
Troy A. Porter,  Santa Cruz Institute for Particle Physics                                                       TeV Particle Astrophysics, Beijing 2008

Fermi LAT Project

Cosmic Rays in the Solar Cosmic Rays in the Solar 
System and BeyondSystem and Beyond

Troy A Porter Troy A Porter 
University of California, Santa Cruz University of California, Santa Cruz 
Santa Cruz Institute for Particle PhysicsSanta Cruz Institute for Particle Physics



Troy A. Porter,  Santa Cruz Institute for Particle Physics                                                       TeV Particle Astrophysics, Beijing 2008

Fermi LAT Project

All Particle CR Spectrum

GZK cutoff?

This is an astonishing observation!
• All particle CR spectrum is almost 

featureless: 
–the knee 
–the ankle 
–GZK cutoff 

These are the only features in >12 
decades in energy and >32 decades in 
intensity!
However, there is a lot of information 
hidden in the spectra and abundances of 
individual CR species: nuclear isotopes, 
antiprotons, electrons, positrons 
(+diffuse gamma rays)

• All of physics is involved: various 
branches of Astrophysics, MHD, shock 
waves, plasma physics, atomic, nuclear, 
& particle physics, exotic physics – 
SUSY…

• CRs are the only direct probes of the 
interstellar material available to us. 

Galactic

Galactic+extragalactic
extragalactic
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Fermi LAT Project

~E-2.7

~E-3.1
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Fermi LAT ProjectCR propagation: the Milky Way galaxy

Halo

Gas, sources
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Intergalactic space

1 pc ~ 3x1018 cm

R Band image of NGC891
1.4 GHz continuum (NVSS), 1,2,…64 mJy/ beam

Optical image: Cheng et al. 1992, Brinkman et al. 1993
Radio contours: Condon et al. 1998 AJ 115, 1693

NGC891

Sun

“Flat halo” model (Ginzburg & Ptuskin 1976)



Troy A. Porter,  Santa Cruz Institute for Particle Physics                                                       TeV Particle Astrophysics, Beijing 2008

Fermi LAT Project
CR Interactions in the Interstellar Medium
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Fermi LAT ProjectNuclear component in CR: What we can learn? 

Propagation 
parameters:

Diffusion coeff., halo 
size, Alfvén speed, 

convection velosity…

Energy markers:
Reacceleration, 
solar modulation

Local medium: 
Local Bubble

Material & acceleration 
sites, nucleosynthesis 

(r-vs. s-processes)

Stable secondaries: 
Li, Be, B, Sc, Ti, V 

Radio (t1/2~1 Myr): 
10Be, 26Al, 36Cl, 54Mn 

K-capture: 37Ar,49V, 
51Cr, 55Fe, 57Co

Short t1/2 radio 14C 
& heavy Z>30 

Heavy Z>30: 
Cu, Zn, Ga, Ge, Rb 

Nucleo-
synthesis: 

supernovae,

early universe, 

Big Bang…

 Solar 

modulation

Extragalactic
diffuse γ-

rays:
 blazars, relic 

neutralino

Dark Matter (p,đ,e+,γ)
-
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Fermi LAT Project

              GLAST
                   PAMELA
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Fermi LAT Project Direct vs Indirect Measurements of CRs

• Direct measurements from deep inside heliosphere
– Good data < 200 GeV/nuc, even less < 30 GeV/nuc

• Indirect via observations of radio, X-, γ-rays produced by 
p, α, e±, etc. during propagation in ISM

• e+ observed through annihilation + IC + radio
• γ-ray instruments probe CR energies much higher than the 

observed γ-ray energies
– IACTs (Eγ>100 GeV) → ECR ~ TeV energies 

– Fermi (20 MeV<Eγ<~100s GeV) → ECR < 1 TeV comparable to 
some direct measurements (PAMELA, PPB-BETS)

• Indirect measurements provide snapshot, direct 
measurements average of 10s Myr in ISM and kpc scales

• Big issue is connecting what we see deep in heliosphere to 
IS space → Fermi-LAT will provide first way of doing this!

• To understand DM, CMB studies, need to understand CRs
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Fermi LAT Project

Cosmic rays in the 
heliosphere
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Fermi LAT Project

Inverse Compton scattering

©UCAR

The heliosphere is filled with 
Galactic CR electrons and solar 
photons

•electrons are isotropic
•photons have a radial distribution with 
outward direction

e
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Fermi LAT Project

Anisotropic effect on solar photons

Head-on collision: 
Eγ ~γe

2νbb

e

e

Following collision: 
Eγ ~(1/γ)γνbb ~ νbb 

Target photons:
ρ = 0.25nbb(RS/r)2

Tbb = 5770 K

4

10 GeV e →100 MeV γs
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Fermi LAT Project

Inner Heliospheric Probe

FluxIC ~1/r

r1 (AU) = sinθ, θ<90°
r1 (AU) = 1, θ>90°

r2=10r1

r1

r2

r

Looking in different 
directions one can 
probe the e-spectrum 
at different distances 
from the Sun!

e
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Fermi LAT Project

IS e-spectrum

Modulated 500 MV
1000 MV

Integral Intensity

The Ecliptic

Averaged over one 
year, the ecliptic will 
be seen as a stripe 
on the sky, but the 
emission comes from 
all directions

Galactic plane

GC

ecliptic

Current EGRB

AC

70°
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Fermi LAT Project

Differential Spectrum

θ=0.25°

1°

5°

10°
45°

180°
Φ=0, 500, 1000 MV

IC integral flux
F(>100 MeV, θ<2.5°) ~ 2x10-7 cm-2 s-1

EGRET upper limit = 2x10-7 cm-2 s-1

IC spectrum < 1 GeV 
shows strong 
dependence on the 
modulation level
→ variations of γ-ray 
flux over the solar 
cycle
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Fermi LAT Project

Thompson et al. 1997:
Upper limit 2x10-7 cm-2 s-1 

Reanalysis by Orlando, 
Petry, Strong 2007:
 
Discovery of both solar 
disk albedo emission and 
extended inverse 
Compton-scattered 
radiation in combined 
analysis of EGRET data 
from June 1991!! 

Found in EGRET data!

Moskalenko, Porter, Digel

sun solar IC

moon

3C279

total+bgrd
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Fermi LAT Project EGRET Observations of the Moon

Point source @ 100 MeV ~200 γ-rays > 100 MeV
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Fermi LAT Project Moon Gamma-Ray Albedo 

outer 5’
inner 20”

Φ= 500 MV  (upper)
Φ =1500 MV (lower)
Data: EGRET

Pion decay

Nuclear de-excitation lines 
+ neutron capture

The agreement is remarkable: no free parameters

Fermi-LAT 1-year

θ

CR(p,α)
  θp

Moon surface

e± π,K

A*p,n

Splash pionsSplash pions

Kinematics of the 
interaction:

– Cascades develop into 
surface → high energy 
γ-rays from tangent to 
surface

– Splash pions are low-
energy and decay at 
“rest”

Moskalenko & Porter '07
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Fermi LAT Project
A Zoo of Small Solar System Bodies 

Stern’03

Main Belt

Jovian Trojans Neptunian Trojans

Ce
nt

au
rs

Comets

Kuiper belt:
•Classical Disk
•Scattered Disk
•Plutinos

α Cen

Oort cloud
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Fermi LAT Project
Hot Topics

• Formation and evolution of the planetary system and exo-solar 
planetary systems

– 1992 (Jewitt & Luu) – first object beyond Neptune since 
Pluto

– 2004, 2005 (Sheppard & Trujillo) – discovery of Neptunian 
Trojans (L4); L5 is currently in the direction of the GC

– Ejection of material into distant eccentric orbits (Oort 
cloud) 

– Orbital precession (expansion/contraction) of the giant 
planets and SSSB families (Neptune: 20 AU -> 30 AU; 
Kuiper belt)

• The number of small solar system bodies in different dynamic 
families and their size distribution

– Formation of planetesimals
– Pristine material
– “Freeze-in” capture (Trojans) 

• Probe of interstellar spectrum of CR protons + He
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Fermi LAT Project

SSSB Size Distributions

•Collisional evolution & accretion
•Relaxed size distribution n=3.5 
(assuming scaling of collisional 
response parameters)

•Scaling breaks…

Jedicke & Metcalfe’98 
Binzel+’99
Tedesco & Desert’02
Cheng’04
Tedesco+’05

conservative

Fermi-LAT
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Fermi LAT Project Albedo of SSSBs 

         

CR e+

CR nuclei + e+

Fe x 10
Rock
Ice x 0.1

Φ = 0 MV
Φ = 1500 MV

Moskalenko, Porter, Digel, Michelson, & 
Ormes ApJ 681, 1708 (2008)
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Fermi LAT Project Albedo of SSSBs 

         

CR e+

CR nuclei + e+

Fe x 10
Rock
Ice x 0.1

Φ = 0 MV
Φ = 1500 MV

Moskalenko, Porter, Digel, Michelson, & 
Ormes ApJ 681, 1708 (2008)
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Fermi LAT Project Connection of Heliosphere to ISM

Gamma rays probe this

?

Direct CR 
measurements + 

selected directions
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Fermi LAT Project

Propagation in the interstellar 
medium
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Fermi LAT Project
A Model of CR Propagation in the Galaxy - GALPROP

Gas distribution (energy losses, Gas distribution (energy losses, ππ00, brems), brems)

Interstellar radiation field (IC, eInterstellar radiation field (IC, e±± energy losses) energy losses)

Nuclear & particle production cross sectionsNuclear & particle production cross sections

Gamma-ray production: brems, IC, Gamma-ray production: brems, IC, ππ00

Energy losses: Energy losses: ionisation, Coulomb, brems, IC, synchionisation, Coulomb, brems, IC, synch

Solve transport equations for all CR speciesSolve transport equations for all CR species

Fix propagation parametersFix propagation parameters
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Fermi LAT Project

Kolmogorov

Plain diffusion

Self-consistent

               Diffusion coefficient

How It Works: Fixing Propagation Parameters

Using secondary/primary nuclei ratio & flux:
• Diffusion coefficient and its index
• Propagation mode and its parameters (e.g., 

reacceleration VA, convection Vz)
• Propagation params are model-dependent
• Make sure that the spectrum is fitted as 

well

B/C

In
te

rs
te

lla
r

Ek, MeV/nucleon

Parameters (model 
dependent):
D ~ 1028 (ρ/1 GV)α cm2/s
δ ≈ 0.3-0.6
Zh ~ 4-6 kpc
(VA ~ 30 km/s)

Radioactive isotopes:
Galactic halo size Zh

Zh increase

Ekin, GeV/nucleon

0.6

0.33

0.5
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Fermi LAT Project

Discrimination of the propagation models

ReaccelerationReacceleration

Standard diffusionStandard diffusion

• Different propagation 
models are tuned to fit 
the low energy part of 
sec./prim. ratio where the 
accurate data exist

• However, the differ at 
high energies which will 
allow to discriminate 
between them when more 
accurate data will be 
available

• The sharp peak at ~1 GeV/
nucleon seems to be 
confirmed by Pamela!

HEAO-3 (1980s)

The data were taken at different times (1980-
now) in different energy ranges and by different 
instruments, so the probability of systematic 
errors is high.

ACE
Ulysses
Voyagers

B/
C

Jones+’01
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Fermi LAT Project

B/C from CREAM

Recent CREAM data extend B/C to ~ 1 TeV/n

Ahn et al. (2008) arXiv:0808.1718

δ = 0.33

δ = 0.6

δ = 0.7

HEAO-3
○CREAM

• Antarctic balloon flight 
2004/2005 summer (42 days), 
~40 km altitude (~4 g cm-2)

• Pathlength distribution λ  R-δ  

– δ ~ 0.6, consistent with data < 
30 GeV/n
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Fermi LAT Project

EGRET-Optimised model

4a-f

•CR spectra are not the same 
everywhere in the Galaxy

•Possible to tune proton and 
electron spectra to fit diffuse 
gamma rays

Strong+’00,’04
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Fermi LAT Project

EGRET-Optimised/Reaccleration model
Uses Uses all skyall sky and antiprotons & gammas and antiprotons & gammas  
to fix the nucleon and electron spectrato fix the nucleon and electron spectra
 Uses Uses antiprotonsantiprotons to fix  to fix 

the the intensityintensity of CR nucleons @ HE of CR nucleons @ HE
 Uses Uses gammasgammas to adjust to adjust

 the nucleon spectrum at LEthe nucleon spectrum at LE
 the the intensity intensity of the CR electrons of the CR electrons 
(uses also synchrotron index)(uses also synchrotron index)

 Uses EGRET data Uses EGRET data up to 100 GeVup to 100 GeV

protonsprotonselectronselectrons

x4x4

x1.8

antiprotonsantiprotons

EEkk, GeV, GeV

EEkk, GeV, GeV

EEkk, GeV, GeV
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Fermi LAT Project

Bouchet et al 2008  ApJ 679,1315

20 - 50 keV 50 – 100 keV

100 – 200 keV 200 – 600 keV

INTEGRAL / SPI  Galactic emission 
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Fermi LAT Project

CR Electrons and Positrons

Primary + secondary electrons

pp → π± → μ± νμ → e± νμ νe

Secondary positrons

R = 8.5 kpc
R = 4 kpc
R = 0 kpc
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Fermi LAT Project Interstellar Radiation Field

• Emission by stars and 
reprocessing by dust

• MC radiative transfer 
calculation ⇒ self-consistent 
treatment

• Scale height ~10 kpc → ICS 
γs by CR e± in halo major 
component

R = 0 kpc
R = 4 kpc
R = 8 kpc
R = 12 kpc

R = 8.5 kpc

R (kpc)z (kpc)

Total energy density

Local ISRF

Galactic Plane ISRF

Wavelength (microns)

Wavelength (microns)

En
er

gy
 d

en
si

ty
 (e

V 
cm

-3
)
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Fermi LAT Project Gamma rays, inner Galaxy 

e+e-

INTEGRAL /  SPI
GALPROP

IC

π0

Brem

Porter, IVM, AWS, Orlando, & Bouchet ApJ 682, 400 (2008)

IC = primary + secondary leptoons
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Fermi LAT Project VHE Emission

Same model at MILAGRO energies

MILAGRO collab. + IVM, TAP, 
AWS ApJ in press (2008)

Fig.: Petra Hüntemeyer

IC or π0-decay?
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Fermi LAT Project

Continuum 
sky surveys

22 MHz

408 MHz

150 MHz45 MHz

1.4 GHz

820 MHz2.3 GHz

23 GHz

Synchrotron Surveys
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Fermi LAT Project      
   
                     

Breg  =4μG
Brand=4μG

Model based on gamma-rays gives a good  fit to the radio data 

WMAP

radio surveys

Radio Spectrum Northern Galaxy

Same model (optimised), random + reg B-field, electrons + positrons 
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Fermi LAT ProjectInterstellar Radiation over 20 Decades in Energy

radio
microwave

IR opt UV
X-rays γ-rays

CMBduststellar

sync
IC

π0-decay

Diffuse only!
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Fermi LAT ProjectInterstellar Radiation over 20 Decades in Energy

Intrinsic connection between the diffuse Galactic γ-ray 
emission in different energy ranges: 

• 100 keV - few MeV: IC emission by CR electrons and positrons 
on optical & IR radiation (primary + secondary electrons and 
positrons)

• 100 MeV - 10 GeV: produced by protons via π0-decay; these 
protons also produce secondary positrons and electrons 

• 10 GeV–10 TeV: Produced via IC scattering of primary 
electrons on the same optical & IR photons

Also same electrons and positrons synchrotron radiate off Galactic 
magnetic field → produce diffuse emission in MHz-GHz frequency 
range
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Fermi LAT Project

Cosmic Rays in Other Galaxies: Magellanic Clouds

Type: Irr/SB(s)m
Magnitude: 0.9
Size: ~10°x10° ~few kpc
Distance: ~50 kpc

NOAO/AURA/NSF

30 Doradus

NE

Type: Im IV-V
Magnitude: 2.3
Size: 280 x 160 arcmin <kpc
Distance: ~60 kpc

SMC

LMC
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Fermi LAT Project
Summary: EGRET Observations

 LMC detection: CR density 
is similar to MW

 SMC non-detection: CR 
density is smaller than in 
the MW (otherwise it would 
be ~2.4x10-7 cm-2 s-1)

 First direct evidence: 
CRs are galactic and not 
universal !

 M31 non-detection: has to 
have smaller CR density 
than the MW (size 
M31>MW!)

Source F(>100 MeV), cm-2 s-1

LMC (1.9±0.4)x10-7

SMC <0.5x10-7

M31 <0.8x10-7

Sreekumar et al.(1992-94)

LMW(>100 MeV)~5.4x1039 erg/s (SMR00)
          ~3x1043 phot/s

FMW(@M31 distance) ~ 4.4x10-7cm-2 s-1

LMC: Sreekumar et al. '92
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Fermi LAT Project Extragalactic Gamma-Ray BackgroundExtragalactic Gamma-Ray Background

Predicted vs. observedPredicted vs. observed

E, MeVE, MeV

EE22
xFxF

Sreekumar et al. 1998Sreekumar et al. 1998

Strong et al. 2004Strong et al. 2004

EGRB in different
directions
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Fermi LAT Project Extragalactic Gamma-Ray BackgroundExtragalactic Gamma-Ray Background

Predicted vs. observedPredicted vs. observed

E, MeVE, MeV

EE22
xFxF

Sreekumar et al. 1998Sreekumar et al. 1998

Strong et al. 2004Strong et al. 2004

EGRB in different
directions

Fermi
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Fermi LAT Project Extragalactic Gamma-Ray BackgroundExtragalactic Gamma-Ray Background

Predicted vs. observedPredicted vs. observed

E, MeVE, MeV

EE22
xFxF

Sreekumar et al. 1998Sreekumar et al. 1998

Strong et al. 2004Strong et al. 2004

Elsaesser & Mannheim’05

EGRB in different
directions

Dermer’07

Fermi
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Fermi LAT Project
Examples of Dark Matter Signatures in CRs

Diffuse gammas Antiprotons

Ek, GeVE, GeV

Look for a consistent signal in diffuse gamma rays, and 

CRs (antiprotons, antideuterons, positrons)
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Fermi LAT Project
Positrons

excess?

Positron flux is 
consistent with 
predictions, but 
the error bars 
are large

Gast+’06
PAMELA?
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Fermi LAT Project
The “haze” at the Galactic Centre  (WMAP)

Synchrotron emission from leptons produced in WIMP annihilations?

Coincidence?
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Fermi LAT Project

Summary

• We are making progress toward directly connecting the CR 
spectra we see in the heliosphere to the interstellar 
medium

• We are also developing a multi-wavelength picture of the 
diffuse emission from standard astrophysical processes

• Both of these are crucial for understanding many current 
topics

• We look forward to data to come from PAMELA, Fermi-
LAT, and other instruments – this is a very exciting time 
for cosmic rays physics!
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Fermi LAT Project Cosmology

WMAP

PlanckKogut et al 2007: WMAP polarised index 22-33 GHz

• Synchrotron + dust emission 
important foreground for CMB 
experiments

• Provide important information about 
GMF
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Fermi LAT Project

Ultra High Energy CRs

Pierre Auger Collab. '07,'08

• GMF → propagation of UHECRs from 
sources near Galactic plane

• Association with the sources of UHECRs

IVM, Stawarz, Porter, & 
Cheung arXiv:0805.1260
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