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Goals of this talk
• Review of the Fermi Bubbles: how we extract them from the data, their salient 

properties, their relation to the Fermi Haze.

• At high latitudes (|b| ~ 30-50o), hard gamma-ray emission has sharp edges 
(degree-scale or less), and is visible before any background/foreground 
subtraction. NOT an artifact.

• Sharp edges appear to extend in to the GC, although here the subtraction 
matters. Not all “hazy” hard emission is contained in sharp-edged structure.

• Some updated plots.

• Where we stand on multiwavelength follow-ups (see Greg’s talk).

• Where we stand on interpretation.



Searching for a hard diffuse 
excess with Fermi

Three principal approaches (Dobler, Finkbeiner, Cholis, TRS & Weiner 2010):

1. Subtract low-energy sky map (with best-fit prefactor) from high-energy sky map: positive 
residuals indicate regions with harder-than-average gamma-ray spectra. No theoretical 
modeling involved, only Fermi data.

3. Template analysis using Schlegel-Finkbeiner-Davis dust map (from far IR) as tracer of 
gamma-rays from collisions between interstellar medium and CRs, + try a range of 
templates to remove “standard” ICS associated with the Galactic plane. Allows simple 
few-parameter characterization of diffuse emission, but need to assess residuals 
carefully.

5. Subtract diffuse model provided by Fermi Collaboration from the data, examine residuals. 
Model is quite complex, but physically motivated. Need to ask if adjustments to 
model could reproduce residuals.



The “Fermi Haze”
Data - diffuse modelHigh energy - low energyData Data - templates
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Fig. 7.— (GGD: add a cpation!!!)

As Bz = Bzord + Bzirr and Br = Brord + Brirr , the diffusion elements on every grid point are calculated by their
avaraged values. Thus:

Dzz ∝ B−1
tot

1 +A2(B2
zord + 0.5B2

irr)

1 +A2(B2
ord +B2

irr)
. (B7)

and

Drr

Dzz
=

1 +A2(B2
rord + 0.5B2

irr)

1 +A2(B2
zord + 0.5B2

irr)
,

Drz

Dzz
=

Dzr

Dzz
=

A2BrordBzord

1 +A2(B2
zord + 0.5B2

irr)
(B8)

We note that in the most generic cases Drz "= Dzr, with the deviation from equallity being of O(v/Ω). v may vary in
space resulting in A having a profile. For simplicity though (as in our cases) A is also fixed in space set to be A = B−1

tot
at specific r and z.

Region of hard emission



Haze vs Bubbles
• In newer data, before subtraction we see sharp-edged, 

spectrally hard structures at high latitudes. (How sharp are 
the edges? Next slide.)

• Subtracting the Fermi diffuse model or any of our template 
combinations, these edges appear to extend in to the 
Galactic Center.

• However, there does appear to be hard-spectrum emission 
that does not follow these sharp edges, close to the GC - 
this gets included in the “haze”, but not the “bubbles”.



Sharp high-latitude edges
• 1-5 GeV (top),  5-20 GeV 

(bottom).

• Best-fit width of edge 
typically 2-3° in 2° 
smoothed maps. No robust 
lower limit on edge width. 

• For comparison, radius of 
bubbles is of order 20° at 
high latitude. 

• Note also the uniformity of 
the bubble brightness, inside 
the edge.
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Scatter in edge profiles
• Divide southern bubble into 

ten wedges, plot surface 
brightness profile in each of 
them (for south, 1-5 GeV). 

• Statistics not as good as 
stacked profile (this is based 
on Pass 6, code not yet fully 
updated).

• However, already clear that 
edge is present over the full 
arc (perhaps fading in the 
wedges closest to the disk), 
not contaminated by point 
sources. 



The (projected) profile puzzle
• Generally expect 3D structures to be either:

• Centrally brightened in projection (constant 
volume emissivity), or

• Limb brightened (hollow shell).

• Bubbles do not look like either: spatial 
projected-intensity profile is consistent with 
being flat (also consistent with slight limb-
brightening or central brightening).

• If a spherical structure, suggests steep rise in 
volume emissivity at edge, but presence of 
emission in interior; however, data not yet 
sufficient to reconstruct full profile. For 
example, a thick shell (width ~ half radius of 
bubbles) provides an equally good fit.
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Acceleration inside the 
bubble?

• Not much activity on this puzzle yet.

• Mertsch and Sarkar (1108.1754) 
suggest stochastic acceleration of 
electrons on plasma wave turbulence 
throughout the bubble volume (2nd 
order Fermi acceleration), as well as 
a shock at the edge. Prediction for 
spatial variation of spectrum: useful 
diagnostic?

• Cheng et al (1103.1002, 1109.2619, 
1109.6087) instead invoke multiple 
shocks filling the volume, originating 
from repeated stellar capture onto 
the supermassive black hole.
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Haze/Bubbles Spectra
• Haze/Bubbles have E2dN/dE 

~constant from 1-100 GeV. No 
significant evidence for spectral 
variation from edge to center, 
or north to south.

• Apparent break in spectrum 
below 1 GeV, above 100 GeV 
(former may be less significant 
in P7 data).

• Note: In P6v11, going from Class 
3 (diffuse) to Class 4 
(DATACLEAN, improved CR 
rejection) affects spectra of 
backgrounds/foregrounds, but 
not bubbles.
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Microwave bubbles?
• Initial motivation for 

Haze search was to 
find the gamma-ray 
counterpart to the 
WMAP Haze.

• As Greg just 
showed us, very nice 
spatial agreement at 
high latitudes! (also 
hints at lower 
latitudes, although 
more uncertain due 
to background 
subtraction)



The Planck Bubbles?

ESA / Planck Collaboration press release image
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Synchrotron -> ICS (spectrum)
• At high latitude, few-

GeV gammas probe 
TeV electrons 
scattering on CMB, 
WMAP Haze probes 
O(10) GeV 
electrons. 

• Good agreement 
between gamma-ray 
(ICS) and microwave 
(synchrotron) 
spectra if electron 
spectrum is a power 
law between ~0.1 
GeV-1 TeV.

If gamma-ray spectral downturn below 1 GeV is taken seriously, spectra with more 
power at high energies (~500-900 GeV) are preferred. 

Need rather large high-latitude B-fields, ~10μG at z=2kpc and ~5μG at z=4kpc.



Microwave polarization?
• Found structures apparently 

tracing bubble edge in the 
North, in WMAP polarization 
data at 23 GHz. However, 
many spurs in this region...

• From paper: “The magnetic 
field structure revealed by 
the WMAP polarization data 
at 23 GHz suggests that 
neither the emission 
coincident with the Bubble 
edge nor the Galactic center 
spur are likely to be features 
of the local interstellar 
medium”

Jones et al 1201.4491



X-ray bubbles?
• 1.5-2 keV X-rays 

(data from ROSAT) 
show edges in north 
that seem to line up 
with Bubbles.

• XMM follow-up 
observations have 
been performed by 
Su & Finkbeiner and 
confirm the edge, but 
more time required 
to get the spectrum.



How sharp is the X-ray edge?

• Consistent with a step function in ROSAT (~0.2° or less).

• XMM also sees, but does not resolve, the edge (Finkbeiner & Su, private communication).



Leptonic or hadronic?
• If electrons are responsible, the main emission mechanism at high latitudes is inverse 

Compton scattering on the CMB.

• Need ~TeV electrons to generate observed gamma rays, i.e. cooling time is only ~few 
x 105 years. 

• Consequently, need high-latitude acceleration/production, or extremely fast transport 
from GC. 

• Shock acceleration at edges? Acceleration in bubble interior? (e.g. Mertsch & Sarkar) 
Production in situ? (e.g. DM annihilation)

• If proton scattering provides the bulk of the emission, the main emission mechanism is 
pion production on the gas. 

• Need to explain why signal doesn’t seem to trace gas density (natural in steady-state 
“saturated limit”?) 

• Does low-energy part of spectrum fit?



Interpretation survey
Considerable theoretical activity over the past two years, many competing ideas. Three basic model 
classes:

(1) Hadronic + steady-state: bubbles are giant, multi-billion-year-old reservoirs of hot protons, fueled 
by GC star formation (Crocker & Aharonian 1008.2658 + several follow-up papers). 

(2) Leptonic + steady-state: dark matter annihilation injects high-energy electrons which inverse 
Compton scatter, combined with anisotropic diffusion. Likely need magnetic confinement to 
achieve sharp edges (Cholis, Dobler & Weiner 1102.5095).

(3) Outflow from GC black hole, leptonic/hadronic transient event. As well as studies already 
mentioned, scenarios include:

• Energetic bipolar jet from the black hole in the past 1-2 Myr (Guo & Mathews 1103.0055, 
Guo, Mathews  Dobler & Oh 1110.0834)

• Infall of a satellite galaxy ending a few Myr ago, material falling onto the Milky Way’s black 
hole triggers an outflow (Lang et al, 1107.2923)

• Wide-angle (near-isotropic) outflow from the GC black hole, associated with an accretion 
event ~6 Myr ago; outflow collimated by Central Molecular Zone; emission originates from 
high-energy protons (Zubovas, King & Nayakshin1104.5443, Zubovas & 
Nayakshin1203.3060)



Morphology questions
• Morphology I: bubbles are fat, not collimated, and oriented perpendicular to 

plane. Challenge for AGN interpretations?

• Fairly easy to generate with a not-too-energetic jet: gas density gradient 
and/or Central Molecular Zone shapes the outflow.

• For the same reason, for weak jets, north-south symmetry does not require 
fine-tuning of the initial jet direction.

• Morphology II: flat profile + sharp edges + no evidence for spatial variation in 
spectrum.

• Steady-state interpretations invoke magnetic confinement at the edges, but 
no detailed modeling yet.

• Flat projected intensity generally challenging, but there are ideas - spatial 
dependence of the spectrum may allow them to be distinguished.



Implications for DM search
• Sharp edges + X-ray signal suggest that something other than 

just DM annihilation is occurring.

• Doesn’t mean there’s no DM signal in this region, but we need 
to understand the astrophysics first.

• DM annihilation producing photons directly or through a 
decay chain: Fermi bubbles are a bright, hard-spectrum 
background. Look outside the edges?

• DM annihilation producing CRs that then produce photons: 
if bubbles indicate a fast outflow, CR propagation, e+e- 
residence time are affected. Can this weaken constraints?



Conclusions
• The gamma-ray bubbles are robust features in 1-100 GeV gamma rays, 

with a close-to-flat spectrum in E2 dN/dE with no evidence for spatial 
variation, close-to-uniform (projected) intensity, and sharp edges.

• The spectrum and morphology suggest a relation to the microwave 
Haze, and there appears to be a coincident signal in few-keV X-rays.

• While DM physics might contribute, the sharp edges of the bubbles 
and coincident X-ray signal seem likely to have an astrophysical origin - 
however, this remains an open problem!

• Until the astrophysics is understood, studies of DM constraints and 
potential signals from this region of the sky should proceed with care.



A 130 GeV line?
• Recent claim of a gamma-ray 

line detection at 130 GeV in 
the inner galaxy (Bringmann et 
al 1203.1312, Weniger 
1204.2797).

• Regions in which the signal is 
detected have significant 
overlap with the bubbles, 
although not the same. (Second 
paper mentions testing a 
bubble region, but results are 
not shown: stated to be less 
“interesting”.)
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BONUS SLIDES



Point source subtraction
• Using 1-year Fermi 

point source 
catalog, subtract 
each point source 
from maps in each 
energy bin. 

• For brightest + 
most variable 
sources, interpolate 
over core of PSF 
after best-estimate 
subtraction.

• Mask brightest point 
sources: Geminga, 
3C 454.3, and LAT 
PSR J1836+5925.
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Point source subtraction
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Fig. 3.— Template decomposition of the Fermi-LAT 1.6 year 1 − 5 GeV map (see §3.1.2). Top left: Point source subtracted 1 − 5
GeV map, and large sources, including the inner disk (−2◦ < b < 2◦,−60◦ < ! < 60◦), have been masked. Top middle: The 1 − 5
GeV map minus SFD dust map (top right panel) which is used as a template of π0 gammas. Middle row: The left panel is the same as
the top middle panel but stretched 2× harder. The middle panel subtracts a simple geometric disk template (shown in the right panel),
representing mostly inverse Compton emission, to reveal features close to the Galactic center. Two large bubbles are apparent (spanning
−50◦ < b < 50◦). Bottom row: The left panel is the same as the middle panel of the second row. Finally we subtract a simple bubble
template (right panel), with a shape derived from the edges visible in the maps, and uniform projected intensity. After subtracting the
bubble template, the two bubbles features have nearly vanished (bottom middle panel), indicating a nearly flat intensity for the Fermi

bubbles.



The diffuse γ-ray sky
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Fig. 1.— All-sky Fermi-LAT 1.6 year maps in 4 energy bins. Point sources have been subtracted, and large sources, including the inner
disk (−2◦ < b < 2◦,−60◦ < ! < 60◦), have been masked.

all-sky gamma-ray maps in different energy bands are
shown in Figure 1. In order to uncover the Fermi bubble
features better, significant π0 emission, bremsstrahlung,
and IC emission from the Galactic disk must be removed.
We take three approaches for the foreground removal.
One is to use the Fermi Diffuse Galactic Model provided
by the Fermi team11(§3.1.1). The second approach em-
ploys a linear combination of templates of known emis-
sion mechanisms (§3.1.2), using existing maps from mul-
tiwavelength observations and/or constructed geometric
templates. The third approach is taking advantage of
the lower energy band 0.5− 1.0 GeV Fermi map to form
a template of a diffusion emission model (§3.1.3).

3.1.1. Fermi Diffuse Galactic Model

The Fermi diffuse Galactic model12 is a comprehen-
sive model of Galactic gamma-ray emission from the
ISM, and serves as a background estimate for point
source removal. This model is based on template fits
to the gamma-ray data, and includes an IC compo-
nent generated by the GALPROP cosmic ray propagation
code. GALPROP calculates the steady state solution to
the diffusion-energy-loss equation, given the 3D gas dis-
tribution, interstellar radiation field, B-field model, CR
diffusion assumptions, and many other input parameters
(Strong & Moskalenko 1999; Strong et al. 2009, 2007).

11 See http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
12 Available from http://fermi.gsfc.nasa.gov/ssc/data. The

version of the diffuse model we use is gll.iem.v02.

The model is constrained by gamma-ray and microwave
observations, locally measured CR spectra, etc. By us-
ing a well motivated physical model, one can solve for
the spectral and spatial dependence of the injection func-
tion, i.e. the e− and p CR primary source spectra, as a
function of position and energy. The diffuse model is
the key connection between the input assumptions and
the observables, and is essential for interpretation of the
Fermi-LAT data. It is important to make it as complete
as possible.
In this model, the π0 emission is modeled with maps

of interstellar gas: H I from the Leiden/Argentine/Bonn
(LAB) Galactic Survey (Kalberla et al. 2005) and CO
from the CfA composite CO survey (Dame et al. 2001).
Because the π0 emission is a function of both the gas den-
sity and the proton CR density, which varies with Galac-
tocentric radius, it is desirable to allow the emissivity
of the gas to vary. Both the H I and CO surveys con-
tain velocity information, which allows separation into
six Galactocentric annuli (rings) with boundaries at 4.0,
5.5, 7.0, 10.0, 16.5, and 50 kpc. The spectrum of each is
allowed to float, with the constraint that the sum of the
rings along each line of sight approximates the observed
signal. This freedom also allows for varying amounts
of bremsstrahlung (with varying spectrum) which also
scales with the ISM density. The contribution from IC is
modeled with GALPROP as described above, and included
in the ring fit13.

13 A description of this model is available at



Known emission 
mechanisms

• π0 emission: Proton/heavy nuclei cosmic ray 
interactions with the ISM produce neutral pions, 
decay to pair of gamma-rays. Emission traces CR 
proton density (roughly constant) × gas density. 

• Inverse Compton scattering (ICS): Electron CRs 
upscatter photons from the radiation field 
(starlight, infrared, CMB) to gamma-ray energies. 

• Isotropic emission: extragalactic gamma-ray 
background + residual cosmic ray contamination.



Template analysis

• Model known emission mechanisms by spatial templates; fit their 
amplitude in each energy bin.

• Pro: if templates are well chosen, gives a few-parameter 
characterization of almost all the emission. Very simple - we know 
everything that goes into the subtraction.

• Con: templates are never perfect, need to assess residuals carefully.

• Ideally, use simple template analysis to identify any unexpected 
features and inform a full physical model.



Example bubble 
residuals

• A large, double-lobed residual remains, apparently sharp-edged and centered on Galactic 
Center.  The residual is seen over a wide range of energy, and all ICS templates.
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Fig. 6.— Top left: Full sky Fermi-LAT 1.6 year 0.5 − 1.0 GeV map subtracts the SFD dust map as a template of π0 gammas. Top

right: The same as top left panel, but for energy range 2 − 50 GeV (note the different gray scale for the two panels). Bottom left: The
2 − 10 GeV Fermi gamma-ray map subtracting the top left 0.5 − 1.0 GeV residual map which is used as a template of ICS of starlight.
Bottom right: The same as bottom left panel but for 10 − 50 GeV map subtracting the top left 0.5 − 1.0 GeV residual map. The Fermi

bubble structures are better revealed after subtracting the lower energy 0.5− 1.0 GeV residual map with extended disk-like emission.

in different energy bins. We show the difference of the
1 − 2 and 2 − 5 GeV residual maps in the upper panels ;
each residual map is the result of subtracting the SFD
dust map and the simple disk model to best reveal the
Fermi bubbles. The difference maps between the 1 − 5
and 5−50 GeV maps are shown in the lower panels. The
bubble features almost disappear in the difference maps,
indicating that different parts of the Fermi bubbles have
similar spectra.
To study the sharp edges of the bubbles at high lati-

tude more carefully, we examine the (projected) intensity
profiles along arcs of great circles passing through the
estimated centers of the north and south bubbles, and
intersecting the bubble edge (as defined in Figure 4) at
|b| > 28◦. Along each such ray, we define the intersection
of the arc with the bubble edge to be the origin of the
coordinate system; we then perform an inverse-variance-
weighted average of the intensity profile along the rays
(as a function of distance from the bubble edge). We
subtract a constant offset from the profile along each
ray, prior to averaging the rays together, to minimize
aliasing of point sources onto the averaged profile, and
then add the averaged offset back in at the end. The
inverse variance for each data point is obtained from the
Poisson errors in the original photon data, prior to any
subtraction of point sources or templates (however, the
smoothing of the map is taken into account). When the

rays are averaged together, the naive inverse variance in
the result is multiplied by a factor of the annulus ra-
dius (for the points being averaged together) divided by
4πσ2, where σ is the 1σ value of the PSF, and the an-
nulus width is taken to be 1◦ (the spacing between the
points along the rays; this is comparable to the smooth-
ing scale, so there may still be unaccounted-for correla-
tions between the displayed errors); this is done to take
into account that the number of independent measure-
ments being sampled by the rays can be far less than
the number of rays, especially close to the center of the
bubbles. This procedure is repeated for all the stages of
the template subtraction, using the simple disk template
for inverse Compton scattering (ICS) for illustration (our
conclusions do not depend on this choice).
The results are shown in Figure 8 for the averaged

(1− 2)+ (2− 5) GeV maps, and the averaged (5− 10)+
(10 − 20) GeV maps. In both energy ranges the edges
are clearly visible; in the south, this is true even before
any templates are subtracted. The intensity profile of
the north bubble is strikingly similar to profile of the
south bubble. For both of the north and south bubbles,
no significant edge-brightening or limb-brightening of the
bubbles is apparent from the profiles, the flux is fairly
uniform inside the bubbles.
In Figure 9, we plot the intensity profile as a function

of latitude from the south to the north pole. We con-
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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◦ < ! < 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 (σ! = 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. 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◦ < ! < 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 (σ! = 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-



Data - model (FDM)

• Cancels emission well over much of the sky, but sharp-
edged, double-lobed residual remains, as previously.
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Fig. 2.— All-sky residual maps after subtracting the Fermi diffuse Galactic model from the LAT 1.6 year maps in 4 energy bins (see
§3.1.1). Two bubble structures extending to b± 50◦ appear above and below the GC, symmetric about the Galactic plane.

This procedure provides a diffuse model that faithfully
reproduces most of the features of the diffuse Galactic
emission. One shortcoming is the existence of “dark gas”
(Grenier et al. 2005), clouds with gamma-ray emission
that do not appear in the H I and CO surveys. These
features are seen in dust maps (Schlegel et al. 1998) and
may simply be molecular H clouds underabundant in CO.
The Fermi diffuse model is primarily intended as a

background for point source detection, and comes with a
number of caveats. However these caveats apply mainly
near the Galactic plane, and at E > 50GeV. It is nev-
ertheless useful for qualitatively revealing features in the
diffuse emission at high latitude. In Figure 2, we show
the residual maps after subtracting the Fermi diffuse
Galactic model in different energy bins. A double-lobed
bubble structure is clearly revealed, with similar mor-
phology in the different energy bins. We note that the
bubble is neither limb brightened nor centrally bright-
ened, consistent with a flat projected intensity distribu-
tion.

3.1.2. Simple Template-Based Diffuse Galactic Model

Since the dominant foreground gamma-rays originate
from π0 gammas produced by CR protons interact-
ing with the ISM, the resulting gamma-ray distribution
should be morphologically correlated with other maps
of spatial tracers of the ISM. A good candidate is the
Schlegel, Finkbeiner, & Davis (SFD) map of Galactic

fermi.gsfc.nasa.gov/ssc/data/access/lat/ring for FSSC final4.pdf

dust, based on 100µm far IR data (Schlegel et al. 1998).
The π0/bremsstrahlung gamma-ray intensity is propor-
tional to the ISM density × the CR proton/electron den-
sity integrated along the line of sight. As long as the
CR proton/electron spectrum and density are approxi-
mately spatially uniform, the ISM column density is a
good tracer of π0/bremsstrahlung emission. The dust
map has some advantages over gas maps: there are no
problems with self absorption, no concerns about “dark
gas” (Grenier et al. 2005), and the SFD dust map has
sufficient spatial resolution (SFD has spatial resolution
of 6’, and LAB is 36’). On the other hand, SFD con-
tains no velocity information, so it is impossible to break
the map into Galactocentric rings. Nevertheless, it is in-
structive to employ the SFD map to build a very simple
foreground model. The goal is to remove foregrounds in a
fashion that reveals the underlying structure with as few
physical assumptions as possible. We will compare the
resulting residuals using this simple diffuse model with
those using the Fermi diffuse Galactic model.
As an example, we reveal the Fermi bubble structure

from 1− 5 GeV Fermi-LAT 1.6 yr data in Figure 3. We
use the SFD dust map as a template of the π0 gamma
foreground. The correlation between Fermi and SFD
dust is striking, and the most obvious features are re-
moved by this subtraction (top row in Figure 3). This
step makes the bubbles above and below the GC easily
visible. The revealed bubbles are not aligned with any
structures in the dust map, and cannot plausibly be an



Fitting the Bubbles
• Add an extra template to the fit: model 

bubbles as uniform brightness (i.e. 
uniform projected emissivity), since no 
strong gradient is observed.

• Limit fit to |b| > 30 to minimize 
uncertainties in foreground subtraction.

• Several perturbations possible:

• Fit interior and edge of template 
separately (test for edge-brightening, 
spectral uniformity). 

• Fit north and south bubbles 
separately.

• Add separate template for Loop 1 
(large, faint, soft-spectrum arc across 
northern sky).
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Fig. 3.— Template decomposition of the Fermi-LAT 1.6 year 1 − 5 GeV map (see §3.1.2). Top left: Point source subtracted 1 − 5
GeV map, and large sources, including the inner disk (−2◦ < b < 2◦,−60◦ < ! < 60◦), have been masked. Top middle: The 1 − 5
GeV map minus SFD dust map (top right panel) which is used as a template of π0 gammas. Middle row: The left panel is the same as
the top middle panel but stretched 2× harder. The middle panel subtracts a simple geometric disk template (shown in the right panel),
representing mostly inverse Compton emission, to reveal features close to the Galactic center. Two large bubbles are apparent (spanning
−50◦ < b < 50◦). Bottom row: The left panel is the same as the middle panel of the second row. Finally we subtract a simple bubble
template (right panel), with a shape derived from the edges visible in the maps, and uniform projected intensity. After subtracting the
bubble template, the two bubbles features have nearly vanished (bottom middle panel), indicating a nearly flat intensity for the Fermi

bubbles.



Fitting the Bubbles
• Add an extra template to the fit: model 

bubbles as uniform brightness (i.e. 
uniform projected emissivity), since no 
strong gradient is observed.

• Limit fit to |b| > 30 to minimize 
uncertainties in foreground subtraction.

• Several perturbations possible:

• Fit interior and edge of template 
separately (test for edge-brightening, 
spectral uniformity). 

• Fit north and south bubbles 
separately.

• Add separate template for Loop 1 
(large, faint, soft-spectrum arc across 
northern sky).
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Fig. 3.— Template decomposition of the Fermi-LAT 1.6 year 1 − 5 GeV map (see §3.1.2). Top left: Point source subtracted 1 − 5
GeV map, and large sources, including the inner disk (−2◦ < b < 2◦,−60◦ < ! < 60◦), have been masked. Top middle: The 1 − 5
GeV map minus SFD dust map (top right panel) which is used as a template of π0 gammas. Middle row: The left panel is the same as
the top middle panel but stretched 2× harder. The middle panel subtracts a simple geometric disk template (shown in the right panel),
representing mostly inverse Compton emission, to reveal features close to the Galactic center. Two large bubbles are apparent (spanning
−50◦ < b < 50◦). Bottom row: The left panel is the same as the middle panel of the second row. Finally we subtract a simple bubble
template (right panel), with a shape derived from the edges visible in the maps, and uniform projected intensity. After subtracting the
bubble template, the two bubbles features have nearly vanished (bottom middle panel), indicating a nearly flat intensity for the Fermi

bubbles.
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Fig. 15.— Top row: We split our Fermi bubble template (shown in the bottom right panel of Figure 3) into two components for template
fitting: an interior template (top left) and a shell template (top right) with uniform intensity, in order to reveal any potential spectrum
difference with the template fitting technique. Bottom row: We split the Fermi bubble template into north bubble template (bottom left)
and south bubble template (bottom right). If the two bubbles have the same origin, they should not only have similar morphologies but
also consistent spectra.

this preferred 500−700 GeV energy range is rather close
to the peak in local e+ + e− cosmic rays observed by
ATIC (Chang et al. 2008)15. We note that although the
estimated error bars of energy lower than 1 GeV mildly
depend on the templates we use in the fitting procedure,
the fall-off of the bubble intensity in the lowest energy
bins is robust. Figure 23 shows the same analysis for
500-900 GeV electrons with two different templates for
the disk IC emission, for the bubble interior and shell
separately, and for the north and south bubbles. In all
cases the same cut-off in the spectrum below 1 GeV is
observed.
In this case, while the lowest energy bin in the gamma-

rays is better fitted, the lack of low-energy CRs means

15 However, note that the large peak observed by ATIC -2 and
ATIC -4 appears to be in conflict with the Fermi measurement of
the spectrum, which contains no such feature.

that synchrotron can contribute to the WMAP haze only
at the sub-percent level, unless the magnetic field in the
inner galaxy is extreme (and even then the spectrum
does not reproduce the observations). In this case an
alternate explanation for the WMAP haze would need
to be considered. As suggested initially in Finkbeiner
(2004a), the WMAP haze could originate from free-free
emission (thermal bremsstrahlung), and this would ex-
plain the lack of a clear haze signal in WMAP polariza-
tion maps. However, the spectrum of the haze is some-
what softer than generally expected from free-free emis-
sion; the gas temperature required is also thermally un-
stable, requiring a significant energy injection (∼ 1054−55

ergs) to maintain its temperature (Hooper et al. 2007;
McQuinn & Zaldarriaga 2010).

4.4. Gamma-ray power and e− cosmic ray density
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• Add an extra template to the fit: model 

bubbles as uniform brightness (i.e. 
uniform projected emissivity), since no 
strong gradient is observed.

• Limit fit to |b| > 30 to minimize 
uncertainties in foreground subtraction.

• Several perturbations possible:

• Fit interior and edge of template 
separately (test for edge-brightening, 
spectral uniformity). 

• Fit north and south bubbles 
separately.
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Fig. 3.— Template decomposition of the Fermi-LAT 1.6 year 1 − 5 GeV map (see §3.1.2). Top left: Point source subtracted 1 − 5
GeV map, and large sources, including the inner disk (−2◦ < b < 2◦,−60◦ < ! < 60◦), have been masked. Top middle: The 1 − 5
GeV map minus SFD dust map (top right panel) which is used as a template of π0 gammas. Middle row: The left panel is the same as
the top middle panel but stretched 2× harder. The middle panel subtracts a simple geometric disk template (shown in the right panel),
representing mostly inverse Compton emission, to reveal features close to the Galactic center. Two large bubbles are apparent (spanning
−50◦ < b < 50◦). Bottom row: The left panel is the same as the middle panel of the second row. Finally we subtract a simple bubble
template (right panel), with a shape derived from the edges visible in the maps, and uniform projected intensity. After subtracting the
bubble template, the two bubbles features have nearly vanished (bottom middle panel), indicating a nearly flat intensity for the Fermi

bubbles.
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Fig. 15.— Top row: We split our Fermi bubble template (shown in the bottom right panel of Figure 3) into two components for template
fitting: an interior template (top left) and a shell template (top right) with uniform intensity, in order to reveal any potential spectrum
difference with the template fitting technique. Bottom row: We split the Fermi bubble template into north bubble template (bottom left)
and south bubble template (bottom right). If the two bubbles have the same origin, they should not only have similar morphologies but
also consistent spectra.

this preferred 500−700 GeV energy range is rather close
to the peak in local e+ + e− cosmic rays observed by
ATIC (Chang et al. 2008)15. We note that although the
estimated error bars of energy lower than 1 GeV mildly
depend on the templates we use in the fitting procedure,
the fall-off of the bubble intensity in the lowest energy
bins is robust. Figure 23 shows the same analysis for
500-900 GeV electrons with two different templates for
the disk IC emission, for the bubble interior and shell
separately, and for the north and south bubbles. In all
cases the same cut-off in the spectrum below 1 GeV is
observed.
In this case, while the lowest energy bin in the gamma-

rays is better fitted, the lack of low-energy CRs means

15 However, note that the large peak observed by ATIC -2 and
ATIC -4 appears to be in conflict with the Fermi measurement of
the spectrum, which contains no such feature.

that synchrotron can contribute to the WMAP haze only
at the sub-percent level, unless the magnetic field in the
inner galaxy is extreme (and even then the spectrum
does not reproduce the observations). In this case an
alternate explanation for the WMAP haze would need
to be considered. As suggested initially in Finkbeiner
(2004a), the WMAP haze could originate from free-free
emission (thermal bremsstrahlung), and this would ex-
plain the lack of a clear haze signal in WMAP polariza-
tion maps. However, the spectrum of the haze is some-
what softer than generally expected from free-free emis-
sion; the gas temperature required is also thermally un-
stable, requiring a significant energy injection (∼ 1054−55

ergs) to maintain its temperature (Hooper et al. 2007;
McQuinn & Zaldarriaga 2010).

4.4. Gamma-ray power and e− cosmic ray density

21

Fermi bubble interior template

 

50 0 -50
 

-50

0

50

 

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

ke
V 

cm
-2
 s

-1
 s

r-1

Fermi bubble shell template

 

50 0 -50
 

-50

0

50

 

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

keV cm
-2 s

-1 sr -1

Fermi bubble north template

 

50 0 -50
 

-50

0

50

 

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

ke
V 

cm
-2
 s

-1
 s

r-1

Fermi bubble south template

 

50 0 -50
 

-50

0

50

 

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

keV cm
-2 s

-1 sr -1

Fig. 15.— Top row: We split our Fermi bubble template (shown in the bottom right panel of Figure 3) into two components for template
fitting: an interior template (top left) and a shell template (top right) with uniform intensity, in order to reveal any potential spectrum
difference with the template fitting technique. Bottom row: We split the Fermi bubble template into north bubble template (bottom left)
and south bubble template (bottom right). If the two bubbles have the same origin, they should not only have similar morphologies but
also consistent spectra.

this preferred 500−700 GeV energy range is rather close
to the peak in local e+ + e− cosmic rays observed by
ATIC (Chang et al. 2008)15. We note that although the
estimated error bars of energy lower than 1 GeV mildly
depend on the templates we use in the fitting procedure,
the fall-off of the bubble intensity in the lowest energy
bins is robust. Figure 23 shows the same analysis for
500-900 GeV electrons with two different templates for
the disk IC emission, for the bubble interior and shell
separately, and for the north and south bubbles. In all
cases the same cut-off in the spectrum below 1 GeV is
observed.
In this case, while the lowest energy bin in the gamma-

rays is better fitted, the lack of low-energy CRs means

15 However, note that the large peak observed by ATIC -2 and
ATIC -4 appears to be in conflict with the Fermi measurement of
the spectrum, which contains no such feature.

that synchrotron can contribute to the WMAP haze only
at the sub-percent level, unless the magnetic field in the
inner galaxy is extreme (and even then the spectrum
does not reproduce the observations). In this case an
alternate explanation for the WMAP haze would need
to be considered. As suggested initially in Finkbeiner
(2004a), the WMAP haze could originate from free-free
emission (thermal bremsstrahlung), and this would ex-
plain the lack of a clear haze signal in WMAP polariza-
tion maps. However, the spectrum of the haze is some-
what softer than generally expected from free-free emis-
sion; the gas temperature required is also thermally un-
stable, requiring a significant energy injection (∼ 1054−55

ergs) to maintain its temperature (Hooper et al. 2007;
McQuinn & Zaldarriaga 2010).

4.4. Gamma-ray power and e− cosmic ray density



Fitting the Bubbles
• Add an extra template to the fit: model 

bubbles as uniform brightness (i.e. 
uniform projected emissivity), since no 
strong gradient is observed.

• Limit fit to |b| > 30 to minimize 
uncertainties in foreground subtraction.

• Several perturbations possible:

• Fit interior and edge of template 
separately (test for edge-brightening, 
spectral uniformity). 

• Fit north and south bubbles 
separately.

• Add separate template for Loop 1 
(large, faint, soft-spectrum arc across 
northern sky).
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Fig. 3.— Template decomposition of the Fermi-LAT 1.6 year 1 − 5 GeV map (see §3.1.2). Top left: Point source subtracted 1 − 5
GeV map, and large sources, including the inner disk (−2◦ < b < 2◦,−60◦ < ! < 60◦), have been masked. Top middle: The 1 − 5
GeV map minus SFD dust map (top right panel) which is used as a template of π0 gammas. Middle row: The left panel is the same as
the top middle panel but stretched 2× harder. The middle panel subtracts a simple geometric disk template (shown in the right panel),
representing mostly inverse Compton emission, to reveal features close to the Galactic center. Two large bubbles are apparent (spanning
−50◦ < b < 50◦). Bottom row: The left panel is the same as the middle panel of the second row. Finally we subtract a simple bubble
template (right panel), with a shape derived from the edges visible in the maps, and uniform projected intensity. After subtracting the
bubble template, the two bubbles features have nearly vanished (bottom middle panel), indicating a nearly flat intensity for the Fermi

bubbles.
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Fig. 15.— Top row: We split our Fermi bubble template (shown in the bottom right panel of Figure 3) into two components for template
fitting: an interior template (top left) and a shell template (top right) with uniform intensity, in order to reveal any potential spectrum
difference with the template fitting technique. Bottom row: We split the Fermi bubble template into north bubble template (bottom left)
and south bubble template (bottom right). If the two bubbles have the same origin, they should not only have similar morphologies but
also consistent spectra.

this preferred 500−700 GeV energy range is rather close
to the peak in local e+ + e− cosmic rays observed by
ATIC (Chang et al. 2008)15. We note that although the
estimated error bars of energy lower than 1 GeV mildly
depend on the templates we use in the fitting procedure,
the fall-off of the bubble intensity in the lowest energy
bins is robust. Figure 23 shows the same analysis for
500-900 GeV electrons with two different templates for
the disk IC emission, for the bubble interior and shell
separately, and for the north and south bubbles. In all
cases the same cut-off in the spectrum below 1 GeV is
observed.
In this case, while the lowest energy bin in the gamma-

rays is better fitted, the lack of low-energy CRs means

15 However, note that the large peak observed by ATIC -2 and
ATIC -4 appears to be in conflict with the Fermi measurement of
the spectrum, which contains no such feature.

that synchrotron can contribute to the WMAP haze only
at the sub-percent level, unless the magnetic field in the
inner galaxy is extreme (and even then the spectrum
does not reproduce the observations). In this case an
alternate explanation for the WMAP haze would need
to be considered. As suggested initially in Finkbeiner
(2004a), the WMAP haze could originate from free-free
emission (thermal bremsstrahlung), and this would ex-
plain the lack of a clear haze signal in WMAP polariza-
tion maps. However, the spectrum of the haze is some-
what softer than generally expected from free-free emis-
sion; the gas temperature required is also thermally un-
stable, requiring a significant energy injection (∼ 1054−55

ergs) to maintain its temperature (Hooper et al. 2007;
McQuinn & Zaldarriaga 2010).
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21

Fermi bubble interior template

 

50 0 -50
 

-50

0

50

 

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

ke
V 

cm
-2
 s

-1
 s

r-1

Fermi bubble shell template

 

50 0 -50
 

-50

0

50

 

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

keV cm
-2 s

-1 sr -1

Fermi bubble north template

 

50 0 -50
 

-50

0

50

 

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

ke
V 

cm
-2
 s

-1
 s

r-1

Fermi bubble south template

 

50 0 -50
 

-50

0

50

 

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

keV cm
-2 s

-1 sr -1

Fig. 15.— Top row: We split our Fermi bubble template (shown in the bottom right panel of Figure 3) into two components for template
fitting: an interior template (top left) and a shell template (top right) with uniform intensity, in order to reveal any potential spectrum
difference with the template fitting technique. Bottom row: We split the Fermi bubble template into north bubble template (bottom left)
and south bubble template (bottom right). If the two bubbles have the same origin, they should not only have similar morphologies but
also consistent spectra.

this preferred 500−700 GeV energy range is rather close
to the peak in local e+ + e− cosmic rays observed by
ATIC (Chang et al. 2008)15. We note that although the
estimated error bars of energy lower than 1 GeV mildly
depend on the templates we use in the fitting procedure,
the fall-off of the bubble intensity in the lowest energy
bins is robust. Figure 23 shows the same analysis for
500-900 GeV electrons with two different templates for
the disk IC emission, for the bubble interior and shell
separately, and for the north and south bubbles. In all
cases the same cut-off in the spectrum below 1 GeV is
observed.
In this case, while the lowest energy bin in the gamma-

rays is better fitted, the lack of low-energy CRs means

15 However, note that the large peak observed by ATIC -2 and
ATIC -4 appears to be in conflict with the Fermi measurement of
the spectrum, which contains no such feature.

that synchrotron can contribute to the WMAP haze only
at the sub-percent level, unless the magnetic field in the
inner galaxy is extreme (and even then the spectrum
does not reproduce the observations). In this case an
alternate explanation for the WMAP haze would need
to be considered. As suggested initially in Finkbeiner
(2004a), the WMAP haze could originate from free-free
emission (thermal bremsstrahlung), and this would ex-
plain the lack of a clear haze signal in WMAP polariza-
tion maps. However, the spectrum of the haze is some-
what softer than generally expected from free-free emis-
sion; the gas temperature required is also thermally un-
stable, requiring a significant energy injection (∼ 1054−55

ergs) to maintain its temperature (Hooper et al. 2007;
McQuinn & Zaldarriaga 2010).

4.4. Gamma-ray power and e− cosmic ray density
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Fig. 3.— Template decomposition of the Fermi-LAT 1.6 year 1 − 5 GeV map (see §3.1.2). Top left: Point source subtracted 1 − 5
GeV map, and large sources, including the inner disk (−2◦ < b < 2◦,−60◦ < ! < 60◦), have been masked. Top middle: The 1 − 5
GeV map minus SFD dust map (top right panel) which is used as a template of π0 gammas. Middle row: The left panel is the same as
the top middle panel but stretched 2× harder. The middle panel subtracts a simple geometric disk template (shown in the right panel),
representing mostly inverse Compton emission, to reveal features close to the Galactic center. Two large bubbles are apparent (spanning
−50◦ < b < 50◦). Bottom row: The left panel is the same as the middle panel of the second row. Finally we subtract a simple bubble
template (right panel), with a shape derived from the edges visible in the maps, and uniform projected intensity. After subtracting the
bubble template, the two bubbles features have nearly vanished (bottom middle panel), indicating a nearly flat intensity for the Fermi

bubbles.



Fitting the Bubbles
• Add an extra template to the fit: model 

bubbles as uniform brightness (i.e. 
uniform projected emissivity), since no 
strong gradient is observed.

• Limit fit to |b| > 30 to minimize 
uncertainties in foreground subtraction.

• Several perturbations possible:

• Fit interior and edge of template 
separately (test for edge-brightening, 
spectral uniformity). 

• Fit north and south bubbles 
separately.

• Add separate template for Loop 1 
(large, faint, soft-spectrum arc across 
northern sky).
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Fig. 3.— Template decomposition of the Fermi-LAT 1.6 year 1 − 5 GeV map (see §3.1.2). Top left: Point source subtracted 1 − 5
GeV map, and large sources, including the inner disk (−2◦ < b < 2◦,−60◦ < ! < 60◦), have been masked. Top middle: The 1 − 5
GeV map minus SFD dust map (top right panel) which is used as a template of π0 gammas. Middle row: The left panel is the same as
the top middle panel but stretched 2× harder. The middle panel subtracts a simple geometric disk template (shown in the right panel),
representing mostly inverse Compton emission, to reveal features close to the Galactic center. Two large bubbles are apparent (spanning
−50◦ < b < 50◦). Bottom row: The left panel is the same as the middle panel of the second row. Finally we subtract a simple bubble
template (right panel), with a shape derived from the edges visible in the maps, and uniform projected intensity. After subtracting the
bubble template, the two bubbles features have nearly vanished (bottom middle panel), indicating a nearly flat intensity for the Fermi

bubbles.
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Fig. 15.— Top row: We split our Fermi bubble template (shown in the bottom right panel of Figure 3) into two components for template
fitting: an interior template (top left) and a shell template (top right) with uniform intensity, in order to reveal any potential spectrum
difference with the template fitting technique. Bottom row: We split the Fermi bubble template into north bubble template (bottom left)
and south bubble template (bottom right). If the two bubbles have the same origin, they should not only have similar morphologies but
also consistent spectra.

this preferred 500−700 GeV energy range is rather close
to the peak in local e+ + e− cosmic rays observed by
ATIC (Chang et al. 2008)15. We note that although the
estimated error bars of energy lower than 1 GeV mildly
depend on the templates we use in the fitting procedure,
the fall-off of the bubble intensity in the lowest energy
bins is robust. Figure 23 shows the same analysis for
500-900 GeV electrons with two different templates for
the disk IC emission, for the bubble interior and shell
separately, and for the north and south bubbles. In all
cases the same cut-off in the spectrum below 1 GeV is
observed.
In this case, while the lowest energy bin in the gamma-

rays is better fitted, the lack of low-energy CRs means

15 However, note that the large peak observed by ATIC -2 and
ATIC -4 appears to be in conflict with the Fermi measurement of
the spectrum, which contains no such feature.

that synchrotron can contribute to the WMAP haze only
at the sub-percent level, unless the magnetic field in the
inner galaxy is extreme (and even then the spectrum
does not reproduce the observations). In this case an
alternate explanation for the WMAP haze would need
to be considered. As suggested initially in Finkbeiner
(2004a), the WMAP haze could originate from free-free
emission (thermal bremsstrahlung), and this would ex-
plain the lack of a clear haze signal in WMAP polariza-
tion maps. However, the spectrum of the haze is some-
what softer than generally expected from free-free emis-
sion; the gas temperature required is also thermally un-
stable, requiring a significant energy injection (∼ 1054−55

ergs) to maintain its temperature (Hooper et al. 2007;
McQuinn & Zaldarriaga 2010).

4.4. Gamma-ray power and e− cosmic ray density
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Fig. 15.— Top row: We split our Fermi bubble template (shown in the bottom right panel of Figure 3) into two components for template
fitting: an interior template (top left) and a shell template (top right) with uniform intensity, in order to reveal any potential spectrum
difference with the template fitting technique. Bottom row: We split the Fermi bubble template into north bubble template (bottom left)
and south bubble template (bottom right). If the two bubbles have the same origin, they should not only have similar morphologies but
also consistent spectra.

this preferred 500−700 GeV energy range is rather close
to the peak in local e+ + e− cosmic rays observed by
ATIC (Chang et al. 2008)15. We note that although the
estimated error bars of energy lower than 1 GeV mildly
depend on the templates we use in the fitting procedure,
the fall-off of the bubble intensity in the lowest energy
bins is robust. Figure 23 shows the same analysis for
500-900 GeV electrons with two different templates for
the disk IC emission, for the bubble interior and shell
separately, and for the north and south bubbles. In all
cases the same cut-off in the spectrum below 1 GeV is
observed.
In this case, while the lowest energy bin in the gamma-

rays is better fitted, the lack of low-energy CRs means

15 However, note that the large peak observed by ATIC -2 and
ATIC -4 appears to be in conflict with the Fermi measurement of
the spectrum, which contains no such feature.

that synchrotron can contribute to the WMAP haze only
at the sub-percent level, unless the magnetic field in the
inner galaxy is extreme (and even then the spectrum
does not reproduce the observations). In this case an
alternate explanation for the WMAP haze would need
to be considered. As suggested initially in Finkbeiner
(2004a), the WMAP haze could originate from free-free
emission (thermal bremsstrahlung), and this would ex-
plain the lack of a clear haze signal in WMAP polariza-
tion maps. However, the spectrum of the haze is some-
what softer than generally expected from free-free emis-
sion; the gas temperature required is also thermally un-
stable, requiring a significant energy injection (∼ 1054−55

ergs) to maintain its temperature (Hooper et al. 2007;
McQuinn & Zaldarriaga 2010).

4.4. Gamma-ray power and e− cosmic ray density
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Fig. 3.— Template decomposition of the Fermi-LAT 1.6 year 1 − 5 GeV map (see §3.1.2). Top left: Point source subtracted 1 − 5
GeV map, and large sources, including the inner disk (−2◦ < b < 2◦,−60◦ < ! < 60◦), have been masked. Top middle: The 1 − 5
GeV map minus SFD dust map (top right panel) which is used as a template of π0 gammas. Middle row: The left panel is the same as
the top middle panel but stretched 2× harder. The middle panel subtracts a simple geometric disk template (shown in the right panel),
representing mostly inverse Compton emission, to reveal features close to the Galactic center. Two large bubbles are apparent (spanning
−50◦ < b < 50◦). Bottom row: The left panel is the same as the middle panel of the second row. Finally we subtract a simple bubble
template (right panel), with a shape derived from the edges visible in the maps, and uniform projected intensity. After subtracting the
bubble template, the two bubbles features have nearly vanished (bottom middle panel), indicating a nearly flat intensity for the Fermi

bubbles.
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Fig. 15.— Top row: We split our Fermi bubble template (shown in the bottom right panel of Figure 3) into two components for template
fitting: an interior template (top left) and a shell template (top right) with uniform intensity, in order to reveal any potential spectrum
difference with the template fitting technique. Bottom row: We split the Fermi bubble template into north bubble template (bottom left)
and south bubble template (bottom right). If the two bubbles have the same origin, they should not only have similar morphologies but
also consistent spectra.

this preferred 500−700 GeV energy range is rather close
to the peak in local e+ + e− cosmic rays observed by
ATIC (Chang et al. 2008)15. We note that although the
estimated error bars of energy lower than 1 GeV mildly
depend on the templates we use in the fitting procedure,
the fall-off of the bubble intensity in the lowest energy
bins is robust. Figure 23 shows the same analysis for
500-900 GeV electrons with two different templates for
the disk IC emission, for the bubble interior and shell
separately, and for the north and south bubbles. In all
cases the same cut-off in the spectrum below 1 GeV is
observed.
In this case, while the lowest energy bin in the gamma-

rays is better fitted, the lack of low-energy CRs means

15 However, note that the large peak observed by ATIC -2 and
ATIC -4 appears to be in conflict with the Fermi measurement of
the spectrum, which contains no such feature.

that synchrotron can contribute to the WMAP haze only
at the sub-percent level, unless the magnetic field in the
inner galaxy is extreme (and even then the spectrum
does not reproduce the observations). In this case an
alternate explanation for the WMAP haze would need
to be considered. As suggested initially in Finkbeiner
(2004a), the WMAP haze could originate from free-free
emission (thermal bremsstrahlung), and this would ex-
plain the lack of a clear haze signal in WMAP polariza-
tion maps. However, the spectrum of the haze is some-
what softer than generally expected from free-free emis-
sion; the gas temperature required is also thermally un-
stable, requiring a significant energy injection (∼ 1054−55

ergs) to maintain its temperature (Hooper et al. 2007;
McQuinn & Zaldarriaga 2010).

4.4. Gamma-ray power and e− cosmic ray density



Fitting the Bubbles
• Add an extra template to the fit: model 

bubbles as uniform brightness (i.e. 
uniform projected emissivity), since no 
strong gradient is observed.

• Limit fit to |b| > 30 to minimize 
uncertainties in foreground subtraction.

• Several perturbations possible:

• Fit interior and edge of template 
separately (test for edge-brightening, 
spectral uniformity). 

• Fit north and south bubbles 
separately.

• Add separate template for Loop 1 
(large, faint, soft-spectrum arc across 
northern sky).
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Fig. 3.— Template decomposition of the Fermi-LAT 1.6 year 1 − 5 GeV map (see §3.1.2). Top left: Point source subtracted 1 − 5
GeV map, and large sources, including the inner disk (−2◦ < b < 2◦,−60◦ < ! < 60◦), have been masked. Top middle: The 1 − 5
GeV map minus SFD dust map (top right panel) which is used as a template of π0 gammas. Middle row: The left panel is the same as
the top middle panel but stretched 2× harder. The middle panel subtracts a simple geometric disk template (shown in the right panel),
representing mostly inverse Compton emission, to reveal features close to the Galactic center. Two large bubbles are apparent (spanning
−50◦ < b < 50◦). Bottom row: The left panel is the same as the middle panel of the second row. Finally we subtract a simple bubble
template (right panel), with a shape derived from the edges visible in the maps, and uniform projected intensity. After subtracting the
bubble template, the two bubbles features have nearly vanished (bottom middle panel), indicating a nearly flat intensity for the Fermi

bubbles.
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Fig. 15.— Top row: We split our Fermi bubble template (shown in the bottom right panel of Figure 3) into two components for template
fitting: an interior template (top left) and a shell template (top right) with uniform intensity, in order to reveal any potential spectrum
difference with the template fitting technique. Bottom row: We split the Fermi bubble template into north bubble template (bottom left)
and south bubble template (bottom right). If the two bubbles have the same origin, they should not only have similar morphologies but
also consistent spectra.

this preferred 500−700 GeV energy range is rather close
to the peak in local e+ + e− cosmic rays observed by
ATIC (Chang et al. 2008)15. We note that although the
estimated error bars of energy lower than 1 GeV mildly
depend on the templates we use in the fitting procedure,
the fall-off of the bubble intensity in the lowest energy
bins is robust. Figure 23 shows the same analysis for
500-900 GeV electrons with two different templates for
the disk IC emission, for the bubble interior and shell
separately, and for the north and south bubbles. In all
cases the same cut-off in the spectrum below 1 GeV is
observed.
In this case, while the lowest energy bin in the gamma-

rays is better fitted, the lack of low-energy CRs means

15 However, note that the large peak observed by ATIC -2 and
ATIC -4 appears to be in conflict with the Fermi measurement of
the spectrum, which contains no such feature.

that synchrotron can contribute to the WMAP haze only
at the sub-percent level, unless the magnetic field in the
inner galaxy is extreme (and even then the spectrum
does not reproduce the observations). In this case an
alternate explanation for the WMAP haze would need
to be considered. As suggested initially in Finkbeiner
(2004a), the WMAP haze could originate from free-free
emission (thermal bremsstrahlung), and this would ex-
plain the lack of a clear haze signal in WMAP polariza-
tion maps. However, the spectrum of the haze is some-
what softer than generally expected from free-free emis-
sion; the gas temperature required is also thermally un-
stable, requiring a significant energy injection (∼ 1054−55

ergs) to maintain its temperature (Hooper et al. 2007;
McQuinn & Zaldarriaga 2010).

4.4. Gamma-ray power and e− cosmic ray density
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Fig. 15.— Top row: We split our Fermi bubble template (shown in the bottom right panel of Figure 3) into two components for template
fitting: an interior template (top left) and a shell template (top right) with uniform intensity, in order to reveal any potential spectrum
difference with the template fitting technique. Bottom row: We split the Fermi bubble template into north bubble template (bottom left)
and south bubble template (bottom right). If the two bubbles have the same origin, they should not only have similar morphologies but
also consistent spectra.

this preferred 500−700 GeV energy range is rather close
to the peak in local e+ + e− cosmic rays observed by
ATIC (Chang et al. 2008)15. We note that although the
estimated error bars of energy lower than 1 GeV mildly
depend on the templates we use in the fitting procedure,
the fall-off of the bubble intensity in the lowest energy
bins is robust. Figure 23 shows the same analysis for
500-900 GeV electrons with two different templates for
the disk IC emission, for the bubble interior and shell
separately, and for the north and south bubbles. In all
cases the same cut-off in the spectrum below 1 GeV is
observed.
In this case, while the lowest energy bin in the gamma-

rays is better fitted, the lack of low-energy CRs means

15 However, note that the large peak observed by ATIC -2 and
ATIC -4 appears to be in conflict with the Fermi measurement of
the spectrum, which contains no such feature.

that synchrotron can contribute to the WMAP haze only
at the sub-percent level, unless the magnetic field in the
inner galaxy is extreme (and even then the spectrum
does not reproduce the observations). In this case an
alternate explanation for the WMAP haze would need
to be considered. As suggested initially in Finkbeiner
(2004a), the WMAP haze could originate from free-free
emission (thermal bremsstrahlung), and this would ex-
plain the lack of a clear haze signal in WMAP polariza-
tion maps. However, the spectrum of the haze is some-
what softer than generally expected from free-free emis-
sion; the gas temperature required is also thermally un-
stable, requiring a significant energy injection (∼ 1054−55

ergs) to maintain its temperature (Hooper et al. 2007;
McQuinn & Zaldarriaga 2010).

4.4. Gamma-ray power and e− cosmic ray density
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Fig. 3.— Template decomposition of the Fermi-LAT 1.6 year 1 − 5 GeV map (see §3.1.2). Top left: Point source subtracted 1 − 5
GeV map, and large sources, including the inner disk (−2◦ < b < 2◦,−60◦ < ! < 60◦), have been masked. Top middle: The 1 − 5
GeV map minus SFD dust map (top right panel) which is used as a template of π0 gammas. Middle row: The left panel is the same as
the top middle panel but stretched 2× harder. The middle panel subtracts a simple geometric disk template (shown in the right panel),
representing mostly inverse Compton emission, to reveal features close to the Galactic center. Two large bubbles are apparent (spanning
−50◦ < b < 50◦). Bottom row: The left panel is the same as the middle panel of the second row. Finally we subtract a simple bubble
template (right panel), with a shape derived from the edges visible in the maps, and uniform projected intensity. After subtracting the
bubble template, the two bubbles features have nearly vanished (bottom middle panel), indicating a nearly flat intensity for the Fermi

bubbles.
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Fig. 15.— Top row: We split our Fermi bubble template (shown in the bottom right panel of Figure 3) into two components for template
fitting: an interior template (top left) and a shell template (top right) with uniform intensity, in order to reveal any potential spectrum
difference with the template fitting technique. Bottom row: We split the Fermi bubble template into north bubble template (bottom left)
and south bubble template (bottom right). If the two bubbles have the same origin, they should not only have similar morphologies but
also consistent spectra.

this preferred 500−700 GeV energy range is rather close
to the peak in local e+ + e− cosmic rays observed by
ATIC (Chang et al. 2008)15. We note that although the
estimated error bars of energy lower than 1 GeV mildly
depend on the templates we use in the fitting procedure,
the fall-off of the bubble intensity in the lowest energy
bins is robust. Figure 23 shows the same analysis for
500-900 GeV electrons with two different templates for
the disk IC emission, for the bubble interior and shell
separately, and for the north and south bubbles. In all
cases the same cut-off in the spectrum below 1 GeV is
observed.
In this case, while the lowest energy bin in the gamma-

rays is better fitted, the lack of low-energy CRs means

15 However, note that the large peak observed by ATIC -2 and
ATIC -4 appears to be in conflict with the Fermi measurement of
the spectrum, which contains no such feature.

that synchrotron can contribute to the WMAP haze only
at the sub-percent level, unless the magnetic field in the
inner galaxy is extreme (and even then the spectrum
does not reproduce the observations). In this case an
alternate explanation for the WMAP haze would need
to be considered. As suggested initially in Finkbeiner
(2004a), the WMAP haze could originate from free-free
emission (thermal bremsstrahlung), and this would ex-
plain the lack of a clear haze signal in WMAP polariza-
tion maps. However, the spectrum of the haze is some-
what softer than generally expected from free-free emis-
sion; the gas temperature required is also thermally un-
stable, requiring a significant energy injection (∼ 1054−55

ergs) to maintain its temperature (Hooper et al. 2007;
McQuinn & Zaldarriaga 2010).

4.4. Gamma-ray power and e− cosmic ray density
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Fig. 15.— Top row: We split our Fermi bubble template (shown in the bottom right panel of Figure 3) into two components for template
fitting: an interior template (top left) and a shell template (top right) with uniform intensity, in order to reveal any potential spectrum
difference with the template fitting technique. Bottom row: We split the Fermi bubble template into north bubble template (bottom left)
and south bubble template (bottom right). If the two bubbles have the same origin, they should not only have similar morphologies but
also consistent spectra.

this preferred 500−700 GeV energy range is rather close
to the peak in local e+ + e− cosmic rays observed by
ATIC (Chang et al. 2008)15. We note that although the
estimated error bars of energy lower than 1 GeV mildly
depend on the templates we use in the fitting procedure,
the fall-off of the bubble intensity in the lowest energy
bins is robust. Figure 23 shows the same analysis for
500-900 GeV electrons with two different templates for
the disk IC emission, for the bubble interior and shell
separately, and for the north and south bubbles. In all
cases the same cut-off in the spectrum below 1 GeV is
observed.
In this case, while the lowest energy bin in the gamma-

rays is better fitted, the lack of low-energy CRs means

15 However, note that the large peak observed by ATIC -2 and
ATIC -4 appears to be in conflict with the Fermi measurement of
the spectrum, which contains no such feature.

that synchrotron can contribute to the WMAP haze only
at the sub-percent level, unless the magnetic field in the
inner galaxy is extreme (and even then the spectrum
does not reproduce the observations). In this case an
alternate explanation for the WMAP haze would need
to be considered. As suggested initially in Finkbeiner
(2004a), the WMAP haze could originate from free-free
emission (thermal bremsstrahlung), and this would ex-
plain the lack of a clear haze signal in WMAP polariza-
tion maps. However, the spectrum of the haze is some-
what softer than generally expected from free-free emis-
sion; the gas temperature required is also thermally un-
stable, requiring a significant energy injection (∼ 1054−55

ergs) to maintain its temperature (Hooper et al. 2007;
McQuinn & Zaldarriaga 2010).

4.4. Gamma-ray power and e− cosmic ray density



Spectrum of the Bubbles

• Good consistency with GALPROP spectra for π0 and ICS/brem.

• Bubbles have roughly flat spectrum at 1-100 GeV, with an apparent downturn at 
both high and low energies, although the high energy break has large error bars.
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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
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Fig. 14.— Same as Figure 12, but correlation spectra for the 4-template fit employing the Fermi 0.5 − 1 GeV residual map (after
subtracting the SFD dust) as a template for the starlight IC. The line style is the same as Figure 12. Again, we find that the spectrum
correlated with the Fermi bubble template (blue dot-dashed line) is harder (consistent with flat in E2dN/dE) than the spectra correlated
with the other templates, and the models for the various emission mechanism generated from GALPROP, indicating that the Fermi bubbles
constitute a distinct gamma-ray component with a hard spectrum. The fitting is done for |b| > 30◦. As in Figure 12, the correlation spectra
have been normalized to a reference region; see §3.2.2 for details, and Table 2 for a summary of the normalization factors.

height zs ≈ 2 kpc, this field strength would correspond to
B0 ≈ 30− 40 µG or even higher. This value is consider-
ably larger than commonly used (e.g. Page et al. 2007).
However, models with a non-exponential halo magnetic
field, as discussed by e.g. Alvarez-Muñiz et al. (2002);
Sun et al. (2008), can have ∼ 10 µG fields well off the
plane.
We note also that the extrapolated value of B0 re-

quired to obtain good agreement between the IC and syn-
chrotron amplitudes, in the exponential model, is some-
what higher than found by Dobler et al. (2010), who per-
formed the comparison at 2 kpc. This apparent discrep-
ancy originates from the fact that in the haze latitudi-
nal profile given by Hooper et al. (2007), the emission
falls off rapidly with latitude for 0 > b > −15◦, but
then plateaus at b ∼ −15−35◦, contrary to expectations

based on a B-field profile exponentially falling away from
z = 0. This suggests either that the magnetic field inside
the bubble does not fall exponentially with |z| inside the
bubbles, or that the WMAP haze contains a significant
free-free component at high latitude.

4.3. Evidence of a ∼ 700 GeV Electron Excess?

In Figure 24, we calculate the gamma-ray spectrum
from IC scattering, using the standard ISRF model taken
from GALPROP – as in Figure 23, but with a different en-
ergy range for the electron CRs. An electron CR popula-
tion with a hard low-energy cutoff at about 500 GeV can
fit the Fermi bubble spectrum better than a single power
law extending from 0.1−1000 GeV, due to the downturn
in the spectrum in the lowest energy bin. Even a rather
hard (dN/dE ∼ E−2) power law component at 300−500
GeV produces a long tail at low energies. Interestingly,
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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
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Fig. 14.— Same as Figure 12, but correlation spectra for the 4-template fit employing the Fermi 0.5 − 1 GeV residual map (after
subtracting the SFD dust) as a template for the starlight IC. The line style is the same as Figure 12. Again, we find that the spectrum
correlated with the Fermi bubble template (blue dot-dashed line) is harder (consistent with flat in E2dN/dE) than the spectra correlated
with the other templates, and the models for the various emission mechanism generated from GALPROP, indicating that the Fermi bubbles
constitute a distinct gamma-ray component with a hard spectrum. The fitting is done for |b| > 30◦. As in Figure 12, the correlation spectra
have been normalized to a reference region; see §3.2.2 for details, and Table 2 for a summary of the normalization factors.

height zs ≈ 2 kpc, this field strength would correspond to
B0 ≈ 30− 40 µG or even higher. This value is consider-
ably larger than commonly used (e.g. Page et al. 2007).
However, models with a non-exponential halo magnetic
field, as discussed by e.g. Alvarez-Muñiz et al. (2002);
Sun et al. (2008), can have ∼ 10 µG fields well off the
plane.
We note also that the extrapolated value of B0 re-

quired to obtain good agreement between the IC and syn-
chrotron amplitudes, in the exponential model, is some-
what higher than found by Dobler et al. (2010), who per-
formed the comparison at 2 kpc. This apparent discrep-
ancy originates from the fact that in the haze latitudi-
nal profile given by Hooper et al. (2007), the emission
falls off rapidly with latitude for 0 > b > −15◦, but
then plateaus at b ∼ −15−35◦, contrary to expectations

based on a B-field profile exponentially falling away from
z = 0. This suggests either that the magnetic field inside
the bubble does not fall exponentially with |z| inside the
bubbles, or that the WMAP haze contains a significant
free-free component at high latitude.

4.3. Evidence of a ∼ 700 GeV Electron Excess?

In Figure 24, we calculate the gamma-ray spectrum
from IC scattering, using the standard ISRF model taken
from GALPROP – as in Figure 23, but with a different en-
ergy range for the electron CRs. An electron CR popula-
tion with a hard low-energy cutoff at about 500 GeV can
fit the Fermi bubble spectrum better than a single power
law extending from 0.1−1000 GeV, due to the downturn
in the spectrum in the lowest energy bin. Even a rather
hard (dN/dE ∼ E−2) power law component at 300−500
GeV produces a long tail at low energies. Interestingly,
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Fig. 17.— Same as Figure 12, but using the Haslam 408 MHz map instead of the simple disk model as the IC template. The Haslam
map contains a bright feature associated with Loop I (see Figure 18) and is dominated by synchrotron emission from softer electron CRs,
of energies around 1 GeV; it is not an ideal tracer of IC emission which depends on both electron and ISRF distribution. The resulting
best-fit spectrum for the bubble template remains harder than the other components, but with enhanced lower energy (! 2 GeV) correlation
coefficients compared to Figure 12 and Figure 14. The right panel is the same as the left panel, but with the bubble template divided
into north and south bubbles (see §3.2.2 for more discussion). As in Figure 12, the correlation spectra have been normalized to a reference
region; see §3.2.2 for details, and Table 2 for a summary of the normalization factors.

bubbles, and the non-uniformity in the emissivity, most
likely arise from the electron CR density rather than the
photon density. The presence of similar sharp edges in
the WMAP haze (at |b| ≤ 30◦) supports this hypothesis,
if the WMAP haze is attributed to synchrotron radiation
from the electron CRs.
Similarly, the elongated shape of the Fermi bubble

structures perpendicular to the Galactic plane suggests
that the electron CR distribution itself is extended per-
pendicular to the plane. The Fermi bubble morphol-
ogy is a strong argument against the possibility that the
WMAP haze originates from a disk-like electron distri-
bution with significant longitudinal variation of the mag-
netic field, as suggested by Kaplinghat et al. (2009).
The limb brightening of the X-rays in the ROSAT data

(as shown in Figure 19), and the flat intensity profile
of the Fermi bubbles, suggest the presence of a shell
or shock, with increased electron CR density, coincid-
ing with a hot thermal plasma. If the ambient medium
several kpc above and below the GC were neutral, then
bubbles of ionized gas could produce a void in the H I

map (Figure 26). We see no evidence for features aligned
with the bubbles in these maps, suggesting that the H I

map in this part of the sky is dominated by disk emis-
sion, and has nothing to do with the bubbles. If the
bubbles are in a static state, the bubble edges should
have lower temperature than the bubble interior and thus
higher gas density, although shocks or MHD turbulence
might lead to higher temperatures at the bubble wall.

The X-rays in ROSAT may be thermal bremsstrahlung
emission, so the emissivity is proportional to the ther-
mal electron density × ion density. They could also
arise from charge exchange reactions occurring when the
high-speed gas in the bubbles collides with the denser
gas at the bubble edge (see Snowden 2009, and reference
therein); this mechanism could explain the pronounced
limb brightening of the X-rays. As an alternative expla-
nation, the ROSAT X-ray feature might be synchrotron
emission from very high energy electron CRs. Typically,
though, one needs ∼ 50 TeV (∼ 5 TeV) electrons with
∼ 10 µG (1 mG) magnetic field to produce ∼ 1 keV
synchrotron photons.
The Fermi bubble features do not appear to be as-

sociated with Loop I, a giant radio loop spanning over
100 degrees (Large et al. 1962), which is thought to be
generated from the local Sco-Cen OB association. De-
tections of Loop I in high-energy gamma-rays have been
claimed by Bhat et al. (1985) and also recently by Fermi
(Casandjian et al. 2009); we have also discussed its pres-
ence in this work (see §3.2.2).
The Loop I gamma-rays may be the IC counterpart

of the synchrotron emission seen in the Haslam 408 MHz
map, although some of the emission might be π0 gammas
associated with H I (Figure 26). We compare structures
identified from the Fermi 1 − 5 GeV maps with Loop I
features in the Haslam 408 MHz map in the top row of
Figure 18, and see that the Fermi bubbles are spatially
distinct from the arcs associated with Loop I ; as we have



Tests for spectral variation

• Fit for north and south bubbles, interior and shell separately, with several 
different ICS templates. No evidence of spectral variation (of course, some 
variation can still be accommodated).
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Fig. 16.— Same as Figure 12 and Figure 14, but splitting the Fermi bubble template into two components for template fitting. The line
styles are the same as Figure 12. Top row: Using the simple disk model as the IC template. In the left panel, we split the previous bubble
template into bubble interior and bubble shell templates (see Figure 15 for the templates). The correlation coefficients of the 6-template
fit involving the two bubble templates are shown. The purple dash-dotted line and blue triple-dot-dashed line are for the inner bubble and
the outer shell template respectively. The two templates have a consistent spectrum which is significantly harder than the other templates,
indicating the bubble interior and the bubble shell have the same distinct physical origin. In the right panel, we split the bubble template
into north and south bubbles. As we include the Loop I template (which has a softer spectrum) in the north sky for regression fitting,
the north bubble has a slightly harder spectrum than the south bubble. Again, both of the templates have harder spectra than any other
components in the fit. Bottom row: Employing the Fermi 0.5 − 1 GeV residual map (after subtracting the SFD dust) as a template for
the starlight IC. In the left panel, we split the bubble template into bubble interior and bubble shell templates. In the right panel, we
split the bubble template into north bubble and south bubble templates. As in Figure 12, the correlation spectra have been normalized to
a reference region; see §3.2.2 for details, and Table 2 for a summary of the normalization factors.
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Fig. 16.— Same as Figure 12 and Figure 14, but splitting the Fermi bubble template into two components for template fitting. The line
styles are the same as Figure 12. Top row: Using the simple disk model as the IC template. In the left panel, we split the previous bubble
template into bubble interior and bubble shell templates (see Figure 15 for the templates). The correlation coefficients of the 6-template
fit involving the two bubble templates are shown. The purple dash-dotted line and blue triple-dot-dashed line are for the inner bubble and
the outer shell template respectively. The two templates have a consistent spectrum which is significantly harder than the other templates,
indicating the bubble interior and the bubble shell have the same distinct physical origin. In the right panel, we split the bubble template
into north and south bubbles. As we include the Loop I template (which has a softer spectrum) in the north sky for regression fitting,
the north bubble has a slightly harder spectrum than the south bubble. Again, both of the templates have harder spectra than any other
components in the fit. Bottom row: Employing the Fermi 0.5 − 1 GeV residual map (after subtracting the SFD dust) as a template for
the starlight IC. In the left panel, we split the bubble template into bubble interior and bubble shell templates. In the right panel, we
split the bubble template into north bubble and south bubble templates. As in Figure 12, the correlation spectra have been normalized to
a reference region; see §3.2.2 for details, and Table 2 for a summary of the normalization factors.
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Fig. 16.— Same as Figure 12 and Figure 14, but splitting the Fermi bubble template into two components for template fitting. The line
styles are the same as Figure 12. Top row: Using the simple disk model as the IC template. In the left panel, we split the previous bubble
template into bubble interior and bubble shell templates (see Figure 15 for the templates). The correlation coefficients of the 6-template
fit involving the two bubble templates are shown. The purple dash-dotted line and blue triple-dot-dashed line are for the inner bubble and
the outer shell template respectively. The two templates have a consistent spectrum which is significantly harder than the other templates,
indicating the bubble interior and the bubble shell have the same distinct physical origin. In the right panel, we split the bubble template
into north and south bubbles. As we include the Loop I template (which has a softer spectrum) in the north sky for regression fitting,
the north bubble has a slightly harder spectrum than the south bubble. Again, both of the templates have harder spectra than any other
components in the fit. Bottom row: Employing the Fermi 0.5 − 1 GeV residual map (after subtracting the SFD dust) as a template for
the starlight IC. In the left panel, we split the bubble template into bubble interior and bubble shell templates. In the right panel, we
split the bubble template into north bubble and south bubble templates. As in Figure 12, the correlation spectra have been normalized to
a reference region; see §3.2.2 for details, and Table 2 for a summary of the normalization factors.
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Fig. 16.— Same as Figure 12 and Figure 14, but splitting the Fermi bubble template into two components for template fitting. The line
styles are the same as Figure 12. Top row: Using the simple disk model as the IC template. In the left panel, we split the previous bubble
template into bubble interior and bubble shell templates (see Figure 15 for the templates). The correlation coefficients of the 6-template
fit involving the two bubble templates are shown. The purple dash-dotted line and blue triple-dot-dashed line are for the inner bubble and
the outer shell template respectively. The two templates have a consistent spectrum which is significantly harder than the other templates,
indicating the bubble interior and the bubble shell have the same distinct physical origin. In the right panel, we split the bubble template
into north and south bubbles. As we include the Loop I template (which has a softer spectrum) in the north sky for regression fitting,
the north bubble has a slightly harder spectrum than the south bubble. Again, both of the templates have harder spectra than any other
components in the fit. Bottom row: Employing the Fermi 0.5 − 1 GeV residual map (after subtracting the SFD dust) as a template for
the starlight IC. In the left panel, we split the bubble template into bubble interior and bubble shell templates. In the right panel, we
split the bubble template into north bubble and south bubble templates. As in Figure 12, the correlation spectra have been normalized to
a reference region; see §3.2.2 for details, and Table 2 for a summary of the normalization factors.
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Fig. 16.— Same as Figure 12 and Figure 14, but splitting the Fermi bubble template into two components for template fitting. The line
styles are the same as Figure 12. Top row: Using the simple disk model as the IC template. In the left panel, we split the previous bubble
template into bubble interior and bubble shell templates (see Figure 15 for the templates). The correlation coefficients of the 6-template
fit involving the two bubble templates are shown. The purple dash-dotted line and blue triple-dot-dashed line are for the inner bubble and
the outer shell template respectively. The two templates have a consistent spectrum which is significantly harder than the other templates,
indicating the bubble interior and the bubble shell have the same distinct physical origin. In the right panel, we split the bubble template
into north and south bubbles. As we include the Loop I template (which has a softer spectrum) in the north sky for regression fitting,
the north bubble has a slightly harder spectrum than the south bubble. Again, both of the templates have harder spectra than any other
components in the fit. Bottom row: Employing the Fermi 0.5 − 1 GeV residual map (after subtracting the SFD dust) as a template for
the starlight IC. In the left panel, we split the bubble template into bubble interior and bubble shell templates. In the right panel, we
split the bubble template into north bubble and south bubble templates. As in Figure 12, the correlation spectra have been normalized to
a reference region; see §3.2.2 for details, and Table 2 for a summary of the normalization factors.
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Fig. 17.— Same as Figure 12, but using the Haslam 408 MHz map instead of the simple disk model as the IC template. The Haslam
map contains a bright feature associated with Loop I (see Figure 18) and is dominated by synchrotron emission from softer electron CRs,
of energies around 1 GeV; it is not an ideal tracer of IC emission which depends on both electron and ISRF distribution. The resulting
best-fit spectrum for the bubble template remains harder than the other components, but with enhanced lower energy (! 2 GeV) correlation
coefficients compared to Figure 12 and Figure 14. The right panel is the same as the left panel, but with the bubble template divided
into north and south bubbles (see §3.2.2 for more discussion). As in Figure 12, the correlation spectra have been normalized to a reference
region; see §3.2.2 for details, and Table 2 for a summary of the normalization factors.

bubbles, and the non-uniformity in the emissivity, most
likely arise from the electron CR density rather than the
photon density. The presence of similar sharp edges in
the WMAP haze (at |b| ≤ 30◦) supports this hypothesis,
if the WMAP haze is attributed to synchrotron radiation
from the electron CRs.
Similarly, the elongated shape of the Fermi bubble

structures perpendicular to the Galactic plane suggests
that the electron CR distribution itself is extended per-
pendicular to the plane. The Fermi bubble morphol-
ogy is a strong argument against the possibility that the
WMAP haze originates from a disk-like electron distri-
bution with significant longitudinal variation of the mag-
netic field, as suggested by Kaplinghat et al. (2009).
The limb brightening of the X-rays in the ROSAT data

(as shown in Figure 19), and the flat intensity profile
of the Fermi bubbles, suggest the presence of a shell
or shock, with increased electron CR density, coincid-
ing with a hot thermal plasma. If the ambient medium
several kpc above and below the GC were neutral, then
bubbles of ionized gas could produce a void in the H I

map (Figure 26). We see no evidence for features aligned
with the bubbles in these maps, suggesting that the H I

map in this part of the sky is dominated by disk emis-
sion, and has nothing to do with the bubbles. If the
bubbles are in a static state, the bubble edges should
have lower temperature than the bubble interior and thus
higher gas density, although shocks or MHD turbulence
might lead to higher temperatures at the bubble wall.

The X-rays in ROSAT may be thermal bremsstrahlung
emission, so the emissivity is proportional to the ther-
mal electron density × ion density. They could also
arise from charge exchange reactions occurring when the
high-speed gas in the bubbles collides with the denser
gas at the bubble edge (see Snowden 2009, and reference
therein); this mechanism could explain the pronounced
limb brightening of the X-rays. As an alternative expla-
nation, the ROSAT X-ray feature might be synchrotron
emission from very high energy electron CRs. Typically,
though, one needs ∼ 50 TeV (∼ 5 TeV) electrons with
∼ 10 µG (1 mG) magnetic field to produce ∼ 1 keV
synchrotron photons.
The Fermi bubble features do not appear to be as-

sociated with Loop I, a giant radio loop spanning over
100 degrees (Large et al. 1962), which is thought to be
generated from the local Sco-Cen OB association. De-
tections of Loop I in high-energy gamma-rays have been
claimed by Bhat et al. (1985) and also recently by Fermi
(Casandjian et al. 2009); we have also discussed its pres-
ence in this work (see §3.2.2).
The Loop I gamma-rays may be the IC counterpart

of the synchrotron emission seen in the Haslam 408 MHz
map, although some of the emission might be π0 gammas
associated with H I (Figure 26). We compare structures
identified from the Fermi 1 − 5 GeV maps with Loop I
features in the Haslam 408 MHz map in the top row of
Figure 18, and see that the Fermi bubbles are spatially
distinct from the arcs associated with Loop I ; as we have
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How sharp are the edges?
• Trace rays from 

center of each 
bubble to edge.

• Measure 
(projected) 
intensity along each 
ray, and average 
results together.

• Restrict to high 
latitude (|b| > 30°) 
to minimize 
uncertainty in 
subtractions.



Profile in b

• Average over |l|<20°, for two different energies.

• In the |b|>30° fit region, profile appears roughly flat in l, until the 
edges around |b|=50°.
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Fig. 9.— Intensity averaged over the central 20 degrees in longitude, as a function of latitude, for (left) the averaged 1− 2 and 2− 5 GeV
maps, and (right) the averaged 5-10 and 10-20 GeV maps. We construct great circle arcs perpendicular to the l = 0 great circle, extending
10◦ in each direction (east and west), and average the emission over each such arc; the “b” label corresponding to each arc, and the x-axis
of the plot, refers to the value of b at l = 0. Different lines show the results at different stages of the template subtraction process. The
large oversubtraction at b ∼ 15◦ in the north, especially pronounced in the low-energy data, is associated with a bright feature in the SFD
dust map.

erated bubble with a compressed gas shell is shown in
the upper right panel; it is noticeably limb-brightened,
in contrast to observations.

3.2.2. Spectrum of Gamma-ray Emission

We now attempt to estimate the spectrum of the
gamma rays associated with the Fermi bubbles, and the
spatial variation of the spectrum. In order to reveal
the hardness of the spectrum of the Fermi bubbles, and
quantitatively study the intensity flatness of the bub-
ble interiors, we do a careful regression template fitting.
First, we maximize the Poisson likelihood of a simple dif-
fuse emission model involving 5-templates (see §3.1.2). In
this model, we include the SFD dust map (Figure 3, right
panel of the top row) as a tracer of π0 emission which is
dominant (or nearly so) at most energies on the disk and
significant even at high latitudes, the simple disk model
(Figure 3, right panel of the second row), the bubble
template (Figure 3, right panel of the bottom row), the
Loop I template (see e.g. Figure 11, left panel of the top
row), and a uniform background as templates to weight
the Fermi data properly.
The significant isotropic background is due to extra-

galactic emission and charged particle contamination, in-
cluding heavy nuclei at high energies. The Fermi collab-
oration has measured the extragalactic diffuse emission
using additional cuts to reduce charged particle contami-
nation Abdo et al. (2010): below ∼ 20 GeV the isotropic
contribution in our fits is roughly a factor of 2 larger

than the extragalactic diffuse emission, but has a similar
spectral slope. At energies above ∼ 20 GeV the isotropic
contribution becomes much harder, which we attribute
to charged particle contamination.
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
11. In this fit, we mask out all pixels with Galactic lat-
itude |b| < 30◦ (the dashed black line in the residual
maps).
Template-correlated spectra for the 5-template fit are

shown in Figure 12. 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



Cooling time problem

• However, if the bubbles are coming from ICS by O(TeV) 
electrons, there is another problem: such electrons cool 
quite quickly!

0, 2, 5 kpc 



Cooling time problem

• Takes 107 years to go 10kpc at 1000km/s - in 
contrast, lifetime of a TeV electron 5kpc off the 
plane is less than 106 years. 

• Need a very fast transport mechanism from GC, 
or acceleration/production of electron CRs at 
high latitudes - shock acceleration at bubble edge?

• If the latter, must avoid too much edge-brightening 
or hardening of the spectrum at the edge.



How sharp is the X-ray edge?

• Consistent with a step function (~0.2° or less).



Other wavelengths

• No obvious 
Bubbles-like 
features in 
408 MHz 
Haslam 
survey, HI 
or H-alpha.

34

Haslam 408 MHz

 

50 0 -50
 

-50

0

50

 

0

10

20

30

40

0

10

20

30

40

K

Haslam 408 MHz minus disk

 

50 0 -50
 

-50

0

50

 

0

10

20

30

40

0

10

20

30

40

K

Haslam 408 MHz minus disk

 

50 0 -50
 

-50

0

50

 

0

10

20

30

40

0

10

20

30

40

K

LAB HI

 

50 0 -50
 

-50

0

50

 

0

100

200

300

400

500

600

0

100

200

300

400

500

600

K

LAB HI minus disk

 

50 0 -50
 

-50

0

50

 

0

100

200

300

400

500

600

0

100

200

300

400

500

600

K

LAB HI minus disk

 

50 0 -50
 

-50

0

50

 

0

100

200

300

400

500

600

0

100

200

300

400

500

600

K

H!

 

50 0 -50
 

-50

0

50

 

0

1

2

3

4

0

1

2

3

4

R

H! minus disk

 

50 0 -50
 

-50

0

50

 

0

1

2

3

4

0

1

2

3

4

R

H! minus disk

 

50 0 -50
 

-50

0

50

 

0

1

2

3

4

0

1

2

3

4

R

Haslam disk

 

50 0 -50
 

-50

0

50

 

0

10

20

30

40

0

10

20

30

40

K

HI disk

 

50 0 -50
 

-50

0

50

 

0

100

200

300

400

500

600

0

100

200

300

400

500

600

K

H! disk

 

50 0 -50
 

-50

0

50

 

0

1

2

3

4

0

1

2

3

4

R

Fig. 26.— Fermi bubble features in other maps. Top row: The left panel shows the half sky Haslam 408 MHz map (Haslam et al.
1982) with −90◦ < ! < 90◦, the middle panel subtracts a simple geometric disk template (shown in the bottom left panel) to better reveal
the structures deeper into the Galactic plane. The right panel is the same as the middle panel but overplotted with the Fermi bubbles,
the northern arc, and the Loop I features identified from the 1 − 5 GeV Fermi gamma-ray map (see Figure 4). The Loop I feature (red
dotted line) align with the extended diffuse features in the Haslam 408 MHz synchrotron map (known as North Polar Spur). The inner
and outer edges of the northern arc (dashed blue lines) overlap with two arcs in the Haslam synchrotron map. However, the Fermi bubbles
have no apparent counterparts in this map. Second row: The same as the top row, but for the Leiden/Argentine/Bonn (LAB) Survey of
Galactic H I (Kalberla et al. 2005). The middle panel subtracts a simple disk template shown in the bottom middle panel to better reveal
structures towards the GC. No apparent features have been identified that correlate with the Fermi bubbles and other features in 1 − 5
GeV Fermi map (there may be some faint filaments morphologically tracing the gamma-ray features). Third row: The same as the top

row but for the Hα map (Finkbeiner 2003). The middle panel subtracts a simple disk template shown in the bottom right panel to reveal
more structures in the inner Galaxy. No corresponding features have been identified morphologically similar to the structures in the 1− 5
GeV Fermi gamma-ray maps (color line in the right panel).



Total power?
• Treat bubbles as a pair of spheres, centered at b=±28°, 

directly above and below the GC.

• Distance to bubble centers ~9.6kpc.

• Total gamma-ray luminosity in 1-100 GeV range is then 
~4⨉1037 ergs/s (~2.5⨉1040 GeV/s).

• For reference, typical supernova outputs ~1051 ergs: the 
gamma-ray luminosity corresponds to 1 supernova per 
106 years. Of course whatever is making this may 
require more energy (efficiency to gamma rays is 
probably not 100%...) 



1.  You don’t know how to do statistics.

For each set of model parameters, we evaluate the 
Poisson likelihood of the Fermi exposure yielding the 
observed counts (outside of point source regions) 
after PSF matching templates and data. 

We generate mock maps (given parameters and 
the exposure map) and run them through the 
analysis to verify that the estimated parameters and 
uncertainties are correct. 



1.  You don’t know how to do statistics.

The parameters are unbiased (at the 1/10th
sigma level) and the uncertainties are correct
(at the 10% level) as expected for 100 mock trials. 

Conclusion: we know how to do statistics.



WMAP foreground templates
 

Available templates (as of 2003):

SFD dust - Far IR based dust map
Halpha - free-free template, must correct for                      
extinction
Haslam - 408 MHz radio survey



Interstellar Dust from IRAS, DIRBE (Finkbeiner et al. 1999)
Map extrapolated from 3 THz (100 micron) with FIRAS. 



Ionized Gas from WHAM, SHASSA, VTSS (Finkbeiner 2003)
H-alpha emission measure goes as thermal bremsstrahlung. 



Synchrotron at 408 MHz  (Haslam et al. 1982) 




