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Galaxy formation in dark matter halos
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Galaxy formation paradigm
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Galaxy formation in dark matter halos
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Galaxy formation in dark matter halos

@ the number of galaxies in
dark matter (DM) halos of
Halo mass ] mass > 102 Mg is
function exponentially suppressed
— some non-gravitational
process introduces a new
scale of galaxy formation

Stellar mass o
function x 30

log(dn/dInM)
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@ discrepancy of the power-law
6| slopes at the faint end
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log(Mass) or the DM halo mass function E

is wrong (warm DM?)
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Puzzles in galaxy formation
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Puzzles in galaxy formation
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Puzzles in galaxy formation
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Introduction Puzzles in galaxy formation
Galaxy formation paradigm
Cosmic ray acceleration

Feedback by galactic winds

@ galactic supernova remnants
drive shock waves, turbulence,
accelerate electrons + protons,
amplify magnetic fields

supernova Cassiopeia A

X-ray: NASA/CXC/SAQ; Optical: NASA/STScl;
Infrared: NASA/JPL-Caltech/Steward/O.Krause et al. E
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Feedback by galactic winds

@ galactic supernova remnants
drive shock waves, turbulence,
accelerate electrons + protons,
amplify magnetic fields

@ star formation and supernovae
drive gas out of galaxies by
galactic super winds

super wind in M82
NASA/JPL-Caltech/STScl/CXC/UofA E
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Introduction Puzzles in galaxy formation
Galaxy formation paradigm
Cosmic ray acceleration

Feedback by galactic winds

@ galactic supernova remnants
drive shock waves, turbulence,
accelerate electrons + protons,
amplify magnetic fields

@ star formation and supernovae
drive gas out of galaxies by
galactic super winds

@ critical for understanding the
physics of galaxy formation
— may explain puzzle of low

super wind in M82 star conversion efficiency in

NASA/JPL-Caltech/STScl/CXC/UofA dwarf galaxies E
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Introduction Puzzles in galaxy formation

Galaxy formation paradigm
Cosmic ray acceleration

How are galactic winds driven?

@ thermal pressure provided by
supernovae or AGNs?

@ radiation pressure and
photoionization by massive
stars and QSOs?

@ pressure of cosmic rays (CRs)
that are accelerated at
supernova shocks?

NASA/JPL-Caltech/STScl/CXC/UofA

super wind in M82
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Introduction Puzzles in galaxy formation

Galaxy formation paradigm
Cosmic ray acceleration

How are galactic winds driven?

@ thermal pressure provided by
supernovae or AGNs?

@ radiation pressure and
photoionization by massive
stars and QSOs?

@ pressure of cosmic rays (CRs)
that are accelerated at
supernova shocks?

NASA/JPL-Caltech/STScl/CXC/UofA

super wind in M82

observed energy equipartition between cosmic rays, thermal gas and
magnetic fields E

— suggests self-regulated feedback loop with CR driven winds
AIP
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Galaxy formation paradigm
Cosmic ray acceleration

Shock waves

shock waves: sudden change in density, temperature,
and pressure that decelerates supersonic flow

thickness ~ mean free path Amgp

in air, Amgp ~ pm,
on Earth, most shocks are mediated by collisions

=

slide concept Spitkovsky AIP
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Introduction n galaxy formation
formation paradigm
Cosmic ray acceleration

Shock waves

shock waves: sudden change in density, temperature,
and pressure that decelerates supersonic flow

thickness ~ mean free path Amgp

in air, Amgp ~ pm,
on Earth, most shocks are mediated by collisions

clusters/galaxies, Coulomb collisions set Amp:
>\mfp ~ Lcluster/1oa /\mfp ~ LSNR

Mean free path >> observed shock width!

— shocks must be mediated without collisions,
but through interactions with collective fields —=
— collisionless shocks

slide concept Spitkovsky AIP
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Introduction Puzzles in galaxy formation
Galaxy formation paradigm
Cosmic ray acceleration

Particle acceleration at relativistic shock, By = 0

@ self-generated magnetic turbulence scatters particles across the shock
o — Fermi process

@ movie below shows magnetic filaments in the shock frame (top),
particle energy is measured the downstream frame (bottom):
particle gains energy upon scattering in the upstream (Spitkovsky 2008)
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Introduction Puzzles in galaxy formation

alaxy formation paradigm
Cosmic ray acceleration

lon spectrum
Non-relativistic parallel shock in long-term hybrid simulation

L L
1300 1550 1800

10° 107 10° 10 10° 10
Caprioli & Spitkovsky (2014)

@ quasi-parallel shocks accelerate ions

(<) in each crossing and have probability of leaving
h . SN
the Fermi cycle by being swept downstream
@ maximum energy increases with time AIP
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Galaxy formation paradigm
Cosmic ray acceleration

—
solar system shocks ~ R interstellar shocks ~ 20 pc  cluster shocks ~ 2 Mpc E

coronal mass ejection (SOHO) supernova 1006 (CXC/Hughes) giant radio relic (van Weeren) T
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formation paradigm
Cosmic ray acceleration

Astrophysical shocks

astrophysical collisionless shocks can:
o (electrons and ions) — cosmic rays (CRs)
@ amplify magnetic fields (or generate them from scratch)
@ exchange energy between electrons and ions

—
solar system shocks ~ R interstellar shocks ~ 20 pc  cluster shocks ~ 2 Mpc E

coronal mass ejection (SOHO) supernova 1006 (CXC/Hughes) giant radio relic (van Weeren) T

AIP
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Galaxy formation paradigm
Cosmic ray acceleration

Astrophysical shocks

astrophysical collisionless shocks can:
o (electrons and ions) — cosmic rays (CRs)
@ amplify magnetic fields (or generate them from scratch)
@ exchange energy between electrons and ions

collisionless shocks <> energetic particles <= electro-magnetic waves

—
solar system shocks ~ R interstellar shocks ~ 20 pc  cluster shocks ~ 2 Mpc E

coronal mass ejection (SOHO) supernova 1006 (CXC/Hughes) giant radio relic (van Weeren) T

AIP
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Galaxy formation paradigm
Cosmic ray acceleration

Galactic cosmic ray spectrum

Ll Gosmic Ray @ spans more than 33 decades in
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Galactic cosmic ray spectrum
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energy spectrum
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data compiled by Swordy

@ spans more than 33 decades in

flux and 12 decades in energy

“knee” indicates characteristic
maximum energy of galactic
accelerators

CRs beyond the “ankle” have
extra-galactic origin

energy density of cosmic rays,
magnetic fields, and turbulence
in the interstellar gas all similar
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Wave-particle interactions
Cosmic ray transport CR hydrodynamics
Radio harps

Outline

9 Cosmic ray transport
@ Wave-particle interactions
@ CR hydrodynamics
@ Radio harps
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Wave-particle interactions
Cosmic ray transport CR hydrodynamics

Radio harps

Cosmic ray transport: an extreme multi-scale problem

| @~
O e

Milky Way-like galaxy: gyro-orbit of GeV cosmic ray:
1
rga|~104pc rcr:e'[;iGNm*GpCNZAU

= need to develop a fluid theory for a collisionless,
non-Maxwellian component! _E

Zweibel (2017), Jiang & Oh (2018), Thomas & CP (2019) e

Christoph Pfrommer Cosmic rays in galaxy formation



Wave-particle interactions
Cosmic ray transport CR hydrodynamics
Radio harps

Interactions of CRs and magnetic fields

Cosmic ray

sketch: Jacob & CP

a
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Wave-particle interactions
Cosmic ray transport CR hydrodynamics

Radio harps

Interactions of CRs and magnetic fields

Cosmic ray

sketch: Jacob & CP

@ gyro resonance: w — k“ VH = nQ2
Doppler-shifted MHD frequency is a multiple of the CR gyrofrequency ~ —.

AIP
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Wave-particle interactions
Cosmic ray transport CR hydrodynamics

Radio harps

Interactions of CRs and magnetic fields

Cosmic ray

sketch: Jacob & CP

@ gyro resonance: w — k“ VH = nQ2
Doppler-shifted MHD frequency is a multiple of the CR gyrofrequency ~ —.

@ CRs scatter on magnetic fields — isotropization of CR momenta _&
AIP
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Wave-particle interactions
Cosmic ray transport CR hydrodynamics
Radio harps

CR streaming and diffusion

@ CR Streaming lnstablllty' Kulsrud & Pearce 1969

@ if vgr > vi, CR flux excites and
amplifies an Alfvén wave field in
resonance with the gyroradii of CRs

e scattering off of this wave field limits
the (GeV) CRs’ bulk speed ~ v,

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

a
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Wave-particle interactions
Cosmic ray transport CR hydrodynamics
Radio harps

CR streaming and diffusion

@ CR Streaming lnstablllty' Kulsrud & Pearce 1969

@ if vgr > vi, CR flux excites and
amplifies an Alfvén wave field in
resonance with the gyroradii of CRs

e scattering off of this wave field limits
the (GeV) CRs’ bulk speed ~ v,

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

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

a
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Wave-particle interactions
Cosmic ray transport CR hydrodynamics
Radio harps

CR streaming and diffusion

@ CR Streaming lnstablllty' Kulsrud & Pearce 1969

@ if vgr > vi, CR flux excites and
amplifies an Alfvén wave field in
resonance with the gyroradii of CRs

e scattering off of this wave field limits
the (GeV) CRs’ bulk speed ~ v,

e 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 E

strong wave damping: less waves to scatter — CR diffusion prevails
AIP
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Wave-particle interactions
Cosmic ray transport CR hydrodynamics
Radio harps

Modes of CR propagation

advection
A0
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Thomas, CP, EnBlin (2020) E

AIP
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Wave-particle interactions
Cosmic ray transport CR hydrodynamics
Radio harps

Modes of CR propagation

advection diffusion
“OAA
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Cosmic ray transport

Modes of CR propagation

Wave-particle interactions
CR hydrodynamics
Radio harps

advection diffusion streaming o
— T - N .
0.8
0.6 %
0.4
Riiguif|
—— — — 0.0
Vadvl 2kt Vat

Christoph Pfrommer

Thomas, CP, EnBlin (2020)

Cosmic rays in galaxy formation
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Wave-particle interactions
Cosmic ray transport CR hydrodynamics
Radio harps

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)

a
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Wave-particle interactions
Cosmic ray transport CR hydrodynamics
Radio harps

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, e¢ and fy/c?

0¢, bb

a;r +V fy =—wy- @ . [fcr - Wi(gcl' + PCT)] -V gLorentz+SE
1 of. bb
?T;r +V :Pyg=— @ . [fcr - Wi(&?l' + PCY)] — Giorentz +S¢

Alfvén wave velocity in lab frame: wi = v + v,,
CR scattering frequency 7+ = ¢®/(3x+)

a
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Wave-particle interactions
Cosmic ray transport CR hydrodynamics
Radio harps

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, e¢ and fy/c?

0¢, bb

a;r +V fy =—wy- @ . [fcr - Wi(gcl' + PCT)] -V gLorentz+SE
1 of. bb
?T;r +V :Pyg=— @ . [fcr - Wi(&?l' + PCY)] — Giorentz +S¢

Alfvén wave velocity in lab frame: wi = v + v,,
CR scattering frequency 7+ = ¢®/(3x+)

@ lab-frame equ'’s for radiation energy and momentum density, ¢ and f/c?
(Mihalas & Mihalas, 1984, Lowrie+ 1999):

%+V-f:—asv-[f—v~(e1+P)]+Sa
1 of
S TV P=—0s [V (1 +P)+ Sy E

AIP
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Wave-particle interactions
Cosmic ray transport CR hydrodynamics
Radio harps

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, e¢ and fy/c?

0¢, bb

a;r +V fy =—wy- @ . [fcr - Wi(gcl' + PCT)] -V gLorentz+SE
1 of. bb
?T;r +V :Pyg=— @ . [fcr - Wi(&?l' + PCY)] — Giorentz +S¢

Alfvén wave velocity in lab frame: wi = v + v,,
CR scattering frequency 7+ = ¢®/(3x+)

@ lab-frame equ'’s for radiation energy and momentum density, ¢ and f/c?
(Mihalas & Mihalas, 1984, Lowrie+ 1999):

%+V-f:—asv-[f—v~(e1+P)]+Sa
1 of
S TV P=—0s [V (1 +P)+ Sy E

@ problem: CR lab-frame equation requires resolving rapid gyrokinetics! A"

Christoph Pfrommer Cosmic rays in galaxy formation



Wave-particle interactions
Cosmic ray transport CR hydrodynamics
Radio harps

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, e¢ and fy/c?

5 bb

a;r +V fy =—wy- @ . [fcr - Wi(gcl' + PCT)] -V gLorentz+SE
1 of; bb
?T;r =+ Vv. Pcr = — Sﬁi ° [fcr - Wi(&:r + PCV)] - gLorentz +Sf

Alfvén wave velocity in lab frame: wi = v + v,,
CR scattering frequency 7+ = ¢®/(3x+)

@ lab-frame equ'’s for radiation energy and momentum density, ¢ and f/c?
(Mihalas & Mihalas, 1984, Lowrie+ 1999):

%Jrv-f — oV [f—V-(1+P)| + S
1 of A
o TV P=-0s [f-v:(1+P)]+Sv E
@ solution: transform in comoving frame and project out gyrokinetics! AIP
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Wave-particle interactions
Cosmic ray transport CR hydrodynamics
Radio harps

Alfvén-wave regulated CR transport

@ comoving equ’s for CR energy and momentum density (along B), qr
and fy/c?, and Alfvén-wave energy densities £, + (Thomas & CP 2019)

Occr
ot

+ V [V(Ecr + Pcr) + bfcr] =V- VPcr

[fcr - Va(acr + Pcr)] + [fcr + Va(gcr + Pcr)]

e/ C?
Cé/fc + V. (vfcr/cz) +b-VPy=—(b-Vv)-(bl/c?)
1
_ 3 [fcr — Va(c‘:cr + Pcr)] [fcr + Vd(&‘cr + Pcr)]
asaaii + V- [V(eax + Poz) £ ibex] = v- VP
Va A
+ 3rg [fcr + Va(fcr + Pcr)] - Sa,:i:- E
AIP
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Wave-particle interactions

Cosmic ray transport CR hydrodynamics
Radio harps

Non-equilibrium CR streaming and diffusion

Coupling the evolution of CR and Alfvén wave energy densities
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tp_2018_fig_2.mov
Media File (video/quicktime)


Wave-particle interactions
Cosmic ray transport CR hydrodynamics
Radio harps

Non-equilibrium CR streaming and diffusion

Varying damping rate of Alfvén waves modulates the diffusivity of solution
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Wave-particle interactions
Cosmic ray transport CR hydrodynamics
Radio harps

Anisotropic CR streaming and diffusion — AREPO

CR transport mediated by Alfvén waves and coupled to magneto-hydrodynamics

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

@ moment expansion similar to
radiation hydrodynamics

@ accounts for kinetic physics:
non-linear Landau damping, 025
gyro-resonant instability, . .. 050

@ Galilean invariant and causal 0.75
transport 1.00

—1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00

@ energy and momentum

. Th P, Pak 0
conserving omas, CP, Pakmor (2021), Thomas & CP (2022)

AIP
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bump_streaming.mov
Media File (video/quicktime)


MeerKAT image of the Galactic Center

Haywood+ (Nature, 2019)
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MeerKAT image of the Galactic Center

Haywood+ (Nature, 2019)
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Wave-particle interactions

Cosmic ray transport CR hydrodynamics
Radio harps

Radio synchrotron harps: the model

shock acceleration scenario

CRs
A

termination shock

~
contact layer

CRs
I's bow shock
Thomas, CP, EnBlin (2020) E

AIP
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Wave-particle interactions

Cosmic ray transport CR hydrodynamics
Radio harps

Radio synchrotron harps: the model

shock acceleration scenario magnetic reconnection at pulsar wind
T CRs T s
ISM T~» V) ISM T~ %
-
~>
termination shock <O termination shock
~ \\—
R contact layer CRs contact layer
I's bow shock bow shock
Thomas, CP, EnBlin (2020) E

AIP
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Wave-particle interactions
Cosmic ray transport CR hydrodynamics
Radio harps

Radio synchrotron harps: the model

shock acceleration scenario CR diffusion vs. streamig + diffusion
— B CRs x10~"2
60
IsM T~ A __ 8qdiffusion
— 261 50
S,
- 20 N
224 40 E
B =
Z 8 {streaming + g
< diffusion 30 2
= 01
termination shock 0
. g
contact layer o
CRs 2}
I's bow shock ©

Thomas, CP, EnBlin (2020)

AIP

Cosmic rays in galaxy formatiol



Wave-particle interactions

Cosmic ray transport CR hydrodynamics
Radio harps

Radio synchrotron harps: testing CR propagation

=

Haywood+ (Nature, 2019) ALP
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Wave-particle interactions

Cosmic ray transport CR hydrodynamics
Radio harps

Radio synchrotron harps: testing CR propagation

lateral radio profiles

4.0 == background e e
signal

3.5 1

3.0

—0.045 —0.030 —0.015  0.000 0.015 0.030

arc length [°] E
Thi P, EnBlin (202
Haywood+ (Nature, 2019) omas, GP, EnBlin (2020) ’m-
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Wave-particle interactions

Cosmic ray transport CR hydrodynamics
Radio harps

Radio synchrotron harps: testing CR propagation

CR diffusion
4.0 == background T
simulation
3.5 1 .
— signal
3.0

00 M

—0.045 —0.030 —0.015  0.000 0.015 0.030

arc length [°] g
Thi P, EnBlin (202
Haywood+ (Nature, 2019) omas, CP, Enf3lin (2020) —AIP
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Wave-particle interactions
Cosmic ray transport CR hydrodynamics
Radio harps

Radio synchrotron harps: testing CR propagation

CR streaming and diffusion

4.01 = background T
simulation
3.5 1 .
— signal
3.0

0o M
—0.045 —0.030 —0.015 0.000 0.015 0.030

arc length [°] E

Haywood+ (Nature, 2019) Thomas, CP, Enfilin (2020)
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Supernovae
Isolated galaxies
Supernovae and galaxy formation Cosmological galaxies

Outline

e Supernovae and galaxy formation
@ Supernovae
@ Isolated galaxies

—
@ Cosmological galaxies E
AIP
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Supernovae

Supernovae and galaxy formation

Cosmological moving-mesh code AREPO (springel 2010)
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Supernovae
Isolated g

Supernovae and galaxy formation Cosmologic

Global MHD simulations of SNRs with CR physics

w0 @ detect and characterize shocks
and jump conditions on the fly

3.0
2.5
20 &
1.5
1.0
0.5
Mach number finder with CRs
CP+ (2017) _E

AIP
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Supernovae
Isolated galaxies
Supernovae and galaxy formation Cosmological galaxies

Global MHD simulations of SNRs with CR physics

11 @ detect and characterize shocks

1.0 frz e —— simulated . -
oaf e Vil and jump conditions on the fly
.

0.8 s e Mf 10

07 S MIH @ measure and
Z06
% 0.5

0.4

0.3

0.2

0.1

0.0 = =

0 10 20 30 40 50 60 70 80

6 (deg)

obliquity-dep. acceleration efficiency

Pais, CP+ (2018) based on
hybrid PIC sim.s by Caprioli & Spitkovsky (2015)

a
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Supernovae
Isolated g
Supernovae and galaxy formation Cosmologic

Global MHD simulations of SNRs with CR physics

x10~1%

@ detect and characterize shocks
and jump conditions on the fly

>

RX J1713 (sim.)

—39°20

@ measure and

'S

—39°40"

w

@ inject and transport CR protons
= dynamical back reaction on
gas flow, hadronic emission

—40°00"

N

S0 [ph cm arcmin~? 5]

—40°20'

0
17h 16m 17h 14m 17h 12m 17h 10m

RA (hours)

simulated TeV gamma-ray map
Pais & CP (2020) _E
AIP
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Global MHD simulations of SNRs with CR physics

@ detect and characterize shocks

o | totalray IC (CMB) and jump conditions on the fly
& — = hadr. y-ray -+ IC (IR)
g -+ lept. y-ray (IC) -+ IC (stars) @ measure and
‘; 10-12
S 10 @ inject and transport CR protons
% = dynamical back reaction on

rota e : LI gas flow, hadronic emission

10° 1010 101! 1012 1013
£ @ inject and transport CR

) electrons
simulated gamma-ray spectrum
@ calculate non-thermal radio,

X-ray, ~v-ray emission E

Winner, CP+ (2019, 2020)

AIP
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Hadronic TeV ~ rays: SN 1006

c10-15 observation sim. 5p/p =0, 0 = 10°
—a1.50

~42.00

226.25 .00 22575 .00 25

RA (hours)

x10~15
3.0 3.0
— ) = 0°
° — = 10°
0=20°} 0 b o
— = 30° — = 30°
L b 2o
4 L oo
7\ y ,’ A i
4 \ 10 7t o 2
[\ 2 1 I‘ 2
b ] !/ \%,
Fos = Fos <
d
' ©
o : \
v
T T 0.0 T T T 0.0
00 02 04 06 08 1.0 1.2 14 0 90 150 270 360
r/(ra) 0 [dog]

AIP
Pais & CP (2020)
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Hadronic TeV ~ rays: SN 1006

observation sim. 6p/p =0, 6 = 10°

11.50

12.00

25
22625 .00  225.75 .00 25 22625 .00  225.75 .00 25
RA (hours) RA (hours)
x10~ 15 x10~15
3.0 0
— = 0° —f = 0°
— = 10° — = 10° =
6 = 20° 6=20° | 2.5 |
— 0 = 30° — 6 = 30S o
)
2o £
H
7 1 Fisa
N f A .
A \ ] 4 F
\ 1 M
| o
\
! 7
/ Fos
P \
i’ v \
v U
T — 0.0 T T Y 0.0
00 02 04 06 08 1.0 1.2 14 o 90 150 270 360

r/(rs) 6 [deg] AIP
Pais & CP (2020)




Supernovae and galaxy formation

Supernovae
Isolated gal
Cosmological galaxies

Hadronic TeV ~ rays: Vela Jr. and RXJ 1713

15°00"

9h 00m &h 55m i 8h 45m

RA (hours)
RX J1713 (obs.)

—30°20'

—10°00"

17h 14m
RA (hours)

Pais & CP (2020)

17h 16m 7hi2m 17h 10m

x10-1°

15°00°

Vela Jr

(sim.)

-
. -

oo

&h 55m &h 50m
RA (hours)

—46°00"

—are00

9h 00m 8h 45m

X101

J1713 (sim.)

—30°20'

—10°00"

10°20°

17h16m  17h 14m 17h 10m

RA (hours)

17h 12m

AIP
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TeV ~ rays from shell-type supernova remnants

Varying magnetic coherence scale in simulations of SN 1006 and Vela Junior

Dec [deg] A = 50 pe A = 100 pe A = 200 pe
1.5

{ph em™? arcmin-? s71]

12.00

20

[ph e

—470

135 134 133 5
RA [deg] RA [deg]

AIP

Cosmic rays in galaxy formatio
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TeV ~ rays from shell-type supernova remnants

Varying magnetic coherence scale in simulations of SN 1006 and Vela Junior

A = 100 pe

Dec [deg] A = 50 pe
11.50

SN1006

0.0

133
RA [deg]

Pais, CP+ (2020)

134133 132 5
RA [deg] RA [deg]

= Correlation structure of patchy TeV ~-rays constrains magnetic —
coherence scale in ISM:
SN 1006: A\g >200733 pc  Vela Junior: Ag = 137}3, pc AIP

ristoph Pfrommer Cosmic rays in galaxy formation
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SN 1006: CR electron acceleratlon models

3 quasi-parallel
,\; constant
~ . .
) = quasi-perpendicular
3; 10[)
g
€
[}
g
s
15)
< 107" 4
T T T T
0 20 40 60 80

magnetic obliquity 6 (°)
Winner, CP+ (2020)

@ different obliquity dependent electron acceleration efficiencies:
1. preferred quasi-perpendicular acceleration (PIC simulations) _E
2. (a straw man’s model)
3. preferred quasi-parallel acceleration (like CR protons) ATP

Christoph Pfrommer Cosmic rays in galaxy formation
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CR electron acceleration: quasi-perpendicular shocks

radio (1.4 GHz)
x10~-2

Xray (0.8 — 2.0keV)
x10~4

ph. em

x10-1%

%10~ %10~ x10~1%

T T T T T T T T
0 5 0 15 20 0 5 015 20 5

radius (aremin)

radius (arcmin)

AIP
Winner, CP+ (2020)
Ch
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CR electron acceleration: constant efficiency

radio (1.4 GHz) Xray (0.8 — 2.0keV) y-ray (E > 500 GeV)
x10~4 >

x10~-2

x10-1%

%10~ %10~ x10~1%

T T T T T T T
0 5 0 15 20 0 5 015 20 0 5 015 20

radius (aremin) radius (arcmin) radius (aremin)

Winner, CP+ (2020)

Ch

AIP
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on acceleration: quasi-parallel shocks

radio (1.4 GHz) Xray (0.8 — 2.0keV) ~-ray (E > 500 GeV)

x10~-2 x10~4 x101°

ph. em

x10-4

ph. om—2 s

%10~ %10~ x10~1%

— obs. | o 3

T T T T T T T
0 5 0 15 20 0 5 015 20 0 5 015 20

radius (arcmin) radius (arcmin) radius (arcmin) AIP
Winner, CP+ (2020)
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SN 1006: multi-frequency spectrum

108
— total spectrum Jo-11 — total y-ray 1C (CMB)
O‘T 1079 4 == hadr. y-ray G‘T 0 == hadr. y-ray <o+ IC (IR)
g 0 + lept. y-ray (IC) g + lept. y-ray (IC) <eer IC (stars)
~ 10 E -
I I ,
e 51077 5
2 10-11 4 5
3 3
< 10712 4 =
P —13
S / S0
Q10713 4 v )
1
! .
1014 T T T — T 10714
1076 107% 10° 103 105 109 10'2

E (eV)

Winner, CP+ (2020)

@ quasi-parallel acceleration model fits multi-frequency spectrum

a

AIP
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SN 1006: multi-frequency spectrum

108
— total spectrum 11 — total y-ray 1C (CMB)
—~ 10— 1011 4
g 1079 4 == hadr. y-ray g 0 == hadr. y-ray <o+ IC (IR)
g 0 + lept. y-ray (IC) g + lept. y-ray (IC) <eer IC (stars)
~ 10 E -
‘:I: “/1 10712 .
2 0-11 4 20
< L
3 3
< 10712 4 =
') —13 4
2 / g 10
Q10713 4 v )
1
] y .
1014 T T T — T 10714
1076 107% 10° 103 105 109 10'2

E (eV)

Winner, CP+ (2020)
@ quasi-parallel acceleration model fits multi-frequency spectrum
° ')

@ TeV regime: hadronic pion decay ATP
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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, {10'°,10'",10'2} Mg,  “arp

N

Christoph Pfrommer Cosmic rays in galaxy formation
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Simulation of Milky Way-like galaxy, t = 0.5 Gyr

1074 1073 1072 107" 10-1 1072 107! 10°
Moo = 10'2 M, anisotropic CR diffusion

e

0 0 20 0
x [kpe] x [kpe]

CP+ (2017b)

Christoph Pfrommer Cosmic rays in galaxy formation
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Simulation of Milky Way-like galaxy, t = 1.0 Gyr

o [erg cm™] VB [1G)

1072 107" 10-1 1072 107! 10°
Moo = 10'2 M, anisotropic CR diffusion

0 0 20 0
x [kpe] x [kpe]

CP+ (2017b)

Christoph Pfrommer Cosmic rays in galaxy formation
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Cosmic ray driven wind: mechanism

gas dominated

VEPu+ VFy > pVe

gosdominaied

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

Christoph Pfrommer Cosmic rays in galaxy formation
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CR diffusion vs. advection

—100 —50 -30 —10

5 10 30 50 100
Anisotropic Diffusion

No Diffusion

z [kpe]
z [kpe]
z [kpe]

) 1 )
-10 =5 0 5 10 -10 -5 0 5 10

x [kpc]

Pakmor, CP, Simpson, Springel (2016)
@ CR diffusion launches powerful winds

B
@ simulation without CR diffusion exhibits only weak fountain flows E

Christoph Pfrommer Cosmic rays in galaxy formation
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Supernovae and galaxy formation

Supernovae
Isolated galaxies

Cosmological galaxies

winds: dependence on halo mass

[~ Halo 10.0 -~ Halo 10.5 1 Halo 11.0
B levels = 1, 10 Mg pe27] 3,307 10, 100 7]
L 1 1 1 1 1 1 L L I 1 L 1 L
T T T T T T T T T T T
- Halo T 1 Hulo]Z,O! -1 Halo 13.0
2
+ == 4+ = 4+ =
[ 30, 3007 00, 1000 | [ 100, 1000 ]
L L 1 1 1 1 1 1 ! 1 1
-80 40 0 40 80 80 -40 0 40 8 80 -40 0 40 80
x (kpc) x (kpe) x (kpc)

300

250

200

150

100

50

Jacob+ (2018)
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CR-driven winds: suppression of star formation

10“ hARM | AR | MR | ML |

M, /(,/iﬁul'M\'il')

no CRs
CRs
CRes, iso. diff.
CRs, aniso. diff
empiric model
— Behroozi+2013

I

<
<

i MR | sl il
]OI() ]O“ |0|2 ]013

=
M (Me) g
Jacob+ (2018) —_—
AIP
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2. Cosmic rays and non-thermal emission

Werhahn, CP, Girichidis+ (2021a,b,c)
Cosmic rays and non-thermal emission in simulated galaxies —
MHD + CR advection + anisotropic diffusion: {10'°,10'",10'2} Mg, E

steady-state spectra of CR protons, primary & secondary electrons AIP

Christoph Pfrommer Cosmic rays in galaxy formation
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Steady-state cosmic ray spectra

@ solve the steady-state equation in every cell for each CR population:

f(E) d -
g ME)B(E)] = a(E)
) Coulomb, hadronic and escape losses (re-normalized to e¢r)

@ electrons: Coulomb, bremsstr., IC, synchrotron and escape losses
@ primaries (re-normalized using Kep = 0.02)
@ secondaries

a

AIP

Christoph Pfrommer Cosmic rays in galaxy formation
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Steady-state cosmic ray spectra

@ solve the steady-state equation in every cell for each CR population:

f(E) d -
g ME)B(E)] = a(E)
) Coulomb, hadronic and escape losses (re-normalized to e¢r)

@ 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

1.0 7 T T
B weighted with e

08|

10— 1O
weighted with weighted with
By, emission By emission

06|

=

AIP

-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
log(rcr/Tan) log(rcr/Tan) log(rcr/Tan) Werhahn+ (2021a)
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From a starburst galaxy to a Milky Way analogy

(Np(10 GeV)) [em™ GeV~!] (Ne(10 GeV)) [em™ GeV~!]

10712 107! 10714 10713
t = 0.7 Gyr, Mago = 102 Mg

40
x [kpe] x [kpe]

Werhahn, CP+ (2021a,b)

Christoph Pfrommer Cosmic rays in galaxy formation
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From a starburst galaxy to a Milky Way analogy

= [Mp pe?] (Np(10 GeV)) [em™ GeV~!] (Ne(10 GeV)) [em™ GeV~!]
10! 102 10712 107! 10714 1013
t =23 Gyr, Mo = 102 Mo,

0 0
x [kpe] x [kpe]

Werhahn, CP+ (2021a,b)
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Comparing CR spectra to Voyager and AMS-02 data

= h = 0.5 kpc
103 — h = 1.0 kpc
—— h=2.0 kpc

—— h=3.5kpc

10!

10-1

p
= total ¢~ +c¥

1073

prim. ¢
== sec.e” +e't
0 Vogager 1 (Cummings + 2016)
O AMS — 02 (Aguilar + 2014, 2015)

10-5 L s L L L
104 10-3 102 10-1 100 10! 102 10%

Eyin [GeV]

=

AIP
Werhahn, CP+ (2021a)
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Comparing the positron fraction to AMS-02 data

10°
o AMS-02 — = 0.5 kpc
= h = 1.0 kpc
—— h=2.0kpc
— h=35kpc

10—t

Positron fraction

L L
100 10 102
Eiin [GeV]

—=
Werhahn, CP+ (2021a) E

AIP
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Comparing the positron fraction to AMS-02 data

100

e AMS-02 — = 0.5 kpe
— h = 1.0 kpc
—— h=2.0 kpc
—— h =35 kpc

et+ e source: pulsars or dark matter?

1071

Positron fraction

o0 o e
—=
Werhahn, CP+ (2021a) E

AIP
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Simulation of a starburst galaxy

[erg cm™]
T
10713 10712 107! 1071 107!
t =23 Gyr, Mo = 102 Mo,

0 0
x [kpe] x [kpe]

Werhahn, CP+ (2021b,c)
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Simulation of a starburst galaxy

cm™] S1.4 GHz[mJy Hz™!' arcmin2]

S,,na),[erg s”

107 10 107 10°° 107 107" 10 10t 10%
t Gyr, M 102 M,

0
x [kpe] x [kpe]

Werhahn, CP+ (2021b,c)
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Gamma-ray spectra of starburst galaxies

NGC 253 Messier 82

v [Hz] v [Hz]
10% 1024 1022 1026 1027 1023 1024 1022 1020 10%7
< HESS. (’2018) ’ — otal « VERITAS (2009) I — ol
e LAT (2020) — 7 decay e LAT (2020) — 70 decay
distance uncertainty -=- I distance uncertainty -=-IC
S0 Brems. TR Brems.
I \Z
A‘IE A‘IE
: 1076 i 10-6
B o
& =
T & 07
10-8 L 1l o Tl 'l 10-8 L Vi S L A}
10! 100 10! 10% 10° 104 10! 10° 10! 102 10° 104
Energy [GeV] Energy [GeV]
Werhahn, CP+ (2021b)
. . . \
@ gamma-ray spectra in starbursts dominated by pion decay E
@ CR protons propagate in Kolmogorov turbulence: x oc E%3 AIP
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Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays

Lg—1000 um [Lo)]

107 108 10° 1010 10t 1012
T T T T T T
i LAT dete
LAT upper li
combined best fit arp 220]
.
1
1042
— 1041 | ,::-'(;C.,’/m] T
[N o de b
o Vac 106s
&
> 104() -
3
<}
8
|
= o |
vss.a/b
10-58 - ’
T me
? 1
[
1087 | /T sme E
L L L L
10—3 10—2 10—1 10&) 101 102 lU'K . AIP
SFR [Mo yr-1] Ajello+ (2020)
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Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays

107 108 10° 100 101t 102
J T T T T T
1043 | LAT detected
LAT upper limits
combined best fit arp :Jri
B CRdiff, D =1x10® cm?s™! X 1
1042 CR diff, D = 3 x 10%® cm?s~!
o104k ﬁ-’ccwf]_j“
2 Noe M}%..]’ e
8. s
- 10%0 L ity fse
5 tl‘
S & focems
T " * W
; 10.‘” E ' —— MW
= A
T
Vo3, oy
1098 | .8\
= 10"°Mg
e 10" Mg
1037 £ ] e 3x10"Mg
e 10"2Mg
L L L L
10-% 1072 107! 10° 10! 102

Lg—1000 um [Lo)]

SFR Mg yr—1]

10%

Werhahn, CP+ (2021b)

a

AIP
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Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays

107 108 10° 1010 10t 1012
T T T T T T
1043 £ LAT detected
LAT upper limits
combined best fit g «’-”i
®  CRdiff,D =1 x 10® cm?s~! X 1
1042 CR diff, D = 3 x 10%® cm?s~!
B CRadv : L
— NG21i) T
- 104 E s 3
‘m J 5 NGC 1068
%C Noe am%‘d."
t 1040 k& .“.5 Jm,z
8 ol
© @8 foc zss
= .
= 10%0 L * W
S E e okl
3 |
e I
M4y
1038 F u/
L] [ Jume = 10"°Mg
Y11 e 10" Mg
1037 & " * 3x10" Mg
e 10"2Mg
L L L L
10—3 10—2 10—1 10&) 101 102 lU'X

Lg—1000 um [Lo)]

SFR Mg yr—1]

Werhahn, CP+ (2021b)

a

AIP
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Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays

Ls—1000 um [Lo)]
107 108 10° 1010 10t 1012
T T T T T T
1043 ¢ LAT detected
LAT upper limits
combined best fit arp 220] Y,
.
B CRdiff,D=1x 10*® cm?s™? 1,4
102 = CRdiff, D = 3 x 10%® cm?s~!
B CRadv ¢ g’
= = calorimetric relation
; i 7/ Arp 299
— 104k /4%
o 4
@ NGC 1068
=3 oo 1] 4
5 ..
z 1010k "
3
<}
8 7
9‘ ‘/ . W
R 4 S )t
2
{W.‘!
1038 | /" m 1
// 12 = 10"°Mg
|} v e 11
V4 J ] e 107" Mg
1037 & // " T sMo * 3x10" Mg SN
£ e 10"2Mg
L L L L
10-% 1072 107! 100 10! 102 10%
SFR My y1-1] Werhahn, CP+ (2021b) ~ AIP
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Time evolution of SFR and energy densities

T T T T
10 CR adv — My =107 M, ]
— CRdiff — My =10"M,
— My =10""M,
) T
5 g
o ’:‘)
2 3 10710 | E
x = B
= S0k 1
1078 o o
i, B — (em) — Mo =10"M,
1077 - (Ea) Moy = 10" M,
1070k - cee (8B) — Moy = 10"'M, o
1 1 1 1 1 1072 £ 1 1 1 1 1
0.0 0.5 1.0 15 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
time [Gyr] time [Gyr]

CP, Werhahn+ (2022)
@ CR pressure feedback suppresses SFR more in smaller galaxies
-}

SN
@ magnetic dynamo faster in Milky Way galaxies than in dwarfs E
AIP
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Far infra-red — radio correlation

Universal conversion: star formation — cosmic rays — radio

Lg—1000 um [Lo]
108 100 1010 1011 1012

=)
=

T T T T T
1.4 GHz observatio
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1031 |
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CR adv, 1012 Mg, cdge
— By =10"12uG
F— By =1071%¢

1027 |

0E / : 1 N
]
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Radio-ray spectra of starburst galaxies

NGC 253 M82

100 106

— total synchr.
— 100k — 10°F
z 10t Z 10t
g 2
% 10° % 10°
z [
®  Adebahr+13, total
10°F o Kapitiska+17, total 10°F e Klein+ 07, total
10° 10°
=== central ~

ST ST, 10°k :\\ .
= ~~a = ~9e
E R SSSe
2 10°F Sl 100 ~~
2 Sseo S~ao
Z 107k ROy < 102 s
- ¢ Adebahr+13, central

10'E o Kapifiska+17, central 10" Adebahr+13, halo

L L L L L
107! 100 10! 10? 107! 10" 10' 10?
VIGHz] vIGHz]

Werhahn, CP+ (2021c)

@ synchrotron spectra too steep (cooling + diffusion losses)

AIP
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Radio-ray spectra of starburst galaxies
NGC 253 M82
10° 10°
— ol synchr.
L sk synchr,, absorbed
=z z thermal ff-em.
z 10t Z 0tk
3 E
% 10° % 10°
o) 5
* Adebahr+ 13, total
10 e Kapifiska+17, total 1°F e Kiein+ 07, total
10° 10
----- central S
BT ST — 10t e
“~~o 2 ¢ el
- Wk DI £ I P
3 A% 210 T~
~ z N
~ 3 ~~
10° \\\ % 10° S~
~ =
*  Adebahr+13, central
10'E #5  Kapifiska+17, central 10" Adebahr+13, halo
\ \ . \ ,
107! 100 10! 10* 107! 10° 10 10*
VIGHz] VIGHz]

Werhahn, CP+ (2021c)

@ synchrotron spectra too steep (cooling + diffusion losses) —

@ synchrotron absorption (low-v) and thermal free-free emission
(high-v) AIP
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Radio-ray spectra of starburst galaxies

thermal ff-em.

Flux density [mJy]

* Adebahr+13, total
10°E o Kapifiska+17, total 10°F & Kilein+ 07, total

== === central =

Flu density [mJy]

& Adebahr+13, central
10'E #5  Kapifiska+17, central 10" Adebahr+13, halo

L L L L

107! 100 10! 10? 107! 10° 10' 10%
VIGHz] vIGHz)

Werhahn, CP+ (2021c)

@ synchrotron spectra too steep (cooling + diffusion losses) —

@ synchrotron absorption (low-v) and thermal free-free emission
(high-v) required to match (total and central) spectra AIP
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3. Cosmological galaxy formation
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Cosmic rays in cosmological galaxy simulations

The galaxy formation model
primordial and metal line cooling
sub-resolution model for star formation (Springel+ 03)

mass and metal return from stars to ISM
cold dense gas stabilised by pressurised ISM

thermal and kinetic energy from supernovae modelled
by isotropic wind — launched outside of SF region

black hole seeding and accretion model (Springel+ 05)

thermal feedback from AGN in radio and quasar mode

@ uniform magnetic field of 10~ 10 G seeded at z = 128

Simulation suite (Buck, cP+ 2020)

@ 2 galaxies, baryons with 5 x 104 Mg ~ 5 x 10°
resolution elements in halo, 2 x 10° star particles

@ 4 models with different CR physics for each galaxy: i
@ noCRs \‘ SN
@ CR advection E
@ + CR anisotropic diffusion _Ea
@ + CR Alfvén wave cooling AIP

The Auriga Project Grand+ (2017)
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Cosmic rays in cosmological galaxy simulations

Auriga MHD models: CR transport changes disk sizes
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Cosmic rays in cosmological galaxy simulations

Auriga MHD models: CR transport modifies the circum-galactic medium
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Conclusions for cosmic ray physics in galaxies

CR hydrodynamics:
@ moment expansion similar to radiation hydrodynamics

° and
coupled to magneto-hydrodynamics

@ synchrotron harps: CR streaming dominates over diffusion

a

AIP
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Conclusions for cosmic ray physics in galaxies

CR hydrodynamics:
@ moment expansion similar to radiation hydrodynamics

° and
coupled to magneto-hydrodynamics

@ synchrotron harps: CR streaming dominates over diffusion

CR acceleration and feedback in galaxy formation:

@ global MHD simulations of SNRs constrain plasma physics of
particle acceleration

@ CR feedback drives galactic winds & slows down star formation

@ 3D galactic emission models match ~-ray and radio spectra,
reproduce correlations with FIR and calibrate CR feedback g

@ CRs modify galaxy disk sizes and the circumgalactic medium AIP
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CRAGSMAN: The Impact of - osmic " ys on Calaxy and Clu-ter For!/ /tio

This.pré_ject has reeeived fundfng from the 'I‘Eufopean Reséarch éounsil (ERC) under theiEUrop_e'a'n
Union’s Horizon 2020 research and.inno'vation program (grant agre_ement No CRAGSMAN-646955).
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