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8
Evidence of an Intermediate Mass Black Hole in the

Center of Mrk 59

Y. J. Yang, M. Mezcua, F. Grise, S. Farrell, D. Cseh, T. J. Maccarone, A. K. H.
Kong, D. M. Russell & J. Gladstone

to be submitted

Abstract

We report results of a metal-deficit blue compact dwarf galaxy Mrk 59 (also noted
as NGC 4861) with Chandra and VLBI. Previous XMM-Newton observations of this
galaxy revealed only two bright ultra-luminous X-ray sources in this galaxy. How-
ever, we discovered a new, very dim source (LX $ 1.52 # 1038 erg s%1) near an
ultra-luminous X-ray source (ULX-2) with our new Chandra data which was not
resolved in previous XMM-Newton observations. Its location is coincident with an
SDSS optical counterpart classified as a galaxy in the center of the compact region
of Mrk 59. EVN observations reveal a radio association within the region, indicating
the presence of a jet and possible extended emission. Using the fundamental plane
relationship, we found the mass of the central black hole to be around 5# 105M", that
makes it fall in the range of intermediate mass black holes. If the low-mass nature is
confirmed, this will be one of the very first active galactic nuclei in the intermediate-
mass range found in a blue compact dwarf galaxy (the local analogue of high-redshift
galaxies) which will shed light on understanding the growth of black holes and the
formation of galaxies in the early Universe.
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8 IMBH in Mrk 59

8.1 Introduction

There is growing evidence showing that in addition to stellar-mass black holes within
galaxies and supermassive black holes at the centers of galaxies, there is another class
of black holes weighing in between the stellar-mass and supermassive cases, the so
called intermediate-mass black holes (IMBHs; with masses between 102 % 105M";
Colbert & Mushotzky 1999; Makishima et al. 2000). One of the big questions of
modern astrophysics is to understand how supermassive black holes grow and how
they are related to the formation of their host galaxies. Black holes with masses above
109 solar masses have now been observed at higher redshifts. Simulations show
that these supermassive black holes can be produced via violent high-accretion-rate
events triggered by mergers of gas rich galaxies, with the assumption of seed black
holes formed at early epochs (Volonteri & Rees 2005). It has been suggested that the
seed black holes are in the range of intermediate masses, and are formed via mergers,
or are the remnants of Population III stars (Abel, Bryan & Norman 2000; Bromm,
Coppi & Larson 2002). Alternatively, these seed black holes could be formed via the
direct collapse of pre-galactic gas discs (Lodato & Natarajan 2006, 2007). Although
the current technology is not yet advanced enough for us to directly observe primor-
dial black hole growth in the early Universe, we can study their local analogues (i.e.
dwarf starburst galaxies). A powerful probe of the population of seed black holes
at early epochs is the IMBHs in our local Universe. IMBHs are expected to reside
in low-mass, low-metallicity, and rapidly star forming galaxies, such as a blue com-
pact dwarf (BCD) or starburst dwarf galaxies, as they resemble the first galaxies that
formed in the early Universe out of gas with near-primordial metallicity. According
to the standard picture of hierarchical formation, these dwarf galaxies could also be
the building blocks of massive galaxies.

IMBHs have received great attention in recent years because of the discovery of a
group of objects detected at X-ray energies with luminosities exceeding the Edding-
ton limit of a stellar-mass black hole. These objects are denoted as Ultra-luminous
X-ray sources (ULXs). It is thought that some of the very bright ULXs (LX > 1041
erg s%1) may be IMBHs (a recent strong case is the object known as HLX-1 located
in the galaxy ESO 243-49; Farrell et al. 2009). Several studies also suggested that
there may be IMBHs in the center of low-mass galaxies. While anecdotal evidence
exists for black holes of 105M" (e.g., NGC 4395), and there exists a sample of black
holes that extend below 106M" from SDSS (Greene et al. 2007), there is very little
information about how often black holes are found in bulgeless galaxies, or how of-
ten central black holes exist which are well below 106M".

Recent studies of BCDs have suggested that they may harbor active galactic nu-
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8.2 Data Analysis

cleus (AGN) associated with IMBHs (Georgakakis et al. 2011). Evidence for AGN
activity in BCDs cannot be simply determined by using emission-line diagnostics as
this method breaks down in the regime of low-metallicity (Groves et al. 2006). There
have been studies suggesting AGN activity in BCDs with evidence of the presence of
dense ionized cores, broad Balmer emissions, or high-ionization narrow optical emis-
sion lines (Thuan et al. 2005; Izotov et al. 2007, 2008). However, caution should
be taken as broad and high-excitation lines can also be due to stellar activities (e.g.
strong stellar winds or supernova remnants). One additional indication for the pres-
ence of an AGN in galaxies is the detection of an X-ray counterpart at the nucleus.
This is a strong indication of accretion onto the central compact object. The existence
of an AGN in low metallicity galaxies has been very often questioned. Some studies
suggest that they are quite rare in the local Universe. Reines et al. (2011) recently
reported the first discovery of an AGN in the low metallicity, high star-forming dwarf
galaxy Henize 2-10 with a black hole mass $ 2 # 106M". This opens up a new win-
dow in the search for AGNs in low-metallicity environments.

NGC 4861 belongs to a class of cometary BCD galaxies at a distance of 11 Mpc
(redshift=0.0026). It consists of a dwarf irregular (IC3961, a chain of HII regions)
with a bright compact knot (Mrk 59, bright supergiant HII region). It is a rela-
tively young star-forming galaxy with very low metallicity (Z=0.13 Z"; Mapelli et
al. 2010), and therefore is an ideal place to search for intermediate mass black holes
and to study ULXs and the process of black hole growth/formation. There are three
X-ray sources in this galaxy. Two of them are ULXs (denoted as ULX-1 and ULX-2),
and the other one is our target source with an X-ray luminosity of the order $ 1038
erg s%1 (denoted as X-3 in this paper). A bright, compact radio counterpart to ULX-2
with peak flux density $4 mJy was reported by Sanchez-Sutil et al. (2006) based
on a cross-match of the 1.4 GHz VLA FIRST survey (White et al. 1997) with the
ROSAT X-ray catalog (e.g., Liu & Bregman 2005; Liu & Mirabel 2005). Our recent
Chandra observations are able to resolve the ROSAT X-ray source into ULX-2 and a
nuclear X-ray source (X-3), revealing that the VLA radio detection is consistent with
the position of the nuclear X-ray source within the Chandra positional error of $1&&.

In this paper, we only focus on X-3. Analysis and discussions for the other two
ULXs will be presented in another paper.

8.2 Data Analysis

NGC 4861 was observed with Chandra on January 3rd 2012 for a total duration of
about 20 ks (PI: Yang, ObsID: 12473). The observation was carried out with the
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8 IMBH in Mrk 59

Figure 8.1: Left panel: 20 ks Chandra image of the NGC 4861 region. Right panel: HST F606 image
(V-band). The boxes in the upper-right corner of both Chandra and HST images show the zoomed-in
region of the AGN in the core of Mrk 59. The larger green circles indicate theChandraX-ray position of
the source with an error radius of 1 arcsec; the magenta circles indicate the SDSS optical position with
a radius of $ 0.2”; the red circles indicate the compact radio source position from the EVN observation
(we use a radius 0.1” here for clarity, but the actual uncertainty in position is much smaller).

Advanced CCD Imaging Spectrometer in I-array configuration (ACIS-I) and was
operated in the ’FAINT’ mode. The galaxy was also observed with the EVN at
1.6 GHz on June 1st 2009 (project EM072A; Mezcua & Lobanov 2011) and at 5
GHz on June 1st 2012 (project EM095A). Both experiments had a duration of 12
hours, during which another ULX was also observed. Nine VLBI stations partic-
ipated in EM072A: E!elsberg (Germany), Jodrell Bank (United Kingdom), Cam-
bridge (United Kingdom), Westerbork (The Netherlands), Onsala (Sweden), Medic-
ina (Italy), Noto (Italy), Torun (Poland), and Shanghai (China). The participat-
ing EVN antennas for EM095A were E!elsberg, Jodrell Bank, Westerbork, Onsala,
Medicina, Noto, Torun, and Yebes (Spain).

8.2.1 Astrometry Correction

We obtained an archival HST image of the galaxy NGC 4861 from the Hubble Legacy
Archive, but found that the world coordinate system (WCS) of the image is quite o!
from the real position. To correct the coordinates of the HST image, we selected
several bright sources in the field of view of the HST image and matched the posi-
tions with the coordinates recorded in the SDSS point-source catalogue by using the
’ccmap’ task in IRAF. The task results in very small registration errors (0.11 arcsec
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8.2 Data Analysis

for RA, and 0.14 arcsec for Dec.) which allows us to place the source on an HST
image with good accuracy. We then updated the WCS on the HST image. In order to
precisely compare our Chandra image with the HST image (see Figure 8.1), we also
performed the astrometry correction for our Chandra image. Similar to what we did
for the HST image, we selected several nearby bright X-ray sources in which their
positions were determined by using the task ’celldetect’ in the standard Chandra In-
teractive Analysis Observation (CIAO) package. We then matched the positions of
these X-ray sources with their cataloged SDSS counterpart positions using ’ccmap’
in IRAF (with registration errors of 0.33 arcsec for RA, and 0.07 arcsec for Dec.),
and updated the WCS of our Chandra image.

8.2.2 Chandra

We use the CIAO package version 4.3 to analyze our Chandra data. In order to apply
the most updated calibrations, we first ran the Chandra reprocessing script to create
a new level 2 event file. The new level 2 event file was used throughout the whole
analysis. To reduce the background contamination and the calibration uncertainties,
we extracted an event list that was filtered with respect to energy in the 0.3-7 keV
energy band using the task ’dmcopy’. To locate the source position, we used the task
’celldetect’ to detect the source. ’celldetect’ revealed the location of the source at the
coordinates RA(J2000) = 12h59m00.29s, DEC(J2000) = 34)50&42.86&& (with astrom-
etry correction).

We created a source region file by taking the results produced from ’celldetect’.
Because the source is dim and the shape is extended, ’celldetect’ gives an elliptical
area with error radii 3.18 and 1.97 arcsec, corresponding to RA and Dec respectively.
We also created a background region file with three much larger radii (15 arcsec)
in the nearby source free region. We then ran the task ’dmextract’ to obtain the
count rate for the source after background subtraction was performed. An alternative
method utilizing the built-in library funtool in DS9 was also performed to confirm
the results by ’dmextract’ in CIAO. There were 13 photons found in total within the
source region, and the average background is around 0.352 counts.

Because only a small number of photons were detected, we were not able to
construct a spectrum for proper spectral analysis. We therefore use the web-based
Portable Interactive Multi-Mission Simulator (WebPIMMS) to estimate the source
flux. We input the source count rate obtained from CIAO, the column density NH $
2# 1021 cm%2 of the ULX-2 region obtained from previous XMM-Newton data, and a
power-law photon index ! = 1.7 (a typical value for most black hole systems in the
low/hard state). We obtained an X-ray flux of 1.05# 10%14 erg cm%2 s%1 in the 0.5-10
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8 IMBH in Mrk 59

keV energy band. Assuming a distance of 11 Mpc (redshift = 0.0026), we estimated
the X-ray luminosity of X-3 to be 1.52 # 1038 erg s%1.

8.2.3 VLBI

Observations were performed in the phase-referencing mode, alternating between
observing scans of the target and a nearby, strong, compact phase calibrator. At 1.6
GHz, J1257+3229 was used as the reference source. At 5 GHz, the phase calibrator
used was J1308+3546. A phase calibrator-target cycle time of 8 min (2 min on the
phase calibrator, 6 min on the target source) was used at 1.6 GHz, resulting in a total
integration time on NGC 4861 of 3.3 h. At 5 GHz, we used a cycle time of 4 min
(1 min on the calibrator, 3 min on the target), which resulted in a total integration
time on source of 2.8h. The strong, compact radio source 4C+39.25 was used both
in EM072A and EM095A as a fringe finder and bandpass calibrator.

In both experiments, the data were recorded at a sample rate of 1024 Megabits per
second (Mbps) in dual-circular polarization. Eight intermediate-frequency (IF) bands
were used, each with a bandwidth of 16 MHz and comprising 32 spectral channels.
The data were correlated at JIVE1 with an averaging time of 2 seconds for EM072A
and 4 seconds for EM095A.

The correlated data were calibrated and fringe-fitted using the AIPS2. Delay and
phase solutions derived from the phase calibrators were interpolated and applied to
the target source. The target was then imaged with the AIPS task IMAGR apply-
ing CLEAN deconvolution. An initial imaging of the channel averaged data at 1.6
GHz was performed using uniform weighting (Mezcua & Lobanov 2011). In order
to avoid bandwidth smearing and increase the sensitivity, no channel averaging has
been applied to the 1.6 GHz data and natural weighting has been used in the CLEAN
deconvolution. We first cleaned a field of view (FOV) of 5&&, which corresponds to
the positional error of the FIRST survey. In the resulting image, a 6! detection is
found within the 1&& positional error of Chandra. We then tapered the visibility data
from the longest baselines (> 30M&) to increase the sensitivity and imaged an FOV
of 1&&, resulting in the 1.6 GHz naturally weighted image presented in Figure 8.2. The
restoring beam size is 31 mas # 27 mas, oriented at a position angle of 47.30). Com-
pact radio emission is detected 6.5 times above the RMS noise level of 11 µJy/beam.
A two-dimensional elliptical Gaussian is fitted to the peak of radio emission using the
AIPS task JMFIT, yielding a peak intensity of 70 ± 16µJy/beam. The error on this
flux is a combination of the RMS noise and the uncertainty of the fit for the Gaussian

1Joint Institute for VLBI in Europe, Dwingeloo, The Netherlands
2Astronomical Image Processing Software of NRAO
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8.2 Data Analysis

Figure 8.2: 1.6 GHz EVN image of NGC 4861. A compact source is detected well within the 1&&
Chandra error circle of the nucleus. The white contours correspond to (4, 5, 6, 7) # the o!-source RMS
noise of 11 µJy/beam. The beam is shown at the bottom left: it has a size of 31 mas # 27 mas, with its
major axis oriented along a position angle of 47.30).

component.

The same imaging process has been performed at 5 GHz. However, no radio
emission above a 5! level is detected within the 5&& FOV of the VLA radio counter-
part position. An upper limit on the 5 GHz flux density of 0.12 mJy/beam is obtained
from the RMS at the Chandra position.

8.2.4 HST

An archival HST/WFPC2 observation in the F606W band covers the position of the
ULX, and was downloaded from the Hubble Legacy Archive. However, we noticed
that the pipeline-reduced version of the observation was not of scientific quality, with
an obvious alignment problem between sub-exposures. We therefore downloaded
the raw images from the STSCI archive and re-processed them with the DrizzlePac
software, correcting for the o!set between the two sub-exposures with Tweakreg,
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8 IMBH in Mrk 59

and achieving acceptable sub-pixel alignment. We used default parameters when
drizzling the images with AstroDrizzle except for the ‘bits’ parameter that was set to
1024, to reset warm pixels previously flagged in the pre-processing.

8.3 Results and Discussions

From our Chandra observation, we found a very dim source (X-3) located at the cen-
ter of the compact core of Mrk 59. X-3 was not resolved in previous XMM-Newton
observations due to insu"cient spacial resolution (Chandra is the only X-ray instru-
ment that can currently resolve this source from its nearby ULX). Searching through
the archival catalogs, we found that the source position coincides with an SDSS
source classified as a galaxy with an average magnitude of $14 mag., a 2MASS
point source with similar magnitude, and a radio source from the FIRST catalog with
a peak flux of $3.88 mJy. We note that the FIRST survey has a much poorer angu-
lar resolution compared to our EVN observations (Figure 8.2), therefore it might be
contaminated by all nearby radio emissions from the surrounding area.

In the June 2009 observations at 1.6 GHz, a compact radio source of peak inten-
sity 70 µJy per beam is observed $7 times above the 1! o!-source noise level of 11
µJy per beam (see Figure 8.2). The source is centered at RA(J2000) = 12h59m00.3657s
± 0.0002s , DEC(J2000) = 34)50&42.829&& ± 0.002&&, and coincides with the X-ray po-
sition of the nuclear source X-3 within the Chandra error circle ($ 1 arcsec). The
source is not resolved. It has a size of 32 mas # 24 mas (2.3 pc # 1.8 pc at the distance
of the galaxy) and an integrated luminosity of L1.6GHz = 1.47#1034 erg s%1. No radio
emission above a 5! level is detected within the VLA FOV in the June 2012 obser-
vations at 5 GHz, so an upper limit on the radio luminosity of L5GHz < 9.02 # 1034
erg s%1 is derived from the root-mean-square (RMS) noise at the Chandra position.
The non-detection of radio emission at 5 GHz indicates that the source might have
a steep radio spectrum (as observed in the nuclei of dwarf galaxies, e.g., Reines et
al. 2011; or in radio nebulae, e.g., Cseh et al. 2011) or that the source is a black
hole with intrinsic variability. The transient behavior in radio is common in accreting
black hole systems and has been observed in the IMBH HLX-1 (Webb et al. 2012),
making the variable scenario more likely. From the 1.6 GHz radio flux density and
the upper limit on the 5 GHz flux density, we can estimate an upper limit on the radio
spectral index of ' < 0.6 (Fnu , (').

Typically, for a stellar mass black hole, we can obtain a very accurate mass by
measuring its orbital relation with the optical companion. This works only when
the source is relatively close to us and has a bright companion star. For extragalac-
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tic sources, the companion star would be too dim to be observed. In the case of
supermassive black holes, a number of methods (e.g. orbiting stellar motions, re-
verberation mapping, or M-! relation) have been attempted to obtain the masses, but
few would be successful in low-mass galaxies. The best way to study low-mass black
holes is probably when they are accreting matter from the surrounding environment
and form an accretion disk. In cases like this, we can use the ’fundamental plane’ to
infer the mass of the black holes.

The ’fundamental plane’ is an empirical correlation between the X-ray luminos-
ity (normally thought to be from the accretion disk), the radio luminosity (from jet
emission) and the black hole mass for accreting black holes in the low/hard state (e.g.,
Merloni et al. 2003; Falcke et al. 2004; Körding et al. 2006). The relationship can be
extended from stellar-mass black holes (X-ray binaries) all the way to supermassive
black holes (AGNs), and is formulated as follow:

log LX = )R log LR + )M log M + bX ,

Körding et al. (2006) found the best fit values for the parameters within their sample
are as follows.

)R = 1.41+0.14%0.12 , )M = -0.87
+0.15
%0.17 , bX = -5.01

+3.35
%3.9 .

It has been found that the IMBH HLX-1 has state transitions that are similar to the
stellar-mass black holes. Emission from a radio jet was also detected, which is com-
mon in many Galactic black hole binaries (Webb et al. 2012). This indicates that this
type of state transition and disk-jet coupling might be common and can be expected
not only from stellar-mass and supermassive black holes, but also from IMBHs.

Assuming X-3 is at low L/LEDD (i.e. in the low/hard state) where the fundamen-
tal plane is best understood and shows the least scatter, we can obtain the mass of the
central black hole by substituting the X-ray (LX = 1.52 # 1038 erg s%1) and the radio
(LR = 1.47 # 1034 erg s%1) luminosities to the above equation. We obtained a black
hole mass of $ 5 # 105 M". The mass of the AGN reported in Reines et al. (2011)
was also calculated using the fundamental plane. They found a black hole mass of
the order of 106 M", a typical mass range for a supermassive black hole. However,
the mass of X-3 is an order of magnitude lower, which makes it fall in the range of
the IMBHs. It is worth noting that this estimation is only an upper limit since our X-
ray and radio measurements were not taken simultaneously, therefore the true mass
of X-3 should be even lower. If confirmed, this will be one of the very first active
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8 IMBH in Mrk 59

IMBHs ever found in a low-metallicity galaxy, which will provide us great insights
for understanding the processes of black hole growth and galaxy evolution.
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