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Starburst wind feedback in M82
Shull 2009
NOAO/AURA/NSF/WIYN 5



NASA/DOE/Fermi LAT/Su et al. 2010

Fermi bubbles in the Galaxy
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Chandra/HST/VLA

AGN feedback in MS0735.6+7421
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Effects of cosmic rays!!!
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This talk…

v Part I – CR feedback in galaxies
v Introduction to galactic winds
v How CRs could drive galactic winds
v How CR-driven winds impact the galaxies and 

circumgalactic medium (CGM)
v How the results depend on the CR transport models

v Part II – CR feedback in galaxy clusters
v Introduction to CR properties in clusters
v AGN feedback in clusters – standard picture
v How CRs change the standard picture of AGN feedback

v Summary and open questions
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Galactic	outflows	
are	ubiquitous

NGC253

Image	Credit:	Inset:	A.	Bolatto.	Background:	
2MASS/Umass/IPAC-Caltech/NASA/NSF

v Speeds	~	tens-hundreds	km/s
v Mass	loading	factor	(h)	

=	Mass	outflow	rate	/	SFR	could	be	>	1
v Multiphase:	hot	ionized	(T~106-7K),	

warm	ionized	(T~104K),	molecular	
(T~102K)



Galactic	outflows	are	essential	ingredients	in	
the	baryonic	cycle	of	galaxies

Tumlinson+17

Figure 1

A cartoon view of the CGM. The galaxy’s red central bulge and blue gaseous disk are fed by filamentary accretion from
the IGM (blue). Outflows emerge from the disk in pink and orange, while gas that was previously ejected is recycling. The
“di↵use gas” halo in varying tones of purple includes gas that is likely contributed by all these sources and mixed together
over time.

factor of 30 between sub-L⇤ and super-L⇤ galaxies. More generally, sub-L⇤ galaxies gener-

ally have extended bursty star formation histories, as opposed to the more continuous star

formation found in more massive galaxies, suggesting di↵erences in how and when these

galaxies acquire their star forming fuel. As this fuel is from the CGM, we must explain how

sub-L⇤ and L⇤ galaxies fuel star formation for longer than their ⌧dep.

2.1.2. What quenches galaxies and what keeps them that way?. How galaxies become and

remain passive is one of the largest unsolved problems in galaxy evolution (Figure 2b).

Proposed solutions to this problem involve controlling the gas supply, either by shutting

o↵ IGM accretion or keeping the CGM hot enough that it cannot cool and enter the ISM.

4 Tumlinson, Peeples, & Werk

IGM	=	Inter-Galactic	Medium

CGM	=	
Circumgalactic	Galactic	Medium

ISM	=	
Inter-Stellar	Medium



How	are	the	outflows	driven?

vEnergy	source:	SN	explosions	
->	But	how	to	convert	SN	energy	into	wind	energy?

vPossible	mechanisms:
vThermal	pressure?	
->	But	hot	gas	cools	very	quickly

vRadiation	pressure	&	photoionization
->	But	it	requires	strong	coupling	->	high	opacity	for	

photon	scattering	->	works	better	in	dusty	environments
vCosmic-ray	(CR)	pressure	and	heating



Why	CRs?

• In	the	Milky	Way,	Ucr ~	
Ub ~	Uth

• CR	pressure	drops	less	
quickly	than	thermal	
pressure
• CRs	cool	less	efficiently	
than	thermal	gas

Tullmann+2000



Studies	of	CR-driven	winds
v1D	models	&	semi-analytical	models:
Ipavich 75,	Breitschwerdt 91,	93,	Zirakashvili+96,	Everett+08,	10,	
Dorfi+12,	Recchia+17,	Samui+18,	Mao+18

v3D	hydro,	isolated	galaxies:
Uhlig+12,	Booth+13,	Salem+14,	Simpson+16,	Wiener+17,	Jacob+18	

v3D	MHD,	galaxy	patches	or	isolated	galaxies:
Hanasz+13,	Pakmor+16,	Girichidis+16,	Ruszkowski+17,	Butsky+18,	
Farber+18,	Holguin+18

v3D	cosmological:
Jubelgas+08,	Wadepuhl+11,	Salem+14,	16,	Liang+16,		Chan+18,	
Buck+19,	Ji+19,	Hopkins+20ab



Self-confinement picture	of	CR	transport

vGyro-resonance	scattering:	

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

vMarginal	stability:	vD ~	vA
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streaming	inhibited	
(by	perturbations)

fast	streaming	
(perturbations	smoothed	out)

When	waves	are	damped
vD >	vAvD ~	vA

RECAP



Classical	CR	hydrodynamics
(Self-confinement	model:	assumes	CRs	scatter	on	self-excited	waves)

Momemtum transfer	via	pressure	gradient

HCR = −vA ⋅∇PCR

%('𝒖)
%*

=	[…]	-∇PCR

%+,-
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+ 𝛻 · 𝑒23𝒗 = −𝑃23𝛻 · 𝒗 − 𝛻 · 𝑭 + 𝛻 · (𝜿 · 𝛻𝑒23) −𝐻23

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

Refs:	Wentzel	1974,	Drury	&	Volk	1981,	Breitschwerdt+1991

Advection Adiabatic

”CR	transport”
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1.	CRs	can	drive	winds

14 M. Uhlig et al.

109 h−1M⊙ halo 1010 h−1 M⊙ halo 1011 h−1 M⊙ halo

Figure 10. Temperature distribution at the time of maximum CR Alfvén-wave heating in an edge-on slice through the galactic disc.
We compare three different haloes of mass 109 h−1 M⊙, 1010 h−1 M⊙, and 1011 h−1 M⊙ (left to right) in our CR streaming model with
an acceleration efficiency of ζSN = 0.3. Note that the resulting halo temperatures roughly scale as kT ∝ υ2

wind ∼ υ2
esc. The temperature

structure resembles that of the wind, which implies that with increasing halo size, the morphology of the hot patches becomes more
conical. The broadening of the hot regions in our 1011 h−1 M⊙ halo is associated with the inability of CR streaming to drive a sustained
wind that escapes from such a halo. Hence, the kinetic energy of the fountain flow drives turbulence which dissipates energy and thereby
heats larger regions of the halo gas.

gas density, wave heating is also important in low-density
regions. In order to demonstrate that this process is respon-
sible for the hot gas chimneys, we show an edge-on slice
through the galaxy with the ratio of the radiative cooling
rate of the gas to the wave-heating rate of equation (A31)
due to the damping of self-excited waves, Λwaves/Λcool (mid-
dle panels of Fig. 9).

At t = 2.8 h−1 Gyr, wave heating is nowhere able to
overcome the radiative cooling of the gas. This is in partic-
ular true for the galactic disc, where the density is so large
that the cooling dominates the heating by more than two or-
ders of magnitudes. At t = 3.2 h−1 Gyr, however, we can see
the structure of the hot gas chimneys again, traced by the
evidence that the wave heating dominates the cooling there
by about a factor of ten, showing that heating via wave
damping is indeed the process that creates the hot cavities
in our simulations.

To better illustrate the reasons for the dominance of
wave heating over gas cooling above and below the disc,
we take a slice parallel to the disc that cuts the outflowing
gas stream at a height of z = 4.5 h−1 kpc above the disc,
which is near the base of the upper chimney. We plot the
gas density in this slice in the bottom panels of Fig. 9. At
t = 2.8 h−1 Gyr, when the cavities have not yet formed, we
see that the outflow covers a circular area in the plane and
features a denser core in the centre, with decreasing density
towards the outskirts. This indicates that the outflow is very
collimated. Later, at t = 3.2 h−1 Gyr, an under-dense hole
has appeared in the very centre of the core. Thus, the gas
cooling rate will drop there, so that the CR-wave heating
can heat up the gas.

What is the reason for this under-dense channel in
the centre of the outflowing material? Interestingly, the
hot chimneys first occur about 1 h−1 Gyr after the outflow
started. The likely reason for this is that the CR-driven wind
becomes more and more collimated as time progresses, ow-
ing to the disc that forms in the centre of the simulation box.
When the wind first occurs, the disc formation is not yet fin-
ished, so that it still has an approximately spherical shape.

At these early times, CRs can stream at a large angle with
respect to the z-axis without encountering too much disc
material, resulting in an outflow with a wide opening angle.
Later, when the disc has formed, the inertia of the dense and
cool star forming gas prohibits a long pathway of the CRs
through the disc and forces an outflow with a smaller open-
ing angle. When the outflow is collimated enough, it will
then quickly dig a diluted channel in the old ejecta above
the disc with a correspondingly lower cooling rate.

This argument is also in agreement with the fact that
we do not observe chimneys of hot gas for our lower mass
halo. The weaker gravity of those dwarf haloes does not sup-
port a thin disc forming at the centre, but a rather spherical
density distribution which is unable to collimate the wind.
This is highlighted in Fig. 10 which shows temperature maps
for haloes with 109 h−1 M⊙, 1010 h−1 M⊙, and 1011 h−1 M⊙.
These show a clear dependence of the wave heating on the
halo mass. The resulting halo temperatures roughly scale
as kT ∝ υ2

wind ∼ υ2
esc with the largest halo in our simula-

tions reaching temperatures in excess of 106 K so that the
outflow is expected to emit thermal bremsstrahlung emis-
sion. Besides, the larger SFR obtained for the higher mass
halo and correspondingly the higher CR energy densities
could contribute to the preferred creation of the chimneys
in the higher mass halo. We also see in our largest halo
that the heated regions are less collimated in comparison
to the intermediate-mass haloes: the wind starts deeper in
the gravitational potential of this halo (see Section 3) and
looses a good fraction of its kinetic energy in climbing up the
greater potential difference so that it is unable to counteract
the ram pressure of the infalling gas (that reaches also bigger
infall velocities in assuming the larger gravitational binding
energy of this halo). However, the interaction of the outflow
with the infalling gas results in violent turbulence that also
dissipates by cascading down in length scale, thereby ad-
ditionally heating the halo gas. Potentially, the additional
momentum deposition from radiation pressure may help in
circumventing the stalling of the CR-driven wind seen for
this halo.

c⃝ 2008 RAS, MNRAS 000, 1–24

Uhlig+12

3320 M. Salem and G. L. Bryan

Figure 5. The surface density of stars (left), CRs (centre) and gas (right) at t = 302 Myr. Although there exists a one-to-one correspondence between clumps
in all three quantities, many of the brightest star clusters are much fainter in CR surface density, implying that these clumps are older, and producing fewer
new stars (and thus fewer CRs). The projection of the diffusive CRs shows less structure than the gas plot or even the stellar plot. Bright patches highlight only
the most recent star formation.

Figure 6. Slices of mass flux, thermal gas pressure, CR pressure and ϵ = PCR/PT at t = 37.7 Myr during our fiducial run. This snapshot displays the most
violent burst of star formation in the fiducial run, and thus an ideal study of the anatomy of our winds.

shows far more filamentary/cavity structure than either the stellar
or CR distributions. The CR fluid thus appears to be a good tracer
of recent star formation.

We can better understand these flows by plotting mass flux
and both relevant pressures (thermal and CR). Fig. 6 does so at
t = 37.7 Myr, during an early burst of particularly intense star for-
mation. Here we show an edge-on slice through the galaxy, in four

different quantities. Since these flows exhibit noticeable asymme-
tries, Fig. 6 shows only the upper left-hand quadrant of the slice
in each quantity, flipped horizontally and vertically to appear as a
complete picture. An indicated in the figure caption, the quadrants
represent (1) pressure of the thermal gas; (2) pressure of the CR
fluid; (3) vertical mass flux and (4) a ratio of CR pressure to com-
bined pressure, ϵ ≡ PCR/(PTH + PCR). In this last quadrant, deep

Salem+14

4 Booth et al.

Fig. 3.— Edge-on maps of the temperature in a thin slice around the MW (top panels) and SMC galaxies (bottom panels) for both the
thermal feedback left panels) and CR feedback (right panels). CR feedback has a large effect on the temperature structure of the halo gas.
The plots show the median velocity (left panels) and outward pressure force (right panels) as a function of height from the disk for the
same two simulations. All quantities are calculated in a cylinder of radius 3kpc, centered on the galactic disk. It is clear that the effect
of the CRs is to increase the outward pressure forces in the halo by a factor of 3-5 at all z. This pressure gradient slowly accelerates the
wind into the halo. The wind in the thermal feedback simulations is accelerated abruptly from the disk and maintains a constant velocity
thereafter.

disk up to ∼ 700km/s and thereafter have a constant
velocity. The CR simulations, however show a wind that
accelerates smoothly into the halo. The reason for this is
revealed in the right-hand panels, where it is immediately
apparent that the pressure gradient set up by the CRs in
the halo is a factor of 3-10 larger in the CR simulation
than in the thermal feedback simulation (the difference
is particularly striking in the SMC simulation). These
results illustrate that the wind properties in the simula-
tions with CRs are qualitatively different properties to
the wind driven by thermal SN feedback.

4. DISCUSSION AND CONCLUSIONS

Our simulations show that energy injection in the form
of CRs is a promising feedback process that can substan-
tially aid in driving outflows from star-forming galaxies.
First, we find that CR injection can suppress the SFR
by providing an extra source of pressure that stabilizes
the disk. Turbulent and CR pressure are in equipartition
in the disk, thus the CR pressure can significantly affect
most of the volume of the disk, but will be sub-dominant
inside supersonic molecular clouds, where turbulent pres-
sure dominates over both CR and thermal presure. This
effect is particularly strong in our simulated SMC-sized
dwarf galaxy. The SFRs measured in our galaxies with
CR feedback are comparable to observed SFRs for both
the MW and the SMC.
Second, we find that addition of the CR feedback in-

creases the mass loading factor, η, in the dwarf galaxy by
a factor of ten compared to the simulation with SN only
feedback. As a result, the SMC and MW-sized galaxies
(circular velocities of 40 and 150 km/s, respectively) have
mass loading factors that differ by a factor of∼ 3−10, de-
pending on the stage of evolution. This is in rough agree-
ment with expectations from theoretical models based on
simulations and semi-analytic models, which show that
dependence η ∝ vαcirc with α ∼ 1 − 2 is needed to re-

produce the observed faint end of the stellar mass func-
tion of galaxies and other properties of the galaxy pop-
ulation (e.g., Somerville et al. 2008; Schaye et al. 2010;
Oppenheimer et al. 2010; Dutton 2012). Moreover, the
wind velocities in the SMC and MW-sized simulated
galaxies are consistent with the observed trend for
galaxies in this mass range (Schwartz & Martin 2004;
Rupke et al. 2005) both in normalization and slope. Al-
though we have reported only two models, these results
are encouraging, especially because simulation parame-
ters have not been tuned in any way to reproduce these
observations.
Perhaps the most intriguing difference of the CR-

driven winds compared to the winds driven by ther-
mal SN feedback is that they contain significantly more
“warm” T ∼ 104 K gas. This is especially true for the
dwarf galaxy, which develops a wind strikingly colder
than in the SN-only simulation (see Fig. 3). The CR-
driven wind has a lower velocity, and is accelerated grad-
ually with vertical distance from the disk. The reason for
these differences is that the gas ejected from the disk is
accelerated not only near star-forming regions, as is the
case in SN-only simulations, but is continuously acceler-
ated by the pressure gradient established by CRs diffused
outside of the disk (see Fig. 3). The diffusion of CRs is
thus a key factor in ejecting winds and in their result-
ing colder temperatures. The cooler temperatures of the
ejected gas may be one of the most intriguing new fea-
tures of the CR-driven winds, as this may provide a clue
on the origin of ubiquitous warm gas in gaseous halos of
galaxies (e.g., Chen 2012, and references therein). De-
tailed predictions of CGM properties will require cosmo-
logical galaxy formation simulations incorporating CR
feedback, which we will pursue in future work.
Several studies have explored effects of CR injection on

galaxies. Jubelgas et al. (2008) found that CRs suppress

Booth+13

Cosmic ray driven outflows 3

is parallel to x−y plane of the coordinate system. We impose
outflow boundary conditions for the gas component at all do-
main boundaries. Fixed boundary conditions (eCR = 0) on
external domain boundaries are assumed for the CR compo-
nent.

3. SIMULATIONS
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FIG. 1.—Vertical (left column) and horizontal slices (right column) through
the disk volume. Upper panels: Logarithm of gas density and velocity vec-
tors at t = 600Myr. Dense gas blobs hosting star formation regions are
apparent at the horizontal slice through the disk. Lower panels: Logarithm
of CR energy density. The high concentration of CRs at the horizontal plane
coincides with the star forming clouds.

Initially the gaseous disk collects gas at the presumed
global infall rate Ṁin until it becomes locally gravitationally
unstable. Supernovae start to explode and deposit CRs in the
ISM after the gas density exceeds the critical value. After
about t ≃ 300Myr the disk reaches an equilibrium state with
a star formation rate at a level of SFR ≃ 40M⊙Myr−1. A
typical snapshot of the system after 600Myr of evolution is
shown in Fig. 1. Most of the supernovae activity is confined
to isolated regions in kpc-sized dense gas clouds (upper right
panel). These regions can be also identified as spots of high
CR energy density apparent as dark brown and black patches
in the face-on map (lower right panel of Fig. 1). One can
identify about 10 − 12 discrete star formation regions with
CR energy densities exceeding ≃ 100 eVcm−3 dropping to
1 eVcm−3 at larger distances away from the disk (lower pan-
els of Fig. 1). The distribution of the CR energy density in
the galactic halo is highly non-uniform. Sharp edges of CR-
populated regions can be identified with similar structures in
the maps of vertical mass flux and vertical magnetic field
component shown in Fig. 2.
The vertical streams of rarefied gas visible in gas density

distribution (upper panels of Figs. 1 and 2) are accelerated, by
CRs, to high velocities (several 103 km s−1). The streams can
extend several tens of kpc above and below the disk plane and
significant fraction of the outflowing gas has velocities above
escape velocity and will be able to leave the galaxy altogether.
Maps of the mass flux fz = ρvz (mid panels of Fig. 2)

show the bimodal nature of the outflow perpendicular to
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FIG. 2.— Vertical (left column) and horizontal (right column) maps at dif-
ferent vertical heights of wind related quantities. Upper panels: Vertical
component of the velocity. Narrow streams of high velocity rarefied gas ex-
tend several 10 kpc above and below the disk. The relation of high velocity
streams to the underlying star formation regions is apparent. Middle panels:
Vertical mass flux fz = ρvz . Regions of high mass flux coincide with the
highest concentration of CRs shown in Fig. 1. Bottom panels: Magnitude
of magnetic field B. Vertical filaments of ∼ 1µG magnetic field extend to
vertical distances of several tens of kpc from the galactic plane.
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FIG. 3.— Horizontally integrated mass flux vs. vertical coordinate z. Solid
lines denotes flux of gas moving in positive z-direction, and dashed lines
denotes gas moving in negative z-direction.

the disk plane with peak values up to 0.2M⊙ yr−1 kpc−2

(the color scale of the mass flux panels is saturated at only
0.02M⊙ yr−1 kpc−2 to show the wind structure far from the
disk plane).
Streams of gas emanating from a single star forming re-

gion have a large cross-section, visible at the horizontal slice
of ρvz at z = 2kpc. Individual SF regions generate out-
flows of 5M⊙/ yr on average and form streams of about

Hanasz+13



CRs	drive	winds	by	pressure	gradients

3326 M. Salem and G. L. Bryan

Figure 12. The SFR rate (top row) and disc mass (bottom row) for a variety of runs which vary our numerical parameters. In the left-hand column we vary
cs, max, in the middle column we vary the maximum resolution by changing the maximum allowed level of refinement for runs with CRs while in the right-hand
column we vary the resolution for runs without CRs. In the resolution study, ‘Hi Mass’ refers to a run with the same spatial resolution as the six AMR run, but
an improved mass resolution (see text).

simulations, a lower diffusion coefficient leads to larger outflows.
In our model as depicted in Fig. 13, the time-scale for spreading out
of the CR profile is directly proportional to the diffusion coefficient,
and if we make the simplifying assumption that the gas does not

Figure 13. A schematic model of CR diffusion-driven outflows. The blue
(gold) line shows a hypothetical gas (CR) density profile. The top panel
depicts a point early in the evolution, while the bottom panel shows a time
after the CRs have begun to diffuse out of the clump.

move significantly during this process, we see that a given parcel of
low-density gas in the wings will only feel the CR pressure gradient
for this time period. Therefore, the resulting velocity of the gas is
proportional to κCR, and more of the gas will exceed the escape
speed, exactly as observed.

Most of the other parameters are even more straightforward –
a higher SN energy, or a higher CR fraction will result in larger
pressure gradients for a given diffusion strength, and so stronger
outflows. The star formation efficiency is less obvious, although
qualitatively we see that for a lower efficiency a given SFR (and
likewise CR generation rate) will be delayed until the central clump
density is higher; however, for the other parameters held constant,
the CR acceleration is unaffected, as observed.

Finally, we note that the model indicates that the dense gas in
the centre is not accelerated by the CR fluid. This is also observed
in the simulations, with star-forming clumps (molecular clouds)
lasting for tens of Myr (or longer). This indicates that CR feedback
is not an efficient way to disperse molecular clouds, which is not
surprising – as we discuss in more detail below, another physical
mechanism (e.g. radiation pressure, stellar winds) is required. This
also limits the amount of gas ejected since in our simulations the
highest mass loading we achieve (the ratio of mass ejected to mass
of stars formed) is roughly unity. But this is not a fundamental
limit for this mechanism: higher mass loading could be achieved if
molecular clouds were dispersed into the ISM with another feedback
mechanism.

Salem+14



No	transport,	no	wind
(see	also	Salem+14,	Girichidis+16,	Simpson+16,	Heintz+18)	

Advection	only,	no	transport Advection	&	transport

Ruszkowski,	KY	&	Zweibel (2017)



η

vtransport

optimum	range	
for	wind	driving

Mass	loading	depends	on	transport	speed!



10 Hopkins et al.
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Figure 9. SFRs and inflow/outflow rates (as Fig. 4) for m10q, m11b, m11f, m12f (top-to-bottom; see Table 1). As expected from where CRs dominate the
pressure in the halo, the CRs have a weak effect on the SFR (see Paper I) or mass outflow rate at any annulus in runs with Mhalo . 1011 M� (m10q and m11b,
here). There are some more subtle effects at these halo masses: note e.g. the somewhat less-bursty late-time SFR in m11b (which is reflected in the outflow rate
having less pronounced “peaks” at large r from those previous “bursts”). But in halos which reach & 1011 M� at z ⇠ 1 (m11f) or z ⇠ 2 (m12f), the effects are
similar to those for m12i in Fig. 4: inflow rates at large radii, and outflow mass-loading factors at small radii (“near the disk”) are relatively weakly modified,
but CRs strongly suppress SF by accelerating material into outflow away from the disk in the CGM and IGM, maintaining net outflow with Ṁout flat or rising
to &Mpc.

the role of the gas column “above” it potentially confining these
outflows.

3.3.1 Gas Pressure-Dominated Halos (Weak CRs)

First, consider the case without CRs. Assume the “initial” halo
is in hydrostatic equilibrium with gas pressure following a P =
P0 (⇢/⇢0)

5/3 adiabat6 inside R < Rvir in a Hernquist (1990) profile

6 Assuming instead some power-law entropic function P/⇢5/3 / rn with
n ⇠ 0 � 1, as suggested in e.g. Stern et al. (2019) for quasi-hydrostatic
cooling-flow halos, only changes our argument here by an order-unity co-
efficient.

halo with c = 10, and that the universal baryon fraction fbaryon Mhalo

is in gas inside Rvir (with P = (3/16)⇢V 2
vir just inside Rvir, ap-

propriate for the post-virial-shock gas). This implies a gas pres-
sure P = P0 ( /(1+ r/2rs))

5/2 where  ⇡ 0.2GMhalo ⇢0/rs P0. If
a spherical outflow moves out of the disk, there is an energetic cost
�E associated with the “PdV” work of “lifting” this column. This
can easily be integrated from r = 0 to r, to show at small r . a,
�E =

R
PdV ⇡ P(r = 0)(4⇡ r3/3), or for a wind expanding at

some vwind = vr, Ėwork ⇡ P0 (2 /3)5/2 8⇡ r2 vr. If we use the nor-
malization conditions above to solve for P0 and ⇢0, and equate
this to a constant energy-injection rate Ėwind ⇡ (1/2)Ṁout v2

wind,
we find that the wind should “stall” relatively quickly as the en-
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but CRs strongly suppress SF by accelerating material into outflow away from the disk in the CGM and IGM, maintaining net outflow with Ṁout flat or rising
to &Mpc.

the role of the gas column “above” it potentially confining these
outflows.

3.3.1 Gas Pressure-Dominated Halos (Weak CRs)

First, consider the case without CRs. Assume the “initial” halo
is in hydrostatic equilibrium with gas pressure following a P =
P0 (⇢/⇢0)

5/3 adiabat6 inside R < Rvir in a Hernquist (1990) profile

6 Assuming instead some power-law entropic function P/⇢5/3 / rn with
n ⇠ 0 � 1, as suggested in e.g. Stern et al. (2019) for quasi-hydrostatic
cooling-flow halos, only changes our argument here by an order-unity co-
efficient.

halo with c = 10, and that the universal baryon fraction fbaryon Mhalo

is in gas inside Rvir (with P = (3/16)⇢V 2
vir just inside Rvir, ap-

propriate for the post-virial-shock gas). This implies a gas pres-
sure P = P0 ( /(1+ r/2rs))

5/2 where  ⇡ 0.2GMhalo ⇢0/rs P0. If
a spherical outflow moves out of the disk, there is an energetic cost
�E associated with the “PdV” work of “lifting” this column. This
can easily be integrated from r = 0 to r, to show at small r . a,
�E =

R
PdV ⇡ P(r = 0)(4⇡ r3/3), or for a wind expanding at

some vwind = vr, Ėwork ⇡ P0 (2 /3)5/2 8⇡ r2 vr. If we use the nor-
malization conditions above to solve for P0 and ⇢0, and equate
this to a constant energy-injection rate Ėwind ⇡ (1/2)Ṁout v2

wind,
we find that the wind should “stall” relatively quickly as the en-
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2.	CRs	can	suppress	star	formation

Hopkins+2020

More	CRs

v SFRs	suppressed	due	to	CR	pressure	support	against	gravitational	collapse
vMore	suppression	for	Milky-Way-like	halos

Mgal ~	1010 Msun Mgal ~	1012 Msun



3.	CRs	can	affect	wind	properties
(Uhlig+12,	Booth+13,	Simpson+16,	Samui+18,	Butsky+18,	Farber+18,	Girichidis+18)

Girichidis+16

Vw grows	with	z

Cooler

v CR	winds	are	cooler	(~1e4K),	multi-phase,	accelerated	more	gently

10 Salem & Bryan

Figure 6. Slices of mass flux, thermal gas pressure, CR pressure and ✏ = P
CR

/P
T

at t = 37.7 Myr during our fiducial run. This snapshot
displays the most violent burst of star formation in the fiducial run, and thus an ideal study of the anatomy of our winds.
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line) implies this gas parcel would escape the galaxy’s halo, barring any subsequent hydronamic interactions.
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Higher	atomic	
fraction



Cosmic Rays on FIRE: Winds 5

Figure 2. Inflow/outflow structure in m12i, runs without CRs (left) and with CRs (right). We plot gas velocity (v) streamlines, in a 2D slice (background
color shows gas density, to indicate the disk location in cyan). Lines are colored by radial velocity vr in kms�1 (see colorbar: red is outflow, blue is inflow).
We compare face-on (top) and edge-on (bottom) projections (with respect to the galactic disk plane), in a box with extending to ±1Mpc (⇡ 8Rvir across)
away from the galaxy center in both directions (see scale bar). The CR run exhibits qualitatively different structure: “No CRs” (MHD+) shows inflow in all
directions from the cosmic web onto a very obvious/sharp virial shock at ⇠ 250kpc, with a turbulent, inflow-dominated halo interior to this. “CR+” shows
inflow penetrating in the midplane and filament feeding the disk, with strong bipolar outflow filling almost all the large-scale volume to >Mpc scales.

3 THEORETICAL EXPECTATIONS

In Paper I, we developed a simple toy model for “CR-dominated
halos,” and in Paper I and Ji et al. (2019) we validated this as a
surprisingly accurate description of the CR pressure and density
profiles in the CGM of our simulations. We therefore apply it here
to outflows.

Although there has been significant study of CR-driven out-
flows “within” or “just outside” galaxies (i.e. within ⇠ 1kpc “off”

the vertical surface of a thin disk, which we will study in detail
in Chan et al., in prep.), we will argue below that the most dra-
matic differences owing to CRs occur on much larger scales in the
CGM and IGM. Therefore on these scales, we can approximate the
galaxy as small, so the injection of CRs is point-like, with quasi-
steady rate Ėcr = ✏cr ĖSNe = ✏cr uSNe Ṁ⇤, averaged at a given radius
over the CR diffusion time to that point (⇠Gyr). For the cases of
interest, the CRs have some effective (isotropic-averaged) diffusiv-
ity ̃ (which Ji et al. 2019 and Paper I argued should be ⇠ k/3),

c� 0000 RAS, MNRAS 000, 000–000

Hopkins+2020

4.	CRs	can	affect	CGM	properties



vWith	CRs,	the	CGM	tends	to	be
-- cooler	(<1e6K)
-- metal-enriched	(~0.1Zsun)
-- matches	better	with	UV	absorption	
lines	observed	by	HST	COS

Salem+16
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Figure 3. Column densities of HI and mass-weighted projections
of metallicity across simulations at z = 0. The CR-inclusive runs
feature far more HI gas beyond the SF disk, and likewise a far
higher metallicity CGM. The covering fraction of HI is strongly
dependent on CR model, with the least di↵usive runs exhibiting
the broadest swath of high column atomic hydrogen, in regions
coincident with lower temperatures and higher densities (see Fig-
ure 2) where the CR-fluid is dominant.

regarding how well our simulations can reproduce recent ob-
servations of metal columns in the CGM of L ⇠ L⇤ galaxies
at low redshift, which we explore in Section 4.

For d & 50 kpc the di↵usion time scale for CR ⇠
1028 cm2/s is & 1 Gyr, and thus the CR fluid is e↵ectively
non-di↵usive at this length-scale.

As described in Section 2, our simulations explicitly
track multiple ionization states of both hydrogen and he-
lium, as well as the metal fraction of our thermal gas, allow-
ing a straightforward method of producing the HI column
maps and mass-weighted projections of metallicity shown in
Figure 3. From the HI column maps, we find neutral hydro-

gen has a far stronger presence in our CR-inclusive CGMs in
regions of higher gas density, lower temperature and higher
✏CR, which are also CR-pressure supported. This is most
pronounced in the lowest di↵usion LCR run, but the e↵ect
persists to the highest di↵usion run. A satellite features a
robust HI component in all three CR-inclusive runs shown.

The right column of Figure 3 shows a mass-weighted
projection of metallicity. Although a cloud of enriched ma-
terial exists beyond the SF region of our non-CR run, the
CGM within the virial radius of this halo is largely metal-
poor. In contrast, the CGM of our CR runs is metal enriched,
with the projections showing Z & 0.1Z� for a majority of
pixels. This holds true across di↵usion parameters. In partic-
ular, MCR and HCR are devoid of a single sightline within the
virial radius where the metallicity falls below 10�1.5. We dis-
cuss the dichotomy between the enrichment of non-CR and
CR runs in Section 6. The lack of metals in the halo in the
NCR run is due to the inability of simple thermal energy
feedback models in cosmological galaxy simulations to e�-
ciently drive winds because their energy is rapidly radiated
away (e.g., Katz, Weinberg & Hernquist 1996; Hummels &
Bryan 2012). Simulations including CRs produce substan-
tive outflows (Salem & Bryan 2014), which can eject metals
into the CGM; we also note that other feedback models can
drive outflows but discuss the unique signatures of a CR-
dominated CGM in Section 6.

3.2 Radial Profiles

Figure 4 seeks to quantify the gas properties we’ve looked
at thus far as a function of radius from the galactic center of
our halo. Displayed are two-dimensional histograms, binned
by gas mass, of various gas properties versus radius. Also
over plotted are lines representing the median and quar-
tile values as a function of radius. From the density profiles
(top row) we find the low-di↵usion CR runs feature system-
atically higher gas densities than the non-CR run at each
radius, with an extremely tight spread about the median
value. For the more-di↵usive runs, the spread in density ex-
pands at small radii(r < 30 kpc) where a minority of the gas
exists at densities a factor of 100 below the non-CR run’s
distribution. Across the CR runs, within ⇠ 30 kpc, the gas
is almost exclusively cold (104 K), in stark contrast to the
non-CR run’s median value ⇠ 106 K at these radii. The
more di↵usive runs do feature a minority of gas up to these
temperatures, but the vast majority of gas remains cold in
the inner CGM. At large radii the least di↵usive runs now
show the most spread in temperature.

The metallicity profiles (third row) corroborate the
stark contrast between CR and non-CR runs seen in the ear-
lier projections: within the virial radius, the non-CR CGM is
devoid of gas beyond 0.01 solar metallicity. Meanwhile, the
CR runs feature a CGM almost exclusively above 0.1 solar.
The most di↵usive run has the largest spread in metallicity,
especially approaching and beyond the virial radius.

Finally we analyze the CR pressure dominance in the
CGM (bottom row). Across CR runs, this quantity is strictly
unity (completely CR dominated) within ⇠ 30 kpc for the
two less-di↵usive runs, and nearly as monolithically CR-
dominant for HCR. However, beyond this radius, all three
runs exhibit a broad distribution of the pressure ratio, with
the central 50% of gas parcels anywhere from 50% CR-
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Figure 8. A comparison of column density versus radius (“impact parameter”) between our simulations and quasar absorption line
measurements from the COS-Halos Survey (Werk et al. 2013). The simulated profiles bin together all pixels from surface density maps
generated from three orthogonal projections of the halo, with the median value at each radius shown as an orange line. Red and blue
markers denote passive and star-forming galaxies from COS-halos (demarcated at sSFR = 10�11 yr�1 as in Werk et al. 2013). Squares
show bounded measurements, whose errors are smaller than the markers shown here. Upward arrows represent saturated sight-lines, and
thus lower limits, whereas downward arrows denote non-detections, and thus upper limits. Across ion species and impact parameters,
the CR-inclusive runs (second and third colums) show better agreement with COS results.

where the pion production cross section on average is �̄pp ⇡
32 mbarn (Jubelgas et al. 2008), ⇢ is the thermal ISM’s
physical density and ✏CR(qthr) is the CR energy density of
all CR protons above the energy threshold qthrmpc

2 = .78
GeV. Our simulations do not track any measure of the CR
gas’s momentum distribution. For now we will assume the
CR population of the CGM within our simulations is com-
posed entirely of protons above this threshold. This simplifi-
cation still a↵ords us an upper limit on the luminosity due to

hadronic losses. Appendix 8 explores the uncertainty intro-
duced by this assumption, to find a more detailed treatment
lowers the emissivity by 10 � 70%, but not by an order of
magnitude.

We employed Equation 2 to compute the gamma-ray
emissivity produced by CR protons throughout our simula-
tion domain. We then used yt to produce edge-on surface
density maps of this emission, to provide a direct comparison
to �-ray observations. Figure 9 shows these mock observa-

c� 0000 RAS, MNRAS 000, 000–000

Data	from	Werk+13



But	the	devil	lies	in	the	details	of	
modeling	CR	transport…

-- Isotropic	vs.	anisotropic	diffusion	(Pakmor+16,	Jacob+18)

-- Diffusion	vs.	streaming	(Wiener+17,	Butsky+18)

-- Decoupling	in	cold,	neutral	medium	(Farber+18)	

-- Spatial	dependence	of	transport	speed	due	to	turbulent	damping	
(Holguin+18)

-- Energy	dependent	diffusion/streaming	(?)

-- Underlying	assumptions	about	the	plasma	physics	(Hopkins+2020)



Comparing	all	possible	CR	transport	models…

Refs:	Hopkins+2020,	astro-ph://2002.06211

The	standard	self-confinement	model	over-predicts	Lg, 
implying	too	much	confinement	by	a	factor	of	100!!

Constant	diffusion Extrinsic	turbulence Self	confinement

Need	to	understand	the	underlying	plasma	physics!!



CR	feedback	in	galaxies	-- summary

vCRs	can	suppress SFRs	of	MW-like	galaxies

vCR-driven	winds	are	cooler,	multi-phase,	and	
gently	accelerated.

vThe	CGM including	CR	effects	is	cool	and	metal-
rich,	which	matches	the	COS	data.

vAll	the	above	depends	on	details	of	microphysical	
CR	transport	processes



PART	II	– CR	feedback	in	clusters



Properties	of	CRs	in	clusters
Radio	halo	of	Coma	cluster	
+	X-ray	contour

v Cluster	B	field	~	µG
v CRs	are	likely	first	accelerated	by	

structure	formation	shocks	and	
reaccelerated	by	turbulence

v No	gamma-ray	emission	from	
clusters	detected	yet	

–>	XCR	=PCR/Pth <~	10%	
–>	CRs	are	NOT dynamically	
dominant	for	clusters	as	a	whole

Feedback	of	SMBHs	
(XCR,jet =	?)	



AGN	feedback	in	galaxy	clusters

Perseus	cluster

Simionescu+(2012)

v X-ray: intracluster medium	(ICM)
v Radiative	cooling:	
v Cool-core	(CC)	clusters:		tcool <<	tH
v Positive	T gradients	within	cores
v Cooling	flow	model	predicts	runaway	

cooling	and	large	SFRs
v Observed	SFRs	10-100x	lower	than	

prediction	->	cooling-flow	problem

LX ∝n
2



Evidence	for	AGN	Feedback

vRadio	bubbles
vPcav ~	Lcool

Panagoulia+	(2014)

Courtesy	of	J.Hlavacek-Larrondo
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Q: How AGN jets heat the ICM?

Possible heating mechanisms:
– Mixing with hot bubble gas (Hillel+ 2016)

– Weak shocks (Fabian+ 2003)
– Sound waves (Fabian+ 2005)

– Turbulence dissipation (Zhuravleva+ 2014)

– Cosmic-ray heating (Guo+ 2008, 
Pfrommer+2013)

– 22 –

the larger-scale cavities are being blown around by atmospheric pressure gradients (Brüggen

et al. 2005; Heinz et al. 2006; Morsony et al. 2010).

Fig. 10.— Examples of systems showing multiple cavities and shocks. Upper left: Unsharp

mask 0.3 – 2 keV image of the NGC 5044 group showing multiple cavities (David et al.

2009). Upper right: Region around M87 in the Virgo cluster, showing deviations from the

azimuthally averaged surface brightness in the energy band 0.5 – 2.5 keV (Forman et al.

2007). Lower left: 0.3 – 2 keV image of the NGC 5813 group, showing multiple shock

fronts and cavities (Randall et al. 2011). Lower right: Unsharp mask image of 2A0335+096

showing multiple cavities and sound waves(Sanders et al. 2009).

Even in cases where jet heating is highly anisotropic, following an outburst the lowest

M87 (Forman+ 2007)

Perseus
Sound waves

Which mechanisms are dominant?

33



Simulation setup

v Initial condition: Perseus cluster
v Radiative cooling 
v AGN feedback:

-- SMBH accretion of cold gas 
-- kinetic jet feedback, efficiency = 0.1%
-- jet precession

(Yang & Reynolds, 2016b)
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Success	of	AGN	simulations

vSelf-regulation
vPositive	T	gradient
vCold	gas	distribution
vDominant	heating	
mechanisms:
-- Bubble	mixing
-- Weak	shock	heating
-- Turbulent	heating

Gaspari et	al.	(2011,	2012)
Li	et	al.	(2014,	2015)
Prasad	et	al.	(2015)
Yang	&	Reynolds	(2016ab)

36

How	about	CR-dominated	jets?



Why	CRs?

Motivations:
1) Radio	->	CRs	&	B
2) Bubble	composition	is	unknown

Ptot >> PB +PCRe (Dunn	et	al.,	2004,	2005)

Ptot = PB +PCRe +PCRp +Pth

=>	Pth or	PCRp dominates



Works	on	CR	feedback	in	clusters
v1D	models:
Loewenstein+91,	Guo+08,	Pfrommer 13,	Jacob+2016ab

v2D	hydro,	local	simulations:
Mathews+08,	Guo+10

v3D	hydro/MHD,	local	simulations:
Weinberger+17,	Bourne+17,	Ehlert+18,	Yang+19

v3D	hydro/MHD,	global	simulations:
Sijacki+08,	Ruszkowski+17



1.	CR-jet	inflated	bubbles	are	“fatter”

Yang+19

vSlower	CR	jets	allow	CR	pressure	to	expand	
laterally	->	Larger	cross	section	causes	
deceleration

vCR	bubbles	could	more	easily	produced	young	
cavities	at	the	center	of	Perseus

and dV are constant in time. The absolute value is non-negligible
because the injected mass is located close to the cluster center
where the potential well is the deepest. After t=10Myr,
Eg(t)−Eg(t=0) steadily increases with time and eventually
becomes positive due to the expansion of the cluster atmosphere.
The kinetic energy after the initial thermalization is shared by the
bubbles and the weak shocks. It is always subdominant
throughout the simulation. In Section 3.3, we will discuss the
ICM kinematics in more detail.

The evolution of energies are similar for the CR and CRdh
simulations (middle and right panels in Figure 4, respectively).
Similar to the KIN case, the kinetic energy remains
subdominant over the course of the evolution. The initially
injected mass close to the cluster center causes the change in
gravitational energy to be negative (and more so because the
CR-dominated bubbles rise more slowly compared to the KIN

case) and increases after the jets are turned off as the cluster gas
expands. The CR energy remains the dominant component
throughout the simulations. During the initial stage of bubble
formation, part of the injected CR energy is lost due to
adiabatic expansion. Afterwards, the CRs do little work to the
surroundings and hence the total CR energy is roughly
conserved. The lost CR energy becomes thermal energy shared
between the weak shocks and the bubbles. Compared to the
KIN case, the decrease in thermal energy due to adiabatic
losses after t=10Myr is much more dramatic, indicating
more significant expansion of the cluster gas.
The expansion of the hot ICM can be easily seen by looking

at the profiles of enclosed mass (top panel in Figure 5).
Figure 5 shows the evolution for the hot and cold phases of the
ICM. Since the amount of cold gas formed from local thermal
instabilities is sensitively dependent on the contention between

Figure 3. From left to right are slices of gas density, temperature, total pressure (including thermal and CR pressures), CR energy density, and projected X-ray
emissivity at t=50 Myr. Top to bottom rows show results for the KIN, CR, and CRdh simulations, respectively. The physical scale for each panel is 60 kpc by
80 kpc.
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2.	CR	bubbles	expands	the	ICM	more	
efficiently

Yang+19

Enclosed	mass	profiles

This	is	because CR	bubbles	have	larger	cross	sections

With	CRs



v With	transport,	CRs	can	escape	the	bubbles	and	interact	with	ICM	
v CR	heating	(streaming,	Coulomb,	hadronic)	->	self-regulation

CR	energy	density

Cluster heating by cosmic rays 5

Figure 1. From left to right: Slice though the cosmic ray energy density distribution for the case with hadronic and Coulomb heating
(CHT0), cosmic ray streaming/heating (ST1), cosmic ray streaming/heating and hadronic and Coulomb heating (SCHT1), and same as
the last panel but for super-Alfvénic streaming (SCHT4). All snapshots were taken at 3 Gyr.

Alfvénic. Note that these results also imply that the dy-
namical state of the atmosphere does depend on whether
CR transport is included. Despite the fact that all snap-
shots were taken at the same time, the case where the
CR streaming is neglected corresponds to the most per-
turbed atmosphere at the center of the cool core, while
in all cases that include streaming, the ICM is relatively
less disturbed and calmer at this particular time. As de-
scribed in detail below, in the simulations including CR
streaming the ICM generally exhibits larger variations
due to more intermittent AGN feedback. This means
that the atmosphere can experience both the periods
of relative calm and more stormy conditions. Recent
Perseus data from Hitomi is consistent with relatively
low level of turbulence in this cluster (Hitomi Collabora-
tion et al. 2016). It is plausible that the dynamical state
of the Perseus cluster currently corresponds to relatively
low-turbulence state captured in Figure 1 in cases includ-
ing transport processes (see also Li et al. (2016)). Al-
ternatively, turbulent motions in the cluster atmosphere
could be reduced due to viscosity. We also point out that
the iron line shifts corresponding to large gas velocities
induced by the AGN at the center of the cool core may
be partially diluted by slower moving gas away from the
center. This may give an impression of relative calm in
the ICM even if fast gas motions are present. This dilu-
tion e↵ect has been seen in mock Hitomi simulations that
show line shifts consistent with the data (Morsony, priv.
comm.). We defer to a future publication the study of
the iron emission line profiles and observational predic-
tions for the planned Hitomi replacement and the X-ray
Surveyor missions.
As expected, the dispersal of CRs throughout the core

is more pronounced at later times since the onset of feed-
back and when the speed of CR transport is faster. In-
terestingly, observations of M87 with LOFAR reveal a
sharp radio emission boundary that does not seem to de-
pend sensitively on radio frequency (de Gasperin et al.
2012), i.e., it appears that the boundary corresponds to
the physical extent of CRs. At late times no such bound-
ary is seen in the simulations. However, such boundary
in the spatial distribution of CRs could be explained by
large-scale sloshing motions that order magnetic fields
on large scales and prevent the leakage of CRs to large
distances by suppressing cross-field CR transport. Sim-
ulations of ZuHone et al. (2013) show that sloshing mo-
tions induced by substructure in the cluster can gener-
ate tangential magnetic fields. Such fields could slow
down radial transport of CRs away from the core. Alter-

natively, weaker or less collimated AGN feedback could
prevent the bubbles from overshooting the critical radius
at which their internal entropy equals that of the ambi-
ent ICM. In such a case, we would expect CR to exist
predominantly within such critical radius. We defer ex-
ploration of these possibilities to a future publication and
point out that there exist counter-examples to the mor-
phological appearance of M87. In Abell 262 (Clarke et al.
2009) and A2597 (Clarke et al. 2005) the radio emission
at lower frequencies extends to larger distances from the
cluster center.

The pressure support due to CRs is quantified in
Figure 2. Pressure support is defined as the ratio of
the pressure provided by CRs to the sum of the thermal
and CR pressures. In order to exclude CR-filled bubbles
that are cooling very ine�ciently, this quantity is set to
10�2 whenever the local cooling time exceeds the Hubble
time. All panels show the evolution of the profiles of the
pressure support. Dark lines corresponds to 50% of CR
contribution to the total pressure support. In the case
excluding CR transport (left panel), CR interaction with
the ambient medium is inhibited. This is caused by the
presence of the magnetic fields that slow down the mix-
ing process and the fact that CRs are simply advected
with the gas and do not stream with respect to the loca-
tion of the fluid injected by the AGN. Consequently, even
though hadronic and Coulomb heating processes are in-
cluded, the CR heating of the ambient ICM is ine↵ective
because CRs do not easily come in contact with the ther-
mal ICM. This means that the cooling catastrophe can
easily develop, which leads to large mass accretion rates
onto the central supermassive black hole. As a result of
this accretion the black hole feedback increases and more
CRs are injected into the ICM. This is a runaway process
in which CRs account for progressively larger fraction of
the total pressure support. At the end of the simulation
the CR pressure support in ⇠50 kpc is dominant and
thus it is inconsistent with observational constraints (Ja-
cob & Pfrommer 2016b,b).
The remaining three panels illustrate that the role of

transport processes is essential for removing this tension
with observations. The second panel shows that includ-
ing CR streaming and associated with it streaming heat-
ing dramatically reduces CR contribution to the pressure
support. This reduction in CR pressure occurs because
CRs can now come into contact with the thermal ICM
and heat it, thus reducing the CR energy density and
associated with it CR pressure. Similarly, CR pressures
are further reduced when, in addition to the processes in-
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Alfvénic. Note that these results also imply that the dy-
namical state of the atmosphere does depend on whether
CR transport is included. Despite the fact that all snap-
shots were taken at the same time, the case where the
CR streaming is neglected corresponds to the most per-
turbed atmosphere at the center of the cool core, while
in all cases that include streaming, the ICM is relatively
less disturbed and calmer at this particular time. As de-
scribed in detail below, in the simulations including CR
streaming the ICM generally exhibits larger variations
due to more intermittent AGN feedback. This means
that the atmosphere can experience both the periods
of relative calm and more stormy conditions. Recent
Perseus data from Hitomi is consistent with relatively
low level of turbulence in this cluster (Hitomi Collabora-
tion et al. 2016). It is plausible that the dynamical state
of the Perseus cluster currently corresponds to relatively
low-turbulence state captured in Figure 1 in cases includ-
ing transport processes (see also Li et al. (2016)). Al-
ternatively, turbulent motions in the cluster atmosphere
could be reduced due to viscosity. We also point out that
the iron line shifts corresponding to large gas velocities
induced by the AGN at the center of the cool core may
be partially diluted by slower moving gas away from the
center. This may give an impression of relative calm in
the ICM even if fast gas motions are present. This dilu-
tion e↵ect has been seen in mock Hitomi simulations that
show line shifts consistent with the data (Morsony, priv.
comm.). We defer to a future publication the study of
the iron emission line profiles and observational predic-
tions for the planned Hitomi replacement and the X-ray
Surveyor missions.
As expected, the dispersal of CRs throughout the core

is more pronounced at later times since the onset of feed-
back and when the speed of CR transport is faster. In-
terestingly, observations of M87 with LOFAR reveal a
sharp radio emission boundary that does not seem to de-
pend sensitively on radio frequency (de Gasperin et al.
2012), i.e., it appears that the boundary corresponds to
the physical extent of CRs. At late times no such bound-
ary is seen in the simulations. However, such boundary
in the spatial distribution of CRs could be explained by
large-scale sloshing motions that order magnetic fields
on large scales and prevent the leakage of CRs to large
distances by suppressing cross-field CR transport. Sim-
ulations of ZuHone et al. (2013) show that sloshing mo-
tions induced by substructure in the cluster can gener-
ate tangential magnetic fields. Such fields could slow
down radial transport of CRs away from the core. Alter-

natively, weaker or less collimated AGN feedback could
prevent the bubbles from overshooting the critical radius
at which their internal entropy equals that of the ambi-
ent ICM. In such a case, we would expect CR to exist
predominantly within such critical radius. We defer ex-
ploration of these possibilities to a future publication and
point out that there exist counter-examples to the mor-
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presence of the magnetic fields that slow down the mix-
ing process and the fact that CRs are simply advected
with the gas and do not stream with respect to the loca-
tion of the fluid injected by the AGN. Consequently, even
though hadronic and Coulomb heating processes are in-
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because CRs do not easily come in contact with the ther-
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easily develop, which leads to large mass accretion rates
onto the central supermassive black hole. As a result of
this accretion the black hole feedback increases and more
CRs are injected into the ICM. This is a runaway process
in which CRs account for progressively larger fraction of
the total pressure support. At the end of the simulation
the CR pressure support in ⇠50 kpc is dominant and
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3.	CR-dominated	jets	could	heat	the	ICM	by	
Coulomb,	hadronic,	and	streaming	heating
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(3D	CR-MHD	simulations;	Ruszkowski,	Yang	&	Reynolds,	2017)

Advection	only,	no	transport Advection	&	transport✗ ✔



3.	AGN	activity	more	variable	for	CR	bubbles

Thermal	bubbles CR	bubbles
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ing and cooling balance each other in the self-regulated
feedback process.
We utilize passively evolving tracer particles in order

to follow the thermodynamic history of the ICM. The
tracer particles are initialized at the beginning of the
simulations within a sphere of radius r = 100 kpc with
particle spacings of 2 kpc. The particles record the hy-
drodynamic variables of the fluid along their trajecto-
ries. The particle data is dumped into output files at a
frequency of 0.005 Gyr.
In order to distinguish between AGN jets and the ICM,

a tracer fluid is used to identify the AGN jets. For each
grid cell, the mass fractions of the jets and the gas are
denoted as fjet and fgas = 1�fjet, respectively. The value
of fjet is initially set to zero everywhere in the simulation
domain. When the jets are launched, fjet = 1 is set
within the jet nozzle. With subsequent advection and
mixing, regions influenced by the jets could then have
values between 0 and 1. It follows that a mass-weighted
quantity X is defined as

R
fgas⇢Xd3x/

R
fgas⇢ d3x.

One of the candidates for providing heat to the ICM
is heating by shocks. As we will see in Section 3.1, the
shocks found in our simulation have typical Mach num-
bers below 2. We hereby briefly summarize how we esti-
mate the ICM heating by weak shocks. We identify the
shocks based on negative velocity divergence and jumps
in gas pressure,

�P

P
=

P2 � P1

P1
=

2�

� + 1
y, (5)

where P1 and P2 are the preshock and postshock pres-
sure, respectively. The quantity y is related to the Mach
number by

y =
⇢1v

2
s

�P1
� 1 = M2 � 1, (6)

where ⇢1 is the preshock density and vs is the shock
speed. For reference, M = 1.1, 1.5 and 2.0 correspond to
�P/P ⇠ 0.26, 1.56 and 3.75, respectively. The jump in
specific entropy for a weak shock is

ds ' 2�kB
3(� + 1)2µmH

y3, (7)

which then could be used to compute the amount of en-
ergy per unit volume gained by the gas, dH = ⇢Tds. The
volumetric heating rate by weak shocks is then estimated
by dH/dt, where dt = 0.005 Gyr is the time interval be-
tween two subsequent output files. For the evaluation of
shock heating (see Section 3.4), we only include shocks
with �P/P � 0.2 as they account for most visible en-
tropy jumps in the simulation (see Figure 8). However,
we verified that the amount of shock heating is insensitive
to this choice because weak shocks around the threshold
do not have a dominant contribution to heating. Note
that some previous works apply additional criteria for
diagnosing shocks (e.g., Ryu et al. 2003; Brüggen et al.
2005; Bryan et al. 2014) and therefore our estimates of
shock heating should be considered as upper limits.

3. RESULTS

3.1. Overall evolution

We describe the overall evolution and integrated prop-
erties of the cluster in this section. Since other aspects of

Fig. 1.— Evolution of the AGN jet power (solid line) and the X-
ray luminosity integrated within 100 kpc (dashed line). With self-
regulated AGN feedback, the cluster reaches a quasi-equilibrium
state after t ⇠ 0.7 Gyr.

self-regulated AGN feedback in clusters have been exten-
sively discussed in the literature (e.g., Sijacki et al. 2007;
Gaspari et al. 2011; Yang et al. 2012b; Li & Bryan 2014;
Prasad et al. 2015), we focus on characteristics that are
relevant for this study.
Figure 1 shows the evolution of AGN jet power and

X-ray luminosity within r = 100 kpc, which is about the
cooling radius of the cluster (defined here as the radius
at which the cooling time is 3 Gyr). At the beginning
of the simulation, the X-ray luminosity increases as the
cluster contracts due to energy losses by radiative cool-
ing, forming a cooling flow (Fabian 1994; Li & Bryan
2012). The ICM cools and forms clumps of cold gas
due to local thermal instabilities (TI) when tc/t↵ . 10
(McCourt et al. 2012; Sharma et al. 2012; Gaspari et al.
2012; Li & Bryan 2014; Meece et al. 2015). The central
SMBH is fed by the cold gas in its vicinity and then sub-
sequent jet activity is triggered at t ⇠ 0.3 Gyr, which is
approximately the initial cooling time of the cluster. The
kinetic energy of the AGN jets is transformed into heat
of the ICM (via processes that will be discussed in detail
later), raising tc/t↵ above the threshold for TI and sup-
pressing cold clump formation until the ICM cools again
and fueling is resumed. Thereby a self-regulated AGN
feedback cycle is established, maintaining the cluster in
a quasi-equilibrium state after t ⇠ 0.7 Gyr. 3 After
t ⇠ 0.7 Gyr, the X-ray luminosity stays roughly con-
stant (⇠ 1.3⇥1045 erg s�1), and the average jet power is
about 3 ⇥ 1045 erg s�1, implying ⇠ 40% of the kinetic
energy is transformed into thermal energy within 100
kpc. The average mass accretion rate for the simulated
cluster is ⇠ 15% of the inferred mass deposition rate of
the observed Perseus cluster (Allen et al. 2001a), much
suppressed compared to that of a pure cooling flow and
consistent with the range of mass deposition rates (e.g.,
Hudson et al. 2010) and star formation e�ciencies (e.g.,

3 We note that, though our simulation setup is similar to Li
& Bryan (2014), the evolution of the cluster is di↵erent owing to
the di↵erent treatment of cold gas. Because in our simulation the
dropped-out cold gas is e�ciently uplifted by the rising bubbles
and does not form massive disks surrounding the SMBH, quasi-
equilibrium is more easily established, which is optimal for studying
the long-term balance between heating and cooling.

v This	is	because	CR	bubbles	expands	the	ICM	and	it	takes	
longer	times	for	ICM	to	cool	and	trigger	next	AGN	activity
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First	tentative	detection	of	SZ	bubbles	(Abdulla	et	al.	2018)SZ observations of X-ray Cavities 7

Figure 4. SZ and X-ray images of MS0735. On the left, a CLEAN CARMA map of MS0735 with the central radio source
removed (see section 3.2) representing the total SZ signal in units of SNR. An image of the noise map used to make CARMA SNR
maps is shown in Figure 1. White contours show the 327 MHz VLA observations of the AGN jets at levels of (0.005, 0.01, 0.02) Jy
beam�1. Black contours show the Chandra X-ray image (0.5-7 keV) at smoothed levels of (3.0, 7.5, 20.0)⇥10�8 counts cm�2 s�1

arcsecond�2. Red crosses show the centers of the two mosaic pointings of the CARMA-23 observations (see Section 2) and red
circles show the X-ray identified extent of the cavities. On the right, the Chandra X-ray image (0.5-7 keV) Gaussian-smoothed
with a 3 pixel kernel radius, with white contours from the CARMA SZ map at levels of �14�,�10�,�6�. Note the depressions
in both X-ray surface brightness and SZ signal in the regions occupied by the jets.

Table 3. Nearby radio sources

Nearby radio sources S30GHz (mJy) �x(00) �y(00)

Southern source 0.15± 0.04 �2± 3 197± 3

Northeastern source 0.19± 0.04 88± 2 151± 2

Note—List of nearby radio point sources found in the
CARMA field of view. The positional o↵sets �x and �y

are from the cluster center: 07h41m44s,+74�1403800.

approximately spherical bubbles adiabatically expand
and quickly settle into near pressure equilibrium with
the surrounding medium. In this section, we describe
the SZ signal from the extended gas distribution of the
smooth ICM, which we refer to as the global ICM, and
in the next section, we describe the suppression of the
SZ signal from a region occupied by a spherical cavity,
which we define as the cavity suppression factor, f .
We use a double �-model description of the 3-

dimensional ICM pressure profile, fit to the Chandra

X-ray data, as detailed by Vantyghem et al. (2014).
Specifically, we use the “combined” deprojected profile
provided by the authors, which is the product of the
deprojected density and projected temperature profiles.
We additionally require that the ratio of the normaliza-
tions of the two �-model components in the X-ray de-
projected pressure profile be preserved in the SZ model.

All parameters of this double �-model are fixed based
on the higher resolution X-ray data, except for its over-
all normalization, which is allowed to vary when fitting
the CARMA data.
An overall ellipticity of the cluster gas is apparent in

both the X-ray and SZ maps (Figure 4). To best deter-
mine the SZ contrast of the cavities, we therefore adopt
an elliposoidal model for the global ICM, despite the
fact that the X-ray deprojected pressure profile was ob-
tained under the assumption of spherical symmetry. We
begin with a triaxial ellipsoidal �-model for ICM elec-
tron pressure,
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where r1, r2, and r3 are core radii corresponding to each
axis. The line-of-sight integral of the pressure gives us
the observed Compton-y of the cluster.
Given the relatively low temperatures measured from

X-ray data of MS0735 (kT < 10 keV; Vantyghem et al.
2014), we model only the non-relativistic thermal SZ
(tSZ) e↵ect of the global ICM (Sunyaev & Zeldovich
1972; Birkinshaw 1999). The non-relativistic tSZ spec-
tral distortion of the CMB in flux density can be ex-
pressed as the product of the thermal Compton-y, y

th

=
�T

mec
2

R
P
th

dl, and the spectral shape, g(x), determined
from the scattering of CMB photons o↵ a thermal distri-
bution of electrons, where x = h⌫/kTCMB is the dimen-
sionless frequency (x30GHz = 0.5284). If we integrate the



CR	Feedback	in	Galaxies	and	Clusters	-- summary

v CRs	are	key	ingredient	in	galaxy	and	cluster	feedback

v Results	sensitively	depend	on	CR	transport	models

v Better	understanding	of	the	microphysics	of	CR	transport	
and	comparisons	with	observational	data	are	demanded


