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Why should you care
about CR transport?
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Hadronic model is mostly dead
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Hard to accelerate from thermal pool — need
seeds! (CRp, or AGN products)

Transport affects abundance, spatial profiles



CR scattering

v Self-confinement
v ° Streaming CRs amplify Alfven waves,

which scatter them

¥ X t © v(gyr.) | | 5B
© + x ¢ B(wave) Scatterin pitch angle 60~ +—

= v X B (system)

Scattering by extrinsic turbulence
Alfven modes have wrong shape

Scattered by compressible fast modes
Particle surfing (transit time damping) ‘

Sign of energy transfer is opposite



How can we move CRs
around?

Advect, stream or diffuse?

Can mean:
1) motion relative to certain frame
2) Hyperbolic (advect, stream) or parabolic (diffuse) equation

Traditionally, in self-confinement picture

— CRs scattered by Altven waves

— advect/stream at (v_A + u)

— scattering rate finite: diffuse relative to wave frame

In practice, not so clear cut



Advect with fluid:—turbulent diffusion (parabolic!)
— buoyant rise — AGN bubbles

Stream with Alfven waves LTS
— depends on B-field geometry AN RSP
— can look effectively diffusive! (field line wandermg)

Diffuse wrt wave frame
— wave amplitude depends on balance between growth/
damping
— can look mathematically like streaming!



Self-Confinement

Wiener, Oh, Guo, 2013, MNRAS, 434,2209
Wiener, Oh, Zweibel, 2017, MNRAS, 467, 464
Wiener, Zweibel, Oh, 2017, MNRAS, in press




Highly super-Altvenic transport
possible In clusters

Balance wave growth and damping

CRs have low abundance: wave growth relatively weak
Damping: for clusters,

Linear Landau > turbulent damping > non-linear Landau
T Wiener+13 —

Wiener+17

Quickly turns off hadronic radio
emission

No Damping
Lymp = 100 kpc
Lyup= 100 kpc, High Beta Correction \\

t (Myr)
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CR seeds should have a flat

spatial distribution



Slippage wrt wave frame
can look like streaming

‘must stream down

It you work it out in loving detail (Skilling 1971): " oy
1 pB*n n-Vf,
D(r) = —V - = /e
p* 41°m,yQova [0 -V f

If damping does not depend on f (turbulent, ion-neutral
damping) then diffusion term is independent of f,V/ f !

This behaves essentially like streaming! B
tstream X fp/fp X fp’

For non-linear damping, this doesn't happen, e.g. NLLD,
D xT x (Vf)/?

For a constant diffusion coefficient, all this interesting
behaviour is lost



Streaming Is energy dependent

E.qg., for turbulent damping

12 142
Up = VA 1212 7 TLE S s ylno—o3.5102(n—4.6) , O( /}/
LMHD,lOO”CR,—IO

Distribution function will steepen

Be careful about inferences comparing CRs of different energy
without taking this into account
(e.g., CR heating of radio mini-halos vs radio emission)



Welrd things can happen in
multi-phase media

~
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Minimum in Alfven speed
creates a ‘bottleneck’

CRs are NOT coupled to
upstream gas!..

because they are streaming
sub-Altvenically

changes distribution of CRs

Wiener, Oh, Zweibel 2017



Scattering by Extrinsic
Turbulence

Pinzke, Oh, Pfrommer, 2017, MNRAS, 465, 4800



Iurbulent reacceleration IS
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" [Two radio
populations

Prowdes a good fit to Coma data

1 _‘ COM A i Brunetti+ 2009
| _ e But these are existence
N - proofs— let’s explore
s N € :
parameter space
s+ Profile - Spectrum ! ..
. - How sensitive to

- og(v)[Hz] assumptions?
Brunetfti and Lazarian 07,11, Brunetti+ 2012




Ingredients of a Raoho Ha\o

Moaqel

CR seeds profile
— normalization, shape

— can use cosmo sims (CRp)
— sensitive to transport assumptions

Turbulence profile

— normalization, shape
— UsSe cosmo sims

Turbulent spectrum

—MH

— slo

0e of power spectrum

R
NG Ry

D turbulence outer scale, inner scale, lifetime

(depends on driving, B-field, damping)



Viethod

Couple cosmological simulations with
adiabatic CR proton + electron

physics...
...to Fokker-Planck code to follow
momentum diffusion
£ : dfe(p, 1) 0 dp P(=
» DY = gp{fe(p,t)[ECJrg(V-v)
i~ d 1 0 =
+ d—f Ty (p2Dpp)]} - (V ' ’U) fe(ps )
2
o Do )]+ Qelp s o H] . (1)
x[Mpc] p
Pinzke & Pfrommer 2010 m p? / B|By|? a/s
Pinzke, Oh, Pfrommer 2013 Y = 16 fp <167TW>19 /k Wk dk, (k) = /T p (Vi) /2

Try to reproduce Coma’s surface brightness + spectral profile



anilla model needs tunin

Have to adjust turbulence and CR seed profiles

S, [Jy arcmin]

S, [Jy arcmin™]

10!

M-primaries:

_ primary CRe
........... DSA
+ 352 MHz

+ 14 GHz
% 1.4 GHz zero 1vl.

— DSA+Fermi Il reacc. |

1.0

RT/RZOO

R T / R 200
M-turbulence;
1| secondary CRe _ DSA+Fermi I reacc. |
........... DSA
+ 352 MHz
+ 14 GHz ]
% 1.4 GHz zero 1vl.
0.1 1.0

S, [Jy arcmin™]

S, [Jy arcmin™]

10

10
10
107
10
107

10°®

M-streaming:

........... DSA

+ 352 MHz
+ 14 GHz
x 1.4 GHz zero 1vl.

. secondary CRe _ DSA+Fermi Il reacc. _|

RT/RZOO

Brunetti et al. (2012):

| secondary CRe
Simulations; DSA+FII reacc.
Brunetti et al. (2012)
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L(v) [erg/s/Hz]
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... but this isn’t so satistying. Fine tuning”

Do a parameter study
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Exponentially
sensitive to
level of turbulence!



Not surprising... that's what Fermi acceleration does

p = p/Tp. p — pexp(ta/Tp)

What Is TCI ?

Longest of: — driving time (merger timescale?)
— Eday turnover time at outer scale

— Cascade time at Alfven scale

Uph Cs IS|
—— =—>—- (due to wave-wave collisions)
Ukk f;:vAkA

Compare with acceleration time

p* _ Cp ¢ pB
4Dpp A1/2 kA fcvi

Tdecay —

D =



Then ratio is independent of properties of turbulence!!

Td 1 6( 4 ) Cosmic ray
. . 11D

Ultimately because both cascade and acceleration involve
momentum space diffusion

Above threshold, get fixed amount of Fermi Il acceleration
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What you need

v

Relationship between cascade time and acceleration time
reduces scatter

?

o
Kraichnan spectrum for fast modes W (k) o k=3/?

Burgers spectrum W (k) o< k2 gives inefficient acceleration
Miniati 2014

,Small iInner scale — suppress 11D on thermal particles

®- reduce thermal particle mfp by firehose, mirror instabilities
Brunetti & Lazarian 2011



Things | don't understand

Are we really sure about
the Kralchnan spectrum?

1071 1 There Is only one simulation
- ~3/2 :
il \k/ | which shows this
-2 S | Not a lot of dynamic range!
g 10_32_ ..... : Fast Mode of Velocity
) i 2\ 1o°§ SRR RLLE ——
10-4g— E (k) of Fast modes N Lt
E e E\é(k) of Fast modes N 107 ¢
[ - -- E (k) of Fast modes :
10-° P . e 10-25—
1 10 _ =
Cho & Lazarian (2003) * 37
Contradicted by other work...
10_55—
We need more work on this! %



Things | don't understand

Do micro-instabilities
really reduce thermal mfp?

Marginal stability to firehose/mirror instabilities:

1.458; U
¢ L
Evaluate shear at dissipation scale:

Us Uo (&)2/3 ’UZZ
Ly Lo \ Ly v; L2

V; n~

Get large mfp! (comparable to Coulomb)

2 ,—3 1/2 LyvaD By Y2
A ~ LoB; “M7°~LyB; '“~14k i
0B; "M ab; pe (100 kpc> (50)

Small Reynolds number:no parallel cascade’wiener, Zweibel, Oh 2017




(35) further imply an effective Reynolds number associated with
the parallel viscosity

UrmsL UrmsL 3
Re = == = —
Kyisc 096(vt211/vn) 52

(kvisc 18 the viscosity coefficient; see Braginskii 1965). Thus, Re ~
1-10 and 1s independent of radius. In other words, the outer and

viscous scales are close to one another, so that the motions are
dissipated near the outer scale and there is no inertial range (cf.

Kunz et al 2011

(37)

Would like to understand this better



Things | don't understand

The scatter in radio halo

1026 | » \\\ I:
\

N _

g Y 5

5

©

= 3

= T0%% |= N
N\ \%i/ W i/\/
Ny

1023 \ | | | | | |
1044 1045

I"500,cor [erg/s]
Cassano et al 2013

luminosities Is worth studying

| Most work focuses on getting
- the mean relation

| Remarkable that there isn't
| more scatter.

' There’s information there!
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A New Numemcal
Scheme for Cosmic Ray

Transport

Jiang & Oh, 2017, in prep




CR streaming is a non-trivial
numerical problem

| | | | |

2.0 =0
cn=0.5
- cn=0.1
2 — —_— ¢cn=0.01

cn=0.001

" CRs stream out ———cn=10"*

_, develop unphvs
* - oscillations
i | 14
0 | l0?2l | lO?/lI | I0.6l 0?8 | 1 1.2;
Sharma et al 2010 T
Need extremely small CFL time-
step for stable solutions! 06 |

. CRs can only stream down their
| gradient

| At local extrema, overshoot and

Cal erd scale

[ g B —— A H *:‘1—— —— e

L - 2nd timeste D-

| | |th|aI condmon B




Standard Solution: add
numerical diffusion

—t=0
e I =8
e FIESE A

40

SR

(a) At = eAz2/3

Explicit solver

1.6 oA | =
1.4 | - —1t=0 =
1.2 B =1 =
7 — n=a L2 .
“ 1 7 -
0.8 i At=56X1T0"x f
0.6 | — 2
1.4 F ~
e 1 - ]
0.8 =
0.6 & -
1.4 £ =
1.2 B =
. :
0.8 & =
0.6 E =
O/l E | | | | | ‘ | | | | | | -
0 0.2 0.4 0.6 0.8

(b) linearized implicit method, € = 0.01

Implicit solver



But this Is dodgy

Numerical diffusion masks true physical
diffusion

Ad-hoc, unmotivated smoothing parameter

0.1 g

Expensive: explicit method At oc (Az)* |
Implicit method: in principle At o< Ax

but not really. Needs very small t|mestep' S i

Also large matrix inversions — complicated
needs memory.

1077

O M(

1 100% guaranteed to fix what ails ¥

| HANg G-QVER o

VDDcTon QUACK'S PATENTE

EOI

IRACLE ELIXIR!

Sharma et al 2010

J10-6 =

E ez [, Ato<A\<

At :f < 10-3Ax
At 1() tAX
_\.t : ]O A\

N %
\ A&
l ‘ |
11111 | 1 | 1 | NN 1 111

1

10 100 1000
n

1o

(b) linearized implicit method with € = 0.01



I b
9 | t=0 —
B e=0.1
a8l e=0.01 —
i  ¢=0.001 -
1.6 N B
4T T 1 1 CRs quickly populate
o | | / distant tails!
2 B L -
! |
i | | | l | | | ] | | | I | | | l | | |
0 0.2 0.4 0.6 0.8 1
X

(a) L= 1;m= 512

Hard to interpret: highly super-Altvenic streaming

Almost all calculations either only have streaming or diffusion.
No fully general calcs of CR transport!



What's really the problem?

Standard approach solves the wrong set of equations

OE,
ot

=(v+wv,)-VP.—- V- -F.+ Q.

where Vg = —Vy

But streaming velocity is undefined at extrema

VP.=0= isotropic CRs = no streaming instability

No CR scattering, fluid approximation fails

Instead, CRs are uncoupled and free stream at the speed of
ight at extrema



A New Numerical Scheme

We tormulate a new set of equations to take this into account

1.0 | |
- t=0.00 s el
- t=0.05 G e
- ¢t =0.10 -
0.60!}
0.8 ;
0.55
0.6|
. i) ;
0.50!
0.4}
045/ 1 il
0.2} ]
0.0 A ~02 —-0.1 00 01 0.2
=10 —0.5 0.0 0.5 1.0 -
- Old method

10 times taster than tastest [least smoothing] old method!
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't passes all tests we've
thrown at It

sine wave

— t=0.00
- t=0.02
- ¢ =0.056

anisotropic diffusion

t=0.26,
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Blast wave with B-fields
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Advantages

No ad-hoc smoothing parameter

Cheap, robust. Take standard CFL time step.
Equations stay hyperbolic.

Can understand origin of fast transport.

Can calculate streaming and diffusion simultaneously with
any diffusion coefficient.

Can easily do calculations where standard method chokes or
IS very expensive.



Conclusions

We have a better gizmo
for CR transport!

Paper out In a few weeks



