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Cosmic Rays
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Cosmic Rays
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Cosmic Rays
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* Must be some

Propagation of Cosmic Rays

- Mean free path for CR

collisions~10nMpc ...
globular clusters
-4 y JI N e .
(10*<n<102cm3) Ny

+ Escape time of CRs from
galaxy ~ 3x10" years

scattering mechanism
present

M. Kachelrieff 2007




Propagation of Cosmic Rays
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Galactic Magnetic
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Butsky et al. 2017




CR Driven Dynamo

+ dynamo converts kinetic energy into magnetic energy

CRs create magnetic instabilities which grow the
magnetic field and drive galactic winds

Buoyancy
forces

Cosmic rays

Cold matter
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CIRCUMGALACTIC MEDIUM cacigroune
(CGM) \

Intergalactic Circumgalactic
medium (diffuse gas medium (diffuse

between galaxies) gas near galaxy)

-

~ Outflows

Observer

Peeples 2015



CIRCUMGALACTIC MEDIUM ¢ saciground

light source

(CGM)

Intergalactic Circumgalactic
medium (diffuse gas medium (diffuse

between galaxies) gas near galaxy)

CGM contains:

- majority of baryons

- majority of metals
flows

- reservolir of cool gas

necessary for star
formation in disk

Observer

Peeples 2015



light source

CIRCUMGALACTIC MEDIUM  §  sacgroun

(CGM)

Intergalactic Circumgalactic
medium (diffuse gas medium (diffuse

between galaxies) gas near galaxy)

Cosmic Rays:

- drive mass-loaded
outflows

_ flows
- provide non-thermal

pressure support

. alter structure of CGM

Observer

Peeples 2015
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-N/Z0O Basics

- Adaptive mesh grid code

Simulate a fluid moving
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through cells
Time evolution of

conserved gquantities
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governed by Eu
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-uler’s

—quations

dU
dt

density
velocity

__|_VF:S B field

total energy
CR energy

change over
time

flux through
cell

source term

Numerically approximate solution using a
Riemann solver




Adding CRs to the Equation
density pv
pv velocity pvv! + P1 - BB!
B Bfield P = BVT - VBT
€ total energy (6 + P)V o B(V . B)
Y
0
0
0




Adding CRs to the Equation
density OV
velocity PVV — B:BT
B field P = Bv! —v
- total energy (E + P B(V B) ifb(b vt‘fm))
] CR eneray cer(V + Vi)~ ficb(b Ve(r)J
CR diffusion
0
0
S = 0
0 JU
— PV - (V + vgt) W-i‘v F=S




Initial CR
overdensity

B

Usion

|sotropic Anisotropic
diffusion diffusion

Vv - ﬁfvgem. V. [hfb(b : fo‘r)]

CR Energy Density




Key Challenge: Time Stepping
with CRs
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Key Challenge: Pick Two

"Short”
Computational
Time

Magnetic

Cosmic R
osmic Rays Folds
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Wny Blue Waters?

* Huge variation in tion
_ 1O

| | - Efficient pare
simulation scale

i~

- Sufficient data storage

- Each cell follows

X INteraction .

COMNpPIE Awesome support team!
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Preliminary

Results: A

(Short) Tale of Two Galaxies

- Initial Conditions:

- AGORA isolated disk

- Background magnetic field of
10" Gauss

+ T galaxy with uniform CR energy
density of 10-3 erg/g

+ 1 galaxy with no CR physics

- ~2000 core-hours to evolve 800
Myr




Circumgalactic Medium

t =3 Myr
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produced by
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Circumgalactic Medium

No CRs

t = 800 Myr




Circumgalactic Medium

No CRs Includes CRs
t = 800 Myr




Hubble Space Telescope
Cosmic Origins Spectrograpn
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Circumgalactic Medium

Future Work:
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Broader Impact

ENZO is a community-developed

1]
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Icly available code (e
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Rich, multi-physics hydrodynamic
astropnysica

simulations

smic ray physics will be available for:

- all HD and MHD solvers




sSummary

- Understanding the structure of the CGM and the physical processes that
govern its evolution is iImportant for understanding galaxy evolution

 Cosmic rays drive large outflows and provide non-thermal pressure support
which alter the structure and composition of the CGM

- Need magnetic fields and anisotropic diffusion to properly model CR
pehavior

* CR physics in ENZO compatible with MHD solvers

* Future work will use Blue Waters to run isolated galaxies with varying masses,
feedback prescriptions, and CR diffusion coefficients

+ We can compare our results to observations made with the HST COS-Halos
iInstrument using synthetic spectra generated with Trident
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