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Abstract

All very massive early-type galaxies contain supermassive blackholes, but are these blackholes all sufficiently active to produce detectable
radio continuum sources? We have used the 887.5 MHz Rapid ASKAP Continuum Survey DRI to measure the radio emission from mor-
phological early-type galaxies brighter than Kg = 9.5 selected from the 2MASS Redshift Survey, HyperLEDA, and RC3. In line with previous
studies, we find median radio power increases with infrared luminosity, with P 4 o L%gz, although the scatter about this relation spans sev-
eral orders of magnitude. All 40 of the Mg < —25.7 early-type galaxies in our sample have measured radio flux densities that are more than
20 above the background noise, with 1.4 GHz radio powers spanning ~3 x 10%° to ~3 x 10> W/Hz~!. Cross-matching our sample with
integral field spectroscopy of early-type galaxies reveals that the most powerful radio sources preferentially reside in galaxies with relatively
low angular momentum (i.e. slow rotators). While the infrared colours of most galaxies in our early-type sample are consistent with passive
galaxies with negligible star formation and the radio emission produced by active galactic nuclei or AGN remnants, very low levels of star
formation could power the weakest radio sources with little effect on many other star formation rate tracers.
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1. Introduction a number of studies since the late 1980s (e.g. Fabbiano, Gioia,
& Trinchieri 1989; Sadler, Jenkins, & Kotanyi 1989; Best et al.
2005, 2007; Brown et al. 2011; Sabater et al. 2019; Capetti et al.
2022). Fabbiano et al. (1989) and Sadler et al. (1989) used targeted
radio observations of nearby early-type galaxies to measure the
strong correlation between radio power and B-band luminosity
for early-type galaxies and demonstrated that the distribution of
radio powers at fixed B-band luminosity spans at least four orders
of magnitude. However, while Fabbiano et al. (1989) and Sadler
et al. (1989) could detect radio sources in many of the most mas-
sive galaxies, they were unable to detect radio sources in all of these
galaxies.
Should the broad distribution of radio powers be interpreted as
a duty cycle, with the radio powers of individual objects varying by
orders of magnitudes, or do individual objects retain high or low
radio powers for billions of years? If the former is the case, then
we would expect the high- and low-power radio sources to reside
in host galaxies and groups with comparable properties, includ-
ing morphology, stellar kinematics, and dark matter halo masses
(i.e. a highly variable radio source will not change its host galaxy’s
mass, shape, and large-scale environment). Conversely, if the lat-
ter is the case then high- and low-power radio sources will reside
in galaxies with significantly different properties (i.e. morphology,
kinematics, or environment) at fixed stellar mass.
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The presence of supermassive blackholes (SMBHs) with masses
of millions or billions of Solar masses in all very massive galax-
ies has been established for over two decades (Magorrian et al.
1998). While there are many well-known examples of radio-loud
active galactic nuclei (AGNs) in these galaxies, including M 87 and
Fornax A, it is unclear if all SMBHs in very massive galaxies are
undergoing sufficient accretion to have corresponding detectable
radio continuum emission.

Correlations between AGN radio power and host galaxy mass
have been measured (or implied) by numerous studies for at least
three decades. The K-z relation for powerful radio sources, where
K-band apparent magnitude is correlated with redshift (Lilly &
Longair 1984), is a consequence of the most powerful radio-loud
AGN hosts being limited to the top end of the galaxy stellar mass
function (e.g. Rocca-Volmerange et al. 2004). While the K-z rela-
tion has relatively little dispersion in shallow radio surveys such
as 3C, deeper radio surveys show more dispersion as less powerful
radio sources are hosted by galaxies with a broader range of stellar
masses (e.g. Rocca-Volmerange et al. 2004).

The radio powers of early-type galaxies as a function of abso-
lute magnitude and mass have been measured at low redshift by
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(e.g. Hummel, Kotanyi, & Ekers 1983; Bender, Doebereiner, &
Moellenhoff 1987; Bender et al. 1989). Zheng et al. (2023) recently
found that the kinematic properties of galaxies with high and low
radio powers (at fixed stellar mass) differ from each other, with
the most powerful radio sources being preferentially hosted by
galaxies with low angular momentum (as measured by integral
field spectroscopy). There are a number of proxies for dark matter
halo mass and constraints on models of dark matter halo mass,
including large-scale environment (measured with galaxy clus-
tering), gravitational lensing, and X-ray luminosity (e.g. Benson
et al. 2000, and references therein). However, there are con-
flicting conclusions in the literature about whether high-power
radio sources have dark matter halo masses that are the same
as (e.g. Magliocchetti et al. 2004; Worpel et al. 2013) or higher
than (e.g. Mandelbaum et al. 2009) other galaxies with the same
stellar mass.

Wide-field radio continuum surveys including NRAO VLA Sky
Survey (NVSS), Faint Images of the Radio Sky at Twenty centime-
ters survey (FIRST), and LOFAR Two-metre Sky Survey (LoTSS)
have enabled measurements of the relationship between AGN
radio power and host galaxy mass using low redshift galaxy cata-
logues and surveys, including Third Reference Catalogue of Bright
Galaxies (RC3) and the Sloan Digital Sky Survey (e.g. Best et al.
2005, 2007; Brown et al. 2011; Giirkan et al. 2018; Sabater et al.
2019; Capetti et al. 2022). Both Brown et al. (2011) and Sabater
et al. (2019) find that the measured radio flux densities of very
massive early-type and passive galaxies are consistent with them
being all being radio sources, but the conclusions of these stud-
ies are limited by the depth of their radio data and sample size,
respectively.

Recently Grossova et al. (2022) and Capetti et al. (2022) have
detected large fractions of nearby early-type galaxies with the Karl
G. Jansky Very Large Array (VLA) and the Low Frequency Array
(LOFAR). Grossova et al. (2022) obtained 1-2 GHz detections
of 41 of 42 nearby My < —20 early-type galaxies associated with
Lx > 10 ergs™! X-ray sources, with the one remaining galaxy
(NGC 499) having a 150 MHz detection with LOFAR. Capetti
et al. (2022) used LoTSS to obtain 150 MHz radio detections of
146 (78%) of 188 My < —25 early-type galaxies and detect all 25
early-type galaxies in their sample with Mg < —25.8. Capetti et al.
(2022) caution that while they have a 100% detection rate for the
most massive galaxies in their sample, four of these detections are
associated with remnants of AGN and at least one is likely to be
dominated by star formation.

To determine if all very massive early-type galaxies are radio
continuum sources, the obvious approach is to combine (rela-
tively) deep radio imaging with large samples of nearby early-type
galaxies (e.g. Brown et al. 2011; Capetti et al. 2022; Grossova et al.
2022). The Rapid ASKAP Continuum Survey (RACS; McConnell
et al. 2020; Hale et al. 2021; Duchesne et al. 2023) is a continuum
survey of the sky south of Decl. +47° in three frequency bands
(RACS-low: 887.5 MHz, RACS-mid: 1 367.5 MHz, and RACS-
high: 1 655.5 MHz). For this work, we are using RACS-low DRI
(Hale et al. 2021), which provides 887.5 MHz images of the sky in
the declination range —84.1°8 < +30.0° convolved to a common
resolution of 25" with a typical RMS depth 300 L]y beam™'. Given
radio continuum spectra are often approximated f, oc v™°7 and the
NVSS depth is typically 450 pJy beam™!, RACS is effectively a fac-
tor of ~2 deeper than the 1.4 GHz NVSS. The 2MASS Redshift
Survey (2MRS; Huchra et al. 2012) provides redshifts for nearly
all Ks < 11.25 galaxies with |b| > 10° and is thus the ideal parent
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sample for selecting nearby galaxies. For bright nearby galaxies,
reliable galaxy morphologies are available via the Third Reference
Catalogue of Bright Galaxies (RC3 ; de Vaucouleurs et al. 1991)
and HyperLEDA (Paturel et al. 2003).

In this work, we use RACS, 2MRS, RC3, and HyperLEDA
to determine if all very massive nearby early-type galaxies are
radio sources. In Section 2, we describe the data, sample selection,
and radio flux density measurements. We present our results in
Section 3, including measurements of radio continuum flux den-
sity and radio power as a function of K-band absolute magnitude.
We discuss how our results compare to the literature in Section 4,
including the fraction of early-type galaxies that are radio sources
as a function of K-band absolute magnitude and stellar mass.
Finally, our conclusions are provided in Section 5. Throughout
this paper, we use Vega magnitudes, approximate early-type radio
continuum with £, o« v™°7 and use the bulk flow model of Carrick
etal. (2015).

2. Data and measurements

Our galaxy sample is drawn from the subset of 2MRS in the decli-
nation range —84.1° < § < +30.0°, corresponding to the region of
2MRS that could overlap with the RACS DR1 images or catalogues
of Hale et al. (2021). The full 2MRS provides redshifts and 2MASS
photometry for 97.6% of galaxies brighter than Kg=11.75 mag
over a region encompassing 91% of the sky. While 2MRS does
provide galaxy morphologies, we found some Sa galaxies were
misclassified as early-type galaxies, so we use HyperLEDA and
RC3 morphologies throughout the remainder of the paper.

To obtain a sample with a high fraction of radio detections, we
select a bright early-type subset of 2MRS with Ks < 9.5 mag and
2003 HyperLEDA (Paturel et al. 2003) classifications of E, E-SO,
or SO. For a small minority of galaxies where 2003 HyperLEDA
classifications were unavailable, we selected galaxies if they had
RC3 classifications of E or L (Elliptical or Lenticular). We checked
the sample for contamination by spiral galaxies using SDSS,
PanSTARRS, or Skymapper images (York et al. 2000; Chambers
et al. 2016; Wolf et al. 2018) and after removing obvious contam-
inants we selected 640 early-type galaxies with —84.1°§ < +30.0°.
Our early-type galaxies are sufficiently nearby (median distance of
41 Mpc) that bulk flows can be comparable to the Hubble flow, so
we determine distances using the 2MRS redshifts and the bulk flow
corrections of Carrick et al. (2015)* or, when available, redshift
independent distances from Cosmicflows-3 (Tully, Courtois, &
Sorce 2016)

For each galaxy in our sample we measure the flux density
per beam and (if needed) the integrated flux density from RACS
images cutouts. The cutouts were extracted using astropy (Astropy
Collaboration et al. 2013, 2018), astroquery and Jupyter note-
books that build on code provided by CSIRO ASKAP Science Data
Archive (CASDA). The RACS image cutouts are typically 15’ x 15’
for K < 7 galaxies and 5’ x 5 for Ks > 7 galaxies, but all cutouts
have been visually inspected and larger cutouts were extracted
when needed. Of the 640 early-type galaxies in the parent sample,
633 have at least one ASKAP RACS DRI cutout image.

For each galaxy the flux density per beam is measured directly
from the pixel corresponding to the galaxy position, while for
extended sources an elliptical aperture is used to measure the inte-
grated flux density. The elliptical aperture is defined manually
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via visual inspection of the RACS images, to account for multi-
component sources. We manually removed NGC 4783 from the
sample as its measured RACS flux density is corrupted by neigh-
bouring NGC 4782. To quantify noise and its impact we also
measure the median absolute deviation (MAD) for each image
cutout and the flux density per beam at a position offset by 25
pixels (~1’) in both image axes from each galaxy. As a small
portion of RACS images have relatively high background noise,
for the remainder of the analysis we restrict ourselves to the 587
early-type galaxies that have a >20 flux density per beam detec-
tion or RACS cutouts with a median absolute deviation less than
500 L]y beam™!.

As interferometers such as ASKAP can underestimate the flux
densities of bright and very extended radio sources, we also cross-
match our sample against the Molonglo Observatory Synthesis
Telescope (MOST) sample of Jones & McAdam (1992) and single
dish data from Parkes (Wright & Otrupcek 1990) and the Green
Bank 300-ft (White & Becker 1992). We use single dish data when
it provides a flux density greater than 1 Jy and the measured RACS
flux density is greater than 0.1 Jy (while assuming f, o< v=°7 to
account for frequency differences). Our galaxy sample has signif-
icant overlap with the K <9 early-type galaxy sample of Brown
et al. (2011), which makes use of the NVSS and single dish data.
While RACS is deeper than NVSS, the two surveys should be
broadly consistent and we thus use the Brown et al. (2011) sample
to flag potentially erroneous measurements.

3. Results

The flux densities our 587 Ky < 9.5 early-type galaxies as a func-
tion of absolute magnitudes are presented in Fig. 1. Key measure-
ments for individual galaxies (ordered by apparent Ks magnitude)
are provided in Table 1 including RACS flux density per beam,
RACS median absolute deviation (noise), and RACS integrated
flux density, literature flux density (where relevant), and distance.
We find 408 (70%) of the 587 sample galaxies have a flux density
measurement with greater than 20 significance. A strong trend
with absolute magnitude can be seen, with some of the most mas-
sive galaxies in the sample having continuum flux densities of
>0.1]Jy. While some of the least massive galaxies in the sample
have negative measured flux densities (due to noise), the most
massive galaxies in the sample have positive radio continuum flux
densities. All 40 Mg < —25.7 early-type galaxies in our sample
have RACS detections with more than 2o significance.

Fig. 2 shows log radio power as a function of absolute mag-
nitude for Ks < 9.5 early-type galaxies. The distribution of radio
powers is broad, and at fixed My radio powers can span five orders
of magnitude. While it appears the distribution of radio powers
could narrow for Mg > —24 early-type galaxies, this may be an
artefact of a decreasing fraction of early-type galaxies with radio
detections. The distribution of log radio power is asymmetric, with
some galaxies having radio powers ~10° times higher than the
median. While Brown et al. (2011) were able to fit a log-normal
model to the distribution of radio powers (and limits) measured
with NVSS as a function of absolute magnitude, such a model
would be a poor fit to the higher-quality RACS measurements.

Radio power is clearly a function of absolute magnitude in
Fig. 2, and we have determined the median radio power for abso-
lute magnitude bins where 70% of galaxies have RACS detections.
A fit to the median radio power gives

logP; 4 = (21.49 £0.08) — (0.90 £ 0.10)(Mg + 25.5), (1)
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Figure 1. Flux density per beam of Ks < 9.5 early-type galaxies as a function of Ks-band
absolute magnitude. The dashed lines show the approximate 1o noise of the RACS
images, and 408 of the 587 early-type galaxies in our sample are detected with > 20 sig-
nificance. The absence of very massive early-type galaxies with negative flux densities
is consistent with all very massive early-type galaxies being radio sources.

which corresponds to P4 o< L%?. This fit is shallower than our
previous work, where we found P4 < L%® (Brown et al. 2011),
which may be a consequence of using a (now deprecated) log-
normal model. However, our fit is comparable to that of Sadler
et al. (1989), who found Psy ox L2, where Py is the upper 30%
percentile of the 5 GHz radio power and L is the B-band lumi-
nosity (although caution is required given the different percentiles,
frequencies, and optical-infrared bands used).

In Fig. 3, we present the fraction of early-type galaxies that are
above radio power thresholds as a function of K-band absolute
magnitude. Our combination of depth and low redshift is partic-
ularly useful for the statistics of the lowest power radio sources
(10 W/Hz™!). Binomial statistics indicate that at least 88% of the
overall Mg < —26 early-type population harbours a 102 W/Hz™!
radio source (95% confidence), although we reiterate that 100% of
the most massive galaxies in our sample are detected with RACS.

4. Discussion

We have measured the radio powers of early-type galaxies with
RACS and found that all very massive early-type galaxies are radio
sources. This builds on previous studies that found a large frac-
tion of very massive early-type galaxies, brightest cluster galaxies
(BCGs), and passive galaxies (without detectable star formation)
are radio sources (Best et al. 2005, 2007; Brown et al. 2011; Sabater
et al. 2019; Capetti et al. 2022), with Brown et al. (2011), Sabater
et al. (2019), and Capetti et al. (2022) concluding all very massive
galaxies are probably radio sources.

In Fig. 4, we compare our work with that of Best et al. (2007)
for BCGs and Sabater et al. (2019) for passive galaxies, by plot-
ting the fraction of galaxies that are radio sources as a function
of stellar mass. To approximate stellar masses, we have assumed a
K-band mass to light ratio of 107°2 for passive galaxies, which is
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Table 1. The RACS sample of nearby elliptical galaxies (full table is available online at https://doi.org/10.26180/24939084).

Name R.A. Decl. RACS RACS RACS Lit. Source Ks d logP1.4 My
(J2000) (J2000) fo.8875,beam MAD fo.8875,int fo.8875,int (mag) (Mpc) (WHz™) (mag)
(mJy) (mJy) (mJy) (mJy)
NGC5128 201.3656 -43.0187 5339 13.5 142 x 103 378 x 103 MOST 3.95 3.66 23.64 -23.87
M49 187.4450 8.0004 172 0.23 335 - RACS 5.50 16.07 21.88 -25.53
NGC1316 50.6741 -37.2082 268 0.23 3531 163 x 103 MOST 5.68 17.46 24.64 -25.53
M60 190.9167 11.5526 22.8 1.01 - - RACS 5.82 17.38 20.78 -25.38
M87 187.7059 12.3911 51780 14.0 222 x 103 304 x 103 Parkes 5.90 16.52 24.86 -25.19
NGC3115 151.3082 -7.7186 1.12 0.18 1.26 - RACS 5.92 10.28 19.06 -24.14
M85 186.3502 18.1911 0.54 0.20 - - RACS 6.25 15.85 19.07 -24.75
NGC2974 145.6387 -3.6991 11.7 0.22 - - RACS 6.25 22.08 20.70 -25.47
NGC 2784 138.0812 -24.1726 1.18 0.21 - - RACS 6.32 9.59 18.97 -23.59
M84 186.2657 12.8870 940 1.71 8251 8933 300-ft 6.33 16.83 23.34 -24.80
NGC 1553 64.0436 -55.7801 3.84 0.15 - - RACS 6.34 15.63 19.91 -24.63
M105 161.9567 12.5816 0.83 0.23 - - RACS 6.35 11.22 18.96 -23.90
NGC1399 54.6212 -35.4507 138 0.46 720 - RACS 6.44 22.08 22.48 -25.28
NGC4697 192.1496 -5.8008 1.39 0.35 - - RACS 6.49 12.42 19.27 -23.98
NGC4526 188.5126 7.6991 14.4 0.21 17.5 - RACS 6.54 15.00 20.53 -24.34
NGC 3923 177.7574 -28.8062 1.69 0.17 - - RACS 6.61 20.51 19.79 -24.95
NGC4636 190.7078 2.6878 73.1 0.40 108 - RACS 6.62 15.07 21.33 -24.27
NGC2640 129.3526 -55.1237 29.9 0.17 34.0 - RACS 6.78 10.06 20.48 -23.23
NGC 3585 168.3213 -26.7550 0.56 0.18 - - RACS 6.79 18.79 19.23 -24.58
NGC4365 186.1176 7.3175 0.83 0.18 - - RACS 6.79 22.80 19.58 -25.00
NGC2663 131.2844 -33.7948 270 0.31 2315 3041 Parkes 6.79 27.60 23.30 -25.41
NGC1407 55.0496 -18.5804 95.9 0.58 123 - RACS 6.83 28.18 21.93 -25.42
M89 188.9162 12.5560 95.7 1.63 - - RACS 6.84 15.85 21.32 -24.16
NGC3384 162.0704 12.6293 0.03 0.22 - - RACS 6.84 10.05 17.47 -23.17
NGC 1549 63.9384 -55.5924 0.45 0.14 - - RACS 6.88 17.38 19.07 -24.32
NGC4976 197.1564 -49.5064 1.19 0.30 - - RACS 6.88 12.61 19.22 -23.62
NGC 1404 54.7163 -35.5944 3.92 0.42 4.63 - RACS 6.90 18.79 20.15 -24.47
1C 1459 344.2945 -36.4625 1042 0.34 1088 - RACS 6.92 28.71 22.89 -25.37
NGC 1380 54.1150 -34.9763 4.30 0.28 - - RACS 6.96 18.62 20.11 -24.39
NGC 1395 54.6241 -23.0277 4.34 0.15 - - RACS 7.02 23.77 20.33 -24.86
NGC 5846 226.6221 1.6054 23.1 0.24 - - RACS 7.08 25.00 21.10 -24.91
NGC3607 169.2277 18.0518 8.75 0.20 - - RACS 7.11 22.49 20.59 -24.65
NGC 6684 282.2412 -65.1734 0.09 0.14 - - RACS 7.11 13.55 18.15 -23.55
NGC 1332 51.5722 -21.3354 4.20 0.38 - - RACS 7.11 24.55 20.34 -24.84
NGC4494 187.8501 25.7750 0.98 0.22 - - RACS 7.14 16.90 19.39 -24.00
NGC5102 200.4902 -36.6302 1.28 0.19 - . RACS 7.18 3.73 18.19 -20.68
NGC5084 200.0705 -21.8276 333 0.22 - - RACS 7.19 17.86 20.97 -24.07
NGC3136 151.4506 -67.3780 153 0.16 - - RACS 7.22 24.32 20.90 -24.71
NGC1574 65.4951 -56.9747 2.32 0.14 - . RACS 7.23 19.32 19.88 -24.20
NGC4696 192.2053 -41.3111 3713 1.16 5591 - RACS 7.26 35.48 23.79 -25.49
NGC 3557 167.4905 -37.5393 340 0.31 660 1313 Parkes 7.28 40.74 23.28 -25.77
NGC7049 319.7510 -48.5620 47.3 0.20 66.8 . RACS 7.32 29.92 21.72 -25.06
NGC 7507 348.0316 -28.5396 0.46 0.20 - . RACS 7.33 24.55 19.39 -24.62
NGC 5061 199.5211 -26.8372 0.79 0.19 - - RACS 7.34 23.77 19.59 -24.54
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Figure 2. Log 1.4 GHz power of Ks < 9.5 early-type galaxies as a function of Ks-band
absolute magnitude. For galaxies with a measured flux density per beam less than
20 above the local noise, we plot 20 upper limits, as shown with triangles. Large
blue circles show median radio power as a function of absolute magnitude, which
can be approximated by P, 4 o L%?. The distribution of log radio power is skewed, with
some early-type galaxies having radio powers ~10° times higher than the median. All
very massive early-type galaxies are radio sources, although some have radio powers
comparable to that of the Milky Way.
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Figure 3. The fraction of early-type galaxies above radio power thresholds as a func-
tion of K-band absolute magnitude. Binomial statistics have been used to determine
the uncertainties and for clarity, and the data for the different power thresholds have
been slightly offset.

comparable to a Kroupa (2002) initial mass function. For clarity,
we have not shown error bars and caution that for the highest mass
bins the sample sizes can be small and the uncertainties large. For
example, the two highest mass bins for the logPy 5 > 21 sample
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Figure 4. The fraction of early-type galaxies that are radio sources as a function of stel-
lar mass for this work, and the studies of Best et al. (2007) for BCGs and Sabater et al.
(2019) passive galaxies. For clarity, we do not show uncertainties, which can be large
for the highest mass bins. While the different works have different galaxy selection
criteria and observed at radio frequencies between 150 MHz and 1.4 GHz, the broad
overall trends are comparable.

of Sabater et al. (2019) contain only five galaxies. That said, for
those bins where there are relatively large numbers of galaxies,
we can see broadly similar trends, particularly for radio powers
of P~ 102 W/Hz ..

Why can the radio powers of elliptical radio galaxies at fixed
stellar mass differ by orders of magnitude? A simple solution
would be environment, where powerful sources reside at the cen-
tres of relatively high mass dark matter halos with higher rates
of gas in-fall. Alternatively, the observed distribution of radio
powers could reflect a duty cycle with no dependence on envi-
ronment, where radio powers of individual galaxies vary widely
with time. In this latter scenario, the environments of high- and
low-power radio sources would be comparable, as the large-scale
environments of galaxies change relatively slowly with time.

To briefly explore the correlation between radio power and
environment, we have cross-matched our elliptical galaxy sam-
ple with the ROSAT Meta-Catalogue of X-ray Detected Clusters
of Galaxies (MCXC; Piffaretti et al. 2011), where X-ray luminosity
serves as a proxy for halo mass. As Fig. 5 illustrates, the highest
mass galaxies often have X-ray counterparts as they reside within
the most massive dark matter halos (e.g. Lin & Mohr 2004; Brown
et al. 2008), but once this confounding factor is accounted for
there is no obvious correlation between radio power and X-ray
counterparts in MCXC. The literature on radio galaxy environ-
ments reaches a range of conclusions, with some seeing modest
correlations between radio power and environment once the con-
founding factor of host galaxy mass is accounted for (e.g. Worpel
et al. 2013), while others see powerful radio sources preferen-
tially in over-dense environments (e.g. Mandelbaum et al. 2009).
Larger samples of low redshift radio galaxies will be selected with
the completed ASKAP Evolutionary Map on the Universe (EMU;
Norris et al. 2011) and should better address this question.
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Figure 5. Log 1.4 GHz power of Ks < 9.5 early-type galaxies as a function of Ks-band
absolute magnitude, with matches to the ROSAT MCXC highlighted. X-ray luminosity is
strongly correlated with K-band luminosity (and stellar mass), but galaxies with both
high and low radio powers have counterparts in the MCXC.

There are well-established correlations between AGN radio
power and host galaxy properties, including stellar mass (as dis-
cussed earlier) and morphology (i.e. early-type galaxies). Within
early-type galaxies, there is a spread in morphological and kine-
matic properties, including fast and slow rotators that show rel-
atively high and low net angular momentum compared to the
observed dispersion (e.g. Kormendy & Bender 1996; Emsellem
et al. 2007). Within elliptical galaxies, Bender et al. (1987, 1989)
found that galaxies with boxy isophotes typically had higher radio
powers than galaxies with disc components. Zheng et al. (2023),
using LoTSS and VLA radio surveys along with MANGA integral
field spectroscopy recently found that high-power radio sources at
fixed stellar mass are preferentially in early-type galaxies classified
as slow rotators. North of § = —6° our sample overlaps with local
integral field spectroscopy of early-type galaxies that provide fast
and slow rotator classifications (Emsellem et al. 2007, 2011; Veale
etal. 2017) using the Az, = 0.25 criterion where

XY RV
Zfil FiR; Vi2+0i2

where R, is the effective radius, R is the radius from the galaxy
centre, F is the surface brightness, V is the stellar rotation velocity,
and o is the stellar velocity dispersion. In Fig. 6, we show the K-
band absolute magnitudes and radio powers of the § > —6° subset
with fast and slow rotator classifications highlighted.

In Fig. 6, early-type galaxy angular momentum is clearly corre-
lated with absolute magnitude (and stellar mass), but at the highest
masses there is also a correlation between radio power and angular
momentum, with high-power radio sources being preferentially
hosted by slow rotators. The distribution of radio powers at fixed
absolute magnitude (or stellar mass) should thus not be considered
a direct measurement of a duty cycle, as the host galaxies of high-
and low-power radio sources are (on average) different. Given
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Figure 6. Log 1.4 GHz power of Ks < 9.5 early-type galaxies in the declination range
—6° < § < +30° as a function of Ks-band absolute magnitude, with galaxies with fast
and slow rotators highlighted. While there is an obvious trend with K-band absolute
magnitude, there is also a trend with radio power, and all early-type galaxies with radio
powers above 102 W/Hz* are slow rotators.

radio power in passive galaxies (at fixed stellar mass) correlates
with both rotation and morphology, it is plausible that rotational
support of gas results in fast rotators having (on average) lower
accretion rates than slow rotators. Our trend is qualitatively sim-
ilar to that observed by Zheng et al. (2023), but they find some
high-power radio sources hosted by fast rotators whereas in our
(admittedly) incomplete sample all the early-type galaxies hosting
radio sources above 1022 W/Hz ™! are slow rotators.

While AGNs clearly power >10* W/Hz™! radio sources in
early-type galaxies, do they also power < 10* W/Hz™!' radio
sources in early-type galaxies? In Fig. 7, we plot the Wide-field
Infrared Survey Explorer (WISE; Wright et al. 2010; Parkash et al.
2018; Jarrett et al. 2019) colours of Kg < 9.5 galaxies with radio
powers below 10*! W/Hz™!, with early-type galaxies highlighted
in red. The WISE W1, W2, and W3 bands correspond to 3.4, 4.6,
and 12 pm, respectively, with 12 um being sensitive to thermal
emission from dust heated by star formation (e.g. Wright et al.
2010). The early-type galaxies primarily reside near the origin of
the WISE colour-colour diagram, where the colours are compara-
ble to a Rayleigh-Jeans spectra of stars with little emission from
warm dust, consistent with passive galaxies (with little or no star
formation) hosting AGNs.

While the WISE colours of our sample are consistent with them
being powered by AGNs (i.e. not powered by star formation), this
does not rule out other sources of radio emission. As noted ear-
lier, Capetti et al. (2022) conclude that for their 25 My < —25.8
galaxies with radio detections, at least four are AGN remnants and
at least one is powered primarily by star formation. Also, a radio
power of ~10* W/Hz™! corresponds to a star formation rate of
~0.5 Mg yr~! (e.g. Brown et al. 2017) and for a very massive ellip-
tical galaxy this corresponds to a specific star formation rate of
~2 x 107* Gyr~!. Such low specific star formation rates may not
be picked up by many star formation rate tracers (including WISE
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Figure 7. The WISE colours of Ks < 9.5 galaxies with RACS detections and radio pow-
ers below 10! W/Hz™. As expected, most galaxies with early-type morphologies are
near the origin of the diagram, corresponding to (approximately) the Rayleigh-Jeans
spectral energy distributions of stellar populations and little infrared emission by warm
dust. While the WISE colours of early-type galaxies are consistent with their radio
sources being powered by AGNs, we cannot rule out very low levels of star formation
in these galaxies.

infrared colours), so it is possible some weak radio sources in our
sample are powered by star formation without a contribution from
an AGN (or an AGN remnant).

5. Conclusion

We have measured radio continuum emission from 587 Kg <
9.5 morphological early-type galaxies using 2MRS sample and
the RACS 887.5 MHz images of galaxies in the declina-
tion range —84.1° <§ < 430.0°. With a typical RMS depth of
300 pJybeam™' and a ~25” beam, we are able to measure radio
emission from 70% (408) of the early-type galaxies in our sample
with more then 2o significance. We find both radio flux density
and radio power are a strong function of K-band absolute magni-
tude. All 40 of the Mg < —25.7 early-type galaxies in our sample
have measured flux densities that are more than 20 above the
noise.

At fixed K-band magnitude, the distribution of radio pow-
ers spans five orders of magnitude and is asymmetric, with some
galaxies having radio powers more than 10° times larger than
the median. Comparing our sample to integral field spectroscopy
kinematics from the literature, we find that high-power radio
sources are preferentially found in host galaxies with relatively
low angular momentum (slow rotators). We thus conclude that
the broad distribution of radio powers cannot be directly inter-
preted as a duty cycle, as (on average) the host galaxies of high-
and low-power radio sources are different.

We conclude that all very massive (>3 x 10 M) early-type
galaxies harbour radio sources, although in some instances the 1.4
GHz radio power is only ~3 x 10° W/Hz™!. The infrared colours
of most early-type galaxies detected by RACS are comparable to
passive galaxies without star formation, and for powerful radio

https://doi.org/10.1017/pasa.2023.62 Published online by Cambridge University Press

sources this implies they are powered by AGNs. However, for the
weakest radio sources, it is plausible that very very low levels of
star formation could produce low-power radio sources with little
impact on infrared colours.
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