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The newly launched eRosita X-ray satellite revealed two gigantic bubbles extending to∼ 80◦ above
and below the Galactic center (GC) in the Milky Way Galaxy. The morphology of these eRosita
bubbles bears a remarkable resemblance to the Fermi bubbles discovered in the gamma-ray band
by the Fermi Gamma-ray Space Telescope in 2010, suggesting that they may share the same origin.
The symmetry about the GC of the Fermi/eRosita bubbles suggests that they likely originate from
powerful energy injections from the GC sometime in the past, such as a nuclear starburst, or activity
from the central supermassive black hole (SMBH). In this proceedings, I will briefly review the
progress made in terms of our understanding of the physical origin of the bubbles. In particular, I
will highlight the importance of the new observational constraints brought by the eRosita mission,
and discuss recent simulation results that support a scenario where the Fermi/eRosita bubbles are
simultaneously generated by past jet activity of the SMBH a few million years ago.
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1. Introduction

One of the most important discoveries of the Fermi Gamma-ray Space Telescope is the Fermi
bubbles, two giant gamma-ray bubbles extending to ∼ 50−55 degrees above and below the Galactic
center (GC) [1]. The large integrated gamma-ray luminosity (∼ 1037 erg s−1) and symmetry about
the GC suggest that the bubbles likely originate from energetic outbursts from the GC some time
in the past, such as a nuclear starburst or activity of the central active galactic nucleus (AGN).
Because of their proximity, there is an ample amount of multi-messenger observational data with
unprecedented details that provide crucial constraints on the formation mechanisms of the bubbles.
The gamma-ray bubbles have counterpart emission in the microwave band, called "microwave
haze" [2, 3]. In X-ray, the edges of the Fermi bubbles are also spatially coincident with arc features
detected in the early 2000s [4] as well as the North Polar Spur (NPS), the most prominent feature in
the northern hemisphere observed by the ROSAT X-ray satellite [5]. Mostly recently, the eRosita
X-ray mission has further revealed two gigantic eRosita bubbles, with even larger sizes than the
gamma-ray bubbles [6]. Since the discovery of the Fermi bubbles in 2010, dozens of theoretical
models have been proposed to explain their origin. However, given the stringent observational
constraints, it has been a great challenge for any theoretical model to reproduce all the spatially
resolved, multi-messenger observational data.

Over the past decades, there have been numerous efforts in the community, both observationally
and theoretically, in order to understand the physical origin of the Fermi bubbles and their multi-
wavelength counterparts. Since it is impossible to review every related work in detail in this
Conference Proceedings, this article would instead aim to report the current status on this subject
and summarize some of the important findings, particularly focusing on recent advancements. This
Conference Proceedings is based on the highlight talk "Unveiling the Origin of the Fermi/eRosita
bubbles" at the 27th Eupopean Cosmic Ray Symposium regarding the recent publication of [7].
We therefore refer the readers to [7] for more details as well as [8] for a detailed review of the
observational data and theoretical models up to the year of 2018.

2. Multi-messenger Observations

The vicinity of the Fermi/eRosita bubbles has been observed in detail using multi-messenger
observations. The gamma-ray bubbles are observed between 1 to ∼ 100 GeV and have very hard
spectrum (spectral index of -2) compared to other components in the gamma-ray sky. The Fermi
bubbles alone have many unique features, including the hard spectrum, smooth surface, sharp
edges, and nearly flat intensity distribution [1], each of which carries important information about
the bubble formation mechanisms. For instance, assuming the gamma-ray emission is generated by
inverse-Compton (IC) scattering of the interstellar radiation field (ISRF) by cosmic-ray electrons
(CRe) (i.e., the leptonic scenario), the hard spectrum puts a very stringent constraint on the formation
time of the bubbles to be within a few Myr, which is the synchrotron and IC cooling times of CRe at
hundreds of GeV. Their smooth surface indicates that there is no rigorous hydrodynamic instabilities
occurring on the scales comparable to the bubble sizes. The sharp edges of the bubbles suggest
suppression of CR diffusion at the bubble surface. The nearly flat intensity distribution also
provides crucial information about the three-dimensional (3D) spatial distributions of the CRs. In
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particular, it rules out models with CRs distributed in a thin shell near the bubble surface that would
project into a limb-brightened intensity profile, e.g., as predicted in some of the early models based
on shock acceleration; models that predict uniform gamma-ray emissivities that would produce
centrally-brightened intensity distributions are also disfavored [see references in 8]. The more
recent compilation of the Fermi data [9] confirmed the initial results, but revealed that there is an
exponential cutoff at ∼ 110 GeV in the gamma-ray spectrum, and that the gamma-ray spectrum is
remarkably latitude independent. Considering the effects of line-of-sight projections, the spatially
uniform gamma-ray spectrum provides extremely tight constraints on the 3D spatial and spectral
distributions of CRs.

The microwave haze was first detected in the WMAP data [2] and later confirmed by Planck
[3], observed in the ∼ 20 − 40 GHz band. The haze is spatially coincident with the gamma-ray
bubbles, suggesting that they likely share the same origin. Its intensity decays with distance from
the GC, consistent with the decaying magnetic field strength within the Galaxy. The microwave
haze also has a hard spectrum, which provides key constraints on the formation mechanisms (see
§ 3). A pair of polarized lobes with similar morphology to the Fermi bubbles are also observed
at 2.3 GHz by the S-PASS survey [10]. The polarized lobes extend to somewhat higher Galactic
latitudes (∼ 60 degrees), and their spectrum is steeper than the gamma-ray bubbles, suggesting that
they may be generated by a distinct population of CRs. The high polarization fractions within the
lobes indicate that the magnetic field within the bubbles are largely coherent.

In the X-ray band, the ROSAT all-sky map has provided a lot of information about the complex
thermal gas distribution within the Galactic halo. A pair of X-shaped arc at low Galactic latitudes
was detected and proposed to be evidence for a galactic outflow [4]. One of the most prominent
features in the X-ray sky is the NPS located in the northern hemisphere. The morphology of the
NPS is similar to the Loop I feature seen in the radio sky, and which is believed to be associated with
a superbubble in the solar neighborhood [e.g., 11, 12]. However, the NPS also happens to lie near
the edge of the Fermi bubbles. Therefore, it has been intensely debated whether the NPS is related
to a local superbubble, or a GC event of energy injections [e.g., 13–15]. The new eRosita data has
brought new insights to this dispute, as it revealed a pair of gigantic bubbles in both hemispheres.
The existence of the south eRosita bubble suggests that at least part of the NPS emission should
originate from a GC outburst, supporting a hybrid origin for the NPS [e.g., 16].

In the TeV gamma-ray band, there has also been constraints from the HAWC observatory [17].
So far there has been no detection for photon energies above 1 TeV. The obtained upper limits put very
stringent constraints on the spectrum of CRs responsible for the gamma-ray emission, disfavoring
hadronic models with CR proton (CRp) spectrum extending above 100 TeV. The IceCube neutrino
observatory has also provided limits on the amount of high-energy neutrinos coming from the
region of sky associated with the Fermi bubbles. To date, it appears that no significant detections of
neutrinos from the Fermi-bubble region have been found, again disfavoring hadronic models with
CR spectrum extending to PeV ranges [18, 19]. Other studies have obtained estimates of neutrino
fluxes consistent with the level required by the hadronic origin of the Fermi bubbles [20]. However,
the HAWC upper limits in TeV suggest that these neutrinos are unlikely to be associated with the
Fermi bubbles.1

1This neutrino flux could be consistent with the low-latitude (< 10◦) GeV emission though, which does not have a
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There have also been measurements for the thermal, kinematic, and metallicity properties of
the Galactic halo using emission/absorption lines in the UV/X-ray bands, which could provide
constraints on the potential outflow driven by the GC outburst [see 14, for a more detailed review
on this topic]. For instance, [21] extracted X-ray spectra for slightlines passing through the Fermi
bubbles, and they found metallicity of 𝑍 ∼ 0.2 𝑍⊙ and plasma temperature of 𝑘𝑇 ∼ 0.3 keV, higher
than typical gas temperature of the halo gas 𝑘𝑇 ≈ 0.2 keV. [22] used line ratios between the O VIII
and O VII lines of multiple pointings to probe the thermal gas structure within the Galactic halo.
Using a simple geometrical model with a volume-filled hot bubble with a shock compressed shell,
they obtained constraints on the number density and gas temperature within the shell, 𝑛 ≈ 10−3

cm−3 and log(𝑇) ≈ 6.60 − 6.70. UV absorption line studies of background quasars have also
allowed constraints on the velocity structures of the cold gas (𝑇 ∼ 105 K) entrained within the
galactic outflow [23–26]. Though the interpretation of these observational data and the derived
constraints on outflow velocities are highly model dependent (e.g., assumptions about outflow
geometry, instantaneous vs. continuous energy injections, timescales for electron-ion equilibrium;
see more detailed discussion in [8]), the data offers stringent constraints on the theoretical models
proposed to explain the origin of the giant bubbles.

For completeness, one should mention several recent observational evidences for past GC
activities. [27] detected an outflow of neutral hydrogen at low Galactic latitudes (𝑏 < 10◦,
corresponding to a height of ℎ ∼ 1.5 kpc) with an outflow velocity of ∼ 330 km s−1 assuming the
outflow opening angle of ∼ 140◦. [28] found bipolar radio bubbles on scales of ∼ 15 pc, which
are spatially coincident with the GC chimney in X-ray [29]. As the physical scales and required
energetics for these phenomena seem quite different from those of the Fermi/eRosita bubbles, it
remains an open question whether these energetic outbursts have connections with each other.

Figure 1 summarizes all the relevant multi-messenger observational constraints in the vicinity
of the Fermi/eRosita bubbles. All the spatially resolved, multi-messenger data have offered valuable
information for the bubble formation mechanisms and posed stringent constraints on the theoretical
models, which will be discussed in § 3.

3. Physical Origin of the Bubbles

Since the discovery of the Fermi bubbles in 2010, many theoretical models have been proposed
to explain their origin. However, because of the stringent constraints from the ample amount of
data available (§ 2), it has been a great challenge for any theoretical model to reproduce the right
morphology and spectra of the multi-messenger observational data. In [8] we have reviewed much
of the proposed models in detail; in this Conference Proceedings we will highlight the key ideas
and more recent developments in terms of the understanding of the bubbles’ origin.

To explain the origin of the Fermi bubbles and their multi-wavelength counterparts, the fol-
lowing three questions need to be addressed: (1) What is the dominant emission mechanism for the
gamma-ray radiation? Is it leptonic, in which the gamma-ray emission is produced by IC scattering
of the ISRF by CRe, or is it hadronic, where the gamma rays are generated by decay of neutral
pions through the hadronic collisions between CRp and ambient protons? (2) What event at the

high-energy cutoff.
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Figure 1: Schematic diagram for all the relevant multi-messenger observational data in the vicinity of the
Fermi/eRosita bubbles (figure adapted from [1]).

GC triggerred the energy injection that produced the giant bubbles? Are they formed as a result of
a nuclear starburst or activity of the GC black hole? (3) Where are the CRs generating the Fermi
bubbles produced? Are they accelerated close to the GC and transported to large Galactic latitudes,
or are they accelerated in situ due to shocks or turbulence close to the bubble surface?

Note that because of the hard gamma-ray spectrum of the Fermi bubbles, which is well
approximated by a power-law spectrum with a spectral index of ∼ −2.1 [9], not any of the above
combinations of scenarios would work. For instance, if one would like to build a model based on
nuclear starburst winds, which would take greater than 10 Myr to reach a height of ∼ 10 kpc (with
typical wind velocities of hundreds of km s−1), then the gamma-ray emission has to be hadronic,
otherwise the high-energy CRe would have cooled due to synchrotron and IC losses before reaching
their current location. This scenario is called the "hadronic wind models." If instead one would
like to consider a leptonic model, then AGN jets that travel at thousands of km s−1 are required to
transport the CRs to large distances before they cool – this is the "leptonic jet model." Alternatively,
if one would like to bypass all the age constraints from the CRe cooling times altogether, then "in
situ acceleration models" need to be invoked, where the CRs are accelerated by shocks or turbulence
near the bubble surface. A schematic diagram of the above three categories of models is shown
in Figure 2. Note that any of the theoretical models proposed need to fall into one of the three
categories.

For the hadronic wind models, it has been shown that they could well reproduce the characteris-
tics of the observed bubbles in the gamma-ray band, either by starburst winds [e.g., 30, 31] or AGN
winds [e.g., 32, 33]. However, the synchroton emission produced by the secondary electrons and

5



P
o
S
(
E
C
R
S
)
0
2
3

Unveiling the Origin of the Fermi/eRosita Bubbles Hsiang-Yi Karen Yang

Figure 2: Schematic diagram for the three categories of theoretical models: hadronic wind models, leptonic
jet models, and in situ acceleration models. Because of the constraints from the hard gamma-ray spectrum
of the Fermi bubbles, any theoretical model proposed to explain the bubble formation would need to fall into
one of the three scenarios (see text for details).

positrons via the hadronic process falls short in explaining the microwave haze, and the predicted
spectrum is too steep compared to the observed one [e.g., 9, 34]. Therefore, purely hadronic models
are disfavored, and an additional component of primary electrons needs to be invoked in order to fit
the microwave haze spectrum [e.g., 31]. In addition, the HAWC upper limits in TeV as well as the
non-detection of neutrinos associated with the Fermi bubbles also have ruled out purely hadronic
models with CRp spectra extending to PeV energies.

On the other hand, both the leptonic jet model [e.g., 7, 35–39] and the in situ acceleration model
[e.g., 40] have shown success in reproducing the gamma-ray and microwave spectra simultaneously
with the same population of CRe. In the leptonic jet model, simulations have shown that fast AGN
jets could transport the CRe quickly from the GC to large heights within the CRe cooling times of
a few Myrs [35, 37]. [39] also showed that the spatially uniform hard gamma-ray spectrum and the
high-energy cutoff at ∼ 100 GeV [9] could be naturally explained in the leptonic jet scenario. The
high-energy cutoff is set by the fast synchrotron and IC cooling of CRe near the GC due to strong
magnetic and radiation fields. After the jets leave the central kpc region, the dynamical time of the
jets becomes shorter than other cooling timescales, and therefore the CRs are simply advected to
large Galactic latitudes within the jet outflow with their spectrum essentially unaltered.

For the in situ acceleration models [e.g., 34, 41–46], the CRs could be accelerated by shocks
or turbulence near the bubble surface, so that the hard gamma-ray spectrum and sharp edges of the
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observed Fermi bubbles could be naturally explained. One of the main challenges of the in situ
acceleration models is to reproduce the nearly flat intensity profile as observed, because CRs that
are shock-accelerated within a thin shell would project into a limb-brightened surface-brightness
distribution. To this end, some of the models require efficient escape of CRe [45] or additional
component of hadronic CRp [47]. More recently, [40] has demonstrated success in reproducing
both the spatially uniform gamma-ray bubble and microwave haze spectra by invoking CRs that
are accelerated by turbulence in the downstream of a shock assuming some combinations of CR
diffusion coefficients and magnetic field geometry.

The above studies suggest that the leptonic models, either the AGN jet scenario or the stochastic
acceleration scenario, seem to be promising proposed theories for explaining the multi-wavelength
observable signatures of the giant bubbles/haze. The key question then becomes: which of the
leptonic jet model or the in situ acceleration model is correct? Note that, although both models
predict similar properties for the nonthermal emission in the gamma-ray and microwave bands, one
of the key difference between these two models is the location of the shock front (see Figure 3). In
the in situ acceleration models, because the CRs producing the gamma-ray bubbles are generated by
shocks or turbulence in the shock downstream, the boundary of the gamma-ray bubbles is expected
to coincide with the shock location by construction. On the other hand, in typical AGN jet scenarios,
the forward shock is often more extended than the contact discontinuity between the jet materials
and the shocked ambient interstellar medium, which corresponds to the surface of the gamma-ray
bubbles. Therefore, comparing the location of the shock and boundary of the Fermi bubbles would
allow us to distinguish the two scenarios.

One could use the X-ray emission to identify the location of the shock driven by the GC
outburst, because the shock would compress the gas within the Galactic halo and enhance the local
thermal Bremsstrahlung emission in X-ray. The NPS and arc features near the surface of the Fermi
bubbles seen in the early ROSAT all-sky map could indicate the existence of such a shock. However,
the sensitivity of ROSAT was not yet sufficient to tell whether the shock is coincident with the
bubble surface or not. Now with the improved sensitivity of the eRosita satellite, one can clearly
see the surface of the gigantic eRosita bubbles and identify the location of the forward shock. In the
overlaid image of the Fermi bubbles and the eRosita bubbles shown in [6] (their Figure 3), one can
clearly see that the boundaries of the gamma-ray and X-ray bubbles are not identical to each other.
Particularly, the shock front is located further away from the GC than the surface of the gamma-ray
bubbles, which is more consistent with the leptonic jet scenario (Figure 3).

Indeed, recent simulations based on the leptonic jet model have demonstrated success in re-
producing the morphology and multi-wavelength spectra of the observed Fermi bubbles, eRosita
bubbles, and the microwave haze [7]. Using 3D magnetohydroydnamic (MHD) simulations includ-
ing self-consistent modeling of the evolution of the CR spectra, it was found that these gigantic
structures in the Milky Way Galaxy could be simultaneously explained by a single jet event from the
central supermassive black hole Sgr A* ∼ 2.6 Myrs ago. The separation between the forward shock
and the contact discontinuity allows tighter constraints to be put on the duration of the jet injections
compared to previous results using morphology of the gamma-ray bubbles alone [37], yielding an
estimate of ∼ 0.1 Myr as the duration of the black hole accretion event. During its active phase,
the central black hole is estimated to be accreting at a rate ∼ 1 − 10% of the Eddington rate, which
corresponds to a total ∼ 103−4 𝑀⊙ of materials being accreted onto the black hole. Interestingly,
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Figure 3: Schematic diagram comparing the expected shock location and surface of the Fermi bubbles in
the leptonic jet scenario (left) versus the in situ acceleration models.

the timescales and energetics estimated for the leptonic jet model are consistent with independent
constraints from elevated ionization signatures in the Magellanic Stream [48–50]. Specifically, it
was found that there are enhanced ionization in H𝛼, C IV, and Si IV along the south Galactic pole,
which can be naturally explained by a Seyfert-flare model proposed by [48, 49]. The similarity of
the inferred timescales and activity level of the Sgr A* from these independent constraints suggests
that the GC black hole indeed could have gone through an active period in the past few Myrs.

4. Open Questions and Future Prospects

The new observational constraints from eRosita have highlighted the power of combining
multi-messenger data to gain insights into the formation scenarios of these fascinating structures
in our Milky Way Galaxy. Despite the recent progress, there remain many opening questions to
be addressed in the future. We discuss some of the open questions and future prospects in the
following.
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• Could the leptonic jet model fit the thermal, kinematic, and metallicity constraints of
the Galacitc halos? While the leptonic jet model is successful in reproducing the observed
nonthermal signatures and integrated X-ray emission, it remains to be shown whether it
is consistent with X-ray/UV emission/absorption line studies of the Galactic halo.2 As
mentioned in § 2, the interpretation of the observational data can be affected by several
simplified assumptions in the modeling, and hence it is critical to verify the model using
a forward-modeling approach and make detailed comparisons between the model and the
observational data.

• Are the jet directions required to be perpendicular to the Galactic plane? Motivated
by the symmetry of the observed Fermi/eRosita bubbles, previous works that considered the
leptonic jet models [e.g., 7, 35, 37] have considered energy injections perpendicular to the
Galactic plane. However, in general the direction of black hole jets does not need to align
with the rotational axis of the host galaxy. Also, recent constraints from the shadow of Sgr A*
suggest that the black hole spin at the present day could have a low inclination angle [51].3
Therefore, more studies are required to explore possibilities in which the jets are tilted with
respect to the Galactic plane, and see whether they could still produce symmetric bubbles
after the jets interact with the dense, clumpy interstellar medium within the Galactic disk
[e.g., 53].

• Could we detect Fermi-bubble analogues in nearby galaxies? In order to make connections
between the GC outburst that generated the Fermi bubbles to activities in other galaxies in
general, one useful piece of information is how frequently do similar events occur, and one
way to tell is by searching for Fermi-bubble analogues in nearby Milky-Way-like galaxies.
Recently, [54] and [55] have investigated the evolution of the multi-wavelength spectra of
galaxies bubbles similar to the Fermi bubbles in both the leptonic and hadronic scenarios.
It was found that, for the leptonic scenario, the CRe cool very quickly due to synchrotron
and IC cooling. Therefore, their TeV emission decays very quickly, and only a few would
be observable even with the sensitivity of Cherenkov Telescope Array (CTA). On the other
hand, the radio emission does not drop significantly over time, and thus a few dozens may be
observable with the sensitivity similar to Square Kilometer Array (SKA).

• How do AGN jets affect the evolution of Milky-Way like galaxies? In the current under-
standing of jet-mode or radio-mode AGN feedback, typically the discussion is focused on its
influence on suppressing cooling flows in giant elliptical galaxies and clusters of galaxies.
However, if the Fermi/eRosita bubbles are truly generated by AGN jets, it would be interesting
to ask whether such jets could also provide feedback and suppress subsequent star formation
activities in lower-mass, star forming galaxies like the Milky Way. Simulations [e.g., 56]
have demonstrated that star formation rates in galaxies could be substantially reduced by AGN
jet-driven turbulence, depending on the jet power and inclination. It remains an open question

2Note that there remain some parameter degeneracies in the leptonic jet model which would make different predictions
for the gas temperature inside the Fermi bubbles [7]. Therefore we plan to investigate this issue in future work.

3Of course, the black hole spin axis at the present day does not need to be the same as a few Myrs ago. In addition,
there could be efficient black hole spin-galaxy disk alignment processes in low-mass galaxies [e.g., 52].
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how to link the powerful outburst in the Milky Way to the overall picture of SMBH-galaxy
coevolution.
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