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Real-time evolution of a large-scale relativistic jet
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ABSTRACT

Context. Astrophysical jets are ubiquitous in the Universe on allegebut their large-scale dynamics and evolution in tingereard

to observe since they usually develop at a very slow pace.

Aims. We aim to obtain the first observational proof of the expetaegle-scale evolution and interaction with the environtieran
astrophysical jet. Only jets from microquasaffeoa chance to witness the real-time, full-jet evolutiorhivita human lifetime, since
they combine ashort, few parsec length with relativistic velocities.

Methods. The methodology of this work is based on a systematic reeabh of interferometric radio observations of microquasa
available in public archives. In particular, radio obséinms of the microquasar GRS 175858 over less than two decades have

provided the most striking results.

Results. Significant morphological variations in the extended jeicure of GRS 1758258 are reported here that were previously
missed. Its northern radio lobe underwent a major morplicébgariation that rendered the hotspot undetectable @1.20hd reap-
peared again in the following years. The reported changefiroothe Galactic nature of the source. We tentatively jmietrthem in
terms of the growth of instabilities in the jet flow. There isaevidence of surrounding cocoon. These results cangeaviestbed
for models accounting for the evolution of jets and theierattion with the environment.
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1. Introduction 2001). Extended jets in both types of systems will then appea
almost frozen during a human lifetime.

In this context, only microquasar jets that combine reédyiv

Astrophysical jets are observed in a variety of environmerghort lengths and relativistic velocities (Mirabel & Ragliez
« (de Gouveia Dal Pino 2005) including young stellar and Hgrbil999) dfer a chance to study large-scale jet dynamics and its
= «'Haro (HH) objectsl(Reipurth & Bally 2001), planetary nelmlainteraction with the environment in almost real time. Hewe,
2 (Sahai & Traugern 1998), microquasais_(Mirabel & Rodrigudmve payed attention to GRS 175858 which is believed to

1999), active galactic nuclei (AGN), and distant quasab® a microquasar associated with a low-mass X-ray binary sys
. '(Begelman et al. 1984). These outflows are triggered when teen. Although its Galactic nature has never been confirmed be
magnetic field taps the rotational energy from a central comause of the lack of optical and infrared spectra of the carigpa
pact object or disk| (Blandford & Payne 1982; Kylafis et aktar (Luque-Escamilla etal. 2014), GRS 17288 appears as a
2015). This mechanism is characterized well because the maery bright and persistent hard X-ray source towards tha&al
accretion and ejection events evolve fast enough to be &ip-centre region (Sunyaev et/al. 1991). This source hasigtro
propriately sampled with multi-wavelength observatiorfs @pectral similarities in X-rays with the classical blackéhoan-
both microquasars (Mirabel etlal. 1998; Mirabel & Rodriguedidate Cygnus X-1 (Main et al. 1999). It displays doubleesid
19944a; | Fender et al._1999) and AGN_(Gomez etlal. 200@dio jets (Rodriguez etial. 1992; Mirabel & Rodriguez 1994b
Marscher et all 2002), where these processes occur on tiwiese arc-minute extension implies a parsec-scale linear s
scales from hours or days to years, respectively. Howeker, tf located at the distance of the Galactic centre, hereafser
long-term evolution of the jet flow far away from the centrat e sumed to be 8.5 kpc. In this Letter, we revisit the huge aschiv
gine is not understood as well. The large sizes of relakivjsts of GRS 1758258 observations at radio wavelengths obtained
in AGN make them evolve on characteristic times~ofl0° yr  with the Very Large Array (VLA) interferometer of the Natiah
(Shabala et al. 2008), while the low velocities of HH jets iynp Radio Astronomy Observatory (NRAO). This provides us with
shorter characteristic times of 10° yr (de Gouveia Dal Pino a unique set of highly sensitive maps with an angular resolu-
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tion that is well suited to exploring the evolution of the GR3able1. Log of VLA 6 cm observations used in this work.

1758-258 jets over more than a decade.

Project VLA  Observation On-source  Central
. code  config. date time (s)  Julian day
2. Data analysis and results AM345 C 1997 Mar 21 1770
We data-mined the public archives of the VLA interferometer 1992 Apr 09 6040 2448719
hosted by NRAO. The angular size and morphology of the ar- 1992 Apr 11 2610
cminute GRS 1758258 jets are well sampled by using the 6 cmAM560  C 1997 Aug 03 2440
wavelength and the C-configuration of the array. Two intafime 1997 Aug 05 2440
ate frequency bands 50 MHz wide were available from the VLA 1997 Aug 08 2440
correlator products. A total of four useful observing pabgebe- 1997 Aug 11 2160
tween 1992 and 2008 could be retrieved with this instrumenta 1997 Aug 14 2170 2450674
setup (see first block of Taté 1). 1997 Aug 15 1860
All downloaded projects were individually recalibrated by 1997 Aug 18 2450
using the AIPS software package of NRAO, taking special care 1997 Aug 20 2430
to remove corrupt visibilities in both the target and thelraltor 1997 Aug 24 2420
sources. The phase calibrator was JE7283, while the visibil-  AR458 c 2001 Jul 08 473
ity amplitude was tied to the known flux densities of 3C286 and 2001 Jul 24 533
3C48. Some older projects needed to be transformed from the 2001 Aug 4 673
B1950.0 to the J2000.0 reference system, by using the ABRS ta 2001 Aug 9 603
UVFIX, in order to make the multi-epoch map comparison eas- 2001 Aug 16 453 2452132
ier. Radio maps were created and deconvolved using the CLEAN 2001 Aug 26 413
algorithm as provided within the IMAGR task of AIPS. Their 2001 Aug 30 403
respective synthesized beams were individually deterufingt 2001 Sep 07 533
and later averaged. The resulting averaged elliptical §lans AS930 c 2008 Apr 01 4840
beam was finally used to convolve the clean components of each 2008 Apr 07 4840 2454563
observing epoch in a second run of the IMAGR task. 2008 Apr 12 4840
In Fig.[d, we present the final sequence of 6 cm maps showAM345 D 1992 Sep 26-27 5690 2448892
ing the appearance of the GRS 17288 during the years 1992, AM428 ~ CD 1993 Oct 3-4 6460 2448899
1997, 2001, and 2008 on arcminute scales. Tlkerdint pan- AR476 c 2002 Oct 15 1453
els can be considered as approximate matching-beam maps wit 2002 Oct 16 1513 2452582
similar point spread functions. Having the same angulas-res 2002 Nov 11 1623
lution, they are therefore suitable for meaningful comgmmiof 2002 Dec 2 1533
the jet morphological variations visible inftérent epochs. Inall  AR523 c 2004 Apr 30 953 2453126
cases, natural weighting of the interferometric visitgkt(i.e. a 2004 May 05 953 2453131

+5 value of the IMAGR ROBUST parameter) was applied to
maximize sensitivity to extended emission. The AIPS task DB

CON was used to concatenate short time slots éint VLA powered stationary jet flow (Marti etlal. 2002; Soria et all PO

monitoring projects into a single observing epoch.

When assuming the hotspot identification is correct, thé 2.

In Table[2 we compile the positions, deconvolved angul@f2 yr! associated proper motion translates into a velocity of
sizes, flux densities coming from the northern hotspot compbe projected jet head of (2 + 0.03)c, wherec is the speed of
nent that dominates the lobe emission, and its radio luritiees light. In the 2001 frame, the northern jet lobe was obsereed t
in the 0.1-18 GHz range, assuming80.7 typical spectral in- evolve into two elongated fragments that were nearly pelrtadl
dex for non-thermal radio emission. We additionally ingube the jet direction. The conspicuous hotspot of 1997 comiglete
minimum energy content and magnetic field assuming equipkst its shape, and only traces of its extended emissioninata

tition of energy between relativistic particles and magnieid,

at its position after four years. Seven years later, in 2608w

using the Pacholczyk (1970) formulation. An estimate ofrle hotspot had clearly reappeared at some time in between. Had
ativistic electron density needed to account for the olestra- the 2008 northern hotspot existed in 2001, it should have bee
dio luminosity is also given. detected well above the rms noise. Moreover, from Table 2 the
Finally, a few additional archive projects existin the C,i2la position dfset between the 1997 and 2008 hotspots is estimated
CD configurations (see 2nd block of Talhle 1). Although thete be 1’9 + 0”7. Thus, we are observing a newly formed struc-
was not high enough quality to provide new individual frarimes ture. On the other hand, the southern counter-jet is alsbleis
Fig.[d, they were selected to enhance the sensitivity tanebet@ in Fig.[d, but it did not display a structure that was as well or
emission in deep imaging that is discussed below. ganized as the northern jet. Only hints of precession pusiyo
noticed byl Marti et al. (2002) are evident in 1997, but they ar
remarkably absentin the even more sensitive 2008 frams.i§ hi
additional evidence that the GRS 175558 jet evolution is real.
In 1992, the jet’s northern lobe in Figl 1 ended in a sort of bow The low declination of the source limits the achievable dy-
shaped working surface with a conspicuous component aiits vnamic ranges of the Fig] 1 maps. Thereforefedence maps
tex that we interpret as the terminal hotspot. Comparisdh wiwvere computed to assess the reliability of the observedtsirai
the 1997 frame, where the hotspot is brighter and easilygrecoariations better. Our two more sensitive observing epaars
nized, implies a noticeable shift of 13+ 1” on a time inter- used for this purpose. Figuté 2 shows a zoomed view of mor-
val of 5.4 yr. This value is consistent with previous, veryneo phology diferences in the northern hotspot, together with the
servative upper limits that supported the idea of a contisiyo subtraction of the 1997 clean component model from the 2008

3. Discussion
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Fig. 1. Time evolution of the GRS 175858 extended radio jets as observed with the VLA interfetemat the 6 cm wavelength (4.8 GHz) over
sixteen years (1992-2008) with nearly identical angulaohkgtion. North is up and east to the left. The horizontaldtahe bottom right corner
shows the angular scale. The interferometric synthesieadnbs 1050 x 4775, with position angle of 10(bottom left ellipse). The vertical
colour bar provides a linear brightness scale in unitaJyf beam®. The rms background noise is 10, 10, 19 andJ$ beam? for the 1992 to
2008 frames, respectively. The two variable point sourceslee GRS 1758258 central core and an unrelated object abo(tta3he east of it.
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Fig. 2. Close up of the northern radio lobe of GRS 17288 as ob-
served with the VLA at 6 cm in 1997 (left) and 2008 (middle),emtthe
hotspot was fainter. The coloured horizontal bar providiésear inten-
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jet and the ambient medium, respectivelyylk 1, the jet may

be unstable. When assuming that GRS 17288 jet is baryonic
and that most of the mass flux is in the form of a thermal plasma
(e.g., about 90%), the relativistic particles responsiblethe
non-thermal radio emission, whose density~0£0-3 cm™ has
been estimated from equipartition (see Table 2), accourihéo
remaining 10%. Thus, the actual jet density is tentatively- e
mated as; ~ 1072 cm 3.

Given that microquasars are typically located in much less
dense environments than the canonical interstellar medium
(Heinz[2002), we assumm, ~ 0.1 cnT3. This yields a den-
sity contrast in the vicinity of the terminal hotspotmf 1072,
Therefore, the jet could be prone to undergoing hydrodynami

sity scale inuJy beam!. The bottom left corner bar gives the angulafstabilities, and its disruption may occur if the KH or RT des

scale. North is up and east left. The right panel shows thduaisdif-
ference between the two epochs. Its colour vertical barakeddn units

have enough time to grow up to a length scale comparable to the
jet radiusr;. These time scales may be calculated (Araudolet al.

of the rms noise in the ffierence map (10Jy beam?). The synthesized 2009,/ 2010) asxy ~ (2rj/c)r71/2 andtgr ~ (er/c)(z,]/g)l/Z,

beam in all panels is the same as in[Hig.1 (bottom right @)ips

visibility data. Residuals emerge at the tb 50 level. Beyond

respectively. When assuming that the filaments of radio emis
sion converging to the hotspot in Fld. 2 are actually trathne

jet flow, rj ~ 0.1 pc for GRS 1758258 at its estimated dis-
tance. Taking this value, growth time scales of destrudive

the field of view shown here, they are also aligned along the jghd KH instabilities are found to be very similar and to last-s

position angle, suggesting changes thda the whole jet flow.

eral months.

The first consequence of the observed phenomena is an up-Considering the uncertainties involved in this calculatiib
per limit to the GRS 1758258 distance. This comes from thehus appears conceivable from the physical point of view tha
time scale £ ~ 11 yr) of major structural changes. The northerthe GRS 1758258 jets undergo RT ayar KH instabilities that
jet flow was fully renewed between 1997 and 2008, as showompletely reorganize their collimated outflow on a yeairtyet
in Figs.[1, andR. Given its angular size{ 60"), causality ar- scale, as suggested by the multi-epoch observations espiort
guments dictate that the maximum possible distance ligsinwit this work. In the maps presented in Hig. 1, we have merged data
the boundaries of the Milky Way-(cr/6 ~ 12 kpc). Having the sets scattered over no more than a two-months span, so dlyat th

jet inclined with respect to the line-of-sight would redubés
value further. Therefore, the Galactic origin of GRS 17388
becomes fully confirmed for the first time.

are safely below the limit for avoiding an excessive smepoih
the imaged structures.
We emphasize that changes in the microquasar central en-

The physical interpretation of these morphological changgine cannot be responsible for the morphological disruptib

is uncertain, although their disruptive appearance sugdbat

the outer jet, since the cooling tintg of relativistic electrons

they may be due to the onset of hydrodynamic instabilitidsy synchrotron radiation in the jet head is too long. Specifi-
(Birkinshawi 19917) such as Kelvin-Helmholtz (KH) or Rayleig cally, t[s] ~ 5 x 10%y"'B2, wherey is the Lorentz factor of

Taylor (RT) instabilities. The stability condition essiatly de-

the electrons an® the magnetic field in Gauss. F& ~ 107°

pends on the ratig = nj/n, with nj andn, the density of the G andy ~ 1f, we gett; ~ 3 Myr! It is clear that the struc-
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Table 2. Observational parameters for the northern hotspot of GREB-1258 at the 6 cm wavelength

Epoch R. A Dec. Flux Deconvolved Radio Minimum Magnetic &wistic
(J2000.0) (J2000.0) density angular size luminosity anerg field e- density
18"01™ —25°43 (mJy) (arc-secorfil (ergs?) (erg) (Gauss) (cr)
1992 128 + 031 48" +1” 037+003 (18+3)x(<9) 10x10 <33x10"* >40x10° >76x107
1997 1300+ 0502 386+0/7 026+002 (15+2)x(6+1) 71x10° 19x10%* 47x10° 1.0x 1073
200F 1259+ 0%1 33"+1” 029+004 (25+4)x(4+2) 79x10° 21x10% 46x10° 12x10°3
13313 + 0303 52'+1” 026+004 (24+6)x(3+2) 71x10®¥ 16x10" 51x10° 1.1x10°3
2008 1311s+0%03 36/8+076 018+0.02 (13+2)x(8+1) 49x10°¥0 16x10% 39x10° 7.4x 107

@ Northern hotspot appears to have fragmented into two coemptenData for both are given.

ture must be destroyed and the electrons théiusk into the
interstellar medium, escaping from the region where thesewe
confined. This plasma leaving the hotspot can form a cocoon
structure around the radio lobes, creating cavities or leshlas
seen in the environment of Galactic and extragalactic ssuné
relativistic jets with continued activity (Kawakatu & Kin006;
Gallo et al! 2005; Wilson et 8l. 2006; Pakull etlal. 2010).Hist
context, it makes sense to wonder if this cocoon structige al
exists in GRS 1758258. To shed light on this issue, we decided
to concatenate all observational projects in Table 1 to yced
the deepest radio map available for this microquasar (sge Fi
[3). The total on-source integration time of this huge data se
amounts to about T9allowing us to reach a background rms
noise of 6uJy beam? with natural weight. In this map, bridges
of extended emission emanate from both radio lobes and &lmos
surround the whole bipolar jet complex with an ellipticahpbe.
The faintest cocoon edges appear avalével and cover more
than 50% of the elliptical perimeter. Suchffdse features re-
veal, for the first time, the expected cocoon-like structrmind
GRS 1758-258. This is a new similarity between microquasars
and radio galaxies that has never been observed before.

New, more sensitive multi-wavelength observations wil-pr
vide a benchmark for validating our current ideas of the pro-
cesses involving collimated flows in astrophysical corgext
which otherwise could not be appropriately sampled in tifce.
instance, detailed changes in jet structures and fainteoao
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shells created by jet relict particles should be revealeddy iy 3 Natural-weight 6 cm map of GRS 175858 and its surrounding

radio interferometers, such as EVLA, LOFAR, or SKA.

cocoon dffuse emission obtained by combining all VLA data sets (see
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