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Fermi Bubbles 
 
Giant gamma-ray structure with sharp edges  
Discovered using data from Large Area Telescope (LAT) 
on-board Fermi Gamma-ray Space Telescope 
 
Rise up & down from the Galactic center 
 
They are: 
 
Ø  50 degrees high (∼8.5 kpc) 

Ø  Well centered on longitude zero (close to latitude zero) 

Ø  Imply ∼TeV electron energy! 



The Fermi-LAT three year maps 

Su & Finkbeiner (2012) 



Data minus Fermi diffuse emission model: 

Su & Finkbeiner (2012) 



Fermi Bubble from three year maps 



The bubbles have sharp edges! 



Now we can do a multilinear regression at each energy! 
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I template, and a uniform background as templates to
weight the Fermi data properly (Su et al. 2010). System-
atic uncertainties are driven by the imperfect knowledge
of the diffuse emission model where we used morpholog-
ical templates.

For each set of model parameters, we compute the Pois-
son log likelihood,

lnL =
∑

i

ki lnµi − µi − ln(ki!), (1)

where µi is the synthetic map (i.e., linear combination of
templates) at pixel i, and k is the map of observed data.
The last term is a function of only the observed maps.
The 1σ Gaussian error is calculated from the likelihood
by ∆ lnL = 1/2. The error bars are simply the square
root of the diagonals of the covariance matrix. We refer
to Appendix B of Dobler et al. (2010) for more details of
the likelihood analysis. Maps of the models constructed
from linear combinations of these five templates, and the
residual maps between the Fermi data and the combined
templates at different energy bins, are shown in Figure 9.
In this fit, we mask out all pixels with Galactic latitude
|b| < 30◦ (the dashed black line in the residual maps).

Template-correlated spectra for the 5-template fit are
shown in Figure 10. The fitting is done with regions
of |b| > 30◦. For a template that has units (e.g., the
SFD dust map is in EB−V magnitudes) the correlation
spectrum has obscure units (e.g. gamma-ray emission
per magnitude). In such a case we multiply the correla-
tion spectrum by the average SFD value in the bubble
region, defined by the bottom right panel of Figure ??,
masking out the |b| < 30◦ region. For the uniform, Loop

I, and bubble templates (including inner, outer, north,
and south), no renormalization is done. These templates
are simply ones and zeros (smoothed to the appropriate
PSF), so the outer bubble spectrum is simply the spec-
trum of the bubble shell template shown in Figure ??,
not the mean of this template over the whole bubble re-
gion. The normalization factors for different templates
are listed in Table 1.

In Figure 10, we show spectra for π0 emission,
bremsstrahlung and inverse Compton scattering calcu-
lated using a sample GALPROP model (tuned to match
locally measured protons and anti-protons as well as lo-
cally measured electrons at ∼ 20 − 30 GeV), as an indi-
cation of the expected spectral shapes. The spectra for
the SFD and the simple disk template reasonably match
the model expectations. The dust map mostly traces
the π0 emission, and the simple disk model resembles
a combination of IC and bremsstrahlung emission. The
spectrum for emission correlated with the Fermi bubbles
is clearly significantly harder than either of these com-
ponents, consistent with a flat spectrum in E2dN/dE.
This fact coupled with the distinct spatial morphology
of the Fermi bubbles indicates that the IC bubbles are
generated by a separate electron component. We also

note that the spectrum of the bubble template falls off
significantly at energy !1 GeV. This feature is robust
with respect to the choice of templates. The fitting co-
efficients and corresponding errors of each template are
listed in Table 2.

Defined IRF before, make sure we only define once.
The hardness of this spectrum is one of the key/mystery
to deciphering the nature/origin of the Fermi bubbles.
In Su et al. (2010), we identify that at lower energy
(E ! 1 GeV) the bubble spectrum falls sharply (be-
comes dramatically harder than −2). The similarity to
the fall at low energy seen in the π0 spectrum has led
some authors (?) to conclude that the bubble emission
is chiefly from pions. With reduced statistical error from
three year lAT data and aforementioned improved analy-
sis tools with less expected systematics error, we confirm
the significant falling of the spectrum at lower energy.
With the recently improved event selection algorithms
released by Fermi and the increased count rates, we are
able to use only the front-converting events with better
angular resolution, which is important at lower energy
(! few GeV). Again, we confirm the fall-off of the en-
ergy spectrum of the bubbles at E ! 1 GeV.

To demonstrate the robustness of the spectrum we have
derived for the Fermi bubbles, we make use of the Fermi

0.5−1 GeV residual map (after subtracting the SFD dust
map to largely remove the π0 gammas) as a template of
IC emission, and perform a 4-template fit (§3.1.3). These
gamma rays mostly originate from IC scattering of a rel-
atively soft population of electrons in the disk, but might
also contain gammas from IC scattering on starlight by
a latitudinally extended electron population. We use the
SFD dust map as a template for π0 gammas as previ-
ously, and include the uniform background and the bub-
ble template as in the previous 5-template fit. The fitting
is done with regions of |b| > 30◦. For the SFD dust map
and the Fermi 0.5 − 1 GeV IC template, the correlation
coefficients are weighted by the mean of each template in
the “bubble” region. The resulting model and the differ-
ence maps with respect to the Fermi data, at different
energy bands, are shown in Figure 11. The residuals are
remarkably small. The spectrum is shown in Figure 12.
The Fermi 0.5 − 1 GeV IC template appears to contain
a small fraction of π0 gammas, but the spectral index
is consistent with the predicted GALPROP IC component.
The fitting coefficients and corresponding errors of each
template are listed in Table 3.

In the last study, significant isotropic background is
due to extra-galactic emission and misclassified charged
particle contamination, including heavy nuclei at high
energies. Such misclassification varies among different
event class and convertion type (front or back). The
Fermi collaboration has measured the extragalactic dif-
fuse emission using additional cuts to reduce charged par-
ticle contamination Abdo et al. (2010): below ∼ 20 GeV

where μ is the synthetic map (i.e., linear combination of 
templates) at pixel i, and k is the map of observed data. The last 
term is a function of only the observed maps. The 1σ Gaussian 
error is calculated from the likelihood by ∆lnL = 1/2.  



Su & Finkbeiner (2012) 



Cooling time is short! 

Su et al. (2010) 



Compare with WMAP haze 

Su & Finkbeiner (2012) 



This all-sky image shows the spatial distribution 
over the whole sky of the galactic haze at 30 and 
44 GHz, extracted from the Planck observations. 
Credits: ESA/Planck Collaboration. 



This all-sky image shows the distribution of the galactic haze seen by ESA's Planck mission at 
microwave frequencies superimposed over the high-energy sky, as seen by NASA's Fermi 
Gamma-ray Space Telescope. Credits: ESA/Planck Collaboration (microwave); NASA/DOE/
Fermi LAT/D. Finkbeiner et al.  



ROSAT 1.5 keV 



Sharp edge in X-ray too! 



XMM-Newton observation 







Jet or outflow? 

Guo & Mathews (2011) Yuan et al (2012) 



Jet and Cocoon in the bubbles? 

Antonuccio-Delogu & Silk (2010) 



Su & Finkbeiner (2012) 
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Supplementary Figure 1: Simple template decomposition reveals the southern gamma-
ray cocoon feature. This figure shows the best fit linear combination maps corresponding to
the spectra in Figure 1. To increase signal/noise, larger energy bins are used. The left column
shows the linear combination of the disk, Loop I, uniform, bubble template, the south cocoon,
and the south jet template, that provide the best fit to the Fermi maps (middle column) after
subtracting the best fit SFD dust template. Because the π0 emission traced by SFD is so bright,
it is subtracted from both the models and data shown in this figure. The difference maps (data
minus template model) are in the right column. The template fitting is done for the region with
|b| > 20◦ to avoid contamination from the Galactic disk. The subtraction of the model largely
removes the features seen in the Fermi maps with |b| > 20◦. We use the same gray scale for all
panels. We find that both the disk IC template and Loop I features fade away with increasing
energy, but the jet template does not. The oversubtraction in the residual maps, especially in the
lower energy bins, is due to the simple disk IC model, which is not a good template across the
entire disk. However, in the fit region (|b| > 20◦), the residual maps are consistent with Poisson
noise without obvious large scale features.
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Su & Finkbeiner (2012) 



Adding cocoon and jet template 



Su & Finkbeiner (2012) 



Su & Finkbeiner (2012) 



Radio limit on the jet feature 
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Fermi Smoothed maps 



Gamma-ray line emission from GC 



Templates for spectrum fitting 



Energy spectrum of the cusp 



Galactic longitude and 
latitude profile 

Even though the high-
incidence-angle photons 
(θ > 40◦; right) panels 
have half the exposure 
(9.7% vs. 19% for the left 
panels), they have more 
than half of the photons, 
and nearly the same TS 
due to lower off-line 
background leaking in. 

Offset from the GC! 





Assessment of line profile 
• The 129 GeV feature shape is 
strikingly similar to that expected 
for a line. The 111 GeV feature is 
unconvincing, but is also 
compatible with a line. 
•  In some cases, fluctuations 
appear, but are not present in 
both low and high incidence 
spectra. 
• This test did not have to 
succeed. The fact that the high-
incidence photon sample has 
sharper spectral features is 
important. 



The detection significance of the gamma-
ray cusp for various models 



Two lines model 



A MODIFIED SURVEY STRATEGY FOR FERMI   

"    The scan strategy of Fermi-LAT could be altered for 1 year to 
confirm the 130 GeV line! 

"    This current strategy is excellent for uniformity of full-sky 
coverage, but is far from optimal for collecting high-incidence-
angle photons from the GC.  

"   The exposure time of our (40◦ < θ <  60◦ ) sample exceeds the 
current strategy (observed 9.7% of the time) by more than a 
factor of 4. Require GC have an incidence angle of 45◦ < θ <  
55◦ . 

"   After 1 year of altered observing, we would have a sample of 
high incidence photons equal to the current sample, and 
could evaluate their significance directly, in the absence of any 
trials factor! 





 DOUBLE GAMMA-RAY LINES FROM 
UNASSOCIATED FERMI-LAT SOURCES 

Su & Finkbeiner (arXiv:1207.7060) 



Background estimation 

Su & Finkbeiner (arXiv:1207.7060) 



Su & Finkbeiner (arXiv:1207.7060) 



Thank You for Your 
Attention!  

(Video credit: NASA's 
Goddard Space Flight 
Center) 


