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Relativistic jets were first discovered in the nuclei of galaxies. The later finding of collimated
jets arising from the compact counterpart of X-ray binaries suggested that jets should be present
not only in supermassive and stellar-mass black holes, but also in intermediate-mass black holes
(IMBHs). According to evolutionary models of black hole growth, IMBHs could be the initial
seed of supermassive black holes. They could form from very young and massive stars or from
the direct collapse of pre-galactic gas discs. These processes should have left a population of
IMBHs in the haloes of galaxies, where they could be observed as ultraluminous X-ray sources
(ULXs). However, observational evidence of IMBHs and of their jet radio emission is scarce.
I will review the few detected IMBHs with jet radio emission and present the results of European
VLBI Network (EVN) observations aimed at studying radio emission in ULXs and clarifying the
nature of these sources. The EVN observations revealed compact radio emission from the ULX
N5457-X9, which becomes a potential IMBH candidate, as well as the detection of pc-scale jet
emission from an IMBH in the spiral arm of NGC 2276. With a total radio lobe size of ∼650 pc,
this source could be the largest non-nuclear extragalactic jet ever discovered.
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1. Introduction

The largest population of black holes for which extensive observational evidence exists is
that formed by supermassive black holes (SMBHs; MBH > 106 M�). SMBHs are thought to be
ubiquitous in the centers of all massive galaxies (e.g., Kormendy & Richstone 1995; Kormendy &
Ho 2013; McConnell & Ma 2013), although evidence is growing that some may also reside in the
nucleus of low-mass dwarf galaxies (e.g., Reines et al. 2011, 2014; Seth et al. 2014). On the other
hand, several tens of stellar-mass BHs (MBH < 20 M�) have been found within our Galaxy and
beyond (e.g., Remillard & McClintock 2006). While stellar-mass BHs are thought to result from
the death of high-mass stars, the mechanisms responsible for the formation and growth of SMBHs
are still unclear. The finding that SMBHs already existed only 800 Myr after the Big Bang (e.g.,
Mortlock et al. 2011) suggests that they had to grow from lower-mass seed BHs via mergers or
super-Eddington accretion (e.g., Volonteri 2010; Volonteri & Silk 2014; Alexander & Natarajan
2014). These seed or intermediate-mass BHs (IMBHs), with masses 100 < MBH < 106 M�, would
bridge the gap between stellar-mass and SMBHs.

The strong correlations found between the mass of SMBHs and their host galaxy properties
(like the luminosity, bulge mass, and stellar velocity dispersion, e.g., Magorrian et al. 1998; Fer-
rarese & Merritt 2000; Kormendy & Richstone 1995; Kormendy & Ho 2013; McConnell & Ma
2013) indicate that the least massive galaxies, i.e. dwarf galaxies, may harbor BHs of intermediate
masses similar to those seed IMBHs from the early Universe (Bellovary et al. 2011). IMBHs could
form from direct collapse of gas (Lodato & Natarajan 2006), from the death of Population III stars
(Belczynski et al. 2010), or from runaway stellar mergers in dense stellar clusters (Portegies Zwart
et al. 2004). Therefore, they should be present not only in the nucleus of dwarf galaxies but also in
globular clusters, in dense regions of star formation in spiral galaxies, and in the halos of galaxies
having undergone a minor merger event that stripped the low-mass satellite galaxy. Alternatively,
IMBHs could efficiently form in the disks of active galactic nuclei (AGN) by the merging of nuclear
stellar and compact objects (McKernan et al. 2011).

Finding proof of the existence of IMBHs has important implications not only for studies of
SMBH and galaxy growth but also for the epoch of reionization (e.g., Ricotti & Ostriker 2004;
Johnson et al. 2014), the detection of gravitational waves (e.g., Hughes 2002; Abbott et al. 2009),
for investigating whether BH feedback plays a role in galaxy formation (i.e. by suppressing star
formation) at all mass scales (e.g., Kim et al. 2011; Dubois et al. 2012), and for testing whether
the accretion physics is scale invariant (e.g., Nemmen et al. 2012; Gultekin et al. 2014). Despite
their importance, observational evidence of IMBHs still remains elusive.

2. Searching for observational evidence

2.1 Nuclear IMBHs

Bulgeless, low-mass, and dwarf galaxies have been the focus of many IMBH searches. The
most reliable way for weighting BHs is to use the motion of gas and stars within the BH radius
of influence. However, measuring BH masses in the intermediate regime by means of stellar or
gas dynamics has been possible only for galaxies out to ∼ 3 Mpc (NGC 404; MBH ∼ 5×105 M�;
Seth et al. 2010), while upper limits have been obtained for several galaxies in the Local Group
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(NGC 205, Ursa Minor, Fornax, MBH ≤ a few ×104 M�, Valluri et al. 2005, Lora et al. 2009,
Jardel & Gebhardt 2012; M33, MBH ≤ a few ×103 M�, Gebhardt et al. 2001) and out to distances
of ∼24 Mpc (NGC 2139; MBH < 1.5×105 M�; Neumayer & Walcher 2012).

The alternative is to use less reliable methods that are based on the radiative signatures of
the accreting BH, such as reverberation mapping. This is the case for the IMBHs in the dwarf
galaxies NGC 4395 and POX 52, which are the first AGN for which a BH mass in the intermediate
regime (∼ 3× 105 M�; Peterson et al. 2005; Thornton et al. 2008) was obtained from the width
of optical/UV broad emission lines. Later systematic searches for low-mass BHs using optical
broad line emission yielded the detection of a few hundred candidates with MBH ∼ 105 −106 M�
(Greene & Ho 2004; Greene & Ho 2007; Dong et al. 2007, 2012; Reines et al. 2013). These
optical samples are usually biased toward type 1 AGN, while the virial mass estimates fail to detect
BHs with masses below ∼ 105 M� (Reines et al. 2013); hence, further studies have focused on the
detection of IMBHs based on mid-infrared spectroscopy (e.g., Satyapal et al. 2008, 2009), infrared
colors (e.g., Marleau et al. 2014) and X-ray observations (e.g., Dewangan et al. 2008; Desroches,
Greene & Ho 2009; Gallo et al. 2010; Terashima et al. 2012; Schramm et al. 2013; Secrest et
al. 2013; Yuan et al. 2014). The best confirmation of the presence of an accreting BH in those
optical and infrared-selected IMBH candidates comes from the detection of hard, unresolved X-ray
emission. If this is spatially coincident with jet-core radio emission, an estimate of the BH mass
can be obtained using the fundamental plane of accreting BHs, which is a correlation between radio
luminosity, X-ray luminosity and BH mass mass valid from stellar-mass to SMBHs in the low/hard
X-ray state (i.e. accreting at sub-Eddington rates; e.g., Merloni et al. 2003; Gültekin et al. 2014
and references therein). In addition, the detection of a radio counterpart allows us to measure the
brightness temperature and spectral properties (i.e. radio spectral index) and therefore to assess
which is the physical mechanism responsible for the radio emission. However, very few systematic
searches for IMBHs have been carried out in the radio regime and in very few of the nuclear IMBH
candidates has jet radio emission been detected (NGC 4395, Wrobel & Ho 2006; GH10, Greene et
al. 2006, Wrobel et al. 2008; NGC 404, Nyland et al. 2012). A compilation of IMBHs with radio
counterparts is presented in Table 1.

2.2 Off-nuclear IMBHs

In the case of off-nuclear IMBHs, some disputed candidates have been suggested in globular
clusters based on dynamic mass measurements (MBH ≤ a few ×104M�, e.g., Gebhardt et al. 2005;
van der Marel & Anderson 2010; Lützgendorf et al. 2011) and stringent radio upper limits (e.g.,
Cseh et al. 2010; Wrobel et al. 2011; Strader et al. 2012). The most compelling observational
evidence for non-nuclear IMBHs has been found in ultraluminous X-ray sources (ULXs), which
are extragalactic, point-like X-ray sources with isotropic X-ray luminosities above the Eddington
limit of a 20 M� stellar-mass BH (LX > 3× 1039 erg s−1). Although the nature of most ULXs
could be explained by stellar-mass BHs accreting at super-Eddington rates (e.g., Begelman 2002;
Poutanen et al. 2007; Motch et al. 2014) or by massive stellar BHs (20–80 M�; e.g., Mapelli
et al. 2009; Zampieri & Roberts 2009; Cseh et al. 2014), a subset remain as potential IMBHs
based on their variability, quasi-periodic oscillations (M82-X1; Pasham et al. 2014), and extremely
high X-ray luminosities (LX ≥ 1041 erg s−1, the so-called Hyperluminous X-ray sources, HLXs;
e.g., Farrell et al. 2009; Sutton et al. 2012). The later, supported by the detection of X-ray state
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Table 1: IMBHs with radio emission.
Object Galaxy DL MBH LX LR Jet size α Ref.

type
[Mpc] M� [erg s−1] [erg s−1] [pc]

(1) (2) (3) (4) (5) (6) (7) (8)
Nuclear
NGC 4395 Sdm 4.3 3.6 × 105 8.8 × 1039 7.6 × 1033 0.3 -0.6 1–3
GH10 dSph 363 8 × 105 1.9 × 1042 6 × 1038 < 320 -0.76 4–6
NGC 404 dS0 3.1 4.5 × 105 1.2 × 1037 4 × 1034 ∼6∗ -0.88 7–8
Off-nuclear
HLX-1 S0/a 95 0.3–30 × 104 1.1 × 1042 1.2 × 1036 ∼350 -0.4 9–12
NGC2276-3c SABc 33.3 ∼5 ×104 1.6 × 1040 1.4 × 1035 1.8† -0.5 13–14

Column designation: (1) Object name; (2) galaxy type; (3) luminosity distance; (4) BH mass; (5) peak
X-ray luminosity; (6, 7) integrated radio luminosity and radio jet size obtained from Karl G. Jansky Very
Large Array (VLA) observations at 5 GHz for GH10 and NGC 404, from the VLBI High Sensitivity Array
(HSA) at 1.4 GHz for NGC 4395, from the Australia Telescope Compact Array (ATCA) at 5 GHz for
HLX-1 (note that the radio emission is transient and can reach L5−9GHz = 8 × 1036 erg s−1), and from the
EVN at 1.6 GHz for NGC2276-3c; (8) radio spectral index, defined as S ∝ να ; (9) references: [1] Thim et
al. 2004, [2] Peterson et al. 2005, [3] Wrobel et al. 2006, [4] Green & Ho 2004, [5] Barth, Greene & Ho
2005, [6] Wrobel et al. 2008, [7] Binder et al. 2011, [8] Nyland et al. 2012, [9] Farrell et al. 2009, [10]
Davis et al. 2011, [11] Webb et al. 2012, [12] Cseh et al. 2014, [13] Sutton et al. 2012, [14] Mezcua et al.
2015.
∗ No radio emission was detected for NGC 404 on VLBI scales (Paragi et al. 2014).
† Two radio lobes of total size ∼650 pc and oriented along the pc-scale jet were detected with the VLA at 5
GHz (Mezcua et al. 2015).

transitions associated to transient jet radio emission, yielded the discovery of an IMBH of 0.3 ×
104 – 3 × 105 M� in the outskirts of the galaxy ESO 243-49 (HLX-1, e.g., Farrell et al. 2009; Davis
et al. 2011; Webb et al. 2012; Cseh et al. 2014). The radio luminosity of HLX-1 in its hard X-ray
spectral state lays in the same range of radio luminosities of the nuclear IMBHs (∼1034 – 1038 erg
s−1, see Table 1); however, no radio emission has so far been detected for most ULXs down to
LR ∼ 1034 erg s−1 [e.g., only 11 ULX radio counterparts were found in a cross-match of the Liu &
Bregman 2005 ULX catalog with the FIRST survey (Sánchez-Sutil et al. 2006), 7 when using the
ULX catalog of Swartz et al. 2004 (Pérez-Ramírez et al. 2011), and only 1 out of 7 extreme ULXs
was detected in the 5 GHz VLA campaign of Mezcua et al. 2013c]. This suggests that most ULXs
are not radio supernovae (as these have typical radio luminosities one to three orders of magnitude
larger than that of ULXs, e.g., Weiler et al. 2002) nor IMBHs with steady jet radio emission (as
their typical radio luminosities are > 1034 erg s−1; see Table 1), which reinforces their most likely
nature as either super-Eddington accreting stellar-mass BHs, massive stellar-mass BHs, or even
neutron stars (Bachetti et al. 2014).

The few detections of a resolved ULX radio counterpart have allowed us to distinguish be-
tween extended emission from either jets (e.g., Holmberg II X-1, Cseh et al. 2014; NGC2276-3c,
Mezcua et al. 2013c, 2015), nebulae powered by stellar-mass BHs (e.g., NGC5408 X-1, IC 342
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Figure 1: Left: Hubble Space Telescope RGB (red: ∼0.8µm, green: ∼0.6µm, blue: ∼0.55µm) image of
the western arm of NGC 2276 where the ULX NGC2276-3c is located. The Chandra contours in the 0.2–
8 keV band are shown in white. Right: EVN radio maps at 1.6 GHz (top) and 5 GHz (bottom). The 1.6 GHz
map has a synthesized beam with a full width at half maximum (FWHM) of 16.4 × 13.1 milliarcseconds
oriented at a position angle of -52 degrees. Contours are plotted as [-3, 4, 5, 6, 7, 8, 9] times the off-source
r.m.s. noise of 8 µJy beam−1. The map at 5 GHz was produced with the same FWHM as the 1.6 GHz radio
map. Contours are plotted as [-5, 5, 6, 7, 7.5] times the off-source r.m.s. noise of 6 µJy beam−1. See Mezcua
et al. (2015) for further details.

X-1, Holmberg II X-1, Kaaret et al. 2003, Cseh et al. 2012; MQ1, Soria et al. 2014) or super-
nova remnants (SNRs; e.g., SNR 4449–1, Mezcua et al. 2013b). In the case of compact radio
emission spatially coincident with the X-ray counterpart (e.g., Mezcua & Lobanov 2011; Mezcua
et al. 2013a, 2014b, 2015), the radio luminosity has been used to estimate the ULX BH mass via
the fundamental plane of accreting BHs, while the ratio of radio to X-ray luminosity has provided
an additional hint on the ULX nature via comparison with the typical ratios obtained for different
types of sources (e.g., X-ray binaries, AGN, SNRs; Terashima & Wilson 2003; see also table 3 in
Mezcua et al. 2013a). This revealed the possible presence of an IMBH in the ULX N5457-X9,
for which a radio counterpart of 0.12 mJy (∼ 1× 1034 erg s−1) was detected with the EVN at 1.6
GHz (Mezcua et al. 2013a), and in the extreme ULX NGC2276-3c, for which a radio component
of ∼ 1035 erg s−1 and size ∼1.8 pc has been detected in recent EVN observations at 1.6 GHz and
5 GHz (Fig. 1; Mezcua et al. 2015). The pc-scale radio component of NGC2276-3c has a spectral
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index consistent with flat to optically thin synchrotron emission (see Table 1) and is located in be-
tween two peaks of lobe radio emission separated by ∼650 pc (Mezcua et al. 2013c). Its position is
also spatially coincident with the Chandra X-ray counterpart, whose X-ray spectrum is consistent
with the ULX being in the low/hard state at the time of the radio observations. This allows us to
estimate the BH mass using the fundamental plane of accreting BHs, which yields MBH = 5×104

M� with a scatter of 0.7 dex (Mezcua et al. 2015) and makes NGC2276-3c the second most com-
pelling off-nuclear IMBH (after HLX-1) with jet radio emission. The location of NGC2276-3c in
an unusual spiral arm of the host galaxy (Mezcua et al. 2013c, 2015) and of N5457-X9 in a giant
HII region also in the host’s spiral arm (Mezcua et al. 2013a) suggest that the putative IMBHs are
the nucleus of a tidally stripped dwarf galaxy, as was also suggested for HLX-1 (Farrell et al. 2012,
2014). The nucleus of the stripped satellite galaxy in minor mergers offer thus a new environment
in which to look for IMBHs (e.g., Mezcua et al. 2014a).

3. Conclusions

The detection of a radio counterpart in those sources candidates to being an IMBH allows
us not only to confirm its BH nature in the case of jet/core radio emission but also to determine
the properties of the source and its environment by following a multiwavelength approach. In
particular, VLBI radio observations have been proven to be key in resolving out diffuse emission
and detecting the IMBH jet/core as well as in estimating the BH mass by means of the fundamental
plane of accreting BHs. The advent of deep, very sensitive radio surveys like the Square Kilometre
Array (SKA) combined with high-resolution radio observations (e.g., SKA-VLBI) will allow us to
detect IMBHs at distances > 100 Mpc (e.g., Paragi et al. 2014; Wolter et al. 2014) and thus to
probe the existence of a population of BH seeds beyond the nearby Universe.
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