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Gamma-ray bursts and magnetars as possible sources of ultrahigh energy cosmic rays:
Correlation of cosmic ray event positions with IRAS galaxies
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We use the two-dimensional Kolmogorov-Smirn@s) test to study the correlation between the 60 cosmic
ray events above410'° eV from the Akeno Giant Air Shower Arra§AGASA) experiment and the positions
of infrared luminous galaxies from the IRAS Point Source Catalog. These galaxies are expected to be hosts to
gamma ray bursté§GRB’s) and magnetars, both of which are associated with core collapse supernovae and
have been proposed as possible acceleration sites for ultrahigh energy cosmic rays. We find consistency
between the models and the AGASA events to have been drawn from the same underlying distribution of
positions on the sky with KS probabilities50%. Application of the same test to the 11 highest AGASA events
above 18° eV, however, yields a KS probability 6£0.5%, rejecting the models at 99.5% significance level.
Taken at face value, these highest energy results suggest that the existing cosmic ray events’abdtvedl0
not owe their origin to long burst GRB’s, rapidly rotating magnetars, or any other events associated with core
collapse supernovae. The larger data set expected from the AUGER experiment will test whether this conclu-
sion is real or is a statistical fluke that we estimate to be at theeel.
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I. INTRODUCTION Two models based on gamma ray burgRB’s) and mag-
netars for the acceleration of UHECR’s have been proposed
The source of cosmic rays at energies above the Greisetthat attribute these particles to brief bursts of particle emis-
Zatsepin-Kuzmin(GZK) feature[1], predicted to appear at Sion associated with the formation of compact objects in core
energies above-4x 10*° eV, remains a mysterf2]. These collapse supernovae. In the GRB model, Milgrom and Usov
events have been seen by the Akeno Giant Air Shower Arraf10], Vietri [11], and Waxmarj12] independently suggested
(AGASA) [3], Fly's Eye [4], Haverah Park5], HiRes[6],  that the relativistic shock waves associated with GRB's
and YakutsK 7] experiments. Interaction of charged as well Mght be the acceleration sites for these cosmic rays. The
as neutral primaries with the cosmic background photon§elat'v'5t'c shock model r,was been useful in accounting for the
through photoproduction of pions, photopair production, and®henomenology of GRBEL3]. Recent observations of GRB

nerse Complo scaterfg] eads o & sevre energy ceg- SO0 1'ave sUpDled stong eviderce tat o east e
radation and constrains the source of-d0?%-eV charged 9 n 9

particle to distances less thans0 Mpc (the high energy in external galaxie$14]. The prompt association of the af-

X terglow of GRB030329 with SN2003dh gives strong support
GZK zone. The lack of the most commonly hypothesized to the prompt formation of the collapsed object that drives

accelerators viz. accretion disks and jets associated with agqq outburst, either a black hole, as in the collapsar model
tive galactic nuclei within the GZK zone has led to numerou 15], or a rapidly rotating magnetdd.6]; the latter model
alternate proposals for the origin of the ultrahigh energy cosy,grks only if the jet that drives the GRB contains only part
mic rays(UHECR's). of the rotational energy delivered, with the rest driving the
These explanations fall into two broad categories of topsupernova envelope, as in the magnetar model for UHECR'’s
down and bottom-up scenarios. Top-down models generallgroposed in Ref[17].
rely on the decays of very heavy particles, usually remnants Arons[17] showed that magnetars, a subclass of neutron
from the early universg2]. Bottom-up models are based on stars with ultrastrong surface magnetic field®~(10' G)
the acceleration of normal charged particles to extremelyorn in core collapse supernovae and hypothesized to have
high energies in astrophysical objects not otherwise knowinitial spin rates close to the centrifugal breakup limit, are
to possess such effective acceleration mechani8im$hese  unipolar inductors that can accelerate particles in their rela-
accelerators are expected to show a correlation with somgvistic winds up to energies-10?? eV. They have an elec-
known class of astrophysical objects in the local universe. trodynamically defined injection rate sufficient to yield a
Supernovae and their remnants have long been suspectgdantitatively acceptable account of the observed UHE spec-
as the source of ordinary cosmic rays below #0'° eV. trum, if such events occur in external galaxies with core
collapse supernovae. Blasi, Epstein, and Olifit8] pre-
sented a galactic pulsar variant of this idea, and Milgrom and
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ated with supernova remnarits9], the association of mag- ~1% efficiency in converting internal shock energy into
netars with core collapse supernovae is plausible. photon energy{24]. The synchrotron model of GRB emis-

Since both the GRB and magnetar models attribute UHEsion provides the only evidence for particle energies in a
CR’s to compact objects formed in core collapse supernovagRB or its afterglow large enough to correspond to ions
(probably in the Ib/c subclagsthe rate of events that give being at relativistic energies.
rise to UHECR's in a galaxy should be proportional to the  The energetics of this model are demanding but not exor-
superr.]ova.rate in galaxies that have core collapse superngiiant. The total observed GRB rate “§RBVGRbe~0-5
vae. Likewise, the core collapse supernova rate has _been op<—10_g Mpc~3yr~1 [25], wheren®R8 is the number density
served to be strongly correlated to the star formation ratef laxies hosting GRB’ g the GRB rat host
(SFR [20], a correlation readily understood from the fact 0! 9aaxies Nosting GRB Svere IS e rate per nos
that such supernovae have short-lived, massive stellar pr(g_alaxy, .and‘b=Qb/47-r IS the fracuoq of the qutflow beamed
genitors. This correlation leads us to explore the connectiofl®© solid angleQ),, with f,~0.01 inferred in many after-
between the UHECR events and infrared bright spirals tha@/0Ws. Long bursts provide about 70% of the observed GRB
are known to be active star forming regions. rate [26], that is, ng"“vgre~0.35x10"° Mpc 3yr~Y/fy,

In this paper we test the hypothesis that the origin of the/vherengRB is the number density of galaxies with core col-
UHECR events lies in reasonably prompt acceleration foldapse supernovaegNe, and vgrg is some fraction of the
lowing a core collapse supernova, by studying the correlagverall core collapse supernova rate per galaxy. Then the

tions between the angular locations of UHECR events on thgHE energy demanded of each burst source, if long bursts
tsky 3_nd the posllt:(or;s of gaIaXées_wnh ght'ght ?/I\/:R l:]smg Mere the sole contributors, is\ EGRE=Uune/ns " vare
wo-dimensional Kolmogorov-SmirnoiKS) test. We choose =10, ergs=10°4f,/0.01) ergs. This energy is somewhat
the IRAS Point Source CatalogPSCz for our galaxy . : ) .
sample[21]. The catalog consists of 14800 galaxies with N €XCESS of the energy put into photon; in each burst. As is
measured redshifts and far infrared luminosities above a ﬂugbwous from the energy budget of r.otatlon powered pullsars
limit of 0.6 Jansky at 6Qum. The sky coverage is-84%. and, tp a lesser extent, o.f AGN W!th weII. developed Jgts,
Section Il provides a summary of the acceleration theothere is no furjdamental dlfflgulty. Wl.th particle accelgratlon
ries. Section Il discusses observational and theoretical eviPOWer exceeding photon luminosity in a compact object, es-
dence for the expected formation rate of the relevant compPecially if the outburst draws its power from the pressure of
pact objects in infrared bright spirals, and discusses the udarge scale electromagnetic fields.
the IRAS PSCz catalog and the AGASA sample in our study. The microphysics arguments advanced for GRB'’s being a
Section IV describes the statistical methods and results osource of UHECR depends on the theory of particle accel-
the data and theoretical models. Sections V and VI provideration in shocks. Most authors have employed the much
further discussion and conclusion of our results. studied theory of diffusive Fermi acceleration in shocks in
the test particle limit to estimate maximum energies and
spectra, with the efficiency of shock acceleration left as a
Il. COMPACT OBJECT PARTICLE ACCELERATION free parameter. Here, we reiterate the well-known remark
THEORY [27] that the maximum energy a charged particle can attain
in a relativistic shock wave is ~ZeBR=3
_ _ - X 10°B,(Rq7 €V, whereZ is the atomic number of the
~ Gamma-ray bursts, and especially their afterglow emistharged particles is the electronic charg®, is thesystem-
sion, clearly reflect the excitation of the magnetized gaseoustjc magnetic field of the medium into which the shock
medium surrounding an explosive release of energy from Propagates in units of 10 G, arRl, is the radius of the
compact object of at least stellar mgds3]. The observed gpnock wave in units of 16 cm; Ry,~1 is typical of the
relativistic expansion rate@.g., Ref.[22]) support that re-  shock size during afterglow emission. This energy corre-
lease having given rise to relativistic outflow, well modeledspondS to a particle’s Larmor radius having reached the size
in the afterglow phase as a relativistic blast wave propagalsf the shock, at which point the particle can move through
ing through a surrounding circumstellar or interstellar me-the motional electric field as a freely accelerating particle
dium. In analogy to the apparent ability of ordinary super-ang experience the full electric potential drop. Acceleration
nova remnant shocks to accelerate a small fraction of thgy internal shocks, which occur at much smaller radii, require
particles in t_he surrounding medium to relatl_V|_st|_c energiesconcomitantly larger magnetic fields, if GRB’s are to be the
the authors in Ref§10-12 suppose that relativistic shocks, acceleration sites for the highest energy particles. Such fields
either that of an external blast wave expanding with Lorentzaremuchlarger than found anywhere in the interstellar me-
factor y~100—1000 which creates the afterglow or those ofgia of galaxies, forcing the proponents of this model to ap-
the internal shocks withy~2-10 associated with the peq) to relativistic shock propagation in unusual environ-
prompt GRB, are responsible for the acceler_ation of thenents, such as th8xr ! field in the possibly strongly
UHECR. The luminosity density for UHECR i e~5 magnetized circumstellar winds which might surround a pre-
x 10™ ergs/Mpé sec[17,23, about a factor of 5 greater than supernova staf28] or the similarly structured field in the
the photon luminosity density of GRB'’s relativistic wind from a newly formed neutron stdef.[23]
~10* ergs/Mp¢ sec[23] but well below the mechanical lu- and references thergior from a transient magnetized disk
minosity density of GRB’s~10% ergs/Mp¢ sec, assuming around a newly formed black hol®ef. [15]).

A. Gamma-ray bursts
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Granted the existence of such environments, the particlthe star down. These losses have significance only at the
spectrum created by such a shock may be a power law wittargest rotation rates, if they matter at all. When they exert
f(E)=E P, p=2-2.5; detailed studies of the test particle torques larger than the electromagnetic torque, the star
problem yieldp=2.2—2.3[29]. Models of the acceleration spends less time at the fastest rotation rates and therefore
physics which incorporate some information about the magspends less time accelerating the highest energy particles,
netic turbulence that scatters downstream particles bacthus causing a steepening in the spectral slope at the highest
across the shock front indicate possibly steeper spg8fiia  energies. If the star has an internal magnetic field even stron-
Such turbulence is an essential ingredient if the mechanismger than the already large surface field, equatorial ellipticities
as applied to shocks with flow Lorentz factors less thah 10 €, in excess of 10° can exist, in which cas&y would be
are to accelerate particles to UHECR energies. The efficienchess thark, .. We consider three cases of energy loss due to
with which such shocks can convert flow energy into accel-gravitational radiatioNGR) in the model: no GR losse(
erated particle spectra is unknown, although judging from=0,E,=«); moderate GR loss €=0.01F;=3
the acceleration efficiencies for electrons and positrons found, 1 520 ev/); strong GR loss €,= 0.1E,=3% 1018 eV).
in the much more highly relativistic shoqk_s terminating the  The total number of particles injected per event is
winds from rotation powered pulsars, efficiencies as high as
1-10% appear possib[&81]. RSl 10

NiNZZeB*  ZBys @

B. Magnetars

Magnetars are a special class of neutron stars which forrwhere we have assumed a stellar radius of 10 km and a
in core collapse supernovae. Studies of their association witmoment of inertid = 10*® cgs. In this respect, the magnetar
supernova remnants in our own galaxy suggest the overathodel is much more specific than the GRB model, since the
birth rate of magnetars is on the order of 1-10% of the totalon flux is uniquely fixed by the electrodynamics of the uni-
core collapse supernova rdtE9]; this rate is comparable to polar inductor. In order to tap the motional electro-motive
the rate of type Ib/c supernovae. Therefore the magnetdbrce of the wind, the particles must cross magnetic field
birth rate is in effect proportional to the supernova rate in dines and move parallel to the electric field. In REE7], it
galaxy. The theory described in R¢L7] suggests injection was suggested that the current sheets in the structured wind
of charged particles with maximum energy are unstable to the formation of large amplitude electromag-
netic waves, whose ponderomotive force drives the particles
acrossBying, thus causing the energy gain, a mechanism
analogous to those studied in the design of advanced accel-
erators and of some interest for ion acceleration in the obser-
vationally much better constrained pulsar winds.

The rate at which galaxies inject UHECR into the uni-
verse in this model then i8g,= viasgNiNgaiaxy: WHErengajayy
~0.02 Mpc ® [33], N; is given by Eq.(2), and vg is the
birth rate ofrapidly rotating magnetars per galaxy. If inter-
galactic propagation is unaffected by scattering in an inter-
galactic magnetic field, multiplication of the source spectrum
which allows them to avoid catastrophic radiation losses; th@.(E)ocn”f(E) by the _energy-depender_]t GZK loss time

yields a spectrum received at the Earth in reasonable accord

electric potential in the wind isSE=rB=®. If Z=1-2, as ) e . Lo
..~ With the existing observations of UHECR, as shown in Fig. 1
may be suggested by the shower dety one requiresP; .of Ref. [17], if »25~10"°yr *. That fast magnetar birth

<2-3 msec for the model to be viable. Studies of the termi- : )
nation shocks of pulsar winds show that the relativistic iondate lies between 1% and 10% of the total magnetar birth rate

0,
gain their energy in the wind interior to the winds’ termina- Inferred for our galaxy, and about 0.1% of the total core

tion shocks, rather than at th@everse shock, or at the blast collaf)zse §kjpernova rate in average star forming galaxy,

wave driven into the surrounding interstellar medi{i32]. ~10°7yr ~[34]. .

The magnetar model in RfL7] adopts this acceleration site In Ref. [17], the f.aSt magnetar event rate was applled to

by analogy to pulsars, rather than appealing to the relativisti@! norma_l3 galaxies, whose space denS|t)f/ast By

blast wave driven by a newly born magnetar’s fields into the™ 00_27 Mpc_3 [3_3’1] yielding an event ratengvmy, ~

surrounding interstellar medium. X 10" " Mpc yr-. The_ Iur_mnosny density of injected en-
The star spins down rapidly, under the influence of elec€rdy from the wind, which is about equal to the energy ex-

tromagnetic and gravitational wave torques. As it spins‘)e”d%‘d In acceleratlmg_ the ions, i5*3,00.9x 10%, and 0.9
down, the voltage and the particle energies decline. Sumx 10 ergs/Mpcyr*, in the no GR, moderate GR, and
ming over the formation and spindown event, one finds a pe$trong GR cases, assuming ts@mewv;:* in all three appli-
event injection spectrum proportional té(E)=E 1 cations of the model. In fact, sinczvéﬁSt is an otherwise un-
+(E/Eg)]‘1 for E<Epay. Here Eg measures the impor- known fraction of the poorly known,,, the value ofvfnﬁ‘St

tance of gravitational wave lossésalculated for a star with was adjusted in each case so as to provide the best agreement

static nonaxisymmetric quadrupole asymmegtiry spinning  between the model's UHECR spectrum and the observations.

B, 07 ,
Emaxzzeq)izzeﬁ?:‘?)>< 1022281594 evV. (1)
*

Here B, is a magnetar's surface magnetic fiel&;s

=B, /10" G, Q;=10*Q, s ! is the initial angular velocity
of the neutron staRR, is the stellar radius, andis the speed
of light. The initial rotation period i$;=0.64K), msec. The
ions actually gain their energy in the relativistic wind elec-
tromagnetically expelled from the neutron star at distamces
much larger than the radii of the star and its magnetospher
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The UHECR energy per event is much smaller than is repe compared to the total space density of galaxigg,
quired for the GRB model, whose effective rate of occur-~0.02 Mpc 2 [33]; most of these are spirals and other gal-
rence(including beamingis much less than for magnetars. axies with some degree of ongoing star formation.
However, there are many normal galaxies within every reso- The general core collapse supernova rate per galaxy,

lution element of the arrays used to accumulate the UHECR ,\med over all galaxy types, &,~0.011 SN per galaxy-
H n .

events, making angular correlations between all normal gallyear[34], which yields a volume averaged rate of superno-
axies and UHECR events difficult in testing the magneta

(and the long burst GRBhypothesis for the UHECR's ori- 3¢ of SS”'?QQZ'Z.X 10°° SN/Mpé yr The _S”pe_”??"a rate
gin. The luminous infrared galaxies offer a better prospecfor galaxies with far infrared emission isSg=2.5
for testing these models, since they are rarer than ordinary 10~ *L1o SN/(FIR galaxy) yr[36]. Integrating this super-
galaxies but still contribute a substantial fraction of the metanova rate over the FIR galaxy luminosity function yields
galactic supernova ratsee below. St~ 0.7X 10 *K gps{ L 17300) SN/MpEyr. Kopse, the
correction for supernovae missed in the existing optical and
near infrared supernova detection surveys, might be as large
as 10, and probably is at least as large 486. Thus the
In this section we discuss how the far infrared luminosityluminous infrared galaxies contribute at least 288y
of a galaxy serves as an indicator of its core collapse supef= 1) of the total supernova rate, with a total space density
nova rate and Why the IRAS Cata|og is chosen as the ga|ax9n|y 25% that of all normal galaxies. Furthermore, since the
sample. We then discuss the use of AGASA events as therightest infrared galaxied ¢,z>10"L ) dominate the con-
UHECR sample. tribution from all FIR galaxies, and these are quite rare, with
space density~4x10 8 Mpc™2 [35], correlations of
UHECR arrival directions with the sky positions of the lu-
minous IRAS galaxies offers a promising opportunity to test
Type-lb/c and type-Il supernovae are considered good inthe hypothesis that UHECR acceleration has something to do
dicators of the SFR in a galaxy. The progenitors of these corwith core collapse supernovae, as is implied by the GRB
collapse supernovae are young, massive starts that are abgitock and magnetar unipolar inductor models for the accel-
dant in active star forming regions. Observational support foeration sites.
relating the SFR to the far infrared luminosity > 20 xm)
has come from study of the IRAS catalog-6fl5 000 infra- B. UHECR events

red bright galaxies. The method relies on the fact that a large For the UHECR events, we choose the AGASA experi-

pgrcegtadg% Of. tthe ?ol:omgtn(; Iungjlrl[cr)]sny of %ogng siﬁrs "*ment because among the ground based arrays, this experi-
absorbed Dy Interstefiar dust an en emitted as thermay, ot has the best angular resolutidn8° full width at half

radiation from the warmed dust in the far infrared SpeCtrugawaximum[:%?]) and provides the largest single dataset above

[20]. The absorption cross section of dust is strongly peakeg| .y 9 oy, The current sample of AGASA UHECR events
in the ultraviolet, where the young stars dominate the radia-

tion. This makes the thermal far infrared luminosity of acontains 60 events abovex40'®eV, among which 57
i y events are published in R¢88] and three recent events with
galaxy a good proxy for the SFR.

. O .
Specifically, we take the supernova rate and therefore thgr;%gLiFsg]reater thanx110™* eV are listed at the AGASA

?cl)rtt?] f}fmoii,ﬁﬁt"aw ;SZ; (;llag.ts?i(zl%bj?r%tiz ﬁ;vzlzrr?ﬁﬁrﬁfna In order to test whether the AGASA events are consistent
Y 9 y ' 9 ith their origin being from IRAS galaxies, we must first

chosen to reduce the contamination from the radiation fiel . .
of older stars at<10 um as well as the cirrus emission at ake into account the different sky coverage by AGASA vs
K i X - . IRAS and the possible variations in detector exposure effi-
=100 um due to stellar optical/near infrared radiative exci- _. . . ;
. ' ; . ciency in AGASA. Continuously operating ground-based ar-
tation of large molecules in the interstellar medi{2@]. : . .
rays such as AGASA typically have a uniform coverage in

Luminous infrared galaxies with high SFR’s and super-_; ; . o N
I . sidereal time and therefore little exposure variations in right
nova rates offer the best chance of finding a correlation be:

tween UHECR event source directions and sites of core Coﬁz(\jveerl/sé(r)r( digzgiz].oﬁhtiedleégagg %);ﬁﬁzugiézrﬁgg??r'%n’
lapse supernovae. We use the IRAS PSCz caf@apas the drops to’ zero beyond certain maximum anglg,,. For
host galaxies for GRB’s and magnetars. This catalog has RGASA 0.—35.8° andd.... —45° Bevond 45° thaé(.ener
nearly uniform coverage of 84% of the sky, where most of Y max= . BEY ' 9y

the unmapped area lies within10° north and south of the determination of the events beco.m.es uncertain. In terms of
galactic plane. The sample provides redshifts for all galaxie%hes_e parameters, the detector efficiency as a function of dec-
above a flux limit of 0.6 Jansky at 6@m. Ination ¢is given by Refs|40,41,
These galaxies contribute a substantial fraction of the
overall core collapse supernova rate. From the IRAS catalog, dN,
these objects have space  densitydng,/dLg r o« (c0SHy cosh sinay,+ ay,Sinfysin ), 3
~10 3L15 %t Mpc3, wherel 1= Lgr/10°L o andLg is
the far-infrared luminosity35]. The integral number of these
galaxies (¥ L1o<10°) is ngq~0.005 Mpc 3, which should ~ wherea, is given by

Ill. STUDY SAMPLE AND SKY COVERAGE

A. Infrared galaxies
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’K‘: B0 T, A. Model predictions

£ 60 ‘%\, ’ . The spectrum of cosmic rays at Earth depends on both the

& N * . ™ injection spectrum at the acceleration sites and possible par-

a hd . . . . .

~ a0 [ * W ] ticle interactions that would degrade the energies of the pri-

g C e A o* *e ] maries between the source and Earth. As discussed in Sec. I,

Se20f v : * s we model the injection spectrum to bEE;))=E; ", p

S [*ie § . =2-25 for the GRB models andf(E;)=E; [1

§ Ops  Fme - +(Ei/Eg)] ! for the magnetar models. For the latter we
300 200 0 will explore the three gravitational radiation cases described

in Ref. [17]: no GR loss E;—«), moderate GR lossHj
=3x10eV), and strong GR lossEy=3x10'® eV). To

FIG. 1. Sky distribution of the 60 AGASA data points above estimate the energy degradation during propagation, we use
4x10% eV (filled circles and the approximate areas not mappedthe probabilityP(r,E; ;E) that a proton created at distance
by IRAS (black bands Six AGASA events lie in the unmapped r with energyE; would arrive at Earth with an energy greater

RA (Degrees)

IRAS region, which we exclude from our study. thanE. It measures the proton energy degradation due to the
GZK loss processes discussed in Sec. I. The same function
0, if £>1 was used in our earlier pappt6] and has been calculated

using Monte Carlo simulationgl7] for the parameters con-

am=3 ™ T g<-1 @ sidered here.
cos ' ¢, otherwise We combine the injection spectrui(E;) and propagation
loss P,, and calculate the cosmic ray flux at Eaftim
and (evnfssy ] by
£= COSOmax—SiNHySinG 5 V(E,Q)
a 00500 cosd . Emax Rmax &Pp(r ’ Ei ; E)
=K(Q)f dEJ dr[1+z(r)]*f(E)) —E
For comparison, we find the observed declination distri- 0 0 @
bution published in Ref[37] for the number of AGASA
events above % 10'° eV to be well fit(to ~1%) by Here z is redshift, E. is the maximum proton injection
energy, an is a normalization constant which depends on
dN, | —(0+10)(6—80)/35.5, if—10°<H<80° the cosmic ray injection model and the viewing direction in
do 0, otherwise. ®  the sky, (). The KS test(see next subsectipmepends only

on the relative spatial distribution of the UHECR intensity in
o S C the sky, we therefore need not spediyin the theories.
e et SO 1 o™ " Figure 2 compres he cosmic ry spectEIE o
with the triggering efficiency béiné uniform_above 1 various GRB and magnetar mod_els._For |Ilqst_ra_t|ve_ purposes,
%10 eV and the UHECR events not showing any appre-the. figure is co_nstructe(_j assuming isotropic injection Wlth a
iable large scale anisotrofi$7,42,43. We use the theoret- uniform comoving densny., i.eK is independent of direction .
i%gl v(\?indogw function in Eq(3) fér tr,1e étatistical tests in Sec. o the sky and s proportional to the average source density
IV and discuss the impligations of using the observed de(.:li-and the event rate per unit time at the present eppch. If.UHE_
; LoTIE CR’s come from discrete sources such as galaxies, this pro-
nation distribution in Sec. V. cedure assigns the same cosmic ray luminosity to each

Figure 1 shows the sky distribution of the AGASA - ; ;
. source, an assumption we will relax below. The curves in
UHECR events and the area not mapped in the PSCz C""taﬂoﬁrgj. 2 have been normalized so that all model predictions

Six AGASA events lie in these unmapped regions and WiIIh 9
) . ave the same flux at>410*° eV. The GZK feature aE
therefore be excluded, leaving 54 AGASA data points abovez4><1019 eV becomes more pronounced for steeper injec-

9
4x 10 eV for our study. tion spectra[We note that Fig. 2 corrects a plotting error in
the low-energy spectrumE 10*° eV) of the strong GR
IV. STATISTICAL TESTS case in Fig. 1 of Refl17].]

. . Figure 3 illustrates the expected dependence of the aver-
We use the two-dimensional KS teft4,45 to test g P P

whether the AGASA UHECR events above<40i® eV are 298 UHECR quxfE”n:?:F(E)dE on the luminosity distance,
consistent with the cosmic-ray intensity distribution pre-d.=cHg '(1+2)[z—2z%(1+qo)/2+ O(z%)], to the host ob-
dicted by the GRB and magnetar models in infrared brighfects for various models: GRB's with &~ %° injection spec-
spirals discussed in Secs. Il and Ill. In this section we firstrum (long dashe magnetars with no GR lossolid and
describe our calculations of the expected UHECR distribudotted, and magnetars with moderate GR logshort
tion from the models and then discuss the statistical test andashedl Two lower energy limitsE,,;, are shown for com-
the results. parison for the no GR loss model. FBy,;,=10? eV (dot-
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FIG. 2. Predictions for the cosmic ray flux as a function of for the no-GR loss injection spectrum f&>4x 10" eV (solid)
energy assuming an isotropic distribution of sources with uniformand E>10?° eV (dotted. In the latter case the integrated flux falls
comoving density for the five different injection spectra analyzed inoff very sharply ford>50 Mpc. Also shown are the integrated flux
this work: magnetar models with no GR lo@®lid), moderate GR  above E>4x 10 eV for the moderate GRshort dashedand
loss (short dashed and strong GR losé&lotted, and GRB models  E~2% (long dashe injection spectrum. The upper cutoff in the
with E~2 (long dashepland E~2° (dot dashell The data points injection spectrum was taken to bexa0?2 eV for all cases in ac-
(squarepare taken from Refl43] for an earlier set of 30 AGASA cordance with Ref[17].
UHECR events. The GZK suppression is more important for

steeper injection spectra. =70 kms *Mpc~ 1. The luminosity distancd, differs from

lineard=cz/Hy by ~15% at 1000 Mpc and by-3% at 200
ted), the integrated flux falls off sharply abowk~50 Mpc  Mpc. Our final results depend very weakly-1%) on the
due to the GZK loss processes. fEy;,=4x 10" eV (solid), exact cosmological parameters assumed in the calculations.
the cutoff is more gradual and occurs at a larger distance Figure 4a) shows a linearly spaced contour map of the
(d~200 Mpc). UHECR integrated flux predicted by our infrared galaxy

In order to compare the distribution of UHECR eventssource model computed from IRAS galaxies for a magnetar
with the hypothesized discrete sources, we now need to pranodel (no GR casg The SFR’s(and hence magnetar rates
vide an estimate of each IRAS galaxy’s contribution to theassociated with the galaxies are assumed to be lindasin
UHECR flux. We do this by reinterpreting E€7) to be the  For comparison, all 60 AGASA UHECR events above 4
flux expected from each galaxy in the IRAS catalog, with thex 10'° eV are superposed. Figurés} shows the same quan-
galaxies chosen to lie within the maximum GZK zone indi- tity for a GRB model with aE 2 injection spectrum. No
cated by Fig. 3. That i in Eq. (7) is a number chosen to be corrections for the limited sky coverage and nonuniform de-
proportional to the 6Q:m luminosity for each galaxy with a tector efficiency in declinatiorisee Sec. Il have yet been
cataloged sky position, all within the distanBg,,,, while  applied.
the integral over in Eq. (7) is carried out for each galaxy The question at hand is, do the model and observed an-
separately, from O to the luminosity distandg(z) of each  gular distributions of UHECR event rate on the sky signifi-
galaxy, using the cataloged redstaftor that galaxy. This is cantly differ? That is, can we disprove the null hypothesis,
done for each of the three model injection spectra of thehat the AGASA events are drawn from sources located in
magnetar model, and for two possible GRB injection spectraRAS galaxies?
shown in Fig. 2. Finally, we smooth the galaxy model's pre-
dictions of the UHECR flux as a function of sky position to _
the angular resolution of the AGASA experiment, using a top B. Kolmogorov-Smirnov (KS) test
hat angular smoothing profile. Since the AGASA events do not obviously point towards

We include all IRAS PSCz galaxies withR,,=1 Gpc,  individual galaxies, a statistical test is needed to quantify if
although our results are not sensitive to this upper cutoff aghe AGASA events are inconsistent with the theoretical
long as it is greater than the GZK zone 200 Mpc. We  UHECR distributions shown in maps such as Fig. 4.
estimate Lgg by using the 6Qum flux and the flux- The two-dimensional KS test is a generalization of the
luminosity reIationship_=4wdffF|R. We use matter density much studied one-dimensional KS test. The latter has been
0,=0.35, cosmological constant),=0.65, and H, discussed extensively in the literature and analytical proofs
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FIG. 4. Contour plot of the expected inte-
grated cosmic ray flux from IRAS galaxies
smoothed to the AGASA angular resolution of
1.8°. The 60 AGASA UHECR events above 4
X 10'° eV are shown as stars. Two models are
shown for comparison: the magnetar model with
no GR loss(top) and the GRB model with 2
injection spectrum. No corrections for the incom-
plete IRAS sky coverage and nonuniform
AGASA detector efficiency in declinatiolisee
Sec. Il) have been applied.

for its validity can be found in Ref[48]. It is based on bers for the differences between the data and model. The
comparing the cumulative probability distributions of the maximum absolute difference value is defined Bgy.
sampleH(x) and the modelG(x). If D4 is the maximum Monte Carlo simulations are used to obtain the correspond-
absolute value oH(x)—G(x) for all x, then the probability ing probabilityP(>/nD,g) for a givenD,q andn [44]. It is

P that H(x) andG(x) are drawn from the same underlying @lso shown in Ref[44] that the results are almost indepen-

distribution is given by dent of the underlying distribution function. For largethe
probability has an analytic forrf¥9]:
lim P(>ynD14)=Q(VnD1q) (8)
n—o \/HDZd

P(>nDy)=Q :
and 1+1-r2(0.25-0.754/n)

(10
Q()\)zzz (—1)k 1e—2k2%2, (9)  whereQ(\) is given by Eq.(9) andr . is the linear correla-
k=1 tion coefficient of the two-dimensional data points ,{;),
which is valid if the number of data points in the samplis =L
=80. Monte Carlo methods must be used to tabulate the S —=X)(Yi—Y)
probabilities for smallen. [ , (12
Note that a small computed value Bfindicates that the VEi(x—X02VE (yi—Y)?

null hypothesis is false, that is, the data did not come from

d|str|put|on represented by the model. Generdﬂy;()_.l_s value r..=1 is for perfectly correlatec andy, which as
considered reasonable proof that the null hypothesis is fals%xpected reduces EGL0) to the same form as the one-
Larger values oP simply provide evidence that the data and dimensioﬁal expression in E). The valuer ..=0 is for no
model are consistent; the null hypothesis has not been proveg,rejation betweex andy, as is the case for the AGASA
false. o _ . events.

The generalization of the KS test to two dimensions is not | this study, we take the data points to be the angular
obvious because there is no unique cumulative probabilitygordinates X,y)=(RA,dec) for the 54 AGASA UHECR
distribution in more than one dimension. At least two differ- events above % 10'° eV that lie within the sky coverage of
ent generalizations of the test to two dimensions have beethe IRAS sample. The model predictions are the UHECR
proposed[44,45. Both methods have been verified with intensity calculated from IRAS galaxies as discussed in Sec.
Monte Carlo simulations although no analytical proof for IV A, and further weighted by the functiodN;/dé in Eq.
their validity exists. In this paper we use the probabilities(3) to account for the nonuniform exposure of the AGASA
tabulated in Ref[44]. The test computes thdifferencebe-  detector in declinatiord. We determine the KS parameter
tween the fraction of data points and the fraction of theoretD,, by searching through the four quadrants centered at the
ical points in each of the four quadrants of the plane of thecoordinate$RA, deg of each AGASA event. For each quad-
sky centered at a data point of angular coordinaiesy(), rant, we compute the difference between the fraction of the
where the quadrants are defined by>(x;,y>v;), (X UHECR events that lie in that quadrant, and the fraction of
<Xi,Y>Yi), (X<x;,y<y;j), (x>x;,y<y;). This procedure the UHECR intensity predicted by the models from IRAS
is repeated for all data points+ 1,n, resulting in 4<n num-  galaxies in the same quadrant. We then assign the maximal

?Nhere?and? are arithmetic means, andl=<r <1. The
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TABLE I. KS probabilities for UHECR events abovex4.0'° eV and above 13 eV and the cosmic ray
intensity from various models to be drawn from the same sample.

Model E>4x10%eV  E>4x10%eVv  E>10PeV E>10PeV
D4(n=54) P(>VnDy))  Da(n=8)  P(>nDy)
Magnetar: no GR loss 0.1482 50.6 0.626 0.31
Magnetar: moderate GR loss 0.1472 51.7 0.615 0.39
Magnetar: strong GR loss 0.1478 51.0 0.609 0.45
GRB:E? 0.1475 51.5 0.626 0.31
GRB:E~2° 0.1474 51.6 0.627 0.30

difference from all 4<54 quadrants to b®,4. We deter- GRB injection spectrum. We conclude from this test that our
mine the probability?(>/nD,4) from D,4 by interpolating  results are robust to all reasonable rangerofi.
Table | of Ref.[44]. We do not use the analytic expressions  Starburst galaxies are generally associated with luminous
in Egs.(9) and(10) that are adopted in the algorithm of Ref. far-infrared galaxiesl(rr=10"'L ). [36]. To explore a con-
[49] because they are accurate only fo=20 and P nection between these galaxies and the UHECR events, we
=0.20. (For instance, we find a probability of 32.9% using separate all IRAS galaxies within 200 Mpc into two samples
the subroutines provided in Reff49] vs 50.6% from Ref. with Lg above and below L. . We find the KS prob-
[44] for the magnetar-no GR model discussed below. ability to be 44.3% and 60.1% for the above and below
Our results from the KS test for various magnetar andi0*L ., samples, respectively. Starburst galaxies are there-
GRB injection spectra for UHECR’s are summarized infore not ruled out as possible UHECR sites, although the KS
Table I. The SFR of each IRAS galaxy is assumed to beyrobability does not favor starbursts more than ordinary
proportional to itsLgr. The consistency between models |IRAS galaxies. Combining the two samples gives a probabil-
and data above 410" eV is generally high with KS prob- ity of 49.6%, which is very close to 50.6% discussed above
abilities in the range of 50.6—51.7 %hird column in Table for the galaxy sample out to 1 Gpc. This is to be expected as
I); that is, the null hypothesis, that the angular coordinates ofost contribution to the UHECR flux comes from the GZK
the AGASA events come from the set of angular coordinatesone as indicated in Fig. 3.
of the IRAS galaxies within the GZK zone, i®t disproved. We perform the KS test on a number of additional toy
If the data set is restricted to the eight highest energy eventsiodels vs AGASA UHECR events to explore the discrimi-
above 18° eV (out of 11 total; 3 lie outside the IRAS cov- nating power of the KS method on model assumptions. In all
erage, however, the KS probabilities dive to between 0.30%cases we make sure to weight the theoretical predictions with
and 0.45%(fifth column); that is, the models are rejected at the same AGASA detector exposure functidN,/dé for a
>99.5% significance level. fair comparison. In the first toy model, we assume an isotro-
The assumption of SFRL ¢y is reasonable but is subject pic distribution of cosmic ray intensity and obtain a prob-
to some theoretical and observational uncertainfRsfs.  abilities of 46.2% and 9.1% for the UHECR events above
[20] and[34]). We therefore test if the KS probabilities are 4x 10'° and 16° eV, respectively, to have been drawn from
sensitive to the linear relation of SFR g,z by examining  an isotropic distribution. In the second toy model, we ignore
some extreme cases where SHEz, with =0, 0.5, 1, the redshift and_gr of the IRAS galaxies and simply test
1.5, and 2. Table Il summarizes the results for a magrietar their sky positions vs the 54 AGASA events. We find a KS
GR loss and GRB E~?) injection spectrum. The test shows probability of 54.5% for UHECR events above<40° eV
only small variations forr=0, 0.5, and 1, with the probabili- and 10.9% for events above #@V. In the third toy
ties dropping sharply only for very steep power laws tomodel, we take the sky positions of the 2702 GRB’s in the
24.1% fora=1.5 and 0.56 % fow=2 for the magnetaino  Burst and Transient Source ExperimeiBATSE) catalog
GR loss injection spectrum. Similar results are found for the (http://www.batse.msfc.nasa.gov/batse Since  the sky

TABLE II. KS probabilities for UHECR events above<410'® eV and the expected cosmic ray intensity
from different SFR models to be drawn from the same sample.

Model Magnetar: no GR Magnetar: no GR GRB: E? GRB:E?
D2q(n="54) P(>nD,g) Dog(n=54) P(>nDyqy)
SFRxL° 0.145 55.5 0.143 57.0
SFRxL%5 0.144 55.7 0.143 57.0
SFRxL10 0.148 50.6 0.147 51.5
SFRxL'® 0.169 24.1 0.168 26.3
SFRx 20 0.267 0.56 0.271 0.48
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coverage here is 100%, we use all 60 AGASA UHECRdimensional generalization of the Smirnov—Cramer—von
events in this test. We obtain a KS probabilites of Mises test. The conclusions of the two papers are in broad
42.3%E>4x10" eV) and 5.2%E>10° eV). A realistic  agreement, although our significance levels differ from theirs
calculation of the correlation between the BATSE GRB'’s andpartially because unlike the KS test used here, the generali-
UHECR events from AGASA gives a negative rediid].  zation of the Smirnov—Cramer—von Mises test to two dimen-
The numbers from these three toy models are consistent witions used in Ref55] does not yield a unique significance
the fact that IRAS galaxies, BATSE GRB’s, and the AGASA level and there is a large scatter. Moreover, RB&] does
events are all nearly isotropically distributed on the sky omot exclude the AGASA data points that lie in the unmapped
large angular scalg87,51,53. We do emphasize that taking region of the IRAS survey. To illustrate the importance of
only the sky positions of source catalogs and correlatingorrecting for the detector exposure, we replace the window
them with AGASA coordinategas done in these toy models function in Eq.(3) with a tophat function that is equal to 1
and occasionally in the literaturés naive since it ignores for —10°<#<80° and zero otherwise, and find the KS
important energy loss processes of the primaries during thejrobability to drop to 33.7% from 50.6%or the magnetar
propagation and possible dependence of the UHECR flux omodel with no GR loss
source properties such as their intrinsic luminosity. We also test the robustness of our results by using the
observed window function given by E¢6) instead of the
theoretical function in Eq(3). We find this to have only a
~10% effect, changing the KS probabilities to 55.7%,
In this paper we have found using the two-dimensionalb7.5%, 45.2%, 42.8%, and 43.1% for the five injection spec-
KS test that the AGASA data for the UHECR events with tra (from top down listed in Table I.
E>4x10' eV are consistentat ~50% significance levl The significance of our comparison of the angular coordi-
with the expected cosmic ray intensity distribution in the skynates of the UHE events on the sky to the coordinates of the
predicted by models in which the acceleration mechanisniRAS galaxies relies on rectilinear particle paths through in-
for the primaries resides in GRB’s or magnetars in infraredergalactic space. Could scattering in intergalactic magnetic
bright galaxies. When only the highest UHECR everfs ( fields affect our conclusion? An interesting constraint on the
>10?° eV) are used, however, we find the KS probabilitiesintergalactic field and the fluctuation correlation length from
to be <0.5%, indicating the models are rejectecd>e29.5% the GRB model is provided by the eight doublet and two
significance level. When the energy cut on the UHECRIriplet UHECR events occurring with 3° of each other on the
sample is varied tE>5x10eV, >6.3x10 eV, and sky [37], among a total of 92 events witE>4x 10'° eV
>8x 10 eV, we find the corresponding KS probabilities to that have been observed over the last 40 years. Since no such
be 54.2%, 6.73%, and 0.92% for the magnetar méueiGR  close pairs of GRB’s have been observed, each UHECR dou-
loss, suggesting a better correlation of the UHECR events ablet and triplet are therefore events from the single GRB'’s.
lower energies. However, these events are separated by a decade or more, yet
To establish whether the low KS probabilities at the high-GRB’s last dynamically only for a few months. The particles
est energies are due to the paucity of data points or due to tffeom a GRB therefore must have undergone time defay®
failure of the models under consideration, we draw 100 ranyr during their propagation through the intergalactic medium,
dom samples of eight events each from the data in the energdn effect which requires some form of scattering along the
range, 4X 101°<E<10?° eV. There are 46 events in this en- propagation path. The same considerations apply to the mag-
ergy range in the region mapped by IRAS and the KS probhetar model, although in contrast to GRB'’s, photon observa-
ability is 43.3% for the magnetar with no GR version of the tions of magnetar formation do not exist, so we lack explicit
model. For a fair comparison with the AGASA data, we con-observational evidence against multiple magnetars occurring
sider only those samples for which the absolute value of thavithin 10-yr time intervals at the same angular position.
linear correlation coefficienr . defined in Eq.(11) is less In addition, GRB'’s within the very high-energy GZK zone
than 0.1. We find that the mean KS probability of the 100are extremely rare. The GRB rafgong bursts only is
random samples is 52.8% with a standard deviation of-3.5X10 *°Mpc 3yr ', Particles with energy above 4
24.4%. It is therefore unlikelyat ~20 level) that the poor X 10" eV must have been emitted within the GZK zof,
agreement between the data abové’HY and the models <Dgz= 10(E2‘02 Mpc (3>E,;>0.4), assuming straight
considered here is due to the small number of AGASAline propagation. Her&, is the energy in units of F eV.
events above 8 eV. The AUGER experimerf53] with a  Then an average of 700E,y/10° yr pass between each sepa-
projected~60 events per year above @V [54] will help rate GRB contribution to the flux of such extremely high-
resolve whether these highest AGASA events indeed repreenergy particles observed at Earth. Therefore at the highest
sent a 2 statistical fluke. Taken at face value, however, theenergies, the contributions from the very rare nearby bursts
existing UHECR data suggest that at least the cosmic ragnust be spread out in time, if the observed event rate is to be
events above 9 eV do not owe their origin to long burst attributed to this source. The magnetar model, with its larger
GRB'’s, rapidly rotating magnetars, or any other events assevent rate, does not require temporal dispersion of each burst
ciated with core collapse supernovae. of particle injection in order to account for the events ob-
Our work can be contrasted with a previous wfBK] on  served above 8 eV. Such dispersion is required, however,
the correlations between the UHECR events and luminoui order to account for the doublets and triplets, since each
infrared galaxies, in which the authors used the two-magnetar injection event lasts only a few d@¥3].

V. DISCUSSION
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The most likely origin for such time delays is charged VI. CONCLUSIONS

particle motion in an mtergglgcuc '.“agne“‘? field of average The two-dimensional KS test applied to the angular posi-
strength,Bign, and irregularities with amplitudéB~Bign  ions of the 60 AGASA events with energies above 4
and correlation length, . One can show, by simple random- 1 19 e\ and the angular positions of the far infrared gal-
walk ‘arguments, that since a particle is deflected by theyies jn the IRAS PCSz catalog show that the sources of
small-angle §0~I./r =(ZeBgnlc/E)<1 in crossing a hege particles are consistent with impulsive events associ-
single region of correlated field, the particles from anated with core collapse supernovae. The KS probability for
impulsive event at distancB® have arrival angles smeared thjs association is-50%, too large to reject the hypothesis.
over an angular width®=(DI./rf)"?=0.4° %SCZBHO/ Possible physical models of accelerators associated with
E5(D/Dez)¥2  Here Bijyg=Big/10 °G and Iy,  such supernovae are relativistic shock acceleration associated
=I./1 Mpc. Simple geometry shows the time delay associwith long burst GRB’s and electromagnetic processes in the
ated with this angular scattering to b&T,=(D/2c)®? relativistic winds from newly born, rapidly rotating magne-
=365(D/Dzx) 2(Z?BAd ESo) lwpe YI- At the same time, the tars. o
scattering cannot smear the inferred angular position of HOwever, application of the same test to the 11 AGASA

the source by an amount substantially larger than the angul&€Nts with energy above %ev yields a KS probability of
resoluion of the AGASA array. The requirements <0.5%, showing that the existing set of super-GZK events
®<3° and ATy>10yr constrain the intergalactic field are not consistent with the GRB model, the magnetar model,
and its fluctuation correlation length to lie in the O ﬁ”y othelrl model based on imp}:ésivle e\ller;]ts associated
range  E2(Derc/D)Y2>ZB 1 Y2 >0.0E3 (D e /D), with core collapse supernovae. At the?o level, this incon-

g 2o Doz« /D) 110" Mpc 2Doz«/D) sistency is unlikely to have occurred by chance. However, 2
candidate for the origin of UHECR. See RES#6] for a com- result_s In hlgh-e_nergy particle and photon astrophy5|_cs are
plete analysis of this issue, including a discussion of Iikelynotorlous for the|r lack of robustness. Therefore this hlghest
values for the intergalactic field and the effect of transportener%y rgsult,r:/vhlchbus;as a vedrydsmall num(lj:)_e:. of (‘iﬁs;mc_”rag/
through galaxy clusters as well as the general intergalacti Vents, IS perhaps besl regarded as a prediction that will be
medium. ested by the AUGER e%p()grlment. That experiment will y_|eld

To estimate how much magnetic fields can effect our re_enough events above Vio shqw whether the consis-
sults, we take all 60 AGASA data points above 40*° eV tency bgtween these compact object models and the UHE

’ data using the whole set of results fromx40™ eV and

and randomly displace them by 3°. After rejecting the six ; ) .
events that fall in the unmapped region of IRAS, we find aabove, or the inconsistency between models and data using
' only the super-18-eV data, is the correct conclusion.

KS probability of 46.3% for the no-GR magnetar model, a
result consistent with our earlier finding. A similar analysis
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0.4<E,g<3, if an impulsive event model is to be a viable
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