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The Fermi bubbles (Su+ 2010) 

Height: ~50 deg (~10kpc)
Eγ ~ 1-100 GeV
Lγ ~ 4x1037 erg/s
Symmetric about the GC



The Fermi bubbles (Su+ 2010) 
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X-ray map at 1.5 keV by ROSAT (Snowden+ 1997)



X-ray map at 1.5 keV by ROSAT (Snowden+ 1997)
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Planck Collaboration: Detection of the Galactic haze with Planck

Haslam Hα FDS 30 GHz

Haze Template Disk Template Mask

30 GHz Model 30 GHz Planck 30 GHz Haze Residual

-0.1 0.2Tant × (ν/23 GHz)2.5 [mK]

Fig. 1. The templates and full-sky template fitting model (see Sect. 4.1). Top left: the Haslam et al. (1982) 408MHz map. Top
middle: the Finkbeiner (2003) H!map. Top right: the Finkbeiner et al. (1999) dust prediction at the Planck 30GHz channel.Middle
left: the elliptical Gaussian haze template. Center: the elliptical Gaussian disk template. Middle right: the mask used in the fit.
Bottom left: the best fit template linear combination model at Planck 30GHz. Bottom middle: the CMB-subtracted Planck data at
30GHz. Bottom right: the Planck 30GHz data minus the 30GHz model with the haze template component added back into the
map.

suggesting a dust origin for some of this emission (e.g., spinning
dust). Finally, features that are well known from low-frequency
radio surveys, such as Loop I, are also visible, implying a syn-
chrotron origin, with a spectral index closer to "S = !3. The
coe!cients of the post-processing template-based fit described
in Sect. 3.2 are given in Table 2 and show a strong positive cor-
relation with each template.

As with the template fitting case, we see from Fig. 3 that the
post-processing residuals for the low-frequency CMD1 compo-
nent are low except towards the Galactic centre where the haze is
clearly present, implying that it is emission with a distinct mor-
phology compared to the dust, free-free, and soft synchrotron
emission. Furthermore, the morphology is strikingly similar to
the template fitting indicating strong consistency between the
results. Since an analogous regression cannot be performed on
the spectral-index map, a more flexible foreground model must
be implemented to isolate the haze spectrum. However, the ad-
ditional model parameters require the use of external data sets.

4.2. Results from Planck plus external data sets

4.2.1. Template fitting

In order to further our understanding of the spectrum and mor-
phology of the microwave haze component, we augment the
Planck data with the WMAP 7-year data set (covering the
frequency range 23–94GHz) and the 408MHz data. For the
template-fitting method, the inclusion of the new data is triv-
ial since Eq. 2 does not assume anything about the frequency
dependence of the spectrum and each map is fit independently.
The results for the full sky and for smaller regional fits are shown
in Figs. 4 and 5. The haze residual is present in both the WMAP
and Planck data, and the morphology and spectrum appear con-
sistent between data sets. As before, scaling each residual by
#2.5 yields roughly equal brightness per band from 23GHz to
61GHz. Including the WMAP data also confirms that the mor-
phology does not change significantly with frequency, thus im-
plying a roughly constant haze spectrum with position.
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and Fermi bubbles are causally connected, with the Fermi bubbles driv-
ing the expansion of the eROSITA bubbles and both structures being 
associated with the same (gradual or instantaneous) energy release in 
the nuclear region of the Milky Way. In this scenario, the outer bound-
ary of the Fermi bubbles plausibly represents a contact discontinuity 
that separates the shock-heated interstellar medium from the shocked 

outflow, and the boundary of the eROSITA bubbles is the shock that 
propagates through the halo gas. The pressure is thus continuous 
across the interface between the eROSITA and Fermi bubbles and the 
total thermal energies of the two features simply reflect their volumes 
(ignoring the effects of stratification, which may be non-negligible). 
Given that their characteristic sizes differ by a factor of about 2, the 
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Fig. 2 | The soft-X-ray eROSITA bubbles. a, False-colour map of extended 
emission detected by eROSITA in the 0.6–1.0-keV range. The contribution of 
the point sources has been removed and the scaling adjusted to enhance 
large-scale structures in the Galaxy. b, One-dimensional surface-brightness 
profiles in the same energy band (red lines with pink shading representing 
statistical uncertainties), cut at various galactic latitudes (as labelled). For 
comparison, we also show the predictions of four possible geometric models 

(not normalized to the data): a full sphere (yellow), a very thick shell (thickness, 
4!kpc; brown), a thick shell (thickness, 2!kpc; cyan) and a thin shell (thickness, 
0.2!kpc; green). The thick shell (cyan) is the most consistent with the data (see 
Extended Data Fig.!2 for a two-dimensional projection of this model). The 
region indicated by the white rectangle is where a preliminary spectral analysis 
was performed to constrain the line-of-sight absorption column density 
towards the southern eROSITA bubbles.

The eRosita bubbles (0.6-1.0 keV)
(Predehl et al., 2020, Nature, 588, 227) 



v What do we know about the Fermi bubbles observationally?

v What do we know about the Fermi bubbles theoretically?

v What does the new eRosita data tell us about the origin of the bubbles?

Outline



Multi-messenger observations



Gamma-ray bubbles by Fermi (Su+ 2010)

Hard spectrum

Flat intensity 
& sharp edges



Gamma-ray bubbles by Fermi – 50 months (Ackermann+ 2014)
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6. Morphology and spectral variations

The average spectrum of the bubbles is an important characteristic, but it may be insu�cient

for distinguishing among the models of the bubbles’ formation and the mechanisms of the gamma-ray

emission. In this section, we calculate the spectrum of the bubbles in latitude strips, and estimate

the significance and the spectrum of the enhanced gamma-ray emission in the south-eastern part of

the bubbles, called the “cocoon” (Su & Finkbeiner 2012). We search for a jet inside the bubbles and

determine the location and the width of the boundary of the bubbles.

6.1. Longitude Profiles
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Fig. 22.— Residual intensity integrated in di↵erent energy bands for the baseline model derived with GALPROP

templates in Section 3.2 (top) and for the example model derived with the local templates analysis in Section 4.3

(bottom).

To give a general idea about the morphology of the bubbles, we present the profile plots of the

residual intensity corresponding to the Fermi bubbles at di↵erent latitudes integrated in three energy

bands: 1 - 3 GeV, 3 - 10 GeV, 10 - 500 GeV. The residual intensity is shown in Figure 22. There is

an L-shaped over-subtraction at low energies in the GALPROP residuals in the low latitude part of the

northern bubble. This residual is spatially correlated with the star forming region ⇢ Ophiuchi, which

might have a di↵erent CR spectrum compared to the average. Notice that this feature is not present in

the residuals obtained from the local template analysis, which allows the adjustment of the normalization

of the CR density in local patches. The profile plots in 10� latitude strips are shown in Figure 23.

An excess of emission in the southern bubble for latitudes �40� < b < �20� and longitudes 0� <

` < 15� corresponds to the cocoon proposed by Su & Finkbeiner (2012). There is also a slight excess of

emission for 20� < b < 40� around ` = 10�. At some latitudes, the width of the boundary of the bubbles

is approximately or smaller than 5�. We study the width of the edge in more detail in Section 6.3.
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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.

v Spatially uniform hard spectrum with spectral index of -2
v High-E cutoff at ~110 GeV

Gamma-ray spectrum with latitudes



Microwave haze by WMAP & Planck
(Finkbeiner 2004, Dobler+ 2008; Planck Collaboration 2012)

Spatially coincident with 
the gamma-ray bubbles & 
hard spectrum



X-ray map at 1.5 keV by ROSAT (Snowden+ 1997)

Arc features correlated 
with bubble edges
(Bland-Hawthorn+03)

X-ray cavities suggest 
underdense bubbles



TeV gamma-ray non-detection by HAWC (Abeysekara+ 2017)

v Upper limits above 1 TeV
v Purely hadronic models extending to 

PeV ranges disfavored

GeV-TeV Gamma-ray spectrum

implements the cross sections from Kamae et al. (2006), for
the production of gamma rays through hadronic interactions. The
spectral index for the power law is 2.2; the spectral index for the
power law with cutoff is o �

�2.13 0.01 0.52
0.15 with a cutoff energy of

o �
�14 7 13

6 TeV. Using the !t results obtained in Ackermann et al.
(2014), we extrapolate the results for the hadronic models above
100 TeV. The upper limits derived from the HAWC data exclude
the hadronic injection without a cutoff that best !ts the
gigaelectronvolt gamma-ray data, above 3.9 TeV.

The hadronic model represented by the red line is obtained
from Lunardini et al. (2015). This model is the counterpart of a
neutrino "ux model that best !ts the IceCube data. The IceCube
data correspond to !ve events that are spatially correlated with
the Fermi Bubbles. The differential "ux model was obtained by
taking into account the "ux from both bubbles. Above 10 TeV,
the HAWC upper limits exclude the parent proton spectrum
predicted from the IceCube data.

Table 3 gives a summary of the different models.
Early reports such as Crocker & Aharonian (2011) and Fujita

et al. (2013) presented the possibility of observing teraelectron-
volt gamma rays. The intensity was predicted to be
- _ � � � �( )E F TeV 10 GeV cm s sr2 6 2 1 1. The result presented
here sets a stricter upper limit.

The result is not constraining the main contribution to the
spectrum of the Fermi Bubbles. Nevertheless, our result may
imply, for a hadronic model, that there is a cutoff in the proton
spectrum. Ackermann et al. (2014) showed that the gigaelec-
tronvolt gamma-ray spectrum cuts off around 100 GeV. The
cutoff for the parent proton spectrum in this case could be
around 1 TeV !(Cheng et al. 2015).

As mentioned in Section 3.2, Fujita et al. (2013), Yang et al.
(2014), and Mou et al. (2015) propose that the size of the
bubbles increases with energy. While de!ning the search
region to be the same as the excess detected at gigaelectronvolt
energies is a more conservative approach, it may be interesting
to increase the size of the latter in a follow-up analysis.

Increasing the sensitivity at energies <1 TeV is another
objective for future analysis. Compared to recent (Abeysekara
et al. 2017a, 2017b) or future (HAWC Collaboration 2017, in
preparation) publications of the analysis of HAWC data, this
analysis uses only the seven highest event-size bins. At
energies !1 TeV, the large-scale anisotropy signal (or any

signi!cant, spatially extended feature) causes signal contam-
ination in the estimation of the background because the
structure takes up a large portion of the !eld of view of
HAWC, signi!cantly altering the all-sky rate. An iterative
procedure for the DI method will be followed as explained in
Ahlers et al. (2016) and has been shown to remove this artifact.

5. Conclusions

A search of high-energy gamma rays in the Northern Fermi
Bubble region has been presented by using 290 days of data
from the HAWC observatory. No signi!cant excess is found
above 1.2 TeV in the search area, and the 95% C.L. "ux upper
limits are calculated and compared to the differential
sensitivity with B � 0.05 and C � 0.5. The upper
limits are between q �3 10 7 � � �GeV cm s sr2 1 1 and q �4 10 8

� � �GeV cm s sr2 1 1. The upper limits, for gamma-ray energies
between 3.9 and 120 TeV, disfavor the emission of hadronic
models that try to explain the gigaelectronvolt gamma-ray
emission detected by the Fermi LAT. This makes a continua-
tion of the proton injection above 100 TeV highly unlikely
(solid cyan line in Figure 9). The HAWC upper limits also
disfavor a hadronic injection spectrum derived from IceCube
measurements. The present result does not allow unequivocal
conclusions about the hadronic or leptonic origin of the Fermi
bubbles though. A future analysis of HAWC data will include a
better sensitivity, especially at lower energies, and possibly
larger search regions according to the predictions of some
theoretical models.

Figure 9. HAWC upper limits together with the Fermi data and gamma-ray production models from Ackermann et al. (2014) and Lunardini et al. (2015). See Table 3
for spectral assumptions of these models.

Table 3
Differential Flux Models for the Fermi Bubbles

Model Description

Hadronic Model 1 r �N pp
2.2

Hadronic Model 2 r �� ( )N p exp pc 14 TeVp
2.1

Leptonic Model 1 r �� ( )N p exp pc 1.25 TeVe
2.17 and IRF at 5 kpc

Leptonic Model 2 r �� ( )N p exp pc 1.25 TeVe
2.17 and CMB

IceCube Hadronic
Model

r �� ( )N p exp pc 30 PeVp
2.25

7
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Neutrino events near the Fermi bubbles by IceCube
(Lunardini+ 2014, 2015, Ahlers+ 2014, 2016, Taylor+ 2014, Aartsen+ 2015, Fang+ 2017, 
Sherf+ 2017, IceCube Collaboration 2020) 

5

FIG. 3: The modeled intensity and spectrum of the neutrino and �-ray emission produced by hadronic interactions in the
Fermi bubbles. We show the predicted �-ray (blue dashed) and all-flavor neutrino (orange solid) spectrum for our models of
hadronic Fermi bubbles production (thick lines), as well as the hadronic fraction of our hybrid leptonic-hadronic model (thin
lines). Details of the models are given in Section III. We note that the �-ray spectrum in our leptonic-hadronic model receives
additional contributions from the interactions of primary electrons, which are not shown here. We compare our results to �-ray
observations of the Fermi bubbles by the Fermi-LAT at GeV energies (black squares), the 95% confidence upper limits on the
TeV �-ray flux recorded by HAWC (black solid bars), the 90% confidence upper limits on ultrahigh-energy gamma rays by
CASA-MIA scaled to the bubbles region (olive upper limits; [23, 32]), and the 90% confidence upper limit on the neutrino flux
at TeV—PeV energies as calculated in this work (red upper limit). We additionally show the projected sensitivity from 100 hr
of CTA observations (grey dotted; [33]), 5 yr of HiSCOR observations (green dotted; [34]), and 1 yr of LHASSO observations
(pink dotted; [35]) converted to the region of the Fermi bubbles following [23], assuming that these detectors would be able
to view (or have viewed) the Fermi bubbles continuously for assumed periods. In the hadronic scenario (thick lines), the
maximum neutrino flux allowed by the Fermi-LAT and HAWC measurements does not produce a significant IceCube flux at
high neutrino energies. However, in the hybrid leptonic-hadronic scenario (thin lines), the spectral index of the sub-dominant
�-ray component can be extremely hard, producing a bright neutrino flux detectable by IceCube. We note that the IceCube
upper limit is calculated over a wide energy bin, and a significant number of neutrinos are observed at energies exceeding
⇠100 TeV where the flux in the pure hadronic model is negligible.

model-independent constraints on the contribution of the
Fermi bubbles to the IceCube neutrino flux. In par-
ticular, we consider two scenarios, which we call “pure
hadronic” and “hybrid leptonic-hadronic”. In the pure
hadronic scenario, we assume that all �-rays produced
in the Fermi bubbles at GeV energies are produced via
hadronic processes. In this case, the detection of bright
Fermi bubbles emission by the Fermi-LAT, coupled with
the strong upper limits on Fermi bubbles emission by
HAWC, combine to force the �-ray spectrum (and by ex-
tension the neutrino spectrum) to be extremely soft. In
the hybrid leptonic-hadronic scenario we instead assume
that the bulk of the GeV �-ray signal observed by the
Fermi-LAT is produced by primary leptons, while �-rays
from hadronic processes are sub-dominant. This allows

the spectrum of hadronic �-rays and neutrinos to be rel-
atively hard, allowing for a larger very-high-energy flux.

In each case, we fit the �-ray spectrum and intensity to
Fermi-LAT and HAWC observations, and then calculate
the resulting neutrino spectrum under the assumption
that neutrinos and �-rays from hadronic interactions are
correlated via the relationship [23]:

(E⌫ QE⌫ )all�flavor
⇡ 3

2

�
E� QE�

�
|E⌫=E�/2

, (5)

whereQE / E dṄ/dE is the production rate of neutrinos
and �-rays. The number of neutrino events in the bubble
region can then be calculated by:

Estimated flux by Fang+17 & Sherf+17

v No FB neutrinos detected
v Purely hadronic models 

disfavored, though hybrid models 
are still allowed 



A schematic view
No. 2, 2010 GIANT GAMMA-RAY BUBBLES FROM FERMI-LAT 1077

Figure 27. Schematic illustration to summarize the observations of the Fermi bubble structures. Two blue bubbles symmetric to the Galactic disk indicate the geometry
of the gamma-ray bubbles observed by the Fermi-LAT. Morphologically, we see corresponding features in ROSAT soft X-ray maps, shown as green arcs embracing
the bubbles. The WMAP haze shares the same edges as the Fermi bubbles (the pink egg inside the blue bubbles) with smaller extension in latitude. These related
structures may have the same physical origin: past AGN activities or a nuclear starburst in the GC (the yellow star).
(A color version of this figure is available in the online journal.)
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Figure 28. Cooling time for electron CRs as a function of energy and height
above the Galactic plane, for r = 0. Thin black lines: synchrotron losses are
neglected; equivalently, the B-field is assumed to be negligible everywhere.
Thick red lines: The cooling time calculation includes synchrotron losses
in a magnetic field given by |B| = 30e!z/2 kpc µG. We use the standard
radiation field model from GALPROP version 50p, and define the cooling time
! = 1/(d ln E/dt).
(A color version of this figure is available in the online journal.)

large distances may also lead to significant diffusive softening
of the electron spectrum, which must be reconciled with the ap-
parent spatial uniformity of the bubbles’ (gamma-ray) spectral

index. With electron injection primarily at the GC there is also
no obvious natural explanation for the flat projected intensity
profile, which seems to require sharp increases in the CR density
at the bubble walls.

7.2. CRs from the Bubble Edge

If the majority of the electron CRs are produced from shock
acceleration within the edge of the Fermi bubbles, the electron
CRs in the bubble interior might be leftover CRs which undergo
cooling after the shock passes through. The CRs continue
to diffuse inward from the shock front while also diffusing
outward; if the shock is moving faster than the electrons diffuse
out, a sharp edge in the resulting Fermi bubble gamma rays is
still expected. It is also possible that the CRs may be secondary
electrons, produced by enhanced proton–ISM interaction in
shocks (within the bubble shell), where protons could be ejected
from the GC and entrained in the shocks with high gas density
due to shock compression.

We can estimate the diffusion path length of 100–1000 GeV
electrons, given the lifetimes calculated in Section 7.1. We
use the estimated diffusion constant from GALPROP, K =
5.3 " 1028 cm2 s!1 at a reference rigidity of 4 GV, and take
the diffusion coefficient index to be " = 0.43 following the
results of Ahn et al. (2008). Then the path length is given by

#
K! $ 1.4

!
E

1 TeV

"0.43/2 !
!

106 yr

"0.5

kpc. (4)

Thus we expect the diffusion scale to be small relative to the
bubble size, although not negligible.

Consequently, the electrons in the interior of the Fermi
bubbles are unlikely to maintain a hard spectrum due to diffusion
inward from the bubble walls. In this scenario, one needs to tune
the electron CR distribution to get near-flat projected intensity.
Although the Fermi bubble gamma rays along any line of sight
include contributions from both the bubble interior and bubble

eRosita bubble TeV g n



Origin?



What is the origin of the bubbles?
(see review by KY, Ruszkowski & Zweibel 2018)



Q1: What are the emission mechanisms?
v Leptonic (CRe)
v Hadronic (CRp)

What is the origin of the bubbles?
(see review by KY, Ruszkowski & Zweibel 2018)



Q1: What are the emission mechanisms?
v Leptonic (CRe)
v Hadronic (CRp)

Q2: What activity at the GC triggers the event? 
v Nuclear star formation (NSF) 
v Active galactic nucleus (AGN)

What is the origin of the bubbles?
(see review by KY, Ruszkowski & Zweibel 2018)



Q1: What are the emission mechanisms?
v Leptonic (CRe)
v Hadronic (CRp)

Q2: What activity at the GC triggers the event? 
v Nuclear star formation (NSF) 
v Active galactic nucleus (AGN)

Q3: Where are the CRs produced?
v Transported from GC 
v In-situ acceleration (shocks or turbulence) 

What is the origin of the bubbles?
(see review by KY, Ruszkowski & Zweibel 2018)



Theoretical Models
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Theoretical Models

Ø Inconsistent with 
HAWC/IceCube data

Ø Unable to fit the 
microwave haze spectrum 
(Ackerman+2014)



Ø AGN jets of speed ~thousands to 104 km/s
Ø Bubble ages ~few Myr
Ø Bubble and haze produced by same CRe

II. Leptonic jet models 
(Guo+ 2011, 2012, KY+ 2012, 2013, 2017, Barkov+ 2013) 

3D MHD (KY+ 2013)

2D hydro (Guo+ 2012)

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,! = 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," = 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,! and fe, " , are not expected to differ
by more than a factor of a few.

These similar values of fe,! and fe," 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,! 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.
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Fig. 2.— Central slices (16 ! 15 kpc) of CR energy density in logarithmic scale in runs V0, V0d5, V1, V3, V10, and V30 at t = tFermi,
which is shown at the top of each panel for the corresponding run. Horizontal and vertical axes refer to R and z respectively, labeled
in kpc. The stabilizing e!ect of viscosity on bubble edges can be clearly seen here as viscosity increases from panel to panel, and the
Kelvin-Helmholtz and Rayleigh-Taylor instabilities are fully suppressed when µvisc ! 3 g cm!1 s!1.

In a weakly collisional/collisionless plasma such as the
bubble interior, pressure anisotropy p! != p" arises from
conservation of the magnetic moment for each particle
µ = mv2"/2B = const, which implies that any change in
the field is accompanied by a change in the perpendicular
pressure to keep p"/B "const. This then triggers micro-
instabilities (such as the firehose, mirror, ion cyclotron
instabilities) which feed o! the pressure anisotropy and
pin it at marginal stability values (Rosin et al. 2011).
The micro-instabilities change the pressure anisotropy
either via an enhanced rate of collisions through an ef-
fective particle scattering mechanism, a source of e!ec-
tive viscosity (Sharma et al. 2006), or modification of
the rate of strain of the magnetic field so as to cancel
the pressure anisotropy created by the changing fields
(Rosin et al. 2011; Schekochihin et al. 2010); the latter
gives rise to a viscosity in a turbulent medium that scales
as the parallel Braginskii value (and by dissipating tur-
bulent motions, could provide significant viscous heating;
Kunz et al. 2011). Viscosity in collisionless plasma may
also be caused by particle scattering with magnetic ir-
regularities and Alfven waves, which has been invoked
to explain the origin of CR di!usion – a well-known
transport process in collisionless plasma. Assuming that
µvisc " !v̄", the e!ective mean free path of proton scat-

tering for our assumed level of viscosity is:

" " 1 kpc

!

µvisc

3 g cm#1 s#1

"

# v̄

108 cm s#1

$#1

#
!

!

10#29 g cm#3

"#1

, (7)

where v̄ is the kinetic velocity of protons and ! is the
plasma density.
Thus, while the nature of viscosity in this context is

highly uncertain, assuming an isotropic, uniform vis-
cosity is not unreasonable. The next step would obvi-
ously be to perform MHD simulations similar to those of
(Sharma et al. 2006) for accretion disks. It would be ex-
citing to place empirical constraints on viscosity based on
comparisons of our calculations with the observed Fermi
bubbles.
In the Appendix, we explicitly present our numerical

method to implement the fully compressible shear vis-
cosity into our 2D code. The viscous runs are fairly
expensive, because the time-step imposed by viscosity
scales with !("x)2/µvisc, where "x is the resolution of
the computational grid. In particular, the viscous time-
step becomes extremely small at some small regions in
the bubble interior, where the thermal gas density is very
low due to the low initial jet density, the bubble ex-
pansion and viscous heating. To allow the simulations
to proceed, we thus turn o! viscosity in computational
cells where the thermal gas density drops below 10#30

g cm#3. This restriction only a!ects some small regions

CR energy density Projected CR energy density
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Fig. 5.— Variations of the z-component gas velocity (top) and CR pressure (bottom) along the R-direction (perpendicular to the jet
axis) for the non-viscous run V0 (left panels) and the viscous run V3 (right panels) at z = 2 kpc at three times t = 0.3, 0.5, and 1.0 Myr.
The jet backflow is represented by regions with negative values of vz in top panels, corresponding to CR pressure peaks at the right end
of each line in the bottom panel. The backflow layer is located at the bubble surface and follows the global expansion of the CR bubble.
In run V3, its backward motion is reduced by momentum kinetically transported from both the bubble interior and the ambient halo gas.

Fig. 6.— Top: central slices (16!15 kpc) of log(ec) in run V3-di!1 (left), V3-di!3 (middle), and V3-di!6 (right) at t = tFermi. Horizontal
and vertical axes refer to R and z respectively, labeled in kpc. Arrows superposed show thermal gas velocity. Bottom: line-of-sight projected
CR energy density in these three runs at t = tFermi. Horizontal and vertical axes refer to Galactic longitude and latitude respectively,
labeled in degree. The CR di!usivity in the bubble interior, which increases from left to right, may play an important role in explaining
the flat gamma-ray surface brightness of the Fermi bubbles.
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Fig. 4. Schematic overview of the three models. (See text for explanations.)

Table 1. Summary of parameter choices in models 1, 2 and 3.

parameter model 1 model 2 model 3 comment
inside halo inside halo inside shell halo

Kuu,0 [10�7 kpc2 yr�1] 1 0.1 1 0.1 0.1 1 0.1 perpendicular di↵usion coe�cient
Kvv,0 [10�7 kpc2 yr�1] 1 10 10 100 100 10 100 parallel di↵usion coe�cient
Dpp,0 [10�7 (GeV/c)2 yr�1] 10 1 10 1 1 10 1 momentum di↵usion coe�cient
� 1/3 1/3 1/3 spectral index
Vsh [10�7 kpc yr�1] 3 3 3 shock speed
r 4 4 4 compression ratio

2.6.2. Model 2: anisotropic diffusion

For the second setup, we consider the possibility that also dif-
fusion inside the bubbles is anisotropic. Specifically, we adopt
Kuu,0 = Kk,0 = 10�7 kpc2 yr�1 and Kvv,0 = Kk,0 = 10�6 kpc2 yr�1

inside and Kuu,0 = Kk,0 = 10�8 kpc2 yr�1 and Kvv,0 = Kk,0 =
10�5 kpc2 yr�1

outside the bubbles. We keep � at 1/3.
We set Dpp,0 = 10�6(GeV/c)2 yr�1

inside the bubbles and
Dpp,0 = 10�7(GeV/c)2 yr�1

outside the bubbles. All the other pa-
rameters plus the ISRFs and the B–field are as in the first model,
cf. Sec. 2.6.1.

2.6.3. Model 3: anisotropic diffusion and turbulent shell

In the presence of a source of turbulence, the assumption of (al-
most) isotropic di↵usion of the first (second) setup can be jus-
tified. In the following we assume that the shock itself is gen-
erating such turbulence through hydrodynamic (e.g. Raleigh–
Taylor or Kelvin–Helmholtz) instabilities. To take into account
that this turbulence could be dissipated at large, kiloparsec dis-
tances from the shock, we constrain this region to a shell behind
the shock and assume strongly anisotropic di↵usion in the rest of
the bubble volume (c.f. the right panel of Fig. 4). In particular,
we choose
K

inside
uu,0 = 10�8 kpc2 yr�1 and K

inside
vv,0 = 10�5 kpc2 yr�1 (31)

K
shell
uu,0 = 10�7 kpc2 yr�1 and K

shell
vv,0 = 10�6 kpc2 yr�1 (32)

K
halo
uu,0 = 10�8 kpc2 yr�1 and K

halo
vv,0 = 10�5 kpc2 yr�1 . (33)

This setup has the added benefit that according to quasi–
linear theory, the stochastic acceleration rate Dpp/p2 is also en-
hanced in a thin shell,
D

inside
pp,0 = ⇥10�7(GeV/c)2 yr�1 , (34)

D
shell
pp,0 = ⇥10�6(GeV/c)2 yr�1 , (35)

D
halo
pp,0 = ⇥10�7(GeV/c)2 yr�1 . (36)

To match the synchrotron emission, we changed B0 to 10 µG
and z0 to 2 kpc, keeping ⇢0 = 5 kpc.

In Tbl. 1, we have summarised the most important parame-
ters for the three setups.

3. Results

3.1. Model 1: isotropic diffusion

In the top panels of Fig. 5, we show the distribution of electron
energy p

4
f ⇠ p

2 ⇠ E
2
n as a function of position at energies

pc = 1, 10, 102 and 103 GeV and at time t = 2.4 ⇥ 107 yr. The
distribution of electrons at GeV energies is very much confined
to the surroundings of the Galactic centre, whereas at 100 GeV
and 1 TeV, the distribution extends up to and beyond the shock.
This is due to the fact that high energy electrons have a larger dif-
fusion coe�cient and have thus travelled further from the source
at the Galactic centre while being further accelerated. At 1 TeV,
one can also make out the e↵ect of shock acceleration which is
strongest at the top of the bubble where the advection speed is
highest, cf. eq. 26. This is leading to a higher electron energy
closer to the shock which will help with producing the flat inten-
sity profile in gamma–rays.

The bottom panel of Fig. 5 shows the electron spectra p
4

f for
six positions in the bubbles, marked by the crosses in the top pan-
els. It can be seen that for z & 1 kpc, the electron spectrum is very
steep, f ⇠ p

�1. The spectral index lies between those predicted
for a steady–state situation without ( f ⇠ p

0) and with ( f ⇠ p
�4)

e�cient particle escape (cf., e.g. Stawarz & Petrosian (2008)).
The electron energy p

4
f is peaked at a few hundred GeV. This

energy scale is set by competition between stochastic acceler-
ation and radiative energy losses, tsa(pmax) = tcool(pmax). This
leads to a pile–up of high–energy electrons just below the max-
imum energy. At lower energies, the spectrum is much closer to
f ⇠ p

�4 whereas here, both di↵usion and advection play the role
of e�cient particle escape.
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X-ray map at 1.5 keV by ROSAT (Snowden+ 1997)
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and Fermi bubbles are causally connected, with the Fermi bubbles driv-
ing the expansion of the eROSITA bubbles and both structures being 
associated with the same (gradual or instantaneous) energy release in 
the nuclear region of the Milky Way. In this scenario, the outer bound-
ary of the Fermi bubbles plausibly represents a contact discontinuity 
that separates the shock-heated interstellar medium from the shocked 

outflow, and the boundary of the eROSITA bubbles is the shock that 
propagates through the halo gas. The pressure is thus continuous 
across the interface between the eROSITA and Fermi bubbles and the 
total thermal energies of the two features simply reflect their volumes 
(ignoring the effects of stratification, which may be non-negligible). 
Given that their characteristic sizes differ by a factor of about 2, the 
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Fig. 2 | The soft-X-ray eROSITA bubbles. a, False-colour map of extended 
emission detected by eROSITA in the 0.6–1.0-keV range. The contribution of 
the point sources has been removed and the scaling adjusted to enhance 
large-scale structures in the Galaxy. b, One-dimensional surface-brightness 
profiles in the same energy band (red lines with pink shading representing 
statistical uncertainties), cut at various galactic latitudes (as labelled). For 
comparison, we also show the predictions of four possible geometric models 

(not normalized to the data): a full sphere (yellow), a very thick shell (thickness, 
4!kpc; brown), a thick shell (thickness, 2!kpc; cyan) and a thin shell (thickness, 
0.2!kpc; green). The thick shell (cyan) is the most consistent with the data (see 
Extended Data Fig.!2 for a two-dimensional projection of this model). The 
region indicated by the white rectangle is where a preliminary spectral analysis 
was performed to constrain the line-of-sight absorption column density 
towards the southern eROSITA bubbles.

X-ray map at 0.6-1.0 keV by eRosita
(Predehl et al., 2020, Nature, 588, 227) 
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total thermal energy of the eROSITA bubbles is almost 10 times larger 
than that of the Fermi bubbles.

T h e  o b se r ve d  ave ra ge  X- ray  su r f a ce  b r i g h t n e ss  of 
(2–4)!"!10#15!erg!cm#2!s#1!arcmin#2 in the eROSITA bubbles (Methods), 
which decreases with Galactic latitude, is in broad agreement with the 
above scenario. The observed surface brightness, integrated over the 
full extent of the eROSITA bubbles, implies a total luminosity of hot 
X-ray-emitting plasma of L!$!1!"!1039!erg!s#1.

To inflate the eROSITA bubbles, an average luminosity of the order of 
1041!erg!s#1 during the past tens of millions of years would be required, 
and could arise from either star-forming or AGN activity in the Galactic 
centre. As discussed above, the arguments in favour of each interpreta-
tion in the context of the Fermi bubbles have been debated extensively. 
In the case of the eROSITA bubbles, the energetics are such that they are 
at the limit of what the past starburst activity at the centre of the Milky 
Way could provide. Alternatively, the eROSITA bubbles could be inflated 
by a period (about 1–2!Myr) of Seyfert-like activity (L!$!1043!erg!s#1) of 
the central supermassive black hole (Sgr A*). The long cooling time of 
the hot plasma is consistent with such a hypothesis.

The structures seen here are reminiscent of similar effects seen in 
AGN that host rapidly accreting supermassive black holes1. These can 
inject a vast amount of mechanical energy into the ambient gas, as 
revealed by radio-bright bubbles embedded in the X-ray cocoons27. This 
process, known as AGN feedback, is seen in objects ranging from indi-
vidual early-type galaxies, such as Centaurus A28, to massive clusters, 
such as A426 (Perseus)29,30, and is thought to have potentially marked 
effects on the evolution of galaxies. On the other hand, explosions of 
supernova associated with star formation yield kinetic energy of the 
order of 1051!erg per supernova in the ejecta (also known as stellar feed-
back), which may drive an outflow from the central region of a galaxy31. 
M82 provides a good example of the latter mechanism32. The energet-
ics and the most salient features of the observed eROSITA bubbles are 
such that neither of the two mechanisms could be excluded a!priori.

Irrespective of the specific source of energy, our results cor-
roborate the notion that inactive disk galaxies, such as the Milky 

Way, have hot plasma in their haloes that is highly perturbed by 
activity in their disks, demonstrating the presence of a feedback 
mechanism in apparently quiescent galaxies. Galaxies are thought 
to grow via the slow recondensation of the hot halo plasma, which 
was shock-heated during the collapse of the dark-matter halo33. 
The cooling time of the hot plasma in the halo is comparable to 
the Hubble time, so the process of growing a galaxy is assumed 
to be steady (apart from mergers) and slow. Here we have direct 
evidence of the re-heating of such plasma, to considerable heights 
above the Galactic disk.

The detection of these X-ray bubbles was enabled by the combined 
capabilities of the eROSITA instrument and the Spektr-RG mission 
profile. More detailed analysis following accurate calibration of the 
instrument, substantial increases in data quality from the ongoing sky 
survey and follow-up observations in other parts of the electromagnetic 
spectrum will reveal further details of the properties of the eROSITA 
bubbles and the implications for the structure and evolution of galax-
ies, including the Milky Way.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41586-020-2979-0.
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Fig. 3 | Comparison of the morphology of the !-ray and X-ray bubbles.  
A composite Fermi–eROSITA image is shown. The X-ray extended emission 
revealed by eROSITA (0.6–1-keV band; cyan) encloses the hard component of 

the extended gigaelectronvolt emission traditionally referred to as Fermi 
bubbles (red; Fermi map adapted from ref. 35), unequivocally establishing their 
close relation.

X-ray map at 0.6-1.0 keV by eRosita + Gamma-ray by Fermi
(Predehl et al., 2020, Nature, 588, 227) 
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than that of the Fermi bubbles.
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Simulating the Fermi bubble spectrum

v Implemented MHD+CRSPEC module in FLASH
v Injection spectrum: 10 GeV ~ 10 TeV
v IC & syn. cooling (due to Galactic radiation & B field)
v X-ray from Bremsstrahlung of thermal gas; gamma-

ray/microwave from leptonic CRs
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ARTICLES NATURE ASTRONOMY

At the present day, the cocoons have grown and reached a height 
of ~7.5 kpc from the Galactic plane (Fig. 1). The CR electrons 
within the cocoons that were transported from the GC interact 
with the interstellar radiation field (ISRF) and shine in the !-ray 
band as the observed Fermi bubbles extending to Galactic latitudes 
of "b" # 50°–55° (Fig. 2). The same energy injection from the black 
hole and subsequent cocoon expansion pushed the gas within the 
Galactic halo away from the GC with supersonic speeds, forming an 
outward propagating shock. At the shock front, the compression of 
gas caused an increase in the local gas density, producing enhanced 
thermal Bremsstrahlung emission in the X-ray band manifested as 
the eROSITA bubbles.

As can be seen from Fig. 2, the morphology and sizes of both 
the eROSITA bubbles and Fermi bubbles are successfully repro-
duced by the leptonic jet model. Importantly, unique features 
including their brightness distributions, sharp edges and smooth 
surfaces match observational constraints well (Fig. 3; see Methods 
for detailed discussion). For the Fermi bubbles, reproducing all the 
above characteristics simultaneously has proven to be a challenging 
task for many theoretical models8 because they require very specific 
conditions to be met during the bubble formation. For instance, in 
the leptonic scenario, the intensity of the ISRF decays with increas-
ing distance from the GC. Consequently, the CR energy density 
needs to be somewhat enhanced toward higher Galactic latitudes. 
This enhancement could be caused by initial adiabatic compression 
when the AGN jets were active13,15. The sharp edges of the !-ray 
bubbles require suppression of CR diffusion across the bubble sur-
face, which could be a result of anisotropic CR diffusion along mag-
netic field lines that are wrapped around the bubble surface due to 
the magnetic draping effect13. Furthermore, the smooth surface of 
the Fermi bubbles indicate that there are no vigorous hydrodynamic 

instabilities on the scale of the bubble sizes. This could be explained 
by insufficient time for the instabilities to grow13, or by suppression 
of instabilities owing to viscosity20.

The X-ray emission predicted by the leptonic jet model shows 
very good agreement with the observed eROSITA bubbles as well, 
not only in terms of the extension of the X-ray bubbles but also in 
terms of the X-ray surface brightness variations. Figure 4 shows 
the comparisons between the simulated and observed X-ray sur-
face brightness profiles at three horizontal cuts, "b" = 40°, 50° and 
60°, as well as the latitude-averaged profiles. Overall, the predicted 
amplitudes of the brightness variations and the locations of the 
X-ray bubble edges are largely consistent with the observational 
data. In our simulation, the forward shock compresses the gas into 
a thick shell with width of ~2.5 kpc (Fig. 1), consistent with esti-
mates from simple geometrical models1. Due to the projection of 
the compressed gas shell enclosing the !-ray bubbles with low gas 
densities, the modelled X-ray profiles are limb-brightened at the 
Galactic longitude of "l" # 50°, similar to the data. At lower latitudes 
("b" = 40° and 50°), there is some emission at "l" # 15°–20° due to 
gas that is ejected within the AGN jets being compressed near the 
contact discontinuity. This feature may be related to the two peaks 
at "l" # 20° for "b" = 40° seen in the observed profile for the north 
X-ray bubble. Despite the large scatter seen in the data, the simu-
lated latitude-averaged profile of the X-ray emission as a function of 
Galactic longitude approximately falls between the observed values 
corresponding to the emission from north and south bubbles. It is 
difficult to establish an exact match to the data because the observed 
X-ray sky in this region has many complex features. In particular, 
the northeast part of the eROSITA bubble is coincident with a 
prominent structure called North Polar Spur (NPS). The NPS was 
discovered several decades ago, but its origin remains elusive and 
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At the present day, the cocoons have grown and reached a height 
of ~7.5 kpc from the Galactic plane (Fig. 1). The CR electrons 
within the cocoons that were transported from the GC interact 
with the interstellar radiation field (ISRF) and shine in the !-ray 
band as the observed Fermi bubbles extending to Galactic latitudes 
of "b" # 50°–55° (Fig. 2). The same energy injection from the black 
hole and subsequent cocoon expansion pushed the gas within the 
Galactic halo away from the GC with supersonic speeds, forming an 
outward propagating shock. At the shock front, the compression of 
gas caused an increase in the local gas density, producing enhanced 
thermal Bremsstrahlung emission in the X-ray band manifested as 
the eROSITA bubbles.

As can be seen from Fig. 2, the morphology and sizes of both 
the eROSITA bubbles and Fermi bubbles are successfully repro-
duced by the leptonic jet model. Importantly, unique features 
including their brightness distributions, sharp edges and smooth 
surfaces match observational constraints well (Fig. 3; see Methods 
for detailed discussion). For the Fermi bubbles, reproducing all the 
above characteristics simultaneously has proven to be a challenging 
task for many theoretical models8 because they require very specific 
conditions to be met during the bubble formation. For instance, in 
the leptonic scenario, the intensity of the ISRF decays with increas-
ing distance from the GC. Consequently, the CR energy density 
needs to be somewhat enhanced toward higher Galactic latitudes. 
This enhancement could be caused by initial adiabatic compression 
when the AGN jets were active13,15. The sharp edges of the !-ray 
bubbles require suppression of CR diffusion across the bubble sur-
face, which could be a result of anisotropic CR diffusion along mag-
netic field lines that are wrapped around the bubble surface due to 
the magnetic draping effect13. Furthermore, the smooth surface of 
the Fermi bubbles indicate that there are no vigorous hydrodynamic 

instabilities on the scale of the bubble sizes. This could be explained 
by insufficient time for the instabilities to grow13, or by suppression 
of instabilities owing to viscosity20.

The X-ray emission predicted by the leptonic jet model shows 
very good agreement with the observed eROSITA bubbles as well, 
not only in terms of the extension of the X-ray bubbles but also in 
terms of the X-ray surface brightness variations. Figure 4 shows 
the comparisons between the simulated and observed X-ray sur-
face brightness profiles at three horizontal cuts, "b" = 40°, 50° and 
60°, as well as the latitude-averaged profiles. Overall, the predicted 
amplitudes of the brightness variations and the locations of the 
X-ray bubble edges are largely consistent with the observational 
data. In our simulation, the forward shock compresses the gas into 
a thick shell with width of ~2.5 kpc (Fig. 1), consistent with esti-
mates from simple geometrical models1. Due to the projection of 
the compressed gas shell enclosing the !-ray bubbles with low gas 
densities, the modelled X-ray profiles are limb-brightened at the 
Galactic longitude of "l" # 50°, similar to the data. At lower latitudes 
("b" = 40° and 50°), there is some emission at "l" # 15°–20° due to 
gas that is ejected within the AGN jets being compressed near the 
contact discontinuity. This feature may be related to the two peaks 
at "l" # 20° for "b" = 40° seen in the observed profile for the north 
X-ray bubble. Despite the large scatter seen in the data, the simu-
lated latitude-averaged profile of the X-ray emission as a function of 
Galactic longitude approximately falls between the observed values 
corresponding to the emission from north and south bubbles. It is 
difficult to establish an exact match to the data because the observed 
X-ray sky in this region has many complex features. In particular, 
the northeast part of the eROSITA bubble is coincident with a 
prominent structure called North Polar Spur (NPS). The NPS was 
discovered several decades ago, but its origin remains elusive and 
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All X-ray/gamma/microwave data are matched!
Yang et al. (2022), Nature Astronomy (http://arxiv.org/abs/2203.02526)

“Fermi/eRosita
bubbles as relics of 
past activity of the 
Galactic black hole”



Fermi and eROSITA bubbles as relics of the past activity of the Galaxy’s central black hole

Image credits: ESA/Gaia/DPAC, CC BY-SA 3.0 IGO, NASA  



All X-ray/gamma/microwave data are matched!
Yang et al. (2022), Nature Astronomy (http://arxiv.org/abs/2203.02526)

What we’ve learned from the simulations:
v Jets occurred ~2.6 Myr ago
v Jets were active for 0.1 Myr
v Inferred Eddington ratio ~1-10%



Ø Enhanced Ha, CIV/CII, Si IV/Si II suggest past Seyfert flare activity
Ø Inferred Eddington ratio ~ 1-10%
Ø Inferred age ~ 3.5 +- 1 Myr

Ionization cone in the Magellanic Stream
(Bland-Hawthorn et al. 2013, 2019)

2

Figure 1. All-sky Mollweide projection (NGP uppermost) aligned with the Galactic Centre showing the strong association between the 3-10 GeV �-ray emission
(Ackermann et al 2014 - main image), the 1.5 keV x-ray emission (Bland-Hawthorn & Cohen 2003 - blue inset), and the 21cm cold hydrogen emission (Lockman
& McClure-Griffiths 2016 - green inset with orange dots spaced 1 kpc apart at the distance of the Galactic Centre). On the RHS, we show a magnified region
around the Galactic Centre as a colour composite with all three components overlaid.
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Figure 2. Rotated all-sky Aitoff projection (South Galactic Pole uppermost) aligned with the Galactic Centre showing the orientation of the ionization cones (§4)
inferred from this work. The 3D space orientation is uncertain: the opening angle is roughly 60� and includes the Galactic polar axis. The red points indicate the
H↵ detections where the symbol size scales with the surface brightness; the green points scale with the strength of the C IV/C II ratio with larger points indicating
a harder radiation field (if photoionized). The optical image and 21cm overlay (pink) was first presented by Nidever et al (2008); the radio emission is from the
21cm H I mapping of the Magellanic Clouds and Stream (including the leading arms) by Kalberla et al (2005). Note that some Stream H I clouds fall within the
cones (indicated by small arcs) in both hemispheres. The dotted line indicates the axis of a putative radio/�-ray jet (Bower & Backer 1998; Su & Finkbeiner
2012).



v The multi-wavelength observations of the Fermi/eRosita bubbles are likely 
caused by a single outburst of jet activity of Sgr A*

v The inferred age of ~2.6 Myr and Eddington ratio ~1-10% are consistent 
with enhanced ionization in the Magellanic Stream, pointing to a Seyfert-
flare activity of Sgr A*

Summary



Multi-wavelength leptonic emission 
from aging galaxy bubbles
(Owen & Yang, 2022, MNRAS, 510, 5834) 

v GeV & TeV emission 
die out quickly

v Only a few 
observable by CTA

Ellis Owen 
(CICA Fellow, 

NTHU)
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v Radio emission drops relatively slowly
v A few dozens may be observable by SKA
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