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CR streaming instability

Cosmic ray (CR) streaming instability:
Kulsrud & Pearce 1969

if vcr > va, CR flux excites and
amplifies an Alfvén wave field in
resonance with the gyroradii of CRs

scattering off of this wave field limits
the (GeV) CRs’ bulk speed ∼ va

wave damping: transfer of CR energy
and momentum to the thermal gas

→ CRs exert pressure on thermal gas via scattering on Alfvén waves

weak wave damping: strong coupling→ CR stream with waves
strong wave damping: less waves to scatter→ CR diffusion prevails
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Coupling of CRs to the background plasma

extrinsic confinement: scattering off of turbulence cascaded from large
scales via supernovae, stellar winds, etc.
⇒ important for confinement of TeV CRs

intrinsic confinement: CRs drive unstable plasma wave modes (e.g.,
Alfvén waves), and then scatter off of them
⇒ most important mechanism for GeV CR confinement

dispersion relation (Ωe,0 = −mi/me × Ωi,0, α = ncr/ni): gyrotropic
CR ion + electron beam propagates in background plasma

k2c2

ω2 − 1 =
ω2

i

ω (−ω ± Ωi,0)
+

ω2
e

ω (−ω ± Ωe,0)
⇐ background

CRe ⇒ +
αω2

e

γeω2

{
ω − kvdr

kvdr − ω ∓ Ωe,0/γe
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CRi ⇒ +

αω2
i
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ω − kvdr

kvdr − ω ± Ωi
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⊥
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k2c2 − ω2) /c2
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}
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Shalaby, Thomas, CP (2021)

gyro-resonant instability of gyrotropic CR population
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CR driven intermediate-scale instability

Shalaby, Thomas, CP (2021)

low CR drift speed: two instability peaks
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CR driven intermediate-scale instability

Shalaby, Thomas, CP (2021)

for CR drift speed vdr ≈
√

mi
me

vA
2 : two instability peaks merge
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CR driven intermediate-scale instability

Shalaby, Thomas, CP (2021)

for vdr >
√

mi
me

vA
2 : intermediate-scale instability quenched
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Cosmic ray driven instabilities
Growth of the intermediate-scale and the gyro-resonant instability

Shalaby, Thomas, CP (2021)

Christoph Pfrommer Cosmic rays in galaxy formation


Evol.mov
Media File (video/quicktime)



Cosmic ray driven instabilities
Cosmic ray transport

Galaxy formation

Introduction
Intermediate instability
Overview and applications

Regimes of CR driven instabilities

Intermediate -scale

wave modes

gyroscale

wave modes

gyroscale

wave modes

gyroscale

wave modes

gyroscale

wave modes
Bell wave modes

small-scale

wave modes

Shalaby, Thomas, CP (2021)

where α = ncr
ni

is the CR number fraction, mr = mi
me

is the mass
ratio, and γi is the Lorentz factor of CR ions
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The intermediate-scale instability
Properties of the intermediate-scale instability:

growth rate Γinter � Γgyro and excites broad spectral support

unstable modes are background ion-cyclotron waves in the
comoving CR frame

condition for growth: vdr

vA
<

1
2

√
mi

me

Possible implications of this new instability:

couples CRs more tightly to background plasma and
strengthens CR feedback in galaxies and galaxy clusters

enables electron heating at shocks and injection into diffusive
shock acceleration

slows down CR escape from the sites of particle acceleration
→ brighter gamma-ray halos
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Cosmic ray transport: an extreme multi-scale problem

Milky Way-like galaxy:

rgal ∼ 104 pc

gyro-orbit of GeV cosmic ray:

rcr =
p⊥

e BµG
∼ 10−6 pc ∼ 1

4
AU

⇒ need to develop a fluid theory for a collisionless,
non-Maxwellian component!
Zweibel (2017), Jiang & Oh (2018), Thomas & CP (2019)
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Modes of CR propagation

advection
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Modes of CR propagation
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Modes of CR propagation

advection diffusion streaming
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1-moment CR hydrodynamics (steady-state flux)

total CR velocity vcr = v + vst + vdi (where v ≡ vgas)

CRs stream down their own pressure gradient relative to the gas,
CRs diffuse in the wave frame due to pitch angle scattering by
MHD waves (both transports are along the local direction of B):

vst = vA
ν̄+ − ν̄−
ν̄+ + ν̄−

, vdi = −κdib
b ·∇εcr

εcr
, κdi =

c2

3(ν̄+ + ν̄−)

energy equations with ε = εth + ρv2/2:

∂ε

∂t
+ ∇ · [(ε+ Pth )v ] = 0

∂εcr

∂t
+ ∇ · [Pcrvst + εcr(v + vst + vdi)] = −Pcr∇ ·v + vst ·∇Pcr

⇐⇒ ∂εcr

∂t
+ ∇ · [εcr(v + vst + vdi)] = −Pcr∇ · (v + vst)
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2-moment CR vs. radiation hydrodynamics
captitalize on analogies of CR and radiation hydrodynamics (Jiang & Oh 2018)

derive two-moment equations from CR Vlasov equation (Thomas & CP 2019)

lab-frame equ’s for CR energy and momentum density, εcr and fcr/c2

∂εcr

∂t
+∇ · fcr = −w± · bb

3κ±
· [fcr −w±(εcr + Pcr)]− v ·gLorentz+Sε

1
c2

∂fcr

∂t
+∇ · Pcr = − bb

3κ±
· [fcr −w±(εcr + Pcr)]− gLorentz +Sf

Alfvén wave velocity in lab frame: w± = v ± va,
CR scattering frequency ν̄± = c2/(3κ±)

lab-frame equ’s for radiation energy and momentum density, ε and f/c2

(Mihalas & Mihalas, 1984, Lowrie+ 1999):

∂ε

∂t
+∇ · f = −σsv · [f − v · (ε1 + P)] + Sa

1
c2

∂f
∂t

+∇ · P = −σs [f − v · (ε1 + P)] + Sav

problem: CR lab-frame equation requires resolving rapid gyrokinetics!
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1
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solution: transform in comoving frame and project out gyrokinetics!
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Alfvén-wave regulated CR transport

comoving equ’s for CR energy and momentum density (along B), εcr

and fcr/c2, and Alfvén-wave energy densities εa,± (Thomas & CP 2019)

∂εcr

∂t
+∇ · [v(εcr + Pcr) + bfcr] = v · ∇Pcr

− va

3κ+
[fcr − va(εcr + Pcr)] +

va

3κ−
[fcr + va(εcr + Pcr)] ,

∂fcr/c2

∂t
+∇ ·

(
v fcr/c2

)
+ b · ∇Pcr = −(b · ∇v) · (bfcr/c2)

− 1
3κ+

[fcr − va(εcr + Pcr)]− 1
3κ−

[fcr + va(εcr + Pcr)] ,

∂εa,±
∂t

+∇ · [v(εa,± + Pa,±)± vabεa,±] = v · ∇Pa,±

± va

3κ±
[fcr ∓ va(εcr + Pcr)]− Sa,±.
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Varying damping rate of Alfvén waves modulates the diffusivity of solution
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Anisotropic CR streaming and diffusion – AREPO
CR transport mediated by Alfvén waves and coupled to magneto-hydrodynamics

CR streaming and diffusion
along magnetic field lines in
the self-confinement picture

moment expansion similar to
radiation hydrodynamics

accounts for kinetic physics:
non-linear Landau damping,
gyro-resonant instability, . . .

Galilean invariant and causal
transport

energy and momentum
conserving Thomas, CP, Pakmor (2021), Thomas & CP (2021)
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MeerKAT image of the Galactic Center Haywood+ (Nature, 2019)



  

MeerKAT image of the Galactic Center Haywood+ (Nature, 2019)
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Radio synchrotron harps: testing CR propagation

Haywood+ (Nature, 2019)
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How are galactic winds driven?

NASA/JPL-Caltech/STScI/CXC/UofA

super wind in M82

thermal pressure provided by
supernovae or AGNs?

radiation pressure and
photoionization by massive
stars and QSOs?

cosmic-ray (CR) pressure and
Alfvén wave heating of CRs
accelerated at supernova
shocks?

observed energy equipartition between cosmic rays, thermal gas and
magnetic fields
→ suggests self-regulated feedback loop with CR driven winds
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1. Cosmic ray feedback in galaxy formation

Pakmor, CP+ (2016), CP+ (2017b)
Galactic winds driven by CR diffusion in isolated disk galaxies

MHD + CR advection + anisotropic diffusion,
{

1010,1011,1012
}

M�
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Simulation of Milky Way-like galaxy, t = 0.5 Gyr
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Simulation of Milky Way-like galaxy, t = 1.0 Gyr
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Cosmic ray driven wind: mechanism

CR streaming in 3D simulations: Uhlig, CP+ (2012), Ruszkowski+ (2017)
CR diffusion in 3D simulations: Jubelgas+ (2008), Booth+ (2013), Hanasz+ (2013),
Salem & Bryan (2014), Pakmor, CP+ (2016), Simpson+ (2016), Girichidis+ (2016),
Dubois+ (2016), CP+ (2017b), Jacob+ (2018), . . .
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CR diffusion vs. advection
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CR diffusion launches powerful winds

simulation without CR diffusion exhibits only weak fountain flows
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2. Cosmic rays and non-thermal emission

Werhahn, CP+ (2021a, b, c), CP, Werhahn+ (2021)
Cosmic rays and non-thermal emission in simulated galaxies
MHD + CR advection + anisotropic diffusion:

{
1010,1011,1012

}
M�

steady-state spectra of CR protons, primary & secondary electrons
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Steady-state cosmic ray spectra
solve the steady-state equation in every cell for each CR population:

f (E)

τesc
− d

dE
[f (E)b(E)] = q(E)

protons: Coulomb, hadronic and escape losses (re-normalized to εcr)

electrons: Coulomb, bremsstr., IC, synchrotron and escape losses

primaries (re-normalized using Kep = 0.02)
secondaries

steady state assumption is fulfilled in disk and in regions dominating the
non-thermal emission but not at low densities, at SNRs and in outflows
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From a starburst galaxy to a Milky Way analogy
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Comparing CR spectra to Voyager and AMS-02 data
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Comparing the positron fraction to AMS-02 data
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Simulation of a starburst galaxy
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Simulation of a starburst galaxy
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Gamma-ray spectra of starburst galaxies
Messier 82
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gamma-ray spectra in starbursts dominated by pion decay

CR protons propagate in Kolmogorov turbulence: κ ∝ E0.3
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Far infra-red – gamma-ray correlation
Universal conversion: star formation→ cosmic rays→ gamma rays
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Far infra-red – gamma-ray correlation
Universal conversion: star formation→ cosmic rays→ gamma rays
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Far infra-red – gamma-ray correlation
Universal conversion: star formation→ cosmic rays→ gamma rays
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Universal conversion: star formation→ cosmic rays→ gamma rays
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Far infra-red – radio correlation
Universal conversion: star formation→ cosmic rays→ radio
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Radio spectra of starburst galaxies
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steep synchrotron spectra demonstrate electron calorimetry

free-free absorption/emission flatten spectra at low/high
frequencies to match observations
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Conclusions
CR-driven plasma instabilities:

discovery of new intermediate-scale instability, which grows faster than
the gyro-resonant instability

implications for CR transport in galaxies, electron heating and injection
into diffusive shock acceleration, and CR escape from acceleration sites

CR transport in galaxies:
novel theory of CR transport mediated by Alfvén waves and coupled to
magneto-hydrodynamics

synchrotron harps: CR streaming dominates over diffusion

CR-induced signatures in galaxies
CR feedback drives galactic winds & slows down star formation

3D MHD simulations reproduce CR, gamma-ray and radio spectra &
FIR radio/gamma-ray correlations
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