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There is currently a discrepancy in the proper motions nredson different angular scales in
the approaching radio jets of the black hole X-ray binary GR$+105. Lower velocities were
measured with the VLA prior to 1996 than were subsequentiyndofrom higher-resolution ob-
servations made with the VLBA and MERLIN arrays. We initden observing campaign to use
all three arrays to track the motion of the jet knots from tkbrsary 2006 outburst of the source,
giving us unprecedented simultaneous coverage of all angekles, unbroken from scales of
0.8 milliarcseconds out to 20 arcseconds. We measured ampmugtion of 16.6 masd, demon-
strating that there has been no significant permanent chiatige properties of the jet since 1994.
We found no conclusive evidence for deceleration of therjet kunless this occurs within 75 mas
of the core.
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Deceleration in the radio jets of GRS 1915+105? James Miller-Jones

1. Introduction

Since they were first observgd]12], the radio jets in the black hole Xireyy GRS 1915+105
have been the focus of intensive study. The proper motions initially mehsuite the Very
Large Array (VLA) [12] werepiapp= 17.6+0.4 mas d 1 for the approaching (southeastern) jet and
Hrec = 9.0+ 0.1 mas d'* for the receding (northwestern) counterjet. Fairly consistent values we
measured with the VLA for other ejection everfts|[13], and no evidencesees for any decelera-
tion of the jet knots, which were always seen to move ballistically outwaras fhe core. How-
ever, observations of a 1997 ejection event with the Multi-Element RadiceHititerferometer
Network (MERLIN) ] measured significantly higher proper motiopigy,, = 23.6+0.5 mas d?
andpec= 10.04+0.5mas d?, albeit on smaller angular scales. Again, the jet knots were observed
to move ballistically. Such high proper motions were also confirmed by olismrsavith the Very
Long Baseline Array (VLBA) 1] and further MERLIN observationisJJ1 In no case was there
ever any evidence for deceleration. Hip. 1 shows all the publishedproptions for the jets in
this system as a function of time, and highlights the stark discrepancy bebtlservations prior
to 1997 made with the VLA and those made later with higher-resolution arrays.

This discrepancy in the proper motions of the jet knots between milliarcseswhdrcsecond
angular scales has important implications for the properties of the systensulteathe proper
motions gives an upper limit to the source distance, assuming the jets are iathihsjenmetric
on either side of the core, and allows the derivation of the jet speed dithtian angle to the line
of sight [I2]. This can then be used to deduce the jet Lorentz factgrtagether with the peak
brightness and rise time of the ejection event, can be used to constrain the mieimeogy and
the equipartition magnetic field of the jet (e.d. [6]). Furthermore, decelerhtis been definitively
observed in very few sources, XTE J1550-564 being the best examgée [p]. If this were the
explanation for the discrepancy, it would place fairly significant coimdsan the jet power and
the density of the surrounding interstellar medium (ISM).

Several possibilities have been put forward to explain the apparemep#&swy. Precession
causing a change in the angle to the line of sight of an otherwise physicatiticdiejet cannot
explain the observationf|[6]. The jet velocities could be intrinsically diffeas different epochs.
Alternatively, resolution effects could be at work between the diffeeerays [], leading to a
blending of components. If the ejecta decreased sequentially more rapftlly ohensity with in-
creasing distance from the core, beam smearing effects could redupefter motions measured
at low resolution. The knots could simply be decelerating as they moved agwathough the
ballistic motions of the observed knots argues against this. Alternativelg twaild have been
an intrinsic change in the system between the time when the VLA observatioagaken (1994—
1995) and the dates of the higher-resolution observations (1997)-gi@)1 Since the source was
not detected until 1994][3], despite existing X-ray satellites prior to that timmahe sensitivity
to detect it, the system might only then have emerged from quiescencexdiritbas been sug-
gested[[14] that the system has been in outburst since 1992, and nmesygiteh off again, moving
back into quiescence. In this case, the jets might since 1992 have evhawatéty through which
the ejecta could propagate, such that they could coast for longer dat@ngutbursts, giving rise to
the higher proper motions measured with the VLBA and MERLIN. To try to distiee true cause
of the proper motion discrepancy, we proposed to track the motion of thia @eGRS 1915+105
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Figure 1: Measured proper motions in GRS 1915+105, as a function d.tiithe August 1995 point is
based on only 2 epochs of data, so is probably less robust.

over all available angular scales, using the VLBA, MERLIN and also th& VL

2. Observations and data reduction

We triggered our Target of Opportunity propodall [11] after beingtedeto a radio flare in
GRS 1915+105 by the RATAN-600 monitoring programme (S. Trushkimapgicommunication).
The Rossi X-ray Timing Explorer (RXTEII Sky Monitor (ASM) data showed that this coin-
cided with a significant X-ray flare, giving us confidence that an ejeei@mt was underway. We
obtained four epochs of VLBA observations, three of MERLIN obagons, and quasi-weekly
monitoring with the VLA until the end of its A-configuration trimester. A montage Ibftlze
observations during the early period when all three arrays were takiagsishown in Fid]2.

2.1 VLBA observations

The VLBA observations were made in parallel at two different freqie=®8.42 and 2.27 GHz.
Observations were taken using dual polarisation, 2-bit sampling, with siXi@@-kHz channels
giving a total bandwidth of 8 MHz at each frequency. Owing to scatteadbening of GRS 1915+105
[A], we were forced to discard the longest baselines, slightly compromisingesolution.

Only in the first of the four VLBA epochs was the original southeastempmment seen which
corresponded to the knot monitored with the VLA. Its separation agreawtie that seen at the
VLA on the same day (MJD 53794). Both the core and the ejecta appdayeitysclongated, and
at both frequencies there seemed to be a hint of a receding northwestgponent. By the second
epoch (MJD 53798), the southeastern component had faded ana\asyer detectable, although
there is evidence that at least two new sets of knots had been ejected.8d tBHz image, both
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Figure 2: Radio images from our monitoring campaign. 15-GHz flux diessirom the Ryle Telescope and
the RXTEASM 1.5-12 keV X-ray count rates are shown in the bottom plote times of the observations
are shown at the top of the 15-GHz plot (open triangles foivha, diamonds for the VLBA, and filled tri-
angles for MERLIN). Resolution improves downwards, shayyin order, VLA 8.46 GHz (top), 22.46 GHz,
and 43.34 GHz images, MERLIN 6.03 GHz images, VLBA 2.27 GHe] &inally VLBA 8.42 GHz images
(bottom; note the different scale for the first epoch). Obestion dates (MJID- 53000) are shown above
each image, and the image rmsJy bnm ) below. Contours are at(v/2)"o, wheren = 3,4,5,.... The
cross shows the VLBA core. All images have been rotateB°3ahticlockwise. Dotted lines show the fitted
proper motion of 16.6 masd from the initial ejection event, and the dashed and dot-edimes show
nominal proper motions of 23.6 and 16.6 mas ¢br a later ejection event.
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the approaching and receding components were seen, and the comentrigppeared marginally
elongated, hinting at an even more recent ejection event.

Two days later, at MJD 53800, these new components had also fadetiGiti8, leaving an
unresolved core and a new, resolved southeastern component. Ati2.B@vever, the source
was clearly resolved, and a component presumably corresponding kadtefrom the previous
epoch could be seen. In the last epoch, MJD 53803, the core wasumgasgolved and a very weak
southeastern component was present at 8.4 GHz. For the knownatpgaper motions of the
ejecta in this system, the approaching component in this image cannot be telttede seen in
the previous two images. No source was detected at 2.3 GHz. For thiviolgsem, we were
missing two of the antennas in the southwestern United States (Fort Davi€seahown), which
removed several of the short baselines in the array. Coupled with thefltss long baselines to
scattering, this rather compromised tihecoverage, possibly explaining the non-detection.

2.2 MERLIN observations

For the MERLIN observations, the observing frequency was 6.0358th a bandwidth of
14 MHz. At each epoch, observations were also made of the flux andgatian angle calibrator
3C 286, the point source calibrator OQ 208, and the phase referemgz=sB 1919+086. The ob-
servations were made using the five outstations and the Mark 2 antenizedt Bank. The MER-
LIN d-programs were used to perform initial data editing and amplitude ctibbreand the data
were then imported into the National Radio Astronomy Observatory’s (NRXgonomical Im-
age Processing Systemigs) software package for further data reduction. The MERLIN pipeline
was then used to image and self-calibrate the phase reference sowureppdy the derived correc-
tions to GRS 1915+105, which was subjected to further iterations of phrdgeself-calibration.

The first MERLIN epoch caught the start of a flare, seen to begin &t587974654+ 0.003.
The variable amplitude meant that the last few hours of observation hadleghed to prevent the
violation of the basic assumption of synthesis imaging that the source strgbutd not change
during the observation. Similarly, the second epoch of observation téuglklecay of a further
flare, dropping from 107 to 20 mJy over the course of 6.5h. Nevertheiemging that epoch
showed both the core component and a southeastern jet knot. Thepiotwdl appeared to show
only an unresolved core.

2.3 VLA observations

The VLA was in A-configuration, and 1-hour observations were madearasi-weekly basis.
The main observing frequency was 8.4 GHz, although initially when the sauss bright, higher
frequencies were also used in an attempt to improve the resolution. As tite mj@eed outwards
and faded below detectability at 8.4 GHz, lower frequencies were usedén t take advantage
of the assumed steep spectrunt $6) of the jet knots to aid in their detection. We used 3C 48
as the flux calibrator and J 1924+156 as the phase calibrator. Thenigsting mode was used
at frequencies above 5 GHz in order to reduce the slew time between thedseg calibrator and
the target while cycling between the two fast enough to account for tphgoe phase variations.
This allowed for diffraction-limited imaging at high frequencies in the casettig$ource was not
strong enough for self-calibration to work reliably. Data reduction wafopaed using standard
procedures withimips.



Deceleration in the radio jets of GRS 1915+105? James Miller-Jones

1200 T T R o
Happ=16.6 mas/d ’
Iapp= 23.6 mas/d (Fender et al. 1999)

1000y }' 1 10}

Displacement (mas)
(2] e ]
o o
o o
N
Flux density (mJy)
ot
[l

N

Q

=]
T

10°F

r=272

0 i ¢t s " " " " 10° L
780 790 800 810 820 830 840 8 5 10 20 50

Observation date (MJD-53000) Days since outburst

Figure 3: Left: Measured angular separations from the core of the SE compejexted on MJD 53786.
The separations measured with the VLBA and MERLIN are alstugfed, which form the scatter of points
at very low angular separations between MJD 53794 and 538i@Bt: Measured VLA flux densities of the

approaching jet knot ejected on MJD 53786, with a best-fjttime corresponding to a power-law decay of
index 2.72 overlaid.

We tracked a single ejected component for 59 d as it moved southeast,avutitmular sep-
aration of almost 1 arcsec. The ejection event appeared to be onesittmxonly on MJD 53817
did we see any evidence for a receding component. Tracking the ejexntaumh a long period of
time gave extremely good constraints on its proper motion, which we fitted.6s-D&2 mas d*.
This fit (to the VLA proper motions only) is shown in Fif]. 3. It is clearly incoripia with
the previously-measured MERLIN proper motiofis [6], and there is nceaciel for any decelera-
tion. To verify this, we fitted the angular separations with both a straight-lifeditistic motion)
and a quadratic fit (corresponding to deceleration), and performddtast. This gave a value
F110 = 0.34, implying that the quadratic fit was not significantly better, i.e. there wasgrofi-
cant evidence for any deceleration of the ejecta on the angular scaleddry the VLA. The flux
density of the ejecta showed a power-law decay with tife,S[(t —to) /days 272 (Fig. B). The
lack of any rebrightening argues against any deceleration due to aadiberwith the ISM.

3. Discussion

The fact that we have measured the same proper motion (to within errasgeaswith the
VLA in 1994 would seem to rule out the secular change scenpr]o [1@helfadio jets had only
switched on in 1992 and subsequently evacuated a cavity in the ISM, allthgrjets to propagate
further at high velocity before decelerating, then we should have meshsunigh proper motion,
of order 23.6 mastt, with our VLA data.

The VLBA data would suggest that resolution effects are not resplerfsibthe discrepancy
between the proper motions measured on large and small angular scalesll As the range of
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angular separations measured by MERLIN and the VLA overlapping, thgegrn&dMJD 53794
shows only a single VLBA component, rather than a string of succesawts k Convolving the
VLBA images on MJD 53794 (the only day with both VLA and VLBA observatipto the VLA
resolution gives images consistent with those seen by the VLA, furtheigstrening the argument
against resolution effects causing the proper motion discrepancy.

From our measured proper motions, and the values quoted in the litered@@ [, ¥ 10],
it would appear that GRS 1915+105 is capable of producing ejecta witige k& proper motions.
In no case has there ever been any evidence for deceleration.iflthesspread of proper motions
is intrinsic, this would imply that the speeds of the jet knots are not fixed byrihygepties of the
black hole powering the jets (its mass or spin). Variation in the speed of tha &jecfeature of the
“unified model”, whereby the Lorentz factor of the jets increases as thay>$pectrum softens in
the Very High State, leading to internal shocks within the flow which are sediserete ejectg][5].
For those discrete ejecta to have different observed proper motiond tmn imply a variable
velocity discrepancy between the jet Lorentz factor in the hard and aquitestates, and that in
the soft state. Since the inner edge of the accretion disc is believed to mosalsduring this
transition between the hard and soft states, this would imply a different diseradius for each
outburst. This is certainly plausible.

There is in fact no strong evidence for the jets in any X-ray binary to demtical proper
motions during different outbursts. The number of systems in which radipegpmotions from
multiple outbursts have been measured is small (GRS 1915+105, Cygnu§&Ra J 1655-40,
and SS433). SS 433 has a roughly constant jet velocity @26c, but shows a standard deviation
of 0.013 inB [A]. Thus while a varying proper motion in GRS 1915+105 would not resmdy be
unusual, it seems highly coincidental that if the observed speeds ave fican some underlying
distribution, there should be such a clear distinction between the high pmogéns observed
only by the high-resolution arrays, and the lower values seen only with tiiie(see Fig[#). At
present however, we are still in the regime of small number statistics. Neles#ha Kolmogorov-
Smirnov test gave a probability of 28 x 10~# that the VLA and higher-resolution observations
were drawn from the same distribution.

Since we were unable to observe the ejecta from the initial event with the \WRAMER-
LIN, we cannot definitively rule out the possibility that the ejecta deceldrateangular scales
100 mas, before the VLA was able to accurately resolve them. In factpelatang the proper mo-
tion measured with the VLA back to zero angular separation gives an ejéletierof MJD 53786.57,
1.94 d prior to the peak of the 15-GHz radio flare detected with the Ryle Tgles&Vhile the ra-
dio flare is in fact the latest possible date of ejection, and the true ejectioralate have been
somewhat earlier, this is suggestive of deceleration between the radiafidithe first set of VLA
observations. Assuming an initial proper motion of 23.6 mdsahd an ejection date correspond-
ing to the time of the 15-GHz flare, then extrapolating the best fitting line for the Wtaber
motion backwards in time implies that the deceleration should be occurring afaasgales of
~ 75 mas from the core. But previous MERLIN observatidiq 6, 10] eddke ejecta out to an-
gular scales of> 300 mas, with no compelling evidence for deceleration. Fig. 5 shows how the
angular separations changed with time since ejection for all the eventse@porthe literature
(using the derived ejection dates). This shows no clear evidence detedlation at any specific
distance from the core. The diagram shows two clear tracks for theagiging jet, one sampled
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Figure 4. Histogram of the measured proper motiofis| [13] 8, [10, 4] of approaching jet knot of
GRS 1915+105, colour-coded by array. The measurement-6f2irhas d ! is considered unreliable, since
the jets were resolved in only one image.

by the higher-resolution arrays, and the other, with lower proper motiakesn with the VLA.

Circumstantial evidence for deceleration on small scales in GRS 1915-ah0%ecseen in the
linear polarisation ‘rotator event’ observed in January 24P1 [7]. Teetsc vector position an-
gles measured with the Australia Telescope Compact Array (ATCA) at 488 &4 GHz rotated
smoothly together through 3@ver the course of 0.2d. The constant separation between the
position angles at the two frequencies ruled out Faraday rotation, anativdbuted to a chang-
ing magnetic field orientation. We note however that an accelerating (oledatbeg) jet would
show a swing in polarisation position angle as the aberration angle vgfietf fls was the true
explanation for the ‘rotator event’, and we attribute the detected polaristtitre southeastern
(approaching) component (as seen By{[9, 10]), which we assumev¢ddean ejected at the time
of the spike in theRXTEdata [J], then this deceleration would have been occurring somewhere
between 0.2 and 1.0d after ejection. Such an effect was not seen in @& éfservations of the
March 2001 ejection event, taken between 1.5 and 1.9d after the zeamsiep date[[10]. This
would imply that if all outbursts followed the same pattern, deceleration wouwieltoeoccur within
~ 50 mas. However, this evidence remains circumstantial, and would appeaat@tds with the
MERLIN points 8-13 d after ejection on the 23.6 mas track in the inset to Fid]5.

Ultimately, the evidence for deceleration in GRS 1915+105 is not conclusivie perhaps
most likely that the jet speed can vary, although the VLA and higher-résolproper motion
measurements do not appear to be drawn from the same distribution. Msaevalions are cer-
tainly needed to verify this hypothesis, since we are still in the regime of smrabaeaustatistics.
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Figure 5: Variation in measured angular separation with time sineetign. Data taken from VLAIEB],
MERLIN [f}, [L]] and VLBA [{] observations of GRS 1915+105. Ejien dates were taken from the ballistic
motion fits reported in the source literature. Open circlesasVLA data, open triangles show VLBA or
MERLIN data. The inset shows a zoomed-in version of the sstlingular scales. There is no clear
evidence for deceleration on any angular scale.

4. Conclusions

We measured the proper motion of a jet knot ejected during the Febru@8y&Qburst of
GRS 1915+105 as 16.6 mas'd This is the first measurement of such a low proper motion since
1995, and shows that there has been no secular change in the systmaebld allow the jet
knots to propagate at a faster speed. The VLBA images showed thatglittraifirst ejection was
the brightest, there were in fact several ejection events over the aufuwge weeks. The brightest
jet knot shows no evidence for deceleration on angular scales gthated 00 mas, and its flux
density decays as a simple power law between 8 and 45 days after the eggetidnSimultaneous
VLA and VLBA observations have shown that the slower proper motionsuared by the VLA
are unlikely to be due to resolution effects.

Despite the aim of this set of observations being to cover a single outlwansadarge range
of angular scales, the higher-resolution observations could not berteiggarly enough to observe
the VLA knots and we were unable to conclusively resolve the discrgparihe proper motions.
To do so, VLBA and MERLIN observations should begin within one or twgsdaf the detection
of the outburst, to track the knots on the smallest angular scales while thetilabgight, and
those same knots should be tracked with the A-configuration VLA as they mdweards. If the
accretion disc in GRS 1915+105 is indeed now almost empty, then the souycooraswitch off
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[L4]. There may therefore be few opportunities left to initiate such a monggmiagramme, since
it requires a bright outburst to occur while the VLA is in its A configuration.
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