


5182 R. J. Turner and S. S. Shabala

large sky surveys have also found populations of remnant (Brienza
et al. 2017; Mahatma et al. 2018) and restarted (Mahatma et al. 2019)
radio galaxies, setting a lower bound for the duty-cycle. Turner
(2018) used a radio source dynamical model to provide an upper
limit on the duty cycle of δ < 0.15 in the remnant B2 0924 + 30.
Shabala et al. (2019) tighten the range of plausible duty cycles by
comparing the size and luminosity functions of radio sources in the
Lockman Hole to simulated functions based on dynamical models
for a range of lifetime distributions.

The shock-accelerated electrons comprising extended radio AGN
lobes not only emit synchrotron radiation at radio frequencies, but
also produce X-ray emission at keV energies due to the inverse-
Compton upscattering of cosmic microwave background (CMB)
photons by lower energy electrons. The inverse-Compton and syn-
chrotron radiative loss mechanisms more rapidly deplete the higher
energy (γ ∼ 104) electrons involved in the synchrotron radiation
compared to the lower energy (γ ∼ 103) electrons responsible for
the X-ray inverse-Compton emission (Nath 2010; Mocz, Fabian &
Blundell 2011). Remnant radio galaxies are therefore expected
to appear as inverse-Compton ‘ghosts’ for some period of time
after the cessation of jet activity before becoming undetectable at
both radio and X-ray wavelengths (Blundell & Rawlings 1999).
In particular, the extended X-ray source HDF 130 at z = 1.99
has been identified as a remnant radio galaxy despite its double-
lobed structure only being visible at X-ray wavelengths (Fabian
et al. 2009). Further inverse-Compton ‘ghosts’ should be readily
detectable at high redshift since the energy density of the CMB
increases as (1 + z)4, offsetting the reduced X-ray flux density
at greater distance (Mocz et al. 2011; Ghisellini et al. 2014).
Conversely, only the youngest radio galaxies at high-redshift will
be detectable in radio observations due to the extreme radiative
losses resulting from the strong microwave background energy
density. Fabian et al. (2014) investigate two distant quasars, ULAS
J112001.48 + 064124.3 at z = 7.1 and SDSS J1030 + 0524 at z =
6.3, finding that powerful jets fuelled by super-Eddington accretion
rates could exist but be undetectable with current surveys. However,
the benefit of increased brightness at higher redshifts may be offset
by the convolution of the extended and core emission, which can be
of comparable magnitude to the brightest inverse-Compton lobes
(Mingo et al. 2014).

In this work, we extend the Radio AGNs in Semi-analytic
Environments (RAiSE; Turner & Shabala 2015; Turner 2018; Turner
et al. 2018a) model for the dynamical evolution and synchrotron
emissivity of active, remnant, and restarted radio galaxies to X-
ray wavelengths; in particular, we seek to quantify which radio
galaxies have non-core associated X-ray emission detectable with
the surface brightness sensitivity of current surveys (e.g. using
Chandra and eRosita). Previous iterations of RAiSE have found
success in: (1) reproducing surface brightness and spectral age
maps for canonical FR-I (3C 31) and FR-II (3C 436) type sources
(Turner et al. 2018a); (2) deriving jet kinetic powers consistent
with X-ray inverse-Compton measurements (Turner et al. 2018b);
and (3) accurately constraining the Hubble constant using low-
redshift AGNs (Turner & Shabala 2019). In this paper, we first
extend RAiSE to calculate the integrated X-ray luminosity due to the
inverse-Compton upscattering of CMB radiation by lobe electrons,
then create model X-ray surface brightness maps for lobes of
Fanaroff & Riley (FR; 1974) type-II morphology (Section 2). These
X-ray brightness maps are completed in Section 3 by including the
bremsstrahlung radiation both from the shocked shell of gas swept
up between the bow shock and lobe plasma, and from the ambient
medium. In Section 4, we investigate the changing importance

of the inverse-Compton and bremsstrahlung radiative mechanisms
with redshift and intrinsic properties of the source. Finally, we
create a mock catalogue of extended radio galaxies based on an
observationally informed set of parameters; this catalogue is used to
generate the X-ray luminosity function for FR-IIs over cosmic time,
and characterize the effectiveness of both radio frequency (SKA-
pathfinders) and X-ray surveys at detecting high-redshift remnants
(Section 5).

The �CDM concordance cosmology with �M = 0.3, �� = 0.7,
and H0 = 70 km s−1 Mpc−1 (Planck Collaboration XIII 2016) is
assumed throughout the paper.

2 LOBE I NVERSE-COMPTON EMI SSI VI TY

The inverse-Compton emissivity model developed in this work is
based on the synchrotron model presented by Turner et al. (2018a);
it can therefore similarly be applied to any AGN dynamical model,
be it analytical or a hydrodynamical simulation. The Turner et al.
(2018a) model assumes that the radiative losses are not taken into
account self-consistently in the evolution of the lobe pressure.
Hardcastle (2018) confirms that synchrotron radiation comprises
less than ten per cent of the input power for typical radio galaxies
(at z = 0), whilst inverse-Compton and bremsstrahlung radiation
contribute even less to the energy loss during the source expansion.
However, the CMB radiation responsible for the inverse-Compton
losses increases with redshift as (1 + z)4; the inverse-Compton
radiation can reach up to 40 per cent of the input power in a 100 Myr
source at z = 1, or all of the input power for a 10 Myr source at
z = 4. The results in this work do not consider objects beyond
these extremes in age and redshift. The adiabatic expansion of the
lobe is therefore assumed to take up the bulk of the input energy
as explicitly considered in numerical and published analytical
dynamical models.

Hardcastle, Birkinshaw & Worrall (1998) proposed a technique
to derive the inverse-Compton emissivity from the hotspots of
powerful FR-IIs by integrating over the full electron and photon
distribution. Nath (2010) and Mocz et al. (2011) later both derived
models for the inverse-Compton emission from radio lobes, with
the formalisms consistent to those found in the dynamical and
synchrotron emissivity models of Kaiser & Alexander (1997) and
Kaiser, Dennett-Thorpe & Alexander (1997). These two models
make use of the electron energy distribution assumed in the
synchrotron emissivity model, and will therefore have the same
strengths and shortcomings as the calculation of the radio emissivity.

2.1 Unresolved, continuously injected electron model

The synchrotron-emitting electrons in radio sources have significant
kinetic energy when compared to the energy of the CMB photons,
and thus the electron energy can be transferred to a CMB photon
through inverse-Compton scattering.

Assuming that the electrons emit synchrotron radiation only at
some critical frequency νsyn = γ 2νL, where νL is the Larmor
frequency, the total lossless radio power (integrated over solid
angle) emitted by electrons in a volume element dV is (e.g. Kaiser
et al. 1997)

dLνsyn = 1

2
σTcuB

γ 3

νsyn
n(γ )dV , (1)

where σ T is the electron scattering cross-section, c is the speed
of light, uB is the energy density of the magnetic field, and n(γ )
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et al. (2011), albeit with noticeably brighter luminosities, largely due
to the richer cluster cores in our observationally informed density
profiles.

2.2 Spatially resolved lobe losses

The spatially resolved RAiSE dynamical model calculates lobe
properties as a function of distance from the site of particle
acceleration (hotspots for FR-II, flaring points for FR-I sources).
Taking the particle acceleration site as the origin of the coordinate
system, the inverse-Compton emissivity from a position r in the
lobe can similarly be derived following Turner et al. (2018a).

dL(ν, t, r) = K(s)νsyn
(1−s)/2

Jcorr(s)

(νsyn

ν

) q (s+1)/4

(q + 1)(s+5)/4

× p(t, r)(s+1)/4dV (t, r)(
c − 1)[uc0(z + 1)4]

×
[

p(ti(r))

p(t, r)

]1−4/(3
c) [
γi(r)

γ

]2−s

, (7)

where the volume occupied at the present time by an electron packet
injected between ti and ti + dti is given by

dV (t, r) =
∫ t

0

Q(ti)

Q0
δ(t ′

i − ti)
dV (t ′

i , r)

dt ′
i

dt ′
i . (8)

For lobed sources with a high internal sound speed (typically
FR-IIs), the volume element can be simplified to dV(t, r) =
av(ti)V(ti)dti/ti and the pressures taken as lobe averages; i.e. p(t,
r) and p(ti(r)) are the lobe pressure at the present time and the time
of electron injection, respectively.

Turner et al. (2018a) used hydrodynamic simulations to study the
spatial distribution of synchrotron-emitting electrons throughout
lobed sources, by injecting tracer fields into the jet at regular
intervals and tracking their motion. The distribution of these tracer
fields within the lobe at each injection age was used to produce
a representative synchrotron-emitting electron population at every
location across the source. Turner et al. (2018a) found that the fluid
injected at the jet terminal hotspot initially flows smoothly back
towards the core, but electrons of different ages disperse broadly
after travelling back slightly less than half of the lobe length. Turner
et al. (2018a) model the average location, r, and the 2σ spread, dr,
of the electron packets as a function of synchrotron age (see their
equations 11a,b). These authors also found the behaviour of the flow
to be independent of both physical and temporal scales, enabling a
single analytic description of the electron distribution to be assumed
for all lobed FR-II sources.

Below, we use the results of these simulations to inform our
analytic models for both active and remnant radio sources. For
remnants, the relative locations of the electron packets within the
lobe are assumed to remain fixed upon the jet switching off. This
assumption is only valid on time-scales shorter than the mixing
time-scales. However, remnant sources are typically observed soon
after the jet switches off (e.g. Brienza et al. 2017; Hardcastle 2018;
Turner 2018; Shabala et al. 2019) and this assumption is expected
to be appropriate for most objects.

3 SH O C K E D SH E L L B R E M S S T R A H L U N G
R A D I AT I O N

The bow shock generated by a powerful lobed radio source (FR-II
or FR-I) sweeps up the intracluster medium (ICM) in its path as it
propagates outwards from the active nucleus. The thermal evolution

of this swept-up gas was considered by Alexander (2002). Here, we
extend the RAiSE model to explicitly include evolution of the shell
of shocked gas surrounding the lobe.

3.1 Shocked shell dynamical model

3.1.1 Axis ratio evolution

Hydrodynamical simulations (e.g. Hardcastle & Krause 2013)
suggest that the bow shocks of radio sources expand in a self-similar
manner despite the lobes slowly elongating over their evolutionary
history: for example, in their fig. 1, the axial ratio of the shocked
shell remains a constant value of ∼2.5 once fully formed, whilst
the lobe ratio slowly increases from 6.5 to 8. We therefore model
the growth of the shocked shell in RAiSE using the same formalism
as for lobe evolution, but excluding the late-stage Rayleigh–Taylor
mixing which quickly pinches the lobes. The radius of the shocked
shell is thus related to that of the intact lobe at each point on
its surface as Rs(θ ) = τR(θ ), where τ ≡ τ (θ ) is a constant of
proportionality and θ is the angle between the surface location and
the jet axis.

Simulations clearly show that the ratio between shocked shell
and lobe radii varies across the surface of the shocked shell. We
define the axial ratio (length divided by width) of the shocked shell
in terms of the axial ratio of the lobe as As = Aι, for some exponent ι.
Based on the hydrodynamical simulations of Hardcastle & Krause
(2013), we assume a value of ι = 0.5 in this work; in other words,
As = √

A.
The radial distance to the lobe surface at an angle θ from the jet

axis is related to the length of the lobe along the jet axis by the ratio
given in equation (21) of Turner & Shabala (2015),

η(θ ) = 1√
A2 sin2 θ + cos2 θ

, (9)

and the distance to the shocked shell at angle θ is similarly related
to the length of the shocked shell along the jet axis by the ratio

ηs(θ ) = 1√
A2ι sin2 θ + cos2 θ

. (10)

The radius of the shocked shell can thus be related to that of the
lobe as Rs(θ ) = τηs(θ )R(θ )/η(θ ), where τ ∼ 1.05 (Hardcastle &
Krause 2013) is the ratio of the shocked shell to lobe radii along the
jet axis.

3.1.2 Modified shock geometry

To describe the expansion of the shocked shell, we follow the
geometric approach of Turner & Shabala (2015). We calculate
the component of the expansion rate normal to the surface of
the shocked shell by relating it to the expansion rate of the
shocked shell along the jet axis, as in equation (20) of Turner &
Shabala (2015),

ζs(θ ) =
[

A2ι sin2 θ + cos2 θ

A4ι sin2 θ + cos2 θ

]1/2

. (11)

Again following the method of Turner & Shabala (2015), we derive
a second-order differential equation in terms of the lobe radius and
expansion rate of the lobe surface at an angle θ from the jet axis.
This differential equation cannot be solved analytically in general,
and so we must adopt a numerical scheme using a fourth-order
Runge–Kutta method in terms of a system of two first-order ODEs.
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the fractional contribution of continuum emission to the total
bremsstrahlung X-ray spectrum (including both continuum and line
emission) integrated over a typical 0.5–2 keV observing band. The
emission lines are found to contribute a significant component of the
X-ray flux density at redshifts z < 2.5 in clusters with temperatures
kT � 1 keV, corresponding to halo masses � 1013.5 M	. We use
the appropriate APEC model to correct our analytically derived
flux densities of the X-ray emission arising from bremsstrahlung
radiation.

4 X-RAY SU R FACE BRIGHTNESS MAPS

We use the formalism developed in the preceding sections to make
predictions for the observed X-ray emission from radio galaxies and
their environments. There are three main contributions: lobe inverse-
Compton emission (Section 2) and two sources of bremsstrahlung
radiation, from the shocked gas shell ahead of the lobes (Section 3),
and from the ambient medium. We calculate the latter in the same
way as bremsstrahlung from the shocked gas shell, but adopting
density and temperature parameters characteristic of the hot gas in
galaxy clusters, as described in Turner & Shabala (2015).

4.1 X-ray and radio brightness maps

The lobes and shocked gas shell of each mock radio galaxy are
divided into a 512 × 512 × 512 grid of cubic pixels; this grid extends
a factor of two beyond the edge of the lobe to enable a comparison
with X-ray surface brightness of the ambient medium. Each cell in
the cube is classified as either part of the lobe, shocked shell, or
ambient medium based on the modified RAiSE dynamical model
(Section 3), and the inverse-Compton emissivity or bremsstrahlung
radiation calculated as appropriate. The observed emission arising
from these extended objects is the integral of all the emissivity
along a given line of sight. The 2D surface brightness is simply
calculated by summing the emissivity from every cell along the
depth of the source, assuming the lobe plasma and ambient medium
in front of the source is optically thin. The X-ray emission arising
from the ambient medium lying outside the grid of cell is calculated
analytically for each line of sight and added to the total from the
numerical grid. For simplicity, we assume that the lobes lie in the
plane of the sky.

The inverse-Compton and bremsstrahlung emissivity in the (2D)
surface brightness map are derived for the technical characteristics
of the eRosita (Merloni et al. 2012). Specifically, at a 1 keV
observer-frame energy, the half-energy width (on axis) is 15 arcsec
and the total effective area of the seven mirror systems is ∼
1500 cm2. The number of 1 keV photons falling on these mirrors in
a typical 1000 s (1 ks) observing time is thus calculated from the X-
ray surface brightness grid. The 151 MHz radio frequency emission
from the lobes is also calculated following the method of Turner
et al. (2018a); this frequency is commonly used by low-frequency
Square Kilometre Pathfinder instruments, including the LOFAR and
the Murchison Widefield Array (MWA).

The X-ray and radio surface brightness distributions are modelled
for lobed FR-IIs at a range of redshifts throughout their evolutionary
history. Specifically, we simulate AGNs at 41 (log-spaced) source
ages between 3 and 300 Myr, redshifts of z = 0.1, 0.5, and 1, jet
powers of Q = 1037, 1038, and 1039 W, active ages of 30 and 100 Myr
(i.e. when the jet ceases injecting fresh electrons), and host cluster
environments with dark halo masses of 1012.5, 1013.5, and 1014.5 M	.
The axial ratio of the lobe is taken as A = 4 corresponding to an
axial ratio for the shocked shell of As = 2 (see Section 3.1.1). The

Figure 3. X-ray (1 keV) and radio (151 MHz) observer-frame frequency
surface brightness maps for three simulated lobed AGNs. The X-ray surface
brightness (in greyscale) is shown for the 15 arcsec beam of eRosita, though
the original resolution of the simulated image is retained for clarity. The radio
frequency contours (in red) are linearly spaced between zero and the peak
flux density; the radio contours are only shown here to highlight the sections
of the lobe emitting synchrotron radiation and are thus not scaled for any
particular survey. Top panel: active source with a 1039 W jet expanding into
a 1014.5 M	 cluster at redshift z = 0.1, viewed at an age of 10 Myr. Middle
panel: remnant source which had a powerful 1038 W jet expanding into a
1012.5 M	 cluster at redshift z = 1 for 100 Myr, viewed at an age of 125 Myr.
Bottom panel: active source with a 1037 W jet expanding into a 1014.5 M	
cluster at redshift z = 1, viewed at an age of 100 Myr.

other parameters in the RAiSE dynamical and synchrotron/inverse-
Compton emissivity models take the same values as used by Turner
et al. (2018b).

The surface brightness maps for several informative combi-
nations of these parameters are shown in Fig. 3. Powerful jets
expanding into dense environments are found to create dense shells
of shocked gas surrounding the lobe. The bremsstrahlung radiation
from the shocked gas is much brighter than can be generated by the
inverse-Compton radiation process, especially in young sources and
at low redshifts (e.g. top panel of Fig. 3). The faint lobes bounded
by well-defined lines are seen in Chandra X-ray images of Cygnus
A and MS 0735.6 + 7421 (Rafferty et al. 2006), with cavities also
seen in the hosts of weaker FR-Is such as the Perseus cluster (Fabian
et al. 2006). By contrast, in lower mass clusters, the density of swept-
up gas is very low causing its temperature to be high to satisfy the
shock jump conditions. The increased temperature leads to minimal
bremsstrahlung radiation from the shocked gas shell. The inverse-
Compton upscattered photons in the lobe are thus the dominant
source of X-ray emission, especially at higher redshifts where the
CMB radiation is stronger (e.g. middle panel of Fig. 3). Finally,
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will find 14 per cent of remnants at z = 0.1 which are not visible
to LOFAR, decreasing to 1.1 per cent and 0.002 per cent at redshifts
z = 0.5 and 1, respectively. Meanwhile, the surface brightness of the
bremsstrahlung radiation from the ambient medium of any realistic
mass haloes is expected to become undetectable beyond redshift z

≥ 1; i.e. any non-core X-ray detection can be attributed to extended
AGN activity. We consider the effectiveness of radio frequency
and X-ray surveys at detecting remnants at these high-redshifts
for greatly enhanced surface brightness sensitivity. The number
density of X-ray detected remnants at redshift z = 1 becomes
comparable to the number of radio frequency detections. However,
our work predicts that at least a factor of ten more remnants would be
detected using X-ray wavelengths (compared to radio frequencies)
at redshifts z > 2.2, increasing to a factor of 100 for redshifts z

> 3.1. Future high-sensitivity surveys using eRosita or subsequent
X-ray telescopes may therefore prove the best tool for probing the
earliest generations of powerful radio galaxies.

AC K N OW L E D G E M E N T S

We thank an anonymous referee for helpful and constructive
comments that have improved our manuscript.

RE F EREN C ES

Alexander P., 2002, MNRAS, 335, 610
Best P. N. et al., 2005, MNRAS, 362, 25
Blundell K. M., Rawlings S., 1999, Nature, 399, 6734
Blundell K. M., Rawlings S., Willott C. J., 1999, AJ, 117, 677
Bower R. G. et al., 2006, MNRAS, 370, 645
Brienza M. et al., 2017, A&A, 606A, 98
Croton D. J. et al., 2006, MNRAS, 365, 11
Croton D. J. et al., 2016, ApJS, 222, 22
de Vries M. N. et al., 2018, MNRAS, 478, 4010
Fabian A. C., 2012, ARA&A, 50, 455
Fabian A. C. et al., 2003, MNRAS, 344, L43
Fabian A. C. et al., 2006, MNRAS, 366, 417
Fabian A. C., Chapman S., Casey C. M., Bauer F., Blundell K. M., 2009,

MNRAS, 395, L67
Fabian A. C. et al., 2014, MNRAS, 442, L81
Fanaroff B. L., Riley J. M., 1974, MNRAS, 167, 31P
Forman W. et al., 2005, ApJ, 635, 894
Gaibler V., Khochfar S., Krause M., Silk J., 2012, MNRAS, 425, 438
Gaspari M., Sa̧dowski A., 2017, ApJ, 837, 149
Ghisellini G., Celotti A., Tavecchio F., Haardt F., Sbarrato T., 2014, MNRAS,

438, 2694
Girardi M., Giuricin G., 2000, ApJ, 540, 45
Godfrey L. E. H., Shabala S. S., 2013, ApJ, 767, 12
Gültekin K. et al., 2009, ApJ, 698, 198
Hardcastle M. J., 2013, MNRAS, 433, 3364
Hardcastle M. J., 2018, MNRAS, 475, 2768
Hardcastle M. J., Krause M. G. H., 2013, MNRAS, 430, 174
Hardcastle M. J., Krause M. G. H., 2014, MNRAS, 443, 1482
Hardcastle M. J., Birkinshaw M., Worrall D. M., 1998, MNRAS, 294, 615
Hardcastle M. J. et al., 2019, A&A, 622, A12
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