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What are Cosmic Rays?

A non-thermal population of relativistic particles
that pervade the solar system, galaxies,
clusters and intergalactic space

Why you Should Care about Cosmic Rays

Beautiful physics: nuclear physics, high energy physics, plasma physics ...
An energetically important component of galaxies, clusters, etc.
Relativistic particles dominate the emission in many wavebands

Cosmic rays have amazing/surprising/poorly understood properties
that can confound attempts at indirect detection of dark matter
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Composition

mostly protons
at = [01°> eV

(lots of detailed
composition info)

some indication of

heavier nuclei
at E = 108 eV
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(at Earth)
101 Ll article per m? - second
dN 2.7
e (0
T g dFE
I'; - 000 Knee
8 2 °o (1 particle per m? — year) dFE 0.7
2 10-"1 : A / X E :
v ™, din &
5 10-16:: x"&,‘ most of the energy is
= i in ~GeV CR protons
1021}
? o energy density
L L ale o near Earth
1072 (1 particle per km“ — year) )f
: T ~ 2x10-"? erg cm-3
ool ool o vvvd v oond vl vvind ol vl vl el vl i =
10° 102 10" 10" 10%’ ~ eV cm
Energy (eV)

(source: Swordy - U.Chicago)




—~
lL
0
T
n
o~
)
£
>
(]
O
~—
—~
L
~—
=
"
L

@;}hg}i;ﬂ§ ﬁfl* | E{k
|

Electrons & Positrons

O AMS (2002)
m ATIC—-1,2 (2008) x Tang et al (1984)

% PPB-BETS (2008) A Kobayashi (1999)
v HESS (2008) ¢ HEAT (2001)

@ FERMI (2009) & BETS (2001)
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107

e/p~ 0.02 at ~ GeV

dN
e E—3.1
ST

dFg
din F/

e*/e spectrum steeper
than protons bec. of

radiative losses
(synchrotron & inverse Compton)

X E—l.l




Force Balance in Galaxies:
CRs and Magnetic Fields are Important!

gravity t
} pressure

Galactic Disk w/ Gas Surface Density 2,

H)’dI‘OStatIC EqL”I: Pmidplane ot ﬂGZgZ
(+ DM, stellar contribution)
M|Ik)’ Wa)’t Pmidplane s 4 IO-I2 erg Cm-3
roughly equal contributions from CRs, B-fields, gas turbulence

(unclear whether this extends to other galaxies, in
particular with galactic winds — more later)




Wh)’ e ol e PGravity?

Rough Idea: B-field & CR Energy Build Up
Until they are Dynamically Important ~ Pgravity
Then B-field/CRs are Unstable

Normal Spirals: Synchrotron
(B-field, CR) scale-heights
~kPC > Hgas o 200 PC




Wh)/ 6 el PGravity?

Rough Idea: B-field & CR Energy Build Up
Until they are Dynamically Important ~ Pgravity
Then B-field/CRs are Unstable

Parker Instability (Magnetic Buoyanc

gravity T Unstable if

| magnetic dia B
pressure o ? <0

(neglects gas/CR
pressure)




Confinement Time

(Milky Way CRs Near the Sun)

e '%Be: CR with 1/2 life of 1.6 10°yrs.
Abundance compared to '‘Be & '°Be =

=T

Yo, < kpc/c ~ 3000 yrs




Confinement Time

(Milky Way CRs Near the Sun)

e '%Be: CR with 1/2 life of 1.6 10°yrs.
Abundance compared to 'Be & ''Be =

a2l B k 3000
Lesc — YIS 2 eV << pC/C ~ VIS

® Abundance of spallation products Be, B, Li =
® CRs traverse a column density 2,=5 g cm2 (E/3 GeV)-!"2

® CRs interact with gas density = 2 ,/(c tescmp) = 0.1 cm3

® << nug =l cm3: inhomogeneous ISM; CR scale-height >> gas scale-height




Inferences from Confinement Time Measurements

® |njection Spectrum # Measured Spectrum

AN dN_ B T ——
Bt 0.@ :
esc

dinE dlnE dln E

measured injected

i . dFp
roughly equal energy injected per decade in energy: ST const
n

® For e*/e  synchrotron/IC cooling dominates

i T
B s s
zach TR (GMG) (?)Ge\/)

dN AN dN
FTR SR T S T e S
L L dln E
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Fermi Acceleration

AFE u?

\" — G
/ = — 4= C’086’+4

\ (interested in rel. particles with v >> u)
I
M I
random scatterers: i
sLosl2 sl <CosO®> = |

AE/E ~ u?/v? AE/E ~ ulv

(2nd order Fermi accel) (Ist order Fermi accel)




Fermi Acceleration

competition between acceleration (tacc) and escape (tesc)

dibig el ON(E) 0 dE N(E)
TR Z +3E(N(E) )

e

tGSC

steady state: particles are injected, accelerated, and escape

N(E) = EC o= ] bt

v/ power-law X but need ticc/tesc ~ |
to explain CR spectrum??




Shock Acceleration

(Bell 1978; Blandford & Ostriker 1978)

Ush/r’ & - Ush

upstream




Shock Acceleration

(Bell 1978; Blandford & Ostriker 1978)

V 2> Ush

uaGlabin) e st

downstream upstream




Shock Acceleration

Blandford & Ostriker 1978)

)

(Bell 1978

upstream

N\




Shock Acceleration

(Bell 1978; Blandford & Ostriker 1978)

V >> Ush
TRECETRECETREETTY 2
e —
uSh( I o I /I’)
downstream upstream




Shock Acceleration

(Bell 1978; Blandford & Ostriker 1978)

downstream . upstream
(shocked) = downstream (unshocked)
frame
First Order Fermi il 1
Acceleration at Shocks "~ = 7 L =

(given sufficient turbulence to scatter particles)




Shock Acceleration

(Bell 1978; Blandford & Ostriker 1978)

downstream upstream
(shocked) = downstream (unshocked)
frame
el : B
N(E) ol B (== P - tacc/tesc
tace ~ tscatter E/AE g

s (L/c)(c/ush) o L/ush shocks = o = e —

r — ]




Inferences from Confinement Time Measurements

® |njection Spectrum # Measured Spectrum

AN dN_ B T ——
Bt 0.@ :
esc

dinE dlnE dln E

measured injected

i . dFp
roughly equal energy injected per decade in energy: ST const
n

® For e*/e  synchrotron/IC cooling dominates

i T
B s s
zach TR (GMG) (?)Ge\/)

di dN.
ST T A,
din F

X E—2.1




Shock Acceleration in Particle-
in-Cell Plasma Simulations

Self-generated magnetic turbulence scatters particles across
the shock; each crossing results in energy gain -- Fermi process
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Galactic Cosmic Rays From Supernova Shocks

® tcr~210"2ergem3  tesc~3107yr  Vcr~ T1(10 kpc)?(2kpc)

M,
3 Mg yr—1

ECR ~ 10*! erg st 20l ESN

CRp+p
—}'n'o—by

Image data from ESA Herschel and XMM-Newton

Image data from Chandra X-ray
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Larmor Radius

r.= E/ZeB

E/(10° eV)
Z(B/100uG)

s 2= e

SN shocks cannot
accelerate particles
with r_ = size of

remnant ~ few pc
_}

Ecr = 101°Z eV




The Range of Injection Energy Spectra

® strong shocks give dFe/dInE ~ const but can get a wider
range of spectral slopes from other mechanisms

cton
petic reconn® )
A mash L pu\sars

strong shocks

e/dInE

]
l.....
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What Sources Satisfy r. < System Size at ~102° eV?

Hillas plot: Plausible Sources
PM Bauleo & JR Martino Nature 458, 847-851 (2009)

1012 Neutron stars

AGN (Jets, Lobes)
B Cluster Virial Shocks
10 W’“‘eﬂ‘ o Gamma-ray Bursts

dwarfs
\

SunspotsQ D

Magnetic \\

Asars N Above ~10'~> eV sources
must be = 50 Mpc due to

CMB +CR = 11+ CR
Interplanetary Crab \\ Radio galax
space X ;.N% \\\ bes ? J (GZK CutOff)

Galactic diskO Q %?&asfgf
Galactic halo~l | But anisotropy in UHECR
Mo \IGM : ; . .
N arrival directions with
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Composition of UHECRS

- - - QGSJETO1

- - - QGSJETII
Sibyli2.1

— EPOSv1.99

Auger Collaboration

Composition Dependent Properties of Air Showers From
Pierre Auger Observatory Suggest Heavy Nuclei at = 10! eV



Connection to High Energy Neutrinos From lce Cube

Sources of high energy CR
expected to produce Vs via p-p
= Background Amespreric uen i and/or photo-meson interaction

@ Bkg. Atmospheric Neutrinos (#/K)

Background Stat. and Syst. Uncertainties
Atmospheric Neutrinos (Benchmark Charm Flux)
Atmospheric Neutrinos (90% CL Charm Limit)
Signal+Bkg. Best-Fit Astrophysical E~*> Spectrum

T —— CRp+p = Tl = 4.+ V
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MW, Starbursts « SFR

Deposited EM-Equivalent Energy in Detector (TeV)
IceCube

~28 ~PeV (10'> eV) vs = S

Icecube neutrinos UHECRs
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Confinement Time

(Milky Way CRs Near the Sun)

e '%Be: CR with 1/2 life of 1.6 10°yrs.
Abundance compared to '‘Be & '°Be =

=T

Yo, < kpc/c ~ 3000 yrs




Why it is Critical to Understand tesc

steady state energy density ~ E tesc

® We don’t understand the right function to use for
tesc in difft environments (high z galaxies, clusters)

® t. plausibly depends on Ecg, B, n, Ov, ionization state, ...

® We don’t understand whether ‘escape’ should be
modeled as diffusion or advection or ...

® | ess severe for e- bec. radiative losses often rapid
and €.~E tcool (but protons dominate CR energy!)




Physics of CR Confinement

GeV Coulomb mfp ~103 n"! DHorizon —
Interaction w/ EM Fields Governs CR Motion

Charged Particle Motion in a Varying B-Field

Scattering by Cyclotron-Frequency Waves

Scattering by MHD Turbulence

Self-Confinement — CRs ‘trying’ to stream at
the speed of light generate instabilities that
limit CR streaming to ~ Alfven speed




Charged Particle Motion in a Slowly
Varying Magnetic Field

Particle Orbit 3 PL
il = C/Q /\j B E
Q= ZeBlVme i o L Pl
2
Pl _ tant
If dinB/dt << Q) & dInB/dx << r_ i constarl
adiabatic invariant

asBTp.T=p!

at some pt, p;| —0
particle is trapped
. . magnetic mirror’

Magnetic Field

Position




Scattering by High Frequency MHD WVaves

® High frequency ~ () (cyclotron freq) fluctuations
in B can scatter particles, converting p. < pj,

much like standard collisions. This sets CR mfp.

OB~0B expl[ik.z -iwt]

if w-k,v;= () particle is in resonance and
sees constant wave amplitude

for rel particles, resonance if A ~1/k; ~ rL




Scattering by High Frequency MHD WVaves

® High frequency ~ () (cyclotron freq) fluctuations
in B can scatter particles, converting p. < pj,

much like standard collisions. This sets CR mfp.

rate of pL = p||
0B

2
scattering for = 0O (_) CR mfp ,é = C/Vs

randomly phased BO
resonant waves

if diffusion, the
inferred CR mfp
£~ 0.l pcat ~ GeV

requires OB/Bo ~ 103
at A~ rL~10"%2cm




Scattering by MHD Turbulence

® Magnetized Turbulence is Ubiquitous in the ISM
with OB/Bo ~ | at the outer (driving) scale Loy

® |et’s very naively say 0Bo ~ k'3 as in
hydrodynamic turbulence (Kolmogorov)

® |, ~100pc = OB/Bop~ 103at A~ 10'2cm,
comparable to what we inferred is needed

® But reality is more complicated ...



Scattering by MHD Turbulence

® MHD Turbulence can be Roughly Decomposed
into the 3 MHD Waves: slow, fast, Alfven

® Alfven, slow turbulence anisotropic wrt B-field

‘eddies’ elongated along mean B-field: 1. << J;

when A ~ roof CR, 4. <<ry;

strongly suppresses CR scattering
bec of averaging over many eddies

— Alfven/slow modes are an
inefficient source of scattering




Scattering by MHD Turbulence

® MHD Turbulence can be Roughly Decomposed
into the 3 MHD Waves: slow, fast, Alfven

® fast mode (~sound wave w/ B-field compressions)
turbulence isotropic wrt B-field

rian 2004)

(e.g.Yan & Laza

OB ~ k''/*  waves with A ~r. —

~ E!'2 35 observed

fast modes are strongly damped but
nonetheless may be the dominant source
of CR scattering by ambient turbulence




Physics of CR Confinement

GeV Coulomb mfp ~103 n"! DHorizon —
Interaction w/ EM Fields Governs CR Motion

Charged Particle Motion in a Varying B-Field

Scattering

Scattering

by Cyclotron-Frequency Waves

oy MHD Turbulence

Self-Confinement (Peng) — CRs ‘trying’ to
stream at the speed of light generate instabilities
that limit CR streaming to ~ Alfven speed
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What do we know about Magnetic Fields and CRs

in Galaxies from their Non-thermal Emission?
(based on Thompson+ 2006, 2007; Lacki+ 2010, 201 1)

® Constraints primarily for star-forming galaxies in which
core-collapse supernova rate is large (>> la rate)

® Synchrotron (radio) emission from star-forming galaxies

® Implications for B-fields in star-forming galaxies




The FIR-Radio Correlation

(at ~ few GHz, where the
radio emission is nonthermal)

?% Uv (dust)
sl ‘
e
o
=) N
= supernovae
(@))
S |
el
cosmic rays
+ B-fields
(synchrotron)



Estimating B-Field Strengths in Other Galaxies

* Very few Zeeman detections in other galaxies
« Use observed radio emission (synchrotron) to estimate B

« [Two Observables: L., &R 23°40'09"

rad
(+ radio spectrum)

L4~ 10*%ergs/s & R ~ 100 pc

15" 32M47 08




The Minimum Energy Estimate

P o fysz tsyn ~ 109B;g/2uéi1/22 Nile G 1O4Vé/§ZB;é/2

€.V

vl ~ X eevBS/2
SYM
B2
Gesimeier ) = Oc. o e (6 = p/e CR energy ~ 10 — 100)
T
I \2/7
i sasE T2 Rl B 20T (VV)

(minimum energy bec. €, + B*/8m minimized by €;,; ~ B*/8)

Milky Way: B, ~ 5 uG, consistent with Faraday Rot.

&t ~ B2/8n confirmed by y-ray observations (pion decay from p-p interactions)



The Minimum Energy Magnetic Field From
Local Spirals to Luminous Starbursts

if B, IS correct,
B-fields are dynamically
weak compared to
gravity in starbursts

(and thus likely
unimpt. in regulating
star formation,
transporting angular
momentum, ...)

9007+uosdwoy |

log,[Z, (g cm™2)]



The Failure of the Min. Energy Estimate

£, << B%/8m if t

time for rel. e-

to radiate away J;ume for re!{ he-
its energy O escape ine

(synch & IC) galactic disk

<<t

cool esc

ift. <<t

cool esc’

e Lo aee Boa e | B

« MW: tsyn st i 0D 23°40'09"
« Arp 220: t,,,~? (B ~ ?)

t ~ 5000 yr

1:esc: = tesc > R/VW"‘ 310° yr




Implications of {,,, <t

t.n < tesc: €S radiate all the energy supplied by SN shocks

vL, ~ E, « SN Rate « Lrr

normalization of FIR-Radio — =1% of SN energy supplied to CR €’s
Clean explanation for linear FIR-Radio Correlation

“calorimeter theory” (Volk 1989; Thompson+2006)

tesc < tsyn requires tremendous fine tuning
and even more energy — e- in SN shocks

LogolLrir/Lradiol

1og, [ Lpg (Lo)]

LogolLprl
I SSSSEEEEHEHHHHBEL



Synchrotron vs. IC cooling

Conditions in Starbursts & FIR-Radio favort.. , <t

cool

esC

— B..._Is an underestimate

min

FIR-Radio also Requires

laaticilies
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What do we know about Magnetic Fields and CRs

in Galaxies from their Non-thermal Emission?
(based on Thompson+ 2006, 2007; Lacki+ 2010, 201 1)

® Constraints primarily for star-forming galaxies in which
core-collapse supernova rate >> |a rate

® Synchrotron (radio) emission from star-forming galaxies

® Implications for B-fields in star-forming galaxies




Gamma-ray Emission from Starbursts

® largest flux = GeV via neutral pion decay (mnc2~ 140 MeV)

® e- IC,bremsstrahlung can also contribute (but ps have more energy)




Gamma-ray Emission from Starbursts

SFR (MO yr)
102 10 1 10
» LAT Non-detected (Upper Limit)
LAT Non-detected with AGN (Upper Limit)
LAT Detected
LAT Detected with AGN
— Best-fit
[ Fit Uncertainty
[ | Dispersion
- = - Calorimetric Limit
(E,, n=10" erg)

;'r

GC 6946
IC 342

= Milky Way

108 10° 10" 10" 10%
L8-1000um(|—(9

Ackermann+2012



Gamma-ray Emission from Starbursts

1llllll T TlllllTl T IIIIIIII T lIlllll] T lllllll]

NGC 253

Fermi, HESS, Veritas detected
M82 and NGC 253
near predicted flux

T T 1T 17717
IIIIIII

T

lllll]l 1 1 lllllll 1 1 lllllll 1 L lllllll 1 1 ]llllll 1

0.001 0.01 0.1 1 10
z, [g cm™2]

Lacki+201 |
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High Density Star Forming Galaxies are a Significant Contributor
to the Extragalactic Gamma-ray and Neutrino Backgrounds

[ Background Atmospheric Muon Flux
@ Bkg. Atmospheric Neutrinos (#/K)
Background Stat. and Syst. Uncertainties

v N/

PIII VI,

Atmospheric Neutrinos (Benchmark Charm Flux)
Atmospheric Neutrinos (90% CL Charm Limit)
Signal+Bkg. Best-Fit Astrophysical E~*> Spectrum

e Data

7
/////

Deposited EM-Equivalent Energy in Detector (TeV)

~28 ~PeV (10'> eV) vs

Sources of high energy CR
expected to produce
Vs and Y via p-p interaction

CRp+p—= T+ P e+t V

Igg)=(0.35,2.15)

(fS B-AGN’

E2 I(E) [GeV ecm™2 s ' sr )

-~
L.
.~
-
-
-~y
-~

1 07+eioquie]




Implications for CR Pressure & Galactic Winds

® Given large = GeV fluxes, need to account for pion
losses in determining steady state CR energy &cr

CC.R éCR Min(tpiona tesc) f, éC’R tpion

® Best applied in prototypical starbursts M82 & NGC 253
® Assume CRs interact with gas at nef ~ <n> ~ 300 cm-3
® — Pcr ~ 0.05 Phydro (PHydro = TTG24?) = CRs subdominant

® Estimate nersuch that Pcr ~ Phydro = e ~ 10 cm3

o 106 yTS ( R ) (300 km S_l) ruled out b)’

tp1on 10 yIs = 300 pc Dl Iarge GeV flux

Uwind

Suggests that CRs are not driving the winds in NGC 253 and M82
(Lacki+201 1)
I SSSSEEEEHEHHHHBEL




