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HESS collaboration: Gamma-ray observations of Hydra A

sumed to be the energetically dominant feedback agent on the
ICM. Viable proxies for the energy in cosmic rays could be the
energetics of the shock wave or the energy needed to sustain
the X-ray cavities. In the general picture for AGN outbursts in
galaxy clusters, the radio bubbles are dominated by cosmic rays,
whereas the thermal ICM is distributed around these bubbles.
The radio bubbles appear as surface brightness depressions in
X-rays. This indicates a depletion of the hot ICM inside them.
The three-dimensional structure of the bubbles is not known and,
consequently, the actual density of X-ray emitting plasma in-
side the cavities can only loosely be constrained. Limits on the
density of thermal plasma inside the lobes can also be obtained
with the depolarization effect of the radio emission of the lobes
(Garrington & Conway, 2001). The actual gamma-ray luminos-
ity of the system will depend on the level of mixing between
hadronic cosmic rays and the thermal ICM. Processes which can
lead to an effective mixing between cosmic rays and target mate-
rial in AGN outbursts are diffusion of cosmic rays out of the bub-
bles to the regions with higher ICM density (e.g. Hinton et al.,
2007), and entrainment of non-relativistic material in the outflow
from the central engine (e.g. Pope et al., 2010).

For Hydra A order of magnitude estimates give a gamma-
ray luminosity of Lγ = Epp/3τpp ∼ 1043 erg s−1, with Epp ∼
1061 erg is the total energy in hadronic cosmic rays and τpp ∼
6 × 109 years is the cooling time for proton-proton interac-
tions for a mean density of target material of 5 × 10−3 cm−3,
as obtained from X-ray measurements (Nulsen et al., 2005b).
This results in a gamma-ray flux at Earth of Fγ = Lγ/4πd2L ∼
10−12 erg cm−2 s−1. This estimate shows that for an optimistic
scenario where cosmic rays are well mixed with the embedding
target material, this object is within reach of the current gener-
ation of gamma-ray instruments. The predicted gamma-ray flux
for a more elaborate model for Hydra A, assuming a hadronic
emission mechanism and corrected for absorption by the EBL
for a redshift of 0.0538, is shown for different scenarios (mod-
els from Hinton et al., 2007) in Fig. 2. For all cases the adopted
mean density of thermal plasma outside the bubbles is 5 × 10−3
cm−3.

Cases (a) and (b) consider an energy in cosmic rays corre-
sponding to the energetics of the blast wave surrounding the bub-
bles of 9 × 1060 erg. In case (a) the bubbles are filled with cold,
unseen gas with the same density as the surroundings which
could be entrained by the AGN outflow. In case (b) bubbles
are completely evacuated from the thermal ICM and mixing
between the thermal ICM, and the cosmic rays results solely
from energy-dependent diffusion of cosmic rays to the outside
medium of the bubbles.

For the cases (c) and (d) it is adopted that the total energy in
cosmic rays is 1pV = 4×1060 erg, which is necessary to prevent
the cavities in the X-ray emitting gas to collapse. In case (c) the
density of the ICM in the bubbles is half of the density outside
the bubbles and for case (d) the same scenario comprising empty
cavities as (b) is adopted.

Predictions of these different model assumptions are com-
pared to the upper limits on the gamma-ray emission of the
Hydra A system obtained with Fermi-LAT and H.E.S.S. From
Fig. 2 it is evident that these instruments are able to constrain
the most favorable scenario for hadronic cosmic ray content and
mixing of cosmic rays and thermal gas in the Hydra A galaxy
cluster. This scenario would require a complete compound be-
tween cosmic rays and ICM. This model (a) predicts a flux of
E2dN/dE ≈ 4 × 10−13 erg cm−2 s−1 in the range of about 1 GeV
- 300 GeV. The presence of cavities in the ICM seems to ar-

gue against complete mixing between these two components.
However, it has to be noted that 10% of the entire ICM con-
tained within a radius of 150 kpc from the cluster center has been
dredged-up by the AGN outburst. This up-lifted cooler gas par-
tially follow the location of the giant outer bubbles (Gitti et al.,
2012). Since these bubbles occupy 10% of the cluster volume
within a radius of 150 kpc (Wise et al., 2007), significant en-
trainment of cool gas in the outer bubbles can be expected.
From the upper limits obtained with Fermi-LAT (see Tab. 1) and
H.E.S.S. above 240 GeV of 2.8 × 10−13 erg cm−2 s−1 (assuming
Γ = 2.5) limits on the degree of mixing between cosmic rays
and ICM can be derived. Fermi-LAT can constrain the degree
of mixing to 0.5 and H.E.S.S. can limit the degree of mixing to
less than 0.7 where 0 means no mixing and 1 defines complete
mixing between the two components. It is expected that parti-
cles with higher energies diffuse faster into their surroundings
and therefore also mix faster with the ambient medium. Thus
both values for the limit on the degree of mixing at different en-
ergies provide interesting constraints on particle transport in the
Hydra A system. In general, hadronic cosmic rays as the ener-
getically most important feedback agent in cluster-scale AGN
outbursts can currently not be excluded.
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Fig. 2. Upper limits on the gamma-ray flux are compared to the
predicted spectral energy distribution for a hadronic scenario for
the Hydra A system. Fermi limits are shown in blue for Γ = 1.5
and cyan for Γ = 2.0 and H.E.S.S. limits are displayed in red for
Γ = 2.5. Gamma-ray indices are chosen to approximately match
the shape of the predicted spectrum. Upper limits for Fermi and
H.E.S.S. for the entire probed energy range are shown with the
assumed spectral index and for consistency the same represen-
tation for the Fermi and H.E.S.S. limits are used. The contin-
uation of the H.E.S.S. limit of 2.8 × 10−13 erg cm−2 s−1 above
the threshold of 240 GeV towards higher energies only reflects
the adopted spectral index of Γ = 2.5 and therefore does not
represent the general H.E.S.S. sensitivity at higher energies. For
details of the different models see main text. Model (a) would
predict an integral flux of F(> 240GeV) ≈ 1.5 × 10−12 cm−2s−1
above the H.E.S.S. threshold.
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is known to have a steep g-ray spectrum (6).
For further details pertaining to the analysis of
the lobe emission, see the SOM.

It is well-established that radio galaxy lobes
are filled with magnetized plasma containing
ultra-relativistic electrons emitting synchrotron
radiation in the radio band (observed frequencies:
n ~ 107 to 1011 Hz). These electrons also up-
scatter ambient photons to higher energies via the
inverse Compton (IC) process. At the observed
distances far from the parent galaxy (>100-kpc
scale), the dominant soft-photon field surround-
ing the extended lobes is the pervading radiation
from the cosmic microwave background (CMB)
(11). Because IC/CMB scattered emission in the
lobes of more distant radio galaxies is generally
well observed in the x-ray band (12–14), the IC
spectrum can be expected to extend to even higher
energies (9, 15), as demonstrated by the LAT
detection of the Cen A giant lobes.

Fig. 1. (A and B) Fermi-
LAT g-ray (>200 MeV)
counts maps centered
on Cen A, displayed with
square-root scaling. In
both (A) and (B), models
of the galactic and iso-
tropic emission compo-
nents were subtracted
from the data (in con-
trast to the observed
counts profile presented
in Fig. 2). The images
are shown before (A)
and after (B) addition-
al subtraction of field
point sources (SOM) and
are shown adaptively
smoothed with a mini-
mum signal-to-noise ratio
of 10. In (B), the white
circle with a diameter of
1° is approximately the
scale of the LAT point-spread function width. (C) For comparison, the 22-GHz radio map
from the 5-year WMAP data set (8) with a resolution of 0°.83 is shown. J2000, equinox; h,
hour; m, minutes.

Fig. 2. Observed intensi-
ty profiles of Cen A along
the north-south axis in
g-rays (top) and in the
radio band (bottom). In
the bottom panel, the lobe
regions 1 and 2 (northern
lobe) and regions 4 and
5 (southern lobe) are in-
dicated as in (9), where
region 3 (not displayed
here) is the core. The red
curve overlaid onto the
LAT data indicates the
emission model for all
fitted points sources, plus
the isotropic and Galactic
diffuse (brighter to the
south) emission. The point sources include the Cen A core (offset = 0°) and a LAT source (offset =
−4.5°) (see SOM) that is clearly outside (1° from the southern edge) of the southern lobe. The excess
counts are coincident with the northern and southern giant lobes. arb, arbitrary units.
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g-rays (top) and in the
radio band (bottom). In
the bottom panel, the lobe
regions 1 and 2 (northern
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dicated as in (9), where
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here) is the core. The red
curve overlaid onto the
LAT data indicates the
emission model for all
fitted points sources, plus
the isotropic and Galactic
diffuse (brighter to the
south) emission. The point sources include the Cen A core (offset = 0°) and a LAT source (offset =
−4.5°) (see SOM) that is clearly outside (1° from the southern edge) of the southern lobe. The excess
counts are coincident with the northern and southern giant lobes. arb, arbitrary units.
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To model the observed lobe g-rays as IC emis-
sion, detailed radio measurements of the lobes’
synchrotron continuum spectra are necessary to
infer the underlying electron energy distribution
(EED), ne(g), where the electron energy is Ee =
gmec

2 (g, electronLorentz factor;me, electronmass;
c, speed of light;ne, number density of electrons). In
anticipation of these Fermi observations, ground-
based (16, 17) and WMAP satellite (8) maps of
Cen A were previously analyzed (9). Here, we
separately fit the 0.4- to 60-GHz measurements
for each region defined therein for the north (1 and
2) and south (4 and 5) lobes (Fig. 2) with EEDs in
the form of a broken power law (with normaliza-
tion ke and slopes s1 and s2) plus an exponential
cutoff at high energies neðgÞ ¼ keg−s1 for gmin ≤
g < gbr and neðgÞ ¼ keg

s2−s1
br g−s2 exp½−g=gmax% for

g ≥ gbr, such that the electron energy density isUe ¼
∫EeneðgÞdg. To a certain extent, our modeling re-
sults depend on the shape of the electron spectrum

at energies higher than those probed by the WMAP
measurements (n ≳ 60 GHz) (Fig. 3); we have
assumed the spectrum to decline exponentially.

We calculated the IC spectra resulting from
the fitted EED (parameters listed in table S1
of the SOM) by employing precise synchro-
tron (18) and IC (19) kernels (including Klein-
Nishina effects) by adjusting the magnetic
field B. In addition to the CMB photons, we
included IC emission off the isotropic infrared-
to-optical extragalactic background light (EBL)
radiation field (9, 20, 21), using the data com-
pilation from (22). Anisotropic radiation from
the host galaxy starlight and the well-known
dust lane was also included, but was found to
have a negligible contribution in comparison to
the EBL (Fig. 4 and SOM). The resultant total
IC spectra of the northern and southern lobes
(Fig. 3) with B = 0.89 mG (north) and 0.85 mG
(south) provide satisfactory representations of

the observed g-ray data. These B-field values
imply that the high-energy g-ray emission de-
tected by the LAT is dominated by the scattered
CMB emission, with the EBL contributing at
higher energies (≳1 GeV) (Fig. 4).

Considering only contributions from ultra-
relativistic electrons and magnetic field, the lobe
plasma is found to be close to the minimum-
energy condition with the ratio of the energy den-
sities Ue=UB ≃ 4:3 (north) and ≃ 1:8 (south),
where UB = B2/8p. The EED was assumed to
extend down to gmin = 1; adopting larger values
can reduce this ratio by a fractional amount
for the southern lobe and by up to ~two times
for the northern lobe (SOM). For comparison,
IC/CMB x-ray measurements of extended lobes
of more powerful [Fanaroff-Riley type-II (23)]
radio sources have been used to infer higher B
fields and equipartition ratios with a range
Ue=UB ≃ 1−10 (12–14).

Fig. 3. Broad-band SEDs of the northern (A) and southern (B) giant lobes of
Cen A. The radio measurements (up to 60 GHz) of each lobe are separated
into two regions, with dark blue data points indicating regions that are closer
to the nucleus (regions 2 and 4; see Fig. 2), and light blue points denoting
the farther regions (1 and 5). Synchrotron continuum models for each
region are overlaid. The component at higher energies is the total IC

emission of each lobe modeled to match the LAT measurements (red points
with error bars; error bars indicate 1 s errors). The x-ray limit for the lobe
emission derived from SAS-3 observations (24) is indicated with a red
arrow [see (9)]. The break and maximum frequencies in the synchrotron
spectra are nbr = 4.8 GHz and nmax = 400 GHz, respectively. nSn, frequency
multiplied by flux density.

Fig. 4. Detail of the IC portion of the northern (A) and southern (B) giant
lobes’ SEDs (Fig. 3). The separate contributions from the different photon
seed sources are indicated with dashed lines, and the total emission is

represented by the solid black line. Red data points and error bars are the
same as in Fig. 3. Vertical bars indicate errors; horizontal bars indicate
frequency range.
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Figure 18. Comparison of the Fermi bubbles with features in other maps. Top left: point-source subtracted 1–5 GeV Fermi-LAT 1.6 yr map, same as the lower left
panel of Figure 3 with north and south bubble edges marked with green dashed line, and north arc in blue dashed line. The approximate edge of the Loop I feature
is plotted in red dotted line, and the “donut” in purple dot-dashed line. Top right: the Haslam 408 MHz map overplotted with the same red dotted line as the top left
panel. The red dotted line remarkably traces the edge of the bright Loop I feature in the Haslam soft synchrotron map. Bottom left: the ROSAT 1.5 keV X-ray map is
shown together with the same color lines marking the prominent Fermi bubble features. Bottom right: WMAP haze at K-band 23 GHz overplotted with Fermi bubble
edges. The ROSAT X-ray features and the WMAP haze trace the Fermi bubbles well, suggesting a common origin for these features.
(A color version of this figure is available in the online journal.)

E2dN/dE = 3 × 10−7 GeV cm−2 s−1 sr−1 from 1–100 GeV,
integrating to 1.4 × 10−6 GeV cm−2 s−1 sr−1. The bubble tem-
plate used in our analysis (Figure 3) subtends 0.808 sr, yielding
a total bubble flux of 1.13 × 10−6 GeV cm−2 s−1. To obtain an
average distance for the emission, we approximate the bubbles
as two spheres centered at b = ±28◦, and directly above and
below the GC. For a Sun–GC distance of 8.5 kpc, this implies
a distance of 9.6 kpc, and a total power (both bubbles) in the
1–100 GeV band of 2.5 × 1040 GeV s−1 or 4.0 × 1037 erg s−1,
which is ∼5% of the total Galactic gamma-ray luminosity be-
tween 0.1 and 100 GeV (Strong et al. 2010). The electron CR
density in the bubbles required to generate the observed gamma
rays, at any given energy, depends strongly on the assumed elec-
tron spectrum. However, typically the required values are com-
parable to the locally measured electron CR density. For exam-
ple, for the model in the first panel of Figure 24 (dN/dE ∝ E−2

for 500 GeV ! E ! 700 GeV), the inferred bubble electron den-
sity is ∼10× greater than the local electron density (as measured

by Fermi) at an energy of 500 GeV. For a representative model
from the first panel of Figure 23 (dN/dE ∝ E−2.3 for 0.1 GeV
! E ! 1000 GeV, with a 10 µG magnetic field generating the
WMAP Haze via synchrotron), at 500 GeV the bubble electron
density is a factor ∼2× greater than the local density.

5. INTERPRETATION

As discussed in Dobler et al. (2010), the Fermi bubbles
seem most likely to originate from IC scattering, since the
required electron CR population can also naturally generate
the WMAP haze as a synchrotron signal. The ROSAT X-ray
measurements suggest that the bubbles are hot and hence
underdense regions, and thus argue against the gamma rays
originating from bremsstrahlung or π0 decay.

Even though the material in the bubbles is likely high
pressure, it is also probably very hot (∼107 K) and has lower
gas density than the ambient ISM. This would explain why the
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integrating to 1.4 × 10−6 GeV cm−2 s−1 sr−1. The bubble tem-
plate used in our analysis (Figure 3) subtends 0.808 sr, yielding
a total bubble flux of 1.13 × 10−6 GeV cm−2 s−1. To obtain an
average distance for the emission, we approximate the bubbles
as two spheres centered at b = ±28◦, and directly above and
below the GC. For a Sun–GC distance of 8.5 kpc, this implies
a distance of 9.6 kpc, and a total power (both bubbles) in the
1–100 GeV band of 2.5 × 1040 GeV s−1 or 4.0 × 1037 erg s−1,
which is ∼5% of the total Galactic gamma-ray luminosity be-
tween 0.1 and 100 GeV (Strong et al. 2010). The electron CR
density in the bubbles required to generate the observed gamma
rays, at any given energy, depends strongly on the assumed elec-
tron spectrum. However, typically the required values are com-
parable to the locally measured electron CR density. For exam-
ple, for the model in the first panel of Figure 24 (dN/dE ∝ E−2
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by Fermi) at an energy of 500 GeV. For a representative model
from the first panel of Figure 23 (dN/dE ∝ E−2.3 for 0.1 GeV
! E ! 1000 GeV, with a 10 µG magnetic field generating the
WMAP Haze via synchrotron), at 500 GeV the bubble electron
density is a factor ∼2× greater than the local density.

5. INTERPRETATION

As discussed in Dobler et al. (2010), the Fermi bubbles
seem most likely to originate from IC scattering, since the
required electron CR population can also naturally generate
the WMAP haze as a synchrotron signal. The ROSAT X-ray
measurements suggest that the bubbles are hot and hence
underdense regions, and thus argue against the gamma rays
originating from bremsstrahlung or π0 decay.

Even though the material in the bubbles is likely high
pressure, it is also probably very hot (∼107 K) and has lower
gas density than the ambient ISM. This would explain why the
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Fig. 5.— Central slices (16× 15 kpc) of CR energy density in logarithmic scale in run A-diff1 (top-left), A1 (top-right), A-diff2 (bottom-
left), and A-diff3 (bottom right) at t = tFermi (details listed in Tables 1 and 2 for each run). Horizontal and vertical axes refer to R and z
respectively, labeled in kpc. The dotted region in each panel encloses the observed north Fermi bubble. In runs A-diff1 and A-diff2, CR
diffusion significantly affects the bubble evolution, rendering bubble edges that are less sharp than those observed. Variable CR diffusion
in run A-diff3 leads to a smoother CR energy density distribution inside the bubble, while still suppressing CR diffusion across the bubble
surface and retaining sharp bubble edges as in run A1.

want to do a preliminary study investigating how the
CR bubble evolves if the CR diffusion is only suppressed
across the bubble surface. To this end, we perform an
additional run A-diff3, where the CR diffusion is normal
(κ ∼ 1028 - 1029 cm2 s−1) within the evolving CR bubble,
but significantly suppressed exterior to the bubble sur-
face. As shown in § 3.1, the CR bubble is separated from
the surrounding thermal gas through a contact disconti-
nuity, across which thermal gas density changes abruptly.
Thus we assume that in run A-diff3, the CR diffusivity is
related to thermal gas density through an ad-hoc equa-
tion:

κ =

{

3× 1029(ne0/ne) cm2 s−1 when ne > ne0

3× 1029 cm2 s−1 when ne ≤ ne0,
(13)

where ne0 = 10−5 cm−3. The parameters in equation
13 are chosen so that during the calculation of this run
(t ≤ tFermi), CR diffusion is always significantly sup-
pressed outside the expanding bubble (κ ! 1028 cm2

s−1), but not suppressed within it (κ ∼ 1028 - 1029 cm2

s−1). The low CR diffusivity outside the bubble only
suppresses CR diffusion across the bubble surface and
does not directly affect regions much further away from

the bubble, since there are essentially no CRs there. At
t = tFermi, the CR energy density distribution, shown
in the bottom-right panel of Figure 5, is very similar
to that in run A1 (top-right panel), and particularly,
the edges of the CR bubble are also very sharp, indi-
cating that the prescription for CR diffusivity shown in
equation 13 indeed significantly suppresses CR diffusion
across the bubble surface, and CR diffusion in the bub-
ble interior is not required to be suppressed to produce
the sharpness of the bubble edges. The bottom-right
panel of Figure 5 also shows that the ec distribution in-
side the bubble in run A-diff3 is much smoother than in
run A1. CR diffusion inside the bubble removes local
CR structures (e.g., regions with high or low CR energy
densities as seen in the right-top panel of Fig. 5), which
may otherwise have been seen in the Fermi observations
of projected gamma-ray emission. The observed Fermi
bubbles have approximately uniform surface brightness,
which may imply that CR diffusion is not strongly sup-
pressed inside the bubbles (i.e., only the CR diffusion
across the bubble surface is strongly suppressed). Fu-
ture data from even longer-duration Fermi observations
are needed to study the possible internal structure of the
Fermi bubbles.
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Fig. 4.— Line-of-sight projected CR energy density in logarith-
mic scale in run V0 (top) and V3 (bottom) at t = tFermi. Hor-
izontal and vertical axes refer to Galactic longitude and latitude
respectively, labeled in degrees. The dotted region in each panel
encloses the observed north Fermi bubble, while the solid circle en-
closes the south Fermi bubble. Edge irregularities are clearly seen
in the non-viscous run V0, while the observed Fermi bubbles show
smooth edges. The viscous run V3 shows smooth edges, but the
gamma-ray intensity distribution is limb-brightened, inconsistent
with the observed flat surface brightness.

viscosity reduces the levels of gas shear motions and the
associated CR advection in the bubble interior, signifi-
cantly affecting the spatial distributions of CRs and the
line-of-sight projected gamma-ray intensity in the Fermi
bubbles. Due to its relatively small inertia, the jet is
deflected at the top of the bubble and flows backward,
transporting CRs down along the bubble boundary. In
the absence of viscosity this backflow is deflected once
again at the bubble bottom and returns upward in the
direction of the original jet, filling most of the bubble
interior with CRs. However, in viscous runs (e.g. run
V3) this second upward motion is damped by viscosity
and the original boundary backflow is arrested and ex-
pands with the bubble, retaining the concentration of
CRs near the bubble boundary produced by the original
backflow as seen in the bottom panels of Fig. 2. Thus,
an edge-favored CR distribution, inferred from the ob-
served flat gamma-ray intensity, is a natural consequence
of shear viscosity, which is often ignored in previous jet
studies. An edge-favored CR distribution may also be
present in some extragalactic radio bubbles, where the
observed radio synchrotron emissivity is peaked at bub-
ble edges (Carvalho et al. 2005; Daly et al. 2010). We
note that it is difficult to explain this observational fea-
ture by other physical mechanisms.
Momentum transport near the bubble surface is critical

in suppressing the backward motion of the jet backflow.
Figure 5 shows variations of vz and CR pressure along
the R-direction for the non-viscous run V0 (left panels)
and the viscous run V3 (right panels) at z = 2 kpc at
three times t = 0.3, 0.5, and 1.0 Myr. The jet backflow
layer is located at the bubble surface, corresponding to

the CR pressure peak at the right end of each line in bot-
tom panels of Figure 5. In top panels, it is represented
by regions with negative values of vz. Due to the bubble
expansion, the backflow moves to larger Galactocentric
distances with time. Comparing the backflow layers in
the left and right panels, it is clear that viscosity signif-
icantly suppresses the backward motion of the backflow
in run V3.
The top panels of Figure 5 clearly show the presence of

velocity gradients at both the inner and outer surfaces of
the backflow, suggesting that momentum transport into
the backflow from both the bubble interior and ambient
gas contributes to the suppression of its backward mo-
tion in run V3, which adopts a spatially constant viscos-
ity coefficient. It is possible that momentum transport
across one surface alone may be sufficient to reduce the
backflow’s backward motion. In particular, strong veloc-
ity gradients are present near the inner interface of the
backflow with the bubble interior as clearly seen in both
the left-top (non-viscous) and right-top (viscous) panels.
We speculate that momentum transport across the in-
ner interface alone is sufficient to reduce the backflow’s
backward motion and thus suppress KH instabilities if
momentum transport across the outer interface is fully
suppressed by parallel magnetic fields. We tentatively
confirm this speculation in a few additional simulations
where viscosity is only allowed in the bubble interior.
However, it is not easy in these simulations to accurately
determine the bubble surface (i.e., to fully shut off mo-
mentum transport across the bubble surface), which is
resolved by a few numerical cells. More robust conclu-
sions can only be made by future high resolution simu-
lations with more advanced numerical technologies.

3.2.2. The Potential Role of CR Diffusion

The flat gamma-ray surface brightness is a very in-
triguing observational feature, requiring a gradual in-
crease of CRs toward the bubble surface. As noted pre-
viously, a uniform CR distribution will give rise to a
center-brightened gamma-ray surface brightness. If most
CRs are concentrated at the bubble surface, the gamma-
ray surface brightness will instead be limb-brightened,
as clearly seen in the bottom panel of Figure 4 which
shows the distribution of line-of-sight projected CR en-
ergy density in the Galactic coordinate system in a typ-
ical viscous run V3 at t = tFermi. We now show that
including CR diffusion within the bubbles can lead to
a profile which roughly matches observations. In run
V3, we choose a spatially uniform low CR diffusivity
(κ = 3 × 1026 cm2 s−1), but as shown in Paper I, CR
diffusion only needs be suppressed across the bubble
surface to reproduce the observed sharpness of bubble
edges. Such suppression could be produced by mag-
netic draping (particularly at early times), which pro-
duces magnetic field lines approximately tangent to the
bubble surface (Lyutikov 2006; Ruszkowski et al. 2007;
Dursi & Pfrommer 2008). No such considerations ap-
ply to the bubble interior, whose field structure is likely
set by the bubble inflation process and subsequent re-
connection (e.g., see Braithwaite 2010), probably not
significantly suppressing CR diffusion there. We note
that the details of the potential magnetic draping asso-
ciated with the supersonic GC jets here may be differ-
ent from those described in Ruszkowski et al. (2007) and
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Fig. 2.— Central slices (16 × 15 kpc) of CR energy density in logarithmic scale in runs V0, V0d5, V1, V3, V10, and V30 at t = tFermi,
which is shown at the top of each panel for the corresponding run. Horizontal and vertical axes refer to R and z respectively, labeled
in kpc. The stabilizing effect of viscosity on bubble edges can be clearly seen here as viscosity increases from panel to panel, and the
Kelvin-Helmholtz and Rayleigh-Taylor instabilities are fully suppressed when µvisc ! 3 g cm−1 s−1.

In a weakly collisional/collisionless plasma such as the
bubble interior, pressure anisotropy p‖ != p⊥ arises from
conservation of the magnetic moment for each particle
µ = mv2⊥/2B = const, which implies that any change in
the field is accompanied by a change in the perpendicular
pressure to keep p⊥/B ∼const. This then triggers micro-
instabilities (such as the firehose, mirror, ion cyclotron
instabilities) which feed off the pressure anisotropy and
pin it at marginal stability values (Rosin et al. 2011).
The micro-instabilities change the pressure anisotropy
either via an enhanced rate of collisions through an ef-
fective particle scattering mechanism, a source of effec-
tive viscosity (Sharma et al. 2006), or modification of
the rate of strain of the magnetic field so as to cancel
the pressure anisotropy created by the changing fields
(Rosin et al. 2011; Schekochihin et al. 2010); the latter
gives rise to a viscosity in a turbulent medium that scales
as the parallel Braginskii value (and by dissipating tur-
bulent motions, could provide significant viscous heating;
Kunz et al. 2011). Viscosity in collisionless plasma may
also be caused by particle scattering with magnetic ir-
regularities and Alfven waves, which has been invoked
to explain the origin of CR diffusion – a well-known
transport process in collisionless plasma. Assuming that
µvisc ∼ ρv̄λ, the effective mean free path of proton scat-

tering for our assumed level of viscosity is:

λ ∼ 1 kpc

(

µvisc

3 g cm−1 s−1

)

( v̄

108 cm s−1

)−1

×
(

ρ

10−29 g cm−3

)−1

, (7)

where v̄ is the kinetic velocity of protons and ρ is the
plasma density.
Thus, while the nature of viscosity in this context is

highly uncertain, assuming an isotropic, uniform vis-
cosity is not unreasonable. The next step would obvi-
ously be to perform MHD simulations similar to those of
(Sharma et al. 2006) for accretion disks. It would be ex-
citing to place empirical constraints on viscosity based on
comparisons of our calculations with the observed Fermi
bubbles.
In the Appendix, we explicitly present our numerical

method to implement the fully compressible shear vis-
cosity into our 2D code. The viscous runs are fairly
expensive, because the time-step imposed by viscosity
scales with ρ(∆x)2/µvisc, where ∆x is the resolution of
the computational grid. In particular, the viscous time-
step becomes extremely small at some small regions in
the bubble interior, where the thermal gas density is very
low due to the low initial jet density, the bubble ex-
pansion and viscous heating. To allow the simulations
to proceed, we thus turn off viscosity in computational
cells where the thermal gas density drops below 10−30

g cm−3. This restriction only affects some small regions
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Fig. 5.— Central slices (16× 15 kpc) of CR energy density in logarithmic scale in run A-diff1 (top-left), A1 (top-right), A-diff2 (bottom-
left), and A-diff3 (bottom right) at t = tFermi (details listed in Tables 1 and 2 for each run). Horizontal and vertical axes refer to R and z
respectively, labeled in kpc. The dotted region in each panel encloses the observed north Fermi bubble. In runs A-diff1 and A-diff2, CR
diffusion significantly affects the bubble evolution, rendering bubble edges that are less sharp than those observed. Variable CR diffusion
in run A-diff3 leads to a smoother CR energy density distribution inside the bubble, while still suppressing CR diffusion across the bubble
surface and retaining sharp bubble edges as in run A1.

want to do a preliminary study investigating how the
CR bubble evolves if the CR diffusion is only suppressed
across the bubble surface. To this end, we perform an
additional run A-diff3, where the CR diffusion is normal
(κ ∼ 1028 - 1029 cm2 s−1) within the evolving CR bubble,
but significantly suppressed exterior to the bubble sur-
face. As shown in § 3.1, the CR bubble is separated from
the surrounding thermal gas through a contact disconti-
nuity, across which thermal gas density changes abruptly.
Thus we assume that in run A-diff3, the CR diffusivity is
related to thermal gas density through an ad-hoc equa-
tion:

κ =

{

3× 1029(ne0/ne) cm2 s−1 when ne > ne0

3× 1029 cm2 s−1 when ne ≤ ne0,
(13)

where ne0 = 10−5 cm−3. The parameters in equation
13 are chosen so that during the calculation of this run
(t ≤ tFermi), CR diffusion is always significantly sup-
pressed outside the expanding bubble (κ ! 1028 cm2

s−1), but not suppressed within it (κ ∼ 1028 - 1029 cm2

s−1). The low CR diffusivity outside the bubble only
suppresses CR diffusion across the bubble surface and
does not directly affect regions much further away from

the bubble, since there are essentially no CRs there. At
t = tFermi, the CR energy density distribution, shown
in the bottom-right panel of Figure 5, is very similar
to that in run A1 (top-right panel), and particularly,
the edges of the CR bubble are also very sharp, indi-
cating that the prescription for CR diffusivity shown in
equation 13 indeed significantly suppresses CR diffusion
across the bubble surface, and CR diffusion in the bub-
ble interior is not required to be suppressed to produce
the sharpness of the bubble edges. The bottom-right
panel of Figure 5 also shows that the ec distribution in-
side the bubble in run A-diff3 is much smoother than in
run A1. CR diffusion inside the bubble removes local
CR structures (e.g., regions with high or low CR energy
densities as seen in the right-top panel of Fig. 5), which
may otherwise have been seen in the Fermi observations
of projected gamma-ray emission. The observed Fermi
bubbles have approximately uniform surface brightness,
which may imply that CR diffusion is not strongly sup-
pressed inside the bubbles (i.e., only the CR diffusion
across the bubble surface is strongly suppressed). Fu-
ture data from even longer-duration Fermi observations
are needed to study the possible internal structure of the
Fermi bubbles.
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Figure 7. Natural logarithm of density distribution. Left column shows density for the random (i) case (lower panel t=15, upper t = 25
code time units) but twice as high mean magnetic pressure. Right column corresponds to the draping case for twice the mean magnetic
pressure compared to the original draping case.

slow and magnetic field strengths in the random and drap-
ing cases are comparable around and after this time. Prior
to t = 15 the field in the random case exceeds that in the
draping case. It is interesting that, even though this is the
case, the random case fields lead to bubble disruption while
the draping case shows much more coherent structures. This
demonstrates that the difference between this two cases is
primarily due to the field geometry and not its strength, at
least for the typical plasma β considered here. Moreover, if
we would have considered driven turbulence then we could
have afforded to start from weaker fields in the random case
and additional random motions due to turbulence driving
would be present. Both of these effects (i.e., weaker initial
field in conjunction with additional random motions) could
only strengthen our conclusion, i.e., make the random case
bubbles fragment even more easily. We are thus conserva-
tive in neglecting turbulence driving. We also note that our
aim was not to address the stability of the bubbles exposed
to random motions. Our objective was to discuss the effect
of tangled magnetic fields on the development of Rayleigh-
Taylor and Kelvin-Helmholz instabilities. Random motions,
be it due to turbulence driving or due to post-merger re-

laxation, are inevitably going to be present in cool cluster
cores (even though cool cores tend to be more relaxed than
the centers of non-cooling flow clusters). Their impact has
to be evaluated in evaluated in sepatate studies. Another
unknown factor is how magnetic fields are driven inside the
cavities (if at all). However, including such effects would be
beyond the scope of our investigation.

3.1 Varying magnetic pressure

We simulated draping and random case (i) again for ex-
actly the same parameters as before except for twice as high
mean magnetic pressures in both cases. We observe the same
trends with the difference that the draping case results in
slightly more coherent bubbles while the random case in
slightly more fragmented ones. This strengthens our argu-
ments presented above that it is the geometry of the field
rather than its strength that is responsible for stabilizing
the bubbles (at least for the parameters considered here).
In Figures 7, 8, and 9 we show density, magnetic pressure
and X-ray emissivity, respectively. Note that the “umbrella”
effect mentioned above is clearly seen in the draping case in
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for all j, and we have explicitly assumed mean subtracted maps
so that hLi ¼ hTci ¼ hTji ¼ 0. Now,

L2 ¼ T 2
c þ 2

X

j

!jTcTj

þ 2
X

j

X

k 6¼j

!j!kTkTj þ
X

j

!2
j T

2
j ; ð23Þ

so that equation (22) reads

0 ¼ 2hTcTjiþ 2
X

k 6¼j

!khTjTkiþ 2!jhT2
j i: ð24Þ

(Note that the notation in eq. [24] can be compacted into 0 ¼P
 ! hTjT i, where  ¼ c;F;D; S;Hf g and !c % 1.) Thus,

we can solve explicitly for

!j ¼ &
hTcTjiþ

P
k 6¼j !khTjTki

hT 2
j i

: ð25Þ

In the limit of only one foreground Tf , the second term (which
represents cross-correlation between the different foreground
morphologies) disappears, and this reduces to ! ¼ !(Tc; Tf ) ¼
&!cf /!2

f , as derived with a similar method by Hinshaw et al.
(2007).

According to equation (25), the ILC map is biased toward anti-
correlation between different ‘‘true’’ foreground emission mor-
phologies and the ‘‘true’’ CMB. However, since we do not know
the true Tc or Tj a priori, we have no information about howmuch
of each foreground to add back into L in order to correct for this
factor.

We can use Monte Carlo techniques to estimate the amplitude
(but not the sign) of the error in L due to foreground contami-
nation as follows. We construct 100 realizations of the CMB by
generating random phases for the measured power, C‘, in each
Fourier mode of the binned three-year WMAP power spectrum
(‘max ¼ 986) from Spergel et al. (2007). For each realization T 0

c
we can estimate!with a reasonable foreground templateT 0

j , which
we suppose traces the morphology of the emission (see x 2.1).

Figure 9 shows histograms of

!0!j ¼ !(T 0
c ; T

0
j )!j; ð26Þ

Fig. 8.—Integrated haze (from the bottom of Fig. 4) in kJy sr&1 as a function of radial distance south of theGalactic center. The radial bins are 20' wide and separated by
1' in longitude. The inner error bars are due to the formal error on the fit coefficients, the outer error bars are the 1 ! standard deviation of the temperature fluctuations in a
given radial bin, and the dotted lines represent the bias due to chance correlation between the CMB and the haze.
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