Cosmogenic photons as a test of ultra-high energy cosmic ray composition
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Although recent measurements of the shower profiles of ultra-high energy cosmic rays suggest
that they are largely initiated by heavy nuclei, such conclusions rely on hadronic interaction models
which have large uncertainties. We investigate an alternative test of cosmic ray composition which
is based on the observation of ultra-high energy photons produced through cosmic ray interactions
with diffuse low energy photon backgrounds during intergalactic propagation. We show that if the
ultra-high energy cosmic rays are dominated by heavy nuclei, the flux of these photons is suppressed
by approximately an order of magnitude relative to the proton-dominated case. Future observations
by the Pierre Auger Observatory may be able to use this observable to constrain the composition
of the primaries, thus providing an important cross-check of hadronic interaction models.
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Despite considerable experimental and theoretical ef-
fort, the chemical composition of the ultra-high energy
cosmic rays (UHECRs) remains ambiguous. Recent mea-
surements of air shower profiles by the Pierre Auger Ob-
servatory (PAO) suggest that UHECRs are increasingly
dominated by heavy nuclei at energies above 10'85 eV
[1,[2]. Uncertainties at such high energies in the hadronic
interaction models used to interpret the data [3], how-
ever, can undermine this conclusion [4]. In this paper,
we discuss a complementary observation that, without
relying on hadronic interaction models, can be used to
constrain the chemical composition of the UHECRs.

Protons with energy above ~10'%-6 eV (the “GZK
cutoff” energy) interact efficiently with the cosmic mi-
crowave (and infrared) background, producing charged
and neutral pions [5] whose decays yield potentially ob-
servable fluxes of UHE neutrinos and photons. The de-
tection of these “cosmogenic neutrinos” [0] is a key target
for present [7] and planned high energy neutrino tele-
scopes [§]. The PAO has placed stringent limits on the
fraction of UHECRs that are photons [9] and is expected
to ultimately reach the level of sensitivity required to
detect the cosmogenic photon flux [I0].

If UHECRs are largely heavy or intermediate mass
nuclei, however, they will interact with radiation back-
grounds primarily through photo-disintegration, break-
ing up into lighter nuclei and nucleons. As these nucleons
are often below the energy threshold for pion-production,
fewer UHE neutrinos and photons are produced. This
leads to significant suppression of the cosmogenic neu-
trino flux [II]. We describe here how a heavy chemi-
cal composition of the UHECR spectrum also leads to
suppression of the cosmogenic photon flux. Thus as the
PAQ’s sensitivity to UHE photons increases, this will pro-
vide a new probe of the composition of UHECRs.

Following our previous work [12], we simulate the in-
tergalactic propagation of UHECRs by an analytically
validated Monte Carlo method, including the effects
of photo-pion and pair production as well as photo-

disintegration (for related work see Ref. [13]). We as-
sume that the UHECR sources are homogeneously dis-
tributed and that they produce protons or nuclei with
a power-law spectrum up to a maximum energy, above
which the flux is exponentially suppressed: dN/dE
E~%exp(—E/Emax,z). To maintain consistency with our
previous work, we express the maximum energy in terms
of the quantity Emnax.z = Emax X (26/7), where Z is the
electric charge of the cosmic ray nucleus.

If the UHECRs are all protons, a good fit to the ob-
served cosmic ray spectrum above 10'° eV can be found
for an injected spectrum with a spectral index in the
range o =~ 1.6 — 2.4, and Epa ~ (1 —5) x 102! eV; a
similar range of spectral indices can also provide reason-
able fits for heavy or intermediate mass UHECRs [14].
Henceforth we set a = 2.0, although our results depend
only weakly on the precise value [I5]. For iron, silicon,
or nitrogen nuclei, we find that the observed spectrum
requires Enae = 1029, 1029%, or 102! eV, respectively.
We do not consider values of E,, .« greater than 10%? eV
since there is no plausible astrophysical source which can
even contain such high energy particles [16].

Our Monte Carlo code tracks the propagation of each
individual UHE nucleus, nucleon, photon, and electron
down to an energy of 10'® eV. As they propagate, UHE
photons produce e~e™ pairs through interactions with
the cosmic radio (and microwave) background at a rate
given by
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where E, is the energy of the propagating photon, e is
the energy of the background photon, dn/de describes
the background photon distribution, and o, (E,,€) is
the cross-section for pair production. At energies above
10'® eV, the interaction length of a photon is comparable
to or shorter than that of UHE protons and nuclei, viz.
~ 1 —10 Mpec.



In each collision, the incoming photon transfers a sig-
nificant fraction of its energy to an outgoing electron or
positron (a plot showing this quantity for different center-
of-mass energies is shown in, e.g., Ref. [I7]). For a 10°
eV (10%° eV) photon scattering off of a 1076 eV radio
photon, for example, more than 90% (97%) of the energy
is transferred to the highly boosted outgoing e~ /et.

UHE electrons and positrons produced in this manner
can subsequently regenerate an UHE photon through in-
verse Compton scattering with CMB photons at a rate
given by

Tan
E?2 | € de

2
_ 2mz

R(E.) =

4Ec.€/me
de / € 0ey(Ee,€)de’. (2)
0

Each collision transfers the bulk of the initial particle
energy into the photon. We follow the development of the
resulting electromagnetic cascade following the technique
described in Ref. [I§] (see also Ref. [19]).

Electrons and positrons can also lose energy through
synchrotron radiation in magnetic fields. Whether typ-
ical UHE electrons lose a substantial fraction of their
energy before inverse Compton scattering depends on
the relative energy densities of the extragalactic mag-
netic field and the cosmic radio background. Competing
with this effect is the fact that UHE nuclei and protons
will also be deflected by magnetic fields, increasing their
energy losses during propagation. Taken together, we
find that the presence of nano-Gauss scale extragalactic
magnetic fields increases slightly the resulting fraction of
UHECRs that are photons at energies ~ 108 eV, and
decreases the photon fraction at energies > 10'° eV.

For the cosmic radio background we adopt the two ex-
treme possibilities. The first is the estimate from obser-
vations given in Ref. [20] which may well be contaminated
by foreground synchrotron emission from cosmic ray elec-
trons in the galactic halo; hence, following Ref. [21], we
consider this to represent an upper limit. We also present
results for the case in which only the radio component of
the cosmic microwave background contributes, represent-
ing a lower limit. We consider two specific extragalactic
magnetic field strengths, ranging from the observational
upper limit of ~107° G to (negligibly) weak values of
3 x 10712 G [18]. These field strengths bound the range
of possible effects that extragalactic magnetic fields may
have on the results.

We show in Fig. [1] the photon fraction of UHECRs at
Earth in different models of the primary composition for
the case of weak extragalactic magnetic fields (< 3 pG). If
the primaries are largely protons, then the UHE photon
fraction at 10'” eV ranges from ~ 107% for Epax = 102
eV to ~ 1072 for Epax = 1022 V. The bands shown in
the figure represent the variation resulting from the range
of radio backgrounds considered. For comparison, we
show the upper limits on the photon fraction set by the
PAO [9] as well as its projected reach (after 20 years of
observation) [I0]. We see that proton dominated UHECR,
will likely provide a detectable photon fraction so long as
Fax 18 not too close to the GZK cutoff.

The situation is very different if the UHECRs are
mostly heavy or intermediate mass nuclei. Generally
speaking, this leads to approximately an order of magni-
tude suppression of the photon fraction. If, for example,
the UHECR sources inject only iron nuclei (as shown in
the lower frames of Fig. , the photon fraction never ex-
ceeds ~ 3 x 1074, and is thus beyond the reach of the
PAO. For intermediate mass nuclei at source, the pho-
ton fraction is less suppressed, but is still considerably
lower than for the all-proton case. Note that all of the
models considered here are consistent with the cascade
limit on the GeV-TeV photon flux and with bounds on
the cosmogenic neutrino flux [22].

In Fig. 2] we show the photon fraction of UHECRs
at Earth in different models of the primary composition
for the case of 0.3 nG extragalactic magnetic fields. The
effect of the presence of such a strong extragalactic mag-
netic field is to increase the photon fraction at energies
near ~ 10'® eV, and decrease it above 10'% eV, as was
previously suggested in Ref. [18].

We note that our results differ somewhat from those
previously presented in Ref. [23]. Whereas we find ap-
proximate agreement with Ref. [23] for the cases of pro-
tons or iron nuclei, we disagree in the case of helium.
In particular, we obtain a photon fraction in the case
of helium nuclei that is between the values found in the
proton and iron cases, whereas Ref. [23] quotes values
below those found for iron nuclei. This is puzzling as
the photon fraction should predominantly depend upon
the fraction of fragmented protons produced locally (i.e.
within ~ 100 Mpc) with energies above the threshold for
pion production. Since a rigidity-dependent cutoff leads
to a maximum fragmented proton energy proportional
to Z/A, the photon fraction for heavier nuclei should de-
crease monotonically with increasing A. Furthermore,
pair production losses further reduce the contribution
from heavy nuclei relative to lighter nuclei, and should
thus decrease the photon fraction below that for lighter
nuclei. It appears that although the authors of Ref. [23]
did consider photopion production by secondary nucle-
ons, they neglected pair production by protons and nuclei
and photopion production by secondary nuclei [24].

Summary: We find that if ultra-high cosmic rays con-
sist largely of heavy or intermediate mass nuclei, then the
cosmogenic photon flux will be suppressed by about a fac-
tor of 10 relative to that expected for proton primaries.
This provides a means of potentially discriminating be-
tween composition scenarios that is not subject to the
uncertainties associated with hadronic interaction mod-
els. As the Pierre Auger Observatory continues to collect
data, it is projected to reach the sensitivity required to
use this distinction to constrain the chemical composition
of the UHECRs. This would be complementary to the in-
formation potentially provided by future measurements
of the cosmogenic neutrino flux which depends signifi-
cantly on the cosmological evolution of UHECR sources
— greater or fewer sources at high redshifts would lead to
a higher or lower neutrino flux, respectively [22]. In con-
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FIG. 1: The fraction of ultra-high energy cosmic rays that are photons as a function of energy for the case of weak extragalactic
magnetic fields (< 3 x 107'2 G). Results are shown for two choices of the maximum injected energy and for models in which
the cosmic ray sources inject uniquely protons, nitrogen, silicon, or iron nuclei. The bands reflect the range of the extragalactic
radio backgrounds considered. Also shown are the upper limits on the photon fraction from the Pierre Auger Observatory [9]
and its ultimate projected reach (blue line) [10].
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FIG. 2: The same as in Fig. [T} but for the case of 0.3 nG extragalactic magnetic fields.

evolution cannot affect their flux.

Acknowledgements:

We are grateful to Graciela
Gelmini for clarifications of earlier work and to Markus

Risse for helpful correspondence.
the US Department of Energy, including grant DE-FG02-

DH is supported by

95ER40896, and by NASA grant NAG5-10842. SS ac-

knowledges support by the EU Marie Curie Network
“UniverseNet” (HPRN-CT-2006-035863).



[1] J. Abraham et al. [Pierre Auger Collaboration], Phys.
Rev. Lett. 104, 091101 (2010); jarXiv:0906.2319;

[2] D. Hooper and A. M. Taylor, Astropart. Phys. 33, 151
(2010).

[3] J. Engel, T. K. Gaisser, T. Stanev and P. Lipari, Phys.
Rev. D 46, 5013 (1992); R. S. Fletcher, T. K. Gaisser,
P. Lipari and T. Stanev, Phys. Rev. D 50, 5710 (1994);
N. N. Kalmykov, S. S. Ostapchenko and A. I. Pavlov,
Nucl. Phys. Proc. Suppl. 52B, 17 (1997); K. Werner and
T. Pierog, |arXiv:0707.3330 [astro-ph)].

[4] T. Wibig, |arXiv:0810.5281 [hep-ph]. R. Ulrich, R. Engel,
S. Muller, F. Schussler and M. Unger, Nucl. Phys. Proc.
Suppl. 196, 335 (2009);

[5] K. Greisen, Phys. Rev. Lett. 16, 748 (1966); G. T. Zat-
sepin and V. A. Kuzmin, JETP Lett. 4, 78 (1966).

[6] V. S. Beresinsky and G. T. Zatsepin, Phys. Lett. B 28
423 (1969); F. W. Stecker, Astrophys. J. 228, 919 (1979);
C. T. Hill and D. N. Schramm, Phys. Lett. B 131, 247
(1983); R. Engel, D. Seckel and T. Stanev, Phys. Rev.
D 64, 093010 (2001); Z. Fodor, S. D. Katz, A. Ringwald
and H. Tu, JCAP 0311, 015 (2003).

[71 P. W. Gorham et al. [ANITA collaboration],
arXiv:1003.2961 [astro-ph.HE]; Phys. Rev. Lett.
103, 051103 (2009); J. Abraham et al. [Pierre Auger
Collaboration], Phys. Rev. D 79, 102001 (2009); Phys.
Rev. Lett. 100, 211101 (2008); K. Martens [HiRes
Collaboration], |arXiv:0707.4417| [astro-ph]; F. Halzen
and D. Hooper, Phys. Rev. Lett. 97, 099901 (2006);
I. Kravchenko et al., Phys. Rev. D 73, 082002 (2006).

[8] P. Allison et al., Nucl. Instrum. Meth. A 604, S64 (2009);
H. Landsman, L. Ruckman and G. S. Varner [for the
IceCube Collaboration], Nucl. Instrum. Meth. A 604,
S70 (2009); F. Halzen and D. Hooper, JCAP 0401, 002
(2004).

[9] J. Abraham et al. [The Pierre Auger Collaboration], As-
tropart. Phys. 31, 399 (2009); Astropart. Phys. 29, 243
(2008).

[10] M. Risse and P. Homola, Mod. Phys. Lett. A 22, 749
(2007).

[11] D. Hooper, A. Taylor and S. Sarkar, Astropart. Phys. 23,
11 (2005); M. Ave, N. Busca, A. V. Olinto, A. A. Watson
and T. Yamamoto, Astropart. Phys. 23, 19 (2005); D. Al-
lard et al., JCAP 0609, 005 (2006); L. A. Anchordoqui,
H. Goldberg, D. Hooper, S. Sarkar and A. M. Taylor,

Phys. Rev. D 76, 123008 (2007).

[12] D. Hooper, S. Sarkar and A. M. Taylor, Astropart. Phys.
27, 199 (2007); Phys. Rev. D 77, 103007 (2008).

[13] L. N. Epele and E. Roulet, JHEP 9810, 009 (1998);
F. W. Stecker and M. H. Salamon, Astrophys. J. 512,
521 (1999); G. Bertone, C. Isola, M. Lemoine and G. Sigl,
Phys. Rev. D 66, 103003 (2002); T. Yamamoto, K. Mase,
M. Takeda, N. Sakaki and M. Teshima, Astropart. Phys.
20, 405 (2004); E. Khan et al., Astropart. Phys. 23, 191
(2005); E. Armengaud, G. Sigl and F. Miniati, Phys. Rev.
D 72, 043009 (2005); D. Allard, E. Parizot, E. Khan,
S. Goriely and A. V. Olinto, Astron. Astrophys. 443,
L29 (2005); G. Sigl and E. Armengaud, JCAP 0510, 016
(2005);

[14] J. Abraham et al. [The Pierre Auger Collaboration],
Phys. Lett. B 685, 239 (2010); Phys. Rev. Lett. 101,
061101 (2008).

[15] A. M. Taylor, J. A. Hinton, P. Blasi and M. Ave, Phys.
Rev. Lett. 103, 051102 (2009).

[16] A. M. Hillas, Ann. Rev. Astron. Astrophys. 22, 425
(1984).

[17] A. M. Taylor, A. De Castro and E. Castillo-Ruiz, AIP
Conf. Proc. 1123, 94 (2009).

[18] A. M. Taylor and F. A. Aharonian, Phys. Rev. D 79,
083010 (2009).

[19] A. Eungwanichayapant and F. A. Aharonian, Int. J.
Mod. Phys. D 18, 911(2009).

[20] T. A. Clark, L. W. Brown and J. K. Alexander, Nature
228, 847 (1970),

[21] U. Keshet, E. Waxman and A. Loeb, Astrophys. J. 617,
281 (2004).

[22] D. Seckel and T. Stanev, Phys. Rev. Lett. 95, 141101
(2005); H. Takami, K. Murase, S. Nagataki and K. Sato,
Astropart. Phys. 31, 201 (2009); M. Ahlers, L. A. An-
chordoqui and S. Sarkar, Phys. Rev. D 79, 083009
(2009); V. Berezinsky, A. Gazizov, M. Kachelriess and
S. Ostapchenko, |arXiv:1003.1496; M. Ahlers, L. A. An-
chordoqui, M. C. Gonzalez-Garcia, F. Halzen and
S. Sarkar, arXiv:1005.2620 [astro-ph.HE].

[23] G. Gelmini, O. Kalashev and D. V. Semikoz, J. Exp.
Theor. Phys. 106, 1061 (2008); Astropart. Phys. 28, 390
(2007); JCAP 0711, 002 (2007).

[24] G. Gelmini, private communication.


http://arxiv.org/abs/0906.2319
http://arxiv.org/abs/0707.3330
http://arxiv.org/abs/0810.5281
http://arxiv.org/abs/1003.2961
http://arxiv.org/abs/0707.4417
http://arxiv.org/abs/1003.1496
http://arxiv.org/abs/1005.2620

	 References

