
Physics 129     LECTURE  18    March 13, 2014

High Energy Astrophysics
n Blue (star forming) and Red (quenched) Galaxies 
n Supermassive Black Holes in Galaxies, Jets & Blazars
n Extragalactic Background Light (EBL)
n Measuring the EBL Using Gamma Ray Astronomy
n Gamma Ray Atmospheric Cherenkov Telescopes
n Highest Energy Cosmic Rays, GZK Cutoff
n Cosmic Ray Composition and Spectrum
n Cosmic Ray Acceleration
n Secondary Cosmic Rays: Pions and Muons
n Pierre Auger Observatory for Energetic Cosmic Rays
n Low Energy Cosmic Rays, Van Allen Belts, Auroras
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Galaxy bimodality in the color-structure plane           

Color bimodality of galaxies on color-
magnitude plot from Baldry et al. (2004). 
The black solid and dashed contours 
represent the number density of galaxies: 
logarithmically spaced with four 
contours per factor of ten. The 
distribution is bimodal: there are two 
peaks corresponding to a red sequence 
(generally early types) and a blue 
sequence (late types). 
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Sersic n is the radial distribution:  exp[-(r/r0)1/n],
        n < 2.5 for disks, n>2.5 for sphroids

 (S. Driver et al. 2006)
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Flow through the CM diagram versus environment

Satellites

Dry mergers

Hogg et al. 2003: Sloan Survey
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Galaxy Formation in ΛCDM
• gas is collisionally heated when perturbations ‘turn 

around’ and collapse to form gravitationally bound 
structures

• gas in halos cools via atomic line transitions 
(depends on density, temperature, and metallicity)

• cooled gas collapses to form a rotationally 
supported disk

• cold gas forms stars, with efficiency a function of 
gas density (e.g. Schmidt-Kennicutt Law) 

• massive stars and SNae reheat (and in small halos 
expel) cold gas and some metals

• galaxy mergers trigger bursts of star formation; 
‘major’ mergers and disk instabilities transform 
disks into spheroids and fuel AGN

• AGN feedback cuts off star formation
White & Frenk 1991; Kauffmann+1993; Cole+94; Somerville 
& Primack 99; Cole+00; Somerville, Primack, & Faber 01; 
Croton et al. 2006; Somerville +08; Fanidakis+09; Guo+2011; 
Somerville, Gilmore, Primack, & Domínguez 2012 & Gilmore
+2012 (discussed here); Porter, Somerville, Primack 2014ab
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~1012

z=1.4 (t=4.7 Gyr)

z=0 (t=13.6 Gyr)

Wechsler et al. 2002

• cosmological parameters 
are now well constrained 
by observations

• mass accretion history of 
dark matter halos is
represented by ‘merger 
trees’ like the one at left

Present status of ΛCDM
“Double Dark” theory:

time

Cluster Data
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W HEN IT COMES TO RECONSTRUCTING THE PAST, 
you might think that astrophysicists have it easy. After all, 
the sky is awash with evidence. For most of the universe’s 
history, space has been largely transparent, so much so 

that light emitted by distant galaxies can travel for billions of years before 
finally reaching Earth. It might seem that all researchers have to do to 
find out what the universe looked like, say, 10 billion years ago is to build 
a telescope sensitive enough to pick up that ancient light. 

Actually, it’s more complicated than that. Most of the ordinary matter 
in the universe—the stu! that makes up all the atoms, stars, and galaxies 
astronomers can see—is invisible, either sprinkled throughout inter galactic 
space in tenuous forms that emit and absorb little light or else swaddled 
inside galaxies in murky clouds of dust and gas. When astronomers look 
out into the night sky with their most powerful telescopes, they can see no 
more than about 10 percent of the ordinary matter that’s out there.

To make matters worse, cosmologists have discovered that if you add 
up all the mass and energy in the universe, only a small fraction is com-
posed of ordinary matter. A good 95 percent of the cosmos is made up of two 
very di!erent kinds of invisible and as-yet-unidentified stu! that is “dark,” 
meaning that it emits and absorbs no light at all. One of these mysterious 
components, called dark matter, seems immune to all fundamental forces 
except gravity and perhaps the weak interaction, which is responsible for 

To understand the cosmos, 
we must evolve it all over again
By Joel R. Primack 

COSMIC WEB: The Bolshoi simulation 
models the evolution of dark matter, 
which is responsible for the large-
scale structure of the universe. Here, 
snapshots from the simulation 
show the dark matter distribution at 
500 million and 2.2 billion years [top] 
and 6 billion and 13.7 billion years 
[bottom] after the big bang. These 
images are 50-million-light-year-thick 
slices of a cube of simulated universe 
that today would measure roughly 
1 billion light-years on a side and 
encompass about 100 galaxy clusters. 
SOURCES: SIMULATION, ANATOLY KLYPIN AND JOEL R. PRIMACK; 
VISUALIZATION, STEFAN GOTTLÖBER/LEIBNIZ INSTITUTE FOR 
ASTROPHYSICS POTSDAM 

10.Cosmos.Sim.NA.indd   43 9/18/12   12:48 PM
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BOLSHOI Simulation

Forward Evolution
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BLACK HOLES AT CENTERS OF GALAXIES

The mass of the black hole is about 1/1000 
the mass of the central spheroid of stars. 

At a mere 10 million light years, Cen A is the nearest AGN.

(slide from Lecture 5 on BHs)
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BLACK HOLES AT CENTERS OF GALAXIES

M87 is a giant
ellptical galaxy
at the center of 
the Virgo 
Cluster, about 
70 million light 
years away

The black hole at the
center of M87 has a 
mass about 3 billion 
times that of the sun.
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Radio, optical and X-ray images of the jet in M 87

* Jets are common in AGN – and radiate in radio, optical and X-ray wavelengths
* Blazars are the objects where jet is pointing close to the line of sight
* In many (but not all) blazars, the jet emission dominates the observed spectrum
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Unified picture of active galaxies
• Presumably all AGN have the 

same basic ingredients:  a 
black hole accreting via disk-
like structure

• In blazars the jet is most likely 
relativistically boosted and thus 
so bright that its emission 
masks the isotropically emitting 
“central engine”

• But… the nature of the 
isotropically emitting AGN 
should hold the clue to the 
nature of the conversion of the 
gravitational energy to light

• Again, X-ray and γ-ray 
emission varies most rapidly – 
potentially best probe of the 
“close-in” region

Diagram from Padovani and Urry
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Radio galaxy M87 (Virgo-A) 
studied with the HST 

• Black holes are a common ingredient of galaxies with massive stellar spheroids
• When fed matter, they shine – or produce jets – or both
• Efficient production of radiation by supermassive black holes can shut off star formation

Weighing the central black hole

Seyfert galaxy NGC 4258 studied using 
H2O megamaser data

Thursday, March 13, 14



The Disk-Jet System in Heart of the Active Nucleus of NGC 4258 
 Seyfert galaxies possess active nuclei that have strong nonstellar components in their emissions. Well-collimated jets of 
relativistic particles emerge from the very centers of many active nuclei and extend for kiloparsecs. NGC 4258, about 400 million light 
years away, is special because it exhibits microwave (maser) emission from water vapor deep in the heart of the nucleus. (The 
microwave emission is not attenuated by the dust and gas that enshroud galactic nuclei and often make study with optical telescopes very 
difficult.) The spectrum of the water emission in NGC 4258 betrays bulk motion of gas in the nucleus at velocities of +/-1000 km/s with 
respect to the velocity of the galaxy. This striking result prompted a coordinated observation with a very-long-baseline array of radio 
telescopes, which permitted the water emission to be mapped with angular resolutions of < 1 milliarcsecond on the sky. 
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3C 120  galaxy at z=0.033 with MBH = 30 million Msun
Traced below from half a million light years to 15 light years:
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3C 120 APPARENT SUPERLUMINAL MOTION

Blobs in the 
jet near the 
black hole 
in 3C 120 
appear to 
move faster 
than light.  

Such 
apparent 
“super-
luminal 
motion” is 
explained in 
the next 
slide.

Thursday, March 13, 14



Thursday, March 13, 14



We see TeV Gamma Rays when  the 
AGN jet points toward us
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The Atmosphere is Transparent to Light and Radio

Ground-based observatory
Blue curve: high-altitude 
observatory (Mauna Kea)

Fermi

Spitzer
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0.850-1.2mm  cosmic extragalactic 
backgrounds 

in the future: 
ALMA, CCAT.. 

Extragalactic
 Background 
 Light (EBL)

     Cosmic Extragalactic Backgrounds

CMB
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Extragalactic Background Light (EBL)
• The usual plot of λIλ = dI/d(log λ)  vs. log λ shows directly the

   ENERGY DENSITY    ρλ = (4π/c) λIλ in the EBL:

          1 nW/m2/sr = 10-6 erg/s/cm2/sr = 2.6×10-4 eV/cm3 

   Total EBL ΩEBL
obs = (4π/c) IEBL/(ρcrit c2) = 2.0 ×10-4 IEBL h70

-2

   The estimated IEBL
obs= 60-100 nW/m2/sr translates to

  ΩEBL
obs =(3-5) ×10-6     (about 5% of ΩCMB)

• Local galaxies typically have EFIR/Eopt ≈ 0.3, 

   while the EBL has EFIR/Eopt = 1-2.  Hence 

   most high-redshift radiation was emitted 

   in the far IR.

   

   EBL
FIR    IR-Opt
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Correlation between luminosity and dustiness 

Sanders & Mirabel 1996, Meurer et al. 1999,Wuyts et al. 2011  

more luminous and massive galaxies are (much) more obscured: for starbursts and 
(U)LIRGs a de-reddening of the UV-emission does not succeed: the central starburst is 
behind  a  ‘black  screen’  and  the  UV  emission  comes  from  a  lower  obscuration  component;  
even de-reddened Hα fails by about a factor of 10;  ULIRGs/starbursts  often  have  ‘post-
starburst’  UV/optical  SEDs  while  the  real  starburst  is  completely  hidden 

LIRG: LFIR ≥ 1011L⦿   ULIRG: LFIR ≥ 1012L⦿   HLIRG: LFIR ≥ 1013L⦿   
     Luminosity-Dustiness Correlation 
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z=0-2 Luminosity Density

z=0-8 Luminosity Density

Some Results from our Semi-Analytic Models 

Gilmore, Somerville, Primack, & Dominguez (2012)

Galaxy Properties from the UV to the FIR 19

Figure 13. Integrated luminosity density as a function of wavelength in our WMAP5 fiducial model, shown at various slices in redshift.
All data shown are measurements in the local universe. Measurements are from GALEX (blue circle), SDSS (red stars; Montero-Dorta
& Prada 2009), 6dF (cyan squares; Jones et al. 2006), and 2MASS (green stars; Cole et al. 2001 and Bell et al. 2003). In the mid- and
far-IR, the orange squares (Soifer & Neugebauer 1991) and blue stars (Takeuchi et al. 2001) show observations from IRAS and SCUBA.

tion” models for galaxy counts and the EBL, which we re-
view in our companion paper GSPD, but do not discuss
here. Recently, empirical and “semi-empirical” approaches
have been adopted by several authors to predict the EBL.
Younger & Hopkins (2011) used the observed stellar mass
function at different redshifts, in combination with a semi-
empirical model of galaxy evolution and template SEDs from
Chary & Elbaz (2001) to predict the mid to FIR EBL.
Domı́nguez et al. (2011, D11) made use of empirical tem-
plate SEDs and observed fractions of 25 different galaxy
types to predict the EBL and its evolution. An explicit com-
parison with the luminosity density evolution estimated by

their approach is shown in Figure 14. The D11 estimates
are anchored to the observed K-band luminosity functions,
which our semi-analytic models reproduce fairly well, so the
predictions are very similar at NIR wavelengths. At shorter
wavelengths (optical and UV), the D11 approach predicts
lower luminosity densities at high redshift than our SAMs.
These differences are due to the use by D11 of SWIRE tem-
plates (Polletta et al. 2007) from the UV to IR, while in
our approach we model the star formation history and dust
attenuation of each galaxy. In the Far-IR, D11 estimate a
higher and sharper peak at z ∼1–2 (again because of the use
of different SED templates), in better agreement with obser-

c© 0000 RAS, MNRAS 000, 000–000

Somerville, Gilmore, Primack, & Dominguez (2012)
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Somerville, 
Gilmore, 
Primack, & 
Dominguez 
(2012)

Some Results from our Semi-Analytic Models Galaxy Properties from the UV to the FIR 11
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Figure 5. Luminosity functions at z = 0 in the FUV, NUV, SDSS ugriz and K bands, as well as the total IR (8-1000 µm). The solid
black line is our fiducial WMAP5 model using the composite dust recipe (Charlot-Fall), and dashed red shows the model with a single
component dust model (Calzetti). The dotted black line shows the C-ΛCDM model. The black long-dashed line shows the predictions of
the fiducial model without dust attenuation. Data are from Wyder et al. (2005) (blue points, 〈z〉=0.05), Bell et al. (2003) (green points),
and Rodighiero et al. (2010) (red points, 〈z〉=0.15). For the total IR panel, the x-axis shows the logarithmic luminosity in solar units,
and the y-axis has units of N dex−1 Mpc−3; all other axes are as indicated.

detailed predictions for galaxies in the Herschel PACS and
SPIRE wavebands in a future work (Niemi et al., in prep.).

3.3 The Extragalactic Background Light

One of the major goals of this work is to predict the in-
tegrated Extragalactic Background Light (EBL). The EBL
consists of light emitted at all epochs, modified by red-
shifting and dilution due to the expansion of the universe.
Because the EBL consists of light emitted by all

types of sources at all cosmological epochs, it forms
a unique record of the history of photon produc-
tion in the universe. A detailed measurement of the
EBL flux can potentially inform us about the ex-
istence or nonexistence of photon sources beyond
those that can be resolved in galaxy surveys, and its
SED encodes the details of the redshifts and spec-
tral characteristics of these sources. As discussed in
our companion paper (GSPD), the EBL also affects
the propagation of gamma rays in the GeV and TeV

c© 0000 RAS, MNRAS 000, 000–000

z=0 Luminosity Functions

Fiducial
CΛCDM
Calzetti dust
no dusti i
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Number Counts in 3.6, 8, 
24, 70, 250, & 850 μm Bands 

Some Results from our Semi-Analytic Models 

Somerville, Gilmore, Primack, & Dominguez (2012)

Number Counts in 
UV, b, i, z, K Bands 

Galaxy Properties from the UV to the FIR 21
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Figure 15. Number counts in the GALEX UV bands and the four HST ACS bands. Line types are the same as in Figure 9; note that
some models do not deviate significantly from the fiducial WMAP5+evolving dust model (solid black line) and are therefore not visible.
Note that results here have been rescaled to a Euclidean geometry. In the UV bands, data are from GALEX (Xu et al. 2005, green
squares), STIS on HST (Gardner et al. 2000, purple asterisks), and the balloon-borne FOCA experiment (Iglesias-Páramo et al. 2004;
Milliard et al. 1992, red stars and open pentagons respectively). The FOCA points have been converted to the GALEX bands using the
method described in Xu et al. (2005). Blue crosses are from HST ACS/SBC observations of multiple fields in GOODS-N and -S (Voyer
et al. 2011). In the ACS bands, red, blue and green squares are from the compilation by Dolch & Ferguson (2011), which includes data
from the Hubble Ultra-Deep Field. Additional data in orange from SDSS-DR6 are from Montero-Dorta & Prada (2009). In the K-band,
we show data from 6dF (orange crosses, Jones et al. 2006), from Keenan et al. (2010, open red hexagons), and from Barro et al. (2009,
blue squares), and McCracken et al. (2010, green pentagons). All observational data have been converted to AB magnitudes.

vations, and a steeper decline at higher redshift z >
∼ 2. Note

that the observed K-band luminosity functions that ground
their empirical approach are available only up to z ∼ 4, and
the results shown at higher redshifts are extrapolations.

4.2 Summary and Conclusions

We have presented predictions for the luminosity and flux
distributions of galaxies from the far-UV to the far-IR and
over the bulk of cosmic history (z = 0–6). Our predic-
tions are based on semi-analytic models of galaxy formation,
set within the hierarchical Cold Dark Matter paradigm of

c© 0000 RAS, MNRAS 000, 000–000

22 R. S. Somerville, R. C. Gilmore, J.R. Primack, A. Dominguez

Figure 16. Number counts from four Spitzer (IRAC and MIPS) infrared bands, as well as Herschel 250 µm and SCUBA 850 µm. Line
types are the same as in Figure 9; for clarity models similar to the fiducial model are not shown. Results are scaled to a Euclidean
geometry. Solid blue circles in the 3.6 IRAC band are from Sanders et al. (2007); all other points in the IRAC 3.6 and 8.0 bands are from
Fazio et al. (2004). The MIPS data at 24 µm shown here are the S-COSMOS ‘Extragalactic Wide’ points from Sanders et al. (2007)
(green hexes), and the Wide and Deep Legacy Survey points from Béthermin et al. (2010) (blue squares). At 70 µm data shown are
the normal (blue squares) and stacked (cyan squares) measurements from Béthermin et al. (2010), while red stars are from Frayer et al.
(2006). Herschel data at 250 µm are from Clements et al. (2010, red squares) and Glenn et al. (2010, blue stars); the latter is from the
spline model with FIRAS priors. We show data from the SCUBA SHADES survey (Coppin et al. 2006) at 850 µm in the lower-right
panel.

structure formation, and including modeling of gas cooling,
star formation, stellar feedback, chemical enrichment, and
AGN feedback. In addition, crucial to the present study is
modeling of the attenuation and re-emission of starlight by
dust in the interstellar medium of galaxies. We use a sim-
ple but physically motivated analytic approach to estimate
the dust attenuation as a function of wavelength. In our
fiducial models, based on the approach proposed by Charlot

& Fall (2000), young stars are enshrouded in dense “birth
clouds”, while older stellar populations are embedded within
a more diffuse “cirrus” component. Stars emerge from the
dense birth clouds as they age. This two-component dust
model results in an effectively age-dependent attenuation
relation, such that younger stars are more extinguished. We
find that the two-component model gives much better agree-

c© 0000 RAS, MNRAS 000, 000–000

Far-IR problems
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PILLAR OF STAR BIRTH
Carina Nebula in UV Visible Light
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PILLAR OF STAR BIRTH
Carina Nebula in IR Light

Longer wavelength gamma rays  
also penetrate the EBL better

Longer wavelength light
penetrates the dust better
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Data from (non-) attenuation of gamma rays 
from blazars and gamma ray bursts (GRBs) 
give upper limits on the EBL from the UV to 
the mid-IR that are only a little above the 
lower limits from observed galaxies. New 
data on attenuation of gamma rays from 
blazers now lead to statistically significant 
measurements of the cosmic gamma ray 
horizon (CGRH) as a function of source 
redshift and gamma ray energy that are 
independent of EBL models.  These new 
measurements are consistent with recent 
EBL calculations based both on 
multiwavelength observations of 
thousands of galaxies and also on semi-
analytic models of the evolving galaxy 
population. Such comparisons account for 
(almost) all the light, including that from 
galaxies too faint to see.  

Extragalactic Background Light (EBL)

blazar

γeV + γTeV 
  = 1 MeV in CM
  = e+ e- pair
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γeV + γTeV ⟶ e+e− 

1/5/14 Particle Astrophysics (2nd Edition)

site.ebrary.com/lib/ucsc/docPrint.action?encrypted=7174370b071f2d8f8cf1fcd448771566256881e477bf5d1833b4f9419e552df71a3931f2c13f0f146c1fccea2b… 49/120

Perkins,  D.  H..  Particle  Astrophysics  (2nd  Edition).
Oxford,  GBR:  Oxford  University  Press,  2008.  p  45.
http://site.ebrary.com/lib/ucsc/Doc?id=10288472&ppg=45
Copyright  ©  2008.  Oxford  University  Press.  All  rights  reserved.  

The energy threshold for this process is 
sth = 4me2, and σ ~ βα2/s , where 
β = (1 − 4me2/s)½ is the CM velocity of 
the produced electron and positron.  
This process is the main way that high 
energy gamma rays from blazars are 
removed on their way to us, by 
interacting with low-energy photons 
(“extragalactic background light,” EBL) 
radiated as starlight or as radiation from 
cool dust, and producing e+e− pairs.

= 1 MeV in CM

blazar

Energetic gamma rays (dashed lines) from a distant blazar 
strike photons of extragalactic background light (wavy lines) 
in intergalactic space, annihilating both gamma ray and 
photon. Different energies of EBL photons waylay different 
energies of gamma rays, so comparing the attenuation of 
gamma rays at different energies from different spacecraft 
and ground-based instruments indirectly measures the 
spectrum of EBL photons.
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Early Atmospheric 
Cherenkov Telescopes

HEGRA

WHIPPLE

THEMIS
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Ground and Space Based Telescopes

MAGIC
- Fermi

VERITAS
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Ground-based Gamma Ray Telescopes 2005

(VERITAS)

VERITAS
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H.E.S.S.:   High Energy Stereoscopic System

● Array 4 telescopes,    diam. ~12 m
● Field of view   ~5o 
● Spatial resolution (single photon):  ~ 6 ' 
                                         (with hard cuts)   ~ 4 ' 
●Energy resolution    ~15%
● Location:  Namibia,   1800 m   asl 
  Coord.:  23o16' S,   16o30' E  

Victor Hess 
1912 balloon 
flight to 6 km: 
“cosmic ray” 
intensity 
increased with 
altitude
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H.E.S.S.:   High Energy Stereoscopic System

Science 3 Sept 2004
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Gamma Ray Attenuation due to γγ → e+e- 

If we know the intrinsic spectrum, we can infer the 
optical depth τ(E,z) from the observed spectrum.  In 
practice, we typically assume that dN/dE|int is not harder 
than E-Γ with Γ = 1.5, since local sources have Γ ≥ 2.  
More conservatively, we can assume that Γ ≥ 2/3.

Illustration: Mazin & Raue
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The evolution of the EBL with redshift is shown graphically in Fig. 5, in two ways: 

in physical and co-moving coordinates.  The left panel shows that the EBL was much 
higher in the past, especially in the optical and near-IR and in the far-IR.  The right 
panel shows how the present-day EBL was generated as a function of redshift.  This 
EBL evolution must be taken into account in calculating attenuation of gamma rays 
from all but the nearest extragalactic sources.  The change in the functional form of 
the EBL means that a simple z-dependent scaling model is inadequate. 

 

 
FIGURE 5. The evolution of the EBL in our WMAP5 Fiducial model.  This is plotted on the left panel 

in standard units.  The right panel shows the build-up of the present-day EBL by plotting the same 
quantities in comoving units.  The redshifts from 0 to 2.5 are shown by the different line types in the 

key in the left panel.  (From Fig. 5 of [9].) 

GAMMA RAY ATTENUATION 

Gamma ray attenuation due to γγ → e+e− is calculated by integrating the cross 
section times the proper density of background photons along the line of sight to the 
emitting redshift, and integrating over the scattering angle θ, where θ = π corresponds 
to a head-on collision.  The most probable scattering angle is θ ≈ π/2.  If we assume θ 
= π/2, then the characteristic wavelength λbg of the background photons that will most 
strongly affect a gamma ray of energy Eγ is  given by λbg = 1.2 (Eγ /TeV) µm.   

We have calculated gamma-ray attenuation as a function of the redshift of the 
source and the observed gamma-ray energy, from the evolving EBL determined both 
observationally and from our SAM calculations.  This is shown in the left panel of 
Fig. 6.   

A more general way to show the EBL attenuation is to plot the “Attenuation Edge” 
redshift where the optical depth τ reaches a certain value as a function of gamma-ray 
energy, which is presented in the right panel of Fig. 6 out to redshift 5 for τ = 1, 3, and 

The evolution of the EBL in our WMAP5 Fiducial model. This is plotted on the left panel in 
standard units. The right panel shows the build-up of the present-day EBL by plotting the 
same quantities in comoving units. The redshifts from 0 to 2.5 are shown by the different 
line types in the key in the left panel. Gilmore, Somerville, Primack, & Domínguez (2012)

Evolution of the EBL

Physical Coordinates Co-moving Coordinates
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Predicted Gamma Ray Attenuation

Increasing distance causes 
absorption features to 
increase in magnitude and 
appear at lower energies. 
The plateau seen between 
1 and 10 TeV at low z is a 
product of the mid-IR 
valley in the EBL spectrum.

Gilmore, Somerville, Primack, & Domínguez (2012)

3198 R. C. Gilmore et al.

Figure 7. The attenuation e−τ of gamma-rays versus gamma-ray energy,
for sources at z = 0.03, 0.1, 0.25, 0.5 and 1. Results are compared for our
fiducial WMAP5 (solid) and WMAP5+fixed (dash–dotted violet) models,
as well as the model of D11 (red dash–dotted). Increasing distance causes
absorption features to increase in magnitude and appear at lower energies.
The plateau seen between 1 and 10 TeV at low redshift is a product of the
mid-IR valley in the EBL spectrum.

Figure 8. The gamma-ray attenuation edges for the WMAP5 (solid black)
and WMAP5+fixed (dash–dotted violet) models and model of D11 (red
dash–dotted). The curves show the redshift at which the pair production
optical depth τ reaches the indicated value for a particular observed gamma-
ray energy. The groups of curves from lower left to upper right are the
contours for τ = 1, 3 and 10. We have included thin lines to guide the eye
at 50 and 100 GeV.

3.3 Results for TeV blazars

Today, exploration in the VHE (30 GeV to 30 TeV) regime is
led by >10-m-class imaging atmospheric Cherenkov telescopes
(IACTs) including the Very Energetic Radiation Imaging Tele-
scope Array System (VERITAS; Maier et al. 2008), High Energy
Stereoscopic System (HESS; Hinton 2004) and Major Atmospheric
Gamma-Ray Imaging Cherenkov (MAGIC; Cortina 2005) experi-

ments, and by the Large Area Telescope (LAT) instrument on the
Fermi gamma-ray space telescope (Atwood et al. 2009) and also
AGILE (Tavani et al. 2008).

The Fermi LAT spends most of its time in an-all sky survey mode,
and with its large area of view is therefore an ideal instrument for
finding high-energy sources. The 11-month source catalogue lists
685 high-energy sources associated with blazar candidates (Abdo
et al. 2010a). While the Fermi LAT has an energy range of 20 MeV
to ∼300 GeV, it has a much smaller effective area than the current
generation of ground-based instruments, and data from the instru-
ment is therefore most useful for our purposes at energies below the
threshold of these IACTs, 50–100 GeV. A detailed analysis of the
EBL constraints available from all Fermi observations of blazars
and gamma-ray bursts (GRBs) to date was the subject of a recent
paper by the Fermi collaboration, Abdo et al. (2010b). Current lim-
its on the EBL available from Fermi observations do not constrain
the UV flux predicted in Gilmore et al. (2009) or in the models
presented here.

In this section and the following section, we will focus on the
effect of the optical–IR EBL on AGN-type sources by IACTs at
!100 GeV. Ground-based detectors searching above 100 GeV have
identified 37 extragalactic AGN-like sources at the time of this
writing, including 32 BL Lac objects, radio galaxies M87 and Cen-
taurus A, and the flat-spectrum radio quasars 3C 279, PKS 1510−08
and PKS 1222+21. With the exception of the radio galaxies these
objects are all blazars, accreting AGN which generate tightly
beamed relativistic jets that are oriented at a small angle relative
to our line of sight. While they account for the large majority of de-
tected sources above 100 GeV, BL Lac objects are themselves only
a small subset (∼20 per cent) of all blazar sources, the other 80 per
cent being flat spectrum radio quasars like 3C 279.

3.3.1 Constraints from gamma-ray observations

While uncertainties and likely variation in the intrinsic spectrum of
blazars make it impossible to directly link the observed spectrum
to EBL attenuation, it is possible to translate limits on the spec-
tra to EBL constraints. The standard assumption in placing limits
on the EBL from individual spectra is that the reconstructed in-
trinsic spectrum should not have a spectral index harder than 1.5,
that is, " ≥ 1.5 where dN/dE ∝ E−" for photon count N, or al-
ternatively dF/dE ∝ E−("−1) for flux F. This figure comes about
both on the basis of experimental observations (no observed VHE
spectrum is harder than this value) and theoretical arguments. The
standard value for a single-zone synchrotron-self-Compton (SSC)
spectrum is " = (α + 1)/2; here −α is the spectral index of the
shock-accelerated electrons, which is not harder than 2.0 in most
acceleration models with radiative cooling (Aharonian 2001). This
can be invalidated by assuming a non-standard spectrum for the
electrons; a low energy cut-off in the electron energy will lead to
inverse-Compton accelerated photons with an index as low as " =
2/3 (Katarzyński et al. 2006).

The most recent limits on the EBL come from observations of
blazars at more distant redshifts (z > 0.1) that have been detected
by the current generation of ground-based atmospheric Cherenkov
telescopes (ACTs). Observation by HESS of two blazars at z =
0.165 and 0.186 were used to set limits on the near-IR EBL based
on the " ≥ 1.5 criterion (Aharonian et al. 2006); in this case the
maximal limit was the model of Primack et al. (2001) multiplied by
a factor of 0.45. Another paper by the HESS group set constraints
from blazar 1ES 0229+200 at z = 0.1396 (Aharonian et al. 2007b).

C© 2012 The Authors, MNRAS 422, 3189–3207
Monthly Notices of the Royal Astronomical Society C© 2012 RAS
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Modelling of the EBL and gamma-ray spectra 3195

Figure 4. The predicted z = 0 EBL spectrum from our fiducial WMAP5 model (solid black) and WMAP5+fixed (dash–dotted violet) dust parameters, and
C!CDM (dotted black) models, compared with experimental constraints at a number of wavelengths. D11 is shown for comparison in dashed–dotted red with
the shaded area indicating the uncertainty region. Data: upward pointing arrows indicate lower bounds from number counts; other symbols are results from
direct detection experiments. Note that some points have been shifted slightly in wavelength for clarity. Lower limits: the blue–violet triangles are results from
HST and Space Telescope Imaging Spectrograph (STIS; Gardner et al. 2000), while the purple open triangles are from GALEX (Xu et al. 2005). The solid green
and red triangles are from the Hubble Deep Field (Madau & Pozzetti 2000) and Ultra Deep Field (Dolch & Ferguson, in preparation), respectively, combined
with ground-based data, and the solid purple triangle is from a measurement by the Large Binocular Camera (Grazian et al. 2009). In the near-IR J, H and K
bands, open violet points are the limits from Keenan et al. (2010). Open red triangles are from IRAC on Spitzer (Fazio et al. 2004), and the purple triangle at
15 µm is from ISOCAM (Hopwood et al. 2010) on ISO. The lower limits from MIPS at 24, 70 and 160 µm on Spitzer are provided by Béthermin et al. (2010)
(solid blue) and by Chary et al. (2004), Frayer et al. (2006) and Dole et al. (2006) (solid gold, open gold and open green, respectively). Lower limits from
Herschel number counts (Berta et al. 2010) are shown as solid red triangles. In the submillimetre, limits are presented from the BLAST experiment (green
points; Devlin et al. 2009). Direct detection: in the optical, orange hexagons are based on data from the Pioneer 10/11 Imaging Photopolarimeter (Matsuoka
et al. 2011), which are consistent with the older determination of Toller (1983). The blue star is a determination from Mattila et al. (2011), and the triangle
at 520 nm is an upper limit from the same. The points at 1.25, 2.2 and 3.5 µm are based upon DIRBE data with foreground subtraction: Wright (2001, dark
red squares), Cambrésy et al. (2001, orange crosses), Levenson & Wright (2008, red diamond), Gorjian et al. (2000, purple open hexes), Wright & Reese
(2000, green square) and Levenson et al. (2007, red asterisks). In the far-IR, direct detection measurements are shown from DIRBE (Schlegel, Finkbeiner &
Davis 1998; Wright 2004, solid red circles and blue stars) and FIRAS (Fixsen et al. 1998, purple bars). Blue–violet open squares are from IR background
measurements with the AKARI satellite (Matsuura et al. 2011).

Table 1. The integrated flux of the local EBL in our models (WMAP5 with evolving and fixed
dust parameters, and the C!CDM model) and the model of D11. Units are nW m−2 sr−1.

Wavelength range WMAP5 (fiducial) WMAP5+fixed C!CDM D11

Optical–near-IR peak (0.1–8 µm) 29.01 24.34 26.15 24.47
Mid-IR (8–50 µm) 4.89 5.16 5.86 5.24

Far-IR peak (50–500 µm) 21.01 22.94 24.08 39.48
Total (0.1–500 µm) 54.91 52.44 56.09 69.19
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Predicted Gamma Ray Attenuation
The Cosmic Gamma Ray 
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1/e = 0.368

Gilmore, Somerville, Primack, & Domínguez (2012)

3198 R. C. Gilmore et al.

Figure 7. The attenuation e−τ of gamma-rays versus gamma-ray energy,
for sources at z = 0.03, 0.1, 0.25, 0.5 and 1. Results are compared for our
fiducial WMAP5 (solid) and WMAP5+fixed (dash–dotted violet) models,
as well as the model of D11 (red dash–dotted). Increasing distance causes
absorption features to increase in magnitude and appear at lower energies.
The plateau seen between 1 and 10 TeV at low redshift is a product of the
mid-IR valley in the EBL spectrum.

Figure 8. The gamma-ray attenuation edges for the WMAP5 (solid black)
and WMAP5+fixed (dash–dotted violet) models and model of D11 (red
dash–dotted). The curves show the redshift at which the pair production
optical depth τ reaches the indicated value for a particular observed gamma-
ray energy. The groups of curves from lower left to upper right are the
contours for τ = 1, 3 and 10. We have included thin lines to guide the eye
at 50 and 100 GeV.

3.3 Results for TeV blazars

Today, exploration in the VHE (30 GeV to 30 TeV) regime is
led by >10-m-class imaging atmospheric Cherenkov telescopes
(IACTs) including the Very Energetic Radiation Imaging Tele-
scope Array System (VERITAS; Maier et al. 2008), High Energy
Stereoscopic System (HESS; Hinton 2004) and Major Atmospheric
Gamma-Ray Imaging Cherenkov (MAGIC; Cortina 2005) experi-

ments, and by the Large Area Telescope (LAT) instrument on the
Fermi gamma-ray space telescope (Atwood et al. 2009) and also
AGILE (Tavani et al. 2008).

The Fermi LAT spends most of its time in an-all sky survey mode,
and with its large area of view is therefore an ideal instrument for
finding high-energy sources. The 11-month source catalogue lists
685 high-energy sources associated with blazar candidates (Abdo
et al. 2010a). While the Fermi LAT has an energy range of 20 MeV
to ∼300 GeV, it has a much smaller effective area than the current
generation of ground-based instruments, and data from the instru-
ment is therefore most useful for our purposes at energies below the
threshold of these IACTs, 50–100 GeV. A detailed analysis of the
EBL constraints available from all Fermi observations of blazars
and gamma-ray bursts (GRBs) to date was the subject of a recent
paper by the Fermi collaboration, Abdo et al. (2010b). Current lim-
its on the EBL available from Fermi observations do not constrain
the UV flux predicted in Gilmore et al. (2009) or in the models
presented here.

In this section and the following section, we will focus on the
effect of the optical–IR EBL on AGN-type sources by IACTs at
!100 GeV. Ground-based detectors searching above 100 GeV have
identified 37 extragalactic AGN-like sources at the time of this
writing, including 32 BL Lac objects, radio galaxies M87 and Cen-
taurus A, and the flat-spectrum radio quasars 3C 279, PKS 1510−08
and PKS 1222+21. With the exception of the radio galaxies these
objects are all blazars, accreting AGN which generate tightly
beamed relativistic jets that are oriented at a small angle relative
to our line of sight. While they account for the large majority of de-
tected sources above 100 GeV, BL Lac objects are themselves only
a small subset (∼20 per cent) of all blazar sources, the other 80 per
cent being flat spectrum radio quasars like 3C 279.

3.3.1 Constraints from gamma-ray observations

While uncertainties and likely variation in the intrinsic spectrum of
blazars make it impossible to directly link the observed spectrum
to EBL attenuation, it is possible to translate limits on the spec-
tra to EBL constraints. The standard assumption in placing limits
on the EBL from individual spectra is that the reconstructed in-
trinsic spectrum should not have a spectral index harder than 1.5,
that is, " ≥ 1.5 where dN/dE ∝ E−" for photon count N, or al-
ternatively dF/dE ∝ E−("−1) for flux F. This figure comes about
both on the basis of experimental observations (no observed VHE
spectrum is harder than this value) and theoretical arguments. The
standard value for a single-zone synchrotron-self-Compton (SSC)
spectrum is " = (α + 1)/2; here −α is the spectral index of the
shock-accelerated electrons, which is not harder than 2.0 in most
acceleration models with radiative cooling (Aharonian 2001). This
can be invalidated by assuming a non-standard spectrum for the
electrons; a low energy cut-off in the electron energy will lead to
inverse-Compton accelerated photons with an index as low as " =
2/3 (Katarzyński et al. 2006).

The most recent limits on the EBL come from observations of
blazars at more distant redshifts (z > 0.1) that have been detected
by the current generation of ground-based atmospheric Cherenkov
telescopes (ACTs). Observation by HESS of two blazars at z =
0.165 and 0.186 were used to set limits on the near-IR EBL based
on the " ≥ 1.5 criterion (Aharonian et al. 2006); in this case the
maximal limit was the model of Primack et al. (2001) multiplied by
a factor of 0.45. Another paper by the HESS group set constraints
from blazar 1ES 0229+200 at z = 0.1396 (Aharonian et al. 2007b).
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Modelling of the EBL and gamma-ray spectra 3195

Figure 4. The predicted z = 0 EBL spectrum from our fiducial WMAP5 model (solid black) and WMAP5+fixed (dash–dotted violet) dust parameters, and
C!CDM (dotted black) models, compared with experimental constraints at a number of wavelengths. D11 is shown for comparison in dashed–dotted red with
the shaded area indicating the uncertainty region. Data: upward pointing arrows indicate lower bounds from number counts; other symbols are results from
direct detection experiments. Note that some points have been shifted slightly in wavelength for clarity. Lower limits: the blue–violet triangles are results from
HST and Space Telescope Imaging Spectrograph (STIS; Gardner et al. 2000), while the purple open triangles are from GALEX (Xu et al. 2005). The solid green
and red triangles are from the Hubble Deep Field (Madau & Pozzetti 2000) and Ultra Deep Field (Dolch & Ferguson, in preparation), respectively, combined
with ground-based data, and the solid purple triangle is from a measurement by the Large Binocular Camera (Grazian et al. 2009). In the near-IR J, H and K
bands, open violet points are the limits from Keenan et al. (2010). Open red triangles are from IRAC on Spitzer (Fazio et al. 2004), and the purple triangle at
15 µm is from ISOCAM (Hopwood et al. 2010) on ISO. The lower limits from MIPS at 24, 70 and 160 µm on Spitzer are provided by Béthermin et al. (2010)
(solid blue) and by Chary et al. (2004), Frayer et al. (2006) and Dole et al. (2006) (solid gold, open gold and open green, respectively). Lower limits from
Herschel number counts (Berta et al. 2010) are shown as solid red triangles. In the submillimetre, limits are presented from the BLAST experiment (green
points; Devlin et al. 2009). Direct detection: in the optical, orange hexagons are based on data from the Pioneer 10/11 Imaging Photopolarimeter (Matsuoka
et al. 2011), which are consistent with the older determination of Toller (1983). The blue star is a determination from Mattila et al. (2011), and the triangle
at 520 nm is an upper limit from the same. The points at 1.25, 2.2 and 3.5 µm are based upon DIRBE data with foreground subtraction: Wright (2001, dark
red squares), Cambrésy et al. (2001, orange crosses), Levenson & Wright (2008, red diamond), Gorjian et al. (2000, purple open hexes), Wright & Reese
(2000, green square) and Levenson et al. (2007, red asterisks). In the far-IR, direct detection measurements are shown from DIRBE (Schlegel, Finkbeiner &
Davis 1998; Wright 2004, solid red circles and blue stars) and FIRAS (Fixsen et al. 1998, purple bars). Blue–violet open squares are from IR background
measurements with the AKARI satellite (Matsuura et al. 2011).

Table 1. The integrated flux of the local EBL in our models (WMAP5 with evolving and fixed
dust parameters, and the C!CDM model) and the model of D11. Units are nW m−2 sr−1.

Wavelength range WMAP5 (fiducial) WMAP5+fixed C!CDM D11

Optical–near-IR peak (0.1–8 µm) 29.01 24.34 26.15 24.47
Mid-IR (8–50 µm) 4.89 5.16 5.86 5.24

Far-IR peak (50–500 µm) 21.01 22.94 24.08 39.48
Total (0.1–500 µm) 54.91 52.44 56.09 69.19
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Figure 7. The attenuation e−τ of gamma-rays versus gamma-ray energy,
for sources at z = 0.03, 0.1, 0.25, 0.5 and 1. Results are compared for our
fiducial WMAP5 (solid) and WMAP5+fixed (dash–dotted violet) models,
as well as the model of D11 (red dash–dotted). Increasing distance causes
absorption features to increase in magnitude and appear at lower energies.
The plateau seen between 1 and 10 TeV at low redshift is a product of the
mid-IR valley in the EBL spectrum.

Figure 8. The gamma-ray attenuation edges for the WMAP5 (solid black)
and WMAP5+fixed (dash–dotted violet) models and model of D11 (red
dash–dotted). The curves show the redshift at which the pair production
optical depth τ reaches the indicated value for a particular observed gamma-
ray energy. The groups of curves from lower left to upper right are the
contours for τ = 1, 3 and 10. We have included thin lines to guide the eye
at 50 and 100 GeV.

3.3 Results for TeV blazars

Today, exploration in the VHE (30 GeV to 30 TeV) regime is
led by >10-m-class imaging atmospheric Cherenkov telescopes
(IACTs) including the Very Energetic Radiation Imaging Tele-
scope Array System (VERITAS; Maier et al. 2008), High Energy
Stereoscopic System (HESS; Hinton 2004) and Major Atmospheric
Gamma-Ray Imaging Cherenkov (MAGIC; Cortina 2005) experi-

ments, and by the Large Area Telescope (LAT) instrument on the
Fermi gamma-ray space telescope (Atwood et al. 2009) and also
AGILE (Tavani et al. 2008).

The Fermi LAT spends most of its time in an-all sky survey mode,
and with its large area of view is therefore an ideal instrument for
finding high-energy sources. The 11-month source catalogue lists
685 high-energy sources associated with blazar candidates (Abdo
et al. 2010a). While the Fermi LAT has an energy range of 20 MeV
to ∼300 GeV, it has a much smaller effective area than the current
generation of ground-based instruments, and data from the instru-
ment is therefore most useful for our purposes at energies below the
threshold of these IACTs, 50–100 GeV. A detailed analysis of the
EBL constraints available from all Fermi observations of blazars
and gamma-ray bursts (GRBs) to date was the subject of a recent
paper by the Fermi collaboration, Abdo et al. (2010b). Current lim-
its on the EBL available from Fermi observations do not constrain
the UV flux predicted in Gilmore et al. (2009) or in the models
presented here.

In this section and the following section, we will focus on the
effect of the optical–IR EBL on AGN-type sources by IACTs at
!100 GeV. Ground-based detectors searching above 100 GeV have
identified 37 extragalactic AGN-like sources at the time of this
writing, including 32 BL Lac objects, radio galaxies M87 and Cen-
taurus A, and the flat-spectrum radio quasars 3C 279, PKS 1510−08
and PKS 1222+21. With the exception of the radio galaxies these
objects are all blazars, accreting AGN which generate tightly
beamed relativistic jets that are oriented at a small angle relative
to our line of sight. While they account for the large majority of de-
tected sources above 100 GeV, BL Lac objects are themselves only
a small subset (∼20 per cent) of all blazar sources, the other 80 per
cent being flat spectrum radio quasars like 3C 279.

3.3.1 Constraints from gamma-ray observations

While uncertainties and likely variation in the intrinsic spectrum of
blazars make it impossible to directly link the observed spectrum
to EBL attenuation, it is possible to translate limits on the spec-
tra to EBL constraints. The standard assumption in placing limits
on the EBL from individual spectra is that the reconstructed in-
trinsic spectrum should not have a spectral index harder than 1.5,
that is, " ≥ 1.5 where dN/dE ∝ E−" for photon count N, or al-
ternatively dF/dE ∝ E−("−1) for flux F. This figure comes about
both on the basis of experimental observations (no observed VHE
spectrum is harder than this value) and theoretical arguments. The
standard value for a single-zone synchrotron-self-Compton (SSC)
spectrum is " = (α + 1)/2; here −α is the spectral index of the
shock-accelerated electrons, which is not harder than 2.0 in most
acceleration models with radiative cooling (Aharonian 2001). This
can be invalidated by assuming a non-standard spectrum for the
electrons; a low energy cut-off in the electron energy will lead to
inverse-Compton accelerated photons with an index as low as " =
2/3 (Katarzyński et al. 2006).

The most recent limits on the EBL come from observations of
blazars at more distant redshifts (z > 0.1) that have been detected
by the current generation of ground-based atmospheric Cherenkov
telescopes (ACTs). Observation by HESS of two blazars at z =
0.165 and 0.186 were used to set limits on the near-IR EBL based
on the " ≥ 1.5 criterion (Aharonian et al. 2006); in this case the
maximal limit was the model of Primack et al. (2001) multiplied by
a factor of 0.45. Another paper by the HESS group set constraints
from blazar 1ES 0229+200 at z = 0.1396 (Aharonian et al. 2007b).
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The first statistically significant detection of the cosmic γ-ray horizon (CGRH) 
that is independent of any extragalactic background light (EBL) model is 
presented. The CGRH is a fundamental quantity in cosmology. It gives an 
estimate of the opacity of the Universe to very-high energy (VHE) γ-ray photons 
due to photon-photon pair production with the EBL. The only estimations of the 
CGRH to date are predictions from EBL models and lower limits from γ-ray 
observations of cosmological blazars and γ-ray bursts. Here, we present 
synchrotron self-Compton models (SSC) of the spectral energy distributions of 
15 blazars based on (almost) simultaneous observations from radio up to the 
highest energy γ-rays taken with the Fermi satellite. These SSC models predict 
the unattenuated VHE fluxes, which are compared with the observations by 
imaging atmospheric Cherenkov telescopes. This comparison provides an 
estimate of the optical depth of the EBL, which allows a derivation of the CGRH 
through a maximum likelihood analysis that is EBL-model independent. We find 
that the observed CGRH is compatible with the current knowledge of the EBL.

A. Domínguez, J. D. Finke, F. Prada, J. R. Primack, F. S. Kitaura, B. Siana, D. Paneque

DETECTION OF THE COSMIC γ-RAY HORIZON FROM 
MULTIWAVELENGTH OBSERVATIONS OF BLAZARS
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Figure 1.— continued

mean value for the two variability timescales11 We stress
that the uncertainties in this value includes the uncer-
tainties derived from the two SSC modelings (physically
the uncertainty in the minimum time variability tv,min),
which are bracketed by the two different predictions of
the VHE fluxes. The lower and upper uncertainties of the

11 The geometric mean is chosen over an arithmetic mean since
the two E0 values for a given source may initially be spread over
a wide energy range.

combined E0 are taken from the E0−∆E0 and E0+∆E0
of the state with the lowest and highest E0, respectively.
We stress that these uncertainties are more conservative
than 1σ.

4. ESTIMATION OF THE COSMIC γ-RAY HORIZON

The parameters that describe the synchrotron/SSC
models from the fits to the quasi-simultaneous multi-
wavelength data are listed in Table 1. We provide two
different fits to every blazar bracketing the expected in-
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Figure 1.— continued

trinsic VHE fluxes. (These two fits are named slow
and fast according to their variability timescale.) The
methodology described in the previous section is applied
to every blazar in our catalog. As we mentioned in Sec-
tion 2, PG 1553+113 has an uncertain but well con-
strained redshift (Danforth et al. 2010). Therefore, two
different fits are provided for both redshift limits for this
blazar.
Figure 1 shows all the fits for the 15 blazars used in our

analysis (two fits per blazar for each minimum variability

timescale, except four fits for PG 1553+113 to account
for its redshift uncertainty). The fast minimum time
variability fits (tv,min = 104 s) are shown on the left side
of the figure whereas the slow minimum time variability
fits (tv,min = 105 s) are shown on the right side. Each
panel shows the log10(τ) data derived from equation 1
versus the log10 of the energy in TeV. Figure 1 shows
the upper limits of the optical depth calculated from the
EBL upper limits provided by Mazin & Raue (2007) and
the most likely polynomials. The E0 value is calculated

Best fit polynomial

Domínguez+11 prediction
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Fig. 2.— Estimation of the CGRH from every blazar in our sample plotted with blue circles. The statistical uncertainties are shown with
darker blue lines and the statistical plus 20% of systematic uncertainties are shown with lighter blue lines. The CGRH calculated from
the EBL model described in Domı́nguez et al. (2011a) is plotted with a red-thick line. The shaded regions show the uncertainties from the
EBL modeling, which were derived from observed data.

to use as conservative upper limits the results by Mazin
& Raue (2007) rather than the newer results by Meyer
et al. (2012) that are based in a more constraining spec-
tral condition. The EBL evolution is expected to affect
the optical depth calculated at higher redshifts. To ac-
count for this effect we evolve conservatively the EBL
upper limits at all wavelengths as (1 + z)5 (in the co-
moving frame) when calculating the optical depths from
these EBL limits from Mazin & Raue (2007). We note
that this is a robust limit given the fact that the maxi-
mum evolution (which is dependent on the wavelength) is
(1+z)2.5 in a realistic model such as D11 for 0 ≤ z ≤ 0.6
(the redshift range of our blazar catalog).
The third constraint that we apply for our fits is to re-

quire only monotonically increasing functions for log10(τ)
as a function of log10(E). This condition is also expected
for any realistic EBL spectral intensity, which comes from
galaxy emission, given the increasing behavior of the
pair-production interaction with energy. Interestingly,
we see in Figure 1 that in most cases the IACT obser-
vations are indeed detecting the flux decrement given by
the CGRH feature (i.e., the Cherenkov observations span
from negative to positive values of log10(τ)).
We find that the CGRH derived from 9 out of 11

blazars where our maximum likelihood methodology can
be applied, is compatible with the expected value from
the D11 model. The estimations from other EBL mod-
els such as Franceschini, Rodighiero & Vaccari (2008),
Finke, Razzaque & Dermer (2010) (model C), and
Somerville et al. (2012) are in agreement within uncer-
tainties with the EBL model by D11. We note that
the fit of 1ES 1101−232 has only one degree of free-
dom, see Table 1. The uncertainties of the two lowest
redshift blazars (Mkn 501 and Mkn 421) are systemati-

cally higher because the optical depth for these cases be-
comes unity at energies larger than the energies observed
by the Cherenkov telescopes. Therefore, in these cases
τ = 1 is given by an extrapolation of the polynomials
rather than an interpolation between observed energies
(see Fig. 1) leading to greater uncertainty. For the case of
1ES 2344+514 with fast flux variability timescale, a value
of E0 in agreement with the estimation by the D11 EBL
model is derived. However, for this case the uncertainties
are larger than E0 and therefore no useful constraint can
be derived. For the case of 1ES 2344+514 with slow flux
variability timescale, the SSC predicted flux is lower than
the flux given IACT data. For H 1426+428, both flux
variability timescales give uncertainties in the measure-
ment of E0 larger thanE0 and therefore no constraint can
be derived. In both cases the synchrotron/SSC model
does not seem to correctly fit the multiwavelength data.
Our maximum likelihood procedure cannot be applied to
any flux state on 4 blazars (1ES 1959+650, W Comae,
H 2356−309 and 1ES 1011+496). There are different ex-
planations for this fact. Some blazars have shown flux
variability on the scale of minutes (e.g., Aharonian et
al. 2007; Albert et al. 2008; Aleksić et al. 2011b; Arlen
et al. 2013) and the IACTs tend to detect the sources
in higher-flux states. In most cases, the LAT data are
not simultaneous with the IACT and other multiwave-
length data. We have tried to alleviate this problem
by choosing SEDs that are based on a low, non flar-
ing state, where the variability seems to be small. In
this way the effects of variability from epoch to epoch
have been minimized. We compare the long-term light
curves in X-rays using the quick-look results from the
All Sky Monitor (ASM) aboard the Rossi X-Ray Tim-

Propagating D+11 errors in SED 
fits and redshift extrapolation

Domínguez+ 13
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Cosmic Cosmic γ-ray Horizon: Resultsγ-ray Horizon: Results

There are 4 out of 15 cases where our maximum likelihood methodology could not be applied since the prediction from the There are 4 out of 15 cases where our maximum likelihood methodology could not be applied since the prediction from the 

synchrotron/SSC model was lower than the detected flux by the Cherenkov telescopes.synchrotron/SSC model was lower than the detected flux by the Cherenkov telescopes.

Two other cases where the statistical uncertainties were too large to set any constraint on E0.Two other cases where the statistical uncertainties were too large to set any constraint on E0.

Domínguez+ 13 on behalf 

of the Fermi collaboration
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Cosmic Gamma-Ray Horizon
Compared with EBL Models
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Data from (non-) attenuation of gamma rays 
from blazars and gamma ray bursts (GRBs) 
give upper limits on the EBL from the UV to 
the mid-IR that are only a little above the 
lower limits from observed galaxies. New 
data on attenuation of gamma rays from 
blazers now lead to statistically significant 
measurements of the cosmic gamma ray 
horizon (CGRH) as a function of source 
redshift and gamma ray energy that are 
independent of EBL models.  These new 
measurements are consistent with recent 
EBL calculations based both on 
multiwavelength observations of 
thousands of galaxies and also on semi-
analytic models of the evolving galaxy 
population. Such comparisons account for 
(almost) all the light, including that from 
galaxies too faint to see.  

Extragalactic Background Light (EBL)

blazar

γeV + γTeV 
  = 1 MeV in CM
  = e+ e- pair
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Cosmic Ray Composition

9.2 The composition and spectrum of cosmic rays 231

The chemical composition of the cosmic ray nuclei exhibits remarkable
similarities to the solar system abundances, which are deduced from absorption
lines in the solar photosphere and from meteorites, but it also shows some
significant differences, as seen in Fig. 9.2. The cosmic and solar abundances
both show the odd–even effect, associated with the fact that nuclei with Z and A
even are more strongly bound than those with odd A and/or odd Z , and therefore
are more frequent products in thermonuclear reactions in stars. The peaks in
the normalized abundances for C, N, and O, and for Fe are also closely similar,
suggesting that many of the cosmic ray nuclei must be of stellar origin.

The big differences between the cosmic and solar abundances are in those
of Li, Be, and B. The abundance of such elements in stars is very small, since
they have low Coulomb barriers and are weakly bound and rapidly consumed in
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Fig. 9.2 (a) The chemical composition of primary cosmic ray nuclei, shown full-line, compared with the solar abundances of the elements, shown
as a dashed line (from Simpson (1983) with permission from Annual Reviews of Nuclear and Particle Science Vol. 33). (b) Tracks of various primary
cosmic ray nuclei recorded in nuclear emulsions flown on a high altitude balloon.

Solar Abundances

The chemical composition of the cosmic ray nuclei 
exhibits remarkable similarities to the solar system 
abundances, which are deduced from absorption lines 
in the solar photosphere and from meteorites, but it 
also shows some significant differences, as seen in the 
Figure at left. The cosmic and solar abundances both 
show the odd–even effect, associated with the fact that 
nuclei with Z and A even are more strongly bound than 
those with odd A and/or odd Z , and therefore are more 
frequent products in thermonuclear reactions in stars. 
The peaks in the normalized abundances for C, N, and 
O, and for Fe are also closely similar, suggesting that 
many of the cosmic ray nuclei must be of stellar origin.

The big differences between the cosmic and solar 
abundances are in those of Li, Be, and B. The 
abundance of such elements in stars is very small, 
since hardly any are produced in Big Bang 
nucleosynthesis -- or in stellar nucleosynthesis since 
they have low Coulomb barriers and are weakly bound 
and rapidly consumed in nuclear reactions in stellar 
cores. Their comparative abundance in cosmic rays is 
due to spallation of carbon and oxygen nuclei as they 
traverse the interstellar hydrogen.
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R = E / (e c B),    or

For very energetic particles, with energies E >> mc2, we can write 
the radius of the circle in which they move (the Larmor radius) as 

Let’s see what B field is required to keep the TeV protons at 
Fermilab in their R =1 km paths:

B = E / (e c R)

B = 
(1012 eV)(1.6x10-19 J/eV)

(1.6x10-19 Coul)(3x108 m/s)(103 m)
 = 3.3 T 

Let’s see now what R is for a 10 TeV particle in the Galactic 
magnetic field of ~3 μG = 3x10-10 T:

R = 
(1013 eV)(1.6x10-19 J/eV)

(1.6x10-19 Coul)(3x108 m/s)(3x10-10 T)
 ≈ 1014 m 

1 pc = 3.1x1016 m.  Thus in this case R ≈ 3x10-3 pc, much less than 
the distance to the nearest star (~1.3 pc).  

Cosmic Rays and Magnetic Fields
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Energetic Cosmic Rays The Larmor radius R of an 
energetic cosmic ray with 
E = 6x1019 eV in the inter- 
galactic magnetic field of 
10-9 G = 10-13 T is 

R ≈ 60 Mpc

Thus cosmic rays from the 
Virgo Cluster, 20 Mpc from 
us, will not point back 
toward their source.

highest energy cosmic ray

6x1019 eV
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Cosmic Ray Spectrum
232 Cosmic particles
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Fig. 9.3 (a) The primary cosmic ray spectrum showing the power law E−2.7 dependence at energies below the ‘knee’, steepening to E−3.0 at
energies above it, followed by indication of a flattening above the ‘ankle’ at ∼ 4×1018 eV. Arrows show the integral fluxes of particles above certain
energies (graph by S. Swordy, reproduced courtesy of J.W. Cronin (1999)). (b) The primary spectrum multiplied by E2.7, showing the knee in more
detail (from Review of Particle Properties, by Barnett et al. 1996). (c) The detail of the spectrum at the very highest energies, from the AUGER
and HiRes extensive air shower arrays (see Section 9.12). The vertical scale shows the fractional difference between the observed spectrum and one
with a flux varying as E−2.69. The spectrum hardens beyond the ‘ankle’ at 4 × 1018 eV, followed by the (presumed) GZK cut-off above 4 × 1019 eV.
Error bars indicate statistical errors (reproduced courtesy of AUGER collaboration).

nuclear reactions in stellar cores. Their comparative abundance in cosmic rays
is due to spallation of carbon and oxygen nuclei as they traverse the interstellar
hydrogen (see Fig. 9.1). In fact the amount of these light elements determines
the average thickness of interstellar matter which the radiation traverses and
indicates an average lifetime of the cosmic rays in the galaxy of about 3 million
years. It is found that the energy spectra of Li, Be, and B are somewhat steeper
than those of carbon or oxygen, indicating that at the higher energies nuclei do
not undergo so much fragmentation, presumably because they leak out of the
galaxy sooner than those of lower energy. In a similar way, the abundance of
Sc, Ti, V, and Mn in the cosmic rays is due to spallation of the abundant Fe and
Ni nuclei.

Figure 9.3 shows the energy spectrum of cosmic ray protons. Above a
few GeV energy, the spectrum up to the so-called knee at 1016 eV (104 TeV)
follows a simple power law

N (E) dE = const · E−2.7 dE E < Eknee = 1016 eV (9.1)

Knee

Ankle

E -2.7 GZK cutoff

GZK cutoff

The most energetic cosmic rays have an approximately isotropic distriution.
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GZK Cutoff
Many years ago, Greisen (1966), Zatsepin and Kuzmin (1966) pointed out that the 
universe could become opaque at such energies through photopion production excited 
in collisions of the primary protons with photons of the microwave background radiation, 
known as the GZK effect:

252 Cosmic particles

Fig. 9.16 Map of the AUGER extensive air
shower array. The 1600 water Cerenkov
tanks forming the ground detector array are
shown as dots, at 1.5 km separation. They
are overlooked by four stations housing 240
mirror/photomultiplier arrays, which record
the fluorescence from nitrogen molecules
excited as the air shower traverses the
atmosphere. The ability to combine the data
from the ground array with that from air
fluorescence has proved a powerful constraint
on energy measurements. (courtesy Pierre
Auger collaboration).

4 × 1019 eV. Many years ago, Greisen (1966), Zatsepin and Kuzmin (1966)
pointed out that the universe could become opaque at such energies through
photopion production excited in collisions of the primary protons with photons
of the microwave background radiation, known as the GZK effect:

γ + p → "+ → p + π0

→ n + π+ (9.22)

If the proton has mass M , momentum p, and energy E, and the microwave
photon has momentum q and energy qc, then the square of the total centre-
of-momentum energy in the collision will be (see Chapter 2 on relativistic
kinematics):

s = E2
cms =

(

E + q
)2 −

(

p + q
)2

= M 2 + 2q
(

E − |p| cos θ
)

in units c = 1. Here θ is the angle between the proton and photon directions,
and Ecms must be at least equal to the sum of proton and pion masses. The
threshold proton energy then becomes

Eth = 5.96 × 1020

[y(1 − cos θ)]eV (9.23)

where we take the photon energy as q = y kT and the microwave background
has kT = 2.35 × 10−4 eV. Typically, a proton would lose 15% of its energy in
such a collision.
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If the proton has mass M, momentum p, and energy E, and the microwave photon has 
momentum q and energy qc, then the square of the total centre- of-momentum energy in 
the collision will be 

in units c = 1. Here θ is the angle between the proton and photon directions, and Ecms must 
be at least equal to the sum of proton and pion masses. The threshold proton energy then 
becomes

where we take the photon energy as q = y kT and the microwave background has kT = 2.35 
× 10−4 eV. Typically, a proton would lose 15% of its energy in such a collision.  For head-on 
collisions (cosθ = −1) and y = 5, E  = 6 × 1019 eV. The collision mean free path λ = 1/ρσ = 
4.1 Mpc for all the microwave photons. For the 10% of photons with y > 5 the mean free 
path would be of order 50 Mpc.
.
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Cosmic Ray Acceleration
How do cosmic rays attain their colossal energies, up to at least 1020 eV, and how do we 
account for the form of the energy spectrum? The energy density in cosmic rays, coupled 
with their lifetime in the galaxy, requires a power supply somewhat similar to the rate of 
energy generation in supernova shells. Our own galaxy has a radius R ∼ 15 kpc and disc 
thickness D ∼ 0.3 kpc. The total power requirement to accelerate the cosmic rays in the disc, 
for an average energy density of ρE =1 eV cm−3 is thus

where τ ∼ 3 million years is the average age of a cosmic ray particle in the galaxy, before it 
diffuses out or is depleted and lost in interactions with the interstellar gas. A Type II 
supernova typically ejects a shell of material of about 10 solar masses (2 × 1031 kg), with 
velocity of order 107 m s−1 into the interstellar medium, at a rate based on an average 
over many galaxies of around 2±1 per century. (In our galaxy in fact only eight have been 
reported in the last 2000 years.) This gives an average power output per galaxy of
WSN = 1043 J yr−1, so an efficiency of a few percent to power cosmic rays would suffice.

9.4 Acceleration of cosmic rays 237

of force and producing excitation of the air molecules in the stratosphere, with
the resultant optical display.

9.4 Acceleration of cosmic rays

How do cosmic rays attain their colossal energies, up to at least 1020 eV, and
how do we account for the form of the energy spectrum? Many years ago,
it was remarked that the energy density in cosmic rays, coupled with their
lifetime in the galaxy, required a power supply somewhat similar to the rate of
energy generation in supernova shells. Our own galaxy has a radius R ∼ 15 kpc
and disc thickness D ∼ 0.3 kpc. The total power requirement to accelerate the
cosmic rays in the disc, for an average energy density of ρE = 1 eV cm−3 is thus

WCR = ρEπR2D
τ

= 3 × 1041 Jyr−1 (9.8)

where τ ∼ 3 million years is the average age of a cosmic ray particle in the
galaxy, before it diffuses out or is depleted and lost in interactions with the
interstellar gas. A Type II supernova (see Section 10.8) typically ejects a shell
of material of about 10 solar masses (2 × 1031 kg), with velocity of order 107

m s−1 into the interstellar medium, at a rate based on an average over many
galaxies of around 2±1 per century. (In our galaxy in fact only eight have been
reported in the last 2000 years.) This gives an average power output per galaxy of

WSN = 1043 J yr−1 (9.9)

Although the galactic supernova rate is somewhat uncertain, it appears therefore
that an efficiency for the shock-wave to transmit energy to cosmic rays of a few
percent would be enough to account for the total energy in the cosmic ray beam.

In the 1950s, Fermi had considered the problem of cosmic ray acceleration.
He first envisaged charged cosmic ray particles being reflected from ‘magnetic
mirrors’ provided by the fields associated with massive clouds of ionized
interstellar gas in random motion. It turns out, however, that such a mechanism
is too slow to obtain high particle energies in the known lifetime of cosmic rays
in the galaxy. Fermi also proposed that acceleration could occur due to shock
fronts. Consider, in a simplified one-dimensional picture (Fig. 9.6) a relativistic
particle travelling in the positive x-direction, which traverses a shock front
moving with velocity −u1 in the negative x-direction. Suppose that the particle
is back-scattered by the field in the gas behind the front, which will have a

Magnetic
cloud

Shock front

Upstream Downstream

E2

E1

–u

Gas
–3u/4

Fig. 9.6 Diagram depicting acceleration of a
charged particle on crossing a shock front, and
being scattered back across the front by the
upstream gas.

In the 1950s, Fermi had considered the problem of cosmic ray acceleration. He first 
envisaged charged cosmic ray particles being reflected from ‘magnetic mirrors’ provided by 
the fields associated with massive clouds of ionized interstellar gas in random motion. It 
turns out, however, that such a mechanism is too slow to obtain high particle energies in 
the known lifetime of cosmic rays in the galaxy. 
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Cosmic Ray Acceleration

Fermi also proposed that acceleration could occur due to shock fronts. Consider, in a 
simplified one-dimensional picture a relativistic particle travelling in the positive x-direction, 
which traverses a shock front moving with velocity −u1 in the negative x-direction. Suppose 
that the particle is back-scattered by the field in the gas behind the front, which will have a 
velocity component in the direction of the shock of u2 = 2u1/(CP/CV + 1) = 3u1/4, where the 
ratio of specific heats CP/CV where the ratio of specific heats Cp/Cv = 5/3 for an ionized gas. 
= 5/3 for an ionized gas. Thus the particle travels back with velocity u2 across the shock 
front, to be scattered by magnetized clouds upstream of the front. If these again scatter the 
particle backwards (that is, in the direction of positive x), the particle can re-cross the front 
and repeat the cycle of acceleration once more. Because the front is planar (i.e. uni-
directional) a straightforward application of the Lorentz transformations shows that the 
fractional energy gain is of the order of the shock front velocity ΔE/E ~ u1/c.

9.4 Acceleration of cosmic rays 237

of force and producing excitation of the air molecules in the stratosphere, with
the resultant optical display.

9.4 Acceleration of cosmic rays

How do cosmic rays attain their colossal energies, up to at least 1020 eV, and
how do we account for the form of the energy spectrum? Many years ago,
it was remarked that the energy density in cosmic rays, coupled with their
lifetime in the galaxy, required a power supply somewhat similar to the rate of
energy generation in supernova shells. Our own galaxy has a radius R ∼ 15 kpc
and disc thickness D ∼ 0.3 kpc. The total power requirement to accelerate the
cosmic rays in the disc, for an average energy density of ρE = 1 eV cm−3 is thus

WCR = ρEπR2D
τ

= 3 × 1041 Jyr−1 (9.8)

where τ ∼ 3 million years is the average age of a cosmic ray particle in the
galaxy, before it diffuses out or is depleted and lost in interactions with the
interstellar gas. A Type II supernova (see Section 10.8) typically ejects a shell
of material of about 10 solar masses (2 × 1031 kg), with velocity of order 107

m s−1 into the interstellar medium, at a rate based on an average over many
galaxies of around 2±1 per century. (In our galaxy in fact only eight have been
reported in the last 2000 years.) This gives an average power output per galaxy of

WSN = 1043 J yr−1 (9.9)

Although the galactic supernova rate is somewhat uncertain, it appears therefore
that an efficiency for the shock-wave to transmit energy to cosmic rays of a few
percent would be enough to account for the total energy in the cosmic ray beam.

In the 1950s, Fermi had considered the problem of cosmic ray acceleration.
He first envisaged charged cosmic ray particles being reflected from ‘magnetic
mirrors’ provided by the fields associated with massive clouds of ionized
interstellar gas in random motion. It turns out, however, that such a mechanism
is too slow to obtain high particle energies in the known lifetime of cosmic rays
in the galaxy. Fermi also proposed that acceleration could occur due to shock
fronts. Consider, in a simplified one-dimensional picture (Fig. 9.6) a relativistic
particle travelling in the positive x-direction, which traverses a shock front
moving with velocity −u1 in the negative x-direction. Suppose that the particle
is back-scattered by the field in the gas behind the front, which will have a

Magnetic
cloud

Shock front

Upstream Downstream

E2

E1

–u

Gas
–3u/4

Fig. 9.6 Diagram depicting acceleration of a
charged particle on crossing a shock front, and
being scattered back across the front by the
upstream gas.

Diagram depicting acceleration 
of a charged particle on crossing 
a shock front, and being 
scattered back across the front 
by the upstream gas. (Perkins,
Fig. 9.6.)
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Cosmic Ray Acceleration
If in each cycle the particle gets an energy increment ΔE = αE, after n cycles its energy 
becomes E = E0(1 + α)n.  Let P be the probability that the particle stays for further 
acceleration, so that after n cycles the number of particles remaining for further 
acceleration will be N = N0Pn where N0 is the initial number of particles. Substituting for       
n = ln(E/E0)/ln(1 + α), ln(N/N0) = n ln P = ln(E/E0) (lnP)/ln(1 + α) = ln (E0/E)s, where
s = -(lnP)/ln(1 + α).  The number N is the number of particles with n or more cycles, thus 
with energy ≥ E.  Hence the differential energy specrum will have the power law 
dependence

238 Cosmic particles

velocity component in the direction of the shock of

u2 = 2u1
(

Cp/Cv + 1
) = 3u1

4
(9.10)

where the ratio of specific heats Cp/Cv = 5/3 for an ionized gas. Thus the
particle travels back with velocity u2 across the shock front, to be scattered
by magnetized clouds upstream of the front. If these again scatter the particle
backwards (that is, in the direction of positive x), the particle can re-cross the
front and repeat the cycle of acceleration once more. Because the front is planar
(i.e. unidirectional) a straightforward application of the Lorentz transformations
(see Chapter 2) shows that the fractional energy gain is of the order of the shock
front velocity (see Problem 9.11):

!E
E

∼ u1

c
(9.11)

There are many possible sources of shocks, but as indicated above, Type II
supernovae shells seem to be good candidates, with shock velocities of order
107 m s−1. Suppose now that, in each cycle of acceleration at the shock front,
the particle gets an energy increment !E = αE. After n cycles its energy
becomes

E = E0 (1 + α)n

Thus in terms of the final energy the number of acceleration cycles is

n = ln (E/E0)

ln (1 + α)
(9.12)

At each stage of the acceleration the particle can escape further cycles. Let P
be the probability that the particle stays for further acceleration, so that after n
cycles the number of particles remaining for further acceleration will be

N = N0Pn

where N0 is the initial number of particles. Substituting for n we get

ln
N
N0

= n ln P = ln
(

E
E0

)

ln P
ln (1 + α)

= ln
(

E0

E

)s

where s = −ln P/ln (1 + α). The number N will be the number of particles
with n or more cycles, thus with energy ≥ E. Hence the differential energy
spectrum will follow the power law dependence

dN (E)

dE
= constant ×

(

E0

E

)(1+s)

(9.13)

For shock-wave acceleration, it turns out that s ∼ 1.1 typically, so that the
differential spectrum index is −2.1, compared with the observed value of −2.7.
The steeper observed spectrum could be accounted for if the escape probability
(1−P) was energy dependent. As we have already seen, the spallation spectrum
of Li, Be and B indeed falls off more rapidly with energy than that of the parent

For shock-wave acceleration, it turns out that s ∼ 1.1 typically, so that the differential 
spectrum index is −2.1, compared with the observed value of −2.7. The steeper 
observed spectrum could be accounted for if the escape probability (1−P) was energy 
dependent. 

The shock-wave acceleration from supernovae shells appears capable of accounting 
for the energies of cosmic ray nuclei of charge Z|e| up to about 100z TeV (1014Z eV), 
but hardly beyond this. Other mechanisms must be invoked for the very-highest-
energy cosmic rays, and among the processes likely to play an important part are 
those associated with accretion of matter from nearby stars and gas on to massive 
black holes at the centre of AGNs.
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Secondary Cosmic Rays

9.5 Secondary cosmic radiation: pions and muons 239

C and O nuclei, indicating that the escape probability does indeed increase with
energy.

The shock-wave acceleration from supernovae shells appears capable of
accounting for the energies of cosmic ray nuclei of charge z|e| up to about
100z TeV (1014z eV), but hardly beyond this. Other mechanisms must be
invoked for the very-highest-energy cosmic rays, and among the processes
likely to play an important part are those associated with accretion of matter
from nearby stars and gas on to massive black holes at the centre of AGNs.
This is supported by data on correlations with AGNs for the most energetic
particles, as described in Section 9.13. The enormous tidal forces involved
mean that particles in the rapidly spinning accretion discs can be accelerated
to tangential velocities approaching light velocity. However, the detailed
mechanisms involved are not presently understood.

9.5 Secondary cosmic radiation: pions and
muons—hard and soft components
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Fig. 9.7 Diagram (not to scale) indicating the
production and decay of pions and muons in
the atmosphere.

The term ‘cosmic rays’ properly refers to particles and radiation incident
from outside the Earth’s atmosphere. These primary particles will produce
secondaries (mesons) in traversing the atmosphere, which plays the same role as
a target in an accelerator beam. The situation is shown schematically in Fig. 9.7.
The most commonly produced particles are pions, which occur in three charged
and neutral states π+, π−, and π0. Since the nuclear interaction mean free path
in air is λint ∼ 100 gm cm−2 for a proton (and much less for a heavy nuclear
primary), compared with a total atmospheric depth of X = 1030 gm cm−2, the
pions are created mostly in the stratosphere. The charged pions decay to muons
and neutrinos: π+ → µ+ + νµ and π− → µ− + v̄µ, with a proper lifetime of
τ = 26 ns and a mean free path before decay of λdec = γcτ where γ = Eπ/mπc2

is the time dilation factor. With mπc2 = 0.139 GeV, λdec = 55 m for a 1 GeV
pion. To a rough approximation the upper atmosphere is isothermal, and the
depth x (gm cm−2) then varies exponentially with height h (kms), according to
the formula

x = X exp
(−h

H

)

where H = 6.5 km. (9.14)

Differentiating this expression, one sees that in an interval %h of λ = 55 m
∼ 0.01H , the depth will change by only 1%. Thus nuclear absorption will only
become important for charged pions with λ ∼ H or energies of 100 GeV or
more. At GeV energies practically all charged pions decay in flight (rather than
interact).

The daughter muons are also unstable, undergoing the decay µ+ → e++ve+
v̄µ, with a proper lifetime of τ = 2200 ns. Since the muon mass is 0.105 GeV,
a one GeV muon has a mean decay length of 6.6 km, about equal to the scale
height H of the atmosphere. Muons of energy 1 GeV or less will therefore decay
in flight in the atmosphere (there is no competition with nuclear interaction since
muons do not have strong interactions). However, a 3 GeV muon, for example,
has a mean decay length of 20 km, of the same order as the typical distance
from its point of production to sea-level. Moreover, with an ionization energy
loss rate of 2 MeV gm−1 cm2 of air traversed (see (9.15)), muons with 3 GeV

The term ‘cosmic rays’ properly refers to particles and radiation 
incident from outside the Earth’s atmosphere. These primary 
particles will produce secondaries (mesons) in traversing the 
atmosphere, as shown schematically in the figure at right.

The most commonly produced particles are pions, which occur 
in three charged and neutral states π+, π−, and π0. Since the 
nuclear interaction mean free path in air is λint ∼ 100 gm cm−2 
for a proton (and much less for a heavy nuclear primary), 
compared with a total atmospheric depth of 1030 gm cm−2, 
the pions are created mostly in the stratosphere. The 
charged pions decay to muons and neutrinos: 
π+ → µ+ + νµ and π− → µ− + v ̄µ, with a proper 
lifetime of τ=26 ns and a mean free path before decay 
of λdec = γcτ where γ = Eπ/mπc2 is the time dilation 
factor. With mπc2 = 0.139 GeV, λdec = 55 m for a 
1 GeV pion. At GeV energies practically all charged
 pions decay in flight (rather than interact).

The daughter muons are also unstable, undergoing the decay µ+ → e++ve + vµ with a 
proper lifetime of τ = 2200 ns. Since the muon mass is 0.105 GeV, a 1 GeV muon has a 
mean decay length of 6.6 km, about equal to the scale height H of the atmosphere. Muons 
of energy 1 GeV or less will therefore decay in flight in the atmosphere.
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A 3 GeV muon, for example, has a mean decay length of 20 km, of the same order as the 
typical distance from its point of production to sea-level. Moreover, with an ionization 
energy loss rate of 2 MeV gm−1 cm2 of air traversed , muons with 3 GeV or more energy 
can get through the entire atmosphere without being brought to rest or decaying. Still 
higher-energy muons can reach deep underground, and for this reason they are said to 
constitute the hard component of the cosmic radiation.

Secondary Cosmic Rays

The neutral pions undergo electromagnetic decay, π0 → 2γ, with an extremely short 
lifetime of 8 × 10−17 s. The photons from the decay develop electron–photon cascades 
mostly in the high atmosphere, since the absorption length of these cascades is short 
compared with the total atmospheric depth. The electrons and photons of these cascades 
constitute the easily absorbed soft component of the cosmic radiation.

Among the products of the nuclear interactions of primary cosmic rays in the atmosphere 
are radioactive isotopes, of which an important one is 14C formed,  for example, by 
neutron capture in nitrogen: n+14N→14C+1H.The14C atoms produced in this way combine to 
form CO2 molecules and thus participate, like the more common, stable 12C atoms, in in 
absorption in organic matter. Since carbon-14 has a mean lifetime of 5600 years, its 
abundance relative to carbon-12 in organic matter can be used to date the sample. 
Comparison of the age from the isotope ratio with that from ancient tree ring counts shows 
that the cosmic ray intensity variws in the past and was some 20% larger 5000 years ago. 
This variation was presumably due to long-term fluctuations in the value of the Earth’s 
magnetic field which, associated with continental drift, is known from rock samples to have 
changed its sign and magnitude many times over geological time.
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         A Timeline of High-Energy Cosmic Ray History

1912 — Hess discovered cosmic rays
1927 — Cosmic rays seen in cloud camber
1932 — Anderson discovered antimatter. Debate over cosmic rays
1937 — Discovery of muon
1938 — Pierre Auger discovered extensive air showers
1946 — First air shower experiments
1949 — Fermi's theory of cosmic rays
1962 — First 1020 eV cosmic ray detected
1966 — Proposal of GZK cutoff energy for cosmic rays
1967 — Haverah Park cosmic ray detector begins operations
1991 — Fly's Eye detected highest-energy cosmic ray (Utah)
1994 — AGASA high-energy event (Japan)
1995 — Pierre Auger Project begun (Argentina)
1999 — Groundbreaking for Pierre Auger South
2005 — Celebration and first physics results from Auger Project
2007 — Auger discovers extragalactic origin of highest-energy cosmic rays
2008 — Inauguration of completed Pierre Auger South 

Thursday, March 13, 14



Pierre Auger Observatory

Malargue

Chile

The 1600 water Cerenkov 
tanks forming the ground 
detector array are shown 
as dots, at 1.5 km 
separation. They are 
overlooked by four 
stations housing 240 
mirror/photomultiplier 
arrays, which record the 
fluorescence from 
nitrogen molecules 
excited as the air shower 
traverses the atmosphere. 
The ability to combine the 
data from the ground 
array with that from air 
fluorescence has proved 
a powerful constraint on 
energy measurements. 
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Pierre Auger Observatory
The Pierre Auger Observatory in Malargue, Argentina, is a multinational collaboration of physicists 
trying to detect powerful cosmic rays from outer space. The energy of the particles here is above 
1019 eV, or over a million times more powerful than the most energetic particles in any human-made 
accelerator. No-one knows where these rays come from.  Such cosmic rays are very rare, hitting an 
area the size of a football field once every 10 000 years. This means you need an enormous 'net' to 
catch these mysterious ultra-high-energy particles. 

The Auger project has about 1600 detectors. Each detector is a tank, like the one pictured below, and 
is filled with 11 000 liters / 3000 gallons of pure water and sits about 1.5 km away from the next 
tank. This array on the Argentinian Pampas will cover an area of about 3000 km2, which is about the 
size of the state of Rhode Island.  A second detection system sits on hills overlooking the Pampas and 
on dark nights captures a faint light or fluorescence caused by the shower particles colliding with the 
atmosphere.

Shown above is the shower created when a proton with energy 1019eV hits the atmosphere. 
(Color codes: muons, photons, electrons/positrons) and over the same size area (100km x 
100km) around Chicago, IL & southern Lake Michigan. Also shown is the array of 1600 tanks 
(size greatly exaggerated) superimposed over their actual location in Malargue (left) 
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Pierre Auger Observatory
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Pierre Auger Observatory
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Pierre Auger Observatory
1019 ev cosmic ray - muons, photons, electrons/positrons
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The earth’s magnetic field traps energetic electrons and 
protons from the sun in radiation belts around the earth.  

The Van Allen Radiation Belts

These charged particles 
spiral around the earth’s 
magnetic field lines.
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When a particle spirals around 
magnetic field lines in an 
increasing B field, the particle can 
be reflected - a “magnetic mirror.” 
Particles that aren’t reflected 
excite atoms in the upper 
atmosphere, producing auroras.
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Aurora Australis: This view of the Aurora 
Australis, or Southern Lights, which was 
photographed by an astronaut aboard Space 
Shuttle Discovery (STS-39) in 1991, shows 
a spiked band of red and green aurora above 
the Earth's Limb. Calculated to be at 
altitudes ranging from 80 - 120 km (approx. 
50-80 miles), the auroral light shown is due 
to the "excitation" of atomic oxygen in the 
upper atmosphere by charged particles 
(electrons) streaming down from the 
magnetosphere above.
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From space, the aurora is a 
crown of light that circles 
each of Earth’s poles. The 
IMAGE satellite captured 
this view of the aurora 
australis (southern lights) 
on September 11, 2005, 
four days after a record-
setting solar flare sent 
plasma—an ionized gas of 
protons and electrons—
flying towards the Earth. 
The ring of light that the 
solar storm generated over 
Antarctica glows green in 
the ultraviolet part of the 
spectrum, shown in this 
image. The IMAGE 
observations of the aurora 
are overlaid onto NASA’s 
satellite-based Blue Marble 
image. From the Earth’s 
surface, the ring would 
appear as a curtain of light 
shimmering across the 
night sky.
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NASA's Polar spacecraft took 
this series of images of the 
aurora over Earth's northern 
hemisphere. The images were 
collected by Polar's Visible 
Imaging System in February 
2000, and they reveal the auroral 
oval around the polar regions in 
visible and ultraviolet light. The 
most intense auroral activity 
appears in bright red or white.
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This image is a composite made 
from ultraviolet- and visible-light 
images of Jupiter taken with 
Hubble from February 17-21, 2007. 
The glowing aurorae near Jupiter’s 
North and South Poles were 
imaged using Hubble's Advanced 
Camera for Surveys' surviving 
ultraviolet camera. Jupiter’s ever-
changing cloudtops are seen 
through blue and red filters with 
Hubble's Wide Field Planetary 
Camera. In this dramatic image, 
Jupiter shows a novel array of 
cloud features including the 
recently formed Little Red Spot, a 
smaller version of Jupiter’s well-
known and long-lived Great Red 
Spot. Atmospheric features as 
small as 100 miles (160 km) across 
can be discerned.
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