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The All-sky Fermi View at E >10 GeV

(NASA image based on the three-year Fermi Data)

The Fermi
bubbles!
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 The Fermi Bubbles
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(Su+2010)

The Astrophysical Journal, 793:64 (34pp), 2014 September 20 Ackermann et al.

Figure 10. Left: data minus gas-correlated emission residuals in the energy bin E = 6.4–9.1 GeV (smoothed with a 2◦ Gaussian kernel). Right: a model of the
residual with two Gaussian templates and an isotropic template. The Gaussian along the Galactic plane models the IC emission. The Gaussian that is more extended
perpendicular to the plane is a proxy template for Loop I and the bubbles.
(A color version of this figure is available in the online journal.)

use the weighted sum of the gas-correlated components as an
all-sky template to determine the templates and the spectrum of
the other components.

4.2. IC and Isotropic Components

The next step is to model the IC and isotropic components.
First, we subtract the PS and the gas-correlated component
found in the previous subsection from the data. Examples of
the polynomial models and the residuals after subtraction of the
gas-correlated components are shown in Figures 9 and 10. Note
the presence of two distinct components: a component along the
Galactic disk (mostly IC) and a halo component (mostly Loop I
and the Fermi bubbles).

We model both the disk and the halo components by bivariate
Gaussians with parameters σ disk

b , σ disk
ℓ , σ halo

b , and σ halo
ℓ , respec-

tively. The centers of the Gaussians are fixed at the GC. We fit
the two Gaussians together with the isotropic template to the
residuals obtained by subtracting the gas-correlated emission
components and the PS from the data. The Gaussian for the
halo is a proxy template for the bubbles and Loop I, and is
necessary to avoid a bias in the determination of the disk tem-
plate. The parameters of the Gaussians are fitted independently
in each energy bin below 30 GeV. At higher energies, the pa-
rameters of the Gaussians are determined from a fit to the flux
integrated above 30 GeV. The Gaussian model in the energy bin
(6.4–9.1) GeV is shown in Figure 10. In this section and the
following, we use the global χ2 fitting procedure described in
Equation (4) without the additional weight factors introduced
for the local template analysis in Equation (5) (i.e., we perform
an all-sky fit instead of the local fit in patches).

4.3. Bubbles and Loop I

We define the template of the bubbles from the residual flux
after subtracting the gas-correlated, isotropic, and disk compo-
nents from the data. We do not subtract the halo component,
which only served as a proxy for bubbles and Loop I in the
previous step. The template for the bubbles is derived from the
residual flux integrated above 10 GeV (Figure 11). Compared to
the derivation of the template of the bubbles in Section 3.2, here
we use the energy range above 10 GeV to test the uncertainty
related to the choice of the lower energy bound (compared to
6.4 GeV in Section 3.2). The histogram of pixel counts inside
and outside the bubbles region and the template of the bubbles
are shown in Figure 12. For the energy range above 10 GeV the
pixel counts in the background region intersect the distribution

Figure 11. Residuals after subtracting the gas-correlated, disk, and isotropic
components. The map shows the residuals integrated above 10 GeV in signifi-
cance units (data minus model over the standard deviation of the data). Dashed
ellipse: the region that includes the bubbles.
(A color version of this figure is available in the online journal.)

of pixel counts in the ellipse region around 2.5σBG, which we
use in the definition of the template of the bubbles.

In order to separate Loop I from the Fermi bubbles, we
determine these templates from a correlation with the spectra of
the two components between 0.7 GeV and 10 GeV, where the
contribution from both Loop I and the bubbles is significant.
The energy range is chosen to be relatively small so that the
spectra are well approximated by a simple power-law function.

The derivation of templates correlated with the known spectra
is similar to the derivation of the spectra for known templates. If
we represent the residuals after subtracting the gas-correlated,
IC, and isotropic components in k energy bins and in N pixels as a
k×N matrix D, then, assuming that we can neglect the statistical
uncertainty, the problem of separating this residual into m
components is equivalent to the following matrix separation
problem (e.g., Malyshev 2012)

D = F · T , (8)

where F is a k×m matrix of the spectra and T is an m×N matrix
of templates. If the spectra F are known, then the corresponding
templates are determined as

T = (FT · F )−1 · (FT · D). (9)

This solution also works in the case of uniform statistical
uncertainties. In the case of a non-uniform uncertainties, one
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(Ackermann+2014)



• Origin: Dark Matter, Galactic Winds, AGN Jets, AGN 
winds, tidal disruption, …

The Origin of the Fermi Bubbles
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Gamma-ray emission mechanism: 
 leptonic (inverse Compton) or hadronic (pion decay)?

CR acceleration mechanism: 
How are cosmic ray electrons or protons accelerated?



Dark Matter Annihilation

• Dark matter annihilations? (Dobler et al 2011)

                                (1) bilobular morphology
                                  (2) Sharp edges
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Galactic Wind Driven by a Recent Nuclear Starbusrt

M82, Credit: NASA, ESA, and The Hubble  
Heritage Team (STScI/AURA)
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The Fermi bubbles (Su+2010)

http://www.nasa.gov/
http://www.spacetelescope.org/
http://heritage.stsci.edu/
http://heritage.stsci.edu/
http://www.stsci.edu/
http://www.aura-astronomy.org/


Galactic Wind Model
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The Fermi bubbles (Su+2010)

(1) Crocker & Aharonian ’11:  >8 Gyr long star formation  
                                              activity in the Galactic Center 

(2) Crocker + 2014:  age ~   few 100 million years old  



Galactic Wind Model
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Linearly polarized S-PASS 2.3 GHz intensity 
(Carretti+2013)

(1) Crocker & Aharonian ’11:  >8 Gyr long star formation  
                                              activity in the Galactic Center 

(2) Crocker + 2014:  age ~ 100 million years old  

(3) Crocker + 2015: reverse shock + CD + bow shock 

Figure 1:
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• AGN bubbles produced by AGN jets? (Guo & Mathews 2012; Guo + 2012)

    

The AGN Jet Model
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M87 Jet



• AGN bubbles produced by AGN jets? (Guo & Mathews 2012; Guo + 2012)

    

The AGN Jet Model
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20 cm  radio image of 3C296 
(Image courtesy of NRAO/AUI)



Evolution of Jets and Bubbles in Galaxy Clusters

11Guo 2015 & Guo 2016

Very Light,
Subsonic jet

Light,
Supersonic jet



Fermi Bubbles produced by AGN Jets

Log (CR energy density)
Guo & Mathews 2012, ApJ 12



Guo & Mathews 2012 

A recent jet event reproduces many bubble features: location, 
size, shape, sharp edges

Su, Slatyer, and Finkbeiner, 2010

Were the bubbles really produced by a recent jet event? 

CR particle distribution
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shear viscosity suppresses interface 
instabilities

Log (CR energy density)

Guo et al, 2012, ApJ
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Guo & Mathews 2012 

CR particle distribution

What are the energetics and age of the bubble event?

(1) Energetics ~ 1055 – 1057 erg
       Age ~ 1 – 3 Myr
       Jet duration ~ 0.1 – 0.5 Myr
       Total mass that SMBH 

accreted:
              ~ 100 – 10000 Msun
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Leptonic Scenario (solid line): the required CR electron pressure to produce the  
observed gamma-ray flux is negligible compared to the total bubble pressure 

How do our model compare with Fermi observations?

The average spectrum of the Bubbles
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Leptonic Scenario (solid line): the required CR electron pressure to produce the  
observed gamma-ray flux is negligible compared to the total bubble pressure 

Hadronic Scenario (dashed line): the required CR proton pressure is much higher,  
probably dominating the total bubble pressure.

How do our model compare with Fermi observations?

The average spectrum of the Bubbles
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Further evidence

 The bubble event produces shocks 
and outflows in the galactic halo
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Thermal gas distribution



Have the shocks been observed?

ROSAT X-ray map and the bubbles
18

19
Sofue 2000



Have the shocks been observed?
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Gamma-ray North arc

Polarized 23GHz emission by WMAP



Suppression of CR diffusion across the Bubble surface
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Yang et al 2012

The Astrophysical Journal, 761:185 (19pp), 2012 December 20 Yang et al.

Figure 3. Slices in simulation coordinates of magnetic field magnitude (in logarithmic scale in units of µG) and directions (shown in arrows) at t = 0 (left) and
t = tFermi (right) for simulations without CR diffusion, Run B (top row) and Run G (second row). Runs B and G have an initial magnetic coherence length of 9 kpc
and 1 kpc, respectively. For clarity, a zoom-in image of Run G at tFermi is shown in the bottom panel. Due to the effect of magnetic draping, the field is amplified and
aligned with the bubble surface.
(A color version of this figure is available in the online journal.)
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Magnetic fields

t=0 t = bubble age



• AGN bubbles produced by quasar winds? (Zubovas +2011; Zubovas & Nayakshin 2012)

• spherically symmetric v ~ 0.1 c quasar wind confined by the central molecular zone; age ~ 6 Myr

    

Quasar Wind Model
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672 K. Zubovas and S. Nayakshin

Figure 2. Left: side view of gas surface density (left half of the panel, blue–white) and temperature (right, red–orange) in the central 2 kpc of the ‘Base’
simulation at t = 1 Myr. The CMZ has been enveloped by the external ISM shock fronts, but it still maintains the strong collimation of the diffuse cavities. The
cavities are also filled with hot 108–109 K gas, which allows them to expand in all directions once the feedback from Sgr A∗ has switched off. Right: central
500 pc of the ‘Base’ simulation at t = 6 Myr. The CMZ remains, although its density structure is perturbed. There is also a ‘back flow’ of warm (T ≃ Tvir) gas
into the central regions, evacuated by the buoyant rise of the bubbles.

Figure 3. Gas evolution on large scales in the ‘Base’ simulation; the three panels correspond to t = 1, 3 and 6 Myr, from left to right. Only the positive-z side
of the computational domain is shown, due to symmetry around the Galactic plane. The CMZ strongly collimates the outflow and allows the formation of a
teardrop-shaped cavity with a morphology very similar to that of the observed Fermi bubbles. The bubbles continue to expand and rise due to high pressure
and low density, even once the feedback has switched off.

Further evolution of the hot bubbles is driven by the inertia of
the outflow, the buoyancy of the bubbles and the fact that they are
significantly overpressurized with respect to the ambient medium
(cf. the left-hand panel of Fig. 4). Bubble expansion proceeds in
an almost self-similar fashion, except for a ripple at roughly the
middle of the bubble height (see Fig. 3, middle panel). It is most
likely a Kelvin–Helmholtz (KH) unstable mode which arises due to

the material inside the bubble moving parallel to the surface of the
contact discontinuity. The ripple rolls over and disappears by t =
6 Myr (Fig. 3, right).

By the end of the simulation, the cavities have expanded to reach
a height of ∼11.5 kpc (Fig. 3, right-hand panel), consistent with the
observed vertical extent of the Fermi bubbles (Su et al. 2010). The
width, at ∼9 kpc, is slightly larger than observed (dobs ∼ 6 kpc); we

C⃝ 2012 The Authors, MNRAS 424, 666–683
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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• Hot winds from Sgr A* hot accretion flow? (Mou +2014; Mou +2015)
• gamma rays mainly from hadronic origin; age ~ 10 Myr

    

The AGN Hot Wind Model

23

The Astrophysical Journal, 790:109 (12pp), 2014 August 1 Mou et al.

Figure 1. Evolution of morphology in run A (X–Z slice) for the number density (top panel) and temperature (bottom panel). From left to right, the plots correspond to
t = 4, 8, and 12.3 Myr, respectively. The velocity field is added in the top right panel with values in units of the light speed.
(A color version of this figure is available in the online journal.)

Figure 2. Profiles of temperature (solid line) and electron number density (dotted
line) along the X-axis for run A at t = 12.3 Myr, averaged from z = 4.5 kpc
to 6.0 kpc. Temperature is in kelvin, while number density is in units of cm−3.
From this figure, we can see that the average temperature inside the Bubbles is
∼6 × 108 K, while in the surrounding region it is ∼3 × 106 K.

from GC estimated from some observations to some structures,
such as the NPS structure, GCL, and EMR (Totani 2006). The
total internal energy of the Fermi Bubbles in our simulation is
2.2×1055 erg, which is consistent with the observational value.
The total kinetic energy of the Fermi Bubbles is only 2×1054 erg,
much smaller than the internal energy. This is because the speed
of the gas inside the Bubbles is subsonic.

The total mass inside the Bubbles is about a few times
105M⊙, which is much lower than the estimation of 108M⊙
based on the assumed upper limit of an average density n ∼
10−2 cm−3 in Su et al. (2010). This is because the density in
our simulation is about three orders of magnitudes lower than
the assumed value in Su et al. (2010), as shown by Figure 2.

We add the following comments to this “discrepancy.” First, our
observational constraint on the density is poor, and thus the total
mass of 108M⊙ is subject to a large uncertainty. Second, since
the coefficient of thermal conductivity adopted in our work
is low, we may have underestimated the evaporation process,
which may play an important role in transporting mass from
the surrounding gas, including CMZ and shocked ISM, into the
Bubbles. Third, we assume the ISM to be homogeneous for
simplicity, while in reality the ISM is likely to be clumpy. The
dense clouds may be difficult to be blown away by the winds
so they will stay inside the Bubbles, which will significantly
increase the mass of the gas within the Bubbles.

The temperature of the gas is determined by the following
equation:

T = (γ − 1)eµmH

kρ
, (22)

where T is temperature, µ is the molecular weight, which is
0.61 for solar composition. Temperatures of different runs are
given in Table 2. In general, the temperature inside the Bubbles
is several times 108 K. Although there are some new results of
Milky Way’s hot halo recently, the temperature inside the Fermi
Bubbles is still lacking data. So our result can be regarded as a
prediction. We will discuss the temperature in the surrounding
region between the CD and the forward shock in Section 4.3.

4.3. X-Ray Structure

We have calculated the predicted X-ray image by considering
the bremsstrahlung radiation. Figure 3 shows the result. We can
see that the morphology is consistent with the limb-brightened
X-ray structure obtained in ROSAT observations (Snowden et al.
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Fermi bubbles inflated by winds from accretion flow II 9

Fig. 4.— Simulated slices of the gamma-ray volume emissivity in Eγ ≥ 0.1 GeV range. Here for simplicity, we only plot the contribution
of π0 decays. The three slices from left to right correspond to run A, B and E, respectively. The contour lines in each panels represent the
density with the same meaning as in Figure 1.

Fig. 5.— Top: The gamma-ray intensity map for run A. Bottom:
Flux averaged between b = 20◦ and 30◦ along the longitude. The
solid and dashed lines are our simulation results, while the rect-
angle with error bars and the shaded area are the observational
results in 3–10 GeV band taken from Ackermann et al. (2014).
The solid line is for Eγ > 0.1GeV while the other lines and shaded
area denote 3 times the flux. From the solid line, we can see the
contrast between the bright edge and the dim center is about 1.6–2,
and the boundary shows a width of about 3◦.

(dashed line). We can see that our result is roughly
consistent with the data. Further observations are
required to examine this issue.

Yang et al. (2014) found that the morphology of the
Fermi bubbles is energy-dependent: they are more ex-
tended at high energies. From the figures in their paper,
we estimate that the morphology at 10–30 GeV is about

3◦, or equivalently 0.5 kpc, larger than at 1–2 GeV. Our
model can explain this result. The physical reason is as
follows. The above two gamma-ray bands roughly cor-
respond to CRp with energy of ∼ 200 GeV and ∼ 20
GeV, respectively. In our model, the total diffusion du-
ration of CRp is about 7 million yrs (i.e., the age of the
Fermi bubbles). Combing this duration, the respective
diffusion speed of CRp at the above two energies, and
the inclination angle of the magnetic field, we can calcu-
late the diffusion depth of the CRs with the above two
energies. We find that their difference is ∼ 0.5kpc.

4.4. The Effects of Changing Parameters

In our fiducial model run A, we neglect the diffusion
coefficient perpendicular to the magnetic field, i.e., κ⊥ =
0. In run B, we include this transverse diffusion (see
Table 1). In this case, we find that the permeated zone
becomes slightly thicker (see the middle panel of Figure
4), hence the width of the boundary of the bubble is
slightly larger, and the contrast ratio of the bright edge
and the dim center is smaller. The total luminosity is
slightly enhanced (see Table 1).
In run C, we have tested a case with the ISM density

reduced by a factor of 2. We find that the gamma-ray
intensity decreases by almost a factor of 3.
Run D tests the effect of changing the “CR parameter”

ηCR. Comparing runs A and D, we find that the final
luminosity decreases by a factor of 2 when ηCR decreases
by one third.
Increasing the mass flux in the winds but keeping all

other parameters unchanged will obviously increase the
gamma-ray intensity produced. Now we discuss the effect
of another parameter, the transition radius between the
hot and cold accretion flows Rtr. In our fiducial model,
we set Rtr ∼ 200Rs. If Rtr is larger, the mass flux in the
winds will be larger according to Equation (1), but the
total kinetic power of thermal winds does not change ac-
cording to Equation (2). In run E we increase the mass
flux of the winds by a factor of 4 compared to run A while
keeping the kinetic power of thermal gas in the winds un-
changed. We find that, the gamma-ray luminosity only
slightly increases. The increase is because more thermal
nuclei are involved in the pp collisions inside the bubble.
The increase is small since the gamma-rays are mainly
produced in the permeated zone, whose properties are

gamma-ray emissivity

hot gas density



• ~ 100 stellar tidal disruption events of Sgr A* during the past 10 Myr (Cheng +2012; Cheng +2015)
• gamma rays mainly from electrons (shock acceleration or stochastic re-acceleration) 

    

Tidal Disruption Model

24
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Figure 5. Spectrum of radio (left panel) and gamma-ray (right panel) emission from the FB. The data points were taken from Su et al. (2010) and Ade et al. (2013).

of suprathermal particles near the Maxwellian distribution. For
p0 < 0.2, this excess is so high that the electrons from this
excess region effectively heat the plasma. Thus, the thermal pool
absorbs the energy supplied by sources that prevents effective
acceleration.

4. NUMERICAL CALCULATIONS OF GAMMA-RAY
AND RADIO EMISSION FROM THE FB

Here, we present results of direct numerical calculations
of the electron spectrum, gamma-ray, and radio emission
when the distribution function f is calculated numerically from
Equation (1) for the derived parameters of acceleration. Then
the FB gamma-ray spectrum is calculated from Equation (16).
The expected radio spectrum at the frequency ν in the direction
l is calculated from the following equation (see for details of the
equation Syrovatskii 1959; Ginzburg & Syrovatskii 1965):

Ir (t, ν, l) = 1
4π

!

l
dl

!

E

p(ν, E)F (r, E, t)dE , (22)

where E = pc for relativistic electrons, F (E) =
p2f (p)(dp/dE), and the function p(ν, E) is

p(ν, E) =
√

3
3e3H⊥

mc2

ν

νc

! ∞

ν/νc

K5/3(x)dx. (23)

Here, H⊥ is the average component of magnetic field perpen-
dicular to l and

νc = 3eH⊥

4πmc

"
E

mc2

#2

. (24)

For the derived values of ς , α, and τ (see the previous section),
we numerically calculated the gamma-ray and radio intensity,
which are shown in Figure 5. At that, the needed value of p0 is
p0 = 0.34. The results of calculations coincide nicely with the
data. Numerical calculations of the power of external sources as
described by Equation (8) are shown in Figure 6. It is accepted
here that the sources of acceleration are switched on at the
time t = 0. As one can see from the figure, the power reaches
its stationary state at Ẇ ≃ 4.5 × 1039 erg s−1 for the time
t = 4 × 106 yr.

This value is lower than 1040 erg s−1, as estimated by Crocker
& Aharonian (2011) for the energy release provided by the star
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Figure 6. Evolution of the power supplied to the system with time.

formation regions in the GC and also is below 1041 erg s−1, as
estimated by (Cheng et al. 2011) for star accretion processes
onto the central black hole (condition 4). Thus, we conclude
that the measured flux of radio and gamma-rays, the estimated
power of sources, and the upper limit of energy release in the
GC are in good agreement with each other in the model.

5. CONCLUSION

In order to provide high-energy electrons responsible for
the electromagnetic radiation (gamma-ray and radio) from the
Fermi bubbles, we investigated the case of stochastic in situ
acceleration of electrons from the halo background plasma.
The stochastic acceleration in the FB can be either due to
charged particle interaction with resonant MHD waves or with
a supersonic turbulence in the FB, as was assumed by Cheng
et al. (2012). We obtained the following conclusions.

1. Two essential assumptions are used in the model. First,
the FB gamma-ray emission is produced by the inverse-
Compton scattering of relativistic electrons on the back-
ground Galactic (IR and optical) and relic photons, and sec-
ond, these electrons are accelerated by stochastic (Fermi)

6

synchrotron emission in microwave IC emission in gamma rays



• Accelerated in AGN Jets (shocks or magnetic 
reconnection)

• Accelerated by shock (Cheng +2011; Lacki 2013; 
Fujita+ 2013, 2014; Crocker + 2015)

• 2nd-order Fermi Acceleration (Mertsch & Sardar 
2011; Cheng +2014, 2015)

    

How are cosmic rays accelerated?

25



Astronomical Context: Extragalactic Fermi Bubbles?

The Circinus galaxy in gamma ray (>100 MeV, left panel) 
and in radio (1.4 GHz) – Hayashida +2013
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The Circinus galaxy at 13 cm  
(Elmouttie et al 1995)



Summary

• The Fermi bubbles were not produced by dark matter 

• The Fermi bubbles were most likely resulted from Sgr A* or nuclear starburst

• The Fermi bubbles in the Milky Way are not unique, and they may also exist 
in some other galaxies
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