
Lecture (2) Plan:
• UHECR- the observational status

• UHECR transport

• Hydro Turbulence and Magneto-Hydro 
Turbulence

• Non-thermal particle transport equation in 
magnetic turbulence

• The extragalactic magnetic field 
environment
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UHECR: The Observational Status

Pierre Auger Collaboration. ApJ. 935 (2022)
Caccianiga et al. for the Auger and TA Collaborations. PoS 
(ICRC2023) 521

Spectrum

Composition

Anisotropy

0.01

0.1

1

10

100

1000

17.5 18 18.5 19 19.5 20 20.5

E2
dN

/d
E
[e
V
cm

-2
s-
1
sr
-1
]

log10 E [eV]



Hydro Turbulence

Image from University of Sydney

Richardson, 1922
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Hydrodynamics
A brief comment-
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P = pI+ ⇢vv

Momentum flux 
conservation 

Spatial part of stress energy 
tensor
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Magneto-Hydrodynamics
A brief comment-
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conservation 

<latexit sha1_base64="jmYbwx4SPE/UgGF+0yK5KxsWooU=">AAACL3icbVDLSgMxFM34rOOr6tJNsAiKWGZE1I1QFMSNUMFWoVPKnTTTBjPJkGQKZZg/cuOvdCOiiFv/wvQBPg8EDufcy805YcKZNp737ExNz8zOzRcW3MWl5ZXV4tp6XctUEVojkkt1F4KmnAlaM8xwepcoCnHI6W14fz70b3tUaSbFjekntBlDR7CIETBWahUvgjDK3CBSQLIgAWUYcByorsS9/Esw+V4gIOQQkLY0eKe6X2 1lV/nu6Wiy4+atYskreyPgv8SfkBKaoNoqDoK2JGlMhSEctG74XmKa2fAe4TR3g1TTBMg9dGjDUgEx1c1slDfH21Zp40gq+4TBI/X7Rgax1v04tJMxmK7+7Q3F/7xGaqKTZsZEkhoqyPhQlNr8Eg/Lw22mKDG8bwkQxexfMemC7c7Yil1bgv878l9SPyj7R+XD68NS5WxSRwFtoi20g3x0jCroElVRDRH0gAboBb06j86T8+a8j0ennMnOBvoB5+MT0MGo3w==</latexit>

@⇢v

@t
+r · (P�PM) = ⇢g

<latexit sha1_base64="yaUu98z2d/1VtbUSLEgIzn74ieU=">AAACGnicbZDLSsNAFIYn9VbjLerSTbAIgliSUrQbodSNLoQK9gJNLJPppB06uTAzEcqQ53Djq7hxoYg7cePbOGmz0NYfBn6+cw5nzu/FlHBhWd9aYWl5ZXWtuK5vbG5t7xi7e20eJQzhFopoxLoe5JiSELcEERR3Y4Zh4FHc8caXWb3zgBknUXgnJjF2AzgMiU8QFAr1DdvxfKk3+/ImvTh1fAaRbNzLSprKmhOT9PokZ41UVjOgp32jZJWtqcxFY+emBHI1+8anM4hQEuBQIAo579lWLFwJmSCI4lR3Eo5jiMZwiHvKhjDA3JXT01LzSJGB6UdMvVCYU/p7QsKA80ngqc4AihGfr2Xwv1ovEX7NlSSME4FDNFvkJ9QUkZnlZA4Iw0jQiTIQMaL+aqIRVFkIlaauQrDnT1407UrZPitXb6uleiOPowgOwCE4BjY4B3VwBZqgBRB4BM/gFbxpT9qL9q59zFoLWj6zD/5I+/oBiM+glA==</latexit>

PM = �B2

8⇡
I+

BB

4⇡
Maxwell stress tensor



Galactic Magneto-Hydro Turbulence
One of the key drivers is thought to be Supernova explosions
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Note for MHD turbulence, the theoretically 
expected turbulence index is still debated
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Charged Particles in Magnetic Fields
Note- a lot of what you may have studied about charged particle 
propagation in magnetic fields likely assumed magnetic field variation was 
on much longer length scales than particle Larmor radius.



Particle Diffusion in Magnetic Turbulence 
(Quasi-Linear Theory)?

The propagation of cosmic rays is dictated by the magnetic field 
landscape they live in.
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Propagation through Magnetic Fields
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Propagation through Magnetic Fields



Transport (Continuity) Equation

Andrew Taylor
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Charged Particle Motion in 
Turbulent Magnetic Fields

Diffusion
Source term

Andrew Taylor
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@f

@t
= rx · (Dxxrxf) +Q



x

t

Random Walks

Andrew Taylor

<latexit sha1_base64="wa8vnXXO1CVSjul6Y9Fcnj0cTsU="></latexit>

f(x, t) =
t!

([t� x]/2)!([x+ t]/2)!(2t)



x

t
�(t+ 1) = t!

�(t+ 1) =

Z 1

0
xte�xdx

Random Walks

<latexit sha1_base64="XQZaYRUzi54PAxe46i378pGQRVg="></latexit>

f(x, t) ⇡ e�x2/(2t)

(2⇡t)1/2

<latexit sha1_base64="9b9ZNdJSc/BGBOdYxs53zbvrnTQ="></latexit>

f(x, t) =
�(t+ 1)

[�([t� x]/2+ 1)�([x+ t]/2+ 1)](2t)

Andrew Taylor

Suggest you all have a go at 
demonstrating this.



cosmic rays diffuse in magnetic field turbulence

Andrew Taylor

Suggest you all have a go at 
demonstrating this!

Steady State Distribution Around a 
Source of Diffusing Particles

<latexit sha1_base64="JJ6C/F+kF9Gqp3LO34JA1irY92A=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8FSSouixqAePFewHNKFstpt26WYTdidKiT34V7x4UMSrf8Ob/8Ztm4O2Phh4vDfDzLwgEVyD43xbhaXlldW14nppY3Nre8fe3WvqOFWUNWgsYtUOiGaCS9YADoK1E8VIFAjWCoZXE791z5TmsbyDUcL8iPQlDzklYKSufeAFYVYCT/H+AIhS8QOuXsO4a5edijMFXiRuTsooR71rf3m9mKYRk0AF0brjOgn4GVHAqWDjkpdqlhA6JH3WMVSSiGk/m94/xsdG6eEwVqYk4Kn6eyIjkdajKDCdEYGBnvcm4n9eJ4Xwws+4TFJgks4WhanAEONJGLjHFaMgRoYQqri5FdMBUYSCiaxkQnDnX14kzWrFPas4t6fl2mUeRxEdoiN0glx0jmroBtVRA1H0iJ7RK3qznqwX6936mLUWrHxmH/2B9fkDmVqV1A==</latexit>

t ! 2DtNote- expressions on previous slide 
in dimensionless units, 

3D Green’s function

<latexit sha1_base64="QSi13bgA3qfuoqgOF2fGAn6SQNU="></latexit>

f(r, t) ⇡ e�r2/(4Dt)

(4⇡Dt)3/2

<latexit sha1_base64="UnAJ0xzRJgWYuQTmMv1XyfiMTzQ=">AAACEHicbZDLSgMxFIYzXut4q7p0EyxiC1JmpKgboSiIywr2Am0tmTTThmYyQ3JGKMM8ghtfxY0LRdy6dOfbmF4W2vpD4OM/53Byfi8SXIPjfFsLi0vLK6uZNXt9Y3NrO7uzW9NhrCir0lCEquERzQSXrAocBGtEipHAE6zuDa5G9foDU5qH8g6GEWsHpCe5zykBY3WyRy3PT+zrvCpctLiETuKk94khH4Yp9vPqGApdsFO7k805RWcsPA/uFHJoqkon+9XqhjQOmAQqiNZN14mgnRAFnAqW2q1Ys4jQAemxpkFJAqbbyfigFB8ap4v9UJknAY/d3xMJCbQeBp7pDAj09WxtZP5Xa8bgn7cTLqMYmKSTRX4sMIR4lA7ucsUoiKEBQhU3f8W0TxShYDIcheDOnjwPtZOie1os3ZZy5ctpHBm0jw5QHrnoDJXRDaqgKqLoET2jV/RmPVkv1rv1MWldsKYze+iPrM8fVfWbhQ==</latexit>

F(r) =

Z 1

0
f(r, t)dt

<latexit sha1_base64="IDOLIe1My6TjEs8sVWZNj7H36bk=">AAAB/XicbVDLSsNAFL2prxpf8bFzM1gEVyWRom6Eoi5cVrAPaEKZTCft0MmDmYlQQ/BX3LhQxK3/4c6/cdpmoa0HLhzOuZd77/ETzqSy7W+jtLS8srpWXjc3Nre2d6zdvZaMU0Fok8Q8Fh0fS8pZRJuKKU47iaA49Dlt+6Prid9+oEKyOLpX44R6IR5ELGAEKy31rAPXDzLz0g0EJpmTZzciN/OeVbGr9hRokTgFqUCBRs/6cv sxSUMaKcKxlF3HTpSXYaEY4TQ33VTSBJMRHtCuphEOqfSy6fU5OtZKHwWx0BUpNFV/T2Q4lHIc+rozxGoo572J+J/XTVVw4WUsSlJFIzJbFKQcqRhNokB9JihRfKwJJoLpWxEZYh2E0oGZOgRn/uVF0jqtOmfV2l2tUr8q4ijDIRzBCThwDnW4hQY0gcAjPMMrvBlPxovxbnzMWktGMbMPf2B8/gClQpS4</latexit>

=
1

Dr



Andrew Taylor

Steady State Distribution Around a 
Source of Diffusing Particles

10-3

10-2

10-1

100

101

10-2 10-1 100 101 102

t*d
N
/d
3 R

R

t=1
t=10
t=100
sum
R-1

Smart to look at this

<latexit sha1_base64="GA81vC9W93lB4WARfJG7o+AX1iI=">AAACEnicbVDLSgMxFM3UVx1fVZdugkVoQcqMFHUjFN24rGAf0JaSyWTa0ExmSO4IZeg3uPFX3LhQxK0rd/6N6bQLbT0QODnnXu69x4sF1+A431ZuZXVtfSO/aW9t7+zuFfYPmjpKFGUNGolItT2imeCSNYCDYO1YMRJ6grW80c3Ubz0wpXkk72Ecs15IBpIHnBIwUr9Q7npBane5BByU1CmUfcBXOPvDTMC+kBjsSb9QdCpOBrxM3Dkpojnq/cJX149oEjIJVBCtO64TQy8lCjgVbGJ3E81iQkdkwDqGShIy3Uuzkyb4xCg+DiJlntklU393pCTUehx6pjIkMNSL3lT8z+skEFz2Ui7jBJiks0FBIjBEeJoP9rliFMTYEEIVN7tiOiSKUDAp2iYEd/HkZdI8q7jnlepdtVi7nseRR0foGJWQiy5QDd2iOmogih7RM3pFb9aT9WK9Wx+z0pw17zlEf2B9/gBIoJtZ</latexit>Z
f(r, t)dt =

Z
tf(r, t)dlnt
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Spectral Effects of Magnetic Fields



Andrew Taylor

Energy Dependent Magnetic 
Horizon

If the diffusion coefficient, Dxx, is energy dependent, the magnetic 
horizon is also energy dependent. 

Extragalactic cosmic rays cannot arrive to the Milky Way at low 
energies within a Hubble time!

<latexit sha1_base64="W07XVJ2eTwT6VCHMYdiZXOicY0M="></latexit>

lMH = (DxxtH)1/2 = 60

✓
Dxx

1 Mpc

◆1/2 ✓ tH
4000 Mpc

◆1/2

Mpc

Aloisio, R. +, ApJ 612 (2004) 
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Magnetic Horizon Effect

(medium energies)



Andrew Taylor

Magnetic Horizon Effect

Once lMH becomes smaller than 
rs cosmic rays from the nearest 
sources become suppressed 

<latexit sha1_base64="bJIpcLmCbz695DMVK7/02DwFZPA=">AAACC3icbVDLSsNAFJ34rPEVdekmtAh1U5NS1I1Q1EU3QgX7gDaGyXTSDp08mJlIy5C9G3/FjQtF3PoD7vwbp20W2nrgwuGce7n3Hi+mhAvL+taWlldW19ZzG/rm1vbOrrG33+RRwhBuoIhGrO1BjikJcUMQQXE7ZhgGHsUtb3g18VsPmHEShXdiHGMngP2Q+ARBoSTXyHc9X+rUlTe19KJ47crRKEXClbX0+F7aJ+VUT12jYJWsKcxFYmekADLUXeOr24tQEuBQIAo579hWLBwJmSCI4lTvJhzHEA1hH3cUDWGAuSOnv6TmkVJ6ph8xVaEwp+rvCQkDzseBpzoDKAZ83puI/3mdRPjnjiRhnAgcotkiP6GmiMxJMGaPMIwEHSsCESPqVhMNIINIqPh0FYI9//IiaZZL9mmpclspVC+zOHLgEORBEdjgDFRBDdRBAyDwCJ7BK3jTnrQX7V37mLUuadnMAfgD7fMHbSGaBw==</latexit>

lMH = (DxxctH)1/2

(low energies)
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Energy Loss Horizon

(high energies)
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Propagation through Extragalactic 
Magnetic Fields

1. Ballistic
2. Ballistic/Gaussian 
3. Gaussian

3 Phases of Propagation:
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Juttner 

<latexit sha1_base64="a/jRCEm/ddHrXv5lropqZoDVb+A="></latexit>

dN

dr
=

r2↵e(�↵/
p

[1�(r/ct)2])

(ct)3K1(↵)[1� (r/ct)2]2

Aloisio, R. +, ApJ 693 2009, 

<latexit sha1_base64="bPgX7Qj10zjbgLm6iX05wFsMy/0=">AAACAHicbVDLSsNAFL2prxpfURcu3AwWwVVNSlE3QlEXLivYBzSxTKaTdujkwcxEKCEbf8WNC0Xc+hnu/Bunj4W2HrhwOOde7r3HTziTyra/jcLS8srqWnHd3Njc2t6xdveaMk4FoQ0S81i0fSwpZxFtKKY4bSeC4tDntOUPr8d+65EKyeLoXo0S6oW4H7GAEay01LUOXD/ITBfzZIAvFXnIKvlp5cbMu1bJLtsToEXizEgJZqh3rS+3F5M0pJEiHEvZcexEeRkWihFOc9NNJU0wGeI+7Wga4ZBKL5s8kKNjrfRQEAtdkUIT9fdEhkMpR6GvO0OsBnLeG4v/eZ1UBRdexqIkVTQi00VBypGK0TgN1GOCEsVHmmAimL4VkQEWmCidmalDcOZfXiTNStk5K1fvqqXa1SyOIhzCEZyAA+dQg1uoQwMI5PAMr/BmPBkvxrvxMW0tGLOZffgD4/MHELmVbQ==</latexit>

↵ = tc2/2D
Lang, R. +, PRD 102 (2020) 



Andrew Taylor

Olbers Paradox for extragalactic cosmic rays:

1) Without extragalactic magnetic fields (ie. ballistic propagation)
2) With extragalactic magnetic fields (ie. diffusive propagation)

<latexit sha1_base64="cJwSAP3BroUPujfTLgx7j4cqRbA=">AAACBXicbVDLSsNAFJ34rPEVdamLwSK4KklRdCMUBXFZwT6gqWUymbRDJ5MwMxHKkI0bf8WNC0Xc+g/u/BunbRbaeuDC4Zx7ufeeIGVUKtf9thYWl5ZXVktr9vrG5ta2s7PblEkmMGnghCWiHSBJGOWkoahipJ0KguKAkVYwvBr7rQciJE34nRqlpBujPqcRxUgZqecc+EGk7fD6wo8EwtrLtbjX1TznYdPOe07ZrbgTwHniFaQMCtR7zpcfJjiLCVeYISk7npuqrkZCUcxIbvuZJCnCQ9QnHUM5ions6skXOTwySgijRJjiCk7U3xMaxVKO4sB0xkgN5Kw3Fv/zOpmKzrua8jRThOPpoihjUCVwHAkMqSBYsZEhCAtqboV4gEwcygRnmxC82ZfnSbNa8U4r7u1JuXZZxFEC++AQHAMPnIEauAF10AAYPIJn8ArerCfrxXq3PqatC1Yxswf+wPr8AcATmBk=</latexit>

dF =
1

r2
ndV

<latexit sha1_base64="yZil+N3dl1EEGXcp58YmefxKs5M=">AAACGXicbVBNS8QwEE39tn6tevQSXARPSyuKXoRFQTyu4K7Cdi1pmmowTUsyFZeQv+HFv+LFgyIe9eS/Mbvuwa8HA4/3ZpiZl5SCawiCD29sfGJyanpm1p+bX1hcqi2vdHRRKcratBCFOk+IZoJL1gYOgp2XipE8EewsuT4c+Gc3TGleyFPol6yXk0vJM04JOCmuBVGSGf8oNmD3Iy4hNoG9MCo2Obm1FkeZItSkR9akyuJU+Tau1YNGMAT+S8IRqaMRWnHtLUoLWuVMAhVE624YlNAzRAGnglk/qjQrCb0ml6zrqCQ50z0z/MziDaekOCuUKwl4qH6fMCTXup8nrjMncKV/ewPxP69bQbbXM1yWFTBJvxZllcBQ4EFMOOWKURB9RwhV3N2K6RVxYYAL03chhL9f/ks6W41wpxGcbNebB6M4ZtAaWkebKES7qImOUQu1EUV36AE9oWfv3nv0XrzXr9YxbzSzin7Ae/8EUhahHg==</latexit>

Ft =

Z rmax

0

dF

dr
dr

Extragalactic Magnetic Field Effects



Andrew Taylor

Magnetic Horizon Effect
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<latexit sha1_base64="yZil+N3dl1EEGXcp58YmefxKs5M=">AAACGXicbVBNS8QwEE39tn6tevQSXARPSyuKXoRFQTyu4K7Cdi1pmmowTUsyFZeQv+HFv+LFgyIe9eS/Mbvuwa8HA4/3ZpiZl5SCawiCD29sfGJyanpm1p+bX1hcqi2vdHRRKcratBCFOk+IZoJL1gYOgp2XipE8EewsuT4c+Gc3TGleyFPol6yXk0vJM04JOCmuBVGSGf8oNmD3Iy4hNoG9MCo2Obm1FkeZItSkR9akyuJU+Tau1YNGMAT+S8IRqaMRWnHtLUoLWuVMAhVE624YlNAzRAGnglk/qjQrCb0ml6zrqCQ50z0z/MziDaekOCuUKwl4qH6fMCTXup8nrjMncKV/ewPxP69bQbbXM1yWFTBJvxZllcBQ4EFMOOWKURB9RwhV3N2K6RVxYYAL03chhL9f/ks6W41wpxGcbNebB6M4ZtAaWkebKES7qImOUQu1EUV36AE9oWfv3nv0XrzXr9YxbzSzin7Ae/8EUhahHg==</latexit>

Ft =

Z rmax

0

dF

dr
dr

Constant for ballistic propagation

If cosmic ray sources were continuously 
distributed in space, magnetic fields 
wouldn’t alter the total cosmic ray 
spectrum at Earth.

How does the discreet nature of cosmic 
ray sources alter this statement?



Local Scales Effect Highest Energies
(logarithmic scale)

25



26

Magnetic Horizon Effect
-Local Scales Also Effect Low Energies

1015

1016
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1020

 18.5  19  19.5  20  20.5  21

B=1.0E-09G
injected: p

E2  d
N

/d
E

log10(E [eV])

total
0-3 Mpc
3-9 Mpc

9-27 Mpc
27-81 Mpc

81-243 Mpc
243-729 Mpc

Note strong B-field strength considered
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Skymap Effects of Magnetic Fields
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Source of Diffusing Particles

log10 CR density

<latexit sha1_base64="zUtJjUeJ+/Y6TMTBfUnPAKU/P+0=">AAAB9HicbVDLSgNBEOyNr7i+oh69DAbBU9gVUY9BLx4jmAdklzA7mU2GzD6c6Q2EJd/hxYMiXv0Yb/6Nk2QPmljQUFR1090VpFJodJxvq7S2vrG5Vd62d3b39g8qh0ctnWSK8SZLZKI6AdVcipg3UaDknVRxGgWSt4PR3cxvj7nSIokfcZJyP6KDWISCUTSS7wVhbns45Ejtaa9SdWrOHGSVuAWpQoFGr/Ll9ROWRTxGJqnWXddJ0c+pQsEkn9pepnlK2YgOeNfQmEZc+/n86Ck5M0qfhIkyFSOZq78nchppPYkC0xlRHOplbyb+53UzDG/8XMRphjxmi0VhJgkmZJYA6QvFGcqJIZQpYW4lbEgVZWhysk0I7vLLq6R1UXOvapcPl9X6bRFHGU7gFM7BhWuowz00oAkMnuAZXuHNGlsv1rv1sWgtWcXMMfyB9fkDEK+Rpw==</latexit>

✓

Dipole observed

Source

θ

l r

r s

Last Scatterdl

Earth

<latexit sha1_base64="Yp8VBo05wcUgIj8RT6HyKvH6evc=">AAACGHicbVDLSgMxFM3UVx1foy7dBIsgiHWmFHUjFN24rGAf0Kklk2ba0MyD5I5QhvkMN/6KGxeKuO3OvzHTdqHVAwkn59zLzT1eLLgC2/4yCkvLK6trxXVzY3Nre8fa3WuqKJGUNWgkItn2iGKCh6wBHARrx5KRwBOs5Y1ucr/1yKTiUXgP45h1AzIIuc8pAS31rDPX81NTPqSV7Erk94nspSrL2WlF4OnDpZFyYciAmFnPKtllewr8lzhzUkJz1HvWxO1HNAlYCFQQpTqOHUM3JRI4FSwz3USxmNARGbCOpiEJmOqm08UyfKSVPvYjqU8IeKr+7EhJoNQ48HRlQGCoFr1c/M/rJOBfdlMexgmwkM4G+YnAEOE8JdznklEQY00IlVz/FdMhkYSCztLUITiLK/8lzUrZOS9X76ql2vU8jiI6QIfoGDnoAtXQLaqjBqLoCb2gN/RuPBuvxofxOSstGPOeffQLxuQbc9ugDg==</latexit>

r2 = l2 + r2s � 2lrs cos ✓

<latexit sha1_base64="AszDxcj6p4CJuXgvlETdlJ/t0cc=">AAACGXicbVDLSsNAFJ3UV42vqEs3wSK4KokUdVl040oq2Ac0oUwmk3boJBNmboQS8htu/BU3LhRxqSv/xmmbhbYeGDiccy93zglSzhQ4zrdRWVldW9+obppb2zu7e9b+QUeJTBLaJoIL2QuwopwltA0MOO2lkuI44LQbjK+nfveBSsVEcg+TlPoxHiYsYgSDlgaW4wVRbnqRxCQPb4s89IhQHowo4MJLpUhB2HPXLXJZmMXAqjl1ZwZ7mbglqaESrYH16YWCZDFNgHCsVN91UvBzLIERTgvTyxRNMRnjIe1rmuCYKj+fJSvsE62EdiSkfgnYM/X3Ro5jpSZxoCdjDCO16E3F/7x+BtGln7MkzYAmZH4oyrit405rskMmKQE+0QQTyfRfbTLCugfQZZq6BHcx8jLpnNXd83rjrlFrXpV1VNEROkanyEUXqIluUAu1EUGP6Bm9ojfjyXgx3o2P+WjFKHcO0R8YXz/n16GA</latexit>

dN

d cos ✓
/ 1

r
<latexit sha1_base64="koQA3M+l6j9FM14HOqUBuYruNPU="></latexit>

/ 1

rs

✓
1+

l

rs
cos ✓

◆

Lang+, PRD 103, 063005



Diffusive and Ballistic Propagation of CR 
from Sources

<latexit sha1_base64="e9ZeXy54upITiPG9YdD9nJpX3mA=">AAACCnicbVC7TsMwFHV4lvAKMLIYKiSmKkEVsCBVlIGBoSDSVmqiyHGd1qrzkO0gVVFmFn6FhQGEWPkCNv4GN80ALUe60vE598r3Hj9hVEjT/NYWFpeWV1Yra/r6xubWtrGz2xZxyjGxccxi3vWRIIxGxJZUMtJNOEGhz0jHHzUnfueBcEHj6F6OE+KGaBDRgGIkleQZB44fZLrtZc27/MIJOMLZTfHIM3gFea7nnlE1a2YBOE+sklRBiZZnfDn9GKchiSRmSIieZSbSzRCXFDOS604qSILwCA1IT9EIhUS4WXFKDo+U0odBzFVFEhbq74kMhUKMQ191hkgOxaw3Ef/zeqkMzt2MRkkqSYSnHwUpgzKGk1xgn3KCJRsrgjCnaleIh0jlIVV6ugrBmj15nrRPatZprX5brzYuyzgqYB8cgmNggTPQANegBWyAwSN4Bq/gTXvSXrR37WPauqCVM3vgD7TPH+JZmcI=</latexit>

UCR =
LCR

Dr

Objects look like a point sources

Dipole observed
<latexit sha1_base64="lZ/6YMAsQs+tuAY4dLnGxD+Nb5U="></latexit>

dN

d cos ✓
/

✓
1+

�scat

rs
cos ✓

◆

<latexit sha1_base64="9kEQmtR9M/4d9nfj6zFQ2c/uqTc=">AAACEXicbVC7TsMwFHXKq4RXgZHFokLqVCVVESxIFV0YGAoibaUmVI7rtFadh2wHqbLyCyz8CgsDCLGysfE3uG0GaDnSlY7PuVe+9/gJo0Ja1rdRWFldW98obppb2zu7e6X9g7aIU46Jg2MW866PBGE0Io6kkpFuwgkKfUY6/rg59TsPhAsaR3dykhAvRMOIBhQjqaV+qeL6gTKdvmreZhduwBFW17NHpupuQiG/V7UMZ2bWL5WtqjUDXCZ2TsogR6tf+nIHMU5DEknMkBA920qkpxCXFDOSmW4qSILwGA1JT9MIhUR4anZRBk+0MoBBzHVFEs7U3xMKhUJMQl93hkiOxKI3Ff/zeqkMzj1FoySVJMLzj4KUQRnDaTxwQDnBkk00QZhTvSvEI6RjkTpEU4dgL568TNq1qn1atW7q5cZlHkcRHIFjUAE2OAMNcAVawAEYPIJn8ArejCfjxXg3PuatBSOfOQR/YHz+ALiLnPM=</latexit>
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The (Considerable) Unknowns About 
Extragalactic Magnetic Fields



Extragalactic Magnetic Fields
The homogeneous scale for the Universe is thought to be 100 Mpc – is 
possible that the magnetic field in local extragalactic space is structured 
(the matter is structured on these scales).

Andrew Taylor

What is the EGMF structure/strength in 
the inhomogeneous region around the 
Milky Way?



Extragalactic Magnetic Field Origin?

Seed B-field 
strength?

Andrew Taylor



...compression and 
dynamo action lead 
to ~μG B-field 
strength growth on 
galactic scales

Andrew Taylor

Extragalactic Magnetic Field Origin?



Andrew Taylor

How Do Galactic and Extragalactic 
Magnetic Fields Merge?

Question- do Galactic halo (out to the 
virial radius) or Extragalactic magnetic 
fields dominate the deflection of 
UHECR?



Andrew Taylor

How Do Galactic and Extragalactic 
Magnetic Fields Merge?

Question- do Galactic halo (out to the 
virial radius) or Extragalactic magnetic 
fields dominate the deflection of 
UHECR?

Perhaps the UHECR skymap can 
be used to determine this



Our Local Extragalactic 
Neighbourhood

The local (<10 Mpc) extragalactic 
objects are structured, sitting in a 
roughly circular disk shape around the 
Milky Way 
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The Uniqueness of Cen A within the 
Council of Giants

Andrew Taylor

tacc = ⌘
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c�2

AM Hillas (1984)
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Local Extragalactic Structure The 
Council of Giants
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Cen A is unique within the council of giant 
structure are being the only object proving 
a kinetic luminosity capable of giving rise to 
multi EeV acceleration Lovelace et al. (1976)
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Simulation Setup
• Particles initially fill 300 kpc region 

surrounding Cen A (isotropic momentum 
distribution)

• Large angle particle scattering occurs 
within the virial region (< 300 kpc) of all 
members of the council of giant system 

• Outside the virial radii of these galaxies the 
particle propagation is treated as ballistic

• Fundamental parameter of problem- 
optical depth of scattering regions

• Echo signals results are rather 
insensitive to optical depth of scattering 
regions, provided 
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• Only He and Fe injected into the system 
(fragile and robust species compared to 
crossing time of system)

• Particles photo-disintegrate en-route in 
extragalactic radiation fields

• 30 EeV particles being focused on

• Deflections from MW magnetized halo 
intentionally left out
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Milky Way Based Observers
Model A
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Andrew Taylor

Model B

Is Local Magnetic Structure 
Imprinted on the UHECR Skymap? 



• Cascades in hydrodynamics and magneto-hydrodynamics 
lead to the formation of turbulence

• Charged particle propagation is dictated by magnetic 
structure, and in particular by magnetic turbulence structure

• Extragalactic magnetic fields can prevent the arrival of ”low” 
energy cosmic rays from even the most local sources (the 
magnetic horizon)

• Our knowledge of the magnetic structure of the Milky Way (+ 
other galaxies) is particularly poor in the Galactic halo region

• The magnetic structure in our local inhomogeneous patch of 
the Universe is even more poorly probed

• It seems possible that the arrival of extragalactic cosmic rays 
can pick up an imprint of the local extragalactic magnetic field 
structure

Andrew Taylor

Conclusion



End of Lecture

Andrew Taylor



A Radio Probe

~100 Mpc
Milky Way

AGN

γ

RM =

Z
neBkdl

DM =

Z
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~100 Mpc

A Gamma-Ray Probe

γ

γe

AGN

Milky WayAndrew Taylor



For

astro-ph/1112.2534 Vovk et al. 

Probing Extragalactic Radiation + 
Magnetic Fields?

γ, B

astro-ph/1101.0932 Taylor et al. 

Andrew Taylor



Extragalactic Magnetic Field 
is Hugely Uncertain

Andrew Taylor



Extra Slides

Andrew Taylor
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Random Walks
Stirling’s approximation

�(x+ 1) ⇡ (2⇡x)1/2(x/e)x
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Random Walks
Consider log of this expression
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Random Walks
Gathering, throwing away the second 

term, and re-exponentiating 

How would this calculation change 
for 2D and 3D random walks?
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Random Walks

The distribution function shapes stay the 
same, only their normalization changes.

For 2D
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Random Walks

The distribution function shapes stay the 
same, only their normalization changes.

For 3D
<latexit sha1_base64="9kPcGSjQjzE5yJ/NPLTx293tN6Q=">AAACFXicbZDLSgMxFIYz9VbHW9Wlm2ARKtQyI0XdCEU3LivYC7S1ZNJMG5rJDMkZoQx9CTe+ihsXirgV3Pk2pu0stPVAyMf/n0Nyfi8SXIPjfFuZpeWV1bXsur2xubW9k9vdq+swVpTVaChC1fSIZoJLVgMOgjUjxUjgCdbwhtcTv/HAlOahvINRxDoB6Uvuc0rASN1cse35id3mErrJibl8GI3vkxSwX1BFOMa9Or7Erj3u5vJOyZkWXgQ3hTxKq9rNfbV7IY0DJoEKonXLdSLoJEQBp4KN7XasWUTokPRZy6AkAdOdZLrVGB8ZpYf9UJkjAU/V3xMJCbQeBZ7pDAgM9Lw3Ef/zWjH4F52EyygGJunsIT8WGEI8iQj3uGIUxMgAoYqbv2I6IIpQMEHaJgR3fuVFqJ+W3LNS+bacr1ylcWTRATpEBeSic1RBN6iKaoiiR/SMXtGb9WS9WO/Wx6w1Y6Uz++hPWZ8/TWmdmg==</latexit>Z 1

�1
f(r, t)dV = 1

<latexit sha1_base64="z+7rtMX0orx8OAtBdj7YBu0DaRY=">AAACC3icbVDLSsNAFJ34rPEVdekmtAgVtCZF0WXRjcsK9gFNWibTSTt08mDmRighezf+ihsXirj1B9z5N07bLLT1wMDhnHu5c44XcybBsr61peWV1bX1woa+ubW9s2vs7TdllAhCGyTikWh7WFLOQtoABpy2Y0Fx4HHa8kY3E7/1QIVkUXgP45i6AR6EzGcEg5J6RtHx/FT3y+IEjp1YRDFEJu2mp6KbVrOzKmR61jNKVsWawlwkdk5KKEe9Z3w5/YgkAQ2BcCxlx7ZicFMsgBFOM91JJI0xGeEB7Sga4oBKN51mycwjpfRNPxLqhWBO1d8bKQ6kHAeemgwwDOW8NxH/8zoJ+FduysI4ARqS2SE/4aYKPCnG7DNBCfCxIpgIpv5qkiEWmICqT1cl2PORF0mzWrEvKtbdeal2nddRQIeoiMrIRpeohm5RHTUQQY/oGb2iN+1Je9HetY/Z6JKW7xygP9A+fwAcQ5nT</latexit>

f(r, t) / e�r2/2t

<latexit sha1_base64="kFKgq00V/bxyKujdErNZd2em28k="></latexit>

f(r, t) =
e�r2/2t

(2⇡t)3/2
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Saturation of Steady-State Integral
3D system-

<latexit sha1_base64="UnAJ0xzRJgWYuQTmMv1XyfiMTzQ=">AAACEHicbZDLSgMxFIYzXut4q7p0EyxiC1JmpKgboSiIywr2Am0tmTTThmYyQ3JGKMM8ghtfxY0LRdy6dOfbmF4W2vpD4OM/53Byfi8SXIPjfFsLi0vLK6uZNXt9Y3NrO7uzW9NhrCir0lCEquERzQSXrAocBGtEipHAE6zuDa5G9foDU5qH8g6GEWsHpCe5zykBY3WyRy3PT+zrvCpctLiETuKk94khH4Yp9vPqGApdsFO7k805RWcsPA/uFHJoqkon+9XqhjQOmAQqiNZN14mgnRAFnAqW2q1Ys4jQAemxpkFJAqbbyfigFB8ap4v9UJknAY/d3xMJCbQeBp7pDAj09WxtZP5Xa8bgn7cTLqMYmKSTRX4sMIR4lA7ucsUoiKEBQhU3f8W0TxShYDIcheDOnjwPtZOie1os3ZZy5ctpHBm0jw5QHrnoDJXRDaqgKqLoET2jV/RmPVkv1rv1MWldsKYze+iPrM8fVfWbhQ==</latexit>

F(r) =

Z 1

0
f(r, t)dt

Change of variable-

<latexit sha1_base64="NNIYyiTOcXt9q9XuaY0lkUD3Pd8=">AAACBHicbVDLSsNAFJ34rPEVddnNYBFclaQUdSMUdeGygn1AE8tkOmmHTh7MTMQyZOHGX3HjQhG3foQ7/8ZJm4W2HrhwOOde7r3HTxgV0ra/jaXlldW19dKGubm1vbNr7e23RZxyTFo4ZjHv+kgQRiPSklQy0k04QaHPSMcfX+Z+555wQePoVk4S4oVoGNGAYiS11LfKrh8o8+HcDTjCit+pWpap+pXMzMzsWxW7ak8BF4lTkAoo0OxbX+4gxmlIIokZEqLn2In0FOKSYkYy000FSRAeoyHpaRqhkAhPTZ/I4JFWBjCIua5Iwqn6e0KhUIhJ6OvOEMmRmPdy8T+vl8rgzFM0SlJJIjxbFKQMyhjmicAB5QRLNtEEYU71rRCPkI5D6tzyEJz5lxdJu1Z1Tqr1m3qlcVHEUQJlcAiOgQNOQQNcgyZoAQwewTN4BW/Gk/FivBsfs9Ylo5g5AH9gfP4AtFiXfw==</latexit>

x =
r2

4Dt

<latexit sha1_base64="VgYYwP/mDk5ygKBSr/qJAMzFpBM=">AAACSHicbVDPb9MwGHXKxko2WIEjF4tqUieNLqmqwQWpgh567CS6TmrayHGczarjRPYX1Mryn8eFIzf+Bi4cQIjb3B+H0fEk63t6732y/ZJScA1B8N2rPdrbf3xQf+IfHj19dtx4/uJKF5WibEQLUajrhGgmuGQj4CDYdakYyRPBxsn848off2ZK80J+gmXJpjm5kTzjlICT4kYcJZnxIy4hNoGdGTcG1uKspc7gNAX8HkeZIt SE1vSV3eTUzHTsed+xSOXYxWfGGRks7WJm3oTnHcvcXNh04du40QzawRr4IQm3pIm2GMaNb1Fa0CpnEqggWk/CoISpIQo4Fcz6UaVZSeic3LCJo5LkTE/NugiLT5yS4qxQ7kjAa/X+hiG51ss8ccmcwK3e9Vbi/7xJBdm7qeGyrIBJurkoqwSGAq9axSlXjIJYOkKo4u6tmN4SVxy47n1XQrj75YfkqtMOL9rdy26z92FbRx29Qq9RC4XoLeqhARqiEaLoC/qBfqHf3lfvp/fH+7uJ1rztzkv0D2q1O1/ksr0=</latexit>Z tH

0
f(r, t)dt =

1

Dr

Z 1

r2/DtH

x�1/2e�xdx

<latexit sha1_base64="t+4EyLR+Skq4P9POzGzCDFT38jU="></latexit>

f(r, t) =
e�r2/(4Dt)

(4⇡Dt)3/2
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Saturation of Steady-State Integral

Repeat this for 1D and 2D 
systems

<latexit sha1_base64="UnAJ0xzRJgWYuQTmMv1XyfiMTzQ=">AAACEHicbZDLSgMxFIYzXut4q7p0EyxiC1JmpKgboSiIywr2Am0tmTTThmYyQ3JGKMM8ghtfxY0LRdy6dOfbmF4W2vpD4OM/53Byfi8SXIPjfFsLi0vLK6uZNXt9Y3NrO7uzW9NhrCir0lCEquERzQSXrAocBGtEipHAE6zuDa5G9foDU5qH8g6GEWsHpCe5zykBY3WyRy3PT+zrvCpctLiETuKk94khH4Yp9vPqGApdsFO7k805RWcsPA/uFHJoqkon+9XqhjQOmAQqiNZN14mgnRAFnAqW2q1Ys4jQAemxpkFJAqbbyfigFB8ap4v9UJknAY/d3xMJCbQeBp7pDAj09WxtZP5Xa8bgn7cTLqMYmKSTRX4sMIR4lA7ucsUoiKEBQhU3f8W0TxShYDIcheDOnjwPtZOie1os3ZZy5ctpHBm0jw5QHrnoDJXRDaqgKqLoET2jV/RmPVkv1rv1MWldsKYze+iPrM8fVfWbhQ==</latexit>

F(r) =

Z 1

0
f(r, t)dt

<latexit sha1_base64="PVbkSMXJnnekgQnuknyZ8CHCjII=">AAACLnicbZDLSgMxFIYz3h1vVZdugkVwY50pom4E8QIuFawKnbZk0oyGZjJDckZaQp7Ija+iC0FF3PoYprULbwdCPv7/HJLzx7ngGoLg2RsZHRufmJya9mdm5+YXSotLFzorFGU1molMXcVEM8ElqwEHwa5yxUgaC3YZdw77/uUtU5pn8hx6OWuk5FryhFMCTmqVjqM4Mf4ejhJFqAmtOVI24hJaRjVN1W4eOYpUik+sbRpnJN Cz3abZCDerlrm7a9td37ZK5aASDAr/hXAIZTSs01bpMWpntEiZBCqI1vUwyKFhiAJOBbN+VGiWE9oh16zuUJKU6YYZrGvxmlPaOMmUOxLwQP0+YUiqdS+NXWdK4Eb/9vrif169gGS3YbjMC2CSfj2UFAJDhvvZ4TZXjILoOSBUcfdXTG+ICw5cwr4LIfy98l+4qFbC7crW2VZ5/2AYxxRaQatoHYVoB+2jE3SKaoiiO/SAXtCrd+89eW/e+1friDecWUY/yvv4BCtDqUA=</latexit>

=
1

Dr

Z 1

r2/DtH

x�1/2e�xdx

<latexit sha1_base64="IKRWEKFBB6oRSVvTncN4cddJsek=">AAACH3icbVDLSgMxFM34rOOr6tJNsAgVtJ0ppboRigq6VLBV6Iwlk2ba0GRmSDJCCfMnbvwVNy4UEXf+jeljoa0HLhzOuZd77wkSRqVynG9rbn5hcWk5t2Kvrq1vbOa3tpsyTgUmDRyzWNwHSBJGI9JQVDFynwiCeMDIXdA/H/p3j0RIGke3apAQn6NuREOKkTJSO1/zglDbp14oENZupi9E1nJLzpF3iThHRbdcORQPupKVL1 Rbe4LDq+zAt7N2vuCUnBHgLHEnpAAmuG7nv7xOjFNOIoUZkrLlOonyNRKKYkYy20slSRDuoy5pGRohTqSvR/9lcN8oHRjGwlSk4Ej9PaERl3LAA9PJkerJaW8o/ue1UhWe+JpGSapIhMeLwpRBFcNhWLBDBcGKDQxBWFBzK8Q9ZKJSJlLbhOBOvzxLmpWSWytVb6qF+tkkjhzYBXugCFxwDOrgClyDBsDgCbyAN/BuPVuv1of1OW6dsyYzO+APrO8fTxagqQ==</latexit>

=
1

Dr
[1.0� �(1/2, r2/DtH)]

Incomplete gamma 
function

�(t+ 1) =

Z 1

0
xte�xdx
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Saturation of Steady-State Integral
2D system-

�(t+ 1) =

Z 1

0
xte�xdx

<latexit sha1_base64="t+ol00cFW/Ir6mKdsid2SQg4Su0=">AAACHXicbVDLSsNAFJ34Nr6iLt0MFqGC1qQouhFEBbusxarQxDKZTtqhM0mYmQhlyI+48VfcuFDEhRvxb5w+Fmo9cOFwzr3ce0+YMiqV635ZE5NT0zOzc/P2wuLS8oqzunYtk0xgUscJS8RtiCRhNCZ1RRUjt6kgiIeM3ITds75/c0+EpEl8pXopCThqxzSiGCkjNZ19P4y0fexHAmHt5fq8lje8krvrXyDOUdHdqd3pcr53rp raFxxW8u3AzptOwS25A8Bx4o1IAYxQbToffivBGSexwgxJ2fDcVAUaCUUxI7ntZ5KkCHdRmzQMjREnMtCD73K4ZZQWjBJhKlZwoP6c0IhL2eOh6eRIdeRfry/+5zUyFR0FmsZppkiMh4uijEGVwH5UsEUFwYr1DEFYUHMrxB1kglImUNuE4P19eZxcl0veQcm93C+cnI7imAMbYBMUgQcOwQmogCqoAwwewBN4Aa/Wo/VsvVnvw9YJazSzDn7B+vwG6T+f7g==</latexit>

=
1

DR
[1.0� �(0,R2/DtH)]

<latexit sha1_base64="UJGtpF7luvPXzVl+08Vgm6sWAIY="></latexit>

F(R) =
1

DR

Z 1

R2/DtH

x�1e�xdx

<latexit sha1_base64="KGV238PoWwwPg/JYKGZkbrhLJiQ="></latexit>

f(R, t) =
e�R2/(4Dt)

(4⇡Dt)
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Saturation of Steady-State Integral
1D system-

�(t+ 1) =

Z 1

0
xte�xdx

<latexit sha1_base64="kMW+pu9OqKbpI6jXNc9vdZy2Z+Y=">AAACMnicbZBPT9swGMYdYFuX/aGM4y4W1SR2WEm6TXCZVEGF4AYSBaQmjRzXAauOE9lvUCPLn4kLnwSJw3ZgmrjyIXBLDxvslSz/9DzvK/t90lJwDUHw01tYXHrx8lXjtf/m7bv3y82VD8e6qBRlfVqIQp2mRDPBJesDB8FOS8VIngp2ko53pv7JBVOaF/II6pLFOTmTPOOUgJOS5n6UZsbfXZ98/oGjTBFqQmt6ExtxCYmZDE 3HbvQcRSrHe9YOjTMyqG09NF++bnQsc3dtR7Vvk2YraAezws8hnEMLzesgaV5Ho4JWOZNABdF6EAYlxIYo4FQw60eVZiWhY3LGBg4lyZmOzWxliz85ZYSzQrkjAc/UvycMybWu89R15gTO9VNvKv7PG1SQbcWGy7ICJunjQ1klMBR4mh8eccUoiNoBoYq7v2J6Tlxw4FL2XQjh05Wfw3GnHX5vB4ffWt3teRwN9BGtoXUUok3URXvoAPURRZfoBt2i396V98v74909ti5485lV9E959w/C4aqD</latexit>

F(x) =
1

Dx

Z 1

x2/DtH

y�3/2e�ydy

<latexit sha1_base64="YBYMtRNqdrO+djLbb7i1hpaDJ4I="></latexit>

=
1

Dx
[1.0� �(�1/2,x2/DtH)]

<latexit sha1_base64="1J6q16zLWMaM4iYBh3+tuzd9/wc=">AAACIHicbZDLSgMxFIYzXut4q7p0EyxCC1pnSkU3gqgLlwq2FjptyaQZG8xcSM5IS5hHceOruHGhiO70aUwvC28/BD7+cw4n5/cTwRU4zoc1NT0zOzefW7AXl5ZXVvNr63UVp5KyGo1FLBs+UUzwiNWAg2CNRDIS+oJd+7enw/r1HZOKx9EVDBLWCslNxANOCRirkz/w/EDbQbG/A6Uj7AWSUM3aerff1pVsr1g9g1KW6WLVSz g23NbuXiXL7KyTLzhlZyT8F9wJFNBEF538u9eNaRqyCKggSjVdJ4GWJhI4FSyzvVSxhNBbcsOaBiMSMtXSowMzvG2cLg5iaV4EeOR+n9AkVGoQ+qYzJNBTv2tD879aM4XgsKV5lKTAIjpeFKQCQ4yHaeEul4yCGBggVHLzV0x7xIQEJlPbhOD+Pvkv1Ctld7/sXFYLxyeTOHJoE22hInLRATpG5+gC1RBF9+gRPaMX68F6sl6tt3HrlDWZ2UA/ZH1+AdMfoOc=</latexit>

f(x, t) =
e�x2/(4Dt)

(4⇡Dt)1/2



Extragalactic Deflections
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Random Walks
Consider log of this expression

<latexit sha1_base64="OnavqFJ/ua4jIisu8KCk+xWL+AI=">AAACNXicbVC7TsMwFHXKO7wKjCwWFRJLS1KBYESwMDCARAGpSSvHdVqrThzZN4jKyk+x8B9MMDCAECu/gFuKxOtKto/POVf2PVEmuAbPe3RKE5NT0zOzc+78wuLScnll9ULLXFHWoFJIdRURzQRPWQM4CHaVKUaSSLDLqH801C+vmdJcpucwyFiYkG7KY04JWKpdPgmi2LiBkN1AsBiafjWIFaHmplUvDNgtULzbg7Blqv62vZ EsU/IGf5lMvShMHUanW7TLFa/mjQr/Bf4YVNC4Ttvl+6AjaZ6wFKggWjd9L4PQEAWcCla4Qa5ZRmifdFnTwpQkTIdmNHWBNy3TwbFUdqWAR+z3DkMSrQdJZJ0JgZ7+rQ3J/7RmDvF+aHia5cBS+vlQnAsMEg8jxB2uGAUxsIBQxe1fMe0RGwjYoF0bgv975L/gol7zd2ve2U7l4HAcxyxaRxtoC/loDx2gY3SKGoiiW/SAntGLc+c8Oa/O26e15Ix71tCPct4/ABpurEE=</latexit>

log


1� x2

t2

��1/2

⇡ x2

2t2

<latexit sha1_base64="X2UMOSqPkUIg1L+AVG2z4cNSZp8=">AAACL3icbVDLSgMxFM34dnxVXboJFsGNZaaIuhQFcalgH9AZSybNtMHMZEjuiCXMH7nxV9yIKOLWvzB9CNp6IOFwzrkk90SZ4Bo879WZmZ2bX1hcWnZXVtfWN0qbW3Utc0VZjUohVTMimgmeshpwEKyZKUaSSLBGdHc+8Bv3TGku0xvoZyxMSDflMacErNQuXQRRbNxAyC4OBIuh5R8EsSLUPNxWCwP2ChTv9iC8NQdQBCTLlH zAPxFTLWyocIt2qexVvCHwNPHHpIzGuGqXnoOOpHnCUqCCaN3yvQxCQxRwKljhBrlmGaF3pMtalqYkYTo0w30LvGeVDo6lsicFPFR/TxiSaN1PIptMCPT0pDcQ//NaOcQnoeFplgNL6eihOBcYJB6UhztcMQqibwmhitu/YtojtguwFbu2BH9y5WlSr1b8o8rh9WH59GxcxxLaQbtoH/noGJ2iS3SFaoiiR/SM3tC78+S8OB/O5yg644xnttEfOF/f/auqUg==</latexit>

log


1� x2

t2

��t

⇡ x2

t

<latexit sha1_base64="5avk34JxhDlWfKjSrGpmIkA2Nxo=">AAACYHicbVHNa9swHJXdfWReu6TbbbuIhUFHSGKHsvZY1kuPHSwfELtBVuREVLaM9POWIPxP7tZDL/1LKifeR5M9EHq833tIeopzwTX4/p3jHjx7/uJl45X3+vDoTbN1/HakZaEoG1IppJrERDPBMzYEDoJNcsVIGgs2jm8vq/n4B1Oay+w7rHMWpWSR8YRTAlaatX6GcWK8UMhFKFgCJ2GiCDVBZ9WH0gTdagsVXyzh843prs qQ5LmSK/w3EHS2kcGqNE+8/cEfd/e35cYMysrmlbNW2+/5G+B9EtSkjWpcz1q/wrmkRcoyoIJoPQ38HCJDFHAqWOmFhWY5obdkwaaWZiRlOjKbgkr8ySpznEhlVwZ4o/6bMCTVep3G1pkSWOrdWSX+bzYtIDmPDM/yAlhGtwclhcAgcdU2nnPFKIi1JYQqbu+K6ZLYMsD+iWdLCHafvE9Gg17wpXf67bR98bWuo4E+oI/oBAXoDF2gK3SNhoiie+fAOXSOnAe34Tbd463VderMO/QE7vtHtdq26Q==</latexit>

log

✓
1+ x/t

1� x/t

◆�x

⇡ log

✓
1+

2x

t

◆�x/2

⇡ �2x2

t



Those that Leave are Replaced by 
those that Arrive

Andrew Taylor



Those that Leave are Replaced by 
those that Arrive

For 1020 eV protons:
For 1020 eV iron:

�✓tot = 0.01 rad. (ie. 0.6�)

�✓tot = 0.26 rad. (ie. 15�)

�✓tot ⇡ N1/2
cells�✓cell [Ncells = 100]

RLarmor = 1 Gpc

✓
1

Z

◆✓
E

1020 eV

◆✓
0.01 nG

B

◆

Dsource = 100 Mpc

Dcoh = 1 Mpc

15 kpc

Andrew Taylor



Supernovae as Drivers of Galactic 
Turbulence

Andrew Taylor
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10-1

100
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k 
P(

k)

k

hard-sphere
Kolmogorov

Kraichnen
Bohm

<latexit sha1_base64="xUrKuqCb3gJJHtCW7Ievj+VoD2E="></latexit>

P(k) =
dP

dk
= P0

✓
k

k0

◆�↵

10-5

10-4

10-3

10-2

10-1

100

10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 100

λ 
P(
λ)

λ

hard-sphere
Kolmogorov

Kraichnen
Bohm



x

t�(t+ 1) = t!

�(t+ 1) =

Z 1

0
xte�xdx

Random Walks

Andrew Taylor

<latexit sha1_base64="DXT3Pwjp8L16vcqVSbVD02wCnQM="></latexit>

f(x, t) =
�(2t+ 1)

[�([t� x] + 1)�([x+ t] + 1)](22t)
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Random Walks
Stirling’s approximation �(x+ 1) ⇡ (2⇡x)1/2(x/e)x

<latexit sha1_base64="cUZhhMnO2h5NXxvyhXb2XEU5b5M="></latexit>

f(x, t) ⇡ 2

(2⇡t)1/2


1� x2

t2

��t 
1� x2

t2

��1/2 ✓
1+ x/t

1� x/t

◆�x

<latexit sha1_base64="DXT3Pwjp8L16vcqVSbVD02wCnQM="></latexit>

f(x, t) =
�(2t+ 1)

[�([t� x] + 1)�([x+ t] + 1)](22t)

<latexit sha1_base64="O0WlkKAwPqmnqvOQpM1CdbFs7Mw="></latexit>

f(x, t) ⇡ 2�2t

(2⇡)1/2
(2t)1/2(2t)2t

(t2 � x2)t(t2 � x2)1/2

✓
t� x

t+ x

◆x
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Advection With the Bubbles?

The Doppler shift of absorption lines for lines-of-sight which pass through these 
bubbles reveals evidence of a coherent velocity flow 

Keeney et al. 2006 

Suzaku and Chandra X-ray observations of bright 
AGN (Mkr 501, PKS 2155, NGC 3783) indicated 
the presence of a hot local absorber surrounding 
the Milky Way


