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Motivated by a re
ent 
hange in viewing the onset of the extra-gala
ti
 
omponent in the 
os-

mi
 ray spe
trum, we have �tted the observed data down to 10

8:6

GeV and have obtained the


orresponding power emissivity. This transition energy is well below the threshold for resonant p


absorption on the 
osmi
 mi
rowave ba
kground, and thus sour
e evolution is an essential ingredient

in the �tting pro
edure. Two-parameter �ts in the spe
tral and redshift evolution indi
es show that

a standard Fermi E

�2

i

sour
e spe
trum is ex
luded at larger than 95% 
on�den
e level (CL). Armed

with the primordial emissivity, we follow Waxman and Bah
all to derive the asso
iated neutrino 
ux

on the basis of opti
ally thin sour
es. For pp intera
tions as the generating me
hanism, the neutrino


ux ex
eeds the AMANDA-B10 90% CL upper limits. In the 
ase of p
 dominan
e, the 
ux is


onsistent with AMANDA-B10 data. In the new s
enario the sour
e neutrino 
ux dominates over

the 
osmogeni
 
ux at energies below 10

9

GeV. Should data from AMANDA-II prove 
onsistent

with the model, we show that I
eCube 
an measure the 
hara
teristi
 power law of the neutrino

spe
trum, and thus provide a window on the sour
e dynami
s.

I. INTRODUCTION

A plethora of explanations have been proposed to ad-

dress the produ
tion me
hanism of ultra-high energy 
os-

mi
 rays [1℄. In the absen
e of a single model whi
h is


onsistent with all data, the origin of these parti
les re-

mains a mystery. Clues to solve the mystery are not im-

mediately forth
oming from the data, parti
ularly sin
e

various experiments report mutually in
onsistent results.

In re
ent years, a somewhat 
onfused pi
ture regard-

ing the energy spe
trum and arrival dire
tion distribu-

tion has been emerging. Sin
e 1998, the AGASA Col-

laboration has 
onsistently reported [2℄ a 
ontinuation

of the spe
trum beyond the expe
ted Greisen{Zatsepin{

Kuzmin (GZK) 
uto� [3℄, whi
h should arise at about

10

10:7

GeV if 
osmi
 ray sour
es are at 
osmologi
al

distan
es. In 
ontrast, the most re
ent results from

HiRes [4℄ des
ribe a spe
trum whi
h is 
onsistent with the

expe
ted GZK feature. This situation exposes the 
hal-

lenge posed by systemati
 errors in these types of mea-

surements. Further 
onfusing the issue, the AGASA Col-

laboration reports observations of event 
lusters whi
h

have a 
han
e probability smaller than 1% to arise from

a random distribution [5℄, whereas the re
ent analysis

reported by the HiRes Collaboration showed that their

data are 
onsistent with no 
lustering among the highest

energy events [6℄.

Deepening the mystery, re
ent HiRes data have been

interpreted as a 
hange in 
osmi
 ray 
omposition, from

heavy nu
lei to protons, at � 10

9

GeV [7℄. This is an

order of magnitude lower in energy than the previous


rossover dedu
ed from the Fly's Eye data [8℄. The end-

point of the gala
ti
 
ux is expe
ted to be dominated

by iron, as the large 
harge Ze of heavy nu
lei redu
es

their Larmor radius (
ontainment s
ales linearly with Z)

and fa
ilitates their a

eleration to highest energy (again

s
aling linearly with Z). The dominan
e of nu
lei in the

high energy region of the Gala
ti
 
ux 
arries the im-

pli
ation that any 
hangeover to protons represents the

onset of dominan
e by an extra-gala
ti
 
omponent. The

inferen
e from this new HiRes data is therefore that the

extra-gala
ti
 
ux is beginning to dominate the Gala
-

ti
 
ux already at � 10

9

GeV. Signi�
antly, this is well

below E

GZK

� 10

10:7

GeV [3℄, the threshold energy for

resonant p


CMB

! �

+

! N� energy-loss on the 
osmi


mi
rowave ba
kground (CMB), and so samples sour
es

even at large redshift.

The dominan
e of extra-gala
ti
 protons at lower en-

ergy 
an be 
onsistent with re
ently 
orroborated stru
-

tures in the 
osmi
 ray spe
trum. A se
ond knee, re
-

ognized originally in AGASA data [9℄, is now 
on�rmed

by the HiRes-MIA Collaboration [10℄. At 10

8:6

GeV, the

energy spe
trum steepens fromE

�3

toE

�3:3

. This steep-

ening at the se
ond knee 
an be explained [11℄ by energy

losses of extra-gala
ti
 protons over 
osmi
 distan
es, due

to e

+

e

�

pair-produ
tion on the CMB. The theoreti
al

threshold of the energy-loss feature o

urs at 10

8:6

GeV,

and therefore allows for proton dominan
e even below

this energy. However, the HiRes data [7℄ seem to indi-


ate a 
omposition 
hange 
oin
ident with the energy of

the se
ond knee (from about 50% protons just below to

80% protons just above), and therefore argues for the

beginning of extra-gala
ti
 proton dominan
e at the se
-

ond knee. Another feature in the 
osmi
 ray spe
trum

is the ankle at � 10

10

GeV where the spe
trum 
attens

from E

�3:3

to E

�2:7

. This has been 
ommonly identi�ed

with the onset of the extra-gala
ti
 
ux in the past. In

the aftermath of the new HiRes data, the ankle 
an now

be interpreted as the minimum in the e

+

e

�

energy-loss

feature.

These 
hanges in viewing the onset of the extra-

gala
ti
 
omponent have spurred a re�tting of the 
os-
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mi
 ray data down to 10

8:6

GeV with appropriate

propagation fun
tions and extra-gala
ti
 inje
tion spe
-

tra [11, 12℄. The major result is that the inje
tion spe
-

trum is signi�
antly steeper than the standard E

�2

i

pre-

di
ted by Fermi engines. This result has 
onsequen
es

for neutrino observation: predi
tions for both the 
os-

mogeni
 
uxes (produ
ed via intera
tions of super-GZK


osmi
-rays on the CMB) and the dire
t neutrino lumi-

nosity from opti
ally thin sour
es 
an be signi�
antly

modi�ed. The impli
ation for 
osmogeni
 neutrinos has

been dis
ussed elsewhere [13, 14℄. In this paper we an-

alyze the impa
t on neutrino luminosities from opti
ally

thin sour
es whi
h are asso
iated with this 
hange in view

of the Gala
ti
/extra-gala
ti
 
rossover energy.

The outline of the paper is as follows. We begin in

Se
. II with an estimate of the power density of 
os-

mi
 rays assuming a \low" energy onset of dominan
e by

an extra-gala
ti
 
omponent. This is a

omplished by a

goodness-of-�t test of our s
enario with the energy spe
-

trum as observed by the Akeno [9℄ + AGASA [2℄ and the

Fly's Eye [8, 15℄ + HiRes [4℄ experiments, respe
tively,

in the energy range from the se
ond knee upward, i.e.,

10

8:6

GeV < E < 10

11

GeV. In the �tting pro
edure

we use appropriate propagation fun
tions [16℄ that take

into a

ount photo-meson and pair produ
tion on the

CMB. Armed with the 
osmi
 ray emissivities required

to populate the observed spe
trum with extra-gala
ti


protons all the way down to 10

8:6

GeV, in Se
. III we

derive predi
tions of neutrino 
uxes asso
iated with p


or pp intera
tions in sour
es whi
h are opti
ally thin. To

this end, we follow the pro
edure delineated by Wax-

man and Bah
all (WB) [17℄, but instead of assuming a

spe
i�
 
osmi
 ray inje
tion spe
trum / E

�2

i

and red-

shift sour
e evolution / (1 + z)

3

; we use values for the

spe
tral and sour
e evolution indi
es 
omplying with the

best �ts to the spe
tra obtained in Se
. II. In Se
. IV

we review the 
omputation of 
osmogeni
 neutrinos and

show that in the \new" low 
rossover s
enario, asso
i-

ated neutrino spe
tra from opti
ally thin sour
es domi-

nates over the 
osmogeni
 
ux. In Se
. V we 
al
ulate

event rates at I
eCube [18℄ expe
ted from sour
e 
uxes

derived in Se
. III, and on this basis assess the potential

of this dete
tor to 
onstrain the 
rossover energy between

Gala
ti
 and extra-gala
ti
 dominan
e in the 
osmi
 ray

spe
trum. Se
tion VI 
ontains a summary of our results

and 
on
lusions.

II. EXTRA-GALACTIC COSMIC RAY POWER

It is helpful to envision the 
osmi
 ray engines as ma-


hines where protons are a

elerated and (possibly) per-

manently 
on�ned by the magneti
 �elds of the a

elera-

tion region. The produ
tion of neutrons and 
harged pi-

ons and subsequent de
ay produ
es both neutrinos and


osmi
 rays: the former via �

+

! e

+

�

e

�

�

�

�

(and the


onjugate pro
ess), the latter via neutron di�usion from

the region of the 
on�ned protons. If the neutrino-

FIG. 1: The goodness-of-�t test of the low 
rossover s
enario,

using the method outlined in Ref. [13℄. In the left panel we

show the 95% CL allowed regions in the n�
 plane, obtained

with Fly's Eye + HiRes and Akeno + AGASA data. In the

right panel we show the 
orresponding 68% CL obtained from

Fly's Eye + HiRes data. In the �tting pro
edure we used

data in the energy interval from E

�

= 10

8:6

GeV to E

+

=

10

11

GeV, taking z

min

= 0:012 and z

max

= 2:

emitting sour
e also produ
es high energy 
osmi
 rays,

then pion produ
tion must be the prin
ipal agent for the

high energy 
uto� on the proton spe
trum. Conversely,

sin
e the protons must undergo suÆ
ient a

eleration, in-

elasti
 pion produ
tion needs to be small below the 
ut-

o� energy; 
onsequently, the plasma must be opti
ally

thin. Sin
e the intera
tion time for protons is greatly

in
reased over that of neutrons be
ause of magneti
 
on-

�nement, the neutrons es
ape before intera
ting, and on

de
ay give rise to the observed 
osmi
 ray 
ux. The fore-

going 
an be summarized as three 
onditions on the 
har-

a
teristi
 nu
leon intera
tion time s
ale �

int

; the neutron

de
ay lifetime �

n

; the 
hara
teristi
 
y
le time of 
on-

�nement �


y
le

; and the total proton 
on�nement time

�


onf

: (1) �

int

� �


y
le

; (2) �

n

> �


y
le

; (3) �

int

� �


onf

:

The �rst 
ondition ensures that the protons attain suÆ-


ient energy. Conditions (1) and (2) allow the neutrons

to es
ape the sour
e before de
aying. Condition (3) per-

mits suÆ
ient intera
tion to produ
e neutrons and neu-

trinos. We take these three 
onditions together to de�ne

an opti
ally thin sour
e. A desirable property of this

low-damping s
enario is that a single sour
e will produ
e


osmi
 rays with a smooth spe
trum a
ross a wide range

of energy.

Assigning extra-gala
ti
 dominan
e to energies begin-

ning at � 10

9

GeV, rather than � 10

10

GeV, in
reases

the required energy produ
tion rate of extra-gala
ti



osmi
 rays. The power density in the energy range

10

10

GeV to 10

12

GeV is found to be _�

CR

[10

10

; 10

12

℄ �

5�10

44

erg Mp


�3

yr

�1

[19℄. As emphasized in [19℄, this

result is independent of sour
e evolution: for the stated

energy interval, 
osmi
 rays from distant sour
es will un-

dergo signi�
ant energy losses on the CMB, and thus only
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nearby sour
es 
ontribute to the observed spe
trum. In

what follows we obtain analogous power densities 
orre-

sponding to the lower energy onset of extra-gala
ti
 dom-

inan
e. As 
an be expe
ted, these will have sensitivity to

sour
e evolution.

We assume an isotropi
 distribution of neutron-

emitting sour
es that 
an be des
ribed by a 
omoving

luminosity distribution L

n

(r; E

i

) where E

i

is the inje
-

tion energy and r the distan
e to Earth. The number of

protons N

p

arriving at Earth with energy E per units of

energy, area A, time t and solid angle 
 reads,

J

p

�

d

4

N

p

dE dAdt d


=

1

4�

Z

1

0

dE

i

Z

1

0

dr

�

�

�

�

�P

pjn

(E;E

i

; r)

�E

�

�

�

�

L

n

; (1)

where P

pjn

is the propagation fun
tion introdu
ed in

Ref. [16℄ whi
h gives the expe
ted number of protons

above a threshold energy E if a neutron with energy E

i

was emitted from a sour
e at a distan
e r. The Monte-

Carlo program that 
omputes P

pjn

uses SOPHIA [20℄

as an external pa
kage for simulation of the GZK in-

tera
tions. The program exploits a 
ontinuous energy

loss approximation to des
ribe the e

+

e

�

pair produ
tion

pro
ess. To estimate the di�erential 
ux of protons, we


al
ulate the P

pjn

fun
tion for in�nitesimal steps (1� 10

kp
) as a fun
tion of the redshift z and multiply the 
orre-

sponding in�nitesimal probabilities starting at a distan
e

r(z) down to Earth with z = 0:

We take all sour
es to have identi
al inje
tion spe
tra

d

_

N

n

=dE

i

/ E

�


i

�(E

i;max

� E

i

), and parametrize the

redshift evolution of the sour
e luminosity and the 
o-

moving number density �

CR

by a simple power-law,

L

n

= �

CR

[1 + z(r)℄

n

�(z�z

min

)�(z

max

�z)

d

_

N

n

dE

i

; (2)

where the redshift z and the distan
e r are related by

dz = (1 + z)H(z) dr. The Hubble expansion rate at

a redshift z is related to the present one H

0

through

H

2

(z) = H

2

0

�




M

(1 + z)

3

+ 


�

�

; where 


M

and 


�

are

the matter and va
uum-energy densities in terms of the


riti
al density. Here we take 


M

= 0:3 and 


�

= 0:7;

in agreement with WMAP observations [21℄. The results

turn out to be rather insensitive to the pre
ise values

of the 
osmologi
al parameters within their un
ertain-

ties. The minimal and maximal redshift parameters z

min

and z

max

ex
lude the existen
e of nearby and early time

sour
es. As default value, we take z

min

= 0:012, 
orre-

sponding to r

min

= 50 Mp
, and 
omment on the e�e
t

of possible variations where appropriate. Note that the

e�e
ts due to a 
hange in z

max


an be largely 
ompen-

sated by a 
hange in n: Therefore, we �x z

max

= 2 in

the following and study the dependen
es on n only. For

the maximum inje
tion energy we take as a default value

E

i;max

= 10

12:5

GeV. Most of our results are insensitive

to this 
hoi
e, as long as E

i;max

is above � 10

11:5

GeV

(see also Ref. [13℄), as we will see in the following.

FIG. 2: Best �ts to the ultra-high energy 
osmi
 ray spe
-

trum in the energy interval [E

�

; E

+

℄ as observed by Akeno

+ AGASA and Fly's Eye + HiRes. We set E

�

= 10

8:6

GeV,

E

+

= 10

11

GeV, z

min

= 0:012; z

max

= 2; and E

i;max

=

10

12:5

GeV.

The 
osmi
 ray spe
tra as observed by Akeno [9℄ +

AGASA [2℄ and Fly's Eye [8, 15℄ + HiRes [4℄ are �tted

and 
on�den
e levels are assigned using a Poisson likeli-

hood following the pro
edure detailed in Ref. [13℄. The

95% CL ex
lusion 
ontours in the n�
 plane for the two

data samples are shown in Fig. 1. The parameters for the

best �t, shown in Fig. 2, are given in Table I. The dis-

parity in the goodness-of-�t tests of the two data samples

is largely originating in the presen
e of a spurious bump

in the region of 10

9:4

GeV of the Akeno + AGASA data

(
f. Ref. [13℄). This in turn stems from 
ombining the

data of the Akeno array and the full AGASA experiment.

Interestingly, the new s
enario with extra-gala
ti
 
osmi


rays dominating the spe
trum below the ankle, down to

the se
ond knee at E

�

= 10

8:6

GeV, is in
onsistent at

more than a 2� level with standard Fermi engine models

that suggest an inje
tion spe
trum / E

�2

i

. Note that for

both data samples the best �t yields 
 = 2:54. Addi-

tionally, 
 < 2:4 is disfavoured at the 1� level by Fly's

Eye [8, 15℄ + HiRes [4℄ data and at the 2� level by

Akeno [9℄ + AGASA [2℄ data. We have 
he
ked that

this is robust against variations of z

min

� 0:012 and

E

i;max

� 10

11:3

GeV.

It is 
on
eivable that the extra-gala
ti
 proton 
ux

largely ex
eeds the nearby data below 10

8:6

GeV. As 
an

be seen in Fig. 2, this is not the 
ase for the best-�t

values. Moreover, if we make a more sophisti
ated anal-

ysis with a Gala
ti
 
omponent below 10

8:6

GeV, the 2�

allowed regions will shrink.
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TABLE I: Best �t parameters

Experiment 
 n _�

CR

[10

8:6

GeV; 10

12:5

GeV℄

AGASA 2:54 3:65 2:5� 10

45

erg Mp


�3

yr

�1

HiRes 2.54 3.45 1:3� 10

45

erg Mp


�3

yr

�1

At this stage, it is worthwhile to mention that we

have veri�ed the 
onsisten
y of the simulations by �t-

ting the data above 10

10

GeV and 
omparing the 
osmi


ray power density,

_�

CR

[E

i;min

; E

i;max

℄ = �

CR

Z

E

i;max

E

i;min

dE

i

E

i

d

_

N

dE

i

: (3)

with the result obtained in [19℄. Our best �ts, us-

ing Eq. (1) with 
 = 2 and n = 3, 
orrespond to

_�

CR

[10

10

GeV; 10

12

GeV℄ = 4:8 � 10

44

erg Mp


�3

yr

�1

and _�

CR

[10

10

GeV; 10

12

GeV℄ = 2:4 � 10

44

erg Mp


�3

yr

�1

, for AGASA and HiRes, respe
tively.

III. NEUTRINO 




 COSMIC RAY

CONNECTION

For opti
ally thin sour
es, the neutrino power den-

sity s
ales linearly with the 
osmi
 ray power density

_�

CR

[17℄. The a
tual value of the neutrino 
ux depends

on what fra
tion of the proton energy is 
onverted to


harged pions (whi
h then de
ay to neutrinos). To quan-

tify this, we follow WB and de�ne �

�

as the ratio of


harged pion energy to the emerging nu
leon energy at

the sour
e. Depending on the relative ambient gas and

photon densities, 
harged pion produ
tion pro
eeds ei-

ther through inelasti
 pp s
attering [22℄, or photopion

produ
tion predominantly through the resonant pro
ess

p
 ! �

+

! n�

+

[17℄. For the �rst of these, the in-

elasti
ity of the pro
ess is 0.6 [23℄. This then implies

that the energy 
arried away by 
harged pions is about

equal to the emerging nu
leon energy, yielding (with our

de�nition) �

�

� 1: For resonant photoprodu
tion, the in-

elasti
ity is kinemati
ally determined by requiring equal

boosts for the de
ay produ
ts of the �

+

[24℄, giving

�

�

= E

�

+=E

n

� 0:28, where E

�

+ ; E

n

are the emerg-

ing 
harged pion and neutron energies, respe
tively.

In this se
tion, we will extend the WB analysis [17℄

to the 
ase of a lower onset of the extra-gala
ti
 
om-

ponent. The present analysis di�ers from WB in that

the integrated power spe
trum has 
hanged, and that

the spe
tral index 
 6= 2: We will restri
t the ensuing

dis
ussion to the 
ase of photopion produ
tion on reso-

nan
e, and 
omment on the pp possibility at the end of

the se
tion.

The intermediate state of the rea
tion p+
 ! N+� is

dominated by the �

+

resonan
e. In order to normalize to

the observed 
osmi
 rays, we restri
t our interest to the

n�

+

de
ay 
hannel. Ea
h �

+

de
ays to 3 neutrinos and a

positron, �

+

! �

+

�

�

! �

�

�

�

�

e

e

+

. The e

+

readily loses

its energy through syn
hrotron radiation in the sour
e

magneti
 �elds. The average neutrino energy from the

dire
t pion de
ay is hE

�

�

i

�

= (1 � r)E

�

=2 ' 0:22E

�

and that of the muon is hE

�

i

�

= (1+ r)E

�

=2 ' 0:78E

�

,

where r is the ratio of muon to the pion mass squared.

Now, taking the �

�

from muon de
ay to have 1/3 the

energy of the muon, the average energy of the �

�

from

muon de
ay is hE

�

�

i

�

= (1 + r)E

�

=6 = 0:26E

�

. This

means that neutrinos 
arry away about 3/4 of the �

+

energy, and ea
h neutrino 
arries a fra
tion �

�

=4 of the

a

ompanying 
osmi
 ray energy.

In order to 
orrelate the neutrino and 
osmi
 ray 
uxes,

we assume both follow a 
ommon power law at inje
tion

d

_

N

i

dE

i

= C

CR(�)

E

�


i

(4)

and normalize our spe
trum in a bolometri
 fashion

C

�

Z

�

�

E

2

=4

�

�

E

1

=4

E

�(
�1)

i

dE

i

=

3

4

�

�

C

CR

Z

E

2

E

1

E

�(
�1)

i

dE

i

:

After integration we have,

C

�

�

�

�

4

�

�(
�2)

=

3

4

�

�

C

CR

: (5)

Therefore, for the \low" 
rossover energy s
enario, the

resulting 
ux of neutrinos (all 
avors) from opti
ally thin

sour
es is given by [17℄

J

�

(E) = 3

�

�

�

4

�


�1

�

CR

4�

d

_

N

n

dE

i

�

�

�

�

�

E

i

=E

Z

z

max

z

min

(1 + z)

(n�
)

H(z)

dz � 3:5� 10

�3

�

E

GeV

�

�2:54

GeV

�1


m

�2

s

�1

sr

�1

; (6)

where the numeri
al value is an average 
ux obtained

from best �ts to AGASA and HiRes data, derived in

Se
. II [25℄. This extends the WB analysis to values of


 6= 2: The 
uxes for ea
h of the best �ts are shown in

Fig. 3, along with the WB 
ux. Also shown is the region

ex
luded by AMANDA-B10 for both the 
ases 
 = 2

and 
 = 2:54, and the 
as
ade limit [26℄ from Ref. [27℄,

whi
h applies to all s
enarios where neutrinos originate
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from pion de
ays [28℄. For the low-
rossover s
enario, the

neutrino 
ux asso
iated with the AGASA data set is 
on-

sistent with the AMANDA-B10 data. Sensitivity to this


ux will be attained by a full analysis of the AMANDA-

II data set [30℄. In the event of a positive indi
ation

by AMANDA-II, the I
eCube fa
ility will (as shown in

Se
. V) be 
apable dis
riminating between the low and

high 
rossover s
enarios.

Several other remarks are in order. (a) The best �t

sour
e neutrino 
uxes in Fig. 3 
orrespond to z

min

=

0:012 and E

i;max

= 10

12:5

GeV. We have 
he
ked that a


hange of z

min

to zero and a variation ofE

i;max

within the

range [10

11:3

GeV; 10

13:5

GeV℄ produ
es 
hanges within

the order of the thi
kness of the lines. (b) Be
ause of

os
illations, the neutrino 
avor mix at the sour
e will

evolve to a 1:1:1 mix at the dete
tor [31℄. (
) Ele
tron

antineutrinos 
an also be produ
ed through neutron �-

de
ay. However, this 
ontribution turns out to be neg-

ligible (about 3 orders of magnitude smaller than the


harged pion 
ontribution) [32℄. (d) The rapid rise at

lower energies of the low 
rossover neutrino spe
trum will

greatly in
rease the event rate at the Glashow resonan
e

as 
ompared to that given in [32℄ based on the WB 
ux.

The �

e


ux at the Glashow resonan
e obtained in the low


rossover s
enario is about an order of magnitude smaller

than the bound from AMANDA-II data [33℄. (e) Neu-

trino 
uxes from nearby isolated sour
es (e.g., Centau-

rus A [22, 34℄ or Cygnus-OB2 [35℄) 
an be distinguished

through their point anisotropies, from the di�erential 
ux

derived in this work.

We now 
omment on the pp s
enario. If the pri-

mary proton spe
trum / E

�


i

; the dominan
e of inelas-

ti
 pp 
ollisions produ
es an isotropi
ally neutral mix of

pions that on de
ay give rise to a neutrino 
ux with

spe
trum / E

�


[36℄. Current hadroni
 event gener-

ators yield an inelasti
ity of � 0:6 [23℄ for the rea
tion

pp! NN+pions; where the N 's are �nal state nu
leons.

With our de�nition, �

�

� 1; assuming that 2/3 of the �-

nal state pions are 
harged. Then, the 
orre
tion due to

a larger inelasti
ity of pp intera
tions as 
ompared to the

resonant p
 s
attering (with �

�

� 0:28) would in
rease

the neutrino 
ux predi
tions given in Fig. 3 by a fa
tor

of � 7. This sizeable augmentation of the neutrino 
ux

based on opti
ally thin sour
es with dominant pp s
atter-

ing will result in the ex
lusion of the low 
rossover s
e-

nario. Therefore, we will 
ontinue to present our results

on the basis of the dominan
e of the photopion pro
ess.

IV. COSMOGENIC NEUTRINOS

The opa
ity of the CMB to ultra-high energy pro-

tons propagating over 
osmologi
al distan
es guarantees

a 
osmogeni
 
ux of neutrinos, originated in the rea
-

tion p + 


CMB

! N + � [37℄. Very re
ently, one of us

has performed an investigation of the a
tual size of the


osmogeni
 neutrino 
ux [13℄ assuming that all observed


osmi
 ray showers above 10

8:2

GeV are initiated by pro-

FIG. 3: Neutrino 
uxes (summed over all 
avors) from

opti
ally thin sour
es for �

�

= 0:28: The horizontal solid

line indi
ates the WB predi
tion whi
h 
orresponds to a

Gala
ti
/extra-gala
ti
 
rossover energy at the ankle, � 10

10

GeV. The falling solid lines indi
ate the expe
ted neutrino


ux normalized to HiRes (lower) and AGASA (upper) data,

if one assumes the onset of dominan
e by the extra-gala
ti



omponent is at 10

8:6

GeV. The dash-dotted lines indi
ate

the 
uxes of 
osmogeni
 neutrinos asso
iated with 
ux pre-

di
tions given by the falling solid lines. The 
ross-hat
hed

region ex
ludes an E

�2

spe
trum at the 90% CL by measure-

ments of AMANDA-B10 [29℄. The single hat
hed region, ob-

tained by res
aling the AMANDA integrated bolometri
 
ux

limit to an E

�2:54

power law, is the ex
lusion region for the

low 
rossover model. The shaded region indi
ates the 
as
ade

limit (see text for details).

tons, with sour
es isotropi
ally distributed throughout

the universe. The low energy 
uto� used in [13℄ is near

the 
rossover energy suggested by HiRes data, and thus

we expe
t no signi�
ant modi�
ation on the predi
tion

of 
osmogeni
 neutrinos. To verify this assertion, we es-

timate the 
ux of neutrinos produ
ed as sub-produ
ts

in the GZK 
hain rea
tion by the population of protons

that best reprodu
es the HiRes data. Su
h a 
osmogeni



ux is obtained by repla
ing P

pjn

in Eq. (1) with P

�jn

,

J

�

=

1

4�

Z

1

0

dE

i

Z

1

0

dr

�

�

�

�

�P

�jn

(E;E

i

; r)

�E

�

�

�

�

L

n

: (7)

In Fig. 4 it is seen that the 
osmogeni
 
ux predi
tions

for the low energy 
rossovers at 10

8:2

GeV and 10

8:6

GeV

are 
ompatible within errors. It should be noted that the


ontribution to the 
osmogeni
 neutrino 
ux resulting

from neutron beta de
ay is negligible for the energies

under 
onsideration [38℄.

The 
osmogeni
 neutrino 
ux 
orresponding to the

standard E

�2

i

inje
tion spe
trum has been previously

obtained in Ref. [38℄ for several assumed sour
e evolu-

tion indi
es. A 
omparison with the WB 
ux shows that

these (the 
osmogeni
 and sour
e 
uxes) are 
omparable
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FIG. 4: Best �t to HiRes data (solid), assuming dominan
e

of the extra-gala
ti
 
omponent above E

�

= 10

8:2

GeV (top)

and E

�

= 10

8:6

GeV (bottom). Also shown is the asso
iated


osmogeni
 neutrino 
ux for all 
avors (dashed).

at energies above 10

8

GeV. This is in striking 
ontrast

with the 
uxes resulting from the low 
rossover s
enario.

As 
an be seen in Fig. 3, the sour
e 
ux dominates the


osmogeni
 
ux at energies below 10

9

GeV in the low


rossover s
enario [39℄. Thus, the neutrinos below this

energy behave as \uns
athed messengers" of the sour
e

inje
tion spe
trum. The observation of a neutrino 
ux

with a power law spe
tral index > 2:4 
an provide strong

support for the low 
rossover s
enario.

V. ICECUBE SENSITIVITY

In the previous se
tions we have shown that if the

nu
leon-emitting sour
es are opti
ally thin, then the dif-

fuse 
ux of neutrinos produ
ed by these sour
es provides

a powerful tool in dis
riminating between Gala
ti
/extra-

gala
ti
 
osmi
 ray origin. Should the entire s
enario not

be ruled out by AMANDA-II data, it is of interest to ex-

plore the potential of forth
oming neutrino teles
opes to

provide 
on
lusive identi�
ation of the 
rossover energy.

In deep i
e/water/salt, neutrinos are dete
ted by ob-

servation of the

�

Cerenkov light emitted by 
harged par-

ti
les produ
ed in neutrino intera
tions. In the 
ase of

an in
ident high-energy muon neutrino, for instan
e, the

neutrino intera
ts with a hydrogen or oxygen nu
leus in

the deep o
ean water (or i
e) and produ
es a muon trav-

elling in nearly the same dire
tion as the neutrino. The

blue

�

Cerenkov light emitted along the muon's kilometer-

long traje
tory is dete
ted by strings of photomultiplier

FIG. 5: Upper panel: Di�erential event rate at I
eCube for

the di�erent neutrino 
ux predi
tions from AGASA (top),

HiRes (middle) and WB (bottom) obtained in Se
. III. Lower

panel: Expe
ted bin-by-bin event rates for 10 years of opera-

tion. The bin partition interval is taken as � log

10

E = 0:5:

tubes deployed at depth shielded from radiation. The

orientation of the

�

Cerenkov 
one reveals the neutrino di-

re
tion. There may also be a visible hadroni
 shower if

the neutrino is of suÆ
ient energy.

The Antar
ti
 Muon And Neutrino Dete
tor Array

(AMANDA) [40℄, using natural 1 mile deep Antar
ti


i
e as a

�

Cerenkov dete
tor, has operated for more than

3 years in its �nal 
on�guration of 680 opti
al modules

on 19 strings. The dete
tor is in steady operation 
ol-

le
ting roughly four neutrinos per day using fast on-line

analysis software. Its performan
e has been 
alibrated

by re
onstru
ting muons produ
ed by atmospheri
 muon

neutrinos [41℄.

Overall, AMANDA represents a proof of 
on
ept for

the kilometer-s
ale neutrino observatory, I
eCube [18℄,

now under 
onstru
tion. I
eCube will 
onsist of 80

kilometer-length strings, ea
h instrumented with 60 10-

in
h photomultipliers spa
ed by 17 m. The deepest mod-

ule is 2.4 km below the surfa
e. The strings are arranged

at the apexes of equilateral triangles 125m on a side. The

instrumented (not e�e
tive!) dete
tor volume is a 
ubi


kilometer. A surfa
e air shower dete
tor, I
eTop, 
onsist-

ing of 160 Auger-style [42℄

�

Cerenkov dete
tors deployed

over 1km

2

above I
eCube, augments the deep-i
e 
om-
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ponent by providing a tool for 
alibration, ba
kground

reje
tion and air-shower physi
s. Constru
tion of the de-

te
tor started in the Austral summer of 2004/2005 and

will 
ontinue for 6 years, possibly less. At the time of

writing, data 
olle
tion by the �rst string has begun.

At the energies under 
onsideration, there is no atmo-

spheri
 muon or neutrino ba
kground in a km

3

dete
tor.

The di�erential event rate is given by

d

2

N

dE dt

� 2�N

A

� V

e�

J

�

�

CC

�N

; (8)

where N

A

is Avogadro's number, V

e�

� 2 km

3

is the ef-

fe
tive volume of i
e with density �; and �

CC

�N

= 6:78 �

10

�35

(E=TeV)

0:363


m

2

is the 
harged 
urrent neutrino-

nu
leon 
ross se
tion [43℄. The e�e
tive volume used is


onservative, sin
e muon tra
ks 
an originate well out-

side the �du
ial volume of the dete
tor [44℄. In Fig. 5

we show the di�erential event rate at I
eCube from op-

ti
ally thin sour
es. Also shown are the expe
ted bin-

by-bin event rates for 10 years of data 
olle
tion, with

a bin partition size � log

10

E = 0:5: The verti
al error

bars are obtained on the basis of Poisson statisti
s with

� log

10

N = 0:434

p

N=N; for N > 20. For smaller statis-

ti
s we use Poisson 
on�den
e intervals [50℄. It is strongly

indi
ated that within its lifetime I
eCube will attain suf-

�
ient sensitivity to 
onstrain the energy of transition be-

tween Gala
ti
 and extra-gala
ti
 dominan
e. RICE [45℄,

PAO [46℄, EUSO [47℄, ANITA [48℄, and OWL [49℄ also

have the potential to measure the ultra-high energy neu-

trino 
ux. However, the energy thresholds, systemati
s,

ba
kgrounds, or time-s
ales to 
ompletion leave these ex-

periments less promising than I
eCube for a spe
trum

determination in the near future.

VI. CONCLUSIONS

We have estimated the extragala
ti
 di�use neutrino


ux emitted from opti
ally thin sour
es, on the basis

of a low transition energy (10

8:6

GeV) between Gala
ti


and extragala
ti
 
osmi
 rays. Su
h a low 
rossover �nds

support in the 
hemi
al 
omposition analysis of HiRes

data [7℄, and is sustained by studies whi
h reprodu
e the

steepening at the se
ond knee via e

+

e

�

produ
tion on

the CMB [11℄. Sin
e the neutrino 
ux re
e
ts the nu
leon


ux at the sour
e, the latter must be obtained by �tting

observed 
osmi
 ray data taking into a

ount propaga-

tion e�e
ts. The low 
rossover energy is well below the

threshold energy for resonant p


CMB

absorption, and so

samples sour
es even at large redshift. Thus, sour
e evo-

lution is an important 
onsideration in this 
al
ulation.

Two-parameter �ts in the spe
tral and redshift evolu-

tion indi
es show that a standard FermiE

�2

i

sour
e spe
-

trum is ex
luded at larger than 95% CL. Best �ts to both

Akeno [9℄ + AGASA [2℄ and Fly's Eye [8, 15℄ + HiRes [4℄

data sets give an E

�2:54

i

sour
e spe
trum, with an evo-

lution index somewhat larger than 3. The neutrino 
ux

obtained using the WB [17℄ 
onsideration for energeti
s

at the sour
e mirrors the steep spe
trum of the emitted


osmi
 rays.

Comparison of the resulting 
ux with existing

AMANDA-B10 90% CL bounds [29℄ reveals the follow-

ing: (1) If neutrinos are generated by pp intera
tions at

the sour
e, the resulting 
ux is within the ex
luded re-

gion. (2) For p
 intera
tions dominant, the best �t to

the data yields a neutrino 
ux whi
h is 
onsistent with

the AMANDA-B10 upper limit. A 
omplete analysis of

the AMANDA data will provide suÆ
ient sensitivity to

rule out the model.

The neutrino 
ux at the sour
e in this s
enario dom-

inates the 
osmogeni
 
ux. Thus, should data from

AMANDA-II not rule out the model, we show that I
e-

Cube 
an measure the 
hara
teristi
 power law of the

neutrino spe
trum, and thus provide a window on the

sour
e dynami
s.

In summary, forth
oming data from the South Pole


an provide signi�
ant 
lues in demar
ating the 
osmi


ray Gala
ti
 extra-gala
ti
 
rossover energy.
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