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Rapidd variability of the arcsec-scale X-ray jets 
off SS 433 

S.S. Migliari,  R. P. Fender, K. M. Blundell, M. Méndez, M. van der Klis 
Mon.Mon. Not. R. Astron. Soc, 2005,358, 860 

Abstract t 
Wee present the X-ray images of all the available Chandra observations of 
thee galactic jet source SS 433. We have studied the morphology of the 
X-rayy images and inspected the evolution of the arcsec X-ray jets, recently 
foundd to be manifestations of in situ reheating of the relativistic gas down-
streamm in the jets. The Chandra images reveal that the arcsec X-ray jets 
aree not steady long term structures; the structure varies, indicating that the 
reheatingg processes have no preference for a particular precession phase 
orr distance from the binary core. Three observations made within about 
fivee days in May 2001, and a 60 ks observation made in July 2003 show 
thatt the variability of the jets can be very rapid, from timescales of days 
too (possibly) hours. The three May 2001 images show two resolved knots 
inn the east jet getting brighter one after the other, suggesting that a com-
monn phenomenon might be at the origin of the sequential reheatings of 
thee knots. We discuss possible scenarios and propose a model to inter-
prett these brightenings in terms of a propagating shock wave, revealing a 
second,, faster outflow in the jet. 

3.11 Introductio n 

SSS 433 is one of the most powerful and most studied jet sources in our 
Galaxy.. It is a high-mass X-ray binary system located at a distance of 
aboutt 5 kpc [e.g. 4.85  0.2 in Vermeulen et al. (1993a); 4.61  0.35 in 
Stirlingg et al. 2002; the most recent and likely estimate is 5.5  0.2 in 
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Blundelll  & Bowler (2004)]. The nature of the accreting compact object, 
eitherr black hole (BH) or neutron star (NS), is still controversial. The most 
remarkablee feature of the source is the presence of bipolar, precessing, 
mildly-relativisticc jets. These jets are observed at wavelengths from radio 
too X-rays and have been widely studied over about 30 years. 

Thee geometry of the jets is well described to first order by the so-
calledd 'kinematic model' (Abel & Margon 1979; Milgrom 1979; Hjellming 
&&  Johnston 1981; see Eikenberry et al. 2001 and Stirling et al. 2002 for an 
update):: the system is ejecting matter in the form of two anti-parallel nar-
roww jets, with an opening angle less than 5°. These jets precess in a 21° 
half-openingg angle cone with a period of about 162.4 days (e.g. Eiken-
berryy et al. 2001). The individual jet components move ballistically away 
fromm the system. The angle between the precession axis and the line of 
sightt is about 78°, and the projection of the jets onto the plane of the 
skyy results in a twisted trace. A velocity of ~ 0.26c has been inferred 
fromm Doppler-shifted optical emission lines inn the thermal component of 
thee jets. The velocity of the jets seems to be stable, although a < 15 per 
centt symmetrical scattering in the Doppler-shifts of the optical lines (see 
Eikenberryy et al. 2001) can be interpreted as an actual scatter of the ve-
locityy of the optical emitting jet component, i.e. at least up to distances of 
~~ 1015 cm from the binary core, where the optical emission lines originate 
(e.g.. Shaham 1981). 

SSS 433 is the only known galactic relativistic jet source to reveal the 
presencee of baryonic matter in the jets, in the form of emission lines (both 
inn optical and X-rays; e.g. Margon et al. 1979; Kotani et al. 1994) from 
thermall  gas. The model developed and generally accepted to describe 
thee emission of the thermal component of the jets is the 'adiabatic cool-
ingg model' (Brinkmann et al. 1991; Kotani et al. 1996; see also Marshall 
ett al. 2002). The temperature and the density of the jet gas decrease with 
increasingg distance from the binary core. Close to the binary core, at dis-
tancess less than 1011 - 1012 cm, the jet gas is at a temperature of about 
1088 K (consistent with the temperatures of the inner regions of the ac-
cretionn disc), and emits in the X-ray band. Subsequently the gas in the 
jetss cools; at distances of about 1015 cm from the core the temperature is 
off  the order of 104 K and the gas emits optical radiation. Based on the 
adiabaticc cooling model, beyond this point the gas should be too cool to 
thermallyy emit optical or X-ray radiation. An alternative model has been 
proposedd in which a high temperature plasma emitting in X-rays coex-
istss with clumps of cold matter emitting optical lines (Bodo et al. 1986; 
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Brinkmannn et al. 1988). Non-thermal (synchrotron) radio emission from 
thee jets is observed at distances of 1015 -1017 cm from the binary core (e.g. 
Hjellmingg & Johnston 1981). 

Recentt observations, however, appear to contradict, at least par-
tially,, the predictions of the adiabatic cooling model. In an observation 
takenn with the Chandra high energy transmission grating spectrometer 
(HETGS),, Marshall et al. (2002) first discovered arcsec scale X-ray jets 
inn SS 433. Further spatially resolved X-ray spectral analysis of the arc-
secc jets, using a Chandra advanced charge-coupled device imaging spec-
trometerr (ACIS)-S observation, revealed highly-ionised Doppler shifted 
ironn emission lines at distances of about 1017 cm from the binary core 
(Migliari ,, Fender & Méndez 2002). This indicated that in situ re-heating 
off  atoms takes place in the jet flow, which is still moving with (mildly-
)) relativistic velocity more than 100 days after launch from the binary 
core.. Migliari et al. (2002) also attempted to explain this re-heating by 
meanss of shocks formed due to collisions of different blobs launched with 
aa slightly different velocity at the same precession phase, i.e. a faster blob 
whichh catches up a slower blob ejected later. 

Inn this paper we present all the currently available Chandra obser-
vationss of SS 433. We report on the morphology and evolution of the 
extendedd X-ray emission regions and present evidence for long-term and 
dailyy variability of thee arcsec X-ray jets, discussing possible physical sce-
narios. . 

3.22 Observations and data analysis 

Wee have inspected the images of all the Chandra observations of SS 433 to 
date:: six HETGS and two ACIS-S observations. We show all the images 
inn Fig. 3.1. We have analysed the observations with the standard tools 
inn CIAO v 3.1. The images shown in Fig. 3.1 have been rebinned to one 
sixteenthh of the original pixel size and smoothed with the tool csmooth, 
usingg a minimal significance signal to noise ratio of 3 and a Gaussian 
convolutionn kernel. The observations span about four years, from 1999 
Septemberr 23rd (Fig. 3.1, a) to 2003 July 10th (Fig. 3.1, h), with exposure 
timess from 9.7 ks to 58.1 ks (see Table 3.1). In the lower panel of Fig. 3.1 
wee show the redshifts due to the precession of the east and the west jets 
ass a function of time. The dotted-lines indicate the days the observations 
havee been taken. Note that these redshifts refer to the matter launched at 
thee base of thee jets, close to the binary core. The outer parts of the arcsec-
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a)) HETGS > ACIS-S c> HETGS d) HETGS 

00 2 4 6 8 1 
Precessionn p h a se (offset = MJD 51292) 

Figuree 3.1 — Upper panels: smoothed zeroth order HETGS and ACIS-S images of 
alll  the Chandra observations of SS 433: see Table 3.1 for details on each observa-
tion.. The contour levels of HETGS images are normalised to the exposure time 
off  g which has contours at 2.5, 3, 3.5, 4, 5, 7,10, 20, 27, 34 counts per rebinned 
andd smoothed pixel. The contour levels of ACIS-S observations are normalised 
too the exposure time of observation h which has contours at 4, 5, 6, 7,10,12,14, 
17,, 20, 22, 24. The color scales of the pixel images are normalised to the counts 
att the peak of each image. The regions superimposed to the images have been 
usedd to calculate the count rates in the east arcsec scale jets. The regions have the 
samee area and the same physical coordinates (RA and Dec.) for all the images 
takenn with the same instrument, but different between HETGS and ACIS-S ob-
servations.. Lower panel: redshifts of the east (thick line) and west (thin line) jets 
att the base of the jet vs. precession phase. Ticks in the abscissa mark a complete 
precessingg cycle, i.e. every 162.4 days. The precession phase is calculated based 
onn ephemeris in Stirling et al. (2002): 0 = [(obs(JD) - 2440000.5) - 8615.5]/162.4. 
Wee show with vertical dotted lines the (core) precession phases at the time the 
Chandraa observations have been taken. 
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scalee jet analysed in this work (see below) and indicated by the regions in 
thee upper panels of Fig. 3.1 have a different precession phase (and thus 
redshift)) than the one indicated by the dotted line in the lower panel. 
Matterr in the jet at those distances from the core (about 1017 cm) has been 
launchedd 100-200 days before the observation was taken, and therefore 
withh a precession phase corresponding to 1-1.5 precession cycles before 
(usingg the ephemeris in Stirling et al. 2002). For each observation we 
havee estimated the count rate of the core (see § 3.2.1) and extracted the 
countt rate in a region of the east jet (Fig. 3.1, upper panels). In the HETGS 
observationss the regions have the same area and are at the same distance 
(centredd at about 2") to the four central brightest rebinned pixels in the 
smoothedd image. In the two ACIS-S observations we fixed the coordi-
natess (RA and Dec.) of the regions and chose a slightly bigger area in 
orderr to cover the knots observed in the jets. Al l the quantitative analysis 
inn this work, such as the extractions of counts and count rates, has been 
donee using the original images (i.e. not rebinned and not smoothed) in 
thee 0.5-10 keV energy range. In Table 3.1 we report the background sub-
tractedd count rates in the core and in the east jet regions, with lcr statis-
ticall  errors, of all the observations. The count rates of the ACIS observa-
tionss are much higher than the HETGS observations mostly because of 
thee higher sensitivity of the instrument by about a factor of four. 

3.2.11 Estimate of the core count rates 

HETGSS observations 

Al ll  the Chandra images shown in Fig. 3.1 are affected by pile-up. There-
fore,, in the case of the HETGS observations we have estimated the count 
ratess from the unresolved core of SS 433 (which dominates the X-ray 
emissionn from the source) by analysing the dispersed energy spectra, 
whichh are not affected by pile-up. We have extracted the first order ) 
MEGG and HEG spectra following the standard procedures, using CIAO v. 
3.1.. We have analysed the combined MEG and HEG spectra in the range 
0.8-8.00 keV. As in this work we are mainly interested in the estimate of 
thee total flux in each spectrum, which is dominated by the broad contin-
uum,, we did not concentrate our attention on the weaker emission lines. 
Wee have rebinned the data in order to have a minimum of 20 counts per 
energyy bin. The best-fit model for the continuum in all the HETGS obser-
vationss is a power law corrected for photoelectric absorption. We have 
addedd narrow Gaussian emission lines to this model for the spectrum 
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11 2 5 
channell  energy (keV) 

Figuree 3.2 — Energy spectrum of observation c with the residuals with respect 
too the fit with an absorbed power law model. See § 3.2 for details. 

off  observation d to fit the strongest lines with residuals larger than 4<x, 
namelyy at about 1.85 keV, 1.98 keV, 6.30 keV and 6.59 keV. Since weaker 
emissionn lines below a few keV may still contribute to the actual value 
wee measure of the absorption column density, we have fixed it to a rea-
sonablee value of N« = 1022 cm-2, which is consistent with that found by 
Marshalll  et al. (2002) and Namiki et al. (2003). In Table 3.2 we report 
thee best-fit parameters of the continuum of each spectrum and the unab-
sorbedd flux in the 2-10 keV range. For observations a and g the values are 
thosee in Marshall et al. (2002) and Namiki et al. (2003), respectively. In 
Fig.. 3.2 we show, as an example, the energy spectrum with the residuals 
withh respect to the model of observations c. Although the parameters of 
thee power law component shown in Table 3.2 may be considered as ap-
proximatee estimates of the physical parameters of the source, comparing 
thee fluxes we obtained with our fits and the fluxes derived from the more 
detailedd analysis in Marshall et al. (2002) and Namiki et al. (2003), we 
findd that they are consistent within less than 10 per cent (8 and 5 per cent, 
respectively,, for the two observations). We have used the 2-10 keV unab-
sorbedd fluxes of the spectra to estimate with PIMMS the 0.5-10 keV count 
ratess we expect from the unresolved core of the source in the Chandra 
HETGSS images, dividing by a factor of four the expected count rates in 
thee ACIS-S. The core count rates are reported in Table 3.1. 
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ACI SS observations 

Thee ACIS observations are also affected by pile-up, but there is no dis-
persedd spectrum. Therefore, we have estimated the 0.5-10 keV count rate 
off  the core by analysing the photons in the readout streak, which should 
bee unaffected by pile-up. We have extracted the background subtracted 
countss in a rectangular region with n x m pixels covering the readout 
streakk (where we chose m = 20 in a direction perpendicular to the streak 
andd n = 280 as the number of row-pixels in the direction of the streak) and 
dividedd these counts by the effective exposure time for the readout streak 
data,, calculated as follows. The time to read out one row of pixels in a 
directionn perpendicular to the readout streak is 40 /is. The effective expo-
suree time per frame for the streak region is then nxAx 10~5 s. The number 
off  frames of an observation is the ratio between the actual exposure time 
andd the frame time (which is 3.2 s for all the SS 433 observations). The 
coree count rates of the ACIS observations are shown in Table 3.1. 

3.2.22 Estimate of the contributio n of the core to the measured 
countt  rates in the east jet 

Usingg the actual count rate we expect from the core of SS433 in each ob-
servation,, we have calculated the contribution of the core in the regions 
wheree we have estimated the count rates of the east jet. For each observa-
tionn we have created the 3 keV PSF in the core position and normalised 
itt to the total counts in the core. We have estimated the count rate of the 
normalisedd PSF in the regions shown in Fig. 3.1. The contribution of the 
coree to the count rates in these regions (which is ~ 2% of the total core 
countt rate), together with the total count rates we measured from the im-
age,, and the residuals, are shown as a function of the total count rates 
off  the core, for the HETGS observations, in Fig. 3.3 (see also Table 3.1). 
Itt can be seen that the wings of the core PSF may contribute up to 50% 
off  the flux measured in the eastern jet. However, a constant model fit to 
thee residuals, corresponding to a steady eastern jet, can be rejected at the 
>> 99.9% level (x2/d.o.f. = 169/5). The rejection level remains at > 99.9% 
(x(x22/d.o.f./d.o.f. = 16.7/4) even if the most strongly deviating point, that of ob-
servationn a (1.44 core count/sec) is removed. This establishes that the 
easternn jet is significantly variable in a way which cannot be explained 
simplyy by the PSF of the variable core. 
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Figuree 3.3— Count rates in the east jet regions (see Fig. 3.1) of the HETGS ob-
servationss as measured in the image (upper panel), due to the contribution of 
thee bright core (middle panel) and the residuals (lower panel), as a function of 
thee total count rates of the core. The error bars are lcr statistical errors. 
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3.33 Results 

AA simple model was presented in Migliari et al. (2002) to explain the re-
heatedd arcsec X-ray jets of SS 433 as 'average' long-term structures, with 
linee energies representing the mean Doppler shifts on each side of the jet. 
Imagingg as presented here with a larger sample of observations suggests 
aa considerably more complex picture. 

3.3.11 Morphology 

Inn order to study the asymmetries of the extended emissions in the X-ray 
imagess shown in Fig. 3.1, we have analysed the projections of the 0.5-
100 keV images in three directions: north/south (N-S), east/west (E-W) 
andd north-west/south-east (NW-SE). The angular width of the projec-
tionss is < 0.1", i.e. much less than the pixel size of the images. Dividing 
thee counts in the N-S and E-W projections by the counts in the NW-SE 
projection,, and comparing these ratios to what expected from the PSFs of 
thee images, we are able to investigate not only the E-W jet structure, but 
alsoo the possible presence of an extended X-ray emission in the equatorial 
directionn (extended radio emission in a direction approximately perpen-
dicularr to the jets has been observed on milli-arcsec scale; Paragi et al. 
1999;; Blundell et al. 2001). In Fig. 3.4 (central image of the upper pan-
els)) we show a typical PSF image and the ratios of the projections. The 
PSFss at 3 keV have been extracted with the tool mkpsf and normalised to 
thee total counts of the image (Table 3.1; see § 3.2). On either side of the 
PSFF image of Fig. 3.4 we show the counts ratios of the N-S/NW-SE and 
E-W/NW-SEE projections versus the offset from the brightest pixel in the 
image.. In the middle and lower panels of Fig. 3.4 we plot, for each obser-
vation,, the counts ratios (not background subtracted) as a function of the 
offsett from the core of the source, showing the extended asymmetries in 
thee N-S and E-W direction, respectively. The core position in each image 
hass been chosen as the brightest pixel in the case of HETGS images, and 
thee pixel in the center of the pile-up distortion in the case of ACIS-S im-
ages.. In order to avoid divisions by zero when no counts are present in 
thee projected pixel, we assign arbitrarily to the pixel a value of 1  1 count. 
Notee that, due to precession, the jets are not always perfectly in the E-W 
directionn and the histograms in Fig. 3.4 reflect only the component in this 
direction.. If we compare the plots in the middle panels to the plot of the 
PSFF in the upper left panel, although there seem to be indications for an 
extendedd emission in a direction perpendicular to the jets in observations 
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Figuree 3.4— Upper panels: Image of the PSF with the three projections we have 
usedd to analyse the asymmetries in the Chandra images (centre) and counts ra
tioss of the N-S (left) and E-W (right) by the NW-SE projection as a function of 
thee distance from the centre of the PSF image. Middle panels: Counts ratios of 
thee N-S by the NW-SE projection versus offset from the centre of the images (see 
§§ 3.1) of all the Chandra images shown in Fig. 3.1. All the plots are on the same 
scale.. Lower panels: Counts ratios between the E-W and the NW-SE projection 
versuss the offset from the centre of the images of all the Chandra images shown 
inn Fig. 3.1. Note the different scales in the ordinate of the plots. 
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a,a, d and h, the asymmetries are consistent within errors with asymmetries 
off  their PSFs. All the observations show actual extended X-ray emissions 
inn the E-W direction, not related to asymmetries of the PSF image. These 
extendedd jet emissions have been already shown - and quantified - for 
thee east jets in Fig. 3.3 and Table 3.1. 

3.3.22 Variabilit y of the X-ray jets 

Long-term m 

Comparisonn of our two ACIS images (Fig. 3.1, b and h), obtained three 
yearss apart, indicates X-ray structural changes. Including archival Chan-
draa observations we now have a sample of eight images of the arcsec 
X-rayy jet structure (Fig. 3.1). These images (see also Fig. 3.3) indicate that 
thee arcsec scale X-ray jets do not have a static and long-term structure. 
Thee jet structure appears, instead, to be continuously evolving. In Ta-
blee 3.1 we report the count rates estimated in the core and in the regions 
off  the east jet indicated in the upper panel of Fig. 3.1, for all the Chan-
draa observations. In the lower panel of Fig. 3.3, we plot the count rates 
fromm the extended emission in the east regions after the subtraction of 
thee core contribution (see § 3.2.2). The plot shows significant variations 
inn the X-ray emission from the east jet. The east jet count rates change 
significantlyy between different observations and even between observa-
tionss with approximately the same precession phase (e.g. observations 
cc and/), implying no correlation between the re-heating process and the 
precessionn phase of the jets. In particular in observations e, ƒ and g, taken 
withinn approximately 5 days, basically with the same precession phase, 
wee see very fast variations of thee arcsec structure (see § 3.2.2) with bright 
regionss located at different distances from the binary core. This indicates 
thatt re-heating at arcsec scales does not happen at a particular distance 
fromm the binary. Similar results, albeit on smaller physical scales, have re-
centlyy been reported by Mioduszewski et al. (2004) based on Very Long 
Baselinee Array (VLBA) radio observations of thee milli-arcsec scale jets of 
SSS 433, in which they show radio knots getting brighter at different dis-
tancess from the core. This is contrary to the previous idea of a fixed (ra-
dio)) 'brightening zone' around 50 milli-arcsec (Vermeulen et al. 1993a). 
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Figuree 3.5 — Three ~ 20 ks zeroth order HETGS images of SS 433, taken every 
22 days on 2001, May 8th (top), May 10th (middle), May 12th (bottom). Images 
aree rebinned to one sixteenth of the original pixel size and smoothed. Contour 
levelss are 2.7, 3, 3.2,4, 5, 7,10,15,18, 20,25, 34, 37 counts per rebinned-pixel for 
thee May 12th observation and normalised to this for small changes in exposure 
timess (less than 6%) in the other 2 observations. The twisted precession trace as 
predictedd from Stirling et al. (2002), with the small phase correction (see § 3.3.2), 
iss superimposed to the images. The lower-right panels show the histograms of 
thee three observations as in Fig. 3.4 (but here on the same scale) the variations 
off  the source in the E-W direction (see § 3.3.1). These contour images indicate 
aa brightening of the east jet and a rapid fading in the west jet. We associate the 
X-rayy variability with the brightening and fading of unresolved components 
projectedd along the precession trace. The geometry at this epoch is sketched in 
Fig.. 3.6. 
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Tablee 3.3 — Background subtracted counts, with Icr statistical errors, in region 
AA and region B (see Fig. 3.4) for the three 2001 May observations. The counts are 
calculatedd in the 0.5-10 keV energy range and normalised to the exposure time 
off  the 2001 May 12th observation. 

Obs.. A (counts) B (counts) 
20011 May 8 46.1 8 29.0  5.4 
20011 May 10 75.2 9 38.1  6.4 
20011 May 12 62.8  7.9 57.8  7.6 

Daily y 

Inspectingg three ~ 20 ks zeroth order HETGS images taken over a pe-
riodriod of ~ 5 days (e, ƒ and g in Fig. 3.1), we observe rapid and significant 
changess in the arcsec scale X-ray jets on timescales of < 2 days. The 
structurall  variations of the jets of these three observations can also be 
observedd in the lower panels of Fig. 3.4 {e, ƒ and g) where the east jet 
countss at 2 arcsec increase from observation e to observation ƒ and 
thenn decrease again in g. Note that since we are observing the counts 
projectedd in the E-W direction, which is not the direction of blob B, we 
aree following mostly the evolution of blob A. In Fig. 3.5 we show the con-
tourr plots of the observations e, ƒ and g superimposed to the precession 
tracee of the jets, shifted in phase of A<f>  —0.1 (more details are presented 
inn Blundell & Bowler 2004; see also Stirling et al. 2004) with respect to the 
modell  in Stirling et al. (2002). (Nevertheless, with or without this small 
shiftt the results of this work are not significantly affected, neither qualita-
tivelyy nor quantitatively.) The contour levels correspond to the smoothed 
image.. The nünimum significance signal to noise ratio in the smoothing 
proceduree has been decreased from 3 (as in Fig. 3.1) to 2.5 in order to em-
phasisee the knot structures in the jets. The knot structure is observable 
whenn the counts of the source and the resolution and the sensitivity of the 
instrumentt are high enough (e.g. ACIS-S observations in Fig. 3.1, b and 
Fig.. 3.1, h and the nearly 30 ks HETGS observation in Fig. 3.1, a). We have 
chosenn the size of the circular regions in which we estimate the counts, 
ass large as the original-size pixel of the image, and such that outside the 
circlee regions the counts per rebinned-pixel of a point source distributed 
onn the image by the PSF are less than the 25 per cent of the counts per 
rebinned-pixell  at the peak. We observe a knot getting brighter from May 
8thh to May 10th (knot A) and subsequently on May 12th we see it ap-
parentlyy moving, following the precession trace (knot B). This indicates 
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thatt we are observing two knots lying on the precession trace, at differ-
entt precession phases, which brighten up sequentially. To quantify these 
brighteningss we have estimated the background subtracted counts in the 
circularr regions A and B for these three observations (see Table 3.3). The 
countss have been normalised to the exposure time of the May 12th ob-
servation.. Taking the counts in the regions on May 8th as a reference, we 
observee region A brightening ~two days later and subsequently region 
BB getting brighter, ~four days later. Considering statistical errors, both 
brighteningg are significant at the > 99% confidence level if we consider 
Mayy 8 knots as a reference: knot A: May 10-May 8=29.1  11.2, i.e. 99.1% 
significance;; knot B: May 12-May 8=28.8  9.3, i.e. 99.7% significance. 
(Whenn testing against the null hypothesis of a constant model, the prob-
abilityy of obtaining a larger value of x2 is 3% for knot A and 1% for knot 
B.)) Since i) the core count rate decreases from May 8th to May 10th while 
thee count rate of knot A increases and ii)  we observe a (albeit small) de-
creasee in the count rate of knot A (which is closer to the core than knot B) 
fromm May 10th to May 12th, while the count rate of knot B increases, and 
sincee the PSF of the core is about symmetric at those distances from the 
core,, we are confident that we are observing actual variations in the jets, 
nott directly related to contaminations of the PSF of the core. 

Hour-timescale e 

Analysingg the 60 ks ACIS-S observation of SS 433 (Fig. 3.1, h) we have 
selectedd two regions of the image corresponding to the east (the region is 
smallerr than the one shown in Fig. 3.1, h and zoomed on the two knots 
clearlyy visible in the image) and the west jets. We have applied barycen-
terr corrections and extracted the background subtracted light curves in 
thesee regions with a time bin of ~ 6000 s, in the range 0.5-10 keV. We 
havee fit the two light curves with a constant and did a x2 test to check 
iff  they are consistent with a steady jet emission on time scales of hours. 
Thee west jet is consistent with being steady. However, in the light curve 
off  the east jet, although it does not show any systematic trend, we can 
rejectt a steady distribution at the 3.5 per cent level (the fit with a constant 
givess a reduced ~x2 = 2.0 with 9 d.o.f.). Assuming a variation in the east 
jett - the variation is marginally significant and needs to be confirmed -
becausee of the signal propagation speed, the linear size of the emitting 
regionn should be smaller than c x At ~ 10s AU, where At ~ 60ks. We 
havee also extracted the light curve, with the same time bin, of the read-
outt streak of the image, to check the variability of the core. The core is 
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consistentt with being steady over the whole observation. 

3.44 Jets re-heating: possible scenarios 

Whateverr the underlying explanation, the rapid variability indicates that 
thee observed extended X-ray emission originates in physically small 
componentss which may be suffering shock acceleration, as we now con-
sider.. The lack of correlation with precession phase indicates an origin 
off  this phenomenon in a more random process, e.g. the variability of the 
underlyingg accretion flow. 

3.4.11 Internal shocks 

Thee possibility of internal shocks (originally proposed by Rees 1978 for 
thee radio galaxy M87) between 'blobs' ejected at almost the same preces-
sionn phase with slightly different velocities (the mean speed of the ther-
mall  matter in the jet is ~ 0.26c and might be scattered of 5 per cent: 
Eikenberryy et al. 2001; see also Blundell and Bowler 2004) can explain 
thee arcsec-scale jet X-ray brightenings (Migliari et al. 2002). Knot bright-
eningss similar to those described above in X-ray are also observed in the 
radioo band on much smaller physical scales (e.g. Vermeulen et al. 1993a). 
Mioduszewskii  et al. (2004) have recently monitored with the VLBA the 
milli-arcsecc scale variability of SS 433 for one-fourth of the jet precession 
cycle.. In the 42 days of their radio monitoring we observe an average of 
aa blob ejection every ~ 6 days, with a peak of one every 2-3 days in the 
mostt active period. In 6 days the jet axis has moved, due to precession, of 
aboutt 1.5°. With such a small angle, two ~ 5°-size blobs (e.g. Begelman 
ett al. 1980) can still interact with each other if the second blob has been 
launchedd faster than the first, although they move in slightly different di-
rections.. In the case of a blob with a velocity of 0.3c launched 6 days after 
aa blob with a velocity of 0.2c, the second blob should reach the first at a 
distancee of ~ 1016 cm from the core. To explain knots getting brighter at 
distancess of ~ 1017 cm from the core, where we observe the arcsec-scale 
X-rayy jets, the difference in the blobs' velocities can be smaller and an 
'internall  shock' mechanism may explain what we observe in X-rays. 

Iff  this is the correct scenario and since we observe in both X-ray 
(Fig.. 3.1) and radio images (Mioduszewski et al. 2004) knots getting 
brighterr with no dependence on distance or precession phase, the ve-
locityy scattering of the ejections should be more or less random with re-
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spectt to periodicities of the system. Therefore, we must note that the 
factt that the first time the arcsec X-ray jets of SS 433 have been 'mon-
itored'' with three observations within about five days (observations e, 
ƒ,, g) show what seems to be a 'sequence' of events where two knots get 
brighterr one after the other (knot A, and then knot B in Fig. 3.5), is at least 
curiouss and worth investigating. Moreover, Mioduszewski et al. (2004) 
showw that radio knots can get brighter at distances of ~ 1015 cm from the 
core.. This distance seems too short for an internal shock scenario which 
considerss two blobs launched 6 days (but even 2-3 days) apart with a 
velocityy difference of only ~ 15 per cent (i.e. a factor of more than 2 in 
thee speed of one of the blobs is still needed). Based on this, we suggest 
thatt something else might be at the origin of the knot brightening in the 
jets,, which can account for both large and small-scale observations and 
forr the sequence of brightenings observed in X-rays. We suggest a new 
scenarioo in which the slower-moving clouds are energised erratically by 
aa more powerful, faster, unseen flow. 

3.4.22 Proposed scenario: an underlying faster  outflow 

Inn Fig. 3.5 we observe two knots, corresponding to regions A and B. The 
kinematicc model tells us the projection onto the plane of the sky of the 
knotss ejected. By identifying these knots on the precession trace we can 
de-projectt the image and give a three dimensional position of the knots. 
AA sketched view from "above" of the east jet as observed in Fig. 3.5 is 
shownn in Fig. 3.6. As described in § 3.4.1, we assume that a shock wave 
formss and travels at relativistic velocities (faster than the knots' velocity 
whichh is about 0.26c) through the jet. Assuming a distance to the source 
off  5 kpc, we can now estimate the time scales and spatial scales involved 
inn such shock events. In the May 10th image of Fig. 3.5 we see that knot 
AA is about in the middle of the 'descending' trace at a distance of about 
1.44 x 1017 cm from the binary core. Following the kinematic model, we 
inferr that knot A was ejected about 200 days before the observation, and 
iss moving away from us at an angle to the line of sight of ~ 100° (see 
Fig.. 3.6). The May 12th image in Fig. 3.5 shows knot B at the bottom of 
thee precession trace at a distance of about 1.7x 1017 cm from the core. Knot 
BB was ejected from the binary system about 40 days earlier than knot A, 
andd is moving towards us with an angle to the line of sight of ~ 80° (see 
Fig.. 3.6). The shock wave interacts first with knot A and then with knot 
B.. At the time at which the shock interacts with knot A, this was about 20 
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Figuree 3.6 — Sketch of the orientation of the east jet of SS 433 at the time of the 
observationss in Fig. 3.5 (assuming a distance of 5 kpc). Knot B was observed to 
brightenn < 2 days after knot A. We propose that a shock wave propagates from 
thee binary core (on the right) through the jet and hits first the knot A (1) and 
thenn the knot B (2). Knot A is about 20 light days farther from us than knot B. 
Wee see knot B getting bright at least 2 days later than knot A. This means that 
thee shock wave has to travel from knot A to knot B within about 22 days, with a 
velocityy of > 0.5c. 
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lightt days farther from us than knot B. Therefore, the shock wave has to 
travell  the projected distance between the two knots in about 22 days (we 
observee knot B brightening no more than two days after knot A). In or-
derr to observe the brightenings of the two components within two days, 
thee shock has to travel with a velocity of v ~ 0.5c [the velocity is ~ 0.6c 
iff  we use the most recent estimate for the distance of 5.5 kpc (Blundell 
&&  Bowler 2004)]. Note that the value we have inferred of 0.5c might be 
consideredd as a lower limi t because i) the positions of the knots on the 
precessionn trace were chosen by eye from Fig. 3.5, any other position on 
thee 'descending' trace of any of the two knots would decrease the light 
dayss difference to us between the knots and thus increase the velocity of 
thee shock; ii ) the brightening of knot B after knot A might have happened 
anytimee within the 2 days between May 10th and May 12th observations, 
thus,, since usually the radiative lifetime of the thermal knots is of the or-
derr of two days or more (Vermeulen et al. 1993b), we may consider 2 
dayss as an upper limi t in time. What we observe is therefore consistent 
wit hh being due to a shock wave which travels from the binary core down-
streamm in the jet with an inferred velocity of > 0.5c. This shock should be 
broaderr than the thermal jet collimation angle of ~ 5° as inferred by opti-
call  spectral analysis at distances of 1015 cm from the core, because it has 
too brighten up two knots with different precession phase (i.e. angle to 
thee line of sight). Since the velocity of this shock wave is greater than 
thatt observed for the moving components (including the possible scat-
terr of 15 per cent; Eikenberry et al. 2001), it seems to correspond to an 
unseenn second component to the outflow. 

3.55 Discussion 

Eightt X-ray Chandra images of SS 433 revealed that its arcsec X-ray jet 
structuree varies very rapidly, possibly as short as hour timescales. The 
observationss show that the reheating processes, which are at the origin 
off  the X-ray jets, have no preference for a particular precession phase 
off  the jet or distance from the binary core. In particular, a sequence of 
threee images made within about five days show two knots in the east jet 
gettingg brighter sequentially, suggesting that both knots are responding 
too the same phenomenon. 

Radioo changes, like those described above in X-rays, have been ob-
servedd also on smaller scales (of the order of 1016 cm from the binary 
core;; Vermeulen et al. 1993a; see also Mioduszewski et al. 2004). X-
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rayy images indicate that the shocks which may cause those changes in 
radioo continue also on larger scales. Moreover, since the knots fade sig-
nificantlyy on timescales of days (bullets which emit optical line have a 
typicall  lifetime of ~ 2 days: Vermeulen et al. 1993b; Fig. 3.5 also shows a 
knott in the west jet fading in a few days), and assuming that the bright-
eningg of the two knots A and B are responding to the same underlying 
phenomenon,, a frequent 'pumping' of such shocks is required. Put in 
anotherr way, if the core energy source switches off, we would expect the 
arcsec-scalee X-ray jets to fade away very rapidly. 

Anotherr possibility, other than a single shock wave, is a sequence of 
shocks,, like a wave train. In this case there is the possibility that knot A 
andd knot B have been brightened by two different crests of the same wave 
train.. If on May 8th the first crest has already passed knot A, it has to be 
sincee about 2-6 days, which is the range in which we expect the knot to 
fadee away almost completely. Therefore, if this first crest brightens knot 
BB on May 12th, it takes ~ 8 days to travel 2.8 x 1016 cm (see Fig. 3.6), 
implyingg a slightly slower shock wave with a velocity of ~ 0.4c. If a 
secondd crest of the wave train brightens knot A on May 10th, the spacing 
betweenn the crests is of a few days. 

Thee possible existence of an underlying, energising flow which is not 
directlyy observed and has a velocity greater than the observed compo-
nentss might have seemed speculative only a few years ago. However, re-
centt detailed studies of the jets from two neutron star X-ray binaries, Sco 
X-ll  (Fomalont et al. 2001) and Cir X-l (Fender et al. 2004), have revealed 
preciselyy this phenomenon. In Sco X-l Fomalont et al. (2001) observed 
compactcompact radio jet lobes moving outward with a velocity of at most 0.57c. 
Theyy observed that flares in the core and in the lobes are correlated and 
indicatee an energy flow moving from the core within the jet beams with 
aa speed of > 0.95c. A similar behaviour has been observed in Cir X-l . 
Fenderr et al. (2004) observed an ultrarelativistic energy flux moving from 
thee core with a velocity of > 0.99c and brightening consequently two ra-
dioo jet lobes of the approaching jet which are observed to move much 
slower.. The two lobes which get brighter in Cir X-l are not precisely 
alignedd with the core (although a very small angle of the jet to the line 
off  sight, as Cir X-l seems to have, would amplify the apparent misalign-
ment),, further supporting the idea that the second component relativistic 
jett flow might be less collimated than the slower discrete knot ejections 
observedd getting brighter. The observations presented here challenge our r 
currentt understanding of SS 433, which has been considered one of the 
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bestt known galactic source to date. 
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