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Dark	Matter	Halos
(simulation)
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AGN	Feedback

SN Feedback



Starburst	wind	feedback	in	M82
M.	Westmoquette,	J.	Gallagher,	L.	Smith,	
WIYN/NSF,	NASA/ESA 3



NASA/CXC/SAO/Esra Bulbul,	et	al.

AGN	feedback	in	Perseus
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NASA/DOE/Fermi	LAT/Su	et	al.	2010

Fermi	bubbles	in	the	Milky	Way	galaxy
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Effects	on	cosmic	rays!!!
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(See	Mateusz’s	talk	
this	morning)



Two	examples	of	CR	feedback

#1:	Fermi/eRosita bubbles #2:	Odd	radio	circles	(ORCs)
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The	Fermi	bubbles	(Su+	2010)	



Fermi	(Gamma-ray)	

WMAP	&	Planck	(Microwave) S-PASS	(Polarization)

eRosita (X-ray)
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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.
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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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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 Implemented 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)
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Yang & Ruszkowski (2017)



CR-MHD simulation of bubble formation by jets



Formation	of	the	Fermi/eRosita bubbles	by	
past	jet	activity	from	Sgr A*
(Yang,	Ruszkowski,	Zweibel,	2022,	Nature	Astronomy,	6,	584)

Obtained	from	the	simulations:
v Jets	occurred	~2.6	Myr ago
v Jets	were	active	for	0.1	Myr
v Inferred	Eddington	ratio	~1-10%



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

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

2

Figure 1. All-sky Mollweide projection (NGP uppermost) aligned with the Galactic Centre showing the strong association between the 3-10 GeV �-ray emission
(Ackermann et al 2014 - main image), the 1.5 keV x-ray emission (Bland-Hawthorn & Cohen 2003 - blue inset), and the 21cm cold hydrogen emission (Lockman
& McClure-Griffiths 2016 - green inset with orange dots spaced 1 kpc apart at the distance of the Galactic Centre). On the RHS, we show a magnified region
around the Galactic Centre as a colour composite with all three components overlaid.

LMC
SMC

STREAM

BRIDGE

LEADING
ARM

JET?

Figure 2. Rotated all-sky Aitoff projection (South Galactic Pole uppermost) aligned with the Galactic Centre showing the orientation of the ionization cones (§4)
inferred from this work. The 3D space orientation is uncertain: the opening angle is roughly 60� and includes the Galactic polar axis. The red points indicate the
H↵ detections where the symbol size scales with the surface brightness; the green points scale with the strength of the C IV/C II ratio with larger points indicating
a harder radiation field (if photoionized). The optical image and 21cm overlay (pink) was first presented by Nidever et al (2008); the radio emission is from the
21cm H I mapping of the Magellanic Clouds and Stream (including the leading arms) by Kalberla et al (2005). Note that some Stream H I clouds fall within the
cones (indicated by small arcs) in both hemispheres. The dotted line indicates the axis of a putative radio/�-ray jet (Bower & Backer 1998; Su & Finkbeiner
2012).



Can	tilted	jets	produce	symmetric	
Fermi/eRosita bubbles?
(Tseng,	Yang,	Chen,	Schive &	Chiueh,	2024,	ApJ,	970,	146)	

v 3D	special-relativistic	CR	
simulations	using	GAMER

v Tilted	jets	interacting	with	
a	clumpy	galactic	disk



Can	tilted	jets	produce	symmetric	
Fermi/eRosita bubbles?
(Tseng,	Yang,	Chen,	Schive &	Chiueh,	2024,	ApJ,	970,	146)	

v Symmetric	bubbles	can	be	produced	
due	to	jet	dissipation	within	the	
dense	galactic	disk

v Caveat:	12.39	Myr is	longer	than	
cooling	time	of	500	GeV	CRs	=>	
need	CR	re-acceleration	

No	diskWith	disk



Can	we	observe	FB	analogs	in	nearby	galaxies?	
(Leptonic:	Owen	&	Yang	2022a;	Hadronic:	Owen	&	Yang	2022b)	

v GeV	&	TeV emission	
die	out	quickly

v Only	a	few	
observable	by	CTA
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v Radio	emission	drops	relatively	slowly
v A	few	dozens	may	be	observable	by	SKA

predicted	leptonic	spectra	
(Owen	&	KY	2022a)



Odd	radio	circles	(ORCs)

19Norris	et	al.	(2022)



Odd	radio	circles	(ORCs)

• Discovered	in	2021	(~a	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)

– Virial	shocks	around	galaxies	(Yamasaki	
et	al.	2023)

– End-on	AGN	jet-inflated	bubbles

20ORC1	(Norris	et	al.	2022)



Can	AGN	bubbles	explain	the	ORCs?

21



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

• FLASH	code
• Box	size:	1	Mpc,	resolution:	0.5	kpc
• Gas	within	a	low-mass	halo	

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

(Pjet=2.5e46	erg/s,	Tjet=50	Myr)
• Radio	emission	from	synchrotron	

of	secondary	electrons	generated	
via	hadronic collisions

22

Yen-Hsing Lin
(NTHU->UCSD)

1	Mpc



Results	– ORCs	reproduced!

Norris	et	al.	(2022)Lin	&	Yang	(2024) 23

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.



How	to	produce	edge-brightened	ORCs?

Radio	emissivity:	𝜖!"#$% ∝ 𝝆𝒆𝒄𝒓𝐵(

à highest	at	the	bubble	surface

24

cluster 
gas

Bubbles filled 
with CRs



Dependence	on	viewing	angles

• Shape	similar	to	ORC1	up	to	q ~	30	degrees,	
relieving	the	requirement	for	perfect	alignment

25

𝑠𝑖𝑑𝑒 𝑜𝑛𝑒𝑛𝑑 𝑜𝑛



X-ray	counterpart	of	ORCS?

• Our	model	predicts	detectable	X-ray	emission	from	the	shock	
compressed	gas	given	long	exposure	times

• Our	accepted	proposals	of	MeerKAT,	uGRMT,	VLA	and	XMM-
Newton observations	will	further	unveil	the	origin	of	ORCs

26

Dr.	Majidul
Rahaman
(NTHU)



v We’ve	performed	CR-MHD	simulations	to	model	the	Fermi/eRosita
bubbles	and	odd	radio	circles	(ORCs)

v Fermi/eRosita bubbles	are	likely	produced	by	past	jet	activity	of	Sgr A*.	
Both	vertical	and	oblique	jets	are	plausible

v End-on	AGN	bubbles	is	a	plausible	scenario	for	reproducing	key	
features	of	the	observed	ORCs

v Understanding	the	Fermi/eRosita bubbles	&	ORCs	could	provide	
valuable	information	about	AGN	feedback	&	galaxy	evolution

Conclusions


