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Abstract We use recent X-ray observations of the intracluster medium (ICM) of the galaxy group
NGC 5813 to confront theoretical studies of ICM thermal evolution with the newly derived ICM prop-
erties. We argue that the ICM of the cooling flow in the galaxy group NGC 5813 is more likely to be heated
by mixing of post-shock gas from jets residing in hot bubbles with the ICM, than by shocks or turbulent-
heating. Shocks thermalize only a small fraction of their energy in the inner regions of the cooling flow; in
order to adequately heat the inner part of the ICM, they would overheat the outer regions by a large factor,
leading to its ejection from the group. Heating by mixing, which was found to be much more efficient than
turbulent-heating and shocks-heating, hence, rescues the outer ICM of NGC 5813 from its predestined fate
according to cooling flow feedback scenarios that are based on heating by shocks.
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1 INTRODUCTION

A negative feedback mechanism driven by active galactic
nucleus (AGN) jets that inflate X-ray bubbles (X-ray defi-
cient cavities) determines the thermal evolution of the intr-
acluster medium (ICM) in the inner regions of cooling flow
(CF) clusters and groups of galaxies (e.g., Pfrommer 2013;
Perucho et al. 2014). In the feedback cycle the ICM feeds
the AGN, and the AGN launches jets that heat the ICM.

A consensus is emerging that the feeding of the AGN
is through cold clumps, in what is termed the cold feed-
back mechanism (Pizzolato & Soker 2005). Observations
and theoretical studies in recent years have put the cold
feedback mechanism on very solid ground (e.g., Revaz
et al. 2008; Pope 2009; Pizzolato & Soker 2010; Edge et al.
2010; Wilman et al. 2011; Nesvadba et al. 2011; Cavagnolo
et al. 2011; Gaspari et al. 2012a,b; McCourt et al. 2012;
Sharma et al. 2012; Farage et al. 2012; Wagh et al. 2014;
Banerjee & Sharma 2014; McNamara et al. 2014; Voit &
Donahue 2015; Voit et al. 2015; Li et al. 2015; Prasad et al.
2015; Russell et al. 2015; Tremblay et al. 2015; Fogarty
et al. 2015).

The processes by which jets heat the ICM, on the
other hand, are still in dispute. Based on observations of
the galaxy group NGC 5813, Randall et al. (2011) and
Randall et al. (2015) argue that shocks heat the ICM, here-
after referred to as the shocks-heating process. This was
questioned by Soker et al. (2013), and is further studied in

the present paper. Based on deep X-ray observations of the
Perseus and Virgo cooling flow clusters, Zhuravleva et al.
(2014) argue that the main heating process is via dissi-
pation of ICM turbulence, hereafter called the turbulent-
heating process. The third heating process is the mixing of
cooling ICM with hot shocked gas from jets that resides
in the hot bubbles, hereafter called the mixing-heating pro-
cess. Gilkis & Soker (2012) and Hillel & Soker (2014) con-
ducted numerical simulations and showed that the mixing-
heating process is much more efficient than the shocks-
heating process. In a recent paper, Hillel & Soker (2016)
showed that the mixing-heating is also more efficient than
the turbulent-heating when turbulence is driven by AGN
activity. The turbulence, as observed in some clusters (e.g.,
Zhuravleva et al. 2015; Anderson & Sunyaev 2015), is a
consequence of the same vortices that cause mixing.

To reach the conclusion that mixing-heating is the
dominant process, it is mandatory to inflate bubbles by jets
in a self-consistent manner. For example, the vortices that
are induced inside and outside the bubbles must be taken
into account as they play major roles in the formation of
bubbles, their evolution and their interaction with the ICM
(e.g. Omma et al. 2004; Heinz & Churazov 2005; Roediger
et al. 2007; Sternberg & Soker 2008b; Gilkis & Soker
2012; Walg et al. 2013). To inflate bubbles that resem-
ble observed bubbles, our group has employed either slow
(sub-relativistic) massive wide (SMW) jets (bipolar out-



100-2

flows), e.g., Sternberg et al. (2007), or precessing jets, e.g.,
Sternberg & Soker (2008a); see also Falceta-Gongalves
etal. (2010). SMW jets are supported by observations (e.g.,
Moe et al. 2009; Dunn et al. 2010; Arav et al. 2013). Both
types of inflated bubbles will be described in the present
study.

In a recent paper, Randall et al. (2015) presented new
observations of NGC 5813. Such detailed observations
serve as a unique opportunity for us to confront our find-
ings, regarding heating the ICM with jet-inflated bubbles,
against observations. We here confront the new observa-
tions with two types of previously conducted numerical
simulations. In Section 3 we present a new study of the im-
plications on the heating process of large scale flows that
are induced by the jet-inflated bubbles. In Section 4 we
show that a careful treatment is required when studying the
shocks that are induced by jet-inflated bubbles. To the best
of our knowledge, this is the first study that has pointed to
the influence of sound waves on the derived shock prop-
erties. But in Section 2, we first present a new analysis of
the effect of many repeated shocks on the outskirts of the
ICM in NGC 5813. In Section 5 we summarize our find-
ings, and conclude that although shocks play some role,
mixing-heating is likely to play a much more significant
role in the heating process.

2 IMPLICATIONS FOR THE OUTER ICM

The inefficiency of the shocks-heating process was dis-
cussed in Soker et al. (2013). To excite a shock with a
Mach number of My at radius r, the energy supplied by
the AGN directly to the ICM, using the spherically sym-
metric Sedov solution for the shock, should be

M
1.1

where Eiy, () is the thermal energy of the ICM inside ra-
dius 7. According to Randall et al. (2015), to heat the
cooling flow region of NGC 5813 inside 30 kpc, about
140 shocks with a Mach number of M, ~ 1.2 are re-
quired during one cooling time. By Equation (1), to reach
this Mach number each shock is excited with an energy
of Eghock ~ (1.2/1.1)2E;, = 1.2E;,, where we define
Ei, = Ew(r < 30 kpc). Each shock supplies an energy
of ~ FEi,/140 = 0.01F;,. Removing this dissipated en-
ergy in the inner region (up to 30 kpc), the energy that
flows to the outer ICM regions within one cooling time
atr = 30 kpcis Foyu =~ 140(1.2 — 0.01) E;y, = 160E;,.
The ICM mass residing out at » > 30 kpc can be
crudely estimated from the new density profile given by
Randall et al. (2015). The electron density profile from
r = 22 kpc to r = 35 kpc, the largest radius in their pro-
file, can be fitted with
. —2.8
) cm 3. Q)

30 kpc

Extrapolating this fit to large distances of hundreds of kpc,
we can estimate the mass in the outer region to be Mg, ~

2
Eshock ~ < > Eth(T), (1)

ne(r) = 2.4 x 1073 <
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10" M, ~ 2M,,. Based on ROSAT observations of poor
groups of galaxies, Mulchaey et al. (1996) find the diffuse
X-ray gas in a typical poor group extends up to ~ 300 kpc,
and has a shallower density profile. If we take a shallower
density profile of

e—s(r) =24 %1073
ne=s(r) 8 (30kpc

~1.5
" ) cm_3, 3)

(like in Eq. (5) below), the gas mass in the outer region to a
distance of 300 kpc is Moyi—s ~ 5 x 10" My ~ 10M;y,.

Randall et al. (2015) do mention that the energy car-
ried by the bubble is transferred out by the buoyant bub-
bles. However, the shocks turn into sound waves that dis-
sipate their energy after a long time in the ICM. By the
simple estimate made above, the temperature of the outer
gas should be

E Eout Mout !
Tou ~ 1 k '
¢~ 10 (o.7 keV) <150Em> <10Mm) eV

This is a temperature larger than the virial temperature of
the group.

It seems that for the shocks-heating process to be ef-
fective in the inner region, the outer ICM would escape in
a time much shorter than the cooling time, hence destroy-
ing observed structure of the ICM. Clearly, a much more
efficient heating mechanism than shocks is required to res-
cue the ICM of NGC 5813. Mixing-heating is this process
(Hillel & Soker 2014, 2016).

3 LARGE SCALE FLOW

In the shocks-heating scenario presented by Randall et al.
(2011) and Randall et al. (2015), tens of jet-launching
episodes along the same axis heat the ICM. They do not
consider any flow that might develop in the ICM. Here we
show that a large-scale meridional flow develops as a re-
sult of multi-jet activity cycles. For that we present the re-
sults from three-dimensional (3D) numerical simulations
we have carried out recently (Hillel & Soker 2016). We
briefly present the main characteristics of the numerical set
up here; more details can be found in that paper.

We use the PLUTO code (Mignone et al. 2007) for
the hydrodynamic simulations in a 3D Cartesian grid with
adaptive mesh refinement. The computational grid is in the
octant where the three coordinates x, y and z are positive.
Atthe x = 0, y = 0 and z = 0 planes we apply reflective
boundary conditions. The z coordinate is chosen along the
initial axis of the jets. The computational grid spans the
cube 0 < z,y, z < 50 kpc.

At the boundary z = 0, we inject a jet into the grid
with a half-opening angle of §; = 70° (Sternberg et al.
2007). The jet is injected during each active episode lasting
10 Myr, and when the jet is turned off for 10 Myr, reflec-
tive boundary conditions apply in the whole z = 0 plane.
The initial jet velocity is v; = 8200 km s~! correspond-
ing to a Mach number of about 10 relative to the ICM.
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The power of the two jets together (we simulate only one
jet) is Faj = 2 x 10% erg s™1 (half of the power is dis-
sipated in each direction), and the mass deposition rate is
Ms; =94 Mg yr—'.

The simulations presented here assume that jets start
with wide opening angles. As stated in Section 1, there are
observations of SMW outflows from AGNs. As well, the
effect of rapidly precessing jets in inflating bubbles is very
similar to that of wide jets (Sternberg & Soker 2008a), but
it is simpler to simulate wide jets (for precessing jets see
the next section). The main issue is to inflate bubbles, a
process that involves the formation of vortices. Although
magnetic fields are present in jets, as inferred from the ra-
dio emission, we assume here that they do not play a dy-
namical role. As we heat by mixing, we attribute no role to
heat conduction on large scales (only on very small scales
does mixing bring the ICM and the hot bubble gas very
close to each other).

The simulation begins with an isothermal box of gas
at an initial temperature of Ticn(0) = 3 x 107 K with a
density profile of (e.g., Vernaleo & Reynolds 2006)

Po
{1 N (r/a)ﬂ 3/1° (5)

with @ = 100 kpc and pp = 1072° g cm 3. A gravity field
is added to maintain an initial hydrostatic equilibrium, and
is kept constant in time. We include radiative cooling in the
simulations, where the tabulated cooling function is taken
from Table 6 in Sutherland & Dopita (1993).

To reveal the large scale flow, we follow an artificial
flow quantity called a ‘tracer.” The tracer is frozen-in to the
flow, and hence indicates how the spreading behaves with
time for gas starting in a certain volume. A tracer’s initial
value is set to £(0) = 1 in a certain volume and £(0) = 0
elsewhere. As the traced gas mixes with the ICM or ma-
terial from the jet, its value drops to 0 < &(t) < 1. We
choose to trace the gas starting inside a torus around the z
axis. The radius of the cross section of the torus is 2.5 kpc,
and it is centered at (y, z) = (20, 15) kpc, or more gener-
ally (/22 + 42, z) = (20,15) kpc.

In Figure 1 we present the evolution of the tracer at six
times in the meridional plane (y, z). Note that the axis of
the jet is along the z axis, which is the horizontal axis in
the figure. The evolution of other quantities in the (z, z)
meridional plane is presented by Hillel & Soker (2016).
In the panels shown in the left column, the arrows repre-
sent flow velocity, with length linear with velocity up to
an upper limit of v,, = 400 km s~!. Faster regions are
presented with an arrow length corresponding to v,,. In
the panels shown in the right column, the arrows represent
mass flux ¢ = vp.

There are several prominent properties of the flow
that are relevant to the present study and are revealed in
Figure 1.

prem(r) =

(1) Mixing. The vortices created during the inflation of
the bubble mix hot bubble gas with the ICM gas. This
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can be clearly seen by following the evolution of the
tracer. This is the main heating mechanism of the ICM
by jets (Gilkis & Soker 2012; Hillel & Soker 2014,
2016).

(2) Outward then inward motion. The shocks running
through the ICM followed by sound waves behind
them can push gas out. The traced gas presented
here is pushed from a torus cross section centered at
(y,z) = (20, 15) kpc to an elongated shape centered
at (y,z) ~ (29,15) kpc at ¢ ~ 100 Myr. However,
then it turns around and flows inward. It is heated only
when it starts to be mixed with the hot bubble gas at
t ~ 110 Myr (Hillel & Soker 2016).

(3) Large scale meridional flow. At late times of ¢t 2
200 Myr, and after about 10 jet-activity episodes (cy-
cles), a large-scale inflow takes place near the equato-
rial plane. This results from the dragging of ICM gas
by the outflowing jets along their axis, here the hor-
izontal z-axis. It seems though that in reality the axis
of the jets will change their direction and no such large
meridional flow will develop. This change in direction
can be seen in the three bubble-pairs in NGC 5813
(Randall et al. 2015).

It should be noted that the simulations presented here
are general, and have parameters that fit clusters of galax-
ies, but do not fit groups of galaxies, such as NGC 5813.
For example, the power of jets here is 200-1000 times
the power inferred for the bubble formation in NGC 5813
(Randall et al. 2015). The consequence is that the mixing
region extends far beyond a radius of 30 kpc. For a much
lower power of the jets as appropriate for NGC 5813, we
would get a much smaller mixing region, one that fits the
cooling flow region of NGC 5813.

The main conclusion of this section is that one cannot
assume that the activity shown by jets repeats itself along
the same direction for many episodes, but the ICM in the
equatorial plane (the plane perpendicular to the axis of the
jets) does not flow inward. The flow inward will mix ICM
gas with bubble gas, leading to heating by mixing that is
much more efficient than the shocks-heating process.

4 POST-SHOCK FLOW

Randall et al. (2015) find the observed rise in temperature
across the shocks to be less than what is expected based on
the Mach numbers they derive from their calculated den-
sity jumps across the shocks. They attribute the discrep-
ancy to the inability of the deprojected temperature mea-
surements to resolve the temperature jump due to the nar-
row width of the shock and the rarefied cool gas behind the
shock (Randall et al. 2011).

We raise another possibility here. When a bubble is
inflated by a jet, sound waves are excited and trail the
shock wave (Sternberg & Soker 2009). The sound waves
can compress gas behind the shock, and raise the density
behind the shock much more than they raise the tempera-
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Fig.1 Evolution with time of a traced gas simulated by Hillel & Soker (2016). At ¢ = 0 the traced gas was contained in a torus
whose axis is the z-axis and whose cross section is a circle centered at (1/z2 + y2, z) = (20, 15) kpc with a radius of » = 2.5 kpc.
Color coding represents the tracer value £. The axis of the jets is along the horizontal z-axis in the panels. In the three panels on the
top the arrow lengths are linear with velocity, up to a maximum value of v,, = 400 km s~ . Faster regions have an arrow length
corresponding to v,,. The arrows in the bottom panels show the mass flux ¢ = wvp. A length of 1 kpc on the map corresponds to

$=23x10"2kms 'gem 3.

ture. In Figures 2 and 3 we present results from Sternberg
& Soker (2009), where all technical details are given.

The relevant properties of these simulations are as fol-
lows. The simulations are performed in half of the merid-
ional plane using the two-dimensional version of the VH1
code (Blondin et al. 1990; Stevens et al. 1992) in spherical
coordinates with a resolution of 256 x 256. Gravity was in-
cluded in these simulations. Two opposite jets are launched
along the z-axis.

In the case of wide jets, two opposite jets were injected
in the time period from ¢ = —10 Myr until £ = 0, each jet
with a half opening angle of o = 70°. Their combined
mass outflow rate was My = 10Mg yr~! and the ini-
tial velocity was radial with v; = 7750 km s~. The total
power of the two jets was Faj = 2 x 10% erg s~". This
case is presented in Figure 2.

In the case of the precessing jets the two opposite jets
have the same mass outflow rate and velocity as in the
case of wide jets, but they were injected at any given time
with a half opening angle of v = 5°. In the axisymmetric
grid employed, the jets are actually precessing very rapidly
around the symmetry axis (i.e., forming a pattern of 3D
tori). The angle € between the symmetry axis and the axis
of the jets was varied in a random way. The precession pe-
riod, i.e., the time the jet returns to the same angle 6, is
Threc = 0.1 Myr. The interaction of the jet with the ICM
is similar to that of a wide jet with a half opening angle of

a =~ 50°. The jets were active between t = —18 Myr and
t = 0. This case is presented in Figure 3.

The profiles along a cut in each case presented above
show a density and temperature jump immediately behind
the shock (the shock is near the right edge of the lower
panel in Figs. 2 and 3). Immediately behind the post-shock
jump (moving to the left in the lower panels of Figs. 2 and
3) there is another increase in the density, but the tempera-
ture decreases. The overall density jump overestimates the
shock Mach number.

We argue that Randall et al. (2015) somewhat overes-
timate the Mach numbers in the shocks that they study in
NGC 5813.

5 SUMMARY

We reexamined the claim made by Randall et al. (2011)
and Randall et al. (2015) that the ICM in the cooling
flow group of galaxies NGC 5813 is heated by many
shock waves excited by repeated jet-launching episodes.
It was already argued by Soker et al. (2013) that the
shocks-heating mechanism is inefficient, and cannot ac-
count for the ICM properties of NGC 5813. Here how-
ever, we performed three new analyses and confronted
theoretical studies with the newly derived properties of
the ICM of NGC 5813. (z) We presented a new analyti-
cal analysis of the effect of many shocks on the outskirts
of the ICM in NGC 5813. (i) We discussed the role of
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Fig.2 Excitation of sound waves by wide-jet-inflated bubbles.
Upper panel: Density map for the ICM around the wide-jet-
inflated bubbles at ¢t = 10 Myr after the jet has ceased. The den-
sity units of the color-coded bar are log p( g cm™?). The white
regions are the two very-low density bubbles inflated by the two
opposite jets. Lower panel: Density, temperature and pressure
along the cut at 40° as marked on the upper panel by the dashed
line. The pressure is given in units of 6 x 10~'* erg cm ™%, den-
sity in units of 1.5 x 107?° g cm ™3 and temperature in units
of 2.7 x 107 K. Both panels are taken from Sternberg & Soker
(2009) where all details are given. The post-shock region at
r = 21.5 kpc shows jumps in density, temperature and pressure.
The sound wave just behind the shock at » = 18.5 kpc has den-
sity and pressure above the post-shock values, but the temperature
is lower than the post-shock value.

the large scale flow induced by jet-inflated bubbles on the
ICM and its thermal evolution. (722) We used simulations of
sound waves that trail shocks induced by jet-inflated bub-
bles to analyze possible complications involved in deriving
the properties of the shocks from observations. These new
analyses strengthen the conclusion that mixing-heating is
more efficient than shocks-heating.

The energy carried by the shocks and that is not de-
posited in the inner region, r < 30 kpc, is carried to
the outer ICM regions and must dissipate there as sound
waves.

In Section 2 we found that for the inefficient shocks-
heating mechanism to heat the inner » < 30 kpc region,
this extra energy heats the outer ICM to a high enough
temperature for it to escape the group of galaxies. If this
were the case, the inner region would have expanded and
escaped a long time ago. Clearly a more efficient heating
mechanism is required.

In Section 3 we showed that after about ten jet-
launching episodes along a constant axis, a large-scale
meridional flow develops (Fig. 1). An inflow of mass near
the equatorial plane takes place. One cannot regard the
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Fig.3 Excitation of sound waves by precessing-jet-inflated bub-
bles as simulated by Sternberg & Soker (2009). Upper panel:
Density map for the ICM around the precessing-jet-inflated bub-
bles at ¢ = 0, just when the jets cease. Lower panel: Density, tem-
perature and pressure along the cut at 80° as marked on the upper
panel by the dashed-dotted line. The pressure is given in units of
9 x 102 erg cm ™3, density in units of 2 x 10~2% g cm ™2 and
temperature in units of 2.7 x 107 K. The post-shock region at
r = 18 kpc shows jumps in density, temperature and pressure.
The sound wave behind the shock at » = 15.5 kpc has density
and pressure above the post-shock values, but the temperature is
lower than the post-shock value.

ICM in such a case as static. Such a flow leads to a very
vigorous mixing of the ICM with hot gas inside the bub-
bles. Heating by mixing becomes the dominate heating
mechanism even for gas perpendicular to the axis of the
jets (Gilkis & Soker 2012; Hillel & Soker 2014, 2016). We
expect that in reality the axis of the jets will change over
time, and the meridional flow will not be as prominent as
found here.

In Section 4 we showed that sound waves propagating
behind a shock wave can form a region behind the shock
where the density increases above the post-shock value, but
the temperature does not. This might explain the finding
of Randall et al. (2015) that the temperature jumps across
the shocks in NGC 5813 are lower than those expected
for the Mach numbers they deduced based on the density
jumps. If true, it implies that Randall et al. (2015) overes-
timated the Mach numbers in the three shocks they found
in NGC 5813.

Our main conclusion is that shocks cannot be the main
heating process of the ICM in NGC 5813. Heating by mix-
ing seems to be the main heating process of the ICM by
jets (Gilkis & Soker 2012; Hillel & Soker 2014,2016). The
mixing is caused by vortices that are formed during infla-
tion of the bubbles. To reveal the properties of the vortices
in numerical simulations, it is crucial to inflate bubbles in a
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self-consistent manner. When that is done, it is found that
the mixing also operates perpendicularly to the axis of the
jets.

The vortices lead to turbulence in the ICM. Therefore,
the finding of moderate turbulence in the inner region of
NGC 5813 by Werner et al. (2009) and de Plaa et al.
(2012), as well as in other clusters (Zhuravleva et al. 2014,
2015; Anderson & Sunyaev 2015), strengthens the argu-
ment that the mixing-heating process is the dominant heat-
ing process. Some heating by the dissipation of turbulence
takes place as well, but it accounts for at most &~ 20% of
the total heating (Hillel & Soker 2016).
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