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Discovery of the Fermi bubbles 

•  Su, Slatyer, Finkbeiner, May 2010 
–  E-2 spectrum up to 100 GeV 
–  have narrow edges 
–  stretch up to 55o above and  
below the Galactic center 
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Fermi 1 < E < 5 GeV
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Fig. 4.— Full sky residual maps after subtracting the SFD dust and disk templates from the Fermi-LAT 1.6 year gamma-ray maps in
two energy bins. Point sources are subtracted, and large sources, including the inner disk (−2◦ < b < 2◦,−60◦ < ℓ < 60◦), have been
masked. Two large bubbles are seen (spanning −50◦ < b < 50◦) in both cases. Right panels: Apparent Fermi bubble features marked
in color lines, overplotted on the maps displayed in the left panels. Green dashed circles above and below the Galactic plane indicate the
approximate edges of the north and south Fermi bubbles respectively. Two blue dashed arcs mark the inner (dimmer) and outer (brighter)
edges of the northern arc – a feature in the northern sky outside the north bubble. The red dotted line approximately marks the edge of
Loop I. The purple dot-dashed line indicates a tentatively identified “donut” structure.

artifact of that subtraction.
Next, a simple disk model is subtracted (Figure 3, mid-

dle row). The purpose of this subtraction is to reveal the
structure deeper into the plane, and allow a harder color
stretch. The functional form is (csc |b|) − 1 in latitude
and a Gaussian (σℓ = 30◦) in longitude. The disk model
mostly removes the IC gamma-rays produced by cosmic
ray electrons interacting with the ISRF including CMB,
infrared, and optical photons; as discussed previously,
such electrons are thought to be mostly injected in the
Galactic disk by supernova shock acceleration before dif-
fusing outward.
Finally, we fit a simple double-lobed geometric bub-

ble model with flat gamma-ray intensity to the data, to
remove the remaining large-scale residuals towards the
GC (Figure 3, bottom row). In this model, we identify
the approximate edges of the two bubble-like structures
towards the GC in the bottom left panel (shown with
dashed green line in right panels of Figure 4). We then
fill the identified double-lobed bubble structure with uni-
form gamma ray intensity, as a template for the “Fermi
bubbles” (bottom right panel of Figure 3). If the Fermi
bubbles constitute the projection of a three dimensional
two-bubble structure symmetric to the Galactic plane
and the minor axis of the Galactic disk, taking the dis-
tance to the GC R⊙ = 8.5 kpc, the bubble centers are

approximately 10 kpc away from us and 5 kpc above and
below the Galactic center, extending up to roughly 10
kpc as the most distant edge from GC has |b| ∼ 50◦.
No structures like this appear in GALPROP models, and in
fact GALPROP is often run with a box-height smaller than
this. Because the structures are so well centered on the
GC, they are unlikely to be local.
In Figure 4, we show the full sky residual maps at 1−5

GeV and 5−50 GeV after subtracting the SFD dust and
the disk model to best reveal the Fermi bubble features.
Although photon Poisson noise is much greater in the
5 − 50 GeV map, we identify a Fermi bubble structure
morphologically similar to the structure in the 1−5 GeV
map, present both above and below the Galactic plane.
In Figure 5, we show the full sky maps at 1−5 GeV with

the zenithal equal area (ZEA) projection with respect to
both north pole and south pole. We found no interesting
features appear near the poles.

3.1.3. Low Energy Fermi Map as a Diffuse Galactic Model

In Figure 6, we show the 0.5− 1 GeV and 2− 50 GeV
residual maps after subtracting only the SFD dust map
as a template of foreground π0 gammas. The residual
maps should be dominated by IC emission from CR elec-
trons interacting with the ISRF. We use the 0.5− 1 GeV
maps as a template of IC emission from high energy elec-
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Fig. 12.— Correlation spectra for the 5-template fit employing a simple disk model for the IC (and to a lesser degree bremsstrahlung)
emission from supernova-shock-accelerated electrons (see §3.2.2). The SFD-correlated spectrum is shown by the red short-dashed line which
roughly traces π0 emission (the gray dashed line indicates a GALPROP prediction for π0 emission). The disk-correlated emission is shown
by the green dashed line, which traces the soft IC (gray triple-dot-dashed line) and bremsstrahlung (gray dot-dashed line) component.
The spectrum of the uniform emission, which traces the isotropic background (including possible cosmic-ray contamination), is shown as
a dotted brown line. The solid orange line indicates the spectrum of emission correlated with Loop I, which has a similar spectrum to the
disk-correlated emission. Finally, the blue dot-dashed line shows the spectrum correlated with the Fermi bubble template. The bubble
component has a notably harder (consistent with flat) spectrum than the other template-correlated spectra, and the models for the various
emission mechanism generated from GALPROP, indicating that the Fermi bubbles constitute a distinct component with a hard spectrum.
The fitting is done over the |b| > 30◦ region. Note that these GALPROP “predictions” are intended only to indicate the expected spectral
shape for these emission components, for reference. The correlation coefficients for the SFD map and simple disk model are multiplied by
the average value of these maps in the bubble region (defined by the bottom right panel of Figure 3, with a |b| > 30◦ cut) to obtain the
associated gamma-ray emission; see §3.2.2 for details, and Table 2 for a summary of the normalization factors.

0.1 GeV and 1000 GeV. The choice of high-energy cut-
off is motivated by the local measurement of the cosmic
ray electron spectrum by Fermi (Abdo et al. 2009). We
consider a region ∼ 4 kpc above the Galactic center, as
an example (and since both the WMAP haze and Fermi
bubbles are reasonably well measured there), and em-
ploy the model for the ISRF used in GALPROP version
50p (Porter & Strong 2005) at 4 kpc above the GC. We
normalize the synchrotron to the approximate value mea-
sured by WMAP in the 23 GHz K-band (Hooper et al.
2007), ∼ 25◦ below the Galactic plane, and compute

the corresponding synchrotron and IC spectra. The
WMAP haze was estimated to have a spectrum Iν ∝
ν−β , β = 0.39 − 0.67 (Dobler & Finkbeiner 2008), cor-
responding approximately to an electron spectral index
of γ ≈ 1.8− 2.4; Figure 23 shows our results for a mag-
netic field of 10 µG and 5 µG at 4 kpc above the GC,
and electron spectral indices γ = 1.8 − 3. We find good
agreement in the case of α ≈ 2− 2.5, consistent with the
spectrum of the WMAP haze.
In the default GALPROP exponential model for the

Galactic magnetic field, |B| = |B0|e−z/zs with scale

Dmitry Malyshev, Fermi bubbles 

Su, Slatyer, Finkbeiner, ApJ 724 (2010) 



Fermi bubbles – an elephant  
in gamma-ray sky 

•  Fermi bubbles’ solid angle is about 1 sr 
–  This is comparable to an elephant at 3 m 
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Fermi-LAT 

•  Fermi Large Area Telescope – gamma ray space telescope 
•  Launched on June 11, 2008 

–  20 MeV to more than 1 TeV 
–  2.4 sr field of view 
–  Better than 1o resolution above 1 GeV 
–  Covers the sky in two orbits (3 hours) 
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Haze 

•  Microwave haze 

 
•  Gamma-ray haze 

5 Dmitry Malyshev, Fermi bubbles 

Planck Collaboration A&A 554 (2013) 
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Fig. 6.— The templates and fit solutions used in the Type 3 (see §3.2) template fits. Upper left: the SFD dust map, upper right:
the Haslam 408 MHz map, middle left: the bivariate Gaussian haze template, middle right: the Fermi map at 10-20 GeV (same as the
first column, third row of Figure 5 but with a different stretch to show the detailed morphological structure), lower left: the best fit
template solution for the observed emission, lower right: the residual map. Note the very small residuals indicating that the template fit
is a remarkably good representation of the data over large areas of the sky.

for relative likelihoods, as we show in Appendix C.
However, we must keep in mind that the uncertainties

derived in this way are the formal errors corresponding
to ∆ lnL = 1/2, which would be 1σ in the case of Gaus-
sian errors. The error bars plotted are simply the square
root of the diagonals of the covariance matrix. This es-
timate of the uncertainty should be accurate at high en-
ergies, where photon Poisson noise dominates. At low
energies, although the formal errors properly reflect the
uncertainty in the fit coefficients for this simple model,
the true uncertainty is dominated by the fact that the
4-template model is not an adequate representation of
the data.
Figure 6 shows the skymaps and best fit solution in-

cluding the residual map at 10-20 GeV while Figure 7
shows residual maps at other energies. It is clear from
these residuals that the template fitting produces a rel-
atively good approximation of the gamma-ray data over
large areas of sky. Furthermore, Figure 7 shows that
not including the bivariate Gaussian template for the IC
haze yields a statistically significant residual towards the
center indicating that a model including an IC haze is a
better match to the data then one without. The promi-
nent North Polar spur feature in the Haslam map, which

is thought to originate from synchrotron emission from
electrons in Loop I (Large et al. 1962), is over-subtracted
in each case, because the North Polar spur is brighter in
the Haslam map than in the gamma-ray maps (i.e. the
ratio of synchrotron microwaves to IC gamma rays in the
North Polar spur is larger than in the rest of the Haslam
map).11 This may be due to different ISRF, B-field and
ISM density values in Loop I relative to the inner Galaxy
(since Loop I is thought to be quite nearby), or may be
due to a softer-than-usual electron spectrum in Loop I,
since the electrons producing the synchrotron measured
in the Haslammap are much lower energy than those pro-
ducing IC gamma-rays at energies measured by Fermi.
Figure 8 shows these same residual maps, but with a

smoothing of 10◦ which is on the order of the scale of the
haze emission. With this large smoothing, smaller scale
variations (due to individual photons at high energies)
are smoothed over and the residual maps clearly show
that the haze is a robust feature at all energies.
In Figure 9 we show the results of a four template fit

using the 1-2 GeV map instead of SFD to trace the π0

11 See Casandjian et al. (2009) for a discussion of gamma-rays
from Loop I seen by Fermi.
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Fig. 7.— Residual maps using the Type 3 template fit. The right column is the same as the lower right map in Figure 6 but for maps
at different energy bands. The left column performs the same fit without including a bivariate Gaussian template for the IC haze. It is
clear that not including the haze template results in a significant residual towards the GC in each energy band, but particularly at high
energies. Including the haze template improves lnL by 504, 215, 78, and 54, respectively, for the 4 energy bins shown.

3.7. Template-Correlated Spectra

Figure 13 shows cT(E)×⟨T ⟩ for the two templates and
regions 1-7 used in the Type 1 and Type 2 fits along with
the model π0 spectrum from GALPROP, which uses the
Blattnig et al. (2000) parameterizations for pion produc-
tion. It is clear from the figure that the cross-correlation
technique produces π0 spectra that are remarkably simi-
lar to the model spectrum at low energies, while at high
energies the cross-correlation spectrum is slightly higher
than the model spectrum. This could be due to a number
of reasons such as non-zero spatial correlation between
the templates and the harder spectrum haze IC, contam-
ination from background events like heavy nuclei, or un-
certainties in the π0 emission model. Of these, the first is
most likely since the cross-correlation between the tem-
plates and a nearly isotropic background is likely small
and since the spectrum of π0 gammas is quite well known.
Template-correlated spectra for the Type 3 template

fit are shown in Figure 14. Here the correlation coeffi-
cients are weighted by the mean of each template in the
“haze” region (see Table 2). As shown in the figure, the
spectra for the SFD and Haslam maps reasonably match
the model expectations in that region13. That is, the
SFD-correlated emission roughly follows the model π0

spectrum while the Haslam-correlated spectrum resem-
bles a combination of IC and bremsstrahlung emission.
However, the haze-correlated emission is clearly signif-
icantly harder than either of these components. This
fact coupled with the distinct spatial morphology of the
haze indicates that the IC haze is generated by a separate
electron component.

3.8. Total Intensity Spectra

13 The GALPROP model here was tuned to match locally mea-
sured protons and anti-protons as well as locally measured electrons
at ∼ 20-30 GeV.

Finkbeiner, ApJ 614 (2004) 



Fermi bubbles origin 

•  Emission mechanisms 
–  Leptonic (inverse Compton) 
–  Hadronic 

•  Origin 
–  AGN-like activity (~ leptonic) 
–  Star formation or star-burst (~ hadronic) 

6 Dmitry Malyshev, Fermi bubbles 
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Leptonic Model 

•  Electrons accelerated in the jet 
•  Gamma rays by inverse Compton scattering on radiation fields 
•  Microwave haze by synchrotron of same population of electrons 
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disruption of stars or 
molecular clouds 

by central black hole 

AGN-like jet transports 
particles to high latitudes 

Jets interact with 
interstellar medium 

to form bubbles 

Illustrations by P. Mertsch 

Guo & Mathews 
ApJ 756  (2012) 

Yang et al. 
ApJ 761 (2012) 



Hadronic Model 

•  Cosmic rays accelerated by Supernovae shells 
•  Gamma rays by π0 on thermal gas (density ~ 0.01 cm-3) 
•  Secondary e+e- produce synchrotron radiation 
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increased star 
formation rate 
close to GC 

acceleration of CR 
protons and nuclei 

in SNRs 

wind convects CRs 
away from disk 

Illustrations by 
P. Mertsch 

Aharonian & Crocker, PRL, 106 (2011) 



Gamma-ray spectrum 

           Leptonic model                     Hadronic model  + secondary IC 

 
 

•  Both leptonic and hadrnoic models fit the spectrum 
9 Dmitry Malyshev, Fermi bubbles 
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Microwave haze 

                                 Leptonic                     Hadronic (secondary leptons) 

 
 

 
 

•  Synchrotron emission from secondary leptons in hadronic models 
cannot explain the microwave haze 
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Spectrum in stripes 

•  At latitudes |b| > 10o, the spectrum is uniform 

•  Natural in hadronic models 
•  In leptonic models the velocity should be > 10000 km/s to 

avoid e+e- cooling before they reach z ~ 10 kpc distance 
–  stochastic reacceleration: Mertsch & Sarkar PRL 107 (2011) 
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Bubbles boundary 

•  Narrow boundary 
–  Natural in AGN models – result of expansion 
–  In star-formation models, one needs a mechanism that 

keeps CR from escaping, e.g., magnetic draping 
•  Absence of a shock 

–  Natural in star-formation / hadronic models 
–  In leptonic models one needs to (re)accelerate electrons 

12 Dmitry Malyshev, Fermi bubbles 



More puzzles 

•  X-rays 

•  Polarization 
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Su, Slatyer, Finkbeiner 
ApJ 724 (2010) 

Kataoka et al, ApJ 779 (2013) 

Suzaku 

Figure 2:
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Figure 3:

19

S-PASS, 2.3 GHz WMAP, 23 GHz 
polarization 

Pointings Emission measure 

Carretti et al, Nature 493 (2013) 

ROSAT 

Planck, 30 GHz 
polarization 

Adam et al (Planck), 
arXiv:1502.01582 



Scoreboard 

14 Dmitry Malyshev, Fermi bubbles 

Leptonic Hadronic 

Energy spectrum 
WMAP / Planck haze 
Isotropic emission 
Narrow boundary 
No visible shock 

✔

✔

reacceleration 
✔ 
? 
 

with secondary IC 
extra component

✔ 
magnetic draping 

✔ 



AGN or starburst 

•  Often happen together 
•  Evidence for an AGN-like activity 0.5 – 5 Myr ago 

–  Magellanic stream ionization 

•  Young  (~ 6 Myr) stellar population near the GC (~ 104 Msun) 
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Galactic center and the Fermi bubbles 

•  Fermi bubbles spectrum for |b| < 10o 

 

•  Is it a part of the Fermi bubbles or a separate component? 
•  Options 

–  Only bubbles 
–  No bubbles 
–  Both the bubbles and a new component 

16 Dmitry Malyshev, Fermi bubbles 

Hooper & Slatyer 
Phys.Dark Univ. 2 (2013) 
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Fermi bubbles at low latitudes 

•  Assume that the bubbles have the same spectrum near the GC 
as at high latitudes ~ E-2 between 1 and 10 GeV 

•  Subtract π0 component and PS from data and represent the 
residual using two components: 
–  Bubble-like ~ E-2 

–  Other components (IC, ISO, Loop I etc.) ~ E-2.4 

 
•  Fermi bubbles template near the GC:  

–  Larger intensity 
–  Displaced to the right from the GC 
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Fermi bubbles near the GC 

•  Center of the Fermi bubbles intersection with the Galactic plane: 
~ 1o – 2o or about 100 – 300 pc to the right of the GC? 

18 Dmitry Malyshev, Fermi bubbles 

Fermi LAT Pass 7 
diffuse model 
 
Fermi bubbles 

Acero et al (Fermi LAT) 
ApJS 223 (2016) 
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Future 

•  eROSITA 
–  Search for cavity in hot gas plasma due to CR pressure 

inside the Fermi bubbles 
•  HESS, MAGIC, VERITAS, CTA, HAWC 

–  Fermi bubbles near the GC seem to be brighter 
–  Possible to see with Cherenkov telescopes? 

•  IceCube, KM3net 
–  Search for neutrinos from the Fermi bubbles 

•  More analysis of existing data 
–  Fermi LAT (Pass 8 data) 
–  Planck polarization 

19 



Conclusions 

•  Fermi bubbles are a unique feature on gamma-ray sky 
–  Relatively bright in gamma rays 
–  No clear counterpart at high latitudes in X-rays or radio 

•  Possible origin and emission mechanisms 
–  AGN-like activity of Sgr A* (IC gamma rays) 
–  Enhanced star formation near the GC (π0 gamma rays) 

•  Both scenarios have advantages and disadvantages 
•  Tentative characterization at low latitudes: 

–  Enhanced intensity near the Galactic plane 
–  Displaced to the right (negative longitudes) from the GC 

•  Origin of the Fermi bubbles is an exciting question 
–  Should learn more soon using new data from 

•  eROSITA, CTA, IceCube and KM3net 

20 Dmitry Malyshev, Fermi bubbles 


