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Figure 27. Schematic illustration to summarize the observations of the Fermi bubble structures. Two blue bubbles symmetric to the Galactic disk indicate the geometry
of the gamma-ray bubbles observed by the Fermi-LAT. Morphologically, we see corresponding features in ROSAT soft X-ray maps, shown as green arcs embracing
the bubbles. The WMAP haze shares the same edges as the Fermi bubbles (the pink egg inside the blue bubbles) with smaller extension in latitude. These related
structures may have the same physical origin: past AGN activities or a nuclear starburst in the GC (the yellow star).
(A color version of this figure is available in the online journal.)
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Figure 28. Cooling time for electron CRs as a function of energy and height
above the Galactic plane, for r = 0. Thin black lines: synchrotron losses are
neglected; equivalently, the B-field is assumed to be negligible everywhere.
Thick red lines: The cooling time calculation includes synchrotron losses
in a magnetic field given by |B| = 30e−z/2 kpc µG. We use the standard
radiation field model from GALPROP version 50p, and define the cooling time
τ = 1/(d ln E/dt).
(A color version of this figure is available in the online journal.)

large distances may also lead to significant diffusive softening
of the electron spectrum, which must be reconciled with the ap-
parent spatial uniformity of the bubbles’ (gamma-ray) spectral

index. With electron injection primarily at the GC there is also
no obvious natural explanation for the flat projected intensity
profile, which seems to require sharp increases in the CR density
at the bubble walls.

7.2. CRs from the Bubble Edge

If the majority of the electron CRs are produced from shock
acceleration within the edge of the Fermi bubbles, the electron
CRs in the bubble interior might be leftover CRs which undergo
cooling after the shock passes through. The CRs continue
to diffuse inward from the shock front while also diffusing
outward; if the shock is moving faster than the electrons diffuse
out, a sharp edge in the resulting Fermi bubble gamma rays is
still expected. It is also possible that the CRs may be secondary
electrons, produced by enhanced proton–ISM interaction in
shocks (within the bubble shell), where protons could be ejected
from the GC and entrained in the shocks with high gas density
due to shock compression.

We can estimate the diffusion path length of 100–1000 GeV
electrons, given the lifetimes calculated in Section 7.1. We
use the estimated diffusion constant from GALPROP, K =
5.3 × 1028 cm2 s−1 at a reference rigidity of 4 GV, and take
the diffusion coefficient index to be δ = 0.43 following the
results of Ahn et al. (2008). Then the path length is given by

√
Kτ ≈ 1.4

(
E

1 TeV

)0.43/2 (
τ

106 yr

)0.5

kpc. (4)

Thus we expect the diffusion scale to be small relative to the
bubble size, although not negligible.

Consequently, the electrons in the interior of the Fermi
bubbles are unlikely to maintain a hard spectrum due to diffusion
inward from the bubble walls. In this scenario, one needs to tune
the electron CR distribution to get near-flat projected intensity.
Although the Fermi bubble gamma rays along any line of sight
include contributions from both the bubble interior and bubble
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FIG. 3.— Composite color image of Hydra A which illustrates the close connection between the observed, large X-ray cavity system (shown in blue) and the
low frequency, 330 Mhz radio emission (shown in green). The X-ray emission corresponds to the residual image shown in Figure 2. The 330 Mhz radio data is
from Lane et al. (2004). The familiar 1.4 GHz VLA image of Hydra A is also shown in the core in yellow.

the expanding cavity, i.e., Pjet = dEcav/dt + pdVcav/dt. As-
suming that evolution of the cavity and shock is approxi-
mately self-similar, the radius of the cavity scales with the
radius of the shock, giving dRcav/dt ! vshock(Rcav/Rshock) !
356 km s−1, for Rcav = 100 kpc, Rshock = 350 kpc, kT = 3.2 keV
for the unshocked gas (David et al. 2001) and a shock Mach
number of 1.34 (Nulsen et al. 2005b). Thus pdVcav/dt !
4πpR3cavvshock/Rshock ! 6.4× 1044 erg s−1, for the parameters
above and a cavity pressure of 1.5× 10−11 erg cm−3. If the
pressure of the cavity remains constant, including the increase
in thermal energy boosts this by γ/(γ − 1), where γ is the
ratio of specific heats for the lobe plasma. Allowing for a
decrease in cavity pressure, p ∝ R−ηcav, modifies the boost to
γ/(γ − 1)− η/3. For self-similar growth, the cavity pressure
follows the external pressure and η ! 2 from above, so that,
for γ = 4/3 in the cavity and we get Pjet! 2×1045 erg s−1. Al-

though evolution of the cavity and shock is unlikely to be ex-
actly self-similar, this estimate is better determined than those
relying on cavity rise times.

7. HISTORY OF THE OUTBURST
Jet power is divided between thermal energy in the cavities,

∼ pVcav, and the work done by the cavities on the surrounding
gas as they expand, i.e.,

∫
pdVcav over the history of the cavi-

ties (radiation losses are negligible). The ratio pVcav/
∫
pdVcav

is then a diagnostic for the history of an AGN outburst. In-
creasing cavity volume and decreasing external pressure both
tend to make the cavity pressure decrease with time, so that
jet power would need to increase rapidly to maintain constant
pressure. Thus, unless the jet power is increasing rapidly,
pVcav/

∫
pdVcav < 1. This ratio is smallest when the jet power

is declining.
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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. 2.— Distribution of our X-ray absorbing lines of sight on the sky. The sample from

Bregman & Lloyd-Davies (2007) can be seen with solid circles while our additional targets can

be seen as squares (Galactic sources) and a triangle (AGN). The dashed line represents the approx-

imate edges of the north and south Fermi bubbles. The lines of sight of the three added targets pass

through the south bubble and allow us to analyze the bubbles’ density and temperature structure.
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are obtained according to the CR distribution and energy
densities of the magnetic field at the end of the simulations.

3 RESULTS

3.1 Bubble and haze spectra – implications for

magnetic fields within the bubbles

In this section, we compare the simulated gamma-ray and
microwave spectra based on the leptonic AGN jet model
with the observed spectra of the Fermi bubbles and the mi-
crowave haze. We demonstrate that in order for the same
CR population to simultaneously reproduce both the bub-
ble and haze emission, the magnetic field inside the bubbles
has to be very close to the initial ambient values, possibly
due to relatively inefficient magnetic draping of small-scale
tangled fields during the bubble expansion.

Our previous simulations in Y12 have reproduced a
broad range of properties of the observed Fermi bubbles,
including their projected size and shape, smooth surface,
and sharp edges. Therefore, it is instructive to compute the
gamma-ray and microwave emission based on the 3D CR
distribution in the simulations. However, since these simu-
lations did not start with a realistic distribution of magnetic
field but assumed constant average field strength and coher-
ence length, we first obtain preliminary microwave spectra
using the exponential model (Eq. 1) as an approximation
for the magnetic field inside the bubbles at the end of the
evolution. The CR distribution is adopted from Run A in
Table 1 (same as Model D in Y12).

Figure 1 shows the simulated gamma-ray (top) and mi-
crowave (bottom) spectra averaged over the same patch of
the sky as used in previous observational studies. As previ-
ously found (Su et al. 2010; Dobler 2012a), a CR spectrum
of slope −2 provides a good match to the observed hard
spectrum of the bubbles and haze. 3 By comparing the am-
plitudes of the simulated and observed gamma-ray spectra,
we find that only a small fraction, fe,γ = 4.0 × 10−4, of
the total (radiating plus non-radiating) CR energy density
in our simulation is needed in order for the model to match
the observed data, which is consistent with the result of Guo
& Mathews (2012). Similarly, for the microwave spectra we
find that only a fraction of fe,ν = 6.0 × 10−4 of the total
CR energy density needs to be provided by CRe in order
for the simulation to reproduce the observed haze emission.
We use different normalization factors for the gamma-ray
and microwave emission in order to allow for uncertainties
in the actual magnetic field strength, and for differences due
to projections of our symmetric CR and magnetic field dis-
tributions as opposed to the asymmetric Fermi bubbles that
bent slightly to the west. Despite the uncertainties, for the

3 Recently, Hooper & Slatyer (2013) analyzed the bubble spec-
tra as a function of Galactic latitudes and found a best-fit slope
of −3 for the CR spectrum. However, the latitude dependence is
sensitive to the modeling of the excessive gamma-ray signal close
to the GC, and also to the uncertainties in the subtraction of var-
ious components near the Galactic disk. Therefore, in this study
we focus on the comparison with the latitude-integrated bubble
and haze spectra.

Figure 1. Top: Simulated gamma-ray spectra for emission inte-
grated over |b| > 30◦, overplotted with the observed data of the
Fermi bubbles (Su et al. 2010; Hooper & Slatyer 2013). Bottom:
Microwave spectra averaged over |l| < 10◦, 20◦ < |b| < 30◦. The
data point represents the WMAP data in the 23 GHz K band
and the shaded area indicates the range of synchrotron spectral
indices allowed for the WMAP haze (Dobler & Finkbeiner 2008).

leptonic model to be considered successful, the two normal-
ization factors, fe,γ and fe,ν , are not expected to differ by
more than a factor of a few.

These similar values of fe,γ and fe,ν have two impor-
tant implications. First, they imply that the emission of the
Fermi bubbles and the microwave haze can be produced by
the same leptonic CRs, as previously suggested (Su et al.
2010; Dobler 2012a). However, we note that results of the
previous observational studies were based on assumed values
for the ISRF and magnetic field integrated over an arbitrar-
ily chosen path length, whereas our simulated spectra are
computed taking into account line-of-sight projections of the
3D distributions of the magnetic field and self-consistently
simulated CRs through the simulated size of bubbles. The
good agreement between the simulated and observed spec-
tra provides support for the 3D CR distribution and bubble
size derived from our simulations.

Secondly, this simple exercise of matching the ampli-
tudes of spectra implies that the magnetic field as described
by the exponential model is approximately a lower limit for
the magnetic field in the bubble interior. If the bubble field
were much smaller than the model value, more CRe would
be needed to match the observed microwave emission, which
would however overproduce the IC radiation in the gamma-
ray waveband. On the other hand, if the magnetic field in-
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are obtained according to the CR distribution and energy
densities of the magnetic field at the end of the simulations.

3 RESULTS

3.1 Bubble and haze spectra – implications for

magnetic fields within the bubbles

In this section, we compare the simulated gamma-ray and
microwave spectra based on the leptonic AGN jet model
with the observed spectra of the Fermi bubbles and the mi-
crowave haze. We demonstrate that in order for the same
CR population to simultaneously reproduce both the bub-
ble and haze emission, the magnetic field inside the bubbles
has to be very close to the initial ambient values, possibly
due to relatively inefficient magnetic draping of small-scale
tangled fields during the bubble expansion.

Our previous simulations in Y12 have reproduced a
broad range of properties of the observed Fermi bubbles,
including their projected size and shape, smooth surface,
and sharp edges. Therefore, it is instructive to compute the
gamma-ray and microwave emission based on the 3D CR
distribution in the simulations. However, since these simu-
lations did not start with a realistic distribution of magnetic
field but assumed constant average field strength and coher-
ence length, we first obtain preliminary microwave spectra
using the exponential model (Eq. 1) as an approximation
for the magnetic field inside the bubbles at the end of the
evolution. The CR distribution is adopted from Run A in
Table 1 (same as Model D in Y12).

Figure 1 shows the simulated gamma-ray (top) and mi-
crowave (bottom) spectra averaged over the same patch of
the sky as used in previous observational studies. As previ-
ously found (Su et al. 2010; Dobler 2012a), a CR spectrum
of slope −2 provides a good match to the observed hard
spectrum of the bubbles and haze. 3 By comparing the am-
plitudes of the simulated and observed gamma-ray spectra,
we find that only a small fraction, fe,γ = 4.0 × 10−4, of
the total (radiating plus non-radiating) CR energy density
in our simulation is needed in order for the model to match
the observed data, which is consistent with the result of Guo
& Mathews (2012). Similarly, for the microwave spectra we
find that only a fraction of fe,ν = 6.0 × 10−4 of the total
CR energy density needs to be provided by CRe in order
for the simulation to reproduce the observed haze emission.
We use different normalization factors for the gamma-ray
and microwave emission in order to allow for uncertainties
in the actual magnetic field strength, and for differences due
to projections of our symmetric CR and magnetic field dis-
tributions as opposed to the asymmetric Fermi bubbles that
bent slightly to the west. Despite the uncertainties, for the

3 Recently, Hooper & Slatyer (2013) analyzed the bubble spec-
tra as a function of Galactic latitudes and found a best-fit slope
of −3 for the CR spectrum. However, the latitude dependence is
sensitive to the modeling of the excessive gamma-ray signal close
to the GC, and also to the uncertainties in the subtraction of var-
ious components near the Galactic disk. Therefore, in this study
we focus on the comparison with the latitude-integrated bubble
and haze spectra.

Figure 1. Top: Simulated gamma-ray spectra for emission inte-
grated over |b| > 30◦, overplotted with the observed data of the
Fermi bubbles (Su et al. 2010; Hooper & Slatyer 2013). Bottom:
Microwave spectra averaged over |l| < 10◦, 20◦ < |b| < 30◦. The
data point represents the WMAP data in the 23 GHz K band
and the shaded area indicates the range of synchrotron spectral
indices allowed for the WMAP haze (Dobler & Finkbeiner 2008).

leptonic model to be considered successful, the two normal-
ization factors, fe,γ and fe,ν , are not expected to differ by
more than a factor of a few.

These similar values of fe,γ and fe,ν have two impor-
tant implications. First, they imply that the emission of the
Fermi bubbles and the microwave haze can be produced by
the same leptonic CRs, as previously suggested (Su et al.
2010; Dobler 2012a). However, we note that results of the
previous observational studies were based on assumed values
for the ISRF and magnetic field integrated over an arbitrar-
ily chosen path length, whereas our simulated spectra are
computed taking into account line-of-sight projections of the
3D distributions of the magnetic field and self-consistently
simulated CRs through the simulated size of bubbles. The
good agreement between the simulated and observed spec-
tra provides support for the 3D CR distribution and bubble
size derived from our simulations.

Secondly, this simple exercise of matching the ampli-
tudes of spectra implies that the magnetic field as described
by the exponential model is approximately a lower limit for
the magnetic field in the bubble interior. If the bubble field
were much smaller than the model value, more CRe would
be needed to match the observed microwave emission, which
would however overproduce the IC radiation in the gamma-
ray waveband. On the other hand, if the magnetic field in-
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Figure 4. Map of polarization fraction derived from the simulated magnetic
fields of Run E at t = 1.2 Myr. The vectors overlaid on the map trace the
projected magnetic fields (90◦ from the polarization vector). The solid and
dotted lines show the surfaces of the observed northern and southern bubbles,
respectively. The long dashed lines show the shock location observed by
ROSAT. The bubble interior reveals high degree of polarization because
of the linear structure of magnetic fields amplified by elongated vortices.
The shock-compressed region surrounding the bubbles can also have high
polarization fractions, especially at higher |b|.

to still probe the magnetic field geometry, we set the synchrotron
emissivity to a small constant value for cells outside the bubble
region. As discussed in Section 3.1, since the initial magnetic field
is a superposition of the small-scale tangled disc field and the halo
field with a larger coherence length, magnetic draping is more ef-
fective at higher |b| than close to the Galactic plane. Consequently,
the field lines in the draping layer are more ordered at high |b|,
causing the larger polarization fractions on the top of the bubbles
(|b| ∼ 50◦–60◦), whereas closer to the Galactic plane, the polar-
ization fraction is patchy and less enhanced (though there is still
enhancement compared to the background, i.e. the initial ambient
field). Due to magnetic draping, the magnetic field lines tend to align
with the bubble surface, and hence the vectors plotted in the figure
generally lie parallel to the bubble surface. However, for some of the
regions they do not appear to be perfectly aligned with the projected
bubble edges because the projected direction of magnetic fields de-
pends on the actual field orientation within the draping layer. For
instance, when the field lines wrap around the bubble surface in
the direction perpendicular to the plane of the sky, the polarization
vectors for the projected magnetic field appear perpendicular to the
bubble surface on the map (e.g. |b| ∼ 60◦).

Note that although our simulations do not predict synchrotron
emission outside the bubbles, the above analysis shows that if there
exist CRs from other sources, magnetic draping during the forma-
tion of the Fermi bubbles is able to produce ordered magnetic fields
that allow for a highly polarized signal between the projected loca-
tion of the shocks and the bubble edges (|l| ∼ 20◦–40◦ in the lateral
direction, |b| ∼ 50◦–60◦ on the top of the bubbles). This is consis-
tent with the existence of the polarized 2.3 GHz emission extending
up to |b| ∼ 60◦ and also on the sides of the bubbles (Carretti et al.
2013).

Finally, we compute the RMs for each line of sight across the sky
according to

RM = 812
∫

ne B · dl rad m−2, (4)

where ne is the gas electron number density in units of cm−3, the
magnetic field B is in units of µG and the line-of-sight element dl

Figure 5. RM map (shown here are absolute values) calculated from gas
and magnetic field properties of Run E at t = 1.2 Myr. The solid and dotted
lines show the surfaces of the observed northern and southern Fermi bubbles,
respectively. The RMs are enhanced because of increased gas density as well
as more amplified and ordered magnetic fields within the shock-compressed
layer, though the actual level of enhancement depends on the exact field
geometry within the draping layer.

is in units of kpc. The result is shown in Fig. 5. For sight lines that
solely pass through the background medium, the RM is close to
zero because of the randomly oriented ambient magnetic field. For
the bubble interior, the RM is also low because the bubbles are very
underdense compared to the ambient medium. Parts of the regions
surrounding the bubbles, on the other hand, exhibit enhanced values
of RM because of increased thermal gas density and magnetic field
amplification and alignment due to shock compression and magnetic
draping. The actual level of RM enhancement depends on the exact
field orientation within the draping layer, i.e. on how much the
field lines happen to lie parallel to the lines of sight. Note also that
there is RM enhancement near the top of the bubbles, which results
from the shock-compressed gas cloud on the top of the bubbles (see
fig. 1 in Y12) and appears to lie within the boundary of the bubbles
due to projection on to the plane of the sky. Thus, although RM
enhancement can occur generally between the bubble edges and the
shock fronts, the actual areas of enhancement may not lie perfectly
along the projected location of the shock fronts or the bubble edges.
These predictions could provide useful information for future RM
measurements in the vicinity of the Fermi bubbles, such as those
from the National Radio Astronomy Observatory Very Large Array
Sky Survey.

4 D ISCUSSION

4.1 Deficient haze emission at b < −35◦

While the gamma-ray bubbles have a nearly uniform intensity up
to |b| ∼ 50◦, the microwave haze above |b| ! 35◦ appears to be
substantially suppressed; the transition is more clearly seen for the
southern haze (Dobler & Finkbeiner 2008; Planck Collaboration
2013). Such suppression is not seen in our simulated microwave
map (top-left panel of Fig. 3), suggesting that it originates from
some other physical mechanisms which are not included in our
simulations. In this section, we put together our simulations and the
available observational data in order to obtain a consistent picture
of the origin of the deficient microwave haze emission.

Phenomenologically, the deficient haze emission is either caused
by the suppression in the CR number density or magnetic fields at
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