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A Gap in the Highest Energy Cosmic Ray Spectrum
as a Signature of Unification Scale Physics

Gunter Sigl,* Sangjin Lee, David N. Schramm,
Pijushpani Bhattacharjee

Recent experimental data seem to indicate that there is significant structure in the cosmic
ray spectrum above 108 electron volts (V). Besides a dip at ~5 X 10'8 eV, two events
above 2 X 1020 eV have been observed. The implications for the existence of the
Greisen-Zatsepin-Kuzmin cutoff, a long-lasting and still open question in cosmic ray
physics, are discussed. This cutoff at a few times 10'° eV, caused by energy losses in
the cosmic-microwave background, has been predicted to occur in most acceleration
models involving extragalactic sources. An acceleration origin of particles above 102° eV
within a few megaparsecs cannot be ruled out yet. However, persistence of the apparent
gap in the existing data at a quadrupled total exposure would rule out many acceleration
models at the 99 percent confidence level for any source distance. Particles above 102°
eV might then be directly produced by decay from some higher energy scale in contrast

to acceleration of charged particles.

The cosmic microwave background has
profound implications for the astrophysics
of ultrahigh-energy cosmic rays (UHE
CRs). Most notably, nucleons are subject to
photopion losses on the cosmic microwave
background, which leads to a steep drop in
the interaction length at the threshold for
this process at =6 X 10'? eV [the Greisen-
Zatsepin-Kuzmin (GZK) effect] (1). For
heavy nuclei, the giant dipole resonance
that leads to photodisintegration produces a
similar effect at =10 eV (2). One of the
major unresolved questions in cosmic ray
physics (3, 4) is whether a cutoff exists in
the UHE CR spectrum below 10%° eV that
could be attributed to these effects if the
sources are farther away than a few
megaparsecs. .

Recently, events with energies above the
GZK cutoff have been detected (5-10).
Most notably, the Fly’s Eye experiment (7,
8) and the Akeno array (9, 10) each de-
tected a superhigh-energy event significant-
ly above 10%° eV with an apparent gap of
about half a decade in energy between the
highest and the second highest energy
events. These findings led to a vigorous
discussion on the nature and origin of these
particles (11-13). In this report we show
that the structure of the high-energy end of
the UHE CR spectrum may provide power-
ful constraints on models for these extraor-
dinary particles.

In “bottom-up” scenarios, charged bary-
onic particles are accelerated to the rele-
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vant UHEs, for example, by ordinary first-
order Fermi acceleration at astrophysical
shocks (14) or by linear acceleration in
electric fields as they could arise in magnet-
ic reconnection events (15). The resulting
injection spectrum of the charged primaries
at the source is typically a power law in
energy E, j(E) o« E79. In the case of recon-
nection acceleration there is no clear-cut
prediction for the power law index g, but in
the case of shock acceleration it satisfies g
= 2. We refer to this latter case as conven-
tional bottom-up acceleration - scenarios.
Secondary neutral particles like gamma rays
and neutrinos are only produced by primary
interactions in these scenarios (16).

In “top-down” scenarios, the primary
particles, which can be charged or neutral,
are produced at UHEs in the first place,
typically by quantum mechanical decay of
supermassive elementary X particles related
to grand unified theories (GUTs). Sources
of such particles at present could be topo-
logical defects left over from early universe
phase transitions caused by the spontaneous
breaking of symmetries underlying these
GUTs (17). Generic features of top-down
scenarios are injection spectra considerably
harder (flatter) than in the case of bottom-
up acceleration and a dominance of gamma
rays in the X particle decay products (18).
Even monoenergetic particle injection
above the GZK cutoff can lead to rather
hard spectra above the GZK cutoff (19).

The distinction between these scenarios
is closely related to whether a GZK cutoff
occurs in the form of a break in the spec-
trum. In contrast to the bottom-up scenario
alone, the hard top-down spectrum can pro-
duce a pronounced recovery in the form of
a flattening beyond the cutoff that could
explain the highest energy events and pos-
sibly even a gap.
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For the statistical analysis, we assumed
that the data are represented as the number
of observed events, n,, within a given energy
bin i, where i = 1, ..., N. A given model
predicts a certain observed differential flux
j(E) (in units of particles per unit area, unit
time, unit solid angle, and unit energy). For
any such model, the number of expected
events, |, in energy bin i is then given by

e
Wi = f dEJ(E)A(E) (1)

min
Ei

where A(E) is the total experimental expo-
sure at energy E (in units of area X solid
angle X time), and bin i spans the energy
interval (E™®, E™ax), The Fly’s Eye (7, 8),
Akeno (9, 10), and Haverah Park (5) data
are given in equidistant logarithmic energy
bins of size log(E™®/Emn) = 0.1 for the
Fly’s Eye and the Akeno data and 0.15 for
the Haverah Park data. We combined these
three data sets by adding the exposures,
normalizing to the Fly’s Eye bins, and using
the suggested (9) systematic relative adjust-
ment factors of 0.8 and 0.9 for the Akeno
and Haverah Park energies, respectively.
Because the bin sizes are smaller than the
energy resolution, we interpolated linearly
between the logarithmic Fly’s Eye and Hav-
erah Park bins.

The likelihood function L, adequate for
the low statistics problem at hand, is then
given by Poisson statistics as

N ni

L=T " exp(~ ) )
i=1

Any free parameters of the theory are de-
termined by maximizing the likelihood L in
Eq. 2. In analogy to (9), we then determine
the L significance for the given theory rep-
resented by the set of (optimal) p’s. The L
significance is defined as the probability
that this set of expectation values would by
chance produce data with an L smaller than
the L for the real data. This probability is
calculated by drawing random data many
times from Poisson distributions, whose ex-
pectation values are given by the set of w’s,
and comparing the L of the random and the
real data.

We performed the fits in the energy
range between 10'° eV and the highest
energy observed. For comparison, we com-
puted separately the L significance of these
fits in the range below the gap and in the
range including the gap and the highest
energy events. This demonstrates the influ-
ence of this structure on the fit quality.

In determining L, we also took the finite
experimental energy resolution into ac-
count by folding the theoretical fluxes with
a Gaussian window function in logarithmic
energy space. The width of the Gaussian
window function is determined by the en-
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ergy resolution 0@ for the present data,
which is typically 30%. Future instruments
such as the high-resolution Fly’s Eye (20)
that is under construction or the giant air
shower detector proposed by the Pierre Au-
ger project (21) will have an energy resolu-
tion of =10%.

Finally, for each model considered, we
simulated data for an exposure increased by
a factor f over the present exposure A,
assuming the persistence of the apparent
gap and the flux associated with the highest
energy events in the existing data. For a
given model this was done by determining
the maximum L fit to the real data account-
ing for the energy resolution o5 = 30%.
This fixes the theoretical cosmic ray (CR)
flux from which one can compute the cor-
responding set of expectation values p (o,
A) (i=1,...,N) for any energy resolution
o and exposure A. For all bins up to and
including 10%° eV we then. drew random
event numbers n’; from Poisson distribu-
tions with mean values given by p (o, A).
For an unchanged energy resolution, oz =
059, weused A = (f — 1)A, and added the
resulting random numbers n'; to the num-
bers n; of events already observed, whereas
for simulating an enhanced energy resolu-
tion oz = 10% we used a fully random data
set with A = f A,. This procedure assumes
that the underlying model represents the
data well below the gap and continues to do
so for increased exposure and a possible
improved energy resolution. All other bins
are assumed to contain the number of
events 1, already observed, except for the
two highest energy bins in which we place
at least three more events in total. For the
resulting data set, we computed the L sig-
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(7) attributed this dip to the superposition
of a steeper galactic component, dominated
by heavy nuclei, and a flatter extragalactic
component of light particles such as nucle-
ons or possibly also gamma rays. Above
=10' eV, the extragalactic component
would thus dominate, and a description by a
power law is consistent with the existing
data at least up to the GZK cutoff. There-
fore, for model 1 we chose a power law with
normalization and power law index q as free
parameters. A power law continuing be-
yond the GZK cutoff could be produced in
the following situations: First, there could
be a nearby source (nearer than a few
megaparsecs) of baryonic charged particles
for which the (power law) injection spec-
trum is not noticeably modified and the
GZK cutoff is irrelevant. Second, the ob-
served flux could be dominated by neutral
particles like gamma rays or even neutrinos
(13) from a distant source (22). In contrast
to nucleons, there are no resonance effects
in the interactions of these particles around
10%° eV, so their processed spectrum would
have a smooth shape that could be approx-
imated by a power law. The fits typically
result in g = 2.7, and thus model 1 would
belong to the bottom-up scenarios.

Table 1. Summary of models used for the fits to
the data. The models consist of uniformly distrib-
uted sources (diffuse component), a single source
(discrete component), or a combination of these.
The source distance or range of source distances
d and the power law injection index q are given.
For a discrete source at d = 0, the power law
injection spectrum is unmodified. The normaliza-
tions of the components are fitted to the data.
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We also numerically calculated (23) the
shape of the UHE CR spectrum from single
sources at various distances and from uni-
formly distributed sources as it would be
observed after propagation through the in-
tergalactic medium. For 2all of these cases,
we used power law injection of primary
protons with cutoff energies E_ >> 10%! eV
and normalizations determined by maximiz-
ing L. Our code accounts for the propaga-
tion of the nucleon component and second-
ary gamma-ray production as well as for
gamma-ray propagation. Current experi-
ments cannot distinguish between nucleons
and a possible gamma-ray component, so we
used the sum of their fluxes for j(E). The
secondary gamma-ray flux depends some-
what on the radio background and the ex-
tragalactic magnetic field B (23). To maxi-
mize the possible amount of recovery, we
assumed a comparatively weak radio back-
ground with a lower cutoff at 2 MHz (24)
and B << 107'°G. For injection indices g =
2, the resulting fluxes are representative of
acceleration models of UHE CR origin. For
the diffuse spectrum from a uniform source
distribution, we assumed an absence of
source evolution and chose ¢ = 2.3 which
fits the data quite well below the gap (see
Table 2). The maximal source distance d
= 10° Mpc was chosen in a range where d_
has no significant influence on the shape of

max

Table 2. [ significances for fits of various models
to the combined Fly’s Eye monocular, Akeno, and
Haverah Park data. The fits were performed be-
tween 10895 and 1029-%5 eV. Significances are
given for the energy range below and above
102905 eV separately.

nificance of the underlying model as above. Diffuse component Discrete L significance

By doing this many times we determined for component Taos 005

the given exposure enhancement the con- Model d Model 1202'00;0 1?050_520

fidence level to which the given theory d (Mpc) 9 (Mpo) q oV oV

could be ruled out (or supported) if the gap

structure should persist. 1 - - 0 fitted 1 0.82 0.39
The five models we used for j(E) (Table 2 O0=d= 102 2.3 - - 2 0.74 0.047

1) are as follows. The Fly’s Eye stereo data 3 0 ictljim 5 28 10 2.3 3 078 0.093

(7, 8) show a significant dip in the spec- g 28 —d= 183 gg 8 ?8 g 8;8 82;

trum at ~5 X 10'® eV. Bird and co-workers - i i i i

Fig. 1. Maximum L fits of the pure power 1022 — g —— 1022 . S — — .

law model 1 over the energy range  ~—~ FA ] F B E

10189 gV = F = 102955 gV, We fitted 3 I ] :

the effective flux (dashed lines) that re- - [

sults from the real differential flux (solid o 1071 - 3 10%1%

lines) by taking the experimental energy ~ § E i ;

resolution into account. The dataare giv- %, o I

enas 68% C.L. error bars oras 84% C.L. L 4020 - 4 1020

upper limits. For illustration purposes we m 3 E 3

multiplied the steeply falling flux by £3. &~ ]

(A\) Fit to the combined Fly’s Eye monoc- w [ ] I

ular, Akeno, and Haverah Park data with 1015’01'9 — 1L02L° 1011901'9 — '*1'320

=30% energy resolution, corresponding E(eV) E(eV)

to an L significance of 39% above 10%°

eV. (B) A typical example resulting from “‘data’ simulated for a quadrupled exposure with 10% energy resolution. For these data, model 1 would be ruled out

at the 99% C.L.
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the resulting spectrum above 10'° eV. The
minimal source distance d_;, was roughly
chosen by maximizing the fit quality.

A discrete source beyond a few megapar-
secs alone cannot explain the data includ-
ing the highest energy events. More inter-
esting cases are a diffuse spectrum alone
(model 2) and its combination with an
additional discrete source at 10 Mpc (model
3), where in both cases d_;, = 0. In model
4 we combined a diffuse spectrum ford_,, =
30 Mpc with a nearby source, represented
by an unprocessed power law with index g
= 2. This model-could be relevant if there
were a strong galactic source that acceler-
ates iron nuclei much beyond 10%° eV with
the hardest injection spectrum possible for
shock acceleration models (g = 2).

In top-down models, the flux above the
GZK cutoff could be dominated by gamma
rays (I8), so the processed spectrum is
somewhat uncertain because of interactions
with unknown backgrounds (23). However,
the hard top-down component must be neg-
ligible below the GZK cutoff, whereas
above the cutoff it can be approximated by
a power law. In a manher similar to model
4, we chose best fit combinations of the
diffuse bottom-up spectrum for d_, = 30
Mpc with an unprocessed power law of

Table 3. Same as for Table 2 but with ‘‘simulated
data” for a guadrupling of experimental expo-
sures, assuming persistence of the gap structure.
L significances are listed only for the energy range
above 1020 eV. The results are given for both the
energy resolution of present instruments, ol =
30%, and an improved energy resolution, o, =
10%, expected for future instruments. A high-en-
ergy resolution is advantageous mainly for deter-
mining the significance of models of the type 4 and
5, which predict a break followed by a recovery.

L significance for 102°:95 to
102055 gV at o of

index ¢ = 1 as our model 5. Because of
gamma-ray propagation effects (23), the in-
jection spectrum corresponding to this lat-
ter hard component could be considerably
softer and consistent with various con-
straints on energy injection as long as the X
particle mass is not too high (25). Model 5
acts as a generic example of how an addi-
tional hard top-down component might
naturally produce a pronounced recovery
(spectral flattening). In fact, for ¢ < 1 the
number of events expected per logarithmic
energy bin even starts to grow with energy
beyond a few times 10%° eV, although the
actual differential flux is always a decreasing
function of energy. Indeed, this can natu-
rally give rise to a gap in the measured
spectrum.

The results for the combined Fly’s Eye
monocular, Akeno, and Haverah Park
data for the models discussed above are
presented in Table 2. Below the gap, the
one-component models 1 and 2 both yield
reasonably good fits. Additional discrete
sources beyond a few megaparsecs (model
3) do not improve the fit significantly
over a pure diffuse spectrum (model 2).
Thus, there is no indication of a signifi-
cant “bump” below the GZK cutoff that
would be produced by strong discrete
sources (26). If one includes the gap and
the highest energy events into consider-
ation, an exclusive diffuse bottom-up com-
ponent is ruled out at the 95% confidence
level (C.L.). In contrast, bottom-up sourc-
es nearer than a few megaparsecs are still
consistent with the data at the 1o level.
Nevertheless, because there are no obvi-
ous visible source candidates near the ar-
rival directions of the highest energy
events observed, this is a highly problem-
atic option, as was argued in (12). We fit
the power law model 1 to the combined
data from 10" eV up to the highest energy
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and a substantial flux above 2 X 10%° eV
(Table 3). The constraints on the models
become much more stringent. A typical
example for fitting model 1 to data simulat-
ed for a quadrupled exposure is shown in
Fig. 1B. Indeed, all curves predicted from
bottom-up models (model 1 to 4) can be
ruled out at least at the 99% C.L., except
for the most optimistic bottom-up model,
model 4, involving a strong nearby (suppos-
edly iron) source, which in the case of 10%
energy resolution could be ruled out only at
the ~85% C.L. The basic reason is that
local sources can reproduce the superhigh-
energy events but at the same time predict
events in the gap which are not seen.
Sources beyond about 20 Mpc, on the other
hand, predict a GZK cutoff and a recovery
that is much too weak to explain the high-
est energy events. This conclusion can only
be evaded if either the systematic energy
uncertainties are much larger than the esti-
mated energy resolution or the acceleration
spectra are hardened by unexpected propa-
gation effects. This could happen, for exam-
ple, by energy-dependent diffusion in a ga-
lactic magnetic field extending far into the
galactic halo.

In contrast, the representative model
with a top-down component is typically
consistent at the 1o level. A typical situ-
ation where the model 5 is fitted to sim-
ulated data is shown in Fig. 2B. Thus, if
the observed gap structure should persist
within a quadrupling of the data set and
the above mentioned caveats can be ex-
cluded in the future, it would be a statis-
tically significant proof of the need for
new physics. This need would become
even more pressing if high fluxes would
continue considerably beyond the highest
energies detected to date. Conversely, if
the gap structure should disappear and the
flux in the highest energy bins is not too

Model event (Fig. 1A). The best fits in this en-  high, there would be no immediate need

30% 10% ergy range, however, are produced by com-  for new physics except for the nontrivial

binations of a diffuse component with a  problem of acceleration to such high en-

1 =0.002 =0.01 hard unprocessed power law (models 4 and  ergies (27). A decisive answer should be

2 =0.006 =0003  5), The result for the exotic model 5 is  possible within the Pierre Auger project

2 ig% ig% shown in Fig. 2A. (21) which would allow an exposure en-

5 035 ~055 We simulated “data” for a quadrupled  hancement by much more than a factor of

exposure, assuming persistence of the gap 4. This project should also allow the com-

Fig. 2. Same as Fig. 1 but for the exotic 1022 p— . T 1022 . — —

model 5. In contrast to the pure power = EA B E

law model 1, the L significance above b ‘ ]

10?2 gV [82 and 60% in the case of (A) "o o1 ol ]
and (B), respectively] typically stays o 10 10 3

within the 1o level for both exposures. 5 b
= 1020} 1020k
w F E
10515 T 10735 T o
E(eV) E(eV)
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position and anisotropy of the UHE CR
flux to be measured, which would provide
additional information on its origin.
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Selective Trafficking of KNOTTED1
Homeodomain Protein and lts mRNA
Through Plasmodesmata

William J. Lucas,* Sabine Bouché-Pillon, David P. Jackson,
Lynda Nguyen, Lucian Baker, Biao Ding,t Sarah Hake

Plasmodesmata are intercellular organelles in plants that establish cytoplasmic continuity
between neighboring cells. Microinjection studies showed that plasmodesmata facilitate
the cell-to-cell transport of a plant-encoded transcription factor, KNOTTED1 (KN1). KN1
can also mediate the selective plasmodesmal trafficking of kn7 sense RNA. The emerging
picture of plant development suggests that cell fate is determined at least in part by
supracellular controls responding to cellular position as well as lineage. One of the
mechanisms that enables the necessary intercellular communication appears to involve
transfer of informational molecules (proteins and RNA) through plasmodesmata.

Cell fate in higher plants is determined by
position rather than by lineage (I). Al-
though environmental and hormonal sig-
nals could act in a cell-autonomous manner
to control cell fate, clonal analysis of devel-
opmental mutants has indicated that cell-
to-cell transport, as part of a longer chain of
signaling events, may be involved in the
orchestration of developmental events (2).
For example, expression of the gene Flori-
caula (to produce FLO), which affects meri-
stem identity in Antirrhinum majus (snap-
dragon) in only the outer (epidermal) layer
(L1) of the meristem, activates downstream
genes involved in flower development (3)
in adjacent cell layers. Similarly, the geno-
type of the inner layer (L3) of the tomato
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Ding, Section of Plant Biology, Division of Biological Sci-
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floral meristem controls development of the
outer layers (L2 and L1) (4). These findings
are consistent with the hypothesis that FLO
and the fasciated gene product of tomato
potentiate cellular interactions among the
three layers of the floral meristem.

Although such intercellular control may
be mediated by cell surface receptors and sol-
uble ligands, it may also involve the selective
cell-to-cell transport of proteins through plas-
modesmata, the specialized, plasma mem-
brane-lined cytoplasmic pores that maintain
cytoplasmic and endomembrane continuity
between many cells in the plant (5). These
pores are the route by which viral movement
proteins, which are essential for the spread of
infection in plants (6), mediate trafficking of
viral RNA and DNA (6-8). The viral move-
ment proteins seem to interact with an endo-
genous plasmodesmal macromolecular traf-
ficking pathway.

Here we report an analysis of movement of
the protein and RNA encoded by the maize
knottedl (knl) homeobox gene (9). Ectopic
expression of knl in the vascular tissue of

Fig. 1. Serial sections of a
maize vegetative shoot apex
processed for in situ hybrid-
ization for kn1 mRNA (A) and
immunolocalization of KN1
(B) reveal the presence of
KN1 in L1 cells in which its
mRNA is not detected. The
shoot apical meristem
(SAM) is flanked by leaf pri-
mordia [1 and 2 in (A)] and
older expanding leaves in
which knT mRNA and KN1
are not detected. Regions in
the SAM that lack KN1 [un-
labeled arrows in (B)] predict
the position of leaf primordial
development. L1, outer cell
layer of the SAM. Note that
KN1 is present in a few cells

across the base of each developing leaf (arrowheads). Scale bar, 100 um.
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