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Energetic Outbursts at the Galactic Center

Extended Data Fig. 1 | Schematic of the eROSITA and Fermi bubbles. 
Schematic of the geometry of the eROSITA bubbles (EBs; yellow) and Fermi 
bubbles (FBs; purple) with respect to the Galaxy and the Solar System. The 

approximate sizes of these structures, as derived from our analysis, are also 
marked (green and purple arrows).
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Fermi Bubbles in Gamma Ray and Microwave

(Su + 2010)


The Astrophysical Journal, 793:64 (34pp), 2014 September 20 Ackermann et al.

Figure 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 different derivations of the Galactic foreground emission and the
definitions of the template of the bubbles. The uncertainty of the effective area
is added in quadrature to the other systematic uncertainties.
(A color version of this figure is available in the online journal.)

from the GALPROP v54 distribution (Porter & Strong 2005;
Moskalenko et al. 2006). Because no significant variation of
the gamma-ray spectrum across the bubbles has been found,
we will use the spectrum averaged over the area of the bubbles
(Figure 18, right, and Table 2).

As a benchmark model for the spectrum of electrons, we take
the spectrum derived using the ISRF at 5 kpc above the GC. We
also compare it with the electron spectrum obtained for CMB
photons only.

The gamma-ray spectrum of the Fermi bubbles has a signif-
icant cutoff at high energies, so we model the electron spec-
trum by a power law with an exponential cutoff ∝ E−ne−E/Ecut .
The best-fit parameters are n = 2.17 ± 0.05[stat]+0.33

−0.89[syst] and
Ecut = 1.25 ± 0.13[stat]+1.73

−0.68[syst] TeV. The corresponding IC
spectra are shown in Figure 34 on the left. The details of the
calculation can be found in Appendix B.1. The indices and the

cutoff values for different foreground models and definitions of
the templates of Loop I and the bubbles are shown in Figure 34
on the right. The bremsstrahlung emission is at least two orders
of magnitude smaller than the IC emission for a characteris-
tic gas density nH ! 0.01 cm−3 at a few kiloparsecs from the
Galactic plane (Snowden et al. 1997), and can be neglected.

We will assume that the center of the bubbles is at b = 25◦,
that is, the distance to the center of the bubbles is R =
R$/ cos b = 9.4 kpc, where R$ = 8.5 kpc is the distance to the
GC. The total energy contained in the electron population inside
the bubbles above 1 GeV is (1.0 ± 0.2[stat]+6.0

−1.0[syst]) × 1052

erg, where the value corresponds to the baseline model; the
statistical uncertainty is calculated by marginalizing over the
index and cutoff of the electron spectrum. The systematic
uncertainty is estimated by calculating the electron spectrum
for different models of the foreground emission and definitions
of the templates of the bubbles and Loop I.

The synchrotron emission from the benchmark population of
electrons for different values of the magnetic field is shown in
Figure 35, together with the IC signal. On the same plot we
also include the Planck and WMAP microwave haze spectrum
(Pietrobon et al. 2012; Ade et al. 2013). The index of the mi-
crowave haze emission is harder than the synchrotron emission
for a stationary population of electrons in the Galaxy. The mi-
crowave haze spatially overlaps with the gamma-ray bubbles
at |b| < 35◦. We confirm that the population of electrons that
produces the gamma-ray emission of the Fermi bubbles via IC
scattering can also produce the microwave haze (Dobler et al.
2010; Su et al. 2010; Su & Finkbeiner 2012; Dobler 2012; Ade
et al. 2013).

The range of spectra of the synchrotron emission corre-
sponding to the systematic uncertainty in the electron spectrum
(Figure 34) is shown in Figure 35 on the right. For each electron
spectrum, we find the magnetic field that gives the best fit to
the microwave data. We find B = 8.4 ± 0.2[stat]+11.2

−3.5 [syst] µG,
where the value is for the baseline model, the statistical uncer-
tainty is calculated using the statistical errors of the WMAP and
Planck haze spectra, and the systematic uncertainty is due to the
modeling of the gamma-ray foregrounds and the definition of
the template of the bubbles. The allowed magnetic fields range
approximately from 5 to 20 µG. A larger index (softer spectrum)
corresponds to a greater number density of electrons at lower
energies; in this case the magnetic field is ∼5 µG. A harder

Figure 33. SED of the Fermi bubbles in latitude strips. Left: northern bubble. Right: southern bubble. For a description of the points and bands, see caption of Figure 32.
(A color version of this figure is available in the online journal.)
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eROSITA	Bubbles

eROSITA bubbles (Predehl + 2020)

red — Fermi gamma-ray map


0.6-1	keV	in	cyan
 MAXI (0.7-1 keV; red), Nakahira + 2020




X-ray	Chimneys	and	Central	15-pc	X-ray	lobes

Ponti et al 2019 Nature
Extended Data Fig. 1 | Schematic of the eROSITA and Fermi bubbles. 
Schematic of the geometry of the eROSITA bubbles (EBs; yellow) and Fermi 
bubbles (FBs; purple) with respect to the Galaxy and the Solar System. The 

approximate sizes of these structures, as derived from our analysis, are also 
marked (green and purple arrows).



The	Galactic	Center	PeVatron

HESS 2016 Nature



Mysteries	about	Fermi	and	eROSITA	Bubbles

eROSITA bubbles (Predehl + 2020)


Cyan	0.6-1	keV

 Fermi and eROSITA bubbles:

(1) Gamma ray emission mechanisms

(2) Origins 

Do Fermi and eROSITA bubbles are 
somehow related with each other? or simply 
one same event?


Red:	gamma		ray

How do they contribute to the Galactic cosmic 
ray population at various energies?



Scenario	one:		one	unified	model	for	Fermi	and	eROSITA	bubbles

Bipolar	Jets

Fermi	Bubbles
Guo	&	Mathews	2012;	Guo	+	2012,	ApJ;	Guo	2017；Zhang	&	Guo	2020,	2021

	other	AGN	models:	Quasar	outflow	model,	hot	accretion	flow	-	outflow	model

Active	Galactic	Nucleus	(AGN)



Prediction：Forward	Shock	in	the	CGM
Producing	a	forward	shock	in	the	circumgalactic	medium	(CGM)	in	the	Galactic	halo

Guo & Mathews, ApJ，2012a, 2012b

thermal	gas	density	distribution
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TABLE 1
List of Simulations

κ Rjet tjet η ejcra vjet nej
b tFermi Pcr

c Pke
c Pjet

c ṀBH
d Ejet

e

Run (cm2 s−1) (kpc) (Myr) (10−4 cm−3) (Myr) M"/yr (1056 erg)
A1 3× 1027 0.4 0.3 0.01 1.0 0.1c 5.68 2.06 1.43 7.09 8.60 0.015 8.13
A-diff1 3× 1028 0.4 0.3 0.01 1.0 0.1c 5.68 1.94 1.43 7.09 8.60 0.015 8.13
A-diff2 3× 1029 0.4 0.3 0.01 1.0 0.1c 5.68 1.30 1.43 7.09 8.60 0.015 8.13
A-diff3 varied 0.4 0.3 0.01 1.0 0.1c 5.68 2.06 1.43 7.09 8.60 0.015 8.13
A2 3× 1027 0.4 0.3 0.02 1.5 0.1c 11.36 1.74 2.15 14.18 16.41 0.029 15.51
A3 3× 1027 0.4 0.2 0.01 3.0 0.2c 5.68 0.86 8.58 56.75 65.48 0.11 41.25
A4 3× 1027 0.2 0.3 0.05 6.0 0.1c 28.40 2.34 2.15 8.87 11.03 0.019 10.42
B1 3× 1027 0.4 0.3 0.0001 1.0 0.1c 0.057 - 1.43 0.07 1.58 0.0028 1.49
B2 3× 1027 0.4 0.3 0.5 1.0 0.05c 284 0.89 0.72 44.33 45.08 0.079 42.6

aThe initial CR energy density in the jet base (in units of 10−9 erg cm−3).
bnej is the initial thermal electron number density in the jet base: nej = ρj/(µemµ).
cPcr, Pke, and Pjet are, respectively, the jet CR, kinetic, and total powers (in units of 1043 erg s−1). Pjet = Pke + Pcr + Pth,

where the thermal jet power Pth is much smaller than Pke and/or Pcr in our runs.
dṀBH is the corresponding accretion rate of the supermassive black hole at the GC, assuming a feedback efficiency of 10%:

ṀBH = Pjet/(0.1c2).
eEjet = Pjettjet is the energy injected by one jet during the AGN phase 0 ≤ t ≤ tjet. The total energy injected by both bipolar

jets is 2Ejet.

Fig. 2.— Central slices (16×15 kpc) of CR energy density (top panels) and electron number density (bottom panels) in logarithmic scale
in run A1 at t = 1 Myr (left panels), and t = tFermi = 2.06 Myr (right panels). Horizontal and vertical axes refer to R and z respectively,
labeled in kpc. The dotted region in each panel approximately encloses the observed north Fermi bubble. The propagation of the AGN jet,
active for only tjet = 0.3 Myr, produces a CR bubble at t = 2.06 Myr approximately matching the observed Fermi bubble. The dashed lines
in bottom panels trace the outer edge of the ROSAT X-ray ‘northern arc’ feature, and is roughly spatially coincident with the jet-induced
shock at t = 2.06 Myr.

Guo	&	Mathews	2012

Extended Data Fig. 1 | Schematic of the eROSITA and Fermi bubbles. 
Schematic of the geometry of the eROSITA bubbles (EBs; yellow) and Fermi 
bubbles (FBs; purple) with respect to the Galaxy and the Solar System. The 

approximate sizes of these structures, as derived from our analysis, are also 
marked (green and purple arrows).

Fermi	bubbles	(red)	and	eROSITA	Bubbles	(cyan)

Fermi	Bubbles：	jet	ejecta	bubbles	in	the	Milky	Way

eROSITA	bubbles:			shocked	CGM	bubbles	of	the	Fermi	bubble	event	in	the	halo

Scenario	one:		one	unified	model	for	Fermi	and	eROSITA	bubbles



Problem:	bipolar	X-ray	outflows	in	ROSAT	map

Zhang	&	Guo	2021

Composite



The	Jet-Shock	Model	of	Fermi	bubbles

8 Zhang & Guo

central lobe, which is enclosed by a contact discontinu-
ity and contains high-temperature jet plasma and some
jet-entrained halo gas, and the outer shell, which is lo-
cated between the forward shock and the inner contact
discontinuity and contains the shock-heated halo gas.
To directly compare the simulated bubble morphol-

ogy with observations, we calculate the line-of-sight av-
eraged thermal gas density at t = 5 Myr using Equa-
tions 12 and 13. Figure 5 shows the averaged thermal
electron number density along lines of sight from the
Earth to a distance of 20 kpc in Galactic coordinates
with a Hammer-Aitoff projection. As seen in this fig-
ure, the outline of the projected shock lies quite close
to the observed edge of the Fermi bubbles, especially at
negative latitudes, suggesting that run A reproduces the
location, size and morphology of the Fermi bubbles quite
well, and the bubble age in run A is roughly 5 Myr. Our
model further predicts that there is a low-density lobe
in the middle of each bubble as seen clearly in Figures 4
and 5, and these two low-density lobes may explain the
vast cavity of hot gas with radius ∼ 6 kpc described by
Nicastro et al. (2016) in the central region of the Milky
Way.
The temperature distribution in the bubble contains

very useful information, and by comparing with obser-
vations, it can be used to constrain the properties of the
Fermi bubbles. Figure 6 shows the temperature distri-
bution of thermal gas in run A at t = 5 Myr. The gas
temperature in the inner low-density lobe is very high,
∼ 10 keV or above. In the outer shell, the gas tempera-
ture slightly increases from low to high latitudes, and at
z ! 4 kpc, the gas temperature is T ∼ 0.4 keV. This can
also be seen in Figure 7, which shows the variations of
gas temperature along the R direction at t = 5 Myr at
three fixed values of z = 2, 5, and 8 kpc. X-ray emission
from the inner lobe is expected to be very weak due to
the low gas densities there, and there would be essen-
tially no line emissions from this region due to its very
high gas temperatures. X-ray emissions from the Fermi
bubble would thus be dominated by the outer shell re-
gion.
As shown in Figure 7, it is remarkable that the gas

temperatures in the downstream of the forward shock
(the outer shell) at z = 2, 5, and 8 kpc are all quite
close to 0.4 keV, consistent with those measured by
Miller & Bregman (2016) with O IIV and O IIIV emis-
sion line ratios. We have also run many additional simu-
lations with different jet powers, and find that the post-
shock gas temperature depends quite strongly with the
jet power. If the jet is more powerful, it takes less time
to form the bubble with the current size, and the post-
shock temperature is higher. In this sense, we constrain

(a)

(b)

(c)

Figure 4. Central slices (16 × 15 kpc) of thermal gas den-
sity in logarithmic scale at t=1, 3, 5 Myr in run A. Note
that the edge of the observed Fermi bubbles corresponds to
the expanding forward shock in our model, where CRs are
expected to be accelerated.

the age of the Fermi bubbles in the shock model to

10 Zhang & Guo

hot halo gas, the shock model is also expected to ex-
plain the X-shaped biconical X-ray structure within 10
degrees around the GC, as shown in this section.
The X-ray surface brightness is calculated for run A

at t = 5 Myr as follows. We adopt the APEC plasma
model (Smith et al. 2001) with a fixed gas metallicity
Z = 0.3Z!. Assuming that the hot gas is optically
thin and under collisional ionization equilibrium, the
surface brightness I in the Galactic coordinates (l, b) at
the ROSAT 1.5 keV band can be calculated as follows:

I(l, b) =
1

4π

∫

los

n2
eε(T )dr erg s−1 cm−2 Sr−1, (14)

where ε(T ) is the volumetric emissivity of the plasma.
Atomic data are taken from Astrophysical Plasma
Emission Database (APED) with the publicly avail-
able PyAtomDB package, and both line emissions and
bremsstrahlung are included in ε(T ). Along each line of
sight, the integration in the above equation is done to a
distance of 50 kpc.
Figure 9 shows the synthetic X-ray (0.7–2 keV) sur-

face brightness map for run A at t = 5 Myr. Due to
the compression of hot gas by the forward shock, the
simulated Fermi bubble is limb brightened, and in par-
ticular, the bubble base is very bright in X-ray, coin-
ciding very well with the location of the bipolar X-ray
structure seen in the ROSAT 1.5 keV map. The calcu-
lated X-ray surface brightness of the shock-compressed
shell at the bubble base is around 5×10−8 erg s−1 cm−2

Sr−1, corresponding to ∼ 10−3 counts s−1 arcmin−2 in
the ROSAT R6+R7 band, which is quite close to the
observed value of ∼ 5× 10−4 counts s−1 arcmin−2. The
minor discrepancy could be due to HI absorption in the
Galactic disk and bulge. This result further strength-
ens the forward shock model for the origin of the Fermi
bubbles and the X-shaped biconical structure in the 1.5
keV map.

3.3. The Emission Measure

To compare the gas densities in our simulated Fermi
bubbles with observations more quantitatively, here we
calculate the emission measures (EMs) along the lines
of sight toward the bubbles in run A at t = 5 Myr,

EM(l, b) =

∫

los

n2
edl , (15)

where the integration is done to a distance of 50 kpc
from the Earth. We then compare our calculated EMs
with the data in Kataoka et al. (2015), which show the
observed EMs along many sight lines toward a very large
area of the Fermi bubbles. Using Suzaku and Swift X-
ray data, Kataoka et al. (2015) found that the EM typi-

Figure 9. Synthetic X-ray (0.7–2 keV) surface brightness
map in Galactic coordinates with a Hammer-Aitoff projec-
tion for run A at t = 5 Myr. The dots represent the edge of
the observed Fermi bubbles.

cally decreases with Galactic latitude, varying by an or-
der of magnitude over the region covered by the Fermi
bubbles.
Figure 10 shows the EM as a function of Galactic lat-

itude. The orange dots represent the EM data along
many sight lines shown in Kataoka et al. (2015), while
the blue dots show the corresponding EMs along the
same sight lines calculated in run A. We also calculate
the maximum value of the EMs at any given latitude,
and show the variation of it with Galactic latitude as
the solid blue line. This line represents the EMs along
the lines of sight toward the swept-up shell right be-
hind the forward shock. As can be seen, the calculated
EM increases from ∼ 0.01 cm−6 pc at high latitudes to
∼ 0.3 cm−6 pc near the GC, roughly following the trend
in the observations. However, along many sight lines,
our calculated EMs are substantially lower than the ob-
served values, which likely include additional contribu-
tions from some gaseous structures outside the Fermi
bubbles. The asymmetry of the observed EMs between
the northern and southern bubbles also suggests that the
observed EMs derived from 0.4− 10 keV X-ray observa-
tions include significant or even dominant contributions
from local structures not directly associated with the
Fermi bubble event along many sight lines. Soft X-rays
emitted near the GC are subject to strong absorptions,
and to probe the gas properties related to the hot Fermi
bubbles, it may be better to use hard X-ray observa-
tions, such as the biconical X-ray structure revealed by
the ROSAT 1.5 keV map.

3.4. The Mach Number at the Forward Shock

In the shock model, CRs are accelerated at the ex-
panding forward shock, and diffuse into the bubble in-
terior. The CR acceleration efficiency depends strongly
on the Mach number. Here in this subsection we investi-
gate the evolution of the Mach number at the propagat-

Zhang & Guo, 2020, 2021

Scenario	two:		separate	models	for	Fermi	and	eROSITA	bubbles

The Astrophysical Journal, 793:64 (34pp), 2014 September 20 Ackermann et al.

Figure 10. Left: data minus gas-correlated emission residuals in the energy bin E = 6.4–9.1 GeV (smoothed with a 2◦ Gaussian kernel). Right: a model of the
residual with two Gaussian templates and an isotropic template. The Gaussian along the Galactic plane models the IC emission. The Gaussian that is more extended
perpendicular to the plane is a proxy template for Loop I and the bubbles.
(A color version of this figure is available in the online journal.)

use the weighted sum of the gas-correlated components as an
all-sky template to determine the templates and the spectrum of
the other components.

4.2. IC and Isotropic Components

The next step is to model the IC and isotropic components.
First, we subtract the PS and the gas-correlated component
found in the previous subsection from the data. Examples of
the polynomial models and the residuals after subtraction of the
gas-correlated components are shown in Figures 9 and 10. Note
the presence of two distinct components: a component along the
Galactic disk (mostly IC) and a halo component (mostly Loop I
and the Fermi bubbles).

We model both the disk and the halo components by bivariate
Gaussians with parameters σ disk

b , σ disk
" , σ halo

b , and σ halo
" , respec-

tively. The centers of the Gaussians are fixed at the GC. We fit
the two Gaussians together with the isotropic template to the
residuals obtained by subtracting the gas-correlated emission
components and the PS from the data. The Gaussian for the
halo is a proxy template for the bubbles and Loop I, and is
necessary to avoid a bias in the determination of the disk tem-
plate. The parameters of the Gaussians are fitted independently
in each energy bin below 30 GeV. At higher energies, the pa-
rameters of the Gaussians are determined from a fit to the flux
integrated above 30 GeV. The Gaussian model in the energy bin
(6.4–9.1) GeV is shown in Figure 10. In this section and the
following, we use the global χ2 fitting procedure described in
Equation (4) without the additional weight factors introduced
for the local template analysis in Equation (5) (i.e., we perform
an all-sky fit instead of the local fit in patches).

4.3. Bubbles and Loop I

We define the template of the bubbles from the residual flux
after subtracting the gas-correlated, isotropic, and disk compo-
nents from the data. We do not subtract the halo component,
which only served as a proxy for bubbles and Loop I in the
previous step. The template for the bubbles is derived from the
residual flux integrated above 10 GeV (Figure 11). Compared to
the derivation of the template of the bubbles in Section 3.2, here
we use the energy range above 10 GeV to test the uncertainty
related to the choice of the lower energy bound (compared to
6.4 GeV in Section 3.2). The histogram of pixel counts inside
and outside the bubbles region and the template of the bubbles
are shown in Figure 12. For the energy range above 10 GeV the
pixel counts in the background region intersect the distribution

Figure 11. Residuals after subtracting the gas-correlated, disk, and isotropic
components. The map shows the residuals integrated above 10 GeV in signifi-
cance units (data minus model over the standard deviation of the data). Dashed
ellipse: the region that includes the bubbles.
(A color version of this figure is available in the online journal.)

of pixel counts in the ellipse region around 2.5σBG, which we
use in the definition of the template of the bubbles.

In order to separate Loop I from the Fermi bubbles, we
determine these templates from a correlation with the spectra of
the two components between 0.7 GeV and 10 GeV, where the
contribution from both Loop I and the bubbles is significant.
The energy range is chosen to be relatively small so that the
spectra are well approximated by a simple power-law function.

The derivation of templates correlated with the known spectra
is similar to the derivation of the spectra for known templates. If
we represent the residuals after subtracting the gas-correlated,
IC, and isotropic components in k energy bins and in N pixels as a
k×N matrix D, then, assuming that we can neglect the statistical
uncertainty, the problem of separating this residual into m
components is equivalent to the following matrix separation
problem (e.g., Malyshev 2012)

D = F · T , (8)

where F is a k×m matrix of the spectra and T is an m×N matrix
of templates. If the spectra F are known, then the corresponding
templates are determined as

T = (FT · F )−1 · (FT · D). (9)

This solution also works in the case of uniform statistical
uncertainties. In the case of a non-uniform uncertainties, one
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Consistent	with	Other	Potentially	Relevant	Observations

Miller	et	al.(2016)	found	the	bubble	temperature	is	kT~0.40	keV,		gas	density	~0.001	cm-3

0.2	keV

0.4	keV

Bordoloi	et	al.(2017)	found	the	bubble	age	is	5-9	Myr	from	UV	absorption	line	studies	of	HVCs	

towards	the	bubbles.

Sgr	A∗	is	orbited	by	over	a	hundred	massive	stars	with	ages	∼	6±2	Myr

3.2. Hot Halo Model

We assume that the Milky Way’s “extended” hot gas plasma
structure is dominated by a spherical, volume-filling halo of
material extending to the virial radius, as opposed to the
alternative assumption of an exponential disk morphology with
scale height between 5 and 10 kpc. The latter structure is
believed to form from supernovae in the disk (e.g., Norman &
Ikeuchi 1989; Joung & Mac Low 2006; Hill et al. 2012) and
can reproduce X-ray absorption and emission line strengths in
several individual sight lines (Yao & Wang 2005, 2007; Yao
et al. 2009; Hagihara et al. 2010). However, numerous studies
have shown that a spherical, extended morphology due to
shock-heated gas from the Milky Way’s formation reproduces
a multitude of observations (e.g., White & Frenk 1991; Cen &
Ostriker 2006; Fukugita & Peebles 2006). These include ram-
pressure stripping of dwarf galaxies (Blitz & Robishaw 2000;
Grcevich & Putman 2009; Gatto et al. 2013), the pulsar
dispersion measure toward the Large Magellanic Cloud
(Anderson & Bregman 2010; Fang et al. 2013), and the
aggregate properties of oxygen absorption and emission lines
distributed in multiple sight lines across the sky (Bregman &
Lloyd-Davies 2007; Gupta et al. 2012; Miller & Breg-
man 2013, 2015; Faerman et al. 2016). This distribution has
been proven to reproduce most of the O VIII emission line
intensities from the XMM-Newton portion of the sample, thus
justifying its use in this modeling work.

Our parameterized density distribution follows a spherical
β-model, which assumes that the hot gas is approximately in
hydrostatic equilibrium with the Milky Way’s dark-matter
potential well. The β-model has also been used to fit X-ray
surface brightness profiles around early-type galaxies (e.g.,
O’Sullivan et al. 2003) and massive late-type galaxies (Anderson
& Bregman 2011; Dai et al. 2012; Bogdán et al. 2013a, 2013b;
Anderson et al. 2016). The model is defined as

= + b-n r n r r1 , 1o c
2 3 2( ) ( ( ) ) ( )

where r is the galactocentric radius, n◦ is the central density, rc
is the core radius (15 kpc), and β defines the slope (typically
between 0.4 and 1.0). The previous modeling by MB15 was
limited to using an approximate form of this model in the limit
where �r rc, since they specifically did not include observa-
tions near the expected rc. This resulted in constraints on a
power-law density distribution:

»
b

b
n r

n r
r

. 2o c
3

3
( ) ( )

The emission line sample in this study includes 33 sight lines
that pass within 20° of the Galactic center, so we present model
results assuming both distributions. The net effect of this will
be for the power-law model to produce more halo emission for
sight lines near the Galactic center than the usual β-model since

Figure 4. All-sky Aitoff projections (left panels) and a projection near the Fermi bubbles (right panels) of our O VIII and O VII emission line samples (top and bottom
panels respectively). The squares represent measurements from XMM-Newton (HS12), the circles represent our new Suzaku measurements, and the dashed lines
represent the Fermi bubbles’ gamma-ray edge. We use the O VIII data in our model fitting process.
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3.2. Hot Halo Model

We assume that the Milky Way’s “extended” hot gas plasma
structure is dominated by a spherical, volume-filling halo of
material extending to the virial radius, as opposed to the
alternative assumption of an exponential disk morphology with
scale height between 5 and 10 kpc. The latter structure is
believed to form from supernovae in the disk (e.g., Norman &
Ikeuchi 1989; Joung & Mac Low 2006; Hill et al. 2012) and
can reproduce X-ray absorption and emission line strengths in
several individual sight lines (Yao & Wang 2005, 2007; Yao
et al. 2009; Hagihara et al. 2010). However, numerous studies
have shown that a spherical, extended morphology due to
shock-heated gas from the Milky Way’s formation reproduces
a multitude of observations (e.g., White & Frenk 1991; Cen &
Ostriker 2006; Fukugita & Peebles 2006). These include ram-
pressure stripping of dwarf galaxies (Blitz & Robishaw 2000;
Grcevich & Putman 2009; Gatto et al. 2013), the pulsar
dispersion measure toward the Large Magellanic Cloud
(Anderson & Bregman 2010; Fang et al. 2013), and the
aggregate properties of oxygen absorption and emission lines
distributed in multiple sight lines across the sky (Bregman &
Lloyd-Davies 2007; Gupta et al. 2012; Miller & Breg-
man 2013, 2015; Faerman et al. 2016). This distribution has
been proven to reproduce most of the O VIII emission line
intensities from the XMM-Newton portion of the sample, thus
justifying its use in this modeling work.

Our parameterized density distribution follows a spherical
β-model, which assumes that the hot gas is approximately in
hydrostatic equilibrium with the Milky Way’s dark-matter
potential well. The β-model has also been used to fit X-ray
surface brightness profiles around early-type galaxies (e.g.,
O’Sullivan et al. 2003) and massive late-type galaxies (Anderson
& Bregman 2011; Dai et al. 2012; Bogdán et al. 2013a, 2013b;
Anderson et al. 2016). The model is defined as

= + b-n r n r r1 , 1o c
2 3 2( ) ( ( ) ) ( )

where r is the galactocentric radius, n◦ is the central density, rc
is the core radius (15 kpc), and β defines the slope (typically
between 0.4 and 1.0). The previous modeling by MB15 was
limited to using an approximate form of this model in the limit
where �r rc, since they specifically did not include observa-
tions near the expected rc. This resulted in constraints on a
power-law density distribution:

»
b

b
n r

n r
r

. 2o c
3

3
( ) ( )

The emission line sample in this study includes 33 sight lines
that pass within 20° of the Galactic center, so we present model
results assuming both distributions. The net effect of this will
be for the power-law model to produce more halo emission for
sight lines near the Galactic center than the usual β-model since

Figure 4. All-sky Aitoff projections (left panels) and a projection near the Fermi bubbles (right panels) of our O VIII and O VII emission line samples (top and bottom
panels respectively). The squares represent measurements from XMM-Newton (HS12), the circles represent our new Suzaku measurements, and the dashed lines
represent the Fermi bubbles’ gamma-ray edge. We use the O VIII data in our model fitting process.
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Figure 10. Emission measures along many sight lines to-
ward the Fermi bubbles as a function of Galactic latitude.
The orange dots represent the EM data in Kataoka et al.
(2015), while the blue dots show the corresponding EMs
along the same lines of sights calculated in run A at t =
5 Myr. We also calculate the maximum value of the EMs
toward the sight lines at any given latitude, and show the
variation of it with Galactic latitude as the solid blue line,
which represents the EMs towards the lines of sight near the
forward shock.

ing forward shock in our fiducial run (run A). The shock
front is identified as jumps in the pressure and temper-
ature distributions and the associated Mach number M
is calculated according to the Rankine-Hugoniot jump
conditions. At t = 5 Myr, the Mach number at the for-
ward shock is shown in Figure 11. As can be seen, the
Mach number along the bubble edge increases slightly
from M ∼ 1.8 at z = 2 kpc to M ∼ 2.2 at z = 9 kpc.
This value is roughly consistent with the Mach number
of M = 2.3+1.1

−0.4 estimated in Miller & Bregman (2016).
Note that at the bubble top (R, z) ∼ (0, 9.6 kpc) most
affected by the jet evolution, the Mach number peaks
quickly at M ∼ 2.8 from nearby regions.
The temporal evolution of the Mach number at the

shock front, i.e. the bubble surface, is shown in Figure
12. The Mach number evolution at the top of the bubble
(R = 0) clearly shows that a strong forward shock with
M > 10 forms once the jet punches through the ambi-
ent halo gas. As the shock front propagates outward,
the Mach number at the bubble top roughly decreases
from about 30 at t = 0.1 Myr to ∼ 2.8 at t = 5 Myr.
Several fluctuations in the Mach number evolution are
caused by the interaction of the jet with gas circulations
in the bubble. The three solid lines in Figure 12 show
the Mach number evolution at R = 0 (the bubble top),
0.5 kpc, and 1 kpc in the bubble surface, indicating that
the Mach number in the head region of the shock front is
larger than ∼ 4 during the first 2 Myrs and drops below

Figure 11. Mach number of the forward shock in Run A
at t = 5 Myr. The Mach number increases from low to high
latitudes, with an approximate value of about M ∼ 2.

Figure 12. Temporal evolution of the Mach number of the
forward shock in Run A. From top to bottom, the solid lines
refer to the Mach number evolution at R = 0 (the bubble
top), 0.5 kpc, and 1 kpc respectively, in the bubble surface.
The dashed lines refer to the Mach number evolution at z = 2
kpc (red), and 5 kpc (purple) in the bubble surface.

4 afterwards. The dashed lines correspond to the Mach
number evolution at z = 2 and 5 kpc in the bubble sur-
face, indicating that the Mach number is generally less
than 4 in the middle and bottom regions of the bubble
surface. It is generally believed that CR acceleration is
inefficient at small Mach numbers. Figure 12 thus shows
that CR acceleration is most efficient in the head region
of the Fermi bubbles during the early stage of the bub-
ble evolution (t ! 2 Myr). Our results here on the Mach
number evolution would be useful for future studies of
the Fermi bubbles on the CR acceleration processes and
the associated non-thermal emissions.
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4 afterwards. The dashed lines correspond to the Mach
number evolution at z = 2 and 5 kpc in the bubble sur-
face, indicating that the Mach number is generally less
than 4 in the middle and bottom regions of the bubble
surface. It is generally believed that CR acceleration is
inefficient at small Mach numbers. Figure 12 thus shows
that CR acceleration is most efficient in the head region
of the Fermi bubbles during the early stage of the bub-
ble evolution (t ! 2 Myr). Our results here on the Mach
number evolution would be useful for future studies of
the Fermi bubbles on the CR acceleration processes and
the associated non-thermal emissions.

Re-acceleration	of	low-energy	cosmic	rays	in	the	inner	halo	by	the	shock	
may	be	required	to	explain	the	gamma	ray	emission



Scenario	II	needs	a	separate	model	for	eROSITA	Bubbles

See Zhang & Guo, 2021



Summary
Fermi	Bubbles：	jet	ejecta	bubbles	in	the	Milky	Way

eROSITA	bubbles:			shocked	CGM	bubbles	of	the	Fermi	bubble	event	in	the	halo

Scenario	I:

Scenario	II: Fermi	Bubbles：					shocked	CGM	bubbles	in	the	halo

eROSITA	bubbles:			an	older	event	before	the	Fermi	bubbles

Jet	ejecta	bubbles:		not	prominent	today

LHAASO	is	also	collecting	data	from	this	region

Zhang & Guo, 2020, 2021

Guo & Mathews, 2012a, 2012b


