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The universal link between the processes of accretion and ejection leads to the formation of jets
and outflows around accreting compact objects. Incoherent synchrotron emission from these out-
flows can be observed from a wide range of accreting binaries, including black holes, neutron
stars, and white dwarfs. Monitoring the evolution of the radio emission during their sporadic
outbursts provides important insights into the launching of jets, and, when coupled with the be-
haviour of the source at shorter wavelengths, probes the underlying connection with the accretion
process. Radio observations can also probe the impact of jets/outflows (including other explosive
events such as magnetar giant flares) on the ambient medium, quantifying their kinetic feedback.
The high sensitivity of the SKA will open up new parameter space, enabling the monitoring
of accreting stellar-mass compact objects from their bright, Eddington-limited outburst states
down to the lowest-luminosity quiescent levels, whose intrinsic faintness has to date precluded
detailed studies. A census of quiescently accreting black holes will also constrain binary evolution
processes. By enabling us to extend our existing investigations of black hole jets to the fainter jets
from neutron star and white dwarf systems, the SKA will permit comparative studies to determine
the role of the compact object in jet formation. The high sensitivity, wide field of view and multi-
beaming capability of the SKA will enable the detection and monitoring of all bright flaring
transients in the observable local Universe (within � 15 Mpc), including the radio counterparts
of ultraluminous X-ray sources, improving our understanding of accretion and jet ejection at the
highest rates, with important implications for the growth of the first quasars.
As synchrotron events peak earlier at higher frequencies, and with higher flux densities, such
studies will be best enabled by SKA1-MID, in the higher-frequency bands 4 and 5. With the
high sensitivity available from SKA1-MID, we will also be able to probe isolated quiescent black
holes undergoing Bondi-Hoyle accretion from the nearby environment, both stellar-mass black
holes in the field and the putative population of intermediate black holes in globular clusters. This
chapter reviews the science goals outlined above, demonstrating the progress that will be made by
the SKA in studying incoherent synchrotron emission from accreting compact objects. We also
discuss the potential of the astrometric and imaging observations that would be possible should a
significant VLBI component be included in phase 1 (and eventually phase 2) of the SKA.
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1. Introduction and context

Stellar-mass compact objects provide important laboratories for studying the fundamental cou-
pling between the accretion process and the launching of energetic outflows, which often take the
form of highly-collimated jets (Hughes 1991). A theoretical picture has been developed where
the jets are composed of an electron/positron or electron/proton plasma (e.g. Bonometto & Rees
1971), which is magnetically collimated as it flows away from the compact object. These jets may
be powered either by tapping the energy of a rotating black hole (Blandford & Znajek 1977), or by
extracting energy from the accretion flow (Blandford & Payne 1982). However, many basic aspects
of jet physics are uncertain, including their composition and structure, as well as the mechanisms
that power and collimate them. Relativistic jets are relevant in almost all fields of astrophysics,
and in some cases may be the dominant output channel for the accretion power from black holes
(Fender et al. 2003). They provide an important source of feedback to the surrounding environ-
ment, being able to either trigger or suppress star formation, accelerate cosmic rays, and seed the
surrounding medium with magnetic fields. They have even been suggested to play a role in the
reionisation of the Universe (e.g. Mirabel et al. 2011).

Despite their relative proximity, the lower masses of stellar-mass compact objects imply that
they are observed at lower angular resolution (in terms of gravitational radii) than nearby AGN, yet
they evolve through their duty cycles on human timescales, typically undergoing entire outbursts
over periods of days to months. Thus, they provide unique insights into the coupling between
accretion and outflow. Furthermore, comparative studies of the different classes of compact object
can provide important insights into the necessary and sufficient ingredients for the jet launching
processes.

The non-thermal radio emission from stellar-mass compact objects typically arises via syn-
chrotron emission from relativistic particles spiraling around the magnetic field lines of the jets.
While significant progress has been made over the past few decades in understanding the nature of
the jets and their coupling to the accretion flow (see Fender 2006, for a review), investigations have
been hampered by the limited sensitivity of past and current facilities (see also Fender et al. 2014).
We detail in this chapter how the sensitivity improvement brought about by the SKA will allow us
to study black hole outbursts throughout the Galaxy and out into the Local Group, determine the
role of jets in the low-luminosity quiescent state, and extend our existing studies of black holes to
the analogous yet fainter neutron star and white dwarf systems.

2. Galactic black holes

From an observational standpoint, black hole transients spend most of their time in a quiescent
state, at very low mass accretion rates. They occasionally undergo outbursts that last from a few
months to � a year, during which the flux rises by several orders of magnitude across the whole
electromagnetic spectrum (McClintock & Remillard 2006). These outbursts are associated with
global changes in three main components: the jets, the accretion disk and the corona. The luminous
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Figure 1: Radio lightcurve of CI Cam (a B[e] X-ray transient, also called XTE J0421+560) following its
discovery. As for all incoherent synchrotron transients, the lower-frequency radio emission peaks later and
with lower amplitude (Figure from Fender et al. 2008). Depending on the rate at which a source evolves
through its X-ray spectral states, such radio flares typically occur a few days to months following the detec-
tion of the X-ray outburst.

outburst phase, with a luminosity > 10–30% of the Eddington luminosity (the “soft state”), is
dominated by thermal emission from the accretion disk. During the rise and decay phases of the
outburst (the “hard” state), the bolometric luminosity of the source is dominated by non-thermal
emission (synchrotron or inverse Compton emission from either the jets or the corona) extending up
to the hard X-ray band. Following recent results with high-resolution X-ray spectroscopy, accretion
disk winds are now recognized as ubiquitous in black hole X-ray binaries, and may carry away a
significant fraction of the inflowing energy (Miller et al. 2006; Neilsen & Lee 2009; Ponti et al.
2012; Díaz Trigo et al. 2013).

Observations of typical Galactic black holes have indicated two forms of jets associated with
these primary accretion states; the slowly-varying, partially self-absorbed compact jets (with radio
emission usually � 30-50 mJy for distances of a few kpc, and a flat or slightly inverted radio
spectrum) observed in the hard state (Corbel et al. 2000; Fender et al. 2000; Dhawan et al. 2000;
Stirling et al. 2001), and the bright (0.1–10 Jy, with an optically thin radio spectrum), strongly
variable transient jets (occasionally showing apparent superluminal motion) detected during the
transition from the hard to the soft state (Corbel et al. 2004; Fender et al. 2004b). The core radio
emission is then strongly quenched during the soft state (Fender et al. 1999; Coriat et al. 2011).
Relic radio emission can also be detected in some cases when the jets interact with the ambient
medium, either as large-scale lobes (Gallo et al. 2005), or as faint, transient hot spots (Corbel et al.
2002), depending on the duty cycle of the central black hole.

As is characteristic of expanding synchrotron sources, the bright radio flares from the transient
jets display a characteristic frequency dependence of the transition (see Fig. 1) from optically-thick
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t o o pti c all y-t hi n e missi o n, w hi c h is c o nsist e nt wit h a n e x p a n di n g pl as m o n m o d el s u c h as t h e o n e

d es cri b e d b y v a n d er L a a n ( 1 9 6 6). T h us, t h e l o w-fr e q u e n c y r a di o e missi o n ( < 1 G H z) will p e a k

l at er ( us u all y b y a f e w d a ys t o w e e ks) a n d at l o w er fl u x es ( b y at l e ast a n or d er of m a g nit u d e)

c o m p ar e d t o t h e e missi o n at hi g h er fr e q u e n ci es ( > 3 G H z). T o st u d y t h e tr a nsi e nt r a di o e missi o n,

it is t h er ef or e of t h e ut m ost i m p ort a n c e f or t h e i niti al d e pl o y m e nt of S K A 1- MI D t o i n cl u d e b a n d

4 ( 2. 8 0- 5. 1 8 G H z) or ( pr ef er a bl y) b a n d 5 ( 4. 6- 1 3. 8 G H z). T his is als o i m p ort a nt t o c o nstr ai n t h e

e n er g y b u d g et of t h e c o m p a ct j ets s e e n i n t h e h ar d st at e, w hi c h c a n b e str o n gl y aff e ct e d b y o p a cit y

eff e cts at l o w er fr e q u e n ci es. B a n ds 4 a n d 5 h a v e hi g h er i ntri nsi c s e nsiti vit y t h a n b a n ds 1 – 3 (s e e

Ta bl e 7 of t h e S K A 1 S yst e m B as eli n e D esi g n D o c u m e nt; b a n d 1 = 0. 3 5- 1. 0 5 G H z, b a n d 2 = 0. 9 5-

1. 7 6 G H z, b a n d 3 = 1. 6 5- 3. 0 5 G H z), as w ell as l o w er c o nf usi o n li mits a n d hi g h er i ntri nsi c l e v els

of r a di o e missi o n at t h e p e a k of a n o ut b urst (s e e Fi g. 1 or a n y t e xt b o o k e x a m pl e of a s y n c hr otr o n

fl ar e; e. g. v a n d er L a a n 1 9 6 6). T his all o w s t h e m t o pr o b e a l ar g er o bs er vi n g v ol u m e t h a n t h e l o w er

fr e q u e n c y b a n ds, b y f a ct ors of b et w e e n 6 ( c o m p ari n g b a n d 4 t o b a n d 3) a n d 2 0 0 ( c o m p ari n g b a n d 4

t o b a n d 1), t h er e b y e xt e n di n g t h e m a xi m u m dist a n c e w e c a n pr o b e b y f a ct ors of 2 – 6. T h e bri g ht er

p e a k e missi o n i n b a n d 5 w o ul d i n cr e as e t h es e n u m b ers still f urt h er.

T h er e is a str o n g c orr el ati o n b et w e e n t h e r a di o a n d X-r a y e missi o n i n t h e h ar d a n d q ui es c e nt

st at es ( C or b el et al. 2 0 0 3, 2 0 1 3 b; G all o et al. 2 0 0 3, 2 0 1 2), i n di c ati n g a p ossi bl e c o u pli n g b et w e e n

t h e l a u n c h of t h e j ets a n d t h e d y n a mi cs of t h e fl o w cl os e t o t h e a c cr eti n g bl a c k h ol e ( Fi g. 2). It c a n

b e us e d t o d et er mi n e t h e e x p e ct e d s o ur c e b e h a vi o ur at t h e l o w est r a di o l u mi n ositi es, w hi c h r e m ai n

r el ati v el y p o orl y e x pl or e d o wi n g t o t h e li mit e d s e nsiti vit y of c urr e nt i nstr u m e nts ( Mill er-J o n es

et al. 2 0 1 1). It is, f or e x a m pl e, n ot cl e ar w h et h er q ui es c e nt bl a c k h ol es d o h ost j ets as i n t h e bri g ht er

st at es. C urr e nt o bs er v ati o ns s e e m t o i n di c at e w e a k j et a cti vit y e v e n i n q ui es c e n c e ( G all o et al. 2 0 0 6,

2 0 1 4), b ut it is n ot k n o w n w h at fr a cti o n of t h e li b er at e d a c cr eti o n p o w er is c arri e d a w a y i n t h e j ets

r at h er t h a n b ei n g a d v e ct e d a cr oss t h e bl a c k h ol e e v e nt h ori z o n ( F e n d er et al. 2 0 0 3). F urt h er m or e,

u n d erst a n di n g t h e r e c e ntl y- dis c o v er e d di c h ot o m y i n t h e r a di o/ X-r a y c orr el ati o n ( C ori at et al. 2 0 1 1;

G all o et al. 2 0 1 2) c o ul d pr o vi d e a n e w w a y t o e x pl or e t h e p ossi bilit y of diff er e nt c o u pli n gs b et w e e n

a c cr eti o n a n d ej e cti o n i n bl a c k h ol e tr a nsi e nts. Wit h a s e nsiti vit y as g o o d as 3 0 µ J y s − 1 / 2 i n

b a n d 4/ 5 ( D e w d n e y et al. 2 0 1 3), S K A 1- MI D is t h e i d e al i nstr u m e nt t o m o nit or all d et e ct e d bl a c k

h ol e o ut b ursts ( u p t o a f e w t e ns p er y e ar) all t h e w a y d o w n t o q ui es c e n c e. F urt h er m or e, a l o n g

o bs er v ati o n ( 1 0 hrs) wit h S K A 1- MI D c o ul d d et e ct all q ui es c e nt bl a c k h ol e bi n ari es u p t o a dist a n c e

of 5 k p c. T h es e tr a nsi e nt bl a c k h ol es c o ul d eit h er b e dis c o v er e d b y t ar g ett e d m o nit ori n g or a bli n d

r a di o s ur v e y wit h S K A ( F e n d er et al. 2 0 1 4), or b y a n y a cti v e m ulti- w a v el e n gt h m o nit ori n g f a cilit y.

T h e bri g ht est p h as es of bl a c k h ol e o ut b ursts (t h e h ar d t o s oft st at e tr a nsiti o ns) c a n e asil y b e

st u di e d vi a s n a ps h ot o bs er v ati o ns, e v e n f or t h e m ost dist a nt s yst e m s i n o ur G al a x y, m e a ni n g t h at

S K A ( e v e n i n p h as e 1) will pr o b e a si g nifi c a nt fr a cti o n of t h e o ut b urst a cti vit y f or al m ost all bl a c k

h ol es i n o ur G al a x y, i n cl u di n g t h e v er y f ai nt, s u b- E d di n gt o n tr a nsi e nts, w hi c h h a v e r ar el y b e e n

o bs er v e d at r a di o fr e q u e n ci es. Wit h a r es ol uti o n o n t h e or d er of a f e w t e nt hs of a n ar cs e c o n d –

if S K A 1- MI D is e q ui p p e d wit h b a n d 4 or 5 r e c ei v ers – t h e bri g ht r a di o e missi o n ass o ci at e d wit h

t h e tr a nsi e nt j ets ( Mir a b el & R o dri g u e z 1 9 9 4) c o ul d als o b e r es ol v e d fr o m a w e e k aft er t h e o ns et

of t h e r a di o fl ar e, as t y pi c al pr o p er m oti o ns ar e o n t h e or d er of 1 5 – 2 0 m as d a y − 1 (s e e S e cti o n 5

f or t h e a d diti o n al b e n efits of V L BI). G o o d p ol ari z ati o n m e as ur e m e nts (li n e ar a n d cir c ul ar) fr o m

S K A 1- MI D, ass o ci at e d wit h g o o d si g n al p urit y, will pr o vi d e k e y pr o b es of t h e c o m p ositi o n a n d

g e o m etr y of t h e j ets, a n d t h e str u ct ur e of t h eir m a g n eti c fi el ds.
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Fi g u r e 2: R a d i o a n d X-r a y ( 1- 1 0 k e V) l u mi n o siti es f or G al a cti c a c cr eti n g bi n ar y bl a c k h ol es i n t h e h ar d

a n d q ui es c e nt st at es ( s e e arr o ws at b ott o m f or a p pr o xi m at e l u mi n o sit y l e v els). It ill u str at es t h e st a n d ar d

c orr el ati o n ( d efi n e d b y s o ur c es s u c h as G X 3 3 9 − 4 or V 4 0 4 C y g wit h i n d e x ∼ 0. 6; gr e e n p oi nts) a n d t h e

n e w c orr el ati o n f or t h e s o- c all e d “ o utli er s ” ( d efi n e d b y e. g. H 1 7 4 3 − 3 2 2 or S wift J 1 7 5 3. 5 − 0 1 2 7 wit h

i n d e x ∼ 1. 4; a si g nific a nt fr a cti o n of t h e r e d p oi nts). Bl a c k tri a n gl es r e pr es e nt n e utr o n st ar bi n ari es. T h e

s oli d li n e ill u str at es t h e fit t o t h e w h ol e 1 9 9 7 – 2 0 1 2 s a m pl e of G X 3 3 9 − 4 ( C or b el et al. 2 0 1 3 b) wit h a n

e xtr a p ol ati o n t o t h e q ui es c e nt st at e. T h e d ott e d li n e c orr es p o n d s t o t h e fit t o t h e d at a f or H 1 7 4 3 − 3 2 2, o n e of

t h e r e pr es e nt ati v es f or t h e o utli er s ( C ori at et al. 2 0 1 1). U p p er li mits ar e pl ott e d at t h e 3σ c o nfi d e n c e l e v el.

T h e h ori z o nt al d as h e d li n es r e pr es e nt s o m e s e n siti vit y l e v els f or S K A 1- MI D as dis c u ss e d i n t h e t e xt.

T h e hi g h s e nsiti vit y a n d a bilit y t o d u m p t h e visi biliti es o n r a pi d ( 1 s) ti m es c al es w o ul d all o w

us t o pr o b e a n y s h ort-ti m es c al e v ari a bilit y of t h e j ets, s h o ul d it b e pr es e nt (s h ort est ti m es c al es of

∼ 1 0 mi n ut es u p t o n o w, e. g. C or b el et al. ( 2 0 0 0); Mi d dl et o n et al. ( 2 0 1 3)). C as ell a et al. ( 2 0 1 0)

d et e ct e d r a pi d (s u b-s e c o n d) i nfr ar e d v ari a bilit y fr o m t h e j ets of G X 3 3 9 − 4, w hi c h w as c orr el at e d

wit h t h e o bs er v e d X-r a y v ari a bilit y. O bs er vi n g t h es e v ari ati o ns at m ulti pl e fr e q u e n ci es as t h e y

pr o p a g at e d o w nstr e a m i n t h e j ets w o ul d all o w us t o dir e ctl y m e as ur e t h e s p e e ds a n d si z es of t h e

c o m p a ct j ets, pr o vi di n g t h e b est o bs er v ati o n al c o nstr ai nts o n t h eir L or e nt z f a ct ors.

A n X-r a y bi n ar y b y n at ur e i n cl u d es s e v er al e missi o n c o m p o n e nts (st ar, c o m p a ct o bj e ct, a c-

cr eti o n dis k, c or o n a, j ets, a n d n e ar b y e n vir o n m e nt), all e mitti n g o v er a wi d e e n er g y r a n g e (t h e j ets

t h e m s el v es c a n b e o bs er v e d t o e mit u p t o t h e g a m m a-r a y b a n d), m e a ni n g t h at S K A o bs er v ati o ns

w o ul d gr e atl y b e n efit fr o m c o or di n at e d a n d si m ult a n e o us o bs er v ati o ns wit h m ulti- w a v el e n gt h f a-

ciliti es ( e. g. R o dri g u e z et al. 2 0 0 8; C or b el et al. 2 0 1 3 a). S o m e o b vi o us n e w f a ciliti es f or tr a nsi e nt

bl a c k h ol es i n t h e n e xt d e c a d e i n cl u d e ( b ut ar e n ot li mit e d t o) X-r a y o bs er v at ori es ( e. g. S V O M,

A S T R O S A T ), gr o u n d- b as e d all-s k y o pti c al t el es c o p es s u c h as L S S T, or a s e nsiti v e n e w hi g h- e n er g y

g a m m a-r a y o bs er v at or y ( C T A). F urt h er m or e, all S K A 1 c o m p o n e nts h a v e t h e p ot e nti al t o a ct as

r a di o “ all-s k y m o nit ors ” (if c o m m e ns al tr a nsi e nt s e ar c h c a p a bilit y is i m pl e m e nt e d i n t h e e arl y
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p h as es; s e e F e n d er et al. 2 0 1 4). T his w o ul d b e of pri m e i m p ort a n c e, all o wi n g S K A t o pr o vi d e

al erts t o m ulti- w a v el e n gt h f a ciliti es. S u c h a r a di o s k y m o nit or c o ul d b e cr u ci al f or d et e cti n g n e w

o ut b ursts s h o ul d n o X-r a y all-s k y m o nit or b e a v ail a bl e i n t h e c o mi n g d e c a d es.

Wit h a r e d u c e d s e nsiti vit y of 5 0 % d uri n g t h e d e pl o y m e nt of S K A 1- MI D, a si g nifi c a nt fr a cti o n

of t h e a b o v e s ci e ntifi c g o als c o ul d still b e a c hi e v e d as l o n g as b a n d 4 or 5 is i n cl u d e d i n t h e e arl y

p h as e. If w e c o nsi d er t h e i m pr o v e d p erf or m a n c e of S K A 2, wit h br o a d b a n d fr e q u e n c y a c c ess u p

t o 2 4 G H z, t h e n it is li k el y t h at al m ost all tr a nsi e nt bl a c k h ol es l o c at e d u p t o t h e dist a n c e of t h e

G al a cti c C e ntr e c o ul d b e st u di e d i n gr e at d et ail, as o utli n e d a b o v e.

3. N e ut r o n st a r bi n a ri es

C o m p aris o ns b et w e e n a c cr eti n g n e utr o n st ars a n d bl a c k h ol es ar e i d e al f or d et er mi ni n g w hi c h

eff e cts s e e n fr o m a c cr eti n g bl a c k h ol es ar e f u n d a m e nt all y r el at e d t o t h e pr es e n c e of a n e v e nt h ori-

z o n, i nst e a d of b ei n g g e n eri c t o a c cr eti o n o nt o o bj e cts wit h d e e p gr a vit ati o n al p ot e nti al w ells.

L ar g el y s p e a ki n g, t h e p h e n o m e n ol o g y of a c cr eti o n o nt o n e utr o n st ars is si mil ar t o t h at o nt o bl a c k

h ol es ( e. g. P s altis 2 0 0 6). M a n y of t h e k n o w n diff er e n c es c a n b e e x pl ai n e d i n a str ai g htf or w ar d

m a n n er b y t h e pr es e n c e of a s oli d s urf a c e f or n e utr o n st ars a n d t h e l a c k of o n e f or bl a c k h ol es.

St u di es of a c cr eti n g n e utr o n st ars will b e b olst er e d b y t h e e n h a n c e d s e nsiti vit y of t h e S K A.

S yst e m ati c st u di es of t h e r a di o l u mi n ositi es of a c cr eti n g n e utr o n st ars as a f u n cti o n of t h eir X-r a y

l u mi n ositi es ar e f ar s p ars er t h a n t h os e f or bl a c k h ol es. T his is i n p art b e c a us e t h e c h ar a ct eristi c

ti m es c al es o n w hi c h a c cr eti o n dis ks c h a n g e s c al es i n v ers el y wit h t h e a c cr et or m ass, s o t h at “t y pi-

c al ” o ut b ursts of a c cr eti n g n e utr o n st ars ar e s h ort er t h a n t h os e f or a c cr eti n g bl a c k h ol es; a n d p artl y

b e c a us e b ot h t h e p e a k X-r a y l u mi n ositi es of n e utr o n st ar tr a nsi e nts a n d t h e r ati o of r a di o t o X-r a y

fl u x f or n e utr o n st ars ar e b ot h l o w er t h a n f or bl a c k h ol es ( F e n d er & K u ul k ers 2 0 0 1; W u et al. 2 0 1 0;

Mi gli ari & F e n d er 2 0 0 6). A s a r es ult of t h es e f a ct ors, m ost s oft X-r a y tr a nsi e nts wit h n e utr o n

st ar a c cr et ors p e a k at fl u x d e nsiti es of a b o ut 1 m J y or l ess (f or t y pi c al dist a n c es of s e v er al k p c).

U ntil r e c e ntl y it w as n ot f e asi bl e t o pr o b e fl u x d e nsiti es si g nifi c a ntl y f ai nt er t h a n 1 0 0 µ J y, a n d

e v e n wit h t h e u p gr a d e d V L A, t h e s e nsiti vit y of s h ort t ar g et- of- o p p ort u nit y ( T o O) o bs er v ati o ns is

li mit e d t o a f e w µ J y. T h us, it h as tr a diti o n all y b e e n diffi c ult t o s p a n m or e t h a n a f a ct or of 1 0 i n

r a di o l u mi n osit y f or n e utr o n st ars, a n d e v e n n o w it is n e arl y i m p ossi bl e t o s p a n m u c h m or e t h a n

a f a ct or of 1 0 0. F urt h er m or e, si n c e t h e o ut b ursts pr o gr ess q ui c kl y, s c h e d uli n g a l ar g e n u m b er of

e p o c hs pl a c es str o n g pr ess ur e o n t h e T o O s c h e d uli n g of e xisti n g arr a ys. Fi n all y, si n c e m a n y of

t h es e s o ur c es ar e l o c at e d i n t h e G al a cti c B ul g e, or els e w h er e i n t h e S o ut h er n H e mis p h er e, oft e n

o nl y s h ort o bs er v ati o ns ar e p ossi bl e. D es pit e t h es e pr o bl e m s, s o m e pr o gr ess h as still b e e n m a d e o n

u n d erst a n di n g t h e r a di o e missi o n of n e utr o n st ar X-r a y bi n ari es. A f e w t hi n gs s e e m cl e ar: t h e hi g h

m a g n eti c fi el d X-r a y p uls ars ar e n ot str o n g r a di o e mitt ers ( Mi gli ari & F e n d er 2 0 0 6); t h e r a di o a n d

X-r a y fl u x es ar e c orr el at e d (s e e Fi g. 2) f or n e utr o n st ar X-r a y bi n ari es t h at e mit at l ess t h a n a b o ut

1 0 % of t h e E d di n gt o n l u mi n osit y ( Mi gli ari et al. 2 0 0 3; T u d os e et al. 2 0 0 9); a n d t h e r e d u cti o n of

t h e r a di o p o w er of n e utr o n st ars i n a c cr eti o n st at es d o mi n at e d b y t h er m al e missi o n is l ess e xtr e m e

t h a n t h e s a m e t ur n- d o w n f or bl a c k h ol es ( Mi gli ari et al. 2 0 0 4).

T h e e n h a n c e d s e nsiti vit y of t h e S K A s h o ul d all o w m or e q u a ntit ati v e st at e m e nts o n t h es e t o p-

i cs. F or e x a m pl e, Mi gli ari et al. ( 2 0 0 3) fi n d t h at L R µ L 1 .4
X f or t h e n e utr o n st ar 4 U 1 7 2 8- 3 4 i n h ar d
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spectral states, while Tudose et al. (2009) looked at Aql X-1 and found LR µ L0:4
X , albeit while

including data from a range of X-ray spectral states. The finding of Migliari et al. (2003) made for
nice agreement with a theoretical picture in which the bulk power put into the jet scales with the
mass accretion rate, and the radio power of the jet scales with its bulk power to the 1.4, and also
bolsters the suggestion that most hard states of black hole X-ray binaries are in radiatively ineffi-
cient states where LX µ ṁ2. Developing a sample of sources that has both many objects, and which
spans a few orders of magnitude in radio luminosity would bring the data quality into line with
that from the black hole transients at the present time (Fig. 2). It also opens the door to making
robust determinations of whether the spin period of a neutron star affects the normalization of its
radio/X-ray relation (Migliari et al. 2011).

Additional studies of the thermal X-ray states of neutron stars in the radio may also hold
important clues to understanding how jets are launched. In these systems, by analogy with the
black holes, the accretion disks themselves are unlikely to supply much power to an accretion flow.
On the other hand, the boundary layers, where the neutron star’s accretion disk dissipates its excess
rotational energy, should have the large scale height thought to be needed to power jets, and may
interact with the magnetic field of the neutron star itself. Studies of a large sample of these soft
states rather than merely the two that have been detected already (Migliari et al. 2004), may help
us to understand jet production in this environment.

A final class of systems that can probe the relationship between the accretion flow and the
launching of jets are the recently-discovered class of transitional binary pulsars, which switch be-
tween accretion-powered and rotation-powered states on timescales of just weeks (e.g. Archibald
et al. 2009; Papitto et al. 2013; Bassa et al. 2014). These systems have been shown to emit flat
or inverted-spectrum radio emission in their accretion-powered states, which is consistent with
partially-self absorbed synchrotron jets (Papitto et al. 2013; Bassa et al. 2014). Intensive radio
monitoring of the transitions between these two states would provide unique insights into how the
jets are formed and destroyed, and, together with simultaneous X-ray monitoring, would highlight
the connection between the jets and the evolving accretion flow.

A second point, unrelated to the disk-jet connection, which can be addressed with neutron
star observations is whether particles can be launched in a jet at speeds significantly greater than
the escape speed of the accretor. To date, one example has been identified, Cir X-1 (Fender et al.
2004a). In this system an apparent speed of the jet of 15c has been inferred from the appearance
of radio emission far from the neutron star itself relatively soon after X-ray flaring episodes. Since
the escape speed from a neutron star is typically � 0:3c this would imply that the bulk jet speed
must be larger than the escape speed for a neutron star by a large factor; however, what has not yet
been seen, due to lack of sensitivity and angular resolution with existing Southern radio facilities,
is actual motion of the radio-emitting structures at an apparent speed larger than the speed of
light. As distances and inclination angles for many neutron star X-ray binaries will be directly
measurable with the SKA, the combination of two-sided proper motions and detections of the
counterjets should allow for a clean test of whether the pattern speeds and the bulk motions of
jets are equal. If e.g. the jets are dominated by Poynting flux close to the neutron star, then it
would not be surprising for them to appear to move very close to the speed of light, even if the
particles energized by the jet move at much slower speeds. Such measurements represent a unique
opportunity to test a major hypothesis from theoretical work that cannot be tested with black holes,
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w h er e t h e j et s p e e ds ar e e x p e ct e d t o b e cl os e t o t h e s p e e d of li g ht .

4. C at a cl ys mi c v a ri a bl es a n d r el at e d o bj e cts

T h e o c c urr e n c e of j ets a n d f ast c olli m at e d o utfl o w s is b y n o m e a ns r estri ct e d t o a c cr eti n g

bl a c k h ol es or n e utr o n st ars. T hr o u g h s e nsiti v e a n d ti m el y o bs er v ati o ns i n t h e l ast d e c a d e, n u m er-

o us a c cr eti n g w hit e d w arfs (i n c at a cl ys mi c v ari a bl es, s y m bi oti c st ars a n d s u p ers oft X-r a y s o ur c es)

h a v e s h o w n str o n g e vi d e n c e f or j ets a n d j et-li k e s h o c k e d, c olli m at e d o utfl o w s, o bs er v e d at r a di o

fr e q u e n ci es a n d i nt er pr et e d as s y n c hr otr o n e missi o n. H o w e v er, t h e bri g ht n ess t e m p er at ur es of t h e

r a di o e missi o n fr o m c at a cl ys mi c v ari a bl es ar e s m all e n o u g h t h at t h er m al a n d/ or c y cl otr o n e mis-

si o n ar e still vi a bl e p ossi biliti es, a n d gi v e n t h e m ulti pl e p ossi bl e m e c h a nis m s, t h er e m a y b e s o m e

h et er o g e n eit y i n e missi o n m e c h a nis m s. B ett er s p e ctr al m e as ur e m e nts, a n d s e ar c h es f or cir c ul ar

p ol ari z ati o n, w hi c h s h o ul d b e p ossi bl e wit h S K A, c a n h el p r es ol v e t h es e iss u es.

P er h a ps t h e m ost stri ki n g ( a n d e n c o ur a gi n g) as p e ct is t h at t h es e tr a nsi e nt r a di o j ets h a v e all

o c c urr e d i n t h e pr ot ot y p es of s u b cl ass es of a c cr eti n g w hit e d w arfs – t h e s y m bi oti c st ar Z A n d

( Br o c ks o p p et al. 2 0 0 4), t h e r e c urr e nt n o v a1 R S O p h ( R u p e n et al. 2 0 0 8) a n d t h e d w arf n o v a

S S C y g ( K ör di n g et al. 2 0 0 8), s u g g esti n g t h e y ar e m or e c o m m o n i n w hit e d w arf a c cr et ors t h a n

pr e vi o usl y ass u m e d. P ersist e nt j ets ar e als o t h o u g ht t o o c c ur i n n o v a-li k e v ari a bl es ( K ör di n g et al.

2 0 1 1); t h es e ar e s yst e m s i n a r e gi m e of st e a d y hi g h m ass tr a nsf er r at e ( ∼ 1 0 − 9 − 1 0 − 8 M ⊙ yr − 1 )

w h er e a c cr eti o n o nt o t h e w hit e d w arf o c c urs vi a a st a n d ar d t hi n α - dis c (s e e e. g. P ott er & B al b us

2 0 1 4).

I n cl os e a n al o g y t o tr a nsi e nt j ets i n X-r a y bi n ari es, t h e n o n- m a g n eti c d w arf n o v a S S C y g

r e p e at e dl y e x hi bits r a di o o ut b ursts ass o ci at e d wit h its dis c i nst a bilit y o ut b urst c y cl e ( K ör di n g et al.

2 0 0 8). T h e o ut b ursts i n d w arf n o v a e ar e d es cri b e d b y a t h er m al- vis c o us i nst a bilit y i n t h e a c cr eti o n

dis c, l e a di n g t o a bri ef p eri o d ( d a ys t o w e e ks) of e n h a n c e d m ass tr a nsf er ( ∼ 1 0 − 8 M ⊙ yr − 1 ) o nt o

t h e w hit e d w arf. E v e n t h o u g h r a di o l u mi n ositi es ar e l o w c o m p ar e d t o X-r a y bi n ari es – p e a k fl u x

d e nsiti es of ∼ 1 m J y at 1 – 1 0 G H z f or a s yst e m at 1 1 4 p c ( S S C y g; Mill er-J o n es et al. 2 0 1 3) –

t h es e s yst e m s pr o vi d e a n i m p ort a nt li n k i n u n d erst a n di n g h o w a c cr eti o n is c o u pl e d t o t h e o utfl o w

of m att er a cr oss a r a n g e of c o m p a ct a c cr et ors. Wit h t h e e x p e ct e d s e nsiti viti es a c hi e v e d b y S K A 1-

MI D w e c a n e xt e n d t h e s a m pl e of d w arf n o v a e o bs er v e d at r a di o fr e q u e n ci es o ut t o kil o p ars e c

dist a n c es, w h er e o pti c al tr a nsi e nt s ur v e ys s u c h as C R T S a n d i P T F ( a n d L S S T i n t h e S K A er a) ar e

fi n di n g t h o us a n ds of n e w d w arf n o v a e; s e e Dr a k e et al. ( 2 0 1 4) f or a n o v er vi e w of d w arf n o v a e

i n C R T S. T h e s h e er n u m b ers of s yst e m s, t h e a c c essi bl e ti m e s c al es of t h e dis c i nst a bilit y c y cl e

i n c at a cl ys mi c v ari a bl es ( w e e ks t o m o nt hs), a n d t h e r e as o n a bl y w ell- u n d erst o o d a c cr eti o n dis cs

ar o u n d w hit e d w arfs pr o vi d e a n e x c ell e nt l a b or at or y f or t h e S K A t o st u d y a c cr eti o n p h ysi cs wit h

t ar g et e d ( a n d t ar g et- of- o p p ort u nit y) o bs er v ati o ns.

W hilst t h er m al e missi o n is t h e d o mi n a nt c o m p o n e nt of r a di o e missi o n i n n o v a e ( S e a q uist

& B o d e 2 0 0 8; C h o mi u k et al. 2 0 1 4 b), a si g nifi c a nt n u m b er of n o v a e e x hi bit n o n-t h er m al (s y n-

c hr otr o n) e missi o n ass o ci at e d wit h c olli m at e d bi p ol ar a n d j et-li k e o utfl o w s ( e. g., R S O p h: O’ Bri e n

et al. 2 0 0 6; R u p e n et al. 2 0 0 8; V 4 4 5 P u p: W o u dt et al. 2 0 0 9; V 9 5 9 M o n: C h o mi u k et al. 2 0 1 4 a).

1 F o r m or e o n cl assi c al a n d r e c urr e nt n o v a e a n d t h e S K A, s e e al s o t h e c h a pt er o n t h er m al e mi ssi o n fr o m n o v a e

( C h o mi u k et al. 2 0 1 4 b).
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A s r e c urr e nt n o v a e ar e pri m e c a n di d at es f or t h e pr o g e nit ors of t y p e I a s u p er n o v a e, q u esti o ns s ur-

r o u n di n g t h e n at ur e a n d e n er g eti cs of t h e o utfl o w of m at eri al d uri n g a n o v a o ut b urst ar e at t h e c or e

of t h e d e b at e as t o w h et h er a w hit e d w arf gr o w s i n m ass d uri n g s u c c essi v e n o v a c y cl es. R e g ul ar,

m ulti-fr e q u e n c y m o nit ori n g of G al a cti c n o v a e wit h t h e V L A ( a n S K A 1- MI D p at hfi n d er i n t er m s

of s e nsiti vit y) a n d e- M E R LI N ( a p at hfi n d er i n t er m s of a n g ul ar r es ol uti o n) is o n g oi n g a n d will b e

c o m pl e m e nt e d b y d e e p o bs er v ati o ns wit h M e er K A T a h e a d of S K A 1- MI D. At t h e m o m e nt w e ar e

li k el y o nl y pi c ki n g u p t h e ti p of t h e i c e b er g i n t er m s of s y n c hr otr o n- e mitti n g n o v a e, i. e. t h os e wit h

si g nifi c a nt cir c u m st ell ar m e di u m ( e. g. fr o m r e d gi a nt s e c o n d ar y wi n ds) t o pr o vi d e str o n g s h o c k

i nt er a cti o ns, or t h os e s uffi ci e ntl y n e ar b y. A r e pr es e nt ati v e c e ns us of G al a cti c n o v a e o bs er v e d at

t h e s e nsiti vit y of S K A 1- MI D (i n cl u di n g b a n d 4 or 5) is r e q uir e d t o d et er mi n e w h at fr a cti o n of n o-

v a e s h o w e vi d e n c e f or s y n c hr otr o n e missi o n a n d t o f ull y u n d erst a n d t h e pr o c ess es t h at l e a d t o t h e

f or m ati o n of c olli m at e d j ets f oll o wi n g a t h er m o n u cl e ar r u n a w a y o n t h e s urf a c e of t h e w hit e d w arf.

5. I m a gi n g a n d ast r o m et r y wit h V L BI

Hi g h- c a d e n c e, hi g h-r es ol uti o n i m a gi n g usi n g S K A- V L BI ( P ar a gi et al. 2 0 1 4) d uri n g r ar e o ut-

b urst e v e nts c a n pr o vi d e a w e alt h of i nf or m ati o n a b o ut t h e j ets i n st ell ar- m ass c o m p a ct o bj e cts,

a n d t h eir c o u pli n g t o t h e a c cr eti o n pr o c ess. D ail y i m a gi n g d uri n g a n d aft er st at e tr a nsiti o ns c a n

d et er mi n e t h e pr o p er m oti o ns ( a n d a n y o bs er v e d d e c el er ati o n) of t h e a p pr o a c hi n g a n d r e c e di n g j et

ej e ct a, all o wi n g us t o tr a c k t h e m b a c k t o z er o-s e p ar ati o n, a n d h e n c e d et er mi n e t h e e x a ct ti mi n g of

t h e ej e cti o n e v e nt. B y c o m p aris o n wit h X-r a y s p e ctr al a n d ti mi n g si g n at ur es, t his e n a bl es us t o es-

t a blis h t h e c a us al c o n n e cti o n b et w e e n c h a n g es i n t h e a c cr eti o n fl o w a n d t h e ej e cti o n of r el ati visti c

j ets. Si n c e str u ct ur al c h a n g es i n t h e a c cr eti o n fl o w o c c ur o n ti m es c al es of h o urs t o d a ys, s u c h i n-

f or m ati o n c a n n ot b e gl e a n e d fr o m r a di o li g ht c ur v es al o n e, as b ot h o p a cit y eff e cts a n d ti m e d el a ys

b et w e e n ej e cti o n a n d s h o c k f or m ati o n c a us e a l a g b et w e e n a n ej e cti o n e v e nt a n d t h e ass o ci at e d

p e a k i n t h e i nt e gr at e d r a di o li g ht c ur v e.

Fr o m s u c h o bs er v ati o ns, w e c a n d et er mi n e t h e pr o d u ct of t h e j et s p e e d a n d i n cli n ati o n a n-

gl e, β c os θ , w hi c h c a n t h e n b e d e c o u pl e d if t h e dist a n c e c a n b e w ell c o nstr ai n e d. S h o ul d w e

d et e ct d e c el er ati o n, w e c a n c o nstr ai n b ot h t h e p o w er of t h e j ets a n d t h e d e nsit y of t h e s urr o u n di n g

m e di u m. S p ati all y r es ol vi n g t h e p ol aris ati o n of t h e j ets c a n pr o vi d e i nf or m ati o n o n t h e m a g n eti c

fi el d str u ct ur e, h el pi n g t o disti n g uis h s h o c ks fr o m st e a d y fl o w. P ol ari z ati o n o bs er v ati o ns of st ell ar-

m ass s y n c hr otr o n s o ur c es o n m as s c al es h a v e b e e n v er y r ar e b e c a us e t h es e o bj e cts ar e us u all y v er y

f ai nt (∼ m J y or b el o w), a n d s e nsiti v e V L BI n et w or ks h a v e n ot b e e n e as y t o arr a n g e at s h ort n oti c e

d uri n g o ut b ursts ( b ut s e e T u d os e et al. 2 0 0 7). A fl e xi bl e S K A- V L BI arr a y will t h er ef or e pl a y a n

i m p ort a nt r ol e h er e, e v e n d uri n g t h e i niti al d e pl o y m e nt p h as e of S K A 1- MI D ( cf. P ar a gi et al. 2 0 1 4).

T o d at e, i nt e nsi v e V L BI m o nit ori n g h as o nl y b e e n c arri e d o ut f or a s m all n u m b er of o ut b ursts ( e. g.

Ya n g et al. 2 0 1 1; Mill er-J o n es et al. 2 0 1 2 a; P ar a gi et al. 2 0 1 3). H o w e v er, t h e p e c uli ariti es of t h e

i n di vi d u al s o ur c es, t o g et h er wit h s c h e d uli n g c o nsi d er ati o ns a n d s e nsiti vit y li mit ati o ns h a v e s o f ar

pr e cl u d e d t h e i d e ntifi c ati o n of w hi c h c h a n g es i n t h e a c cr eti o n fl o w gi v e ris e t o t h e m aj or j et e v e nts.

T h e gr e at s e nsiti vit y a n d r es ol vi n g p o w er of S K A- V L BI will als o b e i n v al u a bl e f or t h e p arti c-

ul arl y i nt er esti n g l o w er- m ass n e utr o n st ar a n d w hit e d w arf s yst e m s, w hi c h s h o w si mil ar p att er ns of

b e h a vi o ur ( M aitr a & B ail y n 2 0 0 4; K ör di n g et al. 2 0 0 8) b ut ar e t y pi c all y si g nifi c a ntl y f ai nt er t h a n

bl a c k h ol es. T h e l o w er r a di o l u mi n ositi es of t h es e t w o cl ass es of s yst e m h a v e m e a nt t h at t h e y h a v e
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n ot b e e n as i nt e nsi v el y st u di e d t o d at e. C o m p ar ati v e st u di es of a c cr eti o n- ej e cti o n c o u pli n g a cr oss

diff er e nt cl ass es of c o m p a ct o bj e ct c a n pr o vi d e i m p ort a nt i nsi g hts i nt o t h e pr o c ess of j et f or m a-

ti o n a n d c olli m ati o n, d et er mi ni n g h o w t h e j et pr o p erti es d e p e n d o n t h e d e pt h of t h e gr a vit ati o n al

p ot e nti al w ell, a n d t h e pr es e n c e or a bs e n c e of a st ell ar s urf a c e a n d m a g n eti c fi el d.

T h e hi g h- pr e cisi o n astr o m etr y e n a bl e d b y S K A- V L BI c a n als o pl a y a n i m p ort a nt r ol e i n c o m-

p a ct o bj e ct st u di es. C o m p a ct, p arti all y s elf- a bs or b e d s y n c hr otr o n j ets s h o w disti n ct str u ct ur al pr o p-

erti es o n (s u b-) m as s c al es (s e e P ar a gi et al. 2 0 1 3, a n d r ef er e n c es t h er ei n). W hil e fl at-s p e ctr u m

c o m p a ct j ets ar e t y pi c all y o bs er v e d i n t h e h ar d st at e of bl a c k h ol e bi n ari es (s e e S e cti o n 2), t h e first

( a n d o nl y w ell- est a blis h e d) o bs er v ati o n of t h e e x p e ct e d fr e q u e n c y- d e p e n d e nt p ositi o n s hift i n t h e

j et p e a k- bri g ht n ess distri b uti o n (t h e “ c or e s hift ”) – d u e t o t h e diff er e nt o pti c al d e pt hs at diff er e nt

fr e q u e n ci es – w as i n S S 4 3 3 ( P ar a gi et al. 1 9 9 9). Si n c e t h e s y n c hr otr o n o pti c al d e pt h d e p e n ds o n j et

p ar a m et ers ( e. g. m a g n eti c fi el d str e n gt h a n d r el ati visti c p arti cl e d e nsit y), t h e j et p e a k p ositi o n will

als o c h a n g e as t h e s o ur c e g ets bri g ht er or f ai nt er (s e e R us ht o n et al. 2 0 1 2; P ar a gi et al. 2 0 1 3). S K A-

V L BI will b e s uffi ci e ntl y s e nsiti v e t o r eli a bl y m e as ur e c or e s hifts f or a l ar g e n u m b er of G al a cti c

bl a c k h ol e bi n ari es, gi v e n t h e astr o m etri c a c c ur a c y of a f e w µ ar cs e c f or s o ur c es as f ai nt as ∼ 1 m J y.

T his will pr o vi d e i nf or m ati o n o n t h e str u ct ur al pr o p erti es of t h e j ets, b ut als o h as t h e p ot e nti al t o

c o nstr ai n t h e a c cr eti o n p h ysi cs, as h as r e c e ntl y b e e n s h o w n f or A G N ( Z a m a ni n as a b et al. 2 0 1 4).

S K A- V L BI astr o m etr y w o ul d b e i m p ort a nt f or m e as uri n g a c c ur at e p ar all a x es of G al a cti c tr a n-

si e nt s o ur c es. Dist a n c es t o X-r a y bi n ari es ar e t y pi c all y u n c ert ai n b y a f a ct or of ∼ 2 (J o n k er & N el e-

m a ns 2 0 0 4), r e n d eri n g r el ati v el y u n c ert ai n o ur m e as ur e m e nts of l u mi n ositi es, j et s p e e ds a n d e v e n

bl a c k h ol e s pi n. A s f ai nt, p ersist e nt, y et u nr es ol v e d r a di o s o ur c es, X-r a y bi n ari es d et e ct e d i n t h e

h ar d or q ui es c e nt st at es m a k e i d e al astr o m etri c t ar g ets ( e. g. Br a ds h a w et al. 1 9 9 9; R ei d et al. 2 0 1 1;

Mill er-J o n es et al. 2 0 0 9). T h e hi g h astr o m etri c a c c ur a c y f e asi bl e wit h V L BI c urr e ntl y e n a bl es

t h e m e as ur e m e nt of a tri g o n o m etri c p ar all a x dist a n c e o ut t o s e v er al k p c. W hil e G ai a will pr o vi d e

a c c ur at e dist a n c es f or r el ati v el y bri g ht q ui es c e nt s yst e m s t h at ar e n ot hi g hl y a bs or b e d, V L BI will

r e m ai n t h e o nl y f e asi bl e alt er n ati v e f or dist a n c e d et er mi n ati o ns f or o pti c all y-f ai nt s yst e m s i n t h e

G al a cti c Pl a n e, a n d t h e o nl y m e a ns t o a c c ur at el y m e as ur e dist a n c es f or tr a nsi e nts dis c o v er e d aft er

t h e e n d of t h e G ai a missi o n lif eti m e.

E v e n f or s yst e m s t h at ar e eit h er t o o dist a nt or t o o f ai nt f or p ar all a x m e as ur e m e nts, pr o p er

m oti o ns c a n b e m e as ur e d o v er a ti m e b as eli n e as s h ort as t h e f e w- m o nt h d ur ati o n of a n i n di vi d u al

o ut b urst. W h e n c o m bi n e d wit h t h e li n e- of-si g ht r a di al v el o cit y (fr o m o pti c al or i nfr ar e d o bs er-

v ati o ns) a n d a n esti m at e of t h e s o ur c e dist a n c e, t h e f ull t hr e e- di m e nsi o n al s p a c e v el o cit y of t h e

s yst e m c a n b e d et er mi n e d ( e. g. Mir a b el et al. 2 0 0 1). T his c a n s h e d li g ht o n w h et h er it r e c ei v e d a

n at al ki c k i n a s u p er n o v a, a n d h e n c e pl a c e o bs er v ati o n al c o nstr ai nts o n t h e f or m ati o n of bl a c k h ol es

a n d n e utr o n st ars. S u btr a cti n g t h e m e as ur e d p ar all a x a n d pr o p er m oti o n si g n at ur es fr o m astr o m et-

ri c o bs er v ati o ns of a gi v e n s yst e m c a n pr o vi d e a d diti o n al c o nstr ai nts o n t h e p h ysi c al di m e nsi o ns

of t h e bi n ar y. Wit h s uffi ci e nt astr o m etri c a c c ur a c y, w e c a n m e as ur e t h e or bit al si g n at ur e of hi g h-

m ass bi n ar y s yst e m s, a n d t h e si z e s c al e of t h e u nr es ol v e d j ets, fr o m t h e s c att er of t h e astr o m etri c

r esi d u als p er p e n di c ul ar a n d p ar all el t o t h e j et a xis (s e e Mill er-J o n es 2 0 1 4 f or m or e d et ails).

6. Is ol at e d bl a c k h ol es

T h er e ar e li k el y t o b e ∼ 1 0 8 st ell ar- m ass bl a c k h ol es i n o ur G al a x y ( S a ml a n d 1 9 9 8), w hi c h,
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Fi g u r e 3: T h e m ai n p a n el s h o ws o n e of t h e t w o si m ul at e d S K A 2 o b s er v ati o n s, at 1- 2 G H z. P a n el A s h o ws

t he r esi d u al e missi o n ar o u n d a bri g ht s o ur c e d u e t o i n c o m pl et e r e m o v al of t h e diff eri n g P S Fs. P a n el B s h o ws

a diff er e n c e i m a g e of t h e r e gi o n ar o u n d t h e I B H, wit h p o siti v e- n e g ati v e e missi o n d u e t o t h e m oti o n of t h e

s o ur c e b et w e e n t h e o b s er v ati o n s. Pi x el v al u es ar e s h o w n wit h a s c al e b ar a b o v e t h e p a n el i n all c as es, t h e

u nits of w hi c h ar e i n µ J y. b e a m − 1 . S e e F e n d er et al. ( 2 0 1 3) f or m or e d et ails.

w hil e n ot i n a bi n ar y s yst e m, ar e still a c cr eti n g at s o m e l o w l e v el fr o m t h e i nt erst ell ar m e di u m.

If t h e c orr el ati o n b et w e e n r a di o a n d X-r a y l u mi n ositi es t h at is o bs er v e d f or st ell ar- m ass bl a c k

h ol es i n X-r a y bi n ari es c o nti n u es t o s u c h l o w l u mi n ositi es, t h e n it h as b e e n s u g g est e d t h at s u c h

s o ur c es mi g ht b e d et e ct a bl e i n r a di o s ur v e ys ( M a c c ar o n e 2 0 0 5). I n F e n d er et al. ( 2 0 1 3), a d et ail e d

si m ul ati o n w as p erf or m e d of a s p h er e of r a di us 2 5 0 p c c e nt er e d o n t h e S u n, w hi c h is esti m at e d

t o c o nt ai n ∼ 3 5 0 0 0 is ol at e d bl a c k h ol es (I B H), c o m bi ni n g o ur l at est u n d erst a n di n g of t h e r el ati o n

b et w e e n a c cr eti o n r at e a n d r a di o l u mi n osit y wit h t h e b est esti m at es of t h e distri b uti o n of p h as es

i n t h e I S M. It w as f o u n d t h at alt h o u g h t h e m aj orit y of s o ur c es w o ul d b e t o o f ai nt, a s m all b ut

si g nifi c a nt fr a cti o n s h o ul d b e d et e ct a bl e b y t h e S K A as r a di o p oi nt s o ur c es wit h fl u x d e nsiti es of

a f e w µ J y. S u c h s o ur c es w o ul d b e disti n g uis h a bl e fr o m f ai nt b a c k gr o u n d r a di o s o ur c es ( A G N a n d

st ar b urst g al a xi es) b y t h eir r el ati v el y hi g h pr o p er m oti o ns, w hi c h c o ul d b e u p t o 1 0 0 m as yr − 1 .

S u c h a n a p pr o a c h m a y b e t h e b est m et h o d of fi n di n g t h e cl os est bl a c k h ol es t o t h e E art h. Fi g ur e

3 s h o w s a f ull si m ul ati o n of a n S K A o bs er v ati o n of a fi el d c o nt ai ni n g s u c h a n e ar b y bl a c k h ol e,

d e m o nstr ati n g h o w it c a n b e i d e ntifi e d vi a its pr o p er m oti o n. Si mil arl y, a p o p ul ati o n of fl o ati n g

i nt er m e di at e- m ass bl a c k h ol es m a y als o b e d et e ct a bl e wit h t h e S K A, w h e n t h e y tr a v ers e t h e dis k

of o ur G al a x y ( Wa n g & L o e b 2 0 1 4).

7. G a m m a- r a y bi n a ri es

Wit h t h e a d v e nt of v er y hi g h e n er g y ( e. g. M A GI C, H E S S) a n d hi g h e n er g y ( e. g. H E S S or

F er mi) o bs er v at ori es, a n e w cl ass of bi n ar y s yst e m s h as b e e n br o u g ht t o li g ht. T h es e t h es e s o-

c all e d “ g a m m a-r a y bi n ari es " ar e c h ar a ct eri z e d b y h a vi n g m ost of t h eir r a di ati v e p o w er a b o v e 1
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M e V ( D u b us 2 0 1 3). T h eir n o n-t h er m al g a m m a-r a y e missi o n is dri v e n b y r ot ati o n- p o w er e d p ul-

s ars a n d li k el y ori gi n at es fr o m t h e p arti cl es a c c el er at e d at t h e s h o c k fr o nt b et w e e n t h e wi n d of a

p uls ar a n d t h e wi n d of t h e m assi v e c o m p a ni o n. T h e y c o nstit ut e i d e al t est b e ds f or p uls ar p h ysi cs

a n d t h e a c c el er ati o n of p arti cl es u p t o v er y hi g h e n er gi es. Vari a bl e c o nti n u u m r a di o e missi o n h as

b e e n r e p ort e d i n all of t h e 5 d et e ct e d g a m m a-r a y bi n ari es, li k el y d u e t o s y n c hr otr o n e missi o n fr o m

el e ctr o ns a c c el er at e d at t h e s h o c k. F urt h er m or e, i n t hr e e of t h es e s yst e m s, t h e r a di o s o ur c e w as

r es ol v e d o n milli- ar cs e c o n d s c al es ( D h a w a n et al. 2 0 0 6; M ol d ó n et al. 2 0 1 1 a, b, 2 0 1 2), ill ustr ati n g

a c o m et ar y t ail wit h a c h a n gi n g m or p h ol o g y al o n g t h e c o urs e of t h e or bit, a k e y e x p e ct ati o n i n t h e

p uls ar wi n d s c e n ari o. H o w e v er, r a di o p uls ati o ns h a v e o nl y b e e n d et e ct e d i n t h e s yst e m wit h t h e

l o n g est or bit al p eri o d, P S R B 1 2 5 9- 6 3. T h e s e nsiti vit y of t h e S K A ( e v e n wit h S K A 1- MI D 5 0 %)

will n ot o nl y all o w s e ar c h es f or v er y f ai nt p uls ati o ns i n t h es e s yst e m s, b ut als o r e v e al i n gr e at d e-

t ail t h e pr o p erti es of t h e r a di o fl ar e (i. e. t h e o ns et of p arti cl e a c c el er ati o n) w h e n t h e n e utr o n st ar is

cl os e t o p eri astr o n p ass a g e. F urt h er m or e, dir e ct i m a gi n g b y t h e S K A- V L BI of t h e e v ol uti o n of t h e

m or p h ol o g y of t h e c o m et ar y t ails will b e a c o m pl e m e nt ar y t o ol f or u n d erst a n di n g t h e e n vir o n m e nt

of t h e bi n ar y a n d f u n d a m e nt al iss u es s u c h as p arti cl e a c c el er ati o n.

8. M a g n et a rs

M a g n et ars ar e is ol at e d n e utr o n st ars wit h v er y l ar g e ( 1 0 1 3 G) m a g n eti c fi el ds, oft e n i d e ntifi e d

b y t h eir ass o ci ati o n wit h s h ort b ursts of g a m m a-r a ys. T h es e s yst e m s o c c asi o n all y u n d er g o gi a nt

o ut b ursts, pr o b a bl y p o w er e d b y r e c o nfi g ur ati o n of t h e m a g n eti c fi el d, w hi c h c a n b e ass o ci at e d wit h

r a di o fl ar es a n d s p ati all y-r es ol v e d, mil dl y-r el ati visti c ej e ct a. T h e b est e x a m pl e t o d at e is t h at of t h e

m a g n et ar S G R 1 8 0 6 − 2 0, w hi c h o n D e c 2 7 2 0 0 4 u n d er w e nt pr o b a bl y t h e l ar g est o ut b urst wit hi n

o ur G al a x y, o bs er v e d b y h u m a ns, si n c e K e pl er’s s u p er n o v a. T h e o ut b urst w as ass o ci at e d wit h a

fl ar e t h at p e a k e d at o v er 1 0 0 m J y at 1. 4 G H z, w hi c h ori gi n at e d i n r el ati visti c ej e ct a e x p a n di n g at

≥ 0 .3 c ( G a e nsl er et al. 2 0 0 5; F e n d er et al. 2 0 0 6). Si n c e t his s o ur c e li es at ∼ 1 0 k p c, t h e ∼ 1 0 µ J y

s e nsiti vit y of t h e S K A 1- S U R a n d - MI D (i n h o urs) c o ul d p ot e nti all y d et e ct s u c h e v e nts at M p c

dist a n c es, i. e. s ur v e ys of t h e l o c al gr o u p. S u c h a s ur v e y c o ul d als o b e c o n d u ct e d wit h S K A 1- L O W,

as t h e r a di o fl ar e fr o m S G R 1 8 0 6 − 2 0 w as alr e a d y o pti c all y t hi n a n d bri g ht at l o w fr e q u e n ci es ( ∼

5 0 0 m J y at 2 5 0 M H z) v er y e arl y i n t h e o ut b urst. S e e Ta uris et al. ( 2 0 1 4) f or m or e d et ails of is ol at e d

n e utr o n st ars.

9. E xt r a g al a cti c bi n a ri es a n d ult r al u mi n o us X- r a y s o u r c es

A s dis c uss e d a b o v e, st u di es of G al a cti c X-r a y bi n ari es h a v e si g nifi c a ntl y i m pr o v e d o ur u n d er-

st a n di n g of t h e c o u pli n g b et w e e n t h e pr o c ess es of a c cr eti o n a n d ej e cti o n. H o w e v er, as t h e a c cr eti o n

r at e a p pr o a c h es t h e E d di n gt o n li mit, t h e i n cr e as e d r a di ati o n pr ess ur e c h a n g es b ot h t h e str u ct ur e

of t h e a c cr eti o n fl o w a n d t h e n at ur e of t h e ass o ci at e d o utfl o w s ( b ot h wi n ds a n d j ets; O hs u g a &

Mi n es hi g e 2 0 1 1). O wi n g t o t h e r el ati v el y s m all n u m b er of G al a cti c s o ur c es r e a c hi n g s u c h hi g h

l u mi n ositi es, o ur u n d erst a n di n g of t his r e gi m e is l ess w ell a d v a n c e d, w hi c h is u nf ort u n at e gi v e n its

i m p ort a nt i m pli c ati o ns f or t h e r a pi d gr o wt h of t h e m ost m assi v e q u as ars i n t h e e arl y U ni v ers e. It
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h as e v e n b e e n d e m o nstr at e d t h at E d di n gt o n-r at e a c cr eti o n o nt o l o w- m ass bl a c k h ol es c o ul d pl a y a

si g nifi c a nt r ol e i n t h e r ei o nis ati o n of t h e U ni v ers e ( Mir a b el et al. 2 0 1 1; Fr a g os et al. 2 0 1 3).

T h e p o p ul ati o n of ultr al u mi n o us X-r a y s o ur c es ( U L X s) i n e xt er n al g al a xi es pr o vi d es p ot e nti al

l a b or at ori es f or st u d yi n g a c cr eti o n at t h e hi g h est r at es. Wit h X-r a y l u mi n ositi es ≥ 1 × 1 0 3 9 er g s − 1 ,

t h es e s o ur c es (r e c e ntl y r e vi e w e d b y F e n g & S ori a 2 0 1 1) m a y b e or di n ar y X-r a y bi n ari es a c cr eti n g

at or a b o v e t h e E d di n gt o n r at e, m assi v e st ell ar- m ass bl a c k h ol es ( M 1 0 0 M ⊙ ), or, m or e e x oti c all y,

i nt er m e di at e- m ass bl a c k h ol es (I M B H s; 1 02 < M / M ⊙ < 1 0 4 ). R a di o e missi o n h as b e e n d et e ct e d

fr o m s e v er al s u c h s o ur c es, eit h er as j et- bl o w n b u b bl es ar o u n d p o w erf ul, p ersist e nt s o ur c es ( e. g.

K a ar et et al. 2 0 0 3; S ori a et al. 2 0 1 4), or (i n r ar e c as es) as c o m p a ct, tr a nsi e nt e missi o n fr o m p o w erf ul

j ets d uri n g o ut b ursts of fl ari n g U L X s ( We b b et al. 2 0 1 2; Mi d dl et o n et al. 2 0 1 3). N e b ul a e i nfl at e d

b y p o w erf ul j ets c a n b e us e d as c al ori m et ers, pr o vi di n g t h e o nl y m et h o d of m e as uri n g t h e u ns e e n

m e c h a ni c al p o w er of t h e j ets, a v er a g e d o v er t h e s o ur c e lif eti m e. T o d at e, s u c h n e b ul a e h a v e b e e n

d et e ct e d o ut t o dist a n c es of ∼ 1 0 M p c, b ut wit h t y pi c al r a di o l u mi n ositi es of 1 0 3 5 er g s − 1 , t h e y

c o ul d b e d et e ct e d o ut as f ar as 1 0 0 M p c wit h S K A 1- MI D i n j ust a f e w h o urs of ti m e. Wit h t y pi c al

si z es of 2 0 0 p c, s u b- ar cs e c o n d r es ol uti o n w o ul d b e r e q uir e d t o as c ert ai n w h et h er t h e s o ur c es w er e

e xt e n d e d, i m pl yi n g a n e e d f or o bs er v ati o ns i n b a n ds 4 or 5. Wit h s uffi ci e nt r es ol uti o n, i n di vi d u al

j et ej e ct a c a n b e r es ol v e d wit hi n t h e n e b ul a e, pl a ci n g c o nstr ai nts o n t h e s o ur c e d ut y c y cl e ( e. g. C s e h

et al. 2 0 1 4). S u c h hi g h -r es ol uti o n i m a gi n g m a y als o b e cr u ci al t o pr o p erl y i m a g e t h e n e b ul a e i n

or d er t o u n d erst a n d t h eir ori gi n ( e. g. j ets, dis k wi n ds).

T h e e xist e n c e of a c orr el ati o n a m o n g r a di o l u mi n osit y, X-r a y l u mi n osit y a n d m ass of a c cr eti n g

bl a c k h ol es (t h e “ F u n d a m e nt al Pl a n e of Bl a c k H ol e A cti vit y; M erl o ni et al. 2 0 0 3; F al c k e et al. 2 0 0 4)

i m pli es t h at m e as ur e m e nts of t h e X-r a y a n d r a di o l u mi n ositi es of a n a c cr eti n g U L X c a n b e us e d t o

i nf er its m ass, ass u mi n g t h at it is i n t h e e q ui v al e nt of t h e h ar d X-r a y s p e ctr al st at e. T h us, s h o ul d

I M B H s e xist, t h eir m ass es c a n b e m e as ur e d (t o wit hi n a f a ct or of a f e w) vi a d e e p r a di o a n d X-r a y

o bs er v ati o ns. A s a n e x a m pl e, t h e l o w er li mit of 9 0 0 0 M ⊙ o n t h e m ass of H L X- 1 ( F arr ell et al. 2 0 0 9)

w o ul d i m pl y a r a di o l u mi n osit y of 1. 3 µ J y b e a m − 1 at 5 G H z at a n X-r a y l u mi n osit y of 0 .0 2 L E d d ,

w hi c h w o ul d b e d et e ct e d at a 5 σ l e v el b y S K A 1- MI D i n 3 h o urs of ti m e (s e e als o W olt er et al. 2 0 1 4

f or m or e d et ails o n U L X s).

G al a cti c st u di es of E d di n gt o n-r at e a c cr eti o n ar e t y pi c all y hi n d er e d b y t h e u n c ert ai n s o ur c e

dist a n c es, l ar g e a bs or bi n g c ol u m ns i n t h e G al a cti c pl a n e, a n d t h e s m all n u m b er of s o ur c es r e a c h-

i n g t h e E d di n gt o n l u mi n osit y. Si n c e t h e l o w- m ass X-r a y bi n ar y p o p ul ati o n tr a c es t h e t ot al st ell ar

m ass, e xt e n di n g s u c h st u di es t o n e ar b y m assi v e g al a xi es will pr o vi d e n e w i nsi g hts i nt o t h e n at ur e

of j et- dis c c o u pli n g at E d di n gt o n a c cr eti o n r at es. A r e c e nt tr a nsi e nt U L X i n M 3 1 s h o w e d l u mi-

n o us, c o m p a ct r a di o e missi o n, wit h e vi d e n c e f or m ulti pl e dis cr et e fl ari n g e v e nts a n d v ari a bilit y o n

ti m es c al es as s h ort as a f e w mi n ut es, r e mi nis c e nt of t h at s e e n i n t h e E d di n gt o n-r at e G al a cti c s o ur c e

G R S 1 9 1 5 + 1 0 5 ( Mi d dl et o n et al. 2 0 1 3). T h e s e nsiti vit y of S K A 1- MI D will all o w us t o d et e ct s u c h

e v e nts o ut t o t h e Vir g o cl ust er.

1 0. Bl a c k h ol es i n gl o b ul a r cl ust e rs

Gl o b ul ar cl ust ers ar e e xtr e m el y effi ci e nt at f or mi n g X-r a y bi n ari es r el ati v e t o ot h er G al a cti c

e n vir o n m e nts, d u e t o t h e a d diti o n al f or m ati o n c h a n n els of ti d al c a pt ur e or t hr e e- b o d y i nt er a cti o ns.

H o w e v er, t h e s e v er al d o z e n bl a c k h ol es f or m e d fr o m t h e c oll a ps e of m assi v e st ars e arl y i n t h e
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cluster lifetime were initially thought to efficiently eject one another via mutual gravitational inter-
actions (Kulkarni et al. 1993; Sigurdsson & Hernquist 1993), such that clusters were not thought to
be rich hunting grounds for black holes. This picture has recently been revised by new theoretical
and observational results, finding that old clusters could still contain many black holes.

The first good evidence for cluster black holes was the detection of highly variable X-ray
sources in extragalactic globular clusters, whose luminosities exceeded 1039 erg s�1 (Maccarone
et al. 2007). More recently, deep radio observations with the newly-upgraded VLA detected flat-
spectrum radio sources in the cores of the Galactic globular clusters M22 and M62 (Strader et al.
2012a; Chomiuk et al. 2013), which were interpreted as quiescent accreting black holes in binary
systems. With two such sources detected in M22 alone, the total black hole population in that
cluster was estimated as 5–100 (Strader et al. 2012a).

The presence of stellar-mass black holes in globular clusters has also been supported by theo-
retical work, with N-body simulations showing that the interactions between the black hole subsys-
tem in the core and the rest of the cluster would allow a significant number of black holes to persist
in the core after a Hubble time (Sippel & Hurley 2013; Morscher et al. 2013; Breen & Heggie
2013). The additional formation channels for X-ray binaries in clusters implies that these cluster
black holes could well be more massive than those in the field, since the progenitor star, if not in
a binary system, would have avoided the strong mass loss associated with the common envelope
phase of binary evolution. Thus, in addition to providing new accretion laboratories, these cluster
black holes could provide new observational constraints on black hole formation mechanisms. Fi-
nally, the presence of multiple black holes within a cluster core raises the prospect of gravitational
wave signals from black hole mergers.

Globular clusters have also been suggested as likely hosts for the elusive IMBHs, which can
form in cluster centres from successive mergers of stellar-mass black holes, or via runaway collision
of massive stars. If present, accretion onto these black holes from the intracluster gas should pro-
duce detectable radiative signatures (Maccarone 2005). However, while analysis of stellar dynam-
ics has provided some evidence for IMBHs at the centres of several clusters (Gebhardt et al. 2002;
Gerssen et al. 2002), there has to date been no good radiative evidence supporting the presence of
IMBHs in globular clusters, down to upper limits of several hundred solar masses (Miller-Jones
et al. 2012b; Strader et al. 2012b).

With sufficient resolution, the high sensitivity of the SKA can make significant contributions
to this field. The three quiescent black holes detected in M22 and M62 were the first radio-selected
stellar-mass black holes. The well-established, non-linear correlation between radio and X-ray
luminosities of accreting stellar-mass black holes in the hard and quiescent X-ray spectral states
implies that radio surveys may be more efficient at finding quiescent accreting black holes than
X-ray searches (Maccarone 2005), as well as providing a way to discriminate between black holes
and the less radio-bright neutron star and white dwarf systems. The most sensitive current radio
facility, the VLA, can only reach radio luminosities of � 1028 erg s�1 in Galactic clusters, enabling
the detection of the brightest quiescent systems (giant donors or ultracompact sources). A 10-hour
run in band 4 using SKA1-MID could drop this limit by an order of magnitude, extending our
sensitivity to fainter and more distant quiescent systems (see Fig. 4), and reducing the upper limit
on putative IMBH masses to < 150M� for the most nearby clusters (see Fig. 5). Equivalently, the
radio outburst of an Eddington-rate X-ray binary flare in an extragalactic cluster could be detected
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Figure 4: A summary of all globular clusters in our Galaxy (with declination < 10�) that could be observed
with SKA1-MID. A mass cut of 105 M� is applied to allow enough black holes to form early in the cluster
lifetime. The green symbols show the detected candidates to date (see references in text), and the red
symbols show the observed clusters with no indication of the existence of a black hole. The lines illustrate
the distance cut corresponding to the distance out to which we can detect the most radio-luminous of our
candidate black holes (stellar mass or intermediate mass) at the 5-sigma level for the ATCA (dashed line) or
SKA1-MID (full line). This is � 8 kpc for ATCA, and� 23kpc for SKA1-MID, for a comparable integration
time (� 20h observing). Higher-mass clusters at larger distances are also included, as the best candidates to
host IMBHs.

out to the Virgo cluster. However, sub-arcsecond resolution is required to associate any detected
radio sources with the known locations of either X-ray sources (in Galactic clusters) or extragalactic
globular clusters. Sufficiently attenuating confusing steep-spectrum sources such as pulsars or
background AGN also strongly motivates conducting such observations in bands 4 or (preferably)
5 on SKA1-MID.

11. Summary of requirements for the SKA

As discussed in the previous sections, the most important component of SKA1 for the field of
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incoherent transients is SKA1-MID, because of its high-frequency capability, implying improved
angular resolution, a lower confusion limit, and brighter intrinsic synchrotron emission. The per-
formance of SKA1-MID (even at 50% capacity during initial deployment) will largely supersede
the current generation of radio interferometers for studies in this field (especially in the Southern
hemisphere). However, we stress a number of critical considerations for the final design of SKA1
and its extension to SKA2.

� Because most of the incoherent transients will initially be optically thick at low frequencies,
we emphasise the importance of having band 4 or (preferably) 5 incorporated in the initial
deployment of SKA1-MID. This may imply initially dropping band 3, as bands 1 and 2 will
be needed to assure continuity with SKA1-LOW and SKA1-SUR, and for the study of the
hydrogen in the local Universe.

� In addition to having band 4 or 5 included in the initial design, SKA1-MID should be able to
operate simultaneously in at least two different frequency bands (possibly via sub-arrays) in
order to identify transient radio sources and measure their spectral evolution. Good polariza-
tion capabilities (linear and circular) are also needed to probe the structure and composition
of the jets. It is important to have well-sampled daily radio light curves (with high time res-
olution) on timescales of weeks–months, meaning that having sub-arrays or multi-beaming
capabilities will greatly enhance the SKA scientific return.

� Whereas incoherent transients are not the fastest transients in the sky, it is important to stress
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Figure 5: The SKA can place stringent upper limits on the masses of IMBHs in globular clusters, assuming
that the black holes accrete via Bondi-Hoyle accretion from the cluster gas. Assuming that the accretion
leads to the production of jets, we use the formalism of Strader et al. (2012b) to calculate the upper limit on
the mass as a function of radio luminosity for distances of 1, 10 and 750 kpc (corresponding to M31).
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that they do show huge variations on timescales of the order of hours (and smaller). It is
therefore crucial that SKA1-MID should be able to respond quickly (few hours/days) in the
event of (un)expected transients. Such a response could be triggered either by SKA itself, or
from an external source, as these transients (and also GRBs, SNe, ...) are powerful emitters
across the entire electromagnetic spectrum. Relatively short-timescale co-ordination of SKA
observations with multi-wavelength facilities should be envisaged and facilitated.

� We also stress the importance of commensal searches for radio transients with all SKA com-
ponents. A dedicated monitoring of the Galactic plane/bulge or selected portions of the sky
(perhaps via a radio “all sky monitor”) would facilitate the SKA triggering observations at
external observatories, especially if no X-ray all sky monitor is available in the next decade.
All new transients should be made public immediately to enable rapid multi-wavelength re-
sponse.

� Angular resolution is crucial for imaging the radio structures associated with those transients,
filtering out extended emission to avoid confusion, or studying faint sources in crowded re-
gions of sky such as globular clusters or external galaxies. This can be achieved only if
SKA1-MID is equipped with band 4 or 5, with the antennas spread over an area of radius
a few hundred km. Phasing the SKA dish arrays alone or with existing/planned new VLBI
arrays would be a key feature of the SKA, enabling vastly more sensitive imaging and astro-
metric studies with SKA-VLBI.
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