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Supermassive black hole jets in Centaurus A galaxy
X-ray: NASA/CXC/U.Birmingham/M.Burke et al.



Conception of an AGN

Supermassive black hole jets in Centaurus A galaxy
X-ray: NASA/CXC/U.Birmingham/M.Burke et al.

AGN	=	active	galactic	nuclei	
=	actively	accreting	SMBHs



v Introduction	– importance	of	cosmic	rays	(CRs)	in	astrophysics

v How	to	model	CRs	in	MHD	simulations

v Physical	origin	of	the	Fermi	bubbles	&	open	questions

v Physical	origin	of	the	odd	radio	circles	(ORCs)	&	open	questions

v Conclusions

Outline



Physical	origin	of	cosmic	rays	(CRs)
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vBelow	the	knee (E	<	106 GeV):	
-- Spectral	index	~	-2.7
-- Galactic	supernova	remnant
-- Diffusive	shock	acceleration

vFor	106	GeV	<	E	<	1010 GeV:
-- Spectral	index	~	-3.1
-- Transition	from	Galactic	to	

extragalactic	

vAbove	the	ankle (E	>	1010 GeV)
-- Extragalactic	origin

Evoli (2025)



Physical	origin	of	cosmic	rays	(CRs)
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vHillas criterion:

IceCube Collaboration	(2017)

𝑅 ≥ 𝑟! =
𝐸
𝑞𝐵

⟹ 𝐸"#$ = 𝑞𝐵𝑅

SMBH	jets/lobes	
are	important	
sources	of	CRs!!



SMBH	jets	could	be	sources	of	high	
energy	neutrinos

• One	neutrino	event	with	290	
TeV coincident	with	blazar
TXS	0506+056	(IceCube+2017)

• Flares	detected	in	gamma-
ray/X-ray/optical/radio

• Strong	evidence	that	SMBH	
jets	are	one	of	the	sources	of	
high	energy	neutrinos

7

What are cosmic rays? 

•  Cosmic	rays	are	high	energy	
particles	(electrons,	protons,	
and	heavier	elements).		
• We	don’t	know	where	they	
originate:		
•  Cosmic	rays	are	charged	so	
when	traveling	they	interact	
with	the	magnetic	fields	in	
space.		

•  This	changes	their	direction		
à They	don’t	point	back	to	where	
they	came	from.	

•  One	of	the	reasons	why	we	
do	gamma-ray	astronomy	is	
to	understand	what	types	of	
objects	produce	cosmic	rays.	

2016-01-27	 7	

See	J.	Beacom’s lectures



Cygnus	A

3C	296 Hercules	A

Powerful	SMBH	jets
(radio	galaxies)



Hot	gas	in	Perseus	cluster	
(X-ray:	thermal	Bremsstrahlung	emission)

SMBH	jets
(radio:	non-thermal

synchrotron	from	CRs)

“bubbles”	inflated	
by	SMBH	jets

Influence	of	AGN	Feedback



Dark	Matter	Halos
(simulation)
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AGN	Feedback

SN Feedback How	about	CRs?



Farcy+2020

Effects	of	CRs on	simulated	galaxies

Cosmic ray feedback 105

scenario, the field amplification occurs as a result of a fluctuating small-scale dy-
namo driven by (i) turbulence injected at the outward-propagating corrugated ac-
cretion shock front, and (ii) Kelvin-Helmholtz body modes that are excited at the
interface of the supersonically (with respect to the warm ISM phase) rotating galactic
disk and the hot CGM. In tandem with the CR energy injection at SNe, these modes
source ISM turbulence throughout the entire star-forming disk. While this mecha-
nism exponentially amplifies the magnetic field to reach saturation with the thermal
and CR energy densities in Milky Way galaxies, in smaller galaxies the magnetic field
energy density reaches sub-equipartition values with respect to these energy densities
(though it saturates at the kinetic energy density of the gas). Interestingly, this model
matches the global FIR-radio correlation across four orders of magnitude in luminos-
ity (see Section 4.3.1 for more discussion).

Fig. 26 Face-on distribution of the hydrogen col-
umn density in a Milky Way-like galaxy. Inclusion
of CRs significantly smoothens the gas distribution
(cf. top/bottom panel for the case without/with CRs;
Farcy et al. 2022); reproduced with permission from
MNRAS.

Disk structure and CR transport.
CR feedback can shape both the lo-
cal and global structure of galac-
tic disks through driving of galac-
tic winds and suppressing star for-
mation. As pointed out in several
studies (e.g., Salem & Bryan 2014;
Ruszkowski et al. 2017a; Pfrommer
et al. 2017a), the latter process oc-
curs due to significant increase in the
midplane pressure provided by CRs.
This additional pressure stabilizes the
disk, prevents the gas from collapsing
to form very dense clouds, and thus
reduces the star formation rate. Fig-
ure 26 illustrates this e↵ect and shows
face-on distributions of the hydrogen
column density in a Milky Way-like
galaxy. Inclusion of CRs significantly
smoothens the gas distribution (see
bottom panel) compared to the case
without CRs (top panel, Farcy et al.
2022).

As discussed in Section 3.2.2,
observations of the enhanced �-ray
emission in the vicinity of SNRs
(Casanova et al. 2010; Hanabata
et al. 2014) suggests that CR trans-
port speeds can be significantly sup-
pressed near these sources compared
to the Galactic average. From the theoretical standpoint, this suppression could be due
to the excitation of non-resonant modes that can locally amplify the magnetic field
and drastically reduce the di↵usion coe�cient by orders of magnitude (Bell 2004;
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Sensitive	to	CR	microphysics



The	“microphysics”?

Scales	are	micro:
rgyro <<	L

B

Effects	are	macro!!
-- Affect	CR	propagation
-- Transport	is	anisotropic
-- Transport	speed	
governed	by	plasma	physics

rgyro
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Particle-in-cell	(PIC)	simulations



Theme	of	my	research	group	@	NTHU	–
CR	effects	from	galaxy	to	cluster	scales

v Fermi	bubbles	&	analogs	in	other	galaxies
-- Yang,	Ruszkowski &	Zweibel,	2022,	Nature	Astronomy,	6,	584
-- Owen	&	Yang,	2022a,	MNRAS,	510,	5834
-- Owen	&	Yang,	2022b,	MNRAS,	stac2289
-- Tseng,	Yang,	Chen,	Schive &	Chiueh,	2024,	ApJ,	970,	146
-- Lin	&	Yang,	2024,	ApJ,	974,	269

v AGN	feedback	in	galaxy	clusters
-- Wang	&	Yang,	2022,	MNRAS,	512,	5100
-- Lin,	Yang	&	Owen,	2023,	MNRAS,	520,	963
-- Chen	et	al.	2026,	ApJ,	999,	197
-- Tsai	&	Yang,	2026,	MNRAS,	548,	1
-- Li	&	Yang	2025,	ApJ submitted	(arXiv:	2511.23267)
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Properties	of	CRs	in	the	Galaxy

v Power-law	from	GeV	to	1020 eV
vMostly	CR	protons	(ni/ne ~	50-100)
v <E>	~	3	GeV
v UCR ~	1	eV	cm-3 ~	UB ~	Urad ~	Uth
=>	dynamically	important
v Very	isotropic	
=>	well-scattered	by	B	fields	(lmfp ~	1	pc)
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Self-confinement picture	of	CR	transport

v Gyro-resonance	scattering:	

v Streaming	instability	(Kulsrud &	Pearce,	1969):
Anisotropy	=>	wave	growth	=>	enhanced	scattering	

v Marginal	stability:	vD ~	vA

16
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vD >	vA

F =	v x	B



CR-MHD	framework
(see	reviews	by	Zweibel 2013,	2017)

Momemtum transfer	via	pressure	gradient

HCR = −vA ⋅∇PCR

!(#𝒖)
!&

=	[…]	-∇PCR

!'!"
!&

= … − 𝛻 · 𝑭 + 𝛻 · (𝜿 · 𝛻𝑒()) −𝐻()

vs = �sgn(b̂ ·reCR)vA (1)

1

CRs	stream	down	pressure	gradient	with	vA:

Streaming	and	diffusion Heating	via	waves
vs = �sgn(b̂ ·reCR)vA (1)

F = (eCR + Pcr)vA, k ⇠ v2/⌫ (2)

1

*Add-on:	CRSPEC	(Yang+17)



• Also	called	free-free	emission
• Emitted	by	hot	ionized	gas	in	galaxies	(T~106K)	

and	galaxy	clusters	(T~107K)
• Observable	in	X-rays

Thermal	Bremsstrahlung	emission	by	the	gas



• Hadronic	process	– inelastic	collisions	between	CRp
and	thermal	nuclei	in	the	galactic	medium

• Producing	gamma	rays,	neutrinos,	and	synchrotron	
from	secondary	e- &	e+

Non-thermal	emission	by	CRp



Observable	in	X-ray	to	gamma	rays

Non-thermal/leptonic	emission	by	CRe

Inverse	Compton	(IC)	scattering					 Synchrotron		radiation														

Observable	in	radio	up	to	X-ray



CR-
MHD

Galactic	winds Galaxy	clusters

Supernova	remnants
Active	galactic	nuclei	

21
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of the source. Moreover, at λ= 1.3 mm, Sgr A* has a compact
flux density that is approximately four times larger than that of
M87*, with no appreciable contribution to the short-baseline
visibilities from an extended jet. However, producing an image
of Sgr A* requires additional assumptions because of the rapid
source variability and interstellar scattering.

Specifically, VLBI imaging typically relies on Earth-rotation
aperture synthesis, in which the projection of each baseline
sweeps out an arc in the (u, v)-plane as the Earth rotates,
allowing a sparse array of telescopes to obtain the (u, v)-
coverage necessary for the imaging of a static source
(Thompson et al. 2017). To account for the source structural
variability, we used a parametric model discussed in Section 4.
By incorporating this variability error budget, imaging and
modeling methods designed for a static source can be applied
to analyze data from a variable source.

To account for the interstellar scattering, we used two
approaches (Paper III). The first, “on-sky imaging,” applies no
modifications to the data or images. In this approach, the
algorithms simply reconstruct the scattered image of the source.
The second, “descattered imaging,” adds an error budget to
interferometric visibilities to account for stochastic scattering
substructure before deconvolving the ensemble-average scat-
tering kernel. Both the ensemble-average kernel and the power
spectrum of scattering are used (Psaltis et al. 2018), each of
which is precisely known from an analysis combining decades
of observations of Sgr A* at centimeter wavelengths (Johnson
et al. 2018).

To test these imaging techniques and to select appropriate
imaging parameters, we developed a suite of synthetic
observations of seven geometric models that share the
scattering and variability properties of Sgr A*. This suite
included models with widely varying morphologies: rings,
disks, a crescent, a double source, and a point-like source with
an extended halo. Each model was selected to produce
visibility amplitudes that were similar to those of Sgr A*, with
two deep visibility minima, a physical scattering model
applied, and stochastic temporal evolution generated by a
statistical model (Lee & Gammie 2021).

We then selected the sets of imaging parameters that
accurately reconstruct images across the entire test suite,
including both ring and nonring data sets. These “top set”
parameter choices yield a corresponding collection of recon-
structed images of Sgr A* that provide both a representative
average image and a measure of its uncertainty. In addition, we
used a new Bayesian imaging method, which simultaneously
estimates both the reconstructed image and its associated
variability noise model (Broderick et al. 2020). This method
does not require training on synthetic data, although we used
the same test suite for comparison and validation of this
method.

When applied to the Sgr A* data, over 95% of the top set
images have a prominent ring morphology. For an analysis
using the combination of April 6 and 7 data, all samples from
the Bayesian imaging posterior show a ring morphology. In
addition, geometric modeling of the EHT data shows a
consistent statistical preference for ring morphologies over
alternatives with comparable complexity. The ring has a
diameter, width, and central brightness depression that are
consistent across the different choices of imaging methods and
parameters (see Paper III). However, the reconstructed images
show diversity in their specific attributes, particularly the

azimuthal intensity distribution around the ring. This uncer-
tainty is a consequence of the limited EHT baseline coverage,
compounded by the challenges of imaging a variable source.
We categorized the reconstructed images into four clusters
spanning the primary reconstructed structures: three clusters are
ring modes with varying position angle, while the fourth is a
comparatively small set of reconstructed images with diverse
nonring morphologies. Figure 3 shows a representative average
image of Sgr A* on April 7, as well as the average image for
each of these clusters along with their relative occurrence
frequency.
To quantify the ring parameters in a complementary way, we

used several geometrical modeling methods, the parameteriza-
tions of which were guided by the reconstructed images of
Sgr A*. These models are defined by a thick ring with
azimuthal variations determined by low-order Fourier coeffi-
cients and an additional Gaussian brightness floor. Because
these simple geometric models have a small number of
parameters, they can be constrained using instantaneous

Figure 3. Representative EHT image of Sgr A* from observations on 2017
April 7. This image is an average over different reconstruction methodologies
(CLEAN, RML, and Bayesian) and reconstructed morphologies. Color denotes
the specific intensity, shown in units of brightness temperature. The inset circle
shows the restoring beam used for CLEAN image reconstructions (20 μas
FWHM). The bottom panels show average images within subsets with similar
morphologies, with their prevalence indicated by the inset bars. The
multiplicity of image modes reflects uncertainty due to the sparse baseline
coverage; it does not correspond to different snapshots of the variable source.
Nearly all reconstructed images show a prominent ring morphology. While the
diameter and thickness of the ring are generally consistent across the
reconstructions, the azimuthal structure of the ring is poorly constrained.
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The Astrophysical Journal Letters, 930:L12 (21pp), 2022 May 10 The EHT Collaboration et al.







The FERMI bubbles
Height: 50 deg (~10kpc)
Width: 40 deg
Eγ ~ 1-100 GeV
Lγ ~ 4x1037 erg/s
Symmetric about the GC



Starburst winds (M82)

SMBH jets (Cen A)

The FERMI bubbles
Height: 50 deg (~10kpc)
Width: 40 deg
Eγ ~ 1-100 GeV
Lγ ~ 4x1037 erg/s
Symmetric about the GC



The	Fermi	bubbles	(Su+	2010)	



The Fermi bubbles (Su+ 2010) 

Starburst winds (M82)

SMBH jets (Cen A)

Galactic B fieldCR transport
GC activity



Gamma-ray bubbles by Fermi (Su 2010)

Sharp edges => 
Suppressed CR diffusion

Hard energy spectrum =>
Formation mechanism 
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Flat intensity => 
3D CR Distribution

𝑁(𝐸) ∝ 𝐸!"

Ackermann+ 2014



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

v Upper limits in the 1-100 TeV range
v Purely hadronic models 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 fit 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 fits 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 flux model that best fits the IceCube data. The IceCube
data correspond to five events that are spatially correlated with
the Fermi Bubbles. The differential flux model was obtained by
taking into account the flux 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 defining 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

significant, spatially extended feature) causes signal contam-
ination in the estimation of the background because the
structure takes up a large portion of the field of view of
HAWC, significantly 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 significant excess is found
above 1.2 TeV in the search area, and the 95% C.L. flux upper
limits are calculated and compared to the differential
sensitivity with a = 0.05 and b = 0.5. The upper
limits are between ´ -3 10 7 - - -GeV cm s sr2 1 1 and ´ -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 µ -N pp
2.2

Hadronic Model 2 µ -- ( )N p exp pc 14 TeVp
2.1

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

Leptonic Model 2 µ -- ( )N p exp pc 1.25 TeVe
2.17 and CMB

IceCube Hadronic
Model

µ -- ( )N p exp pc 30 PeVp
2.25

7
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Neutrino events near the Fermi bubbles by IceCube
(Fang+ 2017, Sherf+ 2017) 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:

v No FB neutrinos detected
v Purely hadronic models disfavored



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

Spatially coincident with 
the gamma-ray bubbles & 
hard spectrum
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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)	
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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.
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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.
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Fig. 3 | Comparison of the morphology of the γ-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	by	eRosita +	Gamma-ray	by	Fermi
(Predehl et	al.,	2020,	Nature,	588,	227)	

Shock	compressed	gas

Distribution	of	CRs



Simulating the Fermi bubble spectrum

v Modeled using MHD+CRSPEC module in FLASH
v Injection spectrum: 10 GeV ~ 10 TeV
v IC & syn. cooling (due to Galactic radiation & B field)

Total CR energy density CR energy density (>10 GeV) CR energy density (<10 GeV)

37

Yang & Ruszkowski (2017)



Simulation of bubble formation by SMBH jets



All X-ray/gamma/microwave data are matched!
KY et al. (2022), Nature Astronomy, 6, 584 (http://arxiv.org/abs/2203.02526)

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

v Multi-wavelength spectra 
consistent with leptonic emission

v Jets occurred ~2.6 Myr ago
v Jets were active for 0.1 Myr
v Inferred accreted mass ~103-4 Msun



Magnetic draping + anisotropic CR diffusion
=> sharp bubble edges

Isotropic CR diffusion Anisotropic CR diffusion 

Magnetic draping effectGamma-ray profile

Simulated CR density Simulated CR density



Galactic	bubbles	should	be	ubiquitous
(Pillepich et	al.	2021)

41

• Cosmological	simulations	found	that	2/3	of	MW-analogues	show	
bubble-like	structures	driven	by	SMBH	activities



Open	questions

• What	event	triggered	the	SMBH	activity	a	few	Myr ago?

• Current	modeling	of	Galactic	CR	propagation	(e.g.,	leaky	
box,	GALPROP)	assume	isotropic	CR	diffusion	and	some	
magnetic	field	geometry

=>	Given	that	simulations	predict	complex	structures	
(outflows,	bubbles)	and	anisotropic	CR	transport,	how	
do	these	influence	results	of	previous	models?

42



v Introduction	– importance	of	cosmic	rays	(CRs)	in	astrophysics

v How	to	model	CRs	in	MHD	simulations

v Physical	origin	of	the	Fermi	bubbles	&	open	questions

v Physical	origin	of	the	odd	radio	circles	(ORCs)	&	open	questions

v Conclusions

Outline



Odd	radio	circles	(ORCs)

44Norris	et	al.	(2022)



Odd	radio	circles	(ORCs)

• Discovered	in	2021	(~dozen	found	
so	far)

• Faint,	edge-brightened,	and	large	
(z~0.2-0.6,	R~250kpc)

• Possible	origin:
– Star	formation	termination	
shock	(Norris	et	al.	2022)

– Shocks	by	galaxy	mergers	(Dolag
et	al.	2023)

– End-on	SMBH	jet-inflated	
bubbles

45ORC1	(Norris	et	al.	2022)



Can	AGN	bubbles	explain	the	ORCs?

46



CR-MHD	simulations	of	the	ORCs
(Lin	&	Yang,	2024,	ApJ,	974,	269)

• FLASH	code	with	AMR
• Box	size:	1	Mpc,	resolution:	0.5	kpc
• Gas	within	a	galaxy	group	

(Mvir=8e12	~	8e13	Msun)
• CR	proton	(CRp)	dominated	jets	

(Pjet=2.5e46	erg/s,	Tjet=50	Myr)
• Radio	image:	integrated	

synchrotron	emissivity

47

Yen-Hsing Lin
(NTHU	->	UCSD)

1	Mpc



Where	does	the	radio	emission	come	from?	
• Hadronic	collisions	between	CRp and	protons	in	the	

ambient	medium

48

Secondary	e- &	e+	
=>	Radio	synchrotron



Results	– ORCs	reproduced!

Norris	et	al.	(2022)Lin	&	Yang	(2024) 49

4

where dA(z) depends on the redshift (z) of the ORC of
interest and is calculated using the astropy.cosmology
Python module (Astropy Collaboration et al. 2022).

3. RESULTS

3.1. Benchmark cases

In this section, we describe two of the most
promising simulations, namely CRpS M12 P5 D5 and
CRpS M13 P5 D5 in detail.
The top panel of Fig. 1 displays the simulated ra-

dio image of CRpS M12 P5 D5 (left) at 200 Myr with a
viewing angle of 0� (line of sight parallel to the jet axis)
and the observed image of ORC1 (right), linearly nor-
malized with the maximum value in the image. Both
images have a side length of roughly 1200 kpc. From
the images, it is evident that end-on AGN jet-inflated
bubbles can indeed produce a circular radio object with
a diameter comparable to ORC1 (520 kpc, Norris et al.
2022). The edge-brightened feature is also reproduced
with reasonable contrast between the edge and the in-
terior of the object. Consistencies can also be found in
the comparison between CRpS M13 P5 D5 and ORC5
(bottom panel of Fig. 1; each image has a side length of
600 kpc). Note that due to the deeper gravitational po-
tential well and higher ambient gas pressure, the bubble
radius in CRpS M13 P5 D5 is roughly two times smaller
than that in CRpS M12 P5 D5, despite the same jet
power and duration. Furthermore, because of the large
di↵erence in bubble volume, the surface brightness of
CRpS M12 P5 D5 is roughly 1000 times fainter than
CRpS M13 P5 D5 since its CR energy density (ecr),
gas density (⇢), and magnetic field strength (B) are all
smaller in the lower mass system.
The key mechanism that enables us to reproduce the

limb-brightened feature lies in the nature of the hadronic
processes. As mentioned in Section 2.3, the synchrotron
emissivity is directly proportional to ecr and ⇢. Al-
though ecr is high within the bubbles, hadronic collisions
are ine�cient due to the low gas density. Conversely, the
ambient ICM exhibits a relatively high gas density but
lacks CRs for interaction. The confluence of high ecr
and ⇢ occurs only at the interface between the bubbles
and ICM. A schematic diagram illustrating this idea is
shown in Fig. 2.
One drawback of the AGN scenario, as discussed in

Norris et al. (2022), is the requirement of a highly
aligned jet axis with the line of sight, which seems coin-
cidental. To investigate the dependence of ORC proper-
ties on the viewing angle, we present the radio maps of
both CRpS M12 P5 D5 and CRpS M13 P5 D5 at 200
Myr with viewing angles ranging from 0� to 90� in Fig.
3. It is evident that the eccentricity of the rings remains

Figure 1. Top panel: Comparison between the simulated
radio image in CRpS M12 P5 D5 at 200 Myr (left) and the
observed ORC1 (right). Bottom panel: Comparison between
the images of CRpS M12 P5 D5 at 200 Myr and ORC5. Im-
ages of ORC1 and ORC5 are retrieved from Norris et al.
(2022) and cut to approximately the same physical size as
the simulated ones. The simulated images are obtained by
assuming a viewing angle aligned with the jet axis and are
smoothed by assuming that they are located at z = 0.551
(same as ORC1) and z = 0.27 (same as ORC5), respectively.
The colorscale is linearly normalized to the maximum bright-
ness in each image.

Figure 2. Schematic diagram that illustrate the key idea of
the hadronic AGN bubble scenario. By combining the high
gas density in the ambient ICM and high CRp energy density
within the bubbles, the surface of the bubbles can naturally
reproduce the edge-brightened feature of the observed ORCs
after projected along the jet axis.



Open	questions

• How	to	connect	the	ORCs	into	the	standard	picture	of	
galaxy	evolution?	How	are	they	related	to	typical	radio	
galaxies?	(Li	&	Yang,	2026,	ApJL submitted)

• Our	model	predicts	that	the	ORC	emission	originates	from	
hadronic collisions,	implying	that	ORCs	are	potential	
sources	of	cosmic	neutrinos!
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v Understanding	CRs	is	crucial	for	particle	astrophysics;	however,	there	
remain	large	uncertainties	regarding	their	microscopic	transport	
processes

v CR-MHD	simulations	are	powerful	tools	for	modeling	the	thermal	&	
non-thermal	emission	of	various	astrophysical	objects

v The	Fermi	bubbles	are	likely	generated	by	past	jet	activity	of	Sgr A*.	
Such	bubbles	should	be	common	in	MW-like	galaxies.	Galaxy	models	
should	include	more	realistic	B	field	&	CR	transport

v We	showed	that	end-on	AGN	bubbles	could	explain	key	features	of	the	
observed	ORCs.	Due	to	hadronic	collisions,	ORCs	may	be	potential	
sources	of	cosmic	neutrinos

Summary


