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Galactic Magnetism

I o = — 1T 3 T —T - e 9000 Lj
) . a
!

M51

-]
]
=}
]
]
=z
=]
7]
4
w
a3
L
=
T
o
[

Hawaliam Starlight

22'55

O(',UG) Iarge—scale coherent fields! UB ~ Utyrh = UCR M51, R. Beck (MPIfR), A. Fletcher



Proto-Galactic? shearing by differential rotation

L 3
collapse of proto-galactic field = 0.1 pG

J [ d

FiG. la Fie. 1b

Howard&Kulsrud A&A 1990

but:
e winding problem (Pt =~ 0.2 Gyr at rg)
e decay of field in turbulent diffusion O(108yr)

Sofue 1990 2/42



Dynamo Action? “Bo + Ekn — Bi > By’

PH. Roberts (2007)
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Dynamo Action? “Bo + Ekn — Bi > By’

Q effect: toroidal field from poloidal seed field

%J\

Love, J. J., 1999, Astronomy & Geophysics, 40, 6.14-6.18

l;)
l T T
// Kl\\ « effect: poloidal field from turbulence and convection
B A
B

PH. Roberts (2007) 3/42




Dynamo Action?

Galaxy simulations:

stellar density gas density magnetic field
Vo
Lot =3.9 2 [0 M @{@4{
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Auriga, Pakmor+MNRAS17 llustrisTNG, Marinacci+MNRAS17
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Effect Galactic Magnetic Field on Charged Particles (Cosmic Rays)

(anisotropic) diffusion of low energy cosmic rays  deflection of ultrahigh-energy cosmic rays

D. Harari

log(n) [a.u]

Merten+JCAP17
erten-+ 5/42



Observational Tracers of the Astrophysical Magnetic Fields

polarized radio source

Faraday rotation

synchrotron radiation

thermal electrons

and:
- e BJ_ ® starlight polarization
cosmic-ray electrons ® polarized dust emission
® Zeeman effect

composite arXiv:1302.5663 & www.nrao.edu 6/42



Modeling the Coherent Galactic Magnetic Field (GMF)

Aim: Describe large-scale structure of GMF with simple parametric forms

Observables:
Polarized
light Rotating_prolate
Plasma Relativistic TSyljch.rotron dust grain Dust
N emission st
‘ € emission
Magnetic field B-fleld - B-field

v
Faraday

rotation ¢

adapted from Hasegawa+13 and Pelgrims+18

Popular GMF Models:

S97 Jaffe10* PT11  JF12 Planck1i6 TF17**
parameter fit X v v v X v
extragalactic RMs X v v v X v
polarized synchrotron X v X v v X
polarized dust X X X X v X
VB=0 X X X v X v

Stanev ApJ97, Jaffe+ MNRAS10, Pshirkov+ ApJ11, Jannsson&Farrar ApJ12, Planck Coll. A&A16, Terral&Ferriere A&A17 * only disk field **Galactic plane excluded (|b| > 10°) 7/42



Outline

RM and Synchrotron Data

Thermal & CR Electrons
New GMF Model(s)

Results and Implications

e (Amaterasu Particle)
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- Thermal & CR Electrons
. New GMF Model(s)

: Results and Implications
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sin(latitude/degree)

Extragalactic Rotation Measures (PT11, JF12)
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Polarized
light

Plasma

Extragalactic Rotation Measures 2023

Magnetic field

0 = 0o + RM A2 \

Faraday
rotation 6

Taylor+09 (NVSS)

misc < 2012

misc = 2012

Anderson+15 (ATCA)
Kaczmarek+17 (ATCA)
Betti+19 (VLA)

Schnitzeler+19 (S-PASS/ACTA)
Shanahan+19 (THOR)

Ma+20 (VLA)

Mao+20a (CPGS)

sin(latitude/degree)

Mao+20b (CPGS)
Riseley+20 (POGS)
Livingston+21 (ATCA)
Van Eck+21 (CPGS)

O'Sullivan+23 (LoTTS)

180 150 120 90 60 30 0 -30 -60 -90 -120 150 -180
longitude/degree 8/42



2023 RM Sky

j-observer
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Magnetic field

Faraday
rotation 6
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Polarized
light

Foreground: HIl Regions
EM o fobserver ne(l)2 dl

source

Plasma
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Polarized
light

Foreground: HIl Regions
EM o fobserver ne(l)Q di .

source

Plasma

Magnetic field
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Electron

Polarized Synchrotron Emission ff@c:c\\\g\

WMAP Planck
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e antenna temperature: Ty, oc v~ (PH3)/2 = s
e electron spectral index p: ~ 2 at source, ~ 3 after cooling
® fBg~—3—= Tsyn(20 Hz) /Teyn(30 Hz) =~ 3.4
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Electron

Polarized Synchrotron Emission ,"VAC_\C\C\
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calibration uncertainty? cosmic-ray spectral index? 12/42



Electron

Combined WMAP-Planck Polarized Emission ZC_\C:C\\\C{\
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Combined WMAP-Planck Polarized Emission ’B'AC\CF\C\

Fermi Bubble
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B 'g\ ~ Outline

NGCGZ'ax M. Krause

e RM and Synchrotron Data

’ : e Thermal & CR Electrons



Thermal Electron Models

z[kpe]

NE2001

-10 -5 0
xlkpe]

112 pulsar DMs

z[kpe]

DM oc [22°Me" ), (1) dl

Jsource

YMW16

-5 0
X lkpel

189 pulsar DMs

ny(y=0) [1/om’]

Plasma

Faraday
rotation 6

Cordes&Lazio arXiv:0207156

Yao, Manchester & Wang, ApJ 2017

Polarized
light

Magnetic field
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Cosmic-Ray Electron Model

I9(B(v, = 30 GHz)/uG)
R L
X?/ndf = 69.6/86

-2

-4

lg(J(e’e)/(GeVim? sisry)

= Voyagerl
gL * AMS
— LISM tot.
8L LISM sec.
—1AU., ®.=035GV, ®,=054GV
ol b e N
-3 -2 -1 0 1 2 3 4

Ig(E/GeV)

Electron

B

N

- ‘w&a{\ox\

Diffusion volume

homogenous and isotropic diffusion Dy o« R? (rigidity R)

DRAGON calculation constrained by local lepton flux and Do/ H from B/C 1coo.//ciimun . conscosmcraye omcon

6V (5102) 085 "V8Y ‘|8 18 luljousn) ‘A
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https://github.com/cosmicrays/DRAGON

Cosmic-Ray Electron Model

® Dy/H = const from B/C

¢ halo half-height H currently not
well constrained weinrien 2o, voliv20, vaurins22

— large uncertainty in vertical n, profile!

e

0.2

o
o
T T T T T T T T T[T

R

o
z/kpc
example: r = 5kpc, E = 10GeV

Electron
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NGCSZ_B, M. Krause

~ Outline

e RM and Synchrotron Data
e Thermal & CR Electrons
e New GMF Model(s)



Parametric GMF Components poloidal field

disk field

toroidal field

17/42



New Disk Field Model

y/kpe

previous “wedge”-model (e.g. JF12):

-20 -15 -10 -5

x/kpe

Byy/uG

y/kpe

smooth spiral disk field:

x/kpc

e divergence-free Fourier-expansion of By(r) at reference radius

e avoids radial discontinuities

e free pitch angle and “magnetic arms” (number of Fourier modes)

Byy/uG

18/42



z/kpe

Halo X-Field

e fix JF12 discontinuities at z = 0 and transition to §x = 49°

JF12 Ferriere&Terral14 UF23

6 6 6
4 4 4
0 % 0 é“‘ 0
-2 2

4 1 -4
-6 6 -6

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 8 10
r/kpe r/kpe r/kpe

B2/ uG
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RM and Q&U of “base model”

disk toroidal

—

RM: i o i |+

— 3§

=+

poloidal

—
22

\- ona -
388885383
RM/(rad/m?)
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Data and Model

disk +  toroidal + poloidal = total data
AV e iR DSl
Q ‘ ¥ L] T Y ~ é
"_— - v | — Q 7w RS ‘:A j, v\,?, i 5
o
s P i o |
- - W X UM, >
U e ‘ Y ; 6 w* y i >

e 6520 data points
e 15-20 parameters
e typical reduced x?/ng; = 1.2...1.3, depending on model variation

21/42



Data and Model

data model

RM/(rad/m?)

Py '3 > ,;‘ &» 'm /;‘,:“ POAT !3
U (/ \‘*\& ‘M N ‘A‘_‘/ \“ $ ‘ Z :g- )/ ‘/ "“ '.(' \‘ E
v ¥ / o v 5 o RS 0
w W » » 5 U \l &
\‘k\ 4 % //// A ‘ /// i 10 A S \w\:: i {/‘ 7 i§
e TN SN

¥2/ndf = 7923/6500 = 1.22

ARM/c

AQ/c

AUlc
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Model Variations

8 variations (subset giving the greatest diversity of CR deflection predictions):

name variation X2 /ndf
base fiducial model 1.22
Xr radial dependence of X-field 1.30
spur replace grand spiral by local spur (Orion arm) 1.23
ne change thermal electron model (NE2001 instead of YMW16) 1.19
twist unified halo model via twisted X-field 1.26
nbcorr n.-B correlation 1.22
cre cosmic-ray electron vertical scale height 1.22
syn use COSMOGLOBE synchrotron maps 1.50

YMW16

Neefau
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s R Outline

NGC628, M. Krause

; RM and Synchrotron Data
' Thermal & CR Electrons
New GMF Model(s)

Results and Implications




Magnetic Pitch Angle

e fitted magnetic pitch angle in disk (11 + 1)° (error dominated by n.)
e pitch angle of local arm (11.4 + 1.9)° (fit of HMSFR with parallaxes)

Reid+ApJ19
! P e : ~__ van Eck+ApJ15
~ : T R IRt
0F o ] S50 * - T
; o= = s [ . X X ’ ]
g 40 x * . X .
2 [ X e ]
5 2 30 XX -
- g $ x X
B e I X K- ]
- £ 20F o ® X %5( x X .
° [ [ | 7% X ]
2 [ X ]
0 5 joF x ®UF23 X 4 ]
"(;':_ [ B X 8 spiral galaxies
0-' M RS RS SR R R
0 10 20 30 40 50
pitch angle of spiral arms [deg.]
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Local Spur or Global Spiral?

ubasen nspuru

* Nor/Outer = Perseus e Local = Sgr-Car e Sct-Cen
14— T

y/kpc
B,,/uG
y/kpc
S
T
o
B,/uG

e - —plt ! ! 1 | |
-0 8 6 4 -2 0 2 16 -14 -12 -10 -8 6 -4 -2 0 2

x/kpc x/kpc

— both models describe data equally well! -



Results — Striation or Correlation?

Longstanding problem: B(syn) < B(RM)

anisotropic/orderd/striated b?

“t)EiE;GB”

|
11\

RM
Orum
I
1

v
coceo

P

RM =0
Gy =0
I>0
PI>0

Jaffe+10

anti-correlation b-n. (pressure equ.)?

w3

Beck+03

“nbcorr”

—

>
@

S

//ne
%

-
——

ES

—
\ 4

NN

line of sight

v

— both models describe data equally well!
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Unified Halo Model

* evolve X-field via ideal induction equation 9,B = V X (v, x B)

¢ radial and vertical shear of Galactic rotation generates toroidal field

Galactic rotation curve

v, [km/s]

4 HMSFRs
— fit

oL I I I I L L I L
o 2 4 6 8 0 12 U 1.

r [kpc]

* no separate X- and torodial halo needed!

e “twisting time”: ¢ = 54.7 + 1.1 Myr — effective time (steady state when including dissipation?) 27/42



Cosmic-Ray Deflections

-

= = EPOS-LHC
s E p N Fe i' 'J[ [ wes Sibyl23
B 08— adumpann
g F }
c 06 [ v
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D 04 [
2 £
g— £
E o2
3 E
17 205

lg(E/eV)

§  EPOS-LHC
{  sibyll2.3d

—19.0

lé.O lé.S 15.0 15.5 20.0
1g(E/eV)

Pierre Auger Coll. 2014, O. Tkachenko for Snowmass 2205.05845

D. Harari

® Larmor radius of charged particle in B-field

r=1.1kpc

* rigidity
P
i e

R/10"%V

B/u

G

¢ typical GMF deflections (JF12)

ecoh ~ 30 (

R
1020 \V

.
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Deflections at 20 EV (base model) v
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Deflections at 20 EV (model ensemble and JF12) v

JF12 base expX

M M M
:E :E :E
o B o

nebCor
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Deflections at 20 EV .

base
expX
neCL
spur
nebCor
twistX
crel0
synCG
JF12

B e 8 R o >0OO0O

+180° |
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Rigidity Threshold for Nuclear Astronomy L s ?

Ie((R)/V)

rigidity at which ...

4
I
’é’
|
A
!
L
%

T

... deflections < 20° ... deflection difference < 20°
median threshold at 20 EV median threshold at 10 EV oo



: ‘ ' Summary

New Model(s) of the Coherent GMF

full-sky RM data

latest synchrotron sky maps

improved auxillary models (n. and ncre)
smooth disk-field model

unified halo model

Main Results:

® JF12 dipolar X-field robust /dynamo?

magnetic pitch ~ spiral pitch 7 coherent?

local spur (Orion) or Grand Spiral?

n. — B anti-corr. is alternative to striation

— larger B estimates

. ® GMF model ensemble — uncertainties for
deflection, diffusion, axion conversion,...

Outlook:
e turbulent field using Iy, + variances
® pulsar RMs, low-frequency QU, dust pol., ...
e foreground modeling local bubble, loops,. .

2/42



The,.
Guardian
‘What the heck is going on?’ Extremely
high-energy particle detected falling to

Earth
OMG! Schon wieder!

nature

The most powerful cosmic ray since

the Oh-My-God particle puzzles
scientists

A Ray From Space Hit Earth with
Such Incredible Power That
=% Scientists Named It After a God

The source of the Amaterasu particle, named after the Japanese
sun goddess, is a "big mystery."



Science

HOME > SCIENCE > VOL.382,NO.6673 > AN EXTREMELY ENERGETIC COSMIC RAY OBSERVED BY A SURFACE DETECTOR ARRAY
RESEARCH ARTICLE | ASTROPARTICLE PHYSICS

An extremely energetic cosmic ray observed by a sur- e E— (2.44 +0.29 (stat,) 1031 (syst.)) %1020 gV

—0.76
face detector array : 20
TELESCOPE ARRAY COLLABORATION*, R U ABBAS|M.G_ALLEN R ARIMURA J W BELZ.D R BERGMAN,5 A BLAKE B K SHIN, | J BUGKLAND,[..], AND Z ZUNDEL ® if Fe: Enom = (212 + 025) x 10<Y eV

® Feat —logyst: Eiow = (1.64 £0.19) x 1020 eV
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Simplest Assumption: Fe Nucleus from Standard Accelerator
(Rmax ~ 1018.6—18.7 V)

1 025

E% [m?s? sriev?]
LA
R

1 023

Amaterasu

-3.2710.02

-2.85+0.07

-2.621+0.03 -4.4710.41

log Esnﬂening

bt vl v ed

E_ =19.22 =0.08
C log Egz¢
- log Eqnyg
oree =19.83 =0.04
L =18.70 £0.01 9.83 £00
L. P I R R B
18.5 19 19.5 20 20.5
Iogw(E/eV)

TA 14-year SD spectrum, Kim et al, EPJ Conf 283 (tm2023) 02005

Peters Cycle:

o

N 4 o
kS o o

Relative abundances at Earth
o
o

proton

o
o

18.0 18.5 19.0 19.5 20.0
logio(E/eV)

Pierre Auger Coll. 2023

Photodisintegration in source:

E® J(E) [eV2 km? s yr]

4 TA2013

L e = L L :
18 185 19 195 20 205
Ig(E/eV)
(c) Flux at Earth

MU, Farrar, Anchordoqui PRD15 35/42



Propagation of Fe in Extragalactic Photon Fields

¢ horizon between 8 and 50 Mpc
e factor 240 uncertainty source volume!

propagation distance D / Mpc

10?
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Enom*Ogiar
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1.4

1.2

0.8

0.6
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‘@/

fan = N(D)/n(0)
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Arrival Direction

FErnom = (2.12 £0.25) x 10*° eV FEiow = (1.64 4+ 0.19) x 10%° eV

.
[N [N

(Ll [T VVAANN T
NG GUENENSFVANN URIENEY
NN NN

localization uncertainty: 6.6% of 47 or 2726 deg?
uncertainty of coherent deflection, random field, Galactic variance, TA energy scale, statistical uncertainty of £




Distribution of galaxies up to D=150 Mpc

¢ 2MASS galaxies * Swift-BAT AGNs @ radio galaxies

® starburst galaxies —— Amaterasu localization
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sin(latitude)

longitude / degree
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FEiow — 20, D0_1=72 MpC

2MASS galaxies  * Swift-BAT AGNs @ radio galaxies @ starburst galaxies —— Amaterasu localization
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Eiow — 10, D()_1=42 MpC

2MASS galaxies  *

Swift-BAT AGNs @

radio galaxies @ starburst galaxies —— Amaterasu localization
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E|0W, D0.1=25 MpC
2MASS galaxies  * Swift-BAT AGNs @ radio galaxies @ starburst galaxies —— Amaterasu localization
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Enom, D0.1=1 0 MpC

2MASS galaxies  * Swift-BAT AGNs @ radio galaxies @ starburst galaxies —— Amaterasu localization
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Amaterasu Particle

® simplest assumption: Fe nucleus

; i . ® |ocalization uncertainty (using UF23 ensemble):
T ! G — direction within 2726 deg? (6.6% of 4)

® horizon between 8 and 50 Mpc

-

® accurate energy essential! (both, stat. and syst.!)

® none of the “usual suspects” within localization
uncertainty

e starburst galaxy NGC 69467 (flux proxy is 10% of
NGC4945 and M82)

® Andromeda (M31)?

: ® transient event in an otherwise undistinguished
- galaxy?
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