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What	I	proposed	three	years	ago…

1 Proposed Research

I propose to investigate the physical origin of the Fermi bubbles, one of the most important discover-
ies of the Fermi Gamma-ray Space Telescope, using three-dimensional (3D) magnetohydrodynamic
(MHD) simulations including relevant cosmic-ray (CR) physics. This study will discover the most
important physical mechanisms responsible for the spatially uniform hard spectrum of the ob-
served bubbles. I will constrain the compositions and spectra of CR particles within the bubbles,
shedding light on their origins and possibly also on the nature of feedback from active galactic
nuclei (AGN). This work will have important implications not only for Fermi, WMAP, Planck,
and ROSAT observations, but also for past activity at the Galactic center (GC), CR transport
mechanisms, galactic winds, and magnetic fields in our Galaxy. The code developed for this work,
which incorporates all the relevant CR transport processes and e↵ects of magnetic fields, will be
a powerful tool to help understand many other interesting objects, such as supernova remnants,
galactic winds, extragalactic radio lobes, and nonthermal emission of galaxy clusters.

2 Scientific Significance

The detection of two large bubbles at the center of our Galaxy is one of the most important findings
from the first two-year observations of the Fermi Gamma-ray Space Telescope (Su et al., 2010). The
two bi-lobular bubbles extend ⇠ 50� above and below the Galactic plane. The gamma-ray intensity
map of the bubbles has approximately flat surface brightness and sharp edges. The bubbles emit
at 1 . E� . 100 GeV and have a spatially uniform hard spectrum (dN�/dE� ⇠ E�2

� ). The
microwave counterpart of the bubbles, or the ‘microwave haze’, was identified by the Wilkinson
Microwave Anisotropy Probe (WMAP; Finkbeiner, 2004) and recently confirmed by the Planck
satellite (Planck Collaboration, 2013). The edges of the bubbles are also spatially correlated with
arc features in the ROSAT X-ray maps at 1.5 keV (Snowden et al., 1997; Su et al., 2010). Recently,
the S-band Polarization All Sky Survey (S-PASS) revealed a high degree of polarized lobe emission
at 2.3 GHz with morphology similar to that of the Fermi bubbles (Carretti et al., 2013). The ample
observational data in multiple wavebands o↵ers an ideal opportunity to probe the physical origin
of the Fermi bubbles, thereby providing valuable information about the past activity near the GC,
CR transport mechanisms, and the interplay between CRs and the magnetic fields in our Galaxy.

The bubbles’ shape and symmetry about the GC suggest that they were created by some
episode of energy injection from the GC, such as a nuclear starburst in the last ⇠ 10 Myr, or
past jet activity of a now-dormant central AGN. It would be particularly interesting if the latter
case were true, because then the Fermi bubbles would be unique laboratories for studying AGN
jet-inflated bubbles, analogous to extragalactic radio lobes and cluster radio bubbles. The source
of pressure support (particle, thermal, or magnetic) and particle content (leptons or hadrons) of
the extragalactic AGN bubbles are poorly known due to limitations of instrumental sensitivity.
However, thanks to the proximity to the GC and a combination of multi-wavelength data and
spatially-resolved observations of the Fermi bubbles, constraints can be placed on the composition
of the bubbles. Building models that utilize this rich data can thus improve our understanding
of the nature of AGN feedback in general.

The formation of CR-filled bubbles by AGN jets was first shown to be plausible by Guo &
Mathews (2012) using two-dimensional (2D) hydrodynamic simulations. However, their simulated
bubbles reveal several discrepancies with the observations, including a rippled surface due to hy-
drodynamic instabilities and a centrally-brightened surface intensity; viscosity had to be invoked
to ameliorate these discrepancies (Guo et al., 2012). More recently, I performed 3D MHD
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I.	Hadronic	wind	models	
(Crocker+	2011,	2013,	2015,	Thoudam+	2013,	Mou+	2014,	2015,	Cheng+	2015)	
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FIG. 1: Timescales for CR protons and electrons in

the bubble medium. Key:- ‘tmax
p ’: maximum cooling

time, 1/(d ln E/dt)), for protons given ionization and pp col-
lisions in the nH ' 0.005 cm�3 bubble plasma. The vertical
solid lines show the approximate mean proton primary energy
for daughter �-rays of 1 GeV and 100 GeV. ‘tmin

inj ’: minimum
formation time (⇠ 8 Gyr) for the bubbles in order that the
system reach saturation. ‘tmax

e ’: maximum timescale (adopt-
ing UB ⌧ UCMB or B ⌧ 3 ⇥ 10�6 G) of electron cooling
due to the combination of ionization and bremsstrahlung in
the plasma and IC-scattering on the CMB. The solid hori-
zontal line shows the timescale for transport of electrons out
to the full extent of the bubbles on a (very fast) 1000 km/s
wind. The vertical dashed lines show the energies required for
an electron to IC scatter a CMB photon to 1 and 100 GeV.
Much higher energy electrons than protons are required to
produce a daughter �-ray of the same energy.

daughter mesons (mostly pions), the neutral component
of which decays into �-rays. This process explains most
of the di↵use �-ray emission detected at >⇠ 100 MeV en-
ergies from the Galactic plane. The hadronic �-ray lu-
minosity of a region scales linearly in its thermal (gas)
and relativistic (CR hadron) populations, thus, assum-
ing that high energy CRs are highly penetrating, it is
generally taken that astrophysical markers of ambient
gas density should trace hadronic �-rays. This heuris-
tic does not always apply, however. If the timescale
for particle acceleration events in a system is smaller
than all other (energy loss or escape) timescales the sys-
tem will be in (quasi) steady-state. If the timescale for
particle energy loss (via hadronic collisions here) is less
than the escape time the system qualifies as a ‘thick tar-
get’. If both conditions pertain the system is in satu-

ration. The (hadronic) �-ray luminosity of a region is
L� ' Np/tpp!⇡0 , where the Np is the region’s steady-
state proton population and tpp!⇡0 is the timescale for
neutral pion production in such collisions. In satura-
tion, however, Np ' Q̇p tpp (because energy loss through
pp collisions is the dominant loss process) and – reflect-
ing the almost equal production of ⇡0,⇡+, and ⇡� in
hadronic collisions so that tpp!⇡0 ' 3 tpp – we have that
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FIG. 2: Fermi bubble �-ray spectrum [1]. The error
bars are 1�. The solid curve shows the best-fit spectrum
(/ E�2.1

p ), the dotted curve shows the steepest reasonable
spectrum (/ E�2.3

p ), and, for comparison, the dashed curve
is the spectrum expected were the bubbles su↵used with pro-
tons having the / E�2.7

p distribution of the Galactic disk.

L� ' Q̇p/3. Thus, in saturation about a third of the

power injected into relativistic CRs will emerge in �-rays
(of all energies), independent of in-situ gas density, in-

teraction volume, and CR injection time.

Assuming saturation, a hadronic scenario reproduces a
number of the aspects of the phenomenology of the Fermi
bubbles: i) the reported [1, 2] hard �-ray spectrum is ex-
plained; consider the the situation in the Galactic plane.
Here di↵usive confinement of the CRs leads to a steep-
ening of the steady state spectrum to / E�2.7. In stark
contrast, there is no energy-dependent confinement e↵ect

in the bubbles. So, given the almost energy-independent
pp loss time, we see the spectrum of the CRs as injected at

their acceleration sites (evidently / E�2.1
p ) mirrored by

the bubble �-rays. ii) Decay kinematics, however, do im-
ply a bump at low energy in the �-ray spectrum around
E� = m⇡0/2 ' 70 MeV. This is mapped to a down-
turn below ⇠GeV on a spectral energy distribution plot
(see fig. 2; n.b. the lowest and highest energy data points
su↵er from large systematic uncertainties [1] in the sub-
traction of back/foreground emission); this explains the
afore-mentioned down-break in the bubble �-ray data.
iii) In saturation circumstances conspire to establish a
constant volume emissivity – regions of higher gas den-
sity necessarily have attenuated steady-state proton pop-
ulations because of extra cooling by the gas. This e↵ect
tends to give a uniform intensity of emission, as observed,
despite the expected variations in target gas density.
To satisfy the requirement that the system be in satu-

ration we require that the timescale associated with en-
ergy loss through pp collisions (the dominant loss process
at relevant energies) is less than the timescale over which
CRs have been injected:

tpp ⌘ 1/(ppnH �ppc) < tinj . (1)

Pro:	Hard	spectrum	naturally	preserved

Gamma-ray	spectrum

p p p

p p p

Crocker+	2011

Con:	Secondary	leptons	fail	to	reproduce	microwave	haze

Gamma-ray	and	microwave	spectrum

Ackermann+	2014



III.	In-situ	acceleration	models	
(Mertsch+	2011,	Cheng+	2011,	2015,	Zubovas+	2012,	Lacki
2013,	Fujita+	2013,	2014,	Sasaki+	2015,	Sarkar+	2015)	

Leptonic	gamma	intensity

6 Sasaki, Asano & Terasawa
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Fig. 4.— Broadband photon spectra of the NoE model (left) and their zoom-in display in the gamma-ray band (right). The thermal
bremsstrahlung spectrum in the X-ray band is plotted assuming a proton density of 10−3 cm−3 and electron temperature of keV for reference.
The observed data are taken from Ackermann et al. (2014) for the Fermi-LAT data, and Kataoka et al. (2013) for the WMAP+Planck
data and the X-ray upper limit.
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Fig. 5.— Gamma-ray intensity of the NoE model as a function of distance from the gamma-ray edge for 1 GeV (dotted) and 2 GeV (solid)
profiles (left panel) with the data from Su et al. (2010), and for 10 GeV (solid) profile (right panel) with the data from Ackermann et al.
(2014).
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4. HADRONIC MODELS

A hadronic model with stochastic acceleration is also
possible in theory. The acceleration mechanism is com-
mon for electrons and protons other than the injection

process. The accelerated protons should obviously exist
in the situation we have considered in this paper. High-
energy protons collide with the thermal protons, and
produce pions that decay into gamma-rays, which may
be responsible for the gamma-ray emission in the FBs.
Similarly to the leptonic models, we test three models
as summarized in Table 2. The radiative cooling effect
is neglected so that the difference between protons in
the DRs and escaped protons is the acceleration process
only. We adopt α = 1 again. The background density of
protons as the targets for pp-collision is assumed to be
uniform with 10−3 cm−3.
In Figure 12, we plot the gamma-ray spectra at the cen-

ter (l = 0◦) for the three models. As the escape effect be-
comes efficient, the photon spectrum softens. Although
the hadronic models can generate a photon spectrum
similar to the observed one, the required total energy
becomes much larger than those in the leptonic models
(compare Etot in Tables 1 and 2, where total energies
integrated over the whole volume are shown). In such
cases, electrons should be accelerated as well. Even if the
electron energy fraction to the proton energy is plausi-

Pros:	Free	from	age	constraints,	sharp	edges

Cons:	hard	to	produce	flat	intensity	and	microwave	haze
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II.	Leptonic AGN	jet	models	
(Yang+	2012,	2013,	see	also	Guo+2011,	2012,	Barkov+	2013)	

e e e

e e ePros:	consistent	with	gamma-ray,	microwave,	and	polarization	signatures

4 H.-Y. K. Yang, M. Ruszkowski and E. Zweibel

observed spectra of the Fermi bubbles and the microwave haze. We
demonstrate that in order for the same CR population to simultane-
ously reproduce both the bubble and haze emission, the magnetic
field inside the bubbles has to be very close to the initial ambient
values, which can be explained by mixing in of the ambient field
followed by turbulent field amplification.

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

Fig. 1 shows the simulated gamma-ray (top) and microwave (bot-
tom) spectra averaged over the same patch of the sky as used in
previous observational studies. As previously found (Su et al. 2010;
Dobler 2012a), a CR spectrum of slope −2 provides a good match to

Figure 1. Top: simulated gamma-ray spectra at t = 1.2 Myr for emission
integrated over |b| > 30◦, overplotted with the observed data of the Fermi
bubbles (Su et al. 2010; Hooper & Slatyer 2013). Bottom: microwave spectra
averaged over |l| < 10◦, 20◦ < |b| < 30◦. The data point represents the
WMAP data in the 23 GHz K band and the shaded area indicates the range
of synchrotron spectral indices allowed for the WMAP haze (Dobler &
Finkbeiner 2008).

the observed hard spectrum of the bubbles and haze.4 By comparing
the amplitudes of the simulated and observed gamma-ray spectra,
we find that only a small fraction, fe,γ = 4.0 × 10−4, of the total (re-
gardless of species) CR energy density in our simulation, ecr, sim, is
needed in order for the model to match the observed data,5 which is
consistent with the result of Guo & Mathews (2012). Similarly, for
the microwave spectra we find that only a fraction fe,ν = 6.0 × 10−4

of the total CR energy density needs to be provided by CRe in
order for the simulation to reproduce the observed haze emission.
We use different normalization factors for the gamma-ray and mi-
crowave emission in order to allow for uncertainties in the actual
magnetic field strength, and for differences due to projections of our
symmetric CR and magnetic field distributions as opposed to the
asymmetric Fermi bubbles that bent slightly to the west. Despite the
uncertainties, for the leptonic model to be considered successful,
the two normalization factors, fe,γ and fe, ν , are not expected to differ
by more than a factor of a few.

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

Secondly, this simple exercise of matching the amplitudes of
spectra implies that the magnetic field as described by the exponen-
tial model is approximately a lower limit for the magnetic field in
the bubble interior. If the bubble field were much smaller than the
model value, more CRe would be needed to match the observed mi-
crowave emission, which would however overproduce the IC radia-
tion in the gamma-ray waveband. On the other hand, if the magnetic
field inside the bubbles is somehow much greater than the model
value (though this is rather unlikely, if no additional mechanisms
are invoked to generate magnetic fields over the course of bubble
expansion, as will be discussed later), less CRe would be required
for the haze emission, and in this case the observed gamma-ray
bubbles would also need partial contribution from other physical
sources, such as hadronic processes. Therefore, in the purely lep-
tonic scenario, the magnetic field strength has to be very close to
the exponential model values.

Such a large magnetic field strength inside the bubbles is some-
what counter-intuitive, because effects such as magnetic draping
(Lyutikov 2006; Ruszkowski et al. 2007, 2008; Dursi & Pfrommer
2008) and adiabatic expansion would act to reduce the magnetic

4 Recently, Hooper & Slatyer (2013) analysed the bubble spectra as a func-
tion of Galactic latitudes and found a best-fitting slope of −3 for the CR
spectrum. However, the latitude dependence is sensitive to the modelling of
the excessive gamma-ray signal close to the GC, and also to the uncertainties
in the subtraction of various components near the Galactic disc. Therefore,
in this study we focus on the comparison with the latitude-integrated bubble
and haze spectra.
5 Note that in our simulations, the total CR energy density is degenerate with
the thermal energy density (Y12). Therefore, fe,γ serves only as a convenient
parameter for measuring the required number of CRe to match the observed
emission, rather than the actual fraction of CRe in the (unconstrained) total
CR population.

Gamma-ray	bubble	spectrum

Microwave	haze	spectrumSimulated	polarization	fraction

6 H.-Y. K. Yang, M. Ruszkowski and E. Zweibel

Figure 3. Simulated microwave and gamma-ray intensity maps and profiles for the double-jet simulation (Run E) at t = 1.2 Myr. The solid and dotted lines
in the upper panels show the surfaces of the observed northern and southern Fermi bubbles, respectively. The microwave profile (bottom left) is plotted as a
function of radial distance from the GC. The centrally peaked profile of the observed microwave haze suggests a replenished CR population at lower |b| (see
the text). The gamma-ray profile (bottom right) is plotted along the l = 0 axis and is approximately flat, similar to that observed in the Fermi bubbles.

where eB = B2/8π is the magnetic energy density, eturb = 0.5ρσ 2 is
the turbulent kinetic energy density, ρ is the gas density, and the last
equality assumes equipartition between the velocity and magnetic
fields for the ambient medium. For strong shocks, r = 4 and α ∼ 2
(Larsson & Lele 2009, and references therein), and therefore the
field strength within the bubbles is expected to be !

√
8 ∼ 2.8 of the

ambient value. This is consistent with the simulated field strengths
for the runs with smaller lB (see Figs 2 and B1). Furthermore, this
demonstrates that magnetic field amplification is a viable mecha-
nism to explain why the bubble field closely traces the ambient field,
which is needed for the leptonic model to simultaneously repro-
duce the bubble and haze emission. We verified that this conclusion
does not depend on numerical resolution (see Appendix B).

We have established that the field strength inside the bubbles is
close to the ambient value as described by the exponential model.
Therefore, in the analyses presented in the rest of the paper, unless
explicitly mentioned otherwise, we show results for the microwave
emission computed using the exponential model. We note that by
adopting the model field rather than the simulated field, we omit
only small-scale fluctuations in the microwave intensity maps, while
the overall microwave profiles are similar in the two approaches.

3.2 Morphology of the bubbles and haze – implications for CR
replenishment

In this section, we present the morphological properties of the sim-
ulated gamma-ray and microwave maps and compare them with

the surface brightness distribution of the Fermi bubbles and the mi-
crowave haze. In particular, we show that the centrally peaked pro-
file of the WMAP haze requires replenishment of CRs, which may
be related to the second pair of jets observed by Su & Finkbeiner
(2012).

While our previous simulation post-processed with the exponen-
tial field (Run A in Table 1) has provided valuable insights into the
required magnetic field distribution within the bubbles, in order to
self-consistently incorporate the interaction between the magnetic
field and CRs, as an example we now examine the CR distribution
using Run D in Table 1. This simulation uses the same jet param-
eters as in Run A, but with a more realistic initial magnetic field
distribution. These two cases lead to similar general characteristics
of the bubble evolution, such as bubble age, shape, sharp edges and
edge-brightened CR distribution. However, because the magnetic
pressure inside the bubbles is much greater in Run D than in Run
A as a result of mixing and turbulent amplification, the magnetic
pressure close to the GC is comparable to the total pressure [plasma
β ≡ (Pth + Pcr + PB)/PB ∼ 1, where Pth, Pcr and PB are the thermal,
CR and magnetic pressure, respectively] and contributes to pushing
the thermal gas and CRs outwards. This causes a deficit of CRs
in the innermost 1−2 kpc around the GC and hence a depression
in the simulated microwave emission profile near the GC (within a
radius of r ! 15◦) shown in Fig. 3 (dashed line in the bottom-left
panel). The non-negligible dynamical effect of magnetic fields is
robust because the total pressure in our simulations is likely over-
estimated as it scales with the normalization of the cuspy initial gas



II.	Leptonic AGN	jet	models	
(Yang+	2012,	2013,	see	also	Guo+2011,	2012,	Barkov+	2013)	
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Figure 3. Simulated microwave and gamma-ray intensity maps and profiles for the double-jet simulation (Run E) at t = 1.2 Myr. The solid and dotted lines
in the upper panels show the surfaces of the observed northern and southern Fermi bubbles, respectively. The microwave profile (bottom left) is plotted as a
function of radial distance from the GC. The centrally peaked profile of the observed microwave haze suggests a replenished CR population at lower |b| (see
the text). The gamma-ray profile (bottom right) is plotted along the l = 0 axis and is approximately flat, similar to that observed in the Fermi bubbles.

where eB = B2/8π is the magnetic energy density, eturb = 0.5ρσ 2 is
the turbulent kinetic energy density, ρ is the gas density, and the last
equality assumes equipartition between the velocity and magnetic
fields for the ambient medium. For strong shocks, r = 4 and α ∼ 2
(Larsson & Lele 2009, and references therein), and therefore the
field strength within the bubbles is expected to be !

√
8 ∼ 2.8 of the

ambient value. This is consistent with the simulated field strengths
for the runs with smaller lB (see Figs 2 and B1). Furthermore, this
demonstrates that magnetic field amplification is a viable mecha-
nism to explain why the bubble field closely traces the ambient field,
which is needed for the leptonic model to simultaneously repro-
duce the bubble and haze emission. We verified that this conclusion
does not depend on numerical resolution (see Appendix B).

We have established that the field strength inside the bubbles is
close to the ambient value as described by the exponential model.
Therefore, in the analyses presented in the rest of the paper, unless
explicitly mentioned otherwise, we show results for the microwave
emission computed using the exponential model. We note that by
adopting the model field rather than the simulated field, we omit
only small-scale fluctuations in the microwave intensity maps, while
the overall microwave profiles are similar in the two approaches.

3.2 Morphology of the bubbles and haze – implications for CR
replenishment

In this section, we present the morphological properties of the sim-
ulated gamma-ray and microwave maps and compare them with

the surface brightness distribution of the Fermi bubbles and the mi-
crowave haze. In particular, we show that the centrally peaked pro-
file of the WMAP haze requires replenishment of CRs, which may
be related to the second pair of jets observed by Su & Finkbeiner
(2012).

While our previous simulation post-processed with the exponen-
tial field (Run A in Table 1) has provided valuable insights into the
required magnetic field distribution within the bubbles, in order to
self-consistently incorporate the interaction between the magnetic
field and CRs, as an example we now examine the CR distribution
using Run D in Table 1. This simulation uses the same jet param-
eters as in Run A, but with a more realistic initial magnetic field
distribution. These two cases lead to similar general characteristics
of the bubble evolution, such as bubble age, shape, sharp edges and
edge-brightened CR distribution. However, because the magnetic
pressure inside the bubbles is much greater in Run D than in Run
A as a result of mixing and turbulent amplification, the magnetic
pressure close to the GC is comparable to the total pressure [plasma
β ≡ (Pth + Pcr + PB)/PB ∼ 1, where Pth, Pcr and PB are the thermal,
CR and magnetic pressure, respectively] and contributes to pushing
the thermal gas and CRs outwards. This causes a deficit of CRs
in the innermost 1−2 kpc around the GC and hence a depression
in the simulated microwave emission profile near the GC (within a
radius of r ! 15◦) shown in Fig. 3 (dashed line in the bottom-left
panel). The non-negligible dynamical effect of magnetic fields is
robust because the total pressure in our simulations is likely over-
estimated as it scales with the normalization of the cuspy initial gas

vFlat	intensity	requires	correct	
3D	spatial	distribution	of	CRs

Projected	CR	energy	density

Slice	of	CR	energy	density



The	spatially	uniform	high-E	cutoff?

vSpectrum	well	fit	by	a
power-law	+	exp.	cutoff

vSpectral	index	=	1.9
Cutoff	energy	=	110	+- 50	GeV

vLatitude	independent
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Fig. 32.— SED for the northern and southern bubbles. The points with statistical error bars correspond to the

baseline SED. The bands represent an envelope of the SEDs for di↵erent derivations of the Galactic foreground

emission and the definitions of the template of the bubbles. The uncertainty of the e↵ective area is added in

quadrature to the other systematic uncertainties.
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Fig. 33.— SED of the Fermi bubbles in latitude strips. Left: northern bubble. Right: southern bubble. For

description of the points and bands, see caption of Figure 32.

Ackermann	et	al.	(2014)	

Gamma-ray	spectrum	of	the	south	bubble
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Simulating	the	Fermi bubble	spectrum
(Yang	&	Ruszkowski 2017)

vImplemented	CRSPEC	module	in	FLASH
vInjection	spectrum:	10	GeV ~	10	TeV,	spectral	index=2.1
vIC	&	syn.	cooling	(GALPROP’s	ISRF	&	B	field)

Total	CR	energy	density CR	energy	density	(>10	GeV) CR	energy	density	(<10	GeV)
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The	spatially	uniform	high-E	cutoff!!
(Yang	&	Ruszkowski 2017)

vEmax ~	300	GeV	
vNo	significant	spatial	variation

18

Maximum	energy	of	the	CR	spectrum

7

Fig. 4.— Simulated spectra of the Fermi bubbles calculated for a longitude range of l = [�10�, 10�] for di↵erent latitude bins (top left
panel). The other three panels show decomposition of the simulated spectra into di↵erent components of the ISRF, namely the CMB
(dashed-triple-dotted), IR (dashed), and optical (dotted) radiation field. The grey band represents the observational data of Ackermann
et al. (2014). The leptonic jet model successfully reproduced the latitude independence of the observed spectra, including the normalization,
overall spectral shape, and the spectral cuto↵ above ⇠ 110 GeV, despite the complex convolution of CR energies and the latitude-dependent
ISRF.

cating the flat surface brightness of the observed bubbles
is also recovered. This is quite a remarkable result since
one must get the CR distribution right both spatially and
spectrally in order to successfully reproduce the flat in-
tensity and latitude-independent spectra simultaneously.

4.4. Constraints on the initial conditions

Because the maximum energy of the CRe at the present
day, E

max

, is largely determined by fast cooling of CRe
near the GC, it could be used to constrain the initial
conditions at injection, including the initial speed of the
AGN jets and the energy densities of the ISRF and the
magnetic field. In this section we discuss the parame-
ter space allowed to build a successful model, and how
it would be influenced by improved measurements of the
cuto↵ energy from future observational data. In deriv-
ing these constraints, we assume that no significant re-
acceleration of CRs took place near the GC.
Two criteria need to be satisfied at early stage of the

bubble evolution in order to generate a spatially uniform
bubble spectrum in the scenario described in § 4.3. First,
the initial cooling must be fast enough to act on the
jets before they propagate away from the GC. Therefore,
the cooling timescale of CRe must be shorter than the
dynamical time of the jets, i.e., ⌧

syn+IC

< ⌧

dyn

. Using
the expression for the synchrotron and IC cooling time

(Eq. A28) and the definition of t
dyn

⌘ (1 kpc)/v
jet

, we
obtain an upper limit on the initial jet velocity,

v

jet

< 0.065c

✓
u

tot

10�11 erg cm�3

◆✓
E

max,0

TeV

◆
, (7)

where c is the speed of light, E

max,0

is the character-
istic maximum energy of CRe near the GC, u

tot

=
u

B

+ u

rad

F

KN

is the summation of the energy density
of the magnetic field and the ISRF with the correction
factor for the KN e↵ect (Moderski et al. 2005). Note
that the strengths for both the magnetic field and the
ISRF rapidly decay away from the GC, and hence u

tot

in the above equation represents an average value near
the GC (roughly within the central kpc). For the follow-
ing discussion, we assume f

cool

⌘ E

max

/E

max,0

= 0.3 to
account for the di↵erence between the characteristic CR
energy near the GC (E

max,0

) and that observed today
(E

max

).
Another criterion comes from the fact that the ini-

tial cooling cannot be so strong that the energy of the
CRe cools below the energy required to produce the ob-
served high-energy cuto↵ today. In other words, the
energy of CRe after the initial cooling losses has to be
greater than the maximum energy of the CRe today, i.e.,
E > E

max

. The CR energy after going through syn-
chrotron and IC losses is given by E = E

0

/(1 + �tE

0

)

Simulated	gamma-ray	spectra

vEcut ~	100	GeV	
vLatitude	independent



vEmax ~	300	GeV	
vNo	significant	spatial	variation

19

Maximum	energy	of	the	CR	spectrum
Emax and	timescales	of	a	tracer	particle

v Fast	IC	&	syn.	cooling	near	GC
v At	later	times,	advection	dominates	

w/	mild	cooling	due	to	ad.	expansion

The	spatially	uniform	high-E	cutoff!!
(Yang	&	Ruszkowski 2017)



vThe	spatially	uniform	high-E	spectral	cutoff	of	the	
Fermi	bubbles	can	be	explained	by	leptonic AGN	jets
-- fast	cooling	of	CRe near	the	GC
-- fast	advection	by	AGN	jets	afterwards

vThe	leptonic jet	model	predicts	3D	spatial	and	spectral	
CR	distributions	consistent	with	data

vThe	new	CRSPECmodule	in	FLASH	could	track	CR	
spectral	evolution	on-the-fly,	making	it	a	powerful	tool	
to	study	the	non-thermal	sky

Summary



CRSPEC

Galactic	winds Cluster	radio	halos

Supernova	Remnants Active	Galactic	Nuclei	
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Constraints	on	the	initial	conditions	
from	Ecut

Requirements	for	successful	
models:
(1) tcool <	tdyn near	the	GC
(2) Emax >	Emax,obs today

vIf	B	were	larger,	need	faster	
jets

vFor	typical	B,	vjet >	3000	km/s
vIf	future	Ecut is	larger,	it	requires	
smaller	B	or	faster	vjet

8

(Kardashev 1962), where E
0

is the initial CR energy and
� = (4/3)(�

T

/m

2

e

c

3)u
tot

. For very large E

0

, the CR en-
ergy after cooling is approximately

E ⇠

1

�t

⇠ 2.5 TeV

✓
u

tot

10�11 erg cm�3

◆�1

✓
⌧

dyn

0.018 Myr

◆�1

.

(8)
The requirement of E > E

max

gives a lower limit on the
jet speed,

v

jet

> 0.02c

✓
u

tot

10�11 erg cm�3

◆✓
E

max

300 GeV

◆
. (9)

In Figure 5 we plot the permitted values of v
jet

as a
function of u

tot

bracketed by the above two criteria (Eq. 7
and 9) in the shaded region, assuming E

max

= 300 GeV.
The color shows the value of E

max

for given values of
v

jet

and u

tot

(Eq. 8). The parameter set adopted in the
current simulation (plotted using the star symbol) lies
within the permitted parameter space and is therefore
able to successfully reproduce the spatially uniform spec-
trum of the bubbles. However, this figure illustrates that
the solution is not unique. 6 For example, for the cur-
rent observational constraint of E

max

& E

max,obs

⇠ 300
GeV (near the lower solid line), if we were to use an av-
erage energy density for the magnetic field and the ISRF
of u

tot

= 2 ⇥ 10�11 erg cm�3, the initial velocity of the
AGN jets would have to be in the range of 0.04c� 0.13c
in order to have a successful model. Generally speaking,
in order to produce CRe with energy E

max

& 300 GeV,
the initial jet velocity must be faster (slower) for larger
(smaller) initial strength for the magnetic field and ISRF.
Figure 5 also shows that, assuming u

tot

at the time
of injection is not significantly smaller than the value
adopted in the current simulation, the required initial
velocity of the outflow that transports the CRe must be
at least ⇠ 0.01c or 3000 km s�1. Such a fast speed is
easily achievable by AGN jets but not by winds driven
by nuclear starburst, for example. Therefore, the mecha-
nism for generating spatially uniform spectrum proposed
in this work would not be applicable for models that are
based on outflows with lower velocities.
Finally, we discuss the influence on the allowable pa-

rameter space by improved constraints on E

max

in the
future from GeV and TeV observations such as Fermi,
High Altitude Water Cherenkov (HAWC) (Abeysekara
et al. 2017), Cherenkov Telescope Array (CTA), Large
High Altitude Air Shower Observatory (LHAASO), and
the Hundred Square km Cosmic ORigin Explorer (HiS-
core). In Figure 5 we plot the permitted parameter space
assuming E

max

= 3 TeV and 30 TeV (bracketed by the
dashed and dotted lines, respectively), assuming a con-
stant f

cool

= 0.3. If the constraints from future data
finds E

max

to be greater than 300 GeV, the average en-
ergy density of the magnetic field and the ISRF near the
GC, u

tot

, would have to be smaller, and/or the initial jet
velocity must be higher, in order to be consistent with
the observed E

max

. As the E

max

gets bigger and big-
ger, the limits on v

jet

and u

tot

become more and more
stringent. Therefore, if E

max

approaches tens of TeV, the

6 Though not unique, the jet parameters adopted in the current
simulations have been shown to satisfy many other observational
constraints (see Y12 for detailed discussion), in additional to those
presented here.

Fig. 5.— Allowable parameter space for successful models. The x

axis represents an average value of the summation of energy densi-
ties from the ISRF and magnetic field near the GC, and the y axis
is the initial velocity of the jets. The color shows log(E

max

/GeV),
where E

max

is the value of maximum CR energy, for given val-
ues of v

jet

and u

tot

. Parameters within the shaded region satisfy
the upper and lower limits of v

jet

given by Eq. 7 and Eq. 9, re-
spectively, assuming E

max

= 300 GeV and f

cool

= 0.3 (see the
text for definition). The star symbol shows the parameters used in
the current simulation. The region bracketed by the dashed and
dotted lines is the permitted parameter space assuming E

max

= 3
TeV and 10 TeV, respectively, indicating that future observational
limits of E

max

, if bigger than 300 GeV, would shift the allowable
parameter space to the upper-left corner. These constraints are de-
rived assuming there is no significant re-acceleration of CRs near
the GC.

leptonic jet model would become less favorable because it
is di�cult for the jets to avoid cooling and keep the CRe
at such high energies, unless significant re-acceleration of
CRs occured near the GC to compensate for the cooling
losses. If there were CR re-acceleration, it would have
similar e↵ects as slower cooling and shift the permitted
parameter space shown in Figure 5 downward.

5. CONCLUSIONS

One of the unique features of the Fermi bubbles is the
spatially uniform spectrum, including the spectral shape
and the high-energy cuto↵ above 110 GeV. Because re-
producing the latitude-independent spectrum requires
the correct CR distribution both spatially and spectrally,
it provides stringent constraints on the theoretical mod-
els proposed to explain the origin of the bubbles. In this
work, we investigate the spectral evolution of the Fermi

bubbles in the leptonic AGN jet scenario using 3D hy-
drodynamic simulations that include modeling of the CR
spectrum. The simulations are done using the newly im-
plemented CRSPEC module in FLASH, which allows us
to track the spectral evolution of CRe due to adiabatic
processes and synchrotron plus IC cooling after they are
injected with the AGN jets from the GC. Our main find-
ings are summarized as follows.
(1) The high-energy cuto↵ in the observed gamma-ray

spectrum of the bubbles is a signature of fast synchrotron
and IC cooling of CRe near the GC when the jets were
first launched.



The	spatially	uniform	spectrum?

vOverall	shape	is	uniform?

vHigh	energy	cutoff	~	110	
GeV	is	latitude	
independent?
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Fig. 32.— SED for the northern and southern bubbles. The points with statistical error bars correspond to the

baseline SED. The bands represent an envelope of the SEDs for di↵erent derivations of the Galactic foreground

emission and the definitions of the template of the bubbles. The uncertainty of the e↵ective area is added in

quadrature to the other systematic uncertainties.
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Fig. 33.— SED of the Fermi bubbles in latitude strips. Left: northern bubble. Right: southern bubble. For

description of the points and bands, see caption of Figure 32.
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Gamma-ray	spectrum	of	the	south	bubble
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with the jet model. However, more data is needed to
draw a conclusion because the Galactic halo in the vicin-
ity of the bubbles is extremely complex (Tahara et al.
2015; Kataoka et al. 2015). Also, there are discrepancies
among observationally derived kinematics (e.g., Sarkar
et al. 2017; Bordoloi et al. 2017), possibly due to mod-
eling uncertainties such as the assumptions of geometry
and injection pattern of the outflows. For the in-situ ac-
celeration models, CRs are assumed to be produced by
shocks or turbulence near the edges of the bubbles. Al-
though these models could bypass the age constraints, it
has been challenging for the simplest models to produce
the flat gamma-ray intensity profile (Mertsch & Sarkar
2011; Cheng et al. 2011) as well as the microwave haze
emission (Fujita et al. 2014; Cheng et al. 2015).
One unique and important feature of the observed bub-

bles that has not been investigated in detail is the spa-
tially uniform gamma-ray spectrum. Ackermann et al.
(2014) showed that the bubble spectrum can be well fit
by a power law with an exponential cuto↵ at ⇠ 110 GeV.
Remarkably, both the shape of the spectrum and the cut-
o↵ energy are almost independent of Galactic latitude
(see also Narayanan & Slatyer 2017). The high-energy
cuto↵ is suggestive of a leptonic origin because CRe can
cool more easily due to synchrotron and inverse-Compton
(IC) energy losses. However, even for a leptonic model, it
is unclear why the spectrum should be spatially uniform.
In Y12 and Y13, we investigated the leptonic AGN

jet scenario using three-dimensional (3D) magnetohydro-
dynamic (MHD) simulations including relevant cosmic-
ray (CR) physics. As mentioned above, the leptonic jet
model is a promising mechanism for explaining the ori-
gin of the bubbles as it is the simplest model that could
simultaneously explain the gamma-ray bubbles and the
microwave haze. However, in the previous works, the
CRs are treated as a single fluid without distinguishing
their energies, and therefore comparisons with observa-
tions have to rely on assumptions of the CR spectrum. In
this study, we implement a new CRSPEC module in the
FLASH code (Fryxell et al. 2000; Dubey et al. 2008) that
could handle CRs of di↵erent energy channels and follow
their spectral evolution on-the-fly during the simulations.
We apply it to simulate the spectral evolution of the CRs
within Fermi bubbles and generate the gamma-ray spec-
trum self-consistently. Our objectives are to answer the
questions: (1) what physical mechanisms are responsi-
ble for the ⇠ 110 GeV cuto↵ in the observed gamma-ray
spectrum? (2) why is the bubble spectrum spatially uni-
form, including both the overall spectral shape and the
cuto↵ energy?
The structure of the paper is as follows. We first dis-

cuss expectations of the CR spectra as hinted by the
gamma-ray data in § 2. In § 3 we outline the simulation
setup and describe key aspects of the CRSPEC code.
In § 4 we present results from the simulations, including
the simulated distribution of CR energies (§ 4.1), general
spectral evolution of the bubbles (§ 4.2), the spatial de-
pendence of the spectrum (§ 4.3), and constraints on the
AGN jet speed, magnetic field strength, and energy den-
sity of the interstellar radiation field (ISRF) derived from
our model (§ 4.4). Finally we summarize our findings in
§ 5.

2. HINTS FROM THE OBSERVED SPECTRUM

The observed gamma-ray spectrum of the Fermi bub-
bles is strikingly latitude independent, including its
shape and the high-energy cuto↵ (e.g., Fig. 33 in Ack-
ermann et al. (2014)). The observed bubble spectrum
can be best fit by a power law with an exponential cut-
o↵ term exp(�E/E

cut

), where E

cut

⇠ 110 GeV. This
energy scale represents where the gamma-ray spectrum
has a turnover; however, there could still be gamma rays
generated beyond this energy (see Figure 4). In order to
connect with the energies of the underlying CRs more di-
rectly, hereafter we define a “maximum energy of the ob-
served gamma rays” as E

max,obs

, which relates to E

cut

by
exp(�E

max,obs

/E

cut

) = 0.1 (i.e., the energy scale where
the gamma-ray intensity is dimmer by a factor of 10).
Given E

cut

= 110 GeV, we have E

max,obs

⇠ 250 GeV.
In this section we show that the data alone can readily
provide some clues about the underlying CR spectra and
their latitude dependence. Specifically, for a given lati-
tude bin, the shape of the gamma-ray spectra can inform
the characteristic energy of the CRe, and the observed
cuto↵ energy is related to the maximum energy of the
CRe.
In the leptonic scenario, the gamma rays originate from

IC scattering of the ISRF by CRe. The spectrum of the
up-scattered photons per one electron of Lorentz factor
� is given by Blumenthal & Gould (1970),

dN

dE

�

dE

ph

dt

=
3

4
�

T

c

(m
e

c

2)2

E

ph

E

2

e

(2q log q + (1 + 2q)(1� q)

+0.5(1� q)(�q)2/(1 + �q))n(E
ph

), (1)

�=4E
ph

E

e

/(m
e

c

2)2 = 4�E
ph

/(m
e

c

2), (2)

q=
E

�

E

e

1

�(1� E

�

/E

e

)
, (3)

E

ph

<E

�

< E

e

�/(1 + �), (4)

where E
ph

is the initial photon energy, � = E

e

/(m
e

c

2) is
the Lorentz factor of the CR electron, E

�

is the energy of
the up-scattered gamma-ray photon, and n(E

ph

) is the
energy distribution of the photon number density.
In the Thomson limit (� ⌧ 1), the average energy of

the up-scattered photons is given by

hE

�

i = (4/3)�2

hE

ph

i. (5)

In the Klein-Nishina (KN) limit (� � 1), almost all
the energy of the CR electron is carried away by the
up-scattered photons, i.e., hE

�

i ⇠ hE

e

i. Assuming the
CR spectrum is a power law with spectral index ↵, it
can be shown that the spectral index of the up-scattered
gamma-ray photons is (↵ + 1)/2 in the Thomson limit,
and approximately ↵ + 1 in the KN limit (Blumenthal
& Gould 1970). The observed bubble spectrum is best
fit by a power-law CR distribution with spectral index of
⇠ 2, and therefore one may expect to see changes in the
spectral indices from 1.5 to 3 in the gamma-ray spectrum
as the IC scattering goes from the Thomson limit to the
KN regime.
The observed spectrum of the bubbles is nearly lati-

tude independent, characterized by a broad bump that
roughly peaks around E

bump

⇠ 10 GeV (see Figure 4).
This is not straightforward to obtain because the ISRF is
dominated by the cosmic microwave background (CMB)



The	spatially	uniform	spectrum	– overall	shape!!
(Yang	&	Ruszkowski 2017)
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Fig. 4.— Simulated spectra of the Fermi bubbles calculated for a longitude range of l = [�10�, 10�] for di↵erent latitude bins (top left
panel). The other three panels show decomposition of the simulated spectra into di↵erent components of the ISRF, namely the CMB
(dashed-triple-dotted), IR (dashed), and optical (dotted) radiation field. The grey band represents the observational data of Ackermann
et al. (2014). The leptonic jet model successfully reproduced the latitude independence of the observed spectra, including the normalization,
overall spectral shape, and the spectral cuto↵ above ⇠ 110 GeV, despite the complex convolution of CR energies and the latitude-dependent
ISRF.

cating the flat surface brightness of the observed bubbles
is also recovered. This is quite a remarkable result since
one must get the CR distribution right both spatially and
spectrally in order to successfully reproduce the flat in-
tensity and latitude-independent spectra simultaneously.

4.4. Constraints on the initial conditions

Because the maximum energy of the CRe at the present
day, E

max

, is largely determined by fast cooling of CRe
near the GC, it could be used to constrain the initial
conditions at injection, including the initial speed of the
AGN jets and the energy densities of the ISRF and the
magnetic field. In this section we discuss the parame-
ter space allowed to build a successful model, and how
it would be influenced by improved measurements of the
cuto↵ energy from future observational data. In deriv-
ing these constraints, we assume that no significant re-
acceleration of CRs took place near the GC.
Two criteria need to be satisfied at early stage of the

bubble evolution in order to generate a spatially uniform
bubble spectrum in the scenario described in § 4.3. First,
the initial cooling must be fast enough to act on the
jets before they propagate away from the GC. Therefore,
the cooling timescale of CRe must be shorter than the
dynamical time of the jets, i.e., ⌧

syn+IC

< ⌧

dyn

. Using
the expression for the synchrotron and IC cooling time

(Eq. A28) and the definition of t
dyn

⌘ (1 kpc)/v
jet

, we
obtain an upper limit on the initial jet velocity,

v

jet

< 0.065c

✓
u

tot

10�11 erg cm�3

◆✓
E

max,0

TeV

◆
, (7)

where c is the speed of light, E

max,0

is the character-
istic maximum energy of CRe near the GC, u

tot

=
u

B

+ u

rad

F

KN

is the summation of the energy density
of the magnetic field and the ISRF with the correction
factor for the KN e↵ect (Moderski et al. 2005). Note
that the strengths for both the magnetic field and the
ISRF rapidly decay away from the GC, and hence u

tot

in the above equation represents an average value near
the GC (roughly within the central kpc). For the follow-
ing discussion, we assume f

cool

⌘ E

max

/E

max,0

= 0.3 to
account for the di↵erence between the characteristic CR
energy near the GC (E

max,0

) and that observed today
(E

max

).
Another criterion comes from the fact that the ini-

tial cooling cannot be so strong that the energy of the
CRe cools below the energy required to produce the ob-
served high-energy cuto↵ today. In other words, the
energy of CRe after the initial cooling losses has to be
greater than the maximum energy of the CRe today, i.e.,
E > E

max

. The CR energy after going through syn-
chrotron and IC losses is given by E = E

0

/(1 + �tE

0

)

Simulated	gamma-ray	spectra

Higher-E	CRs	&	CMB	photons

lower-E	CRs	&	optical	photons
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with the jet model. However, more data is needed to
draw a conclusion because the Galactic halo in the vicin-
ity of the bubbles is extremely complex (Tahara et al.
2015; Kataoka et al. 2015). Also, there are discrepancies
among observationally derived kinematics (e.g., Sarkar
et al. 2017; Bordoloi et al. 2017), possibly due to mod-
eling uncertainties such as the assumptions of geometry
and injection pattern of the outflows. For the in-situ ac-
celeration models, CRs are assumed to be produced by
shocks or turbulence near the edges of the bubbles. Al-
though these models could bypass the age constraints, it
has been challenging for the simplest models to produce
the flat gamma-ray intensity profile (Mertsch & Sarkar
2011; Cheng et al. 2011) as well as the microwave haze
emission (Fujita et al. 2014; Cheng et al. 2015).
One unique and important feature of the observed bub-

bles that has not been investigated in detail is the spa-
tially uniform gamma-ray spectrum. Ackermann et al.
(2014) showed that the bubble spectrum can be well fit
by a power law with an exponential cuto↵ at ⇠ 110 GeV.
Remarkably, both the shape of the spectrum and the cut-
o↵ energy are almost independent of Galactic latitude
(see also Narayanan & Slatyer 2017). The high-energy
cuto↵ is suggestive of a leptonic origin because CRe can
cool more easily due to synchrotron and inverse-Compton
(IC) energy losses. However, even for a leptonic model, it
is unclear why the spectrum should be spatially uniform.
In Y12 and Y13, we investigated the leptonic AGN

jet scenario using three-dimensional (3D) magnetohydro-
dynamic (MHD) simulations including relevant cosmic-
ray (CR) physics. As mentioned above, the leptonic jet
model is a promising mechanism for explaining the ori-
gin of the bubbles as it is the simplest model that could
simultaneously explain the gamma-ray bubbles and the
microwave haze. However, in the previous works, the
CRs are treated as a single fluid without distinguishing
their energies, and therefore comparisons with observa-
tions have to rely on assumptions of the CR spectrum. In
this study, we implement a new CRSPEC module in the
FLASH code (Fryxell et al. 2000; Dubey et al. 2008) that
could handle CRs of di↵erent energy channels and follow
their spectral evolution on-the-fly during the simulations.
We apply it to simulate the spectral evolution of the CRs
within Fermi bubbles and generate the gamma-ray spec-
trum self-consistently. Our objectives are to answer the
questions: (1) what physical mechanisms are responsi-
ble for the ⇠ 110 GeV cuto↵ in the observed gamma-ray
spectrum? (2) why is the bubble spectrum spatially uni-
form, including both the overall spectral shape and the
cuto↵ energy?
The structure of the paper is as follows. We first dis-

cuss expectations of the CR spectra as hinted by the
gamma-ray data in § 2. In § 3 we outline the simulation
setup and describe key aspects of the CRSPEC code.
In § 4 we present results from the simulations, including
the simulated distribution of CR energies (§ 4.1), general
spectral evolution of the bubbles (§ 4.2), the spatial de-
pendence of the spectrum (§ 4.3), and constraints on the
AGN jet speed, magnetic field strength, and energy den-
sity of the interstellar radiation field (ISRF) derived from
our model (§ 4.4). Finally we summarize our findings in
§ 5.

2. HINTS FROM THE OBSERVED SPECTRUM

The observed gamma-ray spectrum of the Fermi bub-
bles is strikingly latitude independent, including its
shape and the high-energy cuto↵ (e.g., Fig. 33 in Ack-
ermann et al. (2014)). The observed bubble spectrum
can be best fit by a power law with an exponential cut-
o↵ term exp(�E/E

cut

), where E

cut

⇠ 110 GeV. This
energy scale represents where the gamma-ray spectrum
has a turnover; however, there could still be gamma rays
generated beyond this energy (see Figure 4). In order to
connect with the energies of the underlying CRs more di-
rectly, hereafter we define a “maximum energy of the ob-
served gamma rays” as E

max,obs

, which relates to E

cut

by
exp(�E

max,obs

/E

cut

) = 0.1 (i.e., the energy scale where
the gamma-ray intensity is dimmer by a factor of 10).
Given E

cut

= 110 GeV, we have E

max,obs

⇠ 250 GeV.
In this section we show that the data alone can readily
provide some clues about the underlying CR spectra and
their latitude dependence. Specifically, for a given lati-
tude bin, the shape of the gamma-ray spectra can inform
the characteristic energy of the CRe, and the observed
cuto↵ energy is related to the maximum energy of the
CRe.
In the leptonic scenario, the gamma rays originate from

IC scattering of the ISRF by CRe. The spectrum of the
up-scattered photons per one electron of Lorentz factor
� is given by Blumenthal & Gould (1970),
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where E
ph

is the initial photon energy, � = E

e

/(m
e

c

2) is
the Lorentz factor of the CR electron, E

�

is the energy of
the up-scattered gamma-ray photon, and n(E

ph

) is the
energy distribution of the photon number density.
In the Thomson limit (� ⌧ 1), the average energy of

the up-scattered photons is given by

hE

�

i = (4/3)�2

hE

ph

i. (5)

In the Klein-Nishina (KN) limit (� � 1), almost all
the energy of the CR electron is carried away by the
up-scattered photons, i.e., hE

�

i ⇠ hE

e

i. Assuming the
CR spectrum is a power law with spectral index ↵, it
can be shown that the spectral index of the up-scattered
gamma-ray photons is (↵ + 1)/2 in the Thomson limit,
and approximately ↵ + 1 in the KN limit (Blumenthal
& Gould 1970). The observed bubble spectrum is best
fit by a power-law CR distribution with spectral index of
⇠ 2, and therefore one may expect to see changes in the
spectral indices from 1.5 to 3 in the gamma-ray spectrum
as the IC scattering goes from the Thomson limit to the
KN regime.
The observed spectrum of the bubbles is nearly lati-

tude independent, characterized by a broad bump that
roughly peaks around E

bump

⇠ 10 GeV (see Figure 4).
This is not straightforward to obtain because the ISRF is
dominated by the cosmic microwave background (CMB)
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Fig. 6.— Spectral evolution of CRe due to synchrotron losses. The curves represent the results obtained using the CRSPEC module,
and the plus symbols are the analytical solutions.
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