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1. Secondary Nuclear Production
(Hadro-nuclear production)

p + p   + X
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(E. Anderson et al. 1966)

Resonance production important near threshold
Isobar model (Lindenbaum & Sternheimer 1957, Stecker 1971

Cross sections and resonances in p+p 0 
production

t = (p2 – p1)2, invariant missing mass W



• Total and Inelastic Cross Section
Total Cross Section consists of Coulomb Scattering + Elastic Nuclear Scattering + Inelastic 
Inelastic includes pp bremsstrahlung (  = 0.70±0.15 b at Tp = 200 MeV for E > 35 MeV)

• Resonance Production I(Jp)
 (1236), (1640), (1950),  I = 3/2
2. N(1470), N(1520), N(1550), N(1680), 

N(1690), N(1710), N(2190)  I = 1/2

• Scaling Representation
F(p*||, /p*||,max(s)), p*||,max(s)s, in the limit

s>>mp
2 (Stephens & Bahdwar 1981; Blatttnig et al. 2000)

• Monte Carlo Event Generators 
Kamae et al. (PYTHIA); Huang et al. (2007: DPMJET-III); 
Kelner et al. (2006; SIBYLL); Kachelriess & Ostapchenko (2012): 
QGSJET-II)  FLUKA

• Diffractive Production  
• Direct/ Production

Cross Section for p+p  Secondaries
p+p → + X (mostly through p+p → 0 → 2)
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Dermer et al. 2013

Straightforward to solve for  energy 
spectrum for arbitrary distribution of 
angles of outgoing isobars



p+p 0, +- + X

Low energy cutoff 
in e+/(e+ + e-) 

Dermer 1986; 
Murphy, Dermer,
and Ramaty 1987; 
Dermer and Menon 
2009

Charge-dependent 
modulation

CR e+ vs e- vs p/ion
transport 



LHC data:
Sato, Shibata,
and Yamazaki (2012)
(their fit is dashed 
curve)

Dotted: Dermer
(1986)

Kafexhiu et al. (2014):
empirical fits to GEANT-4

Some new near-
threshold data sets

Nothing new between ~2 
– 10 GeV/nuc



Inclusive Cross Section for 0 Production

Contribution of 
isobars to emission
(LISM convolved with 
differential cross 
section) is ~30% of 
>100 MeV photon 
production

Transition regime 
between exclusive 
isobar production and 
scaling/MC event 
generator most 
important for CR 
problem



Comparison of Emissivity Calculations

)/()/(2.2)( 275.2 GeVsrscmpCRmTTj ppp


Considerable uncertainty in cross sections between 2 – 10 GeV/nuc
Metallicity effects are energy-dependent (Kachelriess et al. 2014)

Model 
vs. 
Empirical 
fitting 
functions



2. Fermi LAT Emissivity Measurements

Abdo et al.,  Ap J, 703, 1249, 2009
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• 4 Aug 2008 – 31 Jan 2009 (6 mos)
• LAT observations in third quadrant  

(200o < ℓ < 260o, 22o < |b| < 60o) 
• No known molecular clouds, point 

sources subtracted; low ionized H
column density N(HII)~1-2×1020cm-2

Abdo et al.,  Ap J, 703, 1249, 2009 J.-M. Casandjian, AIP Conf Proc. 1505, 2012

• 4 Aug 2008 – 1 Aug 2011 (3 years)
• 0o < ℓ < 360o, 10o < |b| < 70o)
• Template mapping, after subtracting point and 

extended sources and isotropic emission; low-
energy dispersion correction

• J.-M. Casandjian (4 yr data sets), to be submitted

Invert -ray spectrum to get cosmic-ray spectrum 
Quality of data exceeds quality of cross sections used to interpret data 



Measured vs. ISM Cosmic-Ray Spectrum 

Naïve Theoretical Expectations:
1st order Fermi shock spectrum

• Test particle limit
• Strong shock

Steepening due to escape

Power-law momentum spectrum makes break 
in kinetic energy representation (index  –s/2 
at Tp << mpc2, index  –s at Tp << mpc2)

Search for deviations from cosmic ray flux 
from power-law in momentum
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Dermer (2012)

Break in CR Spectrum?
Neronov, Semikoz, & Taylor (2012)

Definite conclusions require better knowledge of 
secondary nuclear production cross sections (Dermer 2012)



Power-law injection for protons and electrons
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Power in ions: 3.0×1040 erg/s
power law index: 2.3
minimum injection momentum;  = 10-4

Power in electrons: 2.0×1038 erg/s
power law index: 1.6 below the break; 2.5 above the break 
(same as Strong, Orlando, & Jaffe 2011)
break at 4 GeV (momentum  = 7840)
minimum injection momentum (electrons)  = 0.05

Nuclear enhancement factors = 2 for both 0 production and 
bremsstrahlung

5.0])1(/[20)(  GeVTppMyrpt pesc

Calcs: J. Finke; work with Andy Strong et al. 



-ray production in SNRs
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• Snapshot vs. long-
time averaged

• Type Ia vs. Type Ib, II
• Clumpy vs smooth 

environment
• Modeling
• Has cosmic-ray 

origin been solved?
• Is 1987A a PeVatron?
• Tycho: faint flux

Ackermann et al. 2013 Science

“game of making curves pass through things [data]…” P. Blasi

Dermer & Powale 2013



3. Nonthermal Universe

• Universe transparent to ~ MeV – 20 GeV . and ~< PeV 
• EBL, source, Earth

Emissivity 

RH = 4.2 Gpc
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Exercise: j = 1044 erg yr‐1 Mpc‐3 = 3 x 1045 erg s‐1 Gpc‐3   
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Transparent  and  universe



Neutrino Spectrum Measured with IceCube

• Evidence for High‐Energy Extraterrestrial Neutrinos at the IceCube Detector, Science, 342 (2013)
• Observation of High‐Energy Astrophysical Neutrinos in Three Years of IceCube Data, PRL, 113 (2014)
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Decomposition of -ray background into  rays from
Cosmic-ray galaxies
1. Cosmic-ray galaxies
2. Black-hole galaxies
3. Other: structure formation shocks, DM, …

Ackermann, M., et al. 2015, ApJ, 799, 86

10-6 GeV /
(cm2 s sr)

Extragalactic Gamma‐Ray Background



Loeb & Waxman (2006) prediction
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L* spiral galaxies like the Milky Way

L (erg/s)            ns(Gpc‐3)       j(erg/s‐Gpc3)

1039  5x106 5x1045

Strong et al. 
2010

Emissivity of Star‐Forming/Cosmic‐Ray Galaxies

LIRGs >1011 Mo ; LIR > 4x1044 erg/s
ULIRGs > 1012 Mo ; LIR > 4x1045 erg/s

MW IR + Opt: 2.5x1044 erg/s
MW IR: 5x1043 erg/s
MW ‐ray: 1‐2x1039 erg/s

MW, S/LMC, M31, NGC 253, M82, NGC 4945, NGC 1068

MW = L/Lbol  0.01% = 10‐4

Star-forming/CR galaxies lucky to 
make 10% of EGB, but 
emissions are neutrino rich
Note that GALPROP has neither
anisotropic diffusion or disk/halo 
distinction. Two classes of models with 
 = 0.33 and  = 0.6.

?

Abdo et al. 2012

Abdo et al. 2010
LMC

MW
N253

M82



from cosmic‐ray interactions in star‐forming galaxies 
High neutrino efficiency
from cosmic‐ray galaxies make small fraction of EGB

Blazars must be few % efficient for baryon‐loading of unity to make IceCube 
Blazars are powerful enough to accelerate UHECRs
Potential sources of EeV 

To power UHECRs, neutrinos (GZK and PeV):  requires ~3x1045 erg/s‐Gpc3
To power EGB, requires ~2x1047 erg/s‐Gpc3

Blazars account for ~1/2 of the EGB, 
leaving the remainder to:
radio galaxies 
star‐forming galaxies
dark matter

Emissivity of (> GeV) ‐ray galaxies

L* spiral galaxies

L (erg/s)            ns(Gpc‐3)       j(erg/s‐Gpc3)

~1039  3x106 3x1045

LIRGs >1011 Mo 4x1041  104‐105 ~1046 

ULIRGs > 1012 Mo 4x1043  100‐1000   ~1046 

Laag et al. 2010



Ajello et al. (2015)EGB Interpretation



Murase, Ahlers, Lacki
(2013)

Index = 2.14
Index = 2.0
no evolution (solid)
Evolution (dashed)

Neutrino sources cannot be normal MW‐like galaxies
With such a steep CR spectrum (index = 2.7), would overproduce EGB

If IceCube neutrinos come from Milky-Way type star-forming galaxies (L* spirals), 
then cosmic-ray spectral index must be harder than 2.2 in order not to 
overproduce the EGB, with index > 2.4



4. Model for  rays and  from star‐forming galaxies
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min00 )/(  RR

• B/C ratios and cosmic‐ray propagation
• Escape grammage: ~10 gm/cm^2 at a few 

GeV/nuc, and decreasing  (E/nuc)‐0.5
• Leaky Box

• Addition of min from escape from Galaxy, 
from escape from molecular clouds, from 
escape from source environment (SNRs)

CALET: 0.3 <  < 0.6



 rays from star‐forming and starburst galaxies

Dermer 22

min00 )/(  RR

• First term: ray emission spectrum of 
L*/MW‐type galaxy

• min ~ 0.2 gm cm‐2

• Implies hard cosmic‐ray accelerator

•  flattening in B/C ratio at ~ TeV/nuc

M82

NGC 253
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Photons with energy

induce cascade that scatters 
CMB photons to GeV energies

Important process for measuring 
IGMF (Neronov & Vovk 2010) but here
the sources are isotropic and individually
Undetectable

(Could CTA/IceCube detect a neutrino/‐
ray transient from a buried SN?)

Injection and Cascade 
Radiation



• Diffuse ‐ray background from 
superposition of  emissions from 
star‐forming galaxies:

Black solid curves:  
Red dashed curves:  rays
Lower light curves: LCR/L* = 1041 erg/s
Upper heavy curves: LCR/L* = 1042 erg/s
In both cases nL* = 1/100 Mpc3

• Neutrinos from secondary nuclear 
production in star‐forming galaxies 
made at energies <~5% of knee 
energy = 0.05 x 3 PeV = 150 TeV for p

• But why isn’t the Milky Way the 
brightest neutrino source in the sky?

• TeV‐PeV neutrinos made in short 
bursts—requires dense shell of 
material around SNRs 

CD, Finke, Strong, Kotera, Murase, Moskalenko, Ajello et al.

Fermi‐LAT data (Ackermann et al. 2015): 
EGB: extragalactic ‐ray background
DIGB: diffuse isotropic ‐ray background
Sources = EGB ‐ DIGB

Sources of IceCube’s Extraterrestrial Neutrinos



Summary 

 Need better cross section measurements from ~2‐10 GeV/nuc
– QED accuracy vs. strong interaction; metallicity effects
– Can detailed modeling will show convincing evidence for break in the LICRS?

 Galactic ‐rays from cosmic rays
– Spectral analysis of SNRs hampered by point above
– Cosmic ray spectrum implied by ‐ray emissivity in accord with origin of cosmic 

rays by acceleration at supernova remnant shocks
– ‐ray observations demonstrate level of  absolute Solar modulation on interstellar 

cosmic‐ray spectrum

 EGB and Cosmic‐Ray Galaxies
– EGB Intensity provides strong check on PeV neutrino origin
– Cosmic‐ray galaxies make < 10% of EGB, but potentially all of IceCube neutrinos
– Blazars are powerful ‐ray sources given their space density (102‐103 / Gpc3 vs. 

<107/Gpc3 for L* spiral galaxies.  However, high‐z galaxies very different.

 Model for neutrinos, gamma‐rays, consistent with star‐forming galaxies
– All accelerated cosmic rays pass through ~0.1 gm/cm2 material before leaving 

their source, only works if s ~ 2.1 and  ~ 0.6
– Otherwise require hypothetical new population of ‐ray galaxies

Dermer SUGAR, Geneva, 22 Jan 2015
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Joint work with Kohta Murase and Yoshi Inoue
Murase, Inoue, CD, PRD, 2014, in press arXiv:1403.4089
CD., Murase, Inoue, JHEAP, submitted, arXiv:1406.2633

Blazars as the Sources of PeV Neutrinos


