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Introduction

• Cluster-dominant galaxies are a special location for AGN

‣ Host most massive black holes

‣ ~10x more likely to host radio AGN than non-central galaxies (Best et al. 2007)

‣ Cooling from ICM fuels repeated periods of jet activity 

• Observations of surrounding ICM can help us study radio sources 
(fuelling, jet power, particle content, etc.) 

• Identifying young radio sources could help us examine conditions that 
trigger feedback in clusters
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Cluster-central CSS/GPS
• Relatively few have been studied:


• ~8.5% of BCGs in cool core clusters have GPS-like 
spectral features (Hogan et al. 2015)


• New cycle of activity in NGC 5044 is GPS-like:  
4.5pc jets, self-absorbed spectrum peaking at 1GHz 
(Schellenberger et al. 2021)


• CSS sources in clusters:


‣ 3C186: QSO in 8 keV cool-core cluster at z=1.06 
(Siemiginowska et al. 2005, 2010, Migliori et al. 2012)


‣ IRAS F15307+3252: QSO in 2 keV group at z=0.93 
(Hlavacek-Larrondo et al. 2017)


‣ 1321+045: in 4.4 keV cluster at z=0.263


8 Schellenberger et al.

Figure 3. Spectral energy distribution of the central contin-
uum source in NGC 5044. The green and orange datapoints
illustrate the flux from the jets and core, respectively. The
dotted green line corresponds to a CI model with injection
index ↵inj left free to vary, and self absorption at the low
frequency end. The dashed orange line is emission from ad-
vection dominated accretion. The solid line is the sum of the
two models.

quency emission, with the peak around 1GHz, as emis-
sion from the jets/lobes that are still powered by the cen-
tral AGN, to which we fit a Continous Injection Model
(CI, Pacholczyk 1970; Jaffe & Perola 1973; Harwood
et al. 2015; Turner et al. 2018) and an optically thick
self absorption component with a spectral index of 5/2.
The high frequency component comes from the core (as
seen in the VLBA observation), so it is likely emission
from the AGN itself by the accretion of matter. In-
dications for this accretion process were seen already
as CO absorption lines in the spectra of NGC 5044,
which indicated molecular clouds within the sphere of
influence of the AGN (Schellenberger et al. 2020). This
emission is modeled by an advection dominated accre-
tion flow (ADAF, Narayan & Yi 1995a,b; Mahadevan
1997; Yuan & Narayan 2014), consisting of a rising part
from synchrotron cooling, and a falling part in the sub-
mm regime from Compton cooling processes. The dis-
continuities in the ADAF and CI models are slightly
smoothed to avoid sharp edges.

The best fit values of important free parameters of
our combined absorbed CI and ADAF model are sum-
marized in Table 3. The ADAF model contains two
more parameters: The viscosity parameter ↵ADAF and
the gas to total pressure �. We set both, ↵ADAF and �,
with tight priors to the values in Mahadevan (1997), 0.3
and 0.5, respectively. All parameters are constrainted

Table 3. Best fit parameters from SED fitting

Parameter Value Unit

M 2.2+1.2
�0.7 1.6+0.8

�0.6 10
8
M�

Ṁ 5.2+4
�2 7.2+4

�3 10
�2

M� yr
�1

r 34.4+18.5
�12.7 50.9+25.2

�16.7 RS

� 1.3+0.4
�0.5 1.3+0.4

�0.4 10
�3

⌫break 7.6+4.4
�3.0 33.0+9

�16 GHz

↵inj �0.31+0.05
�0.06 �0.5

⌫SSA 0.42+0.03
�0.04 0.53+0.02

�0.02 GHz

J0 26.0+0.5
�0.6 28.2+0.3

�0.3 mJy

Note—The best fit parameters on the SED model from
the MCMC. The first four rows correspond to the ADAF
model and are the AGN mass, accretion rate, the accretion
radius in Schwarzschild radii, and the electron heating pa-
rameter. The lower four rows describe the CI model and
are the break frequency, the characteristic frequency be-
low which the synchrotron self absorption dominates, the
normalization. The values in the third column show pa-
rameters when the injection index is frozen to �0.5 .

in the MCMC and the parameter space is sufficiently
explored, as tested by multiple chains starting from dif-
ferent regions in parameter space. We find a strong co-
variance between the mass and accretion rate, the radius
and the mass/accretion rate, and among all parameters
of the CI model (injection index, normalization, break
frequency, and characteristic absorption frequency). De-
rived quantities take into account this co-variance since
MCMC chains are used.

The combined absorbed CI plus ADAF model fits our
observations reasonably well, which is reflected in the
�2
red ⇡ 5. This includes only statistical uncertainties,

and no systematics due to inaccuracies of the flux scale,
time variability of the source, or calibrators, which will
lower the �2. We also note, that the two model compo-
nents show very good agreement with the VLBA fluxes
for the jet and core (green and orange data points in
Fig. 3).

We also tested the SED fitting by freezing the injection
index to �0.5, for which the ADAF model parameters
do not change significantly (see Table 3). The CI model,
however, shows that the spectral break is almost uncon-
strained for a steeper injection index. This is mainly
due to the poorly sampled frequency range between 10
and 100 GHz. Leaving the injection index free to vary
makes our default choice of model parameters due to the
smaller �2

red. A shallower injection index than 0.5 has
been observed in gigahertz peaked sources before (GPS;
e.g., Murgia et al. 2002).

VLBA 6.7 GHz

10 mas / 1.5 pc Axis of  
old lobes

Schellenberger et al. (2021) 
NGC 5044 
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1321+045: previous studies

20’’ / 78.5 kpc

 

Chandra 0.3-7 keV

 

Merlin 1.6 GHz (mJy/bm)

SDSS spectrum

H𝛂

• FR-I with ~16kpc lobes, spectral index 𝛂=-0.95 (Kunert-Bajraszewska et al. 2010)

• Chandra 9ks snapshot shows 4.4 keV cluster with cool core (K-B et al. 2013)

• Lobes over-pressured by factor ~2 compared to ICM

• Relaxed cluster galaxy population (Wen & Han 2013)

• LH𝛂=4.5x1041 erg/s (Liu et al. 2012) similar to cooling H𝛂 nebulae in low-z clusters
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• 80ks Chandra X-ray observation

• 2.5hr VLBA C-band (+1.5min archival VLA)

• 12hr IRAM 30m CO(1-0) & (3-2): non-detection, MH2 ≲ 6x109 M⦿

!5

1321+045: new observations
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Merlin 1.6 GHz (mJy/bm)
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VLA and VLBA data

VLBA 4.5 GHz VLBA 7.5 GHz

• Archival VLA 4.9 GHz confirms MERLIN 1.6 GHz morphology

• VLBA reveals 20pc jet in core, ~90º offset between jet axes

• Expansion timescale of 20pc jet = ~few hundred years 
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VLA and VLBA data

VLA 4.9 GHz VLBA 4.5 GHz VLBA 7.5 GHz

• Archival VLA 4.9 GHz confirms MERLIN 1.6 GHz morphology

• VLBA reveals 20pc jet in core, ~90º offset between jet axes

• Expansion timescale of 20pc jet = ~few hundred years 
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Radio spectrum
• Continuous Injection model a 

good fit to 74 MHz - 4.9 GHz


• GLEAM survey points show 
break at 147 MHz  
=> Lobe age ~2 Myr


• CI+off model: cutoff frequency 
poorly constrained, >290 GHz 


• Lobes either still powered by jets, 
or only shut down <105 yr ago?
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ICM: disturbed structures

Although ICM looks relaxed at first glance, several 

=> Recent minor merger, S tail and E spur = gas stripped from infalling subcluster?
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ICM: disturbed structures

Although ICM looks relaxed at first glance, several 

=> Recent minor merger, S tail and E spur = gas stripped from infalling subcluster?
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ICM: radial profiles
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• ICM properties similar to other cool-clusters (e.g., ACCEPT sample, Cavagnolo et al. 2009)

• Thermal instability indicators (tcool/tff, tcool/teddy) suggest ~45kpc cooling/condensation region

• Lcool (within tcool<7.7Gyr) ~3.1x1044 erg/s, Jet power ~1.4x1044 => close to thermal balance
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Conclusions
• 1321+045 is hosted by a cluster with properties similar to strong cool-core 

systems at low redshift.

• Evidence of recent minor cluster merger - triggering event for AGN?

• Outer 16kpc lobes are ~2Myr old, probably capable of balancing ICM cooling if 

they are still powered by the jets.

• Inner 20pc VLBA jet few x100 yr old, ~90º offset from axis of older lobes.


Two possible scenarios: 
1) Lobes and inner jet represent two outbursts, AGN jet axis has changed 

- reorientation timescale for the AGN is very short, ≲105 yr

2) Jets/lobes aligned close to line of sight, precession and bent jets explain apparent 

axis difference 
- inner jet is one-sided, W lobe significantly brighter than E 
- no detection of the AGN nucleus in X-ray, L2-10keV < 1.5x1043 erg/s



