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WHAT ARE COSMIC RAYS (CR)

»A dilute, non-thermal, high pressure relativistic gas*

a) Fermi LAT > 1 GeV Energy []]
v 10710 108 107 10¢ 1072 10V 102

|

o \? AMS-02 .
& AUGER S
N BESS IS

CALET A\

CREAM
DAMPE
FERMI
HAWC
HESS -
ICECUBE
ICETOP
ICETOP+ICECUBE
KASCADE-Grande
PAMELA
Telescope Array
Tibet-II1 —

10?

Galactic Latitude
Counts/pixel

10!

'b) H.E.S.S. > 400 GeV

Galactic Latitude
=N
(9219 ,)
Significance (o)

0 0 At R At & e A
SR SN S-S L
60° 30° 0° 330° 300° 270°
Ankle
&
c) HAWC > 1 TeV A\ —
+90° 25 I~

Energy flux [GeV/m? s sr]

—
w

Significance (o)

------------------------------------

Galactic Latitude

[Soler et al. 2024]

Zo0r
Galactic Longitude _
[Tibaldo et al. 2021]
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WHAT ARE COSMIC RAYS (CR)

e Power law spectrum (GeV — ZeV)
dN(E) x E4dE

e 2nd-Order Fermi-Type Acceleration in shock environments

AE 4 4

o222 D2 gy
(= TP =P =Vie
d

E E
<E — t_, Lyce Ty = /Imfp/C

[Chandra NASA/CXC/SAQ]
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Energy flux [GeV/m? s sr]

|
AMS-02

&
AUGER q/\%_
CALET \\&
CREAM
DAMPE
FERMI
HAWC
HESS |
ICETOP
ICETOP+ICECUBE
Telescope Array
Tibet-III —
Ankle
&
\& —

LHC 'R]

I Ill | I

Eev [Soler et al. 2024]
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WHAT IS THE INTERSTELLAR MEDIUM (ISM)?

Halo Bulge
\ Hi9

—— thick Disk

thin Disk

< 10°ly
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WHAT IS THE ISM?

e Hot lonized Medium (HIM)

Vol.: 30 — 60 %

T > 10°K (Shock heated, adiab./X-ray cooling)
» p~ 1073 cm-3

v

v

CNM

> y ~ 1 (coll. lonization)

e Warm lonized Medium (WIM, ,,HII¥)
Vol.: ~ 0.1 %
T ~ 10*K (Photoelectron-heating, opt. & MIR line-emission cooling)

Starbirth Region

v

WNM

v

» p~10"1cm-3

» y ~ 0.7 (Photo-lonized by UV)
e Warm Neutral Medium (WNM, ,,warm HI¥)
vol.: ~ 40% Tarantula Nebula .
T ~ 5000K (Dust photoel. —heating, FIR line-emission cooling) B <

Molecular Cloud

v

v

» p~05cm-3
» y ~ 107! (CRs & Starlight)
e Cold Neutral Medium (CNM, ,,cold HI* & ,,H>-gas*)
» Vol.:. ~1%
T ~ 10 — 100K (Dust photoel.- & CR-heating, FIR line-emission)
p~30—10°cm-3
v <1073 (CRs)

v

v

v

50 LIGHT-YEARS

[JWST]
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STRUCTURAL HIERARCHY OF THE ISM

HIM

4.5 x10° K
3.5 x1073cm®

>+
I "

1.0

>
"

WNM

T7=8,000 K
n=0.37 cm-3 X 10

x=0.15 '

WIM
T=8,000 K
n=0.25cm™3
x=0.68

CNM

T=80 K
n=42 cm-3

L 1A-3
——2.1pc 4 Lx=10
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—200 pc—

McKee & Ostriker [1977]
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WHAT IS THE ISM?

G Doradiis s

£
- L5
R A

o

) w,,, ~ 0.2ev/cm—3

i) weyp = 0.265 ev/ecm—3

i) wp,; ~ 0.31 ev/cm—3

V) Wesariion: ® 0.5 ev/iem=3 (< 13.6 eV)

V) Wy, & 0.5ev/em=3 (nT = 3800 cm—3K)
Vi) Wy = 0.9 ev/em=3 (B, = 6uG)

Vi) wer & 1 ev/em—3

e Large variety of conditions (4 Major Phases)

e Hierarchy of Scales & Structures

‘tHubbbj
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TURBULENCE IN MOLECULAR CLOUDS

| 20.0
e Structure dictated by turbulence Photospheres(6-8)
LTE
e Turbulence in partially ionized media? |
. . B - Tokamaks(2)
e Only now numerically feasible 15.0} non-LTE = e <R

—
4
- —

lonosphere(6) Chromospheres(8) 7~——.__/

10.0 ¥ Disk Coronae(12-16) +
o e Stellar
TWO ﬂUid Iimlt E | (14-16) Coronae
@) 50 Molecular (10-12)
) ¢ Clouds
Vai = . - (17-19) PNs (15-18)
\/ 47[101 hO_JD ~
I @) SNRs
CSeff ~ Cs,i == G0 Bmzm
S. I fl .d I. .t HI regions(Zd)i 7 —CE
HIl
Ingie Tiul Imi |OnS regions Galactic
B, -5.0 (17-20) Haloes IR
Vo = (21-22) Intergalactic
\/47T(pn + ,01) Medium (24)
Cseff ~ Csn -10.0
neutrals 10 20 3.0 40 50 60 70 80 90

log[ T (K) |
Dopita & Sutherland [2005]

*+*SKETCH**
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2FMHD EQUATIONS

Compressible 2FMHD EQs:
dp.
() —+ V- (pv;) — .
ot Collisional coupling:
op,,
' | 16k, T
2) ot +V <'0 ”V”’) e Drag coefficient: yp = —— 5 o
) _ 2m, \| 7m;
apivi T 0 B2 BBT
@) ——+ Vipiviv; +| cgpit . I - 1| T ToPiPn (v, — V) +/; e lon-neutral collisions: v;, = ypp,
3 - B e Neutral-ion collisions: v,; = ypp;
pnvn I T 2 _
(4) P Vv [pivnvn + CS,n,OnI] = YpP.P; (Vl- — Vn) +f, e y =p,/p, = U, = yU,,
oB
ot
6) V-B=0
With the current: I = — ep;v;
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2FMHD - COUPLING LIMITS

Strongly Coupled

2
D)
Q
)
L
=
O

neutral gas

lonized gas
_|
=
@)
L
=
O
7))

Weakly Coupled
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2FMHD - SCALE LIMITS

Large Scales (k < c, v &0 < v,y

pin|4 s|buig

neutral gas
lonized gas

spin|4 om|

Small Scales (k> c,1_;, &0 > v )

coll

MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK | CHRISTIAN HEPPE | 27.01.2024 HEPP PROGRESS TALK 11



PLASMA
ASTRO p
e

LINEAR WAVES

Linearized compressible 2FMHD EQs:
ov; 5 1
4 IZ Collisional coupling:
ov, 5
— = — VP — V. 1 16kzT
@ P Vs o= YoPiPn (Va— Vi) + Drag coeficent 7, =~ — sl
m Tm;
ab n l
(3) — =V X (v;XB) -
ot e lon-neutral collisions: v;,, = ypp,
(4) aal? — _ Szipiv v, e Neutral-ion collisions: v, = ypp;
0 ‘)(=,0n/,0i — Vin = XVni
Pn 2 v
() ot - S,npn Vi
6) V-B=0
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LINEAR WAVES - ALFVEN MODE
. . . Alfvén velocity:
e Helicity perturbations: X
B
I =(VXvV)- e =iky, —iky, e lon-Alfvén velocity: c,; =
| | \ 47p;
I, =(VXv,)-e =ikv,, —iky, B2
: : * Loaded-Alfven velocity: ¢,; =
* Rewrite 2FMHD-eq’s interms of | ; & I, \/ A7(p. + p,)
0T, or, or
| — L 4 k%cos?0cc T, = —
0t2 Pn?D ot Al 7 1 Pn’D ot
1 o',
Fypl, =1, Decoupling
p; ot

: . . _ * Decoupling approximation:
 Dispersion via normal mode analysis:
kr vi~vU,. & ki vi.~U;
3 ; 2 2.2 : 2.2 _ dec”A ni dec’ Al n
o’ +i(l + 0 —kciow—iv,kci;, =0

I o e Exact solution:
ZCA Q) + l(l +)()Vm _ _
— = B ) _ 120, o\3/2
( 0 ) W ~+ iV, pr B | X208 (= 8)

I ey - o(l + x)? 8(1 + )3 _

—
Vo N

Solved for wg = 0 with k = kyep
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LINEAR WAVES - ALFVEN MODE

Parameter:

e p;=0.001, p, =0.999
e Cg,=2,cg;=1Xkm/s
e f=0.1&y,=25

100 e e PP P0E 00000080300 000 0300008000000 0000
ST: [
<
E 100000000000000000000000000000000y - — - —— - s s s ks b ¢ ¢ e 4 ¢ e ¢ e

-2 . i + -
10 kdec <4“—p > kd@C kcAL
I kCAz
""Q...

101 - 0.000093.....
S? .::0 0.‘,...
ﬁ 107! - ..o'°.... Teees, ®eee, o
§ ...1»0‘°..... oo .°'00.. ......"'000

1073 .......39.0 ¢ ®e¢a TP oooe;i..

...'. LI L L BN L AL | T T r rrrrrj T 1 1T rrrry T T T rrrrj T LI lllll.|... u..u.—"q||||| T LI B B B B :'A""'l L) | l""""I LR | UL | L | UL | UL L) | L
107! 10° 10! 107 10° 10* 10° 100 107 1071 10° 10! 10? 103 104 10°
szAz'/Vm' kCAi/Vm'
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LINEAR WAVES - MAGNETOSONIC MODE

e Compressibilitiy perturbations: Effective sound velocity:
: : : 2 2
A=V -v,=iky, +iky,, +iky,, 2 5 T XCsn
. . . Sl T 1 4y
A,=V-v, =iky, + zkyvn’y + ik, .

» Rewrite 2FMHD-eq’s in terms of A; & A, & Normal mode analysis:
D(@)A, = 0
D
() A =0

v, -
" D)

D(w) = D{(w)D, (®) + DX (w)

@ + W,

D(w) = o (w + iv,) — 0*k*(c?, + ¢Z) + k*c2.c2 cos’@
I in Al S,i w + i(l/in + Vm’) Ai-S.n
D (w)=w(w+iv,;) — kzcg,n
v, U,
D(w) = i 3@ + iy, + V) — Kic2ic2, cos? 9]

w + i(l/in ~+ I/m')
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LINEAR WAVES - MAGNETOSONIC MODE

Parameter:

e p;=0.001, p, =0.999
e Cg,=2,cg;=1Xkm/s
e f=0.1&y,=25

102 -['9==Giooo:::.o:::i:.:.:ez;i"”.u»ooo

h e P SEEEE " SEEEE D S S NS § S § S N S N S § S N S N S—"
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BASIC SETUP FOR LIN. PERTURBATION-SIM’S

e AthenaK
* Trying to probe ,frequency response® of the (twofluid) system

e Quasi 1D: L” — 128 XLJ_

= Boundary-Conditions:

=)

Transverse: Periodic

Longitudinal: Outflow

= MB: 1x1x256 MBs a 32> px appears to be most efficient on full
4x A100-Node

T

e Drive any time dependent perturbation, at xy-face of box at
<= pin

= Primarily xz-polarization

S > X
5V|l — 5VZ LJ_
5VJ_ - 5Vx
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LINEAR TESTING (FULLY IONIZED/MHD)

[ | [ ]
Transverse Perturb. Longitudinal Perturb.
32.0 32.0 32.0 le—6 32.0 le—6
0.100
s . v./(v,) | Be
0.075
16.0 0.050 16.0 1.0 16.0 16.0 4
2
0.025 05 )
Y = SY -
N 0.000 g NGO " VS N0 o g N0 " VS
~0.025 3
- —0.5 F—2
16.0 ~0.050 16.0 16.0 -2 16.0
~0.075 -1.0
-4
32.0 -0.100 32.01 : : : | 32.0 32.0 4 : : . |
2.0 . . ) 2.0 1.0 0 1.0 2.0 2.0 1.0 0 1.0 2.0 2.0 :
X X . 32.0
32.0 320 le—6 32.0 ‘ :
1.0 B /<B > 1.0
[B,/(B)) \ B, I{B)| [l 1/ {Bj
16.0 - 0.8 16.0 s 16.0 - 0.8 16.0
0.6 4 0.6
N 0 £ N0 q N 0 2 N0
= 3 S
04 a 0.4
16.0 1 16.0 2 16.0 - 16.0
0.2 0.2
1
32.0 . . . 0.0 32.0 T > 0 32-02.0 1o 5 1o >0 0.0 32.02'0 " :
X
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LINEAR TESTING (2FMHD)

100 4
Ni,@? = 1.5@‘03, Nn,ER = 1.5e-03
10_1 ' kCA.L
] === analytical
10_2-; — ions
—— neutrals
10754
1074
10° 4
0 Ni’gzl.le-OS, Nn’gz 1.1e-03
107

1072

1073

1074 -

k/k
10° 4 : :
z N, 5 =1.5e-03, N 5=0.0e+00
10_1 —; kCA,L
— == analytical
| — B
1072 4 =
’ — B
107 4
f —4
1074 4
100 4

N, ¢=1.1e-03, N o =0.0e+00
10_1'5

1072 -

107 4

1074 -

k[logkm ']
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8192.0

4096.0

4096.0

8192.0
64.0

8192.0

4096.0

4096.0

8192.0
64.0 32.0

Un, L /<’Un>
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8192.0

1.00

0.75
4096.0
0.50
0.25
0 0.00
~0.25
4096.0 —-0.50
—0.75
81000 P ~1.00
64.0 32.0 0 32.0 64.0
X
5
<
_'
S

32.0 64.0
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ASYMPTOTIC TESTING - TRANSVERSE ov,

Parameter:
Low-Freq. Limit (w = 0.01) High-Freq. Limit (o = 100) « p;=0.1,p,=09

e Cg,=2,cq=1Xkm/s
e f=0.18&y,=25

100 i
Ni,?R = 1.50-03, Nn,?R =1.5e-03 10 1 |
1 i
10714 ke, i ke, , :
Fegon —~—= analytical :
I 1072 4 kegepg ~ — lons - N; 2 =8.8e-04, N, »=>5.6e-06 |
; AN k —— neutrals U I ko 2 |
€A Cs, 0 CaL |
1073 4 kes,n ——~- analytical : =
> +s .. k —— jons |
10,5 i cs,eff I
# 0 S5 S - e O k —— neutrals |
A |
= P, (k) P, (k) . |
0 1 Nig=1.1e-03, N, q=1.1e-03 1 o | ‘
-1 1
O 107 5 I
— I
) =
3 -3
10 :
> , |
I i
104 1 1071 : N o =14e-03, N, q=3.6e-06
I
} : : ; ! : :
10! 100 10! 10° 10°2 10°! 10° 10! 102
k/ka k/ka
10°; : 10°
! N, g= 1.5e-03, N”’m:0.0e"‘OO
1071 5 e 1072 4
——~- analytical
m 1024 — B, 1074 N, 2 =2.8e-04, N »=0.0e+00
| BH ..... k. . k
-6 | Csy CAL
v 10-3 4 10 oo === analytical
..... k — B,
— 1078 - el 5
((h) P.(k) o PB (k) ] N "
» — B 100 4 10 T
I I Nl7g=1.le—03, N”’g:0.0e“'OO 1
I 10714 1072 1 :
/
107 :
1072 i
1
107¢- !
1073 ! !
1078 1 | N, g=4.4e-04, N g=0.0e+00
104 i : : : } : :
10! 100 10! 102 102 10! 10° 10! 102
k/ka k/ka
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COMPARING WITH ANALYTICS - TRANSVERSE ov,

Parameter:
. p,=0.001, p, = 0.999
\ w=0.001 [km/s/pc] w=0.63 [km/s/pc]
1.00 - === analytical === analytical ¢ CSn — 29 CSi — 1 X km/s
=== analytical damping === analytical damping _ _
0.75 1 simulation simulation * ﬁ - O 1 & }/D Bl 25
_ 0.50- » 0=0
S & N o
g R L
S
0.00 -
-0.25 -
-0.50 - U
_0-75 B T T T T T T T T T T
0 10 20 30 40 50 60 20 30 40 50
x [kpc] z [pc]
1.2 1 -
M w~~4.982 [kmy/s/pc] | [T TTTmm—e w= 200 [km/s/pc]
1.0 N — == analytical L T — == analytical
\\\ - analytica] damplng A A _—— analytical damplng -
0.8 A So simulation simulation
0.5 -
g g
3 &
§ S
= < 0.0
S S
-0.5 1 \j
-1.0 - \/
0 1 2 3 4 5
z [pc] z [pc]
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GAP TESTING - ,,DISPERSION RELATION*

Parameter:

e p;=0.001, p, =0.999
e Cg,=2,cg;=1Xkm/s
e f=0.1&y,=25

10% 4 :
—= kvgr 4+ ions
——= kuy; X neutrals
102 - analytical PN S

w[pc/(km/s)]

0 107 1o 0 1o 10 1012
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ASYMPTOTIC TESTING - LONGITUDINAL 5VH (2FMHD)

Parameter:

p;=0.1,p =09

e Cg, =2, cg;=1Xkm/s
p=0.18&y,=25

Low-Freq. Limit (w = 0.01) High-Freq. Limit (o = 100)

100 _
Ni.¢ =14e-03, N, y=1.4e-03
..... k. - k 1071 —
-2 kg n ions :

0%+ NV 7 "W ... Fog.of neutrals 105 - N; y =1.0e-04, N, y=1.6e-04

..... k-u T kns,i ku L
kg n —— ions
1 e ., -—,e e e it AR AN A A R v TSN~ k neutrals

10—5 i cs,eff

Pv” il .

Nig=1.9e-04, N, q=2.7e-04

P

Ni,% = 1.16—03, Nng =1.1e-03
1071 1

VeIOCity V”

W

1074 s \VZB\
-3 ‘,I ' \
10 "‘"H“w’ it "’4’
1074 1
1075 - '
100 10! 102 103 102 10! 100 10! ' 102
k/kA k/ka
H 100 7
107 -
g )
| N v 10724
10—3 _

Nigp=12e-04, N, 5=1.1e-03
..... ke, ke, ,

10744+ ... kg i ke, .
1075 - ’ ‘

ions Bz —— ions

—— neutrals

10714 K, ...... ” :
P (k) = = P p(k) 10° : ! :
P o] | : : N; 5 =9.5e-05, N, q=8.5e-04 L | ]
: : : / y ! :
. : : . 10721 ’V "r\ ,n,,\,’v' (0 M*‘A% l ‘

1064 Kos off —— neutrals

Density p

10—3 4
10—4 4
1075 -
1076 - _ _
107 4 N; 5 =9.2e-06, N, g=2.4e-04
100 10! 102 103 10°2 10! 100 10! 102
k/k‘A k/kA
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OUTLOOK - DISPERSION

Parameter:
0.0100~ ﬂ e p,=0.001, p, = 0.999
0.0075 + ” ” | n e Cg,=2,cq;=1xkm/s
0.0050 - M ” ﬂ ﬂ e /=0.1&y,=25
0.0025 - | n ﬂ ﬂ n ﬂ U n ﬁ |
Zzzzz VL] | | Excite sum of waves with randomized phases
Rt U U
-0.0050{ | u U U U
~0.0075 - U U U U “ U | u N
U u 2mvy L
-0.0100 +— : . : , , , F(t) — Z a)k COS (a)kt ¢k)’ a)k — o N — 10
0 5000 10000 15000 20000 25000 30000 P L(k + 1) 2TV A
t —
10 7= ——
102 4 = 27TVA 1
—> W, > , Dy 2 —
0] N At

100_

10—2_

1074 -

10°
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OUTLOOK - DISPERSION

Parameter:

« p;=0.001, p, =0.999

200
1 —_— —_—
° 175 ‘° e g =2, cg=1xkm/s

10 4 S ;

— . f=018y,="25
10714 RN o— 150 107!
10_2 \\\\ \ \\

\\\\ \ 125 10°3
10_3 1 N@g:e = 2.96-06, Nn’ R = 7.3e-08 \\\ \

E ions -—-a= -2 N e N

1 —— neutrals ‘\\ 100 X
19(_)6 _ > . 107

.5 =1.6e-06, N, g=3.5e-08 75
107! /—\ %0 10°7
1072 \\

5 \ 25 1079
1073 ~

] \ O

je9d

104 e — - __ I I
102 0 100 o 102 103 10t 100000 150000 200000 250000
k/ka
200 10°

100 3 1 1

\\\ NJ_AR =4.7e-07, N”’g% =0.0e+00 -
1071 - \\\ . S 175 107

5 N — B

] \\\ 150
10—2 \\\ 10_‘

5 . 125
1073 3 \\\ —

f 107¢
1009 \\% 100 3

/7 \\ N, g = 2.5e-07, Nyis =0.0e+00 . 8
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OUTLOOK - TURBULENT SIMULATIONS
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OUTLOOK - TURBULENT SIMULATIONS
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THANK YOU FOR YOUR ATTENTION!




