, leading to a cascade®f consequence of the nonlinear development of the Kelvin-
modes towards smaller scales and a very effective mixing addimholtz instability is more problematic. Moreover, the rapid
momentum transfer to the ambient medium. On the other hadéruption that three-dimensional jets undergo raises the ques-
Rossi et al. (1997) and Micono et al. (1998) found, in two dtion as to how jets can survive for the long scale lengths shown
mensions, that radiative losses tend to reduce and delay mixiygobservations. Although relativistic bulk velocities may be a
effects and momentum transfer to the ambient medium. In tisigbilizing factor in extragalactic jets, the stability problem re-
paper, as a logical next step, we investigate the effects of radizins crucial for the nonrelativistic jets associated with Young
tive losses on the stability of 3D supersonic jets, assuming tistellar Objects (YSOs), and radiation might be an important
the internal jet density is initially lower, equal and higher thaimgredient in this respect.
the ambient medium, respectively. We find that light and equal- The interest in radiation effects on the development of
density radiative jets evolve in a qualitatively similar fashioKelvin-Helmholtz instabilities in supersonic jets was motivated
with respect to the corresponding adiabatic ones. Conversély,the observation of line-emitting knots in YSO jets. Linear
we note substantial differences in the evolution of heavy jetmnalyses of the stability of radiative jets by Massaglia et al.
they remain more collimated and do not spread out, while tfE992) and Hardee & Stone (1997), showed that radiation losses
momentum gained by the ambient medium stays withihjet typically reduce the growth rates of perturbations. Extending the
radii. analysis to nonlinear amplitudes, Rossi et al. (1997) and Micono
et al. (1998) found that radiative cooling has noticeable effects
Keywords: hydrodynamics —instabilities —shock waves — 1SMbn the spatial and temporal evolution of two-dimensional jets;
jets and outflows — galaxies: jets in particular, the action of cooling leads to a longer duration of
the initial linear stage and of the shock-dominated stage of the
instability; shocks that form appear weaker and the post-shock
temperatures smaller; the importance of the mixing phase is re-
1. Introduction duced and in some case, depending on the jet density, it is totally

Jets that originate from young T Tauri stars in giant mole@PSent. Studying this problem, Downes & Ray (1998) found a

ular clouds and from Active Galactic Nuclei propagate, in %omewhat contrary result with respect to Rossi et al. (1997):

collimated fashion, up to distances 100-1000 times their from their temporal simulations they concluded that cooling en-

average radii. The question of their endurance against Kelv[{Rnces the momentum transfer to the ambient medium, increas-
Helmholtz instabilities is a crucial one for understanding tHB9 the level of mixing. They suggested that the differences in
phenomenology of these objects. This issue has been addrel {0 studies might be due to the different geometries adopted:
by many authors first in the linear limit (see Birkinshaw 19gtartesian in their case, and cyhndrlcal in Rossi et al. (1997)_'
for a review) and, in recent years, through the use of 2D and |ne goal of the present work is to study the effect of radia-
3D numerical simulations (see Ferrari 1998 for a review). Hye losses on the gvolut_lon OT the Ke_lvm-HeImhoItz msta_blllty
particular, recently, Bodo et al. (1998) have examined the dift @ three-dimensional jet, with particular focus on the issues

ferences between two-dimensional and three-dimensional §&¢MXing and momentum transfer in a system which is not
subject to any superimposed symmetry. Moreover, with explicit

Send offprint requests 1. Micono reference to jets from YSOs, we aim to verify whether the ac-
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tion of cooling is strong enough to prevent a fast disruption afdetailed description. The assumed losses are a reasonable ap-

three-dimensional jets, which must survive for the length amaoximation for temperaturés< 35,000 K and shock velocities

time scales that are observed. Specifically, we investigate theto about 80 kms!; both conditions are generally fulfilled

behavior of dense, light and equidense jets, and analyze thei@fy SO jets. We recall, in particular, that we assume here that

fects of increasing the amount of energy lost through radiatieur jet is composed of atomic gas with solar abundances, and

by changing the value of a radiative control parameter whichig neglect the formation of molecules and molecular emission.

directly related to the ratio between the cooling and dynamicphis assumption is consistent with our choice for the initial jet

time scales. temperature, which is well above the dissociation temperature
The plan of the paper is the following: in Sect. 2 we exanfier the hydrogen molecule.

ine the physical problem and the equations used; the numerical

scheme is described in Sect. 3; Sect. 4 summarizes the result? Qlfhe numerical setup

our previous studies on the stability of adiabatic jets; the results

of our simulations are discussed in Sect. 5. Finally, a summayl. The integration method

and the conclusions are given in Sect. 6. : . . . .
g The hydrodynamical equations are integrated numerically using

. a three-dimensional version of the Piecewise Parabolic Method
2. The physical problem code (Colella & Woodward 1984). The code was parallelized

We study the evolution of a 3D fluid jet, subject to radiativrough the MPI package. Multidimensionality, as well as the

losses: the equations regulating our system are thus the id_@gﬁusion of radiative losses, are achieved through pperatorsplit-
fluid equations for mass, momentum and energy conservatidfid: the PPM code solves the EGs. (L}(4) dnd (7) in a conserva-
tive form; where non-conservative terms are present, the phys-

Ip YV (pv) =0 1) ical quantities are updated at the end of the main time step. In

ot ’ addition, the integration time step is constrained by the Courant
ov condition, and is further corrected so that the temperature does

Par +p(v-V)v=-Vp, (2) not vary by more than 10% in a single step.

ap » [dp 3.2. Integration domain, initial and boundary conditions

+(V~V)p—7{+(v-v)p] . .

ot p Ot Our 3D domain{(0, D) x (=R, R) x (=R, R)}, with D =

=(y-1)(Q-L) (3) 10ma andR = 6.7a wherea is the jet radius, is covered by a
256 x 256 x 256 grid, and is described by a Cartesian coordinate
wherep, p, andv are pressure, density and velociyjs the system(z, y, z).
ratio of the specific heats, and and Q are respectively the  The initial flow structure is a cylindrical jet, with its sym-
energy loss term and the heating term (assumed here consiagtry axis lying along ther-direction and defined byy =
and equal tal taken att = 0); the right hand side of EGI3(, » = 0). The initial jet velocity is along the-direction. The

vanishes in a purely adiabatic case. _ interface between the jet and the surrounding material is not
We also follow the evolution of the number fraction of thgy vortex-sheet-like interface, but a smoothly varying velocity
neutral hydrogen atom;: shear layer. The form of the initial jet velocity profile is thus:
afn o , 2 2 m
ot (v V) fa = el b e e, @ V() 2) = Vi sech Kv s ) ] , ®

wheren, is the electron density, angandc, are the ionization
and recombination coefficients, which depend on the tempewaiereVj, is the velocity on the jet axis, and is a parameter

tureT and on the electron density, in the following way: controlling the interface layer width; in these calculations we set
] ) = 8 which implies a shear layer thickness of approximatel
G =1.08-107% - 13.672 - VT o(“157890/T) 3 =1 (5) 1 = S Wen imp y PP y
0.4 jet radii.
¢ =2.6- 10_“/\/T em® 51 (6) ) The initial structure of the density in our domain is defined
V:

(Rossi et al. 1997).

Finally, we trace the jet material by means of a scalar fleld po(y; 2) — v~ (v—1) sech VY2 + 22 (9)
whose evolution is followed by integrating the scalar advectiorpo, jet a ’
equation:
wherev is the ratio of the density at = /y2 + 22 = >, t0
oT +(v-V)T=0. (7) thaton the jetaxigy = z = 0) at the initial time.
ot We assume that the jet is initially in ionization equilibrium,

Cooling is treated here as in our two previous papers on 20d in pressure equilibrium with its surroundings (with an ini-
cooling jets, and the reader is referred to Rossi et al. (1997) faally uniform imposed pressure distribution).
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Finally, we impose the following initial conditions for theTable 1.
passive tracey :

Simulation M v To noa
T = { 1, r<l1 1) A 10 01 10°K 5.x 107 cm™
0, r>1. B 10 10. 10*K 5. x 10" cm~2
h ble tofollow the i il duringi b C 10 1. 10*K 5.x 107 cm™2
sothatwe are ableto followt ejetmatena urlng|tssu sequent D 10 1. 104K 5. x 1018 Cm_2

evolution.

This initial configuration is then perturbedtat 0; we per-
turb the transverse velocitidg, andVz, so that a wide range ,, /. .. The treatment of cooling introduces two more param-
of modes can be excited. In order to mainly excite the helicglers in our calculations, namely the initial temperature on the
mode, we choose the following functional form for the transet axis 73, and the ratior,.q between radiative cooling time

verse velocities: traa = p/[(v — 1)£] and the sound crossing time. Fiximg,q
\/ﬁ m is analogous to fixing the product of the jet particle density and
V,(x,y,2) = V.0 sech l(y“) ] the jet radiusiga, which was selected in our calculations since
a it has more direct observational meaning (Rossi et al. 1997).
1™ In our simulations, we fixed the Mach number = 10 and
X Z sin(jkox + ¢;) , (11) we selected three values for the ratibetween the external and
j=1 the jet material, i.ev = 0.1 (overdense jet)y = 1 (isodense
jet) andv = 10 (underdense jet). The initial temperature on
\/ﬁ m the jet axis was alway%;, = 10,000K, and for the product
V.(z,y,2) = Vi g sech KW> ] of the jet particle density and the jet radius we selected the
a valuenga = 5 x 10'7 cm~2, which is consistent, for example,
Lo with a jet radiusa = 5 x 10'® cm and a jet particle density
X — Zcos(jkox +¢5), (12) ng = 100cm~3; however, we recall that our results are valid
s for all pairs of values ofy anda for which their product is

constant.

whereV, o = V.o = 0.05V} is the amplitude of the initial For the equidense jet(= 1) case we performed a simu-

perturbation,{¢;} are the phase shifts of the various Fouriqgtion with the valuenga = 5 x 105 cm—2 in order to study

componentsy = 8 andky = 27 /D. he eff f . o - : -
. . varying the radiativ: ling time on the in ili
As regards the behavior at the boundaries, we adopt frt eolitiiﬁo arying the radiative cooling time on the instability

outflow boundary conditions at the upper and lower boundariés In Table[1 we summarize the simulations discussed in the

inthey andz directions, b)_/ setting the grad?ent ofevery VariabISresent paper, with the values of the relevant parameters.

to zero. The central region of the domainda < y < 3a,

—3a < z < 3a, is covered uniformly by 150 grid points in the

radial direction (with the jet itself initially occupying 50 grid4. Results of previous studies

points att = 0); atilarg(.ar distances fror_n the jet axis, bpth thi.l. Stages of the instability evolution

y and thez mesh sizes increase accordingly to the scaling laws

Ay;jy1 = 1.02Ay; and Az, = 1.02A%;, respectively. The Previous studies of the temporal (Bodo et al. 1994, 1995, Rossi

grid along ther direction is instead uniform, and the boundargt al. 1997) and spatial (Micono et al. 1998) evolution of the

conditions are periodic. This choice implies atemporal approakblvin-Helmholtz instability in two-dimensional jets allowed

to the study of the instability evolution, as opposed to a spatig to distinguish four stages of evolution; they were identified in

approach where inflow and outflow conditions are applied at thdiabatic and cooling jets in the spatial and temporal approach,

left and right boundary respectively, along the jet flow directiom slab and cylindrical geometry; their features, as for example

We refer to Rossi et al. (1997) and Bodo et al. (1998) for a matiee onset time, the duration, the morphological and physical

detailed discussion of boundary conditions, grid settings aedolution of the jet during each stage, were dependent on the

comparison between the temporal and spatial approaches. parameters adopted, although the general trend was common to
all studied cases. We recall in the following the main features

3.3. Scaling and parameters of each evolutionary stage:

Our calculations are carried out in non-dimensional form. Dis— Stage 1the unstable modes excited by the perturbation grow

tances are thus measured in units of the jet radjuglocities in accord with the linear theory. In the latter portion of this
are scaled to thesothermalsound speed;, evaluated on the stage, the growth of the modes leads to the formation of
jet axis and at the initial timeé = 0. Accordingly, time is then internal shocks.

measured in units of the sound crossing time — Stage 2the growth of internal shocks is accompanied by a

The dynamical control parameters for our problem are the global deformation of the jet, which thus drives shocks in the
Mach number M& Vg /(csy/7)) and the density ratio = external medium. These shocks can carry momentum and



798 M. Micono et al.: Kelvin-Helmholtz instability in three dimensional radiative jets

energy away from the jet, and transfer them to the exterrfalResults
medium. .

— Stage 3as a consequence of the shock evolution, mixinsg'l' Heavy jetsi( = 0.1)
between jet and external material begins to occur. The lan-this section we present the results of the calculations for an
gitudinal momentum, which is initially concentrated insidadiabatic jet and a cooling jet with Mach numbgr= 10 and
the jet radius, is spread over a much larger region by tbensity ratiov = 0.1. We carried out the simulation for= 12

spreading of the jet material. units of sound crossing time, since at this time the adiabatic jet
— Stage 4in this final state, the jet attains a statistically quasieaches the boundaries in thendz directions.
stationary state. In Fig[d we show grey-scale images of two-dimensional

cuts of the jet density, in the= 0 plane (i.e., a longitudinal cut

The effects of radiative losses on the instability have beanthe(zy) plane in the middle of the domain) and in the= 57
traced by Rossi et al. (1997) and Micono et al. (1998). Thtane (i.e. a transverse cut in thez) plane in the middle of the
main differences of this analysis with respect to the adiabatiomain), for the radiative and adiabatic jets at different stages
case are: i) a longer duration of stages 1 and 2 of the evolutiofithe evolution.
i) a decrease of the shock strength and of the post-shock tem-At time ¢ = 4 the situations is similar for the adiabatic
peratures, and iii) a general reduction of the importance of thad cooling jets: the instability has already entered the acous-
mixing phase (depending on the valuesvadindnga), with a  tic phase, with the development of shock waves driven by the
complete absence of the mixing phase for high values,af  jet into the external medium, in correspondence to the major
“kinks” caused by the growth of the fundamental helical mode
excited by the imposed perturbation. Acoustic waves are driven
in the external medium, as it can be clearly seen in the upper
In this section we summarize the main results obtained by Boganels of Fig11. Already at this early stage, a little amount of
etal. (1998) intheir comparative analysis of 2D and 3D adiabatigternal material is being entrained by the jet, as a result of the
jets. Bodo et al. (1998) adopted a Cartesian geometry angrawth of higher order fluting modes that produce short scale
temporal approach (i.e., periodic boundary conditions in thigples on the surface of the jet.
direction of the jet axis), and superimposed helical perturbations At time ¢ = 6 the radiative jet is still shock-dominated, al-
onto the initial transverse velocities (see also below). though the disturbances induced on the jet surface have grown

The expected differences are mainly due to two factors: firgi, amplitude and the amount of entrained ambient medium
there are many more unstable modes in three dimensions thas increased. In contrast, the adiabatic jet appears to have
in two dimensions, and the growth rates of the 3D modes chully entered the mixing phase; no trace of the coherent large-
predominate. Second, it is well-known that turbulence in twstale deformations induced by the fundamental helical Kelvin-
and three dimensions differs substantially, especially as farkdelmholtz mode can be discerned. As the evolution proceeds,
the mixing properties are concerned. Both effects — the préise adiabatic jet appears to be completely mixed with the am-
ence of unstable high-wavenumber modes, and the cascadgiéat medium { = 8, Fig.[1), while the jet subject to radiative
high wave numbers via nonlinear interactions — can lead to tligses maintains its collimation up to the latest time in our cal-
formation of small-scale structures that are not observed in teglations;t = 12; at this time both jets have reached stage 4 of
dimensions. the instability evolution, i.e., a statistically “quasi-stationary”

The main features observed by Bodo et al. (1998) in theage. The comparison between the adiabatic and radiative jets
evolution of over-dense and under-dense three-dimensional &diFig.[1 also conveys the impression that the adiabatic jet has
abatic jets, compared to analogous two-dimensional slab jéfscome much wider than its radiative counterpart. To analyze

4.2. 2D vs 3D behaviour

can be summarized as follows: this effect in more detail, we have computed the radial distri-
bution of velocity averaged over the longitudinal and azimuthal
1. Faster evolution. directions and we have defined the jet radius as the radius at
2. Absence of a clear separation of stages 2 and 3 of the insthich this averaged velocity drops to one half of its maximum
bility (as defined in Sedt. 411). value (found at- = 0). Fig.[3c shows the evolution of this ra-

3. More rapid development of small-scale structures due to tfies as a function of time; we see from the figure that in fact the
growth of linearly unstable higher order (azimuthal numberdiabatic jet widens much more than the radiative one.
< 2) fluting modes and, at advanced times, to a cascade to In Fig.[2 we show a two-dimensional cut of the Laplacian
small scales through nonlinear turbulent processes. of the density in the plane = 0 (the Laplacian of the density

4. Enhanced material mixing between the jet and the ambiésta valuable tool to mark the presence of shock waves in the
medium; more effective and faster momentum transfer froflow, and is widely used in gas dynamics). Upon examining

jet to the ambient medium. this figure, we can follow the same evolutionary path described
5. Enhanced jet broadening. above. The Laplacians at time= 2 are not shown since no
6. Similar evolution of the largest-scale structures. significant feature can be detected: both jets are in fact stillin the

7. Similar asymptotic states (although reached at very differdintear phase (stage 1) of the evolution. When the perturbations
times). steepen into shock waves, the jet enters the acoustic phase (
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Fig. 1. Grey-scale images of the density distribution for heavy=0.1) adiabatic (left column) and radiative (right column) jets; 2D cuts at a
fixed z (z = 0) and at a fixedr (x = 5m).

4). The duration of the acoustic phase is longer for the radiatitree tracer distribution does not differ substantially from the ini-
jet, where strong shock waves survive uptte= 10; for the tial one. As time elapses, the jet goes through stages 2 and 3
adiabatic jet, instead, shock waves are damped by the vigorofishe evolution, during which the entropy grows, reaching a
mixing that occurs already during the acoustic stage: after timeasi-constant value at the end of the evolution.
t = 6, no shocks can be detected in the flow, and turbulent In Fig.[3b we plot the momentum of the radiative (solid
mixing dominates. line) and adiabatic (dashed line) jets, normalized to the initial
In panel (a) of Fid.13 we plot the tracer entropy vs. time, values, as a function of time. In both cases, the jets start losing
for the adiabatic (dashed line) and radiative (solid line) densementum early in time; the final momentum loss is dramatic,
jets. W measures the departure of the tracer’s distribution frosmce at time¢ = 12 radiative and adiabatic jets have lost almost
the initial form (7 = 1 for the jet material and™ = 0 for the 80% of their initial momentum. Figl 3b shows that the amount of
external material; see Bodo et al. (1995) for the mathematicabmentum lost by the radiative and the adiabatic jets is similar;
definition of W). Up to timet = 2 the jet is still in the linear the momentum loss is slightly greater for the radiative jet. This
phase of the evolution, and the entropy is almost constant, sinesult seems to be in contradiction with the behavior described
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Fig. 2. Grey-scale images of two dimensional cuts of the density Laplacian, in the plane

previously: if we assume that the quantity of momentum lost ‘ (a) _ Entropy
is a valid indicator of the instability effects, then we would g Lo
expect that the radiative jet is equally or more unstable than the 75 -
adiabatic jet; on the other hand, we saw that radiative cooli
acts to reduce the development of mixing and to conserve the [
collimation of the jet for longer times. In fact, as we have seen ¢
above, the jet widening in the adiabatic case is larger than in

the radiative case; one could then expect that the amount of 2 P p s 0 1o

entrained material would be much larger in the adiabatic case, time

and correspondingly the residual jet momentum much lower. (b)  Momentum

This apparent discrepancy can be explained if we analyze how.of == ‘ ‘ ]

momentum is lost by the jet in the two cases. 0.8F N 4
The rate of momentum transfer is almost similar for the , .© \\\\ E

cooling and adiabatic jets, but the radiative jet accelerates omly * N 1

the ambient medium located very near the jet itself; in contrast, 0.4 a =l
the adiabatic jet expands and entrains material over a muctf-< 1 E
larger radial extent, accelerating it until at the end of our cal- 0.0t 1

culations all the ambient medium in our computational domain 2 4 ”fne 8 0 2
has a non-zero velocity in the longitudinal direction; this trend

appears clearly in Fif 4a, where the amount of momentum ac- ‘ (¢) _ Radius

quired by the external medium at different times is shownasa : P
function of the distance from the initial jet axis. 3 * -7 *

The typical velocities attained by the accelerated ambient JE
medium in the two cases are similar (for example, the maxi-

mum velocity of the material witly” < 0.1 at t=10 is~ 6.8 2=

for both cases), but the adiabatic jet accelerates a larger radial ‘ ‘ ‘ ‘ ‘ E
volumeof ambient material. A similar amount of transferred 0 P 4 6 g 10 12
momentum is thus achieved in the two cases only if in the ra- time

diative caselenserambient material is accelerated. That this ijg 3. panela shows a plot of the tracer entropy for the radiative
the case is demonstrated by [Fig. 4b, which shows the distributigBiid line) and adiabatic (dashed line) jets as a function of time (for
of momentum in the external medium versus the corresponlle analytical and physical definition of tracer entropy see Bodo et
ing value of the density for the radiative and adiabatic jets: ve& 1995); paneb shows a plot of the jet momentum for the radiative
characterized each volume of ambient medium by its values(sflid line) and adiabatic (dashed line) jets as a function of time. Panel
momentum and density, divided the density range into densgtprovides a plot of the temporal evolution of the jet radius for the
bins, and integrated the momentum over each density bin, fliative (solid line) and adiabatic (dashed line) cases. All the plots are
taining the distribution showed in Fig. 4b. This figure shows thi’ the heavy jet case/(= 0.1).
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000 | o T 000l S T oot 14 panels we plot the trends referring to

0 2 4 6 8 10 12 0 2 4 6 8 10 12 o 2 4 6 & 10 12 heavy radiative (solid line), and adia-
#/Po #/Po £/ Po batic (dashed line) jets at different times.

the typical densities of the entrained material are much lardeas taken place and the jet diameter has considerably widened,
in the radiative case than in the adiabatic case; furthermoadew weak shocks can still be detected both in the adiabatic and
the total mass of the entrained material turns out to be of tbeoling jets.

same order in both cases. We can understand this if we note thatThe growth of the higher order fluting modes is delayed in
the initial shocks driven by the adiabatic jets heat the exterristhe, and mixing occurs later, mainly because of the inertia of
gas, which consequently expands and thus lowers its dendity external medium. The onset of mixing occurs between times
In the radiative case, cooling suppresses the expansion, ldag-10 and¢ = 12, and is initially limited to the more external

ing in contrast to a compression of the shocked material; tlagers of the jet. At later times (e.g., timie= 18 in Fig.[8)
momentum acquired by the external medium resides largelytive action of mixing is not disruptive, and the jet maintains its
material whose density is up to ten times higher than the initiedllimation.

external density. In addition we must remember that this shock- The transition between the evolutionary stages is well de-
induced compression can be very effective in the radiative cgseted by the tracer entropy, plotted in Higj. 7a: entropy remains
since strong shock waves survive for long times, from4to  almost constant, increasing slowly for the first 810 sound
t = 10 (see Fid.DR). crossing times, when the perturbations grow linearly and the
first shocks form. A larger increase of the entropy occurs at
later times, with a steeper growth for the adiabatic case (which
reaches the quasi-stationary phase earliet,at15 as com-
Aquick glimpse at Fid.l5, which displays two-dimensional greypared tot ~ 18 for the radiative case). The jet momentum is
scale cuts of the density at different times in the= 0 and plotted in Figl¥b as a function of time; we can see that the mo-
x = 5m planes, shows that radiative losses in underdense jetsntum behavior is similar to the entropy behavior: the drop in
have little effect on the instability evolution, which is slowethe jet momentum appears to be steeper for the adiabatic case,
with respect to the previously examined cases: the linear phase it stops earlier so that the total amount of momentum lost
of the instability (stage 1) lasts until tinte= 8 when the first by the jet material is about the same for the two case8(%
shocks appear in both the adiabatic and in the cooling jets. Tdfethe initial value). A more careful comparison between the
density distributions shown in Fig. 5 cannot show details insidehaviors of entropy and momentum shows that the phase of
the jet because the grey-scale saturates there. Therefore, in cstlper decrease of momentum begins earlier than the phase of
to obtain better views of the jet structures, we show in [Big.gleeper increase of entropy. In this case we then have a distinct
grey-scale two-dimensional cuts of the product of the tragghase 2 (acoustic phase) of the evolution in which momentum
and the density at different times. From these figures we dgmainly lost through shocks.

see that shocks form inside the jet and in the external medium, The largest differences between the adiabatic and the radia-
corresponding to the kinks induced by the fundamental helicale cases can be seen in the last stage of the evolution: looking
mode, and persist for long times: at tihe- 16, when mixing

5.2. Light jets ¢ = 10)
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Fig. 5. Grey-scale images of the density distribution for light=£ 10) adiabatic (left column) and radiative (right column) jets; 2D cuts at a
fixed z (z = 0) and at a fixedr (x = 5m).

at Figs[® andl6 at times= 16 andt = 18, we see that the stage, when shocks are well developed and not yet disrupted by
adiabatic jet appears to be wider than the radiative one. Thigi&ing.
confirmed by Fid.l7c, which shows the behavior of the jetradius, The amount of energy lost through radiation is at least an
as defined in the previous subsection, as a function of time. Tdreler of magnitude smaller in the light jet compared to the dense
difference between the adiabatic and the radiative cases h@t- The reasons for this behavior are many; first, the growth of
ever is not so large as for the dense jets. This same effect taa helical mode in the dense jet drives larger amplitude kinks
also be seenin the jet momentum distribution: in Eig. 8 we shavhen compared to those observed in the light jet; in this way the
the grey-scale distribution in the (yz) plane of the average of thkock fronts are wider in the= 0.1 jet, and a larger amount of
jet momentum over the longitudinal direction for the two casesiaterial is compressed, heated and ultimately cooled through
we see that the distribution is wider for the adiabatic jet. Sincadiation. In addition, the wavelength of the most unstable mode
the total amount of momentum retained by the jet is about theay play an important role: a shorter wavelength, typical of
same in the two cases, we also find that the maximum valuedaeinse jets (see Hardee & Norman 1988) leads to the formation
the jet momentum, located at a position corresponding to thiea higher number of shocks in a short time, increasing the effi-
initial jet axis, is smaller for the adiabatic jet (about half theiency of the cooling mechanism at shocks (compare alsdFigs. 1
maximum value of the cooling jet momentum). and®). We also note that the ambient medium gives a significant
From the above description we can conclude that — in cazentribution to the subtraction of energy from the system, in par-
trast to the heavy jet case —the presence of radiative losses diceitar when dense and equal-density jets are concerned,; in fact,
not strongly modify the overall evolution of the instability in ashocks are driven by the jet into the ambient medium, and they
light jet. To investigate the reasons for this behaviour, we plgiropagate in the external regions immediately surrounding the
ted in Fig[® the total radiative power (jet plus ambient mediungts; the spatial extension of these shocks can be consistently
for heavy, light and equal-density jets. In each case, the peakarger that in the jet’s body.
the emission takes place shortly after the onset of the acoustic
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Fig. 6. Grey-scale images of the jet density (i.e., of the product between density and tracer) distribution for$ght) adiabatic (upper line)
and radiative (lower line) jets; 2D cuts at= 0.
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radiative (solid line) and adiabatic (dashed line) jets as a function of time

time; in paneb we show a plot of the jet momentum for the radiative . . .
(solid line) and adiabatic (dashed line) jets as a function of time. Fﬁg' 9.Power lost through radiation by heavy (solid line), light (dotted

panelc the temporal evolution of the jet radius for the radiative (solii"®) @nd équal-density jets (dashed line). Units are normalized to the
line) and adiabatic (dashed line) cases is plotted. All the plots are R§jaK emission in the = 0.1 jet.
the light jet casei = 10).



804 M. Micono et al.: Kelvin-Helmholtz instability in three dimensional radiative jets

Adiabatic time = 6.0 n,=100. time = 6.0 n,=7000. time = 6.0

0 5 170 15 20 25 30 0 5 170 15 20 25 30 0 5 10 15 20 25 30

x x x

time = 8.0 time = 8.0 time = 8.0

0 5 70 15 20 25 30 0 5 70 15 20 25 30 0 5 70 15 20 25 30

0 5 70 15 20 25 30 0 5 70 15 20 25 30 0 5 70 15 20 25 30
T T T

Fig. 10. Grey-scale images of the density distribution for equidense (1) adiabatic (left column), and radiative jets, with the product of the
jet density and radiugsoa = 5 x 10'7 cm~2 (center column) andoa = 5 x 10*® cm~2 (right column); 2D cuts at a fixed (z = 0).

5.3. Equal-density jets/(= 1) Looking at the general evolution, the upper panels of Fig. 10
show that at time = 6 shocks have formed, as a consequence
8Fthe non-linear growth of the helical mode; the fluting modes
drive deformations of the jet surface and entrainment of the ex-
. . . _ . .~ ternal medium by the jet. (Previous times are not represented
— 3

and a jet particle density, = 100 cm ), we find that radiation sincet = 6 is the first time when non-linear effects can be de-

mtroduce; I|tt_le effec't on the instability evoluthn, as was tht%cted.) The evolution of fluting modes, which are responsible
case for light jets. This can be seen by comparing the first t\yo

columns of FigiID, where we show two-dimensional cuts o rearly mixing,_is similar in qua!—density Jets and in heg\(y
density in the plané — 0 for the adiabatic and radiative jets jets, for both adiabatic and radiative cases: however, mixing

. - tween the jet and the external medium starts later (at time
The smallness of the effects introduced by radiation couﬁ)(?: 6) with respect to the 0.1 case. Mixing has an immedi-

have been predicted from the analy_S|s_ of_EIg. 9.’ which sh_o f& and disruptive effect: external material is entrained and the
that the amount of energy lost by radiation is similar to the ligh t diameter widens quickly: at time— 12 the jet maintains

{5 ;gr??:i’man;r;(sj fﬂ:g:;sb;sr;&r; t?(?\?vi?hntr?;dheera()f r_r;?glgl)tr { seslarge-scale structure and collimation, but on small scales it
P ; " eavy Jet. aﬂ)pears completely mixed with the ambient medium. Compar-
reason, we have examined an additional casenyithincreased

. . .~ ing the results for the three cases, we see that the radiative cases
by an order of magnitude, i.expa = 5 x 10'® cm~2, which is 9

consistent. for example. with a iet radius 5 x 105 cm and a show stronger density enhancements inside the jets, and that
) Y . Pe, 13 S .. the widening in the radiative cases is reduced (this reduction is
jetparticle density,; = 1000 cm~=. Thiswillincrease radiative

i - pa{rticularly evidentin the high-cooling case). This is again con-
losses; for example, the amount of energy lost by radlatlonﬂa}med by Fig[TlLc, which shows the behavior of the jet radius
time ¢ = 8 corresponds to 0.08% of the kinetic energy of th yrig ' J ’

. . . defined above, as a function of time.
jet at that same time, compared to a value of 0.02% obtained’in ! v unct I

the previous case. The results for this high-cooling case are Asforthe heavy jetcase, the acoustic and mixing stages can-
previou ; X 9 9 aA%? be distinguished in the jet evolution, both for the adiabatic
shown in Fig[ID, in the third column.

and radiative cases. The onset of mixing is contemporary with
the formation of the first shocks in the flow, but the interaction

When studying equal-density radiative jets with the same val
of npa as considered in the previous casega( = 5 x 1017
cm~2, consistent, for example, with a jetradius- 5 x 105 cm
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(a) _ Entropy | appears to occur slightly faster for the adiabatic apd= 100

jets, although the final loss attained at the end of the evolution
is similar for the three cases, and corresponds to~thE0%

of the initial jet momentum. Although the integrated values are
similar in all cases, the spatial distribution of the jet momentum
reflects the differences in the jet widening noted above.

I N S FE A

6. Energy spectra

time

We have seen that radiation losses tend to maintain jet collima-
tion. To obtain a different perspective on the instability evolution
and on the differences between the various cases, we have ana-
lyzed the relative amounts of kinetic energy in longitudinal and
transverse motions at different scales.

When the instability grows, the kinetic energy of the lon-
02F gitudinal jet bulk motion goes into internal energy, radiation,
0.0t ‘ ‘ ‘ and kinetic energy in the transverse motions. In the direction

0 5 . 10 15 perpendicular to the jet axis we can have: a) large-scale mo-
time tions, due to the growth of the helical unstable modes, and b)
(c) Radius small-scale motions, induced by the Kelvin-Helmholtz fluting
‘ ‘ ‘ modes, and by a possible turbulent cascade from large to small
scale motions. Our aim is to analyze in more detail the transfer
of energy from longitudinal to transverse motions; the key issue
is to identify possible differences due to radiative losses. This
analysis can also give us information about the persistence of
g the jet as a coherent structure of longitudinal velocity.
0(; . " e We perform this analysis by calculating the three-dimensio-
time nal Fourier spectra of the kinetic energy for longitudinal and
transverse motions. We then obtain one-dimensional spectra by
Sintegrating first over the transversal wavenumbegrandk.,
and adiabatic (dashed line) jets as a function of time; in phneé and second Ove.r the Iong!tud!nal and aglmuthal wave numbers
show a plot of the jet momentum for the radiative, = 100 (solid (after transforming to cylindrical coordinates). We use these

line), radiative,n1o — 1000 (dotted line) and adiabatic (dashed linePn€-dimensional Fourier spectfg, (k,) and A, (k;) to com-
jets as a function of time. In panelthe temporal evolution of the jet Pare the amount of energy in the longitudinal and radial direc-
radius for the radiativepo = 100 (solid line), radiativepo = 1000 tion, at all times, and for all the studied cases. Initially, before

(dotted line) and adiabatic (dashed line) cases is plotted. All the pldiee jet enters the non-linear phase, the energy is found in lon-
are for the equal density jet case+£ 1). gitudinal motions at large scales; as the instability evolves, a
portion of the kinetic energy is transferred to longitudinal mo-
tions at smaller scales and to transverse motions. I Hig. 12 we
of the two phenomenai is different if cooling is significant: in thean follow this process for the particular case of underdense
adiabatic andhy = 100 jets, vigorous mixing takes place andets. The figure shows the behavior of longitudinal and trans-
shocks are destroyed after a few sound-crossing times, while@ise energies, normalized to the initial jet kinetic energy, as a
the coolingny = 1000 jet strong shocks survive up to the latestunction of time for different scale ranges (recall that lengths
stages in the jet evolution, when the global collimation of there given in units of the jet radius). Looking at the longitudinal
jet has been partially destroyed. In fact, in the adiabatic jeteaergy at large scales ¢ 2, panel a) we see that this compo-
strong shock appears only at time= 6, while no shocks sur- nent, as noted above, initially represents the only form of energy
vive after timet = 8 when a weak discontinuity in the flow canpresent in the system and, as the instability evolves, this compo-
be traced. In the coolingy = 1000 jet, instead, shock wavesnent decreases monotonically. At smaller scales (panels b,c,d)
are not destroyed up to time= 14, this is approximately the the longitudinal energy first increases, reaches a maximum, and
time at which the cooling jet enters the quasi-stationary statheen decreases. The time at which the maximum is reached is
of the evolution, as it is indicated by the behavior of the tracabout the same for all the scale ranges. A similar behavior is
entropy shown in Fig.Z11a. Entropy grows more steeply for theund for the transverse energy, but the maximum is reached at
adiabatic case: the quasi-stationary phase is attained earlier, le¢ey times. The faster decrease observed in longitudinal energy
attime~ t = 12. when compared to that observed for the transverse energy leads
Fig[11b shows the variation in jet momentum as a functiat some time to an equipartition between the two and, from then
of time for the radiative and adiabatic jets. The momentum lose, motions can be considered to be isotropic. This isotropy is

(b)  Momentum
1.0F T ‘

0.8F
0.6F

0.4F

i S N A I I

Fig. 11a—c.In panela we show a plot of the tracer entropy for th
radiative,no = 100 (solid line), radiativeyno = 1000 (dotted line)
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Table 2. Value of the maximum kinetic energy in the transverse motions, time at which this maximum is reached and time at which equipartition
between longitudinal and transverse energy is attained, for all cases, and in four different scale intervals. Blank spaces are left whdomequipartit
was not observed within the maximum evolutionary time reached in our calculations.

A<0.5 0.b< A<l 1<A<?2 A>2
Emaz tmaz teq Emu.;v th.I teq E’VYLGI tmaz t&q Emaz tmaz teq
v=01-Ad. 55x107% 6. 95 6x1073 6. 6x 1073 6. 1.8 x 1072 6.
v=01-Rad. 5x1073 6. 5.5 x 1073 6. 4.5 %1073 6. 8x 1073 6.
v=1.-Ad. 1072 81 115 1072 8.5 13. 1072 85 145 23x1072 10.
v=1-Rad. 8 x1073 81 125 8. x1073 8.8 14.  7.x1073 8.8 16. 1.6x107%2 10.
v=10.-Ad. 13x1072 12. 132 13x107%2 12. 16. 1072 13. 18.  2.x107? 14.
v = 10. Rad. 1072 12. 16. 8x 1073 12. 185 8x107° 13. 20. 15x107%2 14,
1-00F H 05 <r <7 1 we see thaf,,,, increases slightly as is increased, i.e., go-
ing from overdense to underdense jets. This increase however
g 0.70¢ E 3 cannot compensate for the increase in density witiherefore
we expect lower transverse velocities for the higbases, and
0.01¢ £ 1 therefore a smaller jet widening, as it is indeed observed in our
o S } } RS S } ... simulations.
1<n <2 N <05 The table also shows that near the end of our simulations for
ther = 1 andv = 10 cases, we reach equipartition between the

0.10¢ B + E

longitudinal and transverse energies also at scales larger than the
jetradius, while inthe overdense case equipartition is found only
at small scales. We can therefore ask whether, in these cases,
the jet can still be identified as a coherent velocity structure.
time time To answer this question, we have computed the autocorrelation

Fig. 12a—d.Kinetic energy for longitudinal and transverse motions, Jémctlon for the longitudinal velocity, defined as

a function of time for light jets. Solid and dotted lines represent the

energy of longitudinal motions respectively for adiabatic and radiativé(s) = /vgg(m7 Y, 2)g(x + h,y, z)dxdydz
jets; dot-dashed and dashed lines represent the energy of transversal

motions again for adiabatic and radiative jets.

Ein

0.01F

where the integral is performed over the whole domain of inte-
gration. We have then defined a correlation length as

first reached at small scales, and then at larger scales. We further [~

note, by comparing the curves for the adiabatic case and théfs? /O F(h)/F(0)dh

for the radiative case, that in this last case the transfer of energy

to transverse motions is less efficient and more energy is alwaysl have plotted in Fif. 113 as a function of time for all the dif-

kept in longitudinal motions. ferent cases. The three panels in the figure refer respectively to
The behavior described for the underdense case is fouhd overdense case (upper panel), the equal density case (middle

also for the other cases; we have then summarized all our panel) and the underdense case (lower panel); the solid curves

sults in Tabl€R, where we report, for all our cases and for eagie for adiabatic cases and the dashed curves are for radiative

scale interval, the time at which the maximum of transversases.

energy is reached, the value of this maximum, and the time at From Fig[I38, we see that, as was also suggested by the

which equipartition between longitudinal and transverse energgurier analysis described above, the overdense case maintained

is attained. an higher coherence than the other two cases, especially com-
By comparing the table with the behavior of entropy anpared to the low density case in whithdrops to~ 0.4 at the

momentum shown above, we can see that the time at whitd of the simulation. Radiation acts in different directions for

the maximum transverse energy is reached falls in the stetg different values of: in the overdense case radiation tends

est portion of the momentum drop and of the energy growt® give a more inhomogeneous structure both in density (as we

confirming the connection between the mixing process and thave already seen) and in velocity and this is reflected by the

transfer of energy to the transverse motions. In the case of lewer value of., in the equal density case the effects of radia-

diative jets, this process of energy transfer is less efficient i@ are very small, while in the underdense case radiation tends

demonstrated by the lower valuesif, ., for these cases and,to keep a more coherent structure with an higher valug. of

as discussed above, mixing and jet widening is lower for these

types of jets. Comparing the different values of the density ratio,
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the lower panel refers to = 10. The solid curves are for the adiabatic
cases, while the dashed curves are for the radiative cases.

7. Summary and conclusions

807

is present, the duration of the acoustic phase of the evolution
is increased, and shocks survive in the flow for longer times.
Furthermore, the strength of the fluting modes is reduced;
as a result, mixing with the ambient medium is less effective
and the jet retains its collimation for longer times. The mo-
mentum loss in the adiabatic and radiative cases is similar,
but it occurs in different ways: in both cases, the momentum
is transferred away from the jet axis. However, the adiabatic
jet loses momentum by expansion and entrainment of am-
bient medium far from the jet axis, material which is heated
and expands by shocks that are driven into the ambient mat-
ter from the jet; in contrast, the radiative jet transfers its
momentum to ambient material which is located near the jet
surface, material which has been shocked and cooled, and
thus condensed relative to its initial state.

Light jet

For underdense jets the evolution develops over 20 sound
crossing times, and thus is slower than the previous case.
Mixing takes place later with respect to the onset of the
acoustic stage, and its action is damped by the inertia of
the external medium. The final jet widening is caused by
the growth in amplitude of the fundamental helical mode,
which is the main source of shock formation and momentum
loss. The amount of energy lost through radiation at a fixed
time is smaller than in the previous case, but cooling has
nonetheless a small effect on the instability evolution, again
reducing the amplitude of the jet widening.

Equidense jet

Iso-dense jets evolve similarly to dense jets, although the
onset of the various stages is delayed in time. The amount
of energy lost through radiation is smaller, and the short du-
ration of the shock-dominated stage suppresses the effects of
cooling on the overall instability evolution. To demonstrate
the effects of radiative losses, we ran a simulation in which
we increased the jet particle density (which is one of the
radiative control parameters). The main effects of cooling
are a longer duration of shocks in the flow, damping of the
helical unstable mode (and thus of the amplitude of the jet
deformations in the transverse direction) and of the fluting
modes, which implies that mixing is limited to the external
layers of the jet.

These results indicate that radiative losses indeed cause jet

stabilization, an effect which is more evident in the overdense

We studied the evolution of the Kelvin-Helmholtz instability iff@Se and less evident in the other cases; they are thus consistent
three-dimensional jets, solving the hydrodynamical equatiofy§h the results of previous 2D studies by Rossi et al. (1997)
through a finite-differences numerical code, adopting a tempof&d Micono et al. (1998), even though the effect is not large
approach and varying the external-to-ambient medium densi, In the cases studied by these authors. This difference can
we thus considered dense, underdense and iso-dense jets.PEn@xplained as a result of the assumptions of (i) cylindrical

main results of our calculations can be summarized as follov@@ometry with axial symmetry and (i) axi-symmetric initial
perturbations for the 2D cases. The evolution of the instability

— Heavy jet

in two dimensions is then dominated by strong shocks on

Dense jets undergo fast evolution. Both helical and flutirthe jet axis: the amount of energy lost through radiation in

modes grow non-linearly at the earliest stages of the evothese strong compressions is high, and the stabilizing effects
tion, giving rise to large scale deformations in the structur# cooling are enhanced. In our 3D study, the strength of the
of the jet and to entrainment of ambient material. If coolinghock waves that form is smaller, both because of geometry
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and because of small-scale motions driven by the growth Réferences
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