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Abstract. Previous analyses ofthe X-ray emission from SS 42thd the energy deposition rate into the surrounding supernova
have assumed conically out-flowing jets of hot plasma in ioremnant W50. However, the jets present an ideal laboratory for
izational equilibrium conditions to deduce the system’s physur understanding of the jet phenomenon itself, for compar-
ical parameters from the data. Current X-ray instruments asens of numerical jet models with observational facts. Along
sensitive enough to detect the effects of second order devtzgese lines the first time dependent, 3-dimensional simulations
tions from these simple assumptions in the measured speatfea precessing, hydrodynamical jet have recently shown new
We have modeled the two dimensional hydrodynamic outflawsights into the systems’ dynamics {i\er et al. 2000).
of the jets with different initial conditions, and considered non- Our knowledge of the jet's parameters is mainly based on
equilibrium effects and photoionization in the plasma. The dexaemparisons of simple hydro-dynamical models with the results
ations from the canonical model are discussed and the influefroen X-ray observations (Brinkmann et al. 1989a; Yuan et al.
on the determination of the system’s physical parameters 4895; Kotani et al. 1996). In these models the jet is treated as a
evaluated. hydro-dynamical, purely radially out-flowing conical flow. The
plasmaiis optically thin and in collisional ionization equilibrium
Key words: stars: individual: SS433 — X-rays: general — radigdCIE) and all flow parameters depend only on the radial distance
tion mechanisms: thermal — hydrodynamics from the jet’s origin.

These approximations can be justified for a large range of
models and so far the deviations from more exact flow solutions
could not be tested observationally due to the limited energy
1. Introduction resolution and sensitivities of previous X-ray instruments. How-

The Galactic binary SS 433 emits two oppositely directed jf¥e": deep ASCA observations (Kotani et al. 1996) allowed for
with velocities ofu; ~ 0.26c, which precess under an angle &pe first time estimates of the jet parameters by emission line di-
0 — 19.8° with a pjeriod of P, = 163.99 days (Margon 1984). agnostics, using mainly iron, sulfur, and silicon lines. Although
The kinetic energy of the jets is enormous and might quite w&liS @PProach promises a much more accurate determination of
be in excess of- 10 erg s 1. The X-ray emission from the the physical paramete_rs of 'ghe_ out—ﬂowmg plasma, a d.eta_uled
jetsis predominantly thermal (Watson et al. 1986) and originatdowledge of the spatial variations of the jet's X-ray emission
from the innermost regions of the jets. It is strongly modulatdg "€duired. The cumulative uncertainties of the line measure-

with both the precessional phase and the binary motion wients are presently still rather large but a reliable mapping of
period P, = 13.77 days (Yuan et al. 1995). the emission characteristics of the jets will be feasible with the

Even 20 years after its detection many details of the S)&urrentgeneration X-ray missions Chandra and XMM-Newton.

tem, its evolutionary origin, the nature of the compact object 1here are basically three areas in Wh.'Ch the currently used
and the jet acceleration mechanism remain poorly understodtiPlified models might be inappropriate:

However, two aspects of the systems X-ray jets are unique: the The hydrodynamic outflow can not be purely radial, con-
length of the jets is of the same order as the dimensions of the fined to a cone with constant lateral plasma conditions.
binary systems and thus occultation observations can be Used-tGDepending on the densities of the jet matter the flow time
determine directly the size of the primary star and the orbital sep- g¢gles might be too short to achieve collisional equilibrium
aration. And, secondly, for an astrophysical system the physical jopization conditions throughout the jet.

parameters of the jets are exceedingly well determined, all rele- e plasma ionization has been treated in the collisional

vant quantities to about an order of magnitude. This stillimplies ~qrgnal approximation; the possible role of photo ionization
large uncertainties in some critical astrophysical parameters of h55 not been considered.

the system, like the mass outflow rate from the compact object

While the first approximation applies to all kinds of outflow
Send offprint requests t9V. Brinkmann (wpb@mpe.mpg.de) models the two latter effects are density dependent and thus af-
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fect any determination of the jet parameters in a non-linear way. F
In the following, we will study the influence of these currently B
used approximations on the emission properties of the jets afid'°
thus on the intrinsic uncertainties in the determination of the jet
properties. L p-3
We will compare the X-ray signatures of jets, for which suc:
cessively the different approximations made above are relaxed, 4
with those obtained from a ‘standard’ conical jet model. For th§ 10
basic model we will take jet parameters, typically used in rece@t 7 -
X-ray studies. % 105 i |
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2. One dimensional jets LA

Inthe standard jet model the properties of the jets are determined Energy [keV]

2}2’;2'2:/0%;?\/ 'Z?gn%atrr?(ran:lfr:zetrhdee;esrinpcffr?r?jfe?;grfabif\z Fig. 1. Photon spectrum emitted from a conical jet. Full line: spectrum
'ng J o v P : emitted from the innermost 3 x 10'! cm from the jet base; dotted
flow velocity v, = 0.26 c is fixed and the opening angle of the, . spectrum emitted at distancesc 10! cm < [ < 6 x 10'* cm;

jet is narrowly confined to be smaller th&h = 5° (Shaham  gash-dotted line: spectrum emitted from the outermostx 10** cm.
1981). In our models we will use for the half opening angle a

fixed value of© = 2.5°. The general effects of changesén

on the emitted X-ray spectrum are discussed by Brinkmann(2873), the ionization and recombination rates are taken from
al. (1988). We further adopt a plasma with cosmic abundandemaud & Rothenflug (1985), with corrections for the Fe rates
and assume purely thermal emission from a gas in collisioriedm Arnaud & Raymond (1992). For the calculation of the
ionization equilibrium (CIE) at the local temperature. optically thin X-ray emission we employed the emission model

In the ‘conventional’ approach the temperatiiteis deter- of Mewe et al. (1985).
mined by fitting the shape of the continuum spectrum to the The photon spectrum emitted from such ‘standard’ jet is
observational data. The Ginga measurements indicated ragteswn in FigllL. We did not take into account the Doppler boost-
high temperatures, in excess of kE 30 keV (Brinkmann et ing from the out-flowing jets in any of the spectra shown. The
al. 1991), sometimes approachingt0 keV (Yuan et al. 1995). full line represents the spectrum, emitted from the innermost
The obtained temperatures obviously depend on both, the bix 10'* cm from the jet's base, the dotted line that from dis-
nary and the precessional phases of the system, i.e., the adarades of3 x 101! < [ < 6 x 10! cm along the jet; the
viewing conditions of the inner parts of the jets. Recent obsengash-dotted line the emission from the outerniast6 x 10!
tions with ASCA, employing a temperature determination frolwm of the jet. It can be seen that the hard X-ray continuum is a
the measurement of the iron emission line ratios, yield slightery insensitive indicator for the jet length as nearly all the hard
lower temperatures of kT~ 22 keV, however with large errors emission originates from the inner jet; most of the X-ray flux
(Kotani et al. 1996). Throughout this paper we will use an initi@mitted from the outer jets is found in the soft band. However, in
temperature of kJ = 20 keV for all our models. the case of SS 433 the flux belewl keV is heavily absorbed by

The value of the density,rcan be obtained from the normal-cold interstellar gas with column density &% ~ 5.7 x 102
ization of the model spectrum to the measured flux, assumiery—2 (Brinkmann et al. 1996) and cannot be detected from
a distance to the source ef 5 kpc. However, this parameterEarth. Reversing these arguments implies that observations of
can not be determined uniquely as the spectral informationtle eclipse of the inner parts of the jet by the primary star pro-
insufficient to distinguish between a low density, wide jet andwides a very sensitive method to determine the geometrical sizes
high density, narrow jet. Observations of the eclipse of the jaifthe system.
by the primary star provide the additional information on the The determination of the strengths of various X-ray emis-
radial emission characteristics of the X-ray jet which narrovgon lines by high resolution X-ray detectors provide a new
down the range of possible density values. However, eclipggportunity to map the emission characteristics of the jet. This
observations have been rather rare and usually values arooradhod is particularly valuable as the use of line ratios of the
no = 5 x 103 cm—3 give acceptable models for the X-raysame element eliminates to a large degree the basic uncertainties
emission of the jets. about the chemical abundances of the out-flowing gas.

The electron temperature can be diagnosed from the inten-
sity ratio of two collisionally excited lines from different ions of
the same element in collisional ionization equilibrium (see, for
In the following the term ‘standard model’ refers to a conicalxample, Tanaka 1986). For SS433 this tool has been used for
jetwith ng = 5 x 1013 cm—2, kT = 20 keV and opening angle the first time for recent ASCA observations (Kotani et al. 1996)
O = 2.5°, with the gas in CIE at the local temperature. For th&hich had, however, limited statistical accuracy. Further, the ex-
jet matter we assume the cosmic matter composition of Allact viewing conditions, the temperature distribution along the

2.1. The standard model
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Fig. 2. Iron line flux ratio fs.o_7.0 kev/f6.4—6.75 ev as function of Fig.3.Integrated line emission from a conical jet. Given as the function
temperature (in keV). Dashed line: isothermal iron plasma; full lin&f the jetlength is the integrated flux emitted from that length outwards.
standard jet with base temperatuge Error bar with stars at 40keV: dif-

ferent initial densities of the jet (see text). The other symbols represent

models discussed in the text: ‘+' refers to Gaussian density distribu- . .
tion, filled circle with cross to hydrodynamic outflow, and the triangle The directly measurable quantities are the strengths of the

to a flow with photoionization. emission lines, integrated over the visible parts of the jets. In
Fig[3 we plot the emission from different prominent lines, in-
tegrated from infinity inwards to the actual position along the
out-flowing jets and details of the ionization structure introduget. This means, the value at lengthgives the observed line
considerable uncertainties and the energy resolution of currentission from the jet, if only the outer paits [; are visible,
CCD detectors is still insufficient to separate the different irdre., if the jet is obscured from its base up to a length
lines in the 6.4—7 keV energy range. We will therefore use the If the total jet is visible the above mentioned Fe-line ratio
ratio of the lines in the two energy bands 6.4—6.75 keV andll be measured, any partial obscuration of the inner jet will
6.9-7.0 keV, which contain mostly FeXXV and FeXXVI emisyield a line ratio reflecting the jet temperature at this position.
sion lines as temperature indicators. We will denote them in tR& [3 further demonstrates that most of the Si emission origi-
following as Fe(He) and Fe(H), respectively. nates in the outer parts of the jet with a very steep gradient along
In Fig.2 we show the flux ratios of the Fe lines in thehe jet.
6.9-7.0 keV to the 6.4—6.75 keV energy ranges as function of
the temperatur&y for a homogeneous isothermal iron plasmg
(dashed line). This ratio is strongly temperature dependent an
only the low-temperature part is shown in Fify. 2. For the ‘staithe plasma in the conically out-flowing jet is usually assumed
dard jet’ with Ty as base temperature the ratio varies much legsbe in ionizational equilibrium at the local temperature T(l).
(fullline), due to the temperature structure and the contributioibis approximation is justified for jets with high gas densities.
of lower ionized material in the cooling jet flow. The error baf he ionizational equilibration time scale for highly ionized iron
with the two data points atgT= 40 keV indicates the variation is of the order of pt > 102 s cnT3 (Brinkmann 1992). With
of the flux ratios when the initial density of the jet is changed typical flow time scale of about 100 s this condition can be
(ng = 10'3 cm~2 for the upper point, o= 10'* cm—2 for the fulfilled easily for higher density jet models. However, at lower
lower data point) indicating the strong role played by densitlensities and in the outer parts of the jet where the cooling time
effects in the differentially cooling jet. These two points thuscales are short deviations from equilibrium conditions can be
define the minimal inherent uncertainties for a temperature degpected.
termination via the Fe-line ratios; at this temperature the error We calculated the ionization structure of a conically out-
is of the order of~ 18%. flowing jet (ny = 5 x 10'3 cm~3) by following numerically the
The other symbols refer to models for which the CIE agsnizational evolution of the plasma (for details of the method
sumption or the standard conical outflow model were abagee Brinkmann et al. 1989b). It turns out that for the highly
doned; they will be discussed in the following chapters. ionized species of the heavier elements with prominent emission

%. Non-equilibrium ionization
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linesinthe X-ray range, the deviations of the ionization structuireg and absorption across the jet was neglected and in the conical
from equilibrium conditions remain minute and observationalfgt outflow there are no angular variations of the parameters. The
negligible compared to other model uncertainties. non-equilibrium calculations of the ionization structure were
Lowering the initial density of the jet has two consequencesupplemented by extra terms for the formation rate of an ion
First, the collision time scales between ions and electrons et by photoionization of the ion Fé:~1) and a destruction
longer and the jet itself cools more slowly, resulting in a geomette of the F&? ions being photoionized into E&+1) .
rically longer jet with longer flow time scales. However, even Forthe ‘standard’ jet parameters and an ionizing black body
at an initial density of j = 5 x 10'2 cm~2 the highly ionized flux which does not dominate the final jet emission the changes
iron species are still close to ionizational equilibrium conditions the iron line ratios are relatively small (see the triangle in
Only the lower ionization stages of Fe and the lighter elemerfig[2) and probably not distinguishable from other systematic
with lower ionization energies show deviations from CIE in thdifferences. The deviations from the collisionally ionized jet
outer rapidly cooling parts of the jets at temperatufes 10° get larger for lower jet densities, but not drastically. In any
K. However, these outer jet regions might not be accessible fase the scattered component of the photon flux from inside
plasma diagnostics as the ASCA observations indicate that thime disk leads to changes of the spectral slope of the jet emis-
is interaction of the jet material with extended gas in the systesion, predominantly at higher X-ray energies due to the high
(Kotani et al. 1996). temperatures at the jet's base which might cause a consider-
able overestimate of the temperature of the out-flowing plasma.
This energy range will be best covered with high sensitivity and
spectral resolution by the PN camera on board XMM-Newton.
The role of photoionization of the gas in the outer X-ray jet by
the intense radiation field of the innermost jet is, again, strongy Two dimensional outflow
density dependent. For ‘standard’ jets the optical depth along the )
jetis of the order of,,;, > 1 so that marked deviations from cig3-1. Effects of lateral expansion

conditions can be expected. The fact that the jet emerges frafthough the local velocity of sound of the hot gas in the jets
the disk at a high temperature indicates the existence of a strgfigar below the relativistic speed of the outflow, lateral devia-
radiation field at the base of the jet If inside the disc’s aCCEleonS of the Jet properties from a Simp]e ‘box prof”e‘ must be
ation region black body conditions are reached the luminosfiyesent, even if the jet initially starts with box-like density and
radiated into the cone of the jet will be sufficient to provide th@mperature profiles. We determined this structure by follow-
kinetic energy flux of the jet. However, if the Thomson opticahg the temporal evolution of a two dimensional, axisymmet-
depth along the jet is greater than one, which is the case f@¥ initially conically, hydro-dynamical out-flowing jet until it
the above ‘standard jet’, the scattered radiation will contribuigaches quasi-stationarity. We used the explicit 3-D Eulerian
significantly to the jet's observable emission. As there are ppM hydro-codePrometheus (Fryxell et al. 1989) and em-
observational indications for this component either the densfilbyed a spherical coordinate system with ¥52 zones on
of the jet is lower, reducing the optical depth, or the black bogy radially and angular non-uniformly spaced grid covering a
fluxemerging from the acceleration region in the disc into the jRingth of 103 cm and an angular region of 25 degrees in half-
is highly diluted. In any case, the emission line ratios can changgg|e.
.ConSiderably, making the emission line temperature diagnOStiCS In F|g@ we show the density and temperature prof”e across
Inaccurate. ajetatadistance 6f1 x 10 cm fromits origin. Clearly visible

We have modeled the influence of photoionization by agsthe widening of the density profile (full line) compared to the
suming that the emission at the base of the jet can be apprgiginal box-like distribution (dashed line) and a similar vari-
imated by a black body spectrum, however, with reduced totg|on of the temperature distribution (diamonds, normalized to
flux. For SImpIICIty, we have restricted the photOionization Ca{he temperature on axiS,,\T 6.5 % 106 K) Near the axis the val-
culations to iron only as the Fe lines in the 67 keV range &i@s for the conical and the hydrodynamic jet are still the same.
used as indicators for the plasma ConditionS. We treated theA@rarger angles the temperature rises to Very h|gh Va|ues due to
diation flux along the jet in a simple optically thin scatteringhe presence of a strong standing shock which forms in the inter-
approximation, i.e., the ionizing flux at a distarideom the jet  action of the expanding jet with its surrounding medium. This
origin is given by spread gets progressively larger with radial distance from the

_ B origin of the jet. However, the only directly measurable quan-

Iw,1) = Io(v) x exp[=(0 + au) x I]) tity is the thermal radiation from this out-flowing matter and as
wherer is the Thompson scattering cross-sectionanthe fre-  the emission is basically proportional to the gas density squared,
quency dependent photoionization cross sections for iron whitte outer regions of the jet do not contribute substantially to the
were taken from Reilman & Mason (1979). We have treat@dservable X-ray flux.
in our calculations ionization stages higher than Fe XVI only, In Fig.[8 we compare the X-ray emission as observed from
which are dominant attemperaturgs5 x 106 K. Lower plasma Earth from the conical jet (dotted histogram) with the emission
temperatures occur far out in the jef{( 8 x 10'tcm) where the from the hydro-dynamical outflow (full line). The continuum
densities and thus the residual optical depths are small. Scattbapes are nearly identical, however, the hydro-dynamical out-

2.3. Photoionization
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10 Fig. 6. Line emissivity along the jet for H- and He-like iron ions and

silicon). Dotted lines denote the emission from a conical outflow, the
hydrodynamical out-flowing jet is given as full lines.

keV and the H-like Si X1V line at- 2.01 keV) for the conical jet
model (dashed line) and the hydrodynamical outflow (full line).
Clearly visible are the strong differences in the emissivities, es-
pecially in the outer parts of the X-ray jets. The figure further
indicates that any temperature determination from iron line ra-
tios alone might be very problematic as these ratios depend on
the geometry of the outflow.

photons / em?® /s / keV

2 4 6 8 10 3.2. Non-uniform initial density profile
Energy [keV]

_ o _ In the above models the initial density and temperature distri-
Fig. 5. Photon spectra of a conical jet (dotted histogram) and of a lytion at the base of the jet was assumed to be constant, i.e.
drodynamical outflowing jet (full lines). the jet has a flat-top (box-like) density and temperature profile.

This choice of boundary conditions ensures that in the conical

flow produces about 30% less thermal radiation. This is due%tﬂoW model the plasma parameters are constant over the jet

the on average lower density of the laterally spreading jet a thand vary only along the length of the jet. Any non-uniform

the cooling during the expansion. Thus, a simple determinati iﬁtrib_ution at the jet’s base would clearly lead to_a differential
of the jet's density based on the conical outflow model wou olution of the plasma parameters and thus to internal matter

underestimate the gas density in this case by about 15%. fowsl,..kHoc;/vevgr, the(;e ISho physma(\jl.rea_\;or_] fo-r the choice of Fne
The differences inthe strength ofthe emissionIinesseeniEFigg;%)('I e density and temperature distribution; in nature it wi

will be hard to disentangle from variations in the temperatu determined by the physical conditions resulting in the initial
?gceleration and focusing of the jets.

profile, ionization structure, or abundances — even with futu T : b he ob ional
instruments. Therefore, the determination of the parameters of ogetsome est|mat.esa.ou_tt €o servationa consequences
ﬁa non-uniform density distribution we performed two di-

individual lines alone does not provide strong constraints 8 ) . : . : . -
the physical parameters of the jets. However, there are strdR nsional hydrodynamical simulations of a jet with an initial
hermal Gaussian density distribution, i.e.:

variations of the emission properties along the jet which ¢
provide an exciting diagnostic tool for X-ray observations with ng = Ag x e (857
high spectral resolution and excellent statistics.

In Fig.[8 we plot the emissivity (in photons/s/unit Iengthfc To = 20 keV
along the jet for Hydrogen-like and Helium-like iron lines (and, The half-width of the distribution was chosen to g =
for comparison, of the sum of the He-like Si XlIl line&t1.86 0.75° so that the jet density at angle3 2.5° approaches the
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Fig. 7. Photon spectra of a conical jet (full line) and the difference';'g' 9. Angular profiles of the density (full line) and temperatures (di-

ian i ; 11
to a hydrodynamical out-flowing jet with an initial Gaussian densit?monds) across the Gaussian jet at a distanee &b« 10" cm from

profile (dotted histogram). S origin

34
17 ratio (the ‘+" in Fig[2) is nearly undistinguishable from that of
the conical jet. Only at lower energies the spectral differences
are larger but still too small to be noticed in current X-ray ob-
servations.

While the line emission integrated along the whole jet does
not provide a useful diagnostic tool the local emission along the
jets differs considerably from the conical outflow as shown in
Fig[8. Due to the initial Gaussian density distribution the dense
matter on the axis cools much more rapidly than at larger angles
leading to a complex temperature and emission structure in the
jet. The higher ionized species are found much closer to the base
of the jet and the Si-line emission even shows a peaked structure
at a distance of- 2.5 x 10''cm. A cut through the jet slightly
further out, at 3(10**cm is seen in Fid.9. Plotted are, logarith-
mically as function of the opening angle the number density
(full line) and the temperature structure (diamonds). The jet has
widened (the spatially non-uniform expansion velocities reach
a fewx 10® cm/s) and strongly cooled on the axis. In a complex
manner, depending on the temperature and density profiles, the
maximum of the emissivity moves towards larger off-axis an-
Fig. 8. Line emissivity along the jet for various ions for the conicagles in the jet, in a spectrally energy-dependent pattern.
outflow (full lines) and from a hydrodynamical out-flowing Gaussian
jet (dotted lines).

emission [erg/s/ unit length]

specific

30

1011

10

jet length ( cm )

4., Conclusions

background density. The peak density on axis was determiridte physical parameters of the jets of SS433 are, compared to
to be Ay = 3.6 x 10 cm3 such that the jet has a similarother astrophysical jets, exceedingly well determined. However,
X-ray luminosity as the standard jet. With these parameters the deduction of the values have depended to a large degree on
kinetic energy output amounts fa;, ~ 5.7 x 103 erg s'!, the assumption of a conically out-flowing jet of matter in equi-
which is only about one third of that of the standard conical jdibrium ionization conditions. We have demonstrated how var-

Fig.d shows as full line the photon spectrum of the staious second-order deviations from the simplest model change
dard conical jet and as dashed line the difference between tihis emission pattern of the radiation and thus lead to systematic
spectrum and that of the jet with an initially Gaussian matterrors in the determination of the jets’ parameters. The uncer-
distribution. For positioning the latter histogram onto the log#ainties are, however, comparable to the inherent uncertainties
rithmic plot we have added to it a constant valugof 10~* resulting from the limited statistics and energy resolution of
photons/cri/s/keV. As can be seen at higher energies the cqorevious X-ray instruments as well as on the inability to dis-
tinuum slopes are practically identical and even the iron lirgiminate between the different models observationally.
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Current X-ray missions like XMM-Newton and Chandr&rinkmann W., 1992, A&A 254, 460
provide the sensitivity and spectral resolution to disentandgdnkmann W., Fink H.H., Massaglia S., Bodo G., Ferrari A., 1988,
details in the X-ray emission from the SS433 jets which were A&A 196, 313
previously not possible. However, we have shown that even tHgfinkmann W., Kawai N., Matsuoka M., 19892, A&A 218, L13
the exact determination of single specific parameters of the Xinkmann W., Fink H.H., Smith A., Haberl F., 1989b, A&A 221, 385
ray emission, for example the Fe-line fluxes, are insufficient fgpnﬁnzann W., Kawai N., Matsuoka M., Fink H.H., 1991, A&A 241,
an unambiguous determination of the jet's parameters; the fg&g(

. . . rinkmann W., Aschenbach B., Kawai N., 1996, A&A 312, 306
range of observationally accessible data and a detailed modefiid | & miiller E.. Arnett D.. 1989. MPA preprint, 449

is required to map out which kind of jet nature has chosen {@ani T., Kawai N., Matsuoka M., Brinkmann W., 1996, PASJ 48,
realize for SS433. 619
Margon B., 1984, ARA&A 22, 507
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