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ABSTRACT

The cool-core galaxy cluster RXJ1720.14-2638 hosts extended radio emission near the cluster core, known as a minihalo. The
origin of this emission is still debated and one piece of the puzzle has been the question of whether the supermassive black
hole in the brightest central galaxy is actively powering jets. Here, we present high-resolution e-MERLIN observations clearly
indicating the presence of sub-kpc jets; this may have implications for the proposed origin of the minihalo emission, providing
an ongoing source of relativistic electrons rather than a single burst sometime in the past, as previously assumed in simulations
attempting to reproduce observational characteristics of minihalo-hosting systems.
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1 INTRODUCTION

RXJ1720.1+2638 is a cool-core cluster of galaxies with a pair of
cold fronts detected in X-ray suggesting a ‘sloshing’ motion has
been induced by a minor merger (Mazzotta et al. 2001), likely with
the smaller subcluster detected via gravitational lensing (Okabe et al.
2010) and galaxy density mapping (Owers, Nulsen & Couch 2011).
The core of the cluster also hosts a radio minihalo (Mazzotta &
Giacintucci 2008, Giacintucci et al. 2014), diffuse synchrotron
emission at the cluster core, which appears to be confined by the
cold fronts.

There are two mechanisms generally considered to be possible
for the production of minihalo emission at the cores of galaxy
clusters. First, the ‘re-acceleration’ mechanism (Gitti, Brunetti &
Setti 2002): old relativistic electrons from past outbursts of the
active galactic nucleus (AGN) in the brightest central galaxy (BCG)
are re-accelerated to energy levels sufficient to produce observable
synchrotron radiation by turbulence induced by the minor merger or
other mechanisms. Secondly, the ‘hadronic’ or ‘secondary’ mecha-
nism: thermal protons throughout the cluster volume are accelerated
to relativistic energies by supernovae, AGN, and intracluster medium
(ICM) shocks; these cosmic ray protons undergo interactions with
the thermal proton population, producing pions which decay into a
series of products including relativistic electrons (e.g. Pfrommer &
EnBlin 2004).
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Several features of the minihalo emission in RXJ1720.1+2638
seem to support the re-acceleration mechanism. The confinement of
the minihalo emission by the cold fronts is supported by simulations
assuming that aged electrons from a single, past injection of rela-
tivistic particles are distributed by sloshing turbulence (ZuHone et al.
2013), and the steepening spectral index of the ‘tail’ of the minihalo
extending to the south is expected if the re-accelerated electrons lose
energy as they travel further from the initial pool of aged electrons
at the centre. On the other hand, Perrott et al. (2021) showed that
the spectrum of the central minihalo followed a constant power-law
of approximately S, oc v='? over a large range of frequencies from
317 MHz up to at least 18 GHz. The spectrum is both slightly flatter
than predicted by the ZuHone et al. (2013) simulations and does
not show the spectral break expected in the re-acceleration scenario.
Perrott et al. (2021) also found that the minihalo was larger than
expected at high frequency, and potentially extended out past the
cold fronts. These observations could point to better agreement with
the hadronic mechanism, as demonstrated in simulations by ZuHone
et al. (2015).

A complicating factor, however, was the lack of knowledge of the
state of the BCG supermassive black hole. The ZuHone et al. (2013)
simulations assumed a single AGN outburst in the past; the relativistic
electrons were then allowed to age for some time before being re-
accelerated by the turbulence induced by the minor merger. If the
BCQG, in fact, has an AGN which is actively accreting and producing
jets, the continuous injection of new relativistic electrons could
explain the lack of spectral steepening and slightly flatter spectral
index while still requiring the turbulence to spread the electrons from
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the jets out to the observed extent of the minihalo. Previous radio
observations had only been able to put an upper limit on the size
of any prospective jets (<1.4 kpc; Giacintucci et al. 2014), although
various optical indicators suggested AGN activity (e.g. Liu, Mao &
Meng 2012, Green et al. 2016).

In this letter, we present high-resolution observations from the
extended Multi-Element Radio Linked Interferometer Network (e-
MERLIN; Garrington et al. 2004) which demonstrate unequivocally
the presence of jets extending at least 0.8 pc from the BCG centre.
This continuous injection of relativistic electrons must be taken
into account when interpreting the observations in favour of either
acceleration mechanism.

Throughout the letter, we use J2000.0 coordinates and use the
convention that radio flux density S depends on frequency v as
S o« v™* with spectral index «. Unless stated, otherwise we
use ACDM cosmology with 2, = 0.3, Q4 = 0.7, and Hy =
70kms~! Mpc~!. With this cosmology, at the redshift of the cluster
(z = 0.160; Owers et al. 2011) 1 arcsec corresponds to 2.76 kpc. We
use the ‘cubehelix’ colour scheme defined by Green (2011) for radio
astronomical images.

2 OBSERVATIONS

The cluster centre was observed as a single pointing with e-MERLIN
on 2020 August 13-14 and 2022 June 22-24 for a total of ~28h
on-source under project code CY10222. The frequency band was
4.5-5 GHz with a central frequency of 4.76 GHz. All antennas were
present except the Lovell telescope; in the 2020 August observation,
the Knockin antenna and most of the Mark II antenna data were
flagged due to an instrumental error.

The shortest baseline present in the combined observations is
~ 35 kA, corresponding to a largest angular scale of ~ 6 arcsec. The
minihalo, which has an angular size of at least 30 arcsec, is therefore
completely resolved out in these observations allowing us to isolate
the core and jet/lobe emission. The longest baseline is ~ 3.6 MA,
and with a Briggs robust weighting of 0.5 we achieve a synthesized
beam size of 0.06 x 0.04 arcsec?, corresponding to a physical size
of 165 x 110pc?.

3 CALIBRATION AND IMAGING

We use 3C 286 as the primary flux calibration source, using the Per-
ley & Butler (2017) scale to set the flux density. We use the standard
e-MERLIN pipeline reduction,! using interleaved observations of a
nearby point-like calibrator, 1722 4 2815, to apply phase calibration
to the science field. We also added an extra bandpass calibration
using the interleaved calibrator to remove some residual amplitude
errors.

The calibrated data were imaged using the fclean task in CASA.?
We used Briggs weighting with a robust parameter of 0.5, which
gave the best trade-off between beam size and sensitivity. To further
increase the sensitivity to the larger-scale structures of the jets, we
also imaged with uv-tapers of 800 and 500 k.

4 RESULTS AND ANALYSIS

The resulting image is shown in Fig. 1, with the colour-scale showing
the 800 kA-tapered image and contours showing the untapered and

Uhttps://github.com/e-merlin/eMERLIN_CASA _pipeline
Zhttps://casa.nrao.edu/
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Figure 1. e-MERLIN image of the RXJ1720.14+2638 BCG at three different
resolutions. The background colour-scale shows the 800 kA-tapered version,
showing the details of the jet structure; the black contours show the untapered
image, showing the central source and the beginning of the western jet;
the white contours show the 500 kA-tapered version, showing that there
is a significant detection of the jets on both sides. The five contours are
logarithmically spaced from 30 = 60.8 (96.6) uJy beam ™! to 90 per cent of
the peak flux density, where peak flux density =926 (1008) (Jy beam ™! in the
untapered (500 kA-tapered) case. Synthesized beams are shown in the bottom
left-hand corner.

500 kXi-tapered images. There is a clear detection of a central,
compact object plus resolved jets extending to the east and west.
The jets extend roughly 0.3 arcsec (corresponding to 0.8 kpc) from
the centre in both the east and west directions. The eastern jet may
bend abruptly to the north-west; however, this feature only appears
at &~ 20 significance. In contrast, the minihalo emission extends to
at least 80 kpc from the cluster centre, so these jets are around three
orders of magnitude smaller.

We fitted a Gaussian to the central point-like object in the untapered
image using the CASA task imfit, finding a peak flux density of
961 + 23 uJy beam™!, with no indication of extension. Measuring
the integrated flux density of the point-like + extended emission
down to the 20 contour on the 500 ki-taper image gave 1.76 + 0.08
mly in total (where the error is calculated by multiplying the rms
noise by +/Npeams> Noeams being the number of beams covered by
the source). Subtracting the point-like from the total flux density we
measure 801 £ 90 Wy for the jets.

We can assess whether we have recovered all the extended flux
from the jets by comparing our flux density measurement to the
previous, lower-resolution flux density measurements that did not
resolve the jets, as illustrated in Fig. 2. Using the flux densities
given in Giacintucci et al. (2014) to fit a power-law spectrum, we
obtain a flux density of S = 2.34 £ 0.10mlJy at the e-MERLIN
central frequency of 4.76 GHz. Subtracting the measured core, we
would therefore expect a jet flux density of 2.34 — 0.961 = 1.38 mJy
and are recovering ~ 60 percent of the jet flux in this e-MERLIN
observation. This indicates that the jets may have a larger extent than
this observation detects. The unresolved core is a significant fraction
of the total, ~ 40 per cent.

Hogan (2014) measure a VLBA flux of 680 + 60 pJybeam™!
from a 2013 observation for the unresolved core. This would imply
variability of the core of ~40 percent over 8 yr as is common for
BCGs (Rose et al. 2022). From fig. 7 in Rose et al. 2022, at this
level of variability more than half of the sources show variation
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Figure 2. Spectra for the various components of the BCG system. Large
orange points and lines show the minihalo; the data points are measurements
from Giacintucci et al. (2014) (and references therein), the dashed lines show
the high frequency lo constraints from Perrott et al. (2021) and the solid line
is a power-law fit to the lower-frequency data points. Light blue small points
show the integrated central BCG component and are also from Giacintucci
et al. (2014) and references therein. The green star and triangle show the
core and jet measurements from these e-MERLIN observations respectively,
where the triangle is displaced horizontally for clarity. The dashed-green and
dotted-green lines show spectra of the core and jet components normalized
to the e-MERLIN measurements (assuming the jets are partially resolved out
by e-MERLIN so that full jet 4+ core flux density adds up to the integrated
measurement) and assuming representative spectral indices a¢ore = 0.2 and
@jer = 1.0. The solid-green line is the sum of these components and agrees
fairly well with the integrated measurements over the whole frequency range;
it is not fitted to the integrated measurements. The purple diamond shows the
VLBA core measurement, indicating some variability in comparison to the
e-MERLIN measurement.

on >8yr time-scales. On the other hand, the majority of these
sources would show only variability of 20 per cent or less on the 2 yr
time-scale between our e-MERLIN observations, consistent with the
match in measured peak flux densities in 2020 and 2022 (955 + 40
and 924 4 59 pJy beam~! in 2020 and 2022, respectively; errors
are thermal noise only). This variability impacts on our estimate
of the fraction of the jet flux density recovered in our e-MERLIN
observation; if the core flux density were 60 percent higher when
the integrated flux density measurement was made (in 1985) than at
the e-MERLIN measurement epoch, the jet flux density measured
from the e-MERLIN observation would account for the total jet flux
density.

At frequencies lower than 2 GHz, where the integrated flux
density measurement is dominated by the jet/lobe component, the
measurements from 1985 to 2009 show no significant variation.

5 DISCUSSION

5.1 Host galaxy

A comparison to the optical image of the galaxy from the Hubble
Space Telescope (HST), shown in Fig. 3, shows that in the current
observation the jets appear to be inside the host galaxy rather than
extending out into the ICM. The AGN may however have been more
active in the past, with jets and lobes extending into the ICM, and
now be in a quiescent phase of the feedback cycle. Lower-frequency,
high-resolution observations may also reveal older, steep-spectrum
emission from extended lobes further out in the ICM that is too faint
to be seen at the relatively high frequency of these observations.

Sub-kpc radio jets in RXJ1720.1+2638 L3
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Figure 3. HST image of the BCG (colour-scale) with contours from the
800 ki-tapered e-MERLIN image overlaid. The five contours are logarith-
mically spaced from 30 = 73.1 uJy beam ™~ to 90 per cent of the peak flux,
where peak flux =912 pJy beam™!. The synthesized beam is shown in the
bottom left-hand corner as the filled white ellipse.

Based on the length of the jets shown in the current observations
and assuming particles in the jets move at speeds <c, we can infer a
lifetime of this phase in the AGN’s duty cycle of as little as ~3000 yr.

5.2 Correlations with minihalo power

Richard-Laferriere et al. (2020) analysed correlations between the
luminosity of radio minihaloes and the BCG luminosity, dividing
the latter into the core component representing on-going accretion
and the jet/lobe component representing past activity. They used the
technique and data from Hogan et al. (2015), spectrally separating
the emission by fitting (where appropriate) a double power law
and identifying the flatter component as the core and the steeper
component as the non-core. However, as noted in Hogan et al.
(2015), the ‘non-core’ component may also contain a contribution
from a minihalo if present. We also note that, in general, the division
between minihalo and jet/lobe may not be clear-cut if the minihalo is
composed of electrons from the jet/lobe, which has been redistributed
by turbulence.

With the current observation, we are now able to spatially
decompose the RXJ1720.14-2638 BCG emission into core and jet
component, as well as robustly exclude the minihalo component.
With these data in hand, we show the updated position of the
BCG in the Richard-Laferriere et al. (2020) correlation plots in
Fig. 4, assuming their average spectral indices of o¢oe = 0.2 and
Qgeep = 1.0 to extrapolate our measurements to the appropriate
frequency and calculate luminosity as we do not have spectral index
measurements for the components given the narrow e-MERLIN
frequency band. The errorbars on the e-MERLIN measurements
incorporate uncertainty on the spectral index of Ao = 0.2 (Hogan
et al. 2015) and assume a 60 per cent uncertainty on the core flux
density due to its variability (they are dominated by the latter). For
simplicity here, we use the slightly different cosmological parameters
used by Richard-Laferriere et al. (2020), but the difference in the
calculated luminosities is not significant (<2 per cent).

MNRASL 520, L1-L4 (2023)
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Figure 4. Updated correlations from Richard-Laferriere et al. (2020) between steep and core radio powers of the BCG and minihalo power. The large blue
circle in each plot shows the previous data point for RXJ1720.1+2638, relying on spectral separation of the components, and the blue star shows our updated

data point using the spatially separated estimates.

The updated data points for RXJ1720.14-2638 in both cases depart
significantly from the correlation reported by Richard-Laferriere
et al. (2020). This hints that the correlation may not be robust if
other data points are similarly affected; we note that Riseley et al.
(2022) also found a similarly discrepant flux density measurement for
MS 1455.04+2232, another cool-core cluster with a minihalo. With
regard to the jet/lobe component, we also note that the argument that
this represents an older population of electrons does not necessarily
apply in this case since the jet is very close to the origin, implying
that this emission is also young.

6 CONCLUSIONS

(1) We have confirmed the presence of sub-kpc scale radio jets
being produced by the AGN in the BCG of the cool-core cluster
RXJ1720.14+2638.

(ii) Based on the comparison with the integrated flux density
measured at lower resolution, we estimate that we have recovered
~ 60 per cent of the flux of the jets in our high-resolution observation
and they may therefore extend out further than the measured length
of ~ 0.8 kpc from the core.

(iii) Our spatially separated measurements may indicate that the
significance of correlations between BCG radio luminosity and
minihalo luminosity have been overestimated in previous work.

(iv) The presence of active jets may explain the relatively flat radio
spectral index of the RXJ1720.14-2638 minihalo; further simulations
are required to confirm this.

ACKNOWLEDGEMENTS

We thank an anonymous reviewer whose input helped improve the
presentation of the paper. e-MERLIN is a National Facility operated
by the University of Manchester at Jodrell Bank Observatory on
behalf of the Science and Technology Facilities Council. YCP
acknowledges support from a Rutherford Discovery Fellowship.

MNRASL 520, L1-L4 (2023)

o 102
N
T
= .
- -
S + -~
~ 10! e
-~ -7
N de— —@— el
5 e 'z:
< — — Lo —o—+
— — Hr. °
0 o~
¥ A0 >,
g y© P
[=] [ Ve
o . -
R Pl )
-1
g oy X “:"
— ‘L.
o -
©
fl o=
£
= 102 ; ; : ;
1072 10t 10° 10!

BCG core radio power at 10 GHz / 10%* W Hz™!

DATA AVAILABILITY

Calibrated visibility data and/or images are available on reasonable

request from the authors.

REFERENCES

Garrington S. T. et al., 2004, in Oschmann Jacobus M. J., ed., SPIE Conf.

Ser. Vol. 5489, Ground-based Telescopes. SPIE, Bellingham, p. 332

Giacintucci S., Markevitch M., Brunetti G., ZuHone J. A., Venturi T.,

Mazzotta P., Bourdin H., 2014, ApJ, 795, 73
Gitti M., Brunetti G., Setti G., 2002, A&A, 386, 456
Green D. A., 2011, Bull. Astron. Soc. India, 39, 289
Green T. S. et al., 2016, MNRAS, 461, 560
Hogan M. T., 2014, PhD thesis, Durham University
Hogan M. T. et al., 2015, MNRAS, 453, 1201
LiuF S., Mao S., Meng X. M., 2012, MNRAS, 423, 422
Mazzotta P., Giacintucci S., 2008, ApJ, 675, L9

Mazzotta P., Markevitch M., Vikhlinin A., Forman W. R., David L. P,, van

Speybroeck L., 2001, ApJ, 555, 205

Okabe N., Takada M., Umetsu K., Futamase T., Smith G. P., 2010, PASJ, 62,

811
Owers M. S., Nulsen P. E. J., Couch W. J., 2011, ApJ, 741, 122
Perley R. A., Butler B. J., 2017, ApJS, 230, 7
Perrott Y. C. et al., 2021, MNRAS, 508, 2862
Pfrommer C., EnBlin T. A., 2004, A&A, 413, 17
Richard-Laferrieére A. et al., 2020, MNRAS, 499, 2934
Riseley C. J. et al., 2022, MNRAS, 512, 4210
Rose T. et al., 2022, MNRAS, 509, 2869

ZuHone J. A., Markevitch M., Brunetti G., Giacintucci S., 2013, ApJ, 762,

78

ZuHone J. A., Brunetti G., Giacintucci S., Markevitch M., 2015, ApJ, 801,

146

This paper has been typeset from a TeX/IZTEX file prepared by the author.

$20z Asenuer zo uo 1sanb Aq 0£86£69/1 T1/1/0ZS/3191e/|SBIUW/WOod dNo"dIWapeoe//:sdly Wolj) PapeojumMo(]


art/slac160_f4.eps
http://dx.doi.org/10.1088/0004-637X/795/1/73
http://dx.doi.org/10.1051/0004-6361:20020284
http://dx.doi.org/10.1093/mnras/stw1338
http://dx.doi.org/10.1093/mnras/stv1517
http://dx.doi.org/10.1111/j.1365-2966.2012.20886.x
http://dx.doi.org/10.1086/529433
http://dx.doi.org/10.1086/321484
http://dx.doi.org/10.1093/pasj/62.3.811
http://dx.doi.org/10.1088/0004-637X/741/2/122
http://dx.doi.org/10.3847/1538-4365/aa6df9
http://dx.doi.org/10.1093/mnras/stab2706
http://dx.doi.org/10.1051/0004-6361:20031464
http://dx.doi.org/10.1093/mnras/staa2877
http://dx.doi.org/10.1093/mnras/stac672
http://dx.doi.org/10.1093/mnras/stab3217
http://dx.doi.org/10.1088/0004-637X/762/2/78
http://dx.doi.org/10.1088/0004-637X/801/2/146

	1 INTRODUCTION
	2 OBSERVATIONS
	3 CALIBRATION AND IMAGING
	4 RESULTS AND ANALYSIS
	5 DISCUSSION
	6 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

