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ABSTRACT

We perform relativistic hydrodynamic simulations of the formation and evolution of active
galactic nucleus (AGN) cocoons produced by very light powerful jets. We calculate the inten-
sity maps of the Sunyaev—Zel’dovich (SZ) effect at high frequencies for the simulated AGN
cocoons using the relativistically correct Wright formalism. Our fully relativistic calculations
demonstrate that the contribution from the high-temperature gas (k7. >~ 100keV) to the SZ
signal from AGN cocoons at high frequencies is stronger than that from the shocked ambient
intercluster medium owing to the fact that the relativistic spectral functions peak at these
temperature values. We present simulations of the SZ effect from AGN cocoons at various
frequencies, and demonstrate that SZ observations at 217 GHz and at higher frequencies, such
as 857 GHz, will provide us with knowledge about the dynamically dominant component of
AGN cocoons.

Key words: galaxies: clusters: individual: MS 073547421 —intergalactic medium — galaxies:

jets — cosmic background radiation.

1 INTRODUCTION

The standard evolutionary scenario for active galactic nuclei
(AGNs) suggests that their jets are not in direct contact with the
intergalactic or intracluster medium (IGM/ICM), but rather are
enveloped in a cocoon. The cocoon around a pair of supersonic,
low-density (when compared to the ambient IGM) jets acts as a
‘wastebasket’ for most of the energy deposited by the jets (Scheuer
1974). A number of cavities in X-ray surface brightness maps were
detected by the Chandra X-Ray Observatory in clusters of galaxies
(for a review see McNamara & Nulsen 2007). So far, the largest
cavities in X-ray surface brightness maps have been revealed in the
MS 073547421 and Hercules A clusters of galaxies (McNamara
et al. 2005; Nulsen et al. 2005). These X-ray cavities extend over
several hundreds of kpc and are formed by powerful AGN jet ac-
tivity. The presence of X-ray cavities can be caused by very hot gas
embedded in the AGN cocoons. Low-density gas with high tem-
peratures of k,7T. >~ 100 keV does not significantly emit in the soft
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X-ray band and, therefore, high-temperature regions can be associ-
ated with X-ray cavities. Numerical simulations of AGN cocoons
in galaxy clusters show that electron temperatures of the order of
100keV are expected for the plasma in AGN cocoons (see e.g.
Sternberg & Soker 2009; Perucho, Quilis & Marti 2011).

Inverse Compton (IC) scattering of cosmic microwave back-
ground (CMB) photons by free thermal electrons located in an
AGN cocoon causes a change of the CMB spectrum (see Pfrom-
mer, Enfllin & Sarazin 2005; Prokhorov, Antonuccio-Delogu &
Silk 2010). In this paper, we identify this change of the CMB
spectrum with the Sunyaev—Zel’dovich (SZ) effect (Zel’dovich &
Sunyaev 1969; for a review see Birkinshaw 1999) from AGN co-
coons. The advent of new telescopes, such as Herschel, Green Bank
Telescope (GBT) and the Atacama Large Millimeter/submillimeter
Array (ALMA), should allow us to measure the CMB distortion
towards AGN cocoons at various frequencies with high sensitivity
and high angular resolution (see Zemcov et al. 2010; Korngut et al.
2011; Yamada et al. 2012 for the first observations of the SZ ef-
fect from galaxy clusters by Herschel-SPIRE, GBT-MUSTANG
and the recent simulations of SZ maps of ALMA, respectively).
As shown by Prokhorov et al. (2010), the CMB intensity change at
a frequency of 217 GHz, which approximately corresponds to the
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crossover frequency of the SZ effect from a low-temperature gas
with kyT. < S5keV (see Sunyaev & Zel’dovich 1980), is maximal
at the temperature of ~100keV (see Colafrancesco 2005 for a re-
view of the SZ effect from AGN cocoons in non-thermal electron
models). The frequency shift of CMB photons owing to IC scatter-
ing increases with electron temperature. Therefore, we assume that
the CMB distortion caused by IC scattering by a high-temperature
plasma with k,7. >~ 100keV should also be significant at high
frequencies.

So far, the SZ effect from AGN cocoons in galaxy clusters has
been calculated by using analytical toy models for gas pressure
and temperature distributions in cocoons (see Colafrancesco 2005;
Pfrommer et al. 2005) because of the lack of available hydrody-
namic simulations of AGN cocoons. These toy models do not take
into account intrinsic properties of the jet-ICM system and, there-
fore, can lead to oversimplification. To test consistency and feasi-
bility of these toy models, it is necessary to calculate the SZ effect
from AGN cocoons which are derived from relativistic hydrody-
namic (RHD) simulations of the jet-ICM system and to confront
the results obtained from the analytical toy models with those ob-
tained from more realistic numerical models. Using the pLuTo code
(Mignone et al. 2007), we performed RHD simulations of the for-
mation and evolution of AGN cocoons produced by very light (i.e.
underdense compared with the ICM) powerful jets. Our numeri-
cal simulations take into account different properties of AGN jets
and ICM, such as the power of the jets, the jet-to-ICM density
contrast, velocity, gas density and temperature distributions, and a
dark matter halo profile, all providing us with a more realistic AGN
cocoon model. The performed simulations demonstrate that the in-
ternal structure of the region around AGN jets is more complex
than that assumed in analytical toy models. We calculate the CMB
spectrum distortion caused by IC scattering of the CMB photons by
highly energetic electrons in the framework of the relativistically
correct Wright formalism and study the SZ effect from simulated
AGN cocoons at various frequencies. In this paper, we show that
more realistic plasma models obtained from numerical hydrody-
namic simulations predict that (1) the morphology of SZ intensity
maps changes with frequency and (2) SZ signals at high frequen-
cies from AGN cocoons are higher than those from the shocked
ambient ICM and, therefore, the SZ morphological study can reveal
the presence of AGN cocoons on SZ maps. The fully relativistic
approach for calculating the SZ effect from AGN cocoons consid-
ered below shows that the cocoon is strongly inhomogeneous and
that future measurements of the SZ effect will permit one to study
the internal structure of regions formed by AGN activity. We also
show that the tight constraints on the total thermal energy of high-
temperature electrons which are stored in AGN cocoons can be
obtained by taking into account the shape of relativistic SZ spectral
functions.

The layout of this paper is as follows. We describe the RHD
simulations in Section 2. We calculate the SZ effect from the
simulated AGN cocoons in the relativistically correct Wright for-
malism and study the possibility to detect AGN cocoons through
SZ observations in Section 3. Our conclusions are presented in
Section 4.

2 RELATIVISTIC HYDRODYNAMIC
SIMULATIONS OF AGN COCOONS

In this section, we introduce the code and initial conditions used
in our simulations, describe the set-up of the simulated domain,

ambient medium and jet parameters, and present our results of the
RHD simulations of AGN cocoons.

2.1 Simulation set-up

Our numerical simulations of AGN outflows were performed us-
ing the publicly available pLuTO astrophysical computational code
(Mignone et al. 2007). pLuto is a modern multiphysics, high-
resolution, high-order shock-capturing Godunov code with the later
versions including adaptive mesh refinement (AMR) capability
(Mignone et al. 2012). It was developed with a modular design and
includes a variety of physics and solver algorithms making it very
adaptable to tackle a diverse range of astrophysical problems (see
e.g. Murphy, Ferreira & Zanni 2010; Kritsuk et al. 2011; Tesileanu
et al. 2012). It is particularly suitable for our specific purposes of
AGN jet simulations as it incorporates a module to solve the equa-
tions of special RHD, which we utilize to simulate our relativistic
outflows.

As we are only interested in the final large-scale evolved morphol-
ogy of the AGN jet/cocoon system, we assume that the launching,
acceleration and collimation process has taken place off the grid
and so we only introduce a pre-collimated jet flow into the compu-
tational domain. Therefore, we use the RHD module where we also
assume that the bulk kinetic energy within the flow has overcome
any possible magnetohydrodynamic effects on the cocoon morphol-
ogy. Magnetic pressures in the ICM are likely to be much smaller
than the gas pressure, but magnetic fields can still play a significant
role on scales (e.g. Jones 2008 and references therein) which are
much smaller than our computational domain.

The pLuto RHD module solves the equations of RHD as described
in Mignone et al. (2007). The equations are closed with the pLuTO
‘TAUB’ equation of state, which is the quadratic approximation of
the theoretical relativistic perfect gas equation of state. In this work,
we did not deem it necessary to include a radiative cooling function
as the typical cooling times of the low-density, high-temperature
gas present in AGN cocoons are significantly longer compared to
the simulation time and should not substantially modify the result
of our SZ effect study (see appendix B in Antonuccio-Delogu &
Silk 2008). We allow the code to solve the RHD equations using
the MuscL-Hancock second-order scheme with the HLLC Riemann
solver by Mignone & Bodo (2005), and using the second-order
linear total variation diminishing (TVD) interpolation. This com-
bination promises the most efficient second-order scheme, plus a
robust and accurate Riemann solver. We make use of the common
approximation that astrophysical jets can be treated as cylindrical
and thus we perform our simulations using 2.5D axisymmetry. We
also include AMR which adaptively applies a higher resolution grid
only where required which can be a much more efficient alterna-
tive to using a fixed grid of the highest resolution over the entire
computational domain.

Initial conditions. We have constrained our initial conditions
based on observations of the AGN outburst in the MS 073547421
galaxy cluster as described by Gitti et al. (2007) who analysed
observations with the XMM-Newton satellite. The MS 07354-7421
outburst, with a redshift of 0.22, is one of the most energetic AGN
outflows observed containing an estimated 1.2 x 10%? erg of energy,
a dynamical lifetime of 100 Myr and covering a 700-kpc diameter
about the cluster (Gitti et al. 2007). The high-power, large extent
and relative vicinity (providing a scale of 1 arcmin = 213 kpc at the
cluster redshift) make this a suitable target for high-resolution SZ
effect observations of AGN cocoons.

© 2012 The Authors, MNRAS 425, 1753-1762
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A collimated jet beam with a zero degree opening angle is
injected into the axisymmetric computational domain within the
region r < 1 at z = 0, where r is the radial distance (in kpc) and
z is the distance along the axis of symmetry. Reflecting boundary
conditions are imposed along the jet axis (z-axis) and outside the
jetradius for » > 1 at z = 0. The remaining two boundaries possess
outflow conditions. The physical jet beam radius is set as 1 kpc and
the axisymmetric computational domain covers a physical range
of 200 x 400kpc. This scale is large enough to contain one-half
of the MS 073547421 bipolar outflow. In our AMR simulations,
we set the coarse level 0 grid as 200 x 400 zones and allow for
three levels of refinement which provides our simulations with an
effective resolution of 1600 x 3200 zones with 125 pc per zone and
eight zones per jet radius. This resolution is sufficient to study the
spatial distribution of thermodynamic variables (e.g. pressure and
temperature) in AGN cocoons.

To add to the physical accuracy of our simulations, we include
an ambient medium density and pressure profile as determined from
the electron-density surface brightness measurements and pressures
of Gitti et al. (2007). The authors used an analytical 8-model expres-
sion (Cavaliere & Fusco-Femiano 1976) to fit the observed density
profiles. We take the values of core radius, 7., estimated as 195 kpc,
the gas density at the core, n¢ 4,5, measured to be 0.02 particles cm™
and the S-model fitting parameter 8 determined to be 0.77 for a best
fit to the observational data (Gitti et al. 2007). We also include the
effects of a surrounding dark matter halo by adding a time-constant
gravitational potential to the code. Our gravitational potential is
based on the Navarro—Frenk—White (NFW; Navarro, Frenk & White
1996) profile with the scale radius r, set as 498 kpc and a concen-
tration parameter of 3.45 derived by Gitti et al. (2007). A similar
set of our initial ambient conditions was used in the simulations of
Sternberg & Soker (2009). The initial distributions of gas pres-
sure and temperature in this region are not very certain because
AGN activity disturbs the ICM and because X-ray measurements
only permit us to study the present gas pressure and temperature
distributions. However, we assume that the measured pressure and
temperature radial profiles from Gitti et al. (2007) are a good first
approximation due to the lack of more certain information about
the initial gas distribution.

Jet beam parameters. The precise composition of AGN jets
is still uncertain although it is accepted that they are underdense
compared to the ambient medium. Our aim is to inject a total energy
of 6 x 10% erg on to the grid, which equals half of the energy
in the observed MS 073547421 system, and to obtain a crossing
distance no greater than 400 kpc within the estimated dynamical
lifetime of ~100 Myr. The jet beam density and power, and hence
velocity, are free parameters. We thus present two models with
different jet lifetimes or ‘duty cycles’: Model A where the jet is
active for 25 Myr, and Model B where the jet is active for 50 Myr.
Both models possess an underdense baryonic jet beam with a density
of 107 particles cm™3. Using an expression relating the kinetic
jet power and jet velocity within the relativistic regime, the 25-
Myr jet of Model A injects a power of 7.6 x 10*ergs™! and
has a velocity of 0.99c. In contrast, the longer lifetime jet of the
50-Myr Model B injects a power of 3.8 x 10*ergs™! leading
to a lower velocity of 0.985c¢. After the jet’s active phase ceases,
the simulation continues to evolve until the leading bow shock
reaches a grid boundary. A list of the relevant parameters of the
simulations is described in Table 1. We are following the traditional
approach of highly relativistic jets (see also Perucho et al. 2011). It
should be noted that Sternberg & Soker (2009) attempted to explain
the MS 073547421 outburst morphology using massive slow jets

© 2012 The Authors, MNRAS 425, 1753-1762
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Table 1. Model parameters.

Parameter names Model A Model B
Density contrast (njei/nicm) 5% 1073 5% 1073
Jet velocity 0.99¢ 0.985¢
Jet power (erg s~ 1) 7.6 x 10 3.8 x 10%
Duration of jet’s active phase (Myr) 25 50
Time since the end of active phase (Myr) 55 50

with wide opening angles which inflate a more spherical X-ray
cavity.

2.2 Simulated pressure and temperature maps

We plot the simulated electron pressure and temperature maps in
Figs 1 and 2 for Models A and B, respectively. The upper panels
of Figs 1 and 2 show that the contact discontinuity separates the
region highly disturbed by AGN jet activity from the outer ICM.
Figs 1 and 2 also show that the pressure values are higher in the
outer layers of the disturbed region and that the temperature values
are higher in the inner layers of this region. Thus, we can distin-
guish an internal low pressure, a very high temperature cocoon and
a shocked ambient gas region, which is externally bounded by a
discontinuity with the outer ICM. These regions are also dynam-
ically very different. The region containing the shocked gas has
on average an expansion motion, while in the cocoon a large-scale
circulation parallel and opposite to the main stream of the jet devel-
ops, originating from gas reflected away from the region near the

log 1 O(P[erg/cm@])
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—10.6
0
0 100 200 300 400
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log1 O(T[K])
10
9
8
. 7
0 100 200 300 400
z (kpe)

Figure 1. The simulation map of the electron log-pressure (upper panel)
and log-temperature (lower panel) for Model A.

220z aunp 90 Uo 1saNnb Aq £19626/€G/ L/€/SZ/2I0IME/SEIUW/WO0Y"dNO"DIWSPED.//:SA]Y WO} PAPEOjUMOQ



1756  D. A. Prokhorov et al.

IogW O(P[erg/cm@

200
~10.0
1508 ~10.2
~10.6
50 PNy
~10.8
O 1

r (kpc)

10
9
8
7
0 100 200 300 400
z (kpe)

Figure 2. The simulation map of the electron log-pressure (upper panel)
and log-temperature (lower panel) for Model B.

hotspot. The turbulence within the cocoon surrounding the propa-
gating jet is generated naturally by the interaction of the jet with
the ICM (see also Antonuccio-Delogu & Silk 2008). One can con-
clude from Figs 1 and 2 that the density within the cocoon is very
low compared to that in the shocked ambient gas region because
the temperatures are on average significantly higher in the simu-
lated cocoons. We checked and found that the radiative cooling
time exceeds the simulation time by at least one order of magnitude
everywhere in the computational domain and, therefore, radiative
cooling has no significant effect on the evolution of the simulated
AGN cocoons.

The simulations show that the gas pressure in a very high tem-
perature cocoon is lower than that in a shocked ambient gas region
and, therefore, we conclude that the assumption of pressure equilib-
rium in the jet-ICM system made by Pfrommer et al. (2005) leads
to overestimation of the SZ effect from an AGN cocoon. This is
owing to the fact that the SZ effect is proportional to gas pressure
integrated along the line of sight.

The temperature values in the simulated cocoons are ~10°-
10'°K and are in agreement with those derived in previous sim-
ulations by Antonuccio-Delogu & Silk (2008), Sternberg & Soker
(2009) and Perucho et al. (2011). Note that the pressure and tem-
perature values in AGN cocoons obtained from our simulations
(that assume very light jets) are similar to those obtained from
the simulations (that assume massive jets) by Sternberg & Soker
(2009). From the upper and lower panels of Figs 1 and 2, we
find that the temperature is changing within three orders of mag-
nitude over the whole simulated region, whereas the pressure is

only changing within one order of magnitude. This is in agreement
with the results of Krause (2003), where the detailed analysis of
pressure—density histograms calculated for the simulated cocoons
was presented and shows that very light jets provide their own pres-
sure everywhere in a cocoon. In Section 3, we will show that this
fact is important to estimate the SZ signal from simulated AGN
cocoons.

3 SZ EFFECT FROM THE SIMULATED
GIANT AGN COCOONS

In this section, we briefly describe both the non-relativistic and
relativistically correct formalisms to calculate the SZ effect empha-
sizing a significant contribution to the SZ signal at high frequencies
from electrons with high temperatures. We calculate the SZ effect
from the simulated AGN cocoons in the framework of the relativis-
tic Wright formalism. We present the simulated SZ maps of AGN
cocoons at various frequencies. The first relativistic simulations
of the SZ effect from AGN cocoons form the main results of our

paper.

3.1 Comptonization of the CMB at high frequencies
by high-energy electrons

High-energy electron populations cause spectral CMB distortions
through IC scattering which depend on electron temperature. Below
we briefly describe the spectral CMB distortions that are caused by
non-relativistic electrons with k7. < 10keV (this case is known as
the ‘standard’ thermal SZ effect) and those are caused by relativistic
electrons with &, 7 > 10 keV. Particularly, we study the SZ effect at
high frequencies produced by high-energy populations of electrons
with k, T, >~ 100 keV.

The CMB spectral distortion caused by IC scattering of CMB
photons by electrons with temperatures of k,7. < 10keV (the SZ
effect) is described by the Kompaneets equation (Kompaneets 1957;
Sunyaev & Zel’dovich 1980) and is given by

Al = To—

g(x)/n ky T.dl (1)
with the spectral dependence of

_ x* exp(x) exp(x) + 1 4
809 = xp) = 17 (xexp(x)—l - )

where x = hv/kyTemp and Iy = 2(kyTemp)®/(hc)?, the integral is
taken along the line of sight, T is the electron temperature, n. is
the electron number density, ot is the Thomson cross-section, mz,.
is the electron mass, c is the speed of light, Ty = 2.725 K and £ is
the Planck constant.

To describe the Comptonization of the CMB by relativistic elec-
trons, we use the relativistically correct formalism proposed by
Wright (1979) that is valid for both non-relativistic and relativistic
electrons. The CMB spectral distortion in the Wright formalism can
be written in the form used by Prokhorov et al. (2010) and given by

@

AL(x) = Ty~ / neko T.G(x, T, 3)
mecC

with the relativistic spectral function, G(x, T.), as
G(x,T.) = / A, 1) (F(xexp(—s)) — F(x))ds, 4
— O(T)

where O(T,) = kyTo/mec?, F(x) = x3/(exp (x) — 1) is the Planck
spectrum and P;(s, T.) is the distribution of frequency shifts for
single scattering (see Wright 1979). Note that the relativistic spectral

© 2012 The Authors, MNRAS 425, 1753-1762
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Figure 3. Dependence of the relativistic spectral function at the frequency
of 857 GHz on electron temperature.

function, G(x, T.), depends on electron temperature and, therefore,
the spectra of CMB distortions caused by very high temperature gas
with k, 7. >~ 100 keV are significantly different from those obtained
in the framework of the Kompaneets approximation. The very high
temperature gas in AGN cocoons should cause the strong CMB
distortions at a frequency of 217 GHz and at very high frequencies.
The dependence of the relativistic spectral function G(x, T.) at a
frequency of 857 GHz on electron temperature is shown in Fig. 3.
The spectral function at 217 GHz is shown in fig. 2 of Prokhorov
et al. (2010).

The Kompaneets equation describes a diffusion process in the
momentum space and this is correct while the energy transferred
from an energetic electron to a photon is significantly smaller than
the initial photon energy. The spectral shape of the CMB distortion
in the Kompaneets approximation does not depend on the electron
temperature and the spectral function g(x) is null at the crossover
frequency of 217 GHz (x = 3.83) and rapidly decreases with fre-
quency at high frequencies (v > 600 GHz). However, taking into
account the relativistic corrections to the SZ effect shows that (1) the
relativistically correct spectral function does not equal zero at a fre-
quency of 217 GHz and that (2) the contribution of high-temperature
electrons is significant at higher frequencies. These two properties
of the relativistic spectral functions are of interest for finding the
hitherto undetected, dynamically dominant component in the co-
coons. The first property of the relativistic spectral function was
used by Colafrancesco (2005) and Pfrommer et al. (2005) to dis-
entangle the SZ signal from the X-ray cavities in MS 073547421
caused by highly energetic electrons from the ambient ICM. Below,
we use the second property of the relativistic spectral function and
show that the SZ signal at high frequencies from AGN cocoons,
owing to the contribution of high-temperature electrons, is higher
than that from the shocked ambient ICM.

Note that the relativistically correct Wright formalism (as is the
non-relativistic Kompaneets approximation) is based on two as-
sumptions: (1) the Thomson cross-section is applicable and (2) the
photons are sufficiently soft that the energy of the scattered photons
is less than that of the electrons. These assumptions are valid for
calculating the SZ effect produced by high-temperature electrons
in AGN cocoons (see Loeb, McKee & Lahav 1991; Prokhorov
et al. 2010). The equivalence of different relativistically correct for-
malisms for calculating the SZ effect under these assumptions has
been confirmed by Nozawa & Kohyama (2009). Therefore, the re-
sults obtained from the Wright formalism are equivalent to those
that can be derived by using other relativistic formalisms for the SZ
effect.

© 2012 The Authors, MNRAS 425, 1753-1762
Monthly Notices of the Royal Astronomical Society © 2012 RAS

Simulating SZ intensity maps 1757

3.2 SZ intensity maps at high frequencies

Taking into account the relativistic corrections to the SZ effect is
necessary for calculating the SZ effect on AGN cocoons produced
by electrons with high temperatures (kT >~ 10°-10'° K) such as
those derived from hydrodynamic simulations. To produce the 3D
pressure and temperature maps, which are necessary to derive the
intensity map of the SZ effect, we rotate the 2D pressure and temper-
ature maps shown in Figs 1 and 2 (for Models A and B, respectively)
around the jet axis. We calculated the SZ effect using the values of
the relativistic spectral functions found in Section 3.1. Since the gas
temperatures in a cocoon are high, giant AGN cocoons should be
a stronger source of the SZ effect at a high frequency (e.g. at v =
857 GHz at which the SZ effect is observable by Herschel-SPIRE)
compared with that from the shocked ambient gas. Thus, we com-
pare the SZ intensity maps calculated by using the non-relativistic
Kompaneets approximation with those calculated by using the rela-
tivistically correct Wright formalism to demonstrate importance of
the consideration of relativistic effects.

We calculated the SZ intensity maps, Al/ly, for different view-
ing angles (note that the intensity of /o = 2(ky Temp) /(hc)? equals
6.0mJy arcsec™? and that the SZ intensity does not depend on the
redshift of galaxy clusters). The SZ intensity maps for a viewing
angle of 90° (when the jet is seen from the side) are plotted in
Fig. 4 and for a viewing angle of 0° (when the jet is seen face-on)
are plotted in Fig. 5. Comparing the SZ intensity maps calculated
in the frameworks of the Kompaneets and Wright formalisms, we
find a significant difference in the SZ signals from the simulated
AGN cocoons. This difference is explained by the higher values of
the relativistic spectral function at temperatures of k, T, ~ 100 keV
(i.e. T, ~ 10° K) compared with the values of the non-relativistic
spectral function. Future observations of the predicted excess of
the SZ signal at high frequencies from the AGN cocoons owing
to the presence of high gas temperatures, T, >~ 10°-10'°K, are a
promising approach to probing the electron populations in AGN
cocoons.

Comparing the SZ intensity maps, shown in Figs 4 and 5, cal-
culated in Model A with those calculated in Model B, we find that
the presence of high-temperature gas in both the simulated AGN
cocoons causes a similar excess of the SZ effect at high frequencies.

3.3 SZ intensity maps at 90 and 217 GHz

In this section, we calculate SZ intensity maps of simulated AGN
cocoons at lower frequencies. For this analysis, we perform SZ map
calculations at two frequencies, 90 and 217 GHz, at which the pos-
sible observations of AGN cocoons using the GBT and ALMA tele-
scopes have been discussed by Pfrommer et al. (2005), Prokhorov
et al. (2010) and Scaife & Grainge (2010).

The dependences of spectral functions at frequencies 90 and 217
GHz on the temperature were calculated in the framework of the
Wright formalism for the broad interval of temperatures in the paper
by Prokhorov et al. (2010, see their figs 1 and 2). The absolute value
of the spectral function, G(x, T.), at a frequency of 90 GHz signifi-
cantly (and monotonically) decreases with electron temperature and
a strong deviation from the spectral value derived in the Kompaneets
approximation is expected for gas with k, 7. >~ 100 keV. The simple
theoretical argument of why the strong deviation of the spectral
function (at k, T, 2 100keV) derived in the relativistically correct
formalism from that derived in the Kompaneets approximation was
presented by Prokhorov et al. (2010). The frequency of 217 GHz
corresponds to the crossover frequency of the non-relativistic SZ
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Figure 4. The simulated SZ intensity maps, Al/ly, at 857 GHz for a viewing angle of 90° calculated in the frameworks of the Kompaneets approximation
(left-hand panels) and the Wright formalism (right-hand panels). Upper panels correspond to Model A and bottom panels correspond to Model B.

effect (i.e. derived in the framework of the Kompaneets formalism)
and, therefore, the SZ effect from an AGN cocoon at this frequency
is dominated by the high-temperature electron component with
kv T = 10keV. Note that the spectral function at frequency 217 GHz
has a peak at a temperature of k, 7. = 160 keV (see Prokhorov et al.
2010).

The intensity maps of the SZ effect at frequencies of 90 and
217 GHz derived from the simulation maps of the gas pressure and
temperature in Model A and for a viewing angle of 90° are plotted
in Fig. 6. A comparison of the left- and right-hand panels of Fig. 6,
which show the SZ intensity at frequencies of 90 and 217 GHz,
respectively, demonstrates that the morphology of the SZ intensity
maps at these frequencies is significantly different. The morphology
of the SZ map at 217 GHz is similar to that at 857 GHz. We find
that this is the result of the similarity of the spectral functions at 217
and 857 GHz which are peaked at temperatures of k, 7. >~ 100 ke V.
As for the SZ map morphology at 90 GHz, the AGN cocoon is
not clearly seen on the simulated SZ map because the brightnesses
of the inner regions of the AGN cocoon are significantly different.
Therefore, we conclude that the SZ observations at 217 GHz and at
high frequencies (such as 857 GHz) are potentially more suitable for

unveiling the presence of AGN cocoons in the ICM if the viewing
angle of a jet is ~90°, as of those in the MS 073547421 and
Hercules A galaxy clusters. Moreover, an SZ intensity cavity at
90 GHz (see Pfrommer et al. 2005) produced by mildly relativistic
electrons in an AGN cocoon due to relativistic SZ effect corrections
can be reproduced by the presence of cosmic ray protons and/or
electrons of very high energies which contribute negligibly to the
total SZ effect (see e.g. Enflin & Kaiser 2000). Since the spatial
feature on the SZ maps at 217 and 857 GHz produced by the
presence of an AGN cocoon can be interpreted only as the presence
of high-temperature gas with k,7. >~ 100keV, SZ observations at
these frequencies should provide us with a ‘smoking gun’ for the
presence of such high-temperature gas in AGN cocoons.

3.4 Observational considerations

In this section, we briefly discuss the possibility to observe the SZ
effect from AGN cocoons by means of modern instruments (Planck—
HFI, Herschel-SPIRE and ALMA). We also show that hard X-ray
observations of AGN cocoons can be a test for the presence of non-
thermal ultrarelativistic electrons rather than a test for the presence

© 2012 The Authors, MNRAS 425, 1753-1762
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formalisms are shown by solid and dashed curves, respectively. Left-hand panels correspond to Model A and right-hand panels correspond to Model B. The
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Figure 6. The simulated SZ intensity maps, A/, for Model A at 90 GHz (left-hand panel) and at 217 GHz (right-hand panel) for a viewing angle of 90°

calculated in the framework of the Wright formalism.

of very high temperature gas and, therefore, SZ observations are
a more direct method to check the presence of high-temperature
plasma in AGN cocoons.

3.4.1 High-frequency SZ observations

Our analysis of relativistic spectral functions at high frequencies
(v >~ 857 GHz, see Section 3.1) reveals that their global maxima are
at a temperature of k,7. >~ 100keV and that these functions have
bell shapes. The relativistic spectral function at a frequency of 217
GHz also has a bell shape and peaks at a temperature of k,T. =
160keV (see Prokhorov et al. 2010). In this section, we discuss
the detectability of AGN cocoons at these frequencies with modern
instrumentation and how to obtain the constraints on thermal energy
stored in AGN cocoons while taking into account the bell shapes of
these relativistic spectral functions.

The fact that the absolute values of the relativistic spectral func-
tions at 217 and 857 GHz have global maxima (~1.2 and ~1.8,

© 2012 The Authors, MNRAS 425, 1753-1762
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respectively) allows us to derive the lower limit on the pressure,
P., integrated along the line of sight that is written as (see also
equation 3)

o2 Al
/Pedl > (*) : ®
(TTGmax(x» Te) 10 obs

where G,y is the absolute maximal value of a relativistic spectral
function and (A1/1y)bs is the observed SZ intensity.

On the other hand, the upper limit on the contribution of very
high temperature electrons to the pressure integrated along the line
of sight can be derived from the observed SZ intensity. Assuming
that the electrons contributing to the pressure have temperatures in
the range of (7 min, T'max), One can calculate the local minimum of the
absolute values of the relativistic spectral functions in the considered
temperature range and use the derived local minimum value to
put the upper limit on the contribution of these high-temperature
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Table 2. Upper limits on the thermal energy stored in an AGN cocoon that can be obtained by means of modern instruments.

Instrument Frequency (GHz)  Angular size (arcmin)  Integration time”  Sensitivity (AI/ly)  Redshift  Eg yr, (erg)
Planck—HFI 217 5.0 14 months* 2.1x107° 0.05 4.3 x 10!
Planck—HFI 217 5.0 14 months* 2.1 x 1073 0.2 4.8 x 1092
Planck—HFI 857 5.0 14 months* 9.7 x 1073 0.05 1.6 x 1062
Planck—HFI 857 5.0 14 months* 9.7 x 1073 0.2 1.8 x 109
Herschel-SPIRE 857 0.4 4ht 7.0 x 1073 0.05 1.0 x 1060
Herschel-SPIRE 857 0.4 4h* 7.0 x 1073 0.2 1.1 x 106!
ALMA 90 0.5 10h* 1.7 x 1073 0.05 3.5 x 10
ALMA 90 0.5 10ht 1.7 x 1073 0.2 3.8 x 1090
ALMA 217 0.5 120h* 40 x 1073 0.05 8.2 x 10°°
ALMA 217 0.5 120h* 40 x 1073 0.2 9.1 x 100

“The superscripts of “*” and ‘+ denote survey and on-source times, respectively.

electrons to the pressure. The upper limit is given by

/P(Tmi"’TmM)dl o me? (ﬂ) ©
¢ - UTGlnc.min.(xs Te) I() obs/ul

where the superscript of (7 in, Tmax) denotes the considered temper-
ature range and (Al/1)obs/u 1s the observed SZ intensity or upper
limit on SZ intensity. Note that the upper limit on SZ intensity as
well as the observed SZ intensity can be used for the purpose of cal-
culating the upper limit on the pressure integrated along the line of
sight. Note that the advantage of measuring the SZ effect from AGN
cocoons at 217 and 857 GHz is that the global absolute maximum
of the corresponding relativistic spectral functions coincides with
its local absolute maximum in the temperature range of (100keV,
400keV). The local minimum of the relativistic spectral function
values at a frequency of 857 GHz for the gas temperatures in the
temperature range of k,7. = (100keV, 400keV) equals 0.8 and,
therefore, the detection of the SZ signal from an AGN cocoon will
provide us with the lower and upper limits (see equations 5 and 6)
on the contribution of 100—400keV electrons to the pressure that
differs by a factor of Gpax/Gioc.min. = 2.

The limits on pressure integrated along the line of sight can
be converted to the limits on the total thermal energy of high-
temperature electrons stored in an AGN cocoon. The total thermal
energy of electrons, Ey, is proportional to the integral [ P.d! and
can be written as

D3?6?
En = Pedl, @)
y —1

where D, is the angular size distance, 6 is the angular size of an
AGN cocoon and y is the adiabatic index of the gas. The limits on
the total thermal energy of electrons can be derived from equations
(5), (6) and (7) by taking into account the sensitivity of the SZ
instruments. In Table 2, we list the upper limits on the thermal
energy of high-temperature (100-400keV) electrons that can be
derived by means of SZ observations by Planck—HFI, Herschel—-
SPIRE and ALMA at frequencies of 90, 217 and 857 GHz. We
compared the upper limit listed in this table with the thermal energy
stored in the simulated cocoon (Model A), Ey 4m =~ 7 x 109 erg,
and found that the upper limits on the thermal energy stored in an
AGN cocoon that can be obtained with modern SZ observatories are
potentially interesting to search for the presence of high-temperature
gas in AGN cocoons. Below we describe how to calculate these
constraints.

The Planck spacecraft was launched on 2009 May 14 and has
been surveying the sky until 2012 January 15 (the end of its cryo-
genic lifetime; see Planck Collaboration 2011). To calculate the
limit on the total energy of high-temperature electrons that can be

obtained by Planck—HFI, we use the sensitivities in units of Al/l,
taken from table 2 of Enflin & Kaiser (2000) that were derived
using the sensitivities listed in the Planck—HFI proposal. Since
the Planck performance parameters determined from flight data
(see Planck Collaboration 2011) do not differ significantly from
those that were used by Enflin & Kaiser (2000), we do not recal-
culate its sensitivity to estimate detectability of the SZ effect from
AGN cocoons.

We choose the angular size of an AGN cocoon of &5 arcmin
[that is a bit larger than the full width at half-maximum (FWHM);
see Planck Collaboration 2011] that corresponds to 300 kpc at the
redshift of z = 0.05. The calculated upper limits on the thermal
energy that can be derived from the Planck observations at 217
and 857 GHz are higher than 10° ergs~!. Although the derived
values are higher than those that can be obtained by the instruments
discussed below, the advantage of the Planck mission is that there is
the possibility to search for AGN cocoons by surveying the whole
sky.

The Herschel spacecraft was launched on 2009 May 14, along
with the Planck spacecraft. The Herschel-SPIRE instrument con-
tains an imaging photometer and an imaging spectrometer (Griffin
et al. 2007). The imaging photometer operates in three frequency
bands centred on 600, 857 and 1200 GHz. The first results of ob-
serving clusters of galaxies by Herschel-SPIRE have revealed the
contribution of relativistic effects to the SZ signal from the Bul-
let Cluster at a frequency of 857 GHz (Zemcov et al. 2010). To
calculate the upper limit on the thermal energy stored in AGN co-
coons that can be obtained from the SZ observations at a frequency
of 857 GHz with Herschel-SPIRE, we take the instrumental noise
level from the paper by Prokhorov et al. (2011) that was derived
by using the Herschel Observation Planning Tool.! The SZ inten-
sity AI/Iy of 1.0 x 107, which is close to that derived in Sec-
tion 3.2, corresponds to 0.4 mJy beam~!. The instrument noise of
Herschel-SPIRE (Nguyen et al. 2010) can be reduced with integra-
tion time. We find that a total on-source integration time of 4 h is
sufficient to make an instrumental noise level of 0.25 mJy beam™!
for a frequency of 857 GHz. Foreground contamination is a source
of additional noise at 857 GHz. The foreground contamination can
be subtracted from the 350-pum (corresponding to 857 GHz) channel
by analysing the 250- and 500-pm emission. Zemcov et al. (2010)
generated a 250-pum source catalogue and corrected the 350- and
500-pum emission maps to obtain foreground-free measurements of
the SZ effect. We choose the angular size of an AGN cocoon equal
to the FWHM that is ~0.4 arcmin (i.e. 25 arcsec) that corresponds

! http://herschel.esac.esa.int/Tools.shtml
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to 75 kpc at the redshift of z = 0.2. The calculated upper limits on
the thermal energy of 100—400keV electrons that can be derived
from the Herschel-SPIRE observations at 857 GHz are of the order
of 10°0—10°" erg.

Modern ground-based SZ observatories, such as ALMA,? can
also provide us with the constraints on the thermal energy of high-
temperature electrons stored in AGN cocoons. ALMA will consist
of a giant array of 12-m antennas and an additional compact array of
7- and 12-m antennas to greatly enhance ALMA'’s ability to image
extended targets. High spatial resolution and sensitivity makes this
instrument promising for the imaging of AGN cocoons. In the initial
phase of ALMA operations, the antennas will be equipped with at
least four receiver bands: 84—116, 211-275, 275-373 and 602-720
GHz. Here, we study the possibility to detect the SZ effect from
AGN cocoons at frequencies of 90 and 217 GHz with ALMA. We
consider only these frequencies because the observations at higher
frequencies become excessively time consuming owing to the nar-
rower beam size and the higher system temperature. To calculate
the upper limits on the thermal energy of 100—400keV electrons
that can be obtained with ALMA, we use the ALMA Observation
Support Tool® (Heywood, Avison & Williams 2010). We found that
the sensitivity in units of AI/Iy of 1.7 x 107> at 90 GHz can be
obtained with an integration time of 10 h, while the sensitivity of
Al/ly of 4.0 x 107 at 217 GHz can be obtained with an inte-
gration time of 120 h. The local minima of the relativistic spectral
functions at 90 and 217 GHz in the temperature range of (100keV,
400 keV) were taken from Prokhorov et al. (2010) and the angular
size of an AGN cocoon was chosen to be 0.5 arcmin. The spatial
resolution of ALMA is 5 arcsec at 90 GHz and 2 arcsec at 217 GHz.
Therefore, ALMA will allow us to put tighter constraints on the en-
ergy of high-temperature electrons than those that can be obtained
with Planck and Herschel, and to study the internal structure of
AGN cocoons.

3.4.2 Hard X-ray observations

The SZ effect is not the only mechanism to test the presence of
electron populations in AGN cocoons. Hard X-ray observatories,*
such as Suzaku and the future mission Astro-H, are sensitive up to
energies of several hundred keV. Here, we compare the hard X-ray
luminosities of giant AGN cocoons produced by high-temperature
gas via bremsstrahlung emission and by non-thermal ultrarelativis-
tic electrons via IC emission and show that the efficiency of IC
emission is significantly higher than that of bremsstrahlung. There-
fore, measurements of hard X-rays from AGN cocoons will allow
us to test for the presence of non-thermal ultrarelativistic electrons.

The luminosity of an AGN cocoon produced by high-temperature
gas via bremsstrahlung emission is given by

16 /2m ko T
Ly = —\/jaremec3ngv > > K(Te), ®)
3 3 mecs

where « is the fine structure constant, r. is the classical electron
radius, V is the volume of high-temperature gas and K is the cor-
rections for dipole and quadrupole radiation (see e.g. Khvesyuk,
Chirkov & Ryzhkov 1998) taking into account quantum and rela-
tivistic effects. To calculate the value of bremsstrahlung luminosity,

2 www.almaobservatory.org/

3 http://almaost.jb.man.ac.uk/
4 See http://heasarc.nasa.gov/docs/suzaku/about/overview.html;
http://heasarc.gsfc.nasa.gov/docs/astroh/.
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we assume that the gas volume equals 107! cm?, the gas temper-
ature is kpT. = 300keV and the gas density is 10~*cm™. These
values are approximately equal to those found in our hydrodynamic
simulations. The calculated value of bremsstrahlung luminosity is
~2 x 10" ergs™!.

To calculate the IC luminosity of the ultrarelativistic electron
population that can significantly contribute to the pressure of AGN
cocoons, we consider an AGN cocoon filled by ultrarelativistic elec-
trons with a Lorentz factor of 7 = 2 x 10" that is required to produce
300-keV photons through scattering of ultrarelativistic electrons off
CMB photons (see e.g. Ginzburg 1979). The IC luminosity of the
ultrarelativistic electron population is given by (see e.g. Ginzburg
1979)

4 o1y
Lic = *ﬂUCMBEmh, )

3 mec

where Ucyp is the energy density of the CMB and E,, is the total
energy in non-thermal ultrarelativistic electrons. Assuming that the
population of non-thermal ultrarelativistic electrons fills the volume
of 107! cm? and its pressure equals that of the simulated AGN co-
coon, the calculated value of IC luminosity is ~6 x 10* ergs™!
and is four orders of magnitude greater than that of bremsstrahlung
emission from the 300-keV gas. Therefore, it is highly unlikely that
the emission of 300-keV gas via bremsstrahlung can be constrained
through X-ray observations if the dynamically subdominant pop-
ulation of non-thermal ultrarelativistic electrons, that contributes
20.01 per cent to the pressure, is present in AGN cocoons.

4 CONCLUSIONS

Giant X-ray cavities have been discovered by Chandra in clus-
ters of galaxies, such as MS 073547421 at a redshift of z = 0.22
(McNamara et al. 2005) and Hercules A at z = 0.154 (Nulsen
et al. 2005). These cavities could be created by powerful AGN
outflows with jet kinetic power of >10*ergs™!. Similar X-ray
surface brightness depression regions have been observed in the
galaxy cluster A2204 at a redshift of 0.152 and the jet’s kinetic
power of >~ 5 x 10*ergs~! should be necessary to create such
regions (Sanders, Fabian & Taylor 2009). Another example is the
intermediate-redshift (z = 0.29) cluster gas associated with the
Fanaroff—Riley type II radio galaxy 3C 438 (see Kraft et al. 2007);
the observed surface brightness discontinuity in the gas that extends
~600 kpc can be the result of an extremely powerful outburst which
is even more powerful than those seen in the nearby clusters MS
073547421, Hydra A and Hercules A.

The standard evolutionary scenario for AGNs suggests that their
jets are enveloped in a cocoon (Blandford & Rees 1974; Scheuer
1974). Modern hydrodynamical simulations led to the conclusion
that the gas density is very low and gas temperature is very high,
10°-10'°K, in AGN cocoons. Therefore, a significant X-ray de-
pression is predicted towards AGN cocoons. X-ray cavities often
coincide with the radio lobes of the central radio galaxy, although
the non-thermal pressure derived from the equipartition condition
for the energy of synchrotron-radiating non-thermal electrons and
magnetic fields is a factor of 10 smaller than the pressures required
to inflate the cavities (e.g. Ito et al. 2008). This implies that most of
the energy in the cocoon is carried by an ‘invisible’ component, such
as e.g. high-energy thermal electrons (Ito et al. 2008). Observations
of the SZ effect have been proposed to probe the inferred dynami-
cally dominant component of plasma bubbles associated with X-ray
cavities (see Colafrancesco 2005; Pfrommer et al. 2005; Prokhorov
et al. 2010), since the SZ signal is proportional to the electron
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pressure integrated along the line of sight and to the value of the
spectral function that depends on electron temperature.

In this paper, we present RHD simulations of the formation and
evolution of AGN cocoons produced by very light powerful jets.
Our simulations have been performed with the publicly available
PLUTO computational code. The parameters of the simulations are
listed in Table 1. We have constrained our initial conditions based
on the X-ray observations of the powerful AGN outburst in the
MS 073547421 cluster of galaxies. The goal of our simulations is
to provide a realistic model of gas pressure and temperature dis-
tributions in AGN cocoons. The simulated electron pressure and
temperature maps are shown in Figs 1 and 2 for the two models
with different jet lifetimes or ‘duty cycles’. We have found that
the derived temperatures in AGN cocoons, ~10°-10'° K, are sig-
nificantly higher than those in the regions of shocked ambient gas
and, therefore, the use of the relativistically correct SZ formalism
is necessary to produce the simulated SZ maps of AGN cocoons.

We have presented the first SZ intensity maps of AGN cocoons at
various frequencies derived from the RHD simulations and calcu-
lated in the framework of the relativistically correct SZ formalism.
This fully relativistic study provides us with more realistic SZ maps
of AGN cocoons, more so than those previously obtained by adopt-
ing analytical toy models of gas pressure and temperature distribu-
tions in cocoons. We show that SZ observations at frequencies of
217 and 857 GHz will provide us with a method to test the presence
of very hot gas in AGN cocoons. This result confirms the previous
conclusions based on the analytical toy models that SZ maps at 217
GHz could be used to probe the dynamically dominant component
of AGN cocoons. Moreover, our study demonstrates that two differ-
ent regions disturbed by AGN activity are present in the simulated
domain, namely an AGN cocoon region and a shocked ambient
medium region. We show that by taking into account the presence
of these two regions leads us to the conclusion that the AGN cocoon
is not clearly seen on the simulated SZ map at a frequency of 90
GHz. Therefore, SZ observations at 217 GHz and at higher frequen-
cies, such as 857 GHz, are more suitable for studying AGN cocoons
than those at lower frequencies. We conclude that fully relativistic
simulations of the SZ effect from AGN cocoons are very important,
since the spectral properties of the SZ signal should be taken into
account in order to produce realistic SZ maps of cocoons.

We have considered the possibility of observing the SZ effect
from AGN cocoons by means of modern instruments, such as
Planck—HFI1, Herschel-SPIRE and ALMA, and have derived up-
per limits on the total thermal energy of high-temperature electrons
stored in an AGN cocoon that can be obtained with these instru-
ments (see Table 2). We have compared the derived upper limits
with the thermal energy stored in the simulated cocoon (Model A),
and have found that the upper limits (that can be derived with Her-
schel-SPIRE and ALMA) on the thermal energy of 100—-400 keV
electrons are close to the value of the thermal energy of electrons in
the AGN cocoon obtained from our simulations. Therefore, AGN
cocoons are a suitable target for observations with modern high-
resolution SZ instruments.
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