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Very recently, the Pierre Auger and Telescope Array collaborations reported strong evidence for a
correlation between the highest energy cosmic rays and nearby starburst galaxies, with a global significance
post-trial of 4.7σ. It is well-known that the collective effect of supernovae and winds from massive stars in
the central region of these galaxies drives a galactic-scale superwind that can shock heat and accelerate
ambient interstellar or circumgalactic gas. In previous work we showed that, for reasonable source
parameters, starburst-driven superwinds can be the carriers of ultrahigh-energy cosmic ray acceleration.
In this paper we assess the extent to which one can approach the archaeological “inverse” problem of
deciphering properties of superwind evolution from present-day IR emission of their host galaxies.
We show that the Outer Limits galaxy NGC 891 could provide “smoking-gun evidence” for the starburst-
driven superwind model of ultrahigh-energy cosmic rays.
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I. INTRODUCTION

It is difficult to overstate the scientific importance
of understanding the origin of the highest-energy cosmic
rays. Ultrahigh-energy cosmic rays (UHECRs) have been
observed since the early 1960’s [1] and a plethora of
models have been proposed to explain their origin,
including acceleration (bottom-up) processes in power
astrophysical environments and (top-down) decay of
super-heavy (GUT scale) particles [2].
In the late 1990’s we proposed a model predicting that

UHECR nuclei could be accelerated in the large-scale
terminal shock of the superwinds that flow from the central
region of starburst galaxies [3]. A few years later we also
predicted that the highest energy cosmic ray nuclei will
generate 20 to 30 degrees hot-spots around the starbursts,
because of their magnetic deflection in the Galactic
magnetic field [4].
Over the last decade, mounting evidence has been

accumulating suggesting that the UHECR composition
becomes dominated by nuclei at the high-energy end of
the spectrum [5–10]. Concurrently, the Pierre Auger
Collaboration has provided a compelling indication for a
possible correlation between the arrival directions of
cosmic rays with energy E≳ 1010.6 GeV and a model
based on a catalog of bright starburst galaxies [11,12]. The
post-trial chance probability in an isotropic cosmic ray sky
gives a Gaussian significance of 4.0σ. When data from the
Telescope Array are included in the statistical analysis the

correlation with starburst galaxies is stronger than the Auger-
only result, with a post-trial significance of 4.7σ [13]. In the
best-fit model, ð12.1� 4.5Þ% of the UHECR flux originates
from the starbursts and undergoes angular diffusion on a von
Mises-Fisher scale ψ ∼ 15.1þ4.6°

−3.0 .
1

Together these observations lead to two critical
questions:

(i) What imprints may the evolution of starburst-driven
superwinds leave in present-day observables?

(ii) To what extent can we decipher this archaeological
record, exploiting information about the present-day
Universe in order to learn about or constrain the
possible acceleration of UHECR nuclei in starburst-
driven superwinds?

These are certainly very broad questions, and in this paper
we attempt to take a first step towards answering these
questions.
Before proceeding, we pause to note that median

deflections of particles in the Galactic magnetic field are
estimated to be

θG ∼ 3°Z

�
E

1011 GeV

�
; ð1Þ

1It is important to note that a likelihood analysis considering
the biases induced by the coherent deflection in the Galactic
magnetic field gives best-fit parameters which are consistent
within 95% C.L. with those obtained adopting angular diffusion
in the isotropic-scattering approximation [14].
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where Z is the charge of the UHECR in units of the proton
charge [15]. Thus, the requirement θG ≲ ψ implies that
UHECRs contributing to the starburst anisotropy signal
should have Z ≲ 10 and E=Z ∼ 1010 GeV.

II. STARBURST ARCHEOLOGY

Starburst-driven superwinds are complex, multi-phase
phenomena primarily powered by the momentum and
energy injected by massive stars in the form of supernova
(SN) explosions, stellar winds, and radiation [16].
According to the book, these superwinds are ubiquitous
in galaxies where the star-formation rate per unit area
exceeds 10−1M⊙ yr−1 kpc−2. This type of starbursting
object, nicknamed far-IR galaxy (FIRG), can be charac-
terized by (i) an IR luminosity, LIR ≳ 1044 erg s−1, which is
large relative to its optical luminosity LIR ≫ LOPT, and
(ii) a “warm” IR spectrum (flux density at 60 μm > 50%
the flux density at 100 μm).
The deposition of mechanical energy by supernovae and

stellar winds results in a bubble filled with hot (T ≲ 108 K)
gas that is unbound by the gravitational potential because
its temperature is greater than the local escape temperature.
The overpressured bubble expands adiabatically, becomes
supersonic at the edge of the starburst region, and even-
tually blows out of the disk into the halo forming a strong
shock front on the contact surface with the cold gas in
the halo.
Two distinct mechanisms have been proposed to explain

the starburst anisotropy signal:
(i) UHECRs can be accelerated by bouncing back

and forth across the superwind’s terminal shock
(hereafter ARC model) [3].

(ii) UHECR acceleration can occur in the dispropor-
tionally frequent extreme explosions that take
place in the starburst nucleus due to the high star-
formation activity [17]; e.g., low-luminosity
gamma-ray bursts (llGRBs) [18].

A point worth noting at this juncture is that one would
expect llGRB explosions to stochastically sample the
locations of cosmic-star formation throughout the volume
of the Universe in which they can be observed. Then the
probability for a given type of galaxy to host a llGRB
during some period of time would be proportional to its
star-formation rate. Starburst galaxies represent about 1%
of the fraction of galaxies containing star-forming
galaxies [19], and the probability of SN explosions is
about one to two orders of magnitude larger in starbursts
than in normal galaxies, e.g., the SN rate for M82 is
about 0.2–0.3 yr−1 [20] whereas for the Milky Way is
∼3.5� 1.5 century−1 [21]. Note that these two effects
tend to compensate each other, and so a straightforward
calculation shows that UHECRs accelerated in llGRBs
will have a stronger correlation with the nearby matter
distribution than with starbursts [22].

Indeed, given the ubiquity of llGRB explosions we can
ask ourselves why the correlation of UHECRs with starburst
galaxies would be explained by the presence of this common
phenomenon. Rather there must be some other inherently
unique feature of starburst galaxies to account for this
correlation. With this in mind, herein we focus on the
ARC model [3]. In previous work [23,24], we investigated
the constraints imposed by the starburst anisotropy signal on
the ARC model and we readjusted free parameters to remain
consistent with the most recent astrophysical observations.
We now investigate the minimum power requirement for
UHECR acceleration at shocks.
The cosmic ray maximum energy for any multiplicative

acceleration process is given by the Hillas criterion, which
yieldsEmax ∼ ZeuBR, whereR is the size andB themagnetic
field strength of the acceleration region, and u is the speed of
the scattering centers (i.e., the shock velocity) [25]. Now, the
magnetic field B carries with it an energy density B2=ð2μ0Þ,
and the outflowing plasma carries with it an energy flux
∼uR2B2=ð2μ0Þ, where μ0 is the permeability of free space.
This sets a constraint on the maximum magnetic power
delivered through the shock [26]. Following [27],we combine
the Hillas criterion with the constraint of the magnetic energy
flux to arrive at the minimum power needed to accelerate a
nucleus to a given rigidity R,

Pmin¼
R2

2μ0u
∼1044 ergs−1

�
u

0.01c

�
−1
�

R
1010GV

�
2

: ð2Þ

This steady-state argument provides a conservative upper
limit for the required minimum power in the superwind.
Note that the minimum power requirement can be relaxed if,
e.g., the energy carried by the out-flowing plasma needed
to maintain a 100 μG magnetic field strength on a scale of
15 kpc [24] is supplied during periodic flaring intervals.
Throughout we remain cautious and adopt (2) as our point of
reference.
Next, in line with our stated plan, we adopt the functional

form of the energy injection rate from stellar winds and
supernovae estimated in [28] to determine the kinetic
energy output of the starburst from measurements of the
IR luminosity,

Ptoday ∼ 4 × 1043LIR;11 erg s−1; ð3Þ

where LIR;11 is the total IR luminosity (in units of 1011L⊙),
and where we have rescaled the normalization factor to
accommodate a supernova rate in M82 of 0.3 yr−1 [29],
rather than the 0.07 yr−1 used in the original calculation
of [28]. The associated mass-loss rate to match the
normalization u ∼ 0.01 c is found to be

_M ∼ 15LIR;11M⊙ yr−1: ð4Þ

LUIS ALFREDO ANCHORDOQUI PHYS. REV. D 107, 083024 (2023)

083024-2



In Table I we list the present-day kinetic energy output of
the nearby starbursts contributing to the anisotropy signal.
By comparing (2) with the results on Table I we see that

for most of the starbursts the present-day power output falls
short by about an order of magnitude to accommodate the
required maximum rigidity to explain the anisotropy signal.
However, we note that the estimate in (2) is subject to large
systematic uncertainties; see Appendix A. Furthermore, the
characteristic timescale for Fermi acceleration in nonrela-
tivistic shocks is Oð107 yrÞ [31], and the superwind power
given in Table I does not take into account any source
evolution, but rather characterizes the current state of the
outgoing plasma assuming that the star formation pro-
ceeded continuously at a constant rate.
The question is then; Could the superwind of the FIRGs

listed in Table I be more powerful in an earlier stage?
The answer to this question is, in principle, yes. with the
rationale being that very powerful FIRGs have been
observed in our cosmic backyard. For example, Arp 220
and NGC 6240 are the nearest and best-studied examples
of very powerful FIRGs (LIR ∼ 1012L⊙), while IRAS
00182–7112 is the most FIR-powerful galaxy yet discov-
ered (LIR nearly 1013L⊙) [28]. We note, however, that there
is no solid evidence indicating that these powerful FIRGs
could represent an early stage of the starburst evolution.
The star formation history of Arp 220 is multiplex: in the
central kpc, a 10 Myr old starburst provides the majority of
the IR luminosity [32]. This is comparable to the mean age
of the active starburst in M82, but somewhat younger than
the stellar activity powering the central regions of NGC
253, see Appendix A. What’s more, data from supernova
radio spectra of Arp 220 may be indicative of a very short,
intense burst of star formation around 3 Myr ago [33],
which could be the elephant in the room.
Now, the anisotropy correlation is observed to be spread

over an angular region of size ∼20°.2 The spread originates
in the scattering of UHECRs with magnetic fields as they
propagate to the Earth. The scattering on magnetic fields

also gives rise to a spread in the arrival times of UHECRs
with respect to the IR emission. If all scattering takes place
in the Milky Way the dispersion in the UHECR arrival
times is roughly 103 yr [34]. This seems a very short period
of time to accommodate an order of magnitude change
in P. However, since the number density of gas in the halo
region is 10−3 ≲ ng;h=cm3 ≲ 10−2 [35–38] and the total pp
cross section at E ∼ 1010 GeV is σpp ∼ 100 mb, the char-
acteristic timescale for pp collisions in the acceleration
region is 1≲ τppint =Gyr ≲ 10. For a nucleus of baryon
number A scattering off a proton, an order of magnitude
estimate of the total cross section can be obtained from
the empirical scaling σAp ∼ A2=3σpp [39]. Thereby, for a
medium mass nucleus (carbon, nitrogen, or oxygen), the
characteristic timescale to scatter off the gas in the accel-
eration region is 0.1≲ τApint =Gyr ≲ 1. Moreover, the energy-
loss rate of baryon scattering is comparable to that of
nucleus photodisintegration in the background radiation
fields of the acceleration region, see Appendix B. All in all,
this implies that even considering the upper range for
estimates of the gas density in the halo, UHECRs ARC
accelerated by the starburst superwind could be storaged in
the acceleration region without suffering catastrophic
spallations.
At last, we adopt the venerable leaky-box approximation

to outline a first order model that can describe the
dynamics of the starburst emission process. In analogy
with the closed Galactic model of [40], we start with the
assumption that, in a first stage, during the ARC accel-
eration process all cosmic rays remain confined to the
galaxy by a suitable large magnetic field, even at the
highest energies. In a second stage, the confinement power
of the magnetic field (correlated with LIR) gradually
decreases and the UHECRs are trapped, but within
reflecting boundaries surrounding the galaxy, such that
at each encounter with the boundary, they have a time-
dependent probability of escaping into the intergalactic
space. This leakage of UHECRs is driven by diffusion with
a time-dependent rigidity, but of course the larger the
rigidity the less time spent in the confinement volume.
To develop some sense for the orders of magnitude

involved, we recall that in each “scatter,” the diffusion
coefficient describes an independent angular deviation of
particle trajectories whose magnitude depends on the
Larmor radius rL ¼ 0.1Z−1E10B−1

100 kpc, where E1010 ¼
E=1010 GeV and B100 ¼ B=100 μG [2].3 That said, it is
reasonable to assume that a medium mass nucleus with
E≲ 1010.7 GeV would remain trapped inside magnetic
subdomains of size l ∼ 0.1 kpc, attaining efficient

TABLE I. Infrared luminosities [30] and kinetic energy output.

Starburst galaxy log10ðLIR=L⊙Þ Ptoday=ð1043 erg s−1Þ
NGC 253 10.44 1
NGC 891 10.27 0.7
NGC 1068 11.27 7
NGC 3034 (a.k.a. M82) 10.77 2
NGC 4945 10.48 1
NGC 5236 (a.k.a. M83) 10.10 0.5
NGC 6946 10.16 0.6
IC 342 10.17 0.6

2The angular spread of a von Mises-Fisher distribution, the
equivalent of a Gaussian on the sphere, corresponds to a top-hat
scale Ψ ∼ 1.59 × ψ .

3Our fiducial choice of B is supported by full-blown simu-
lations, which accurately capture the hydrodynamic mixing and
dynamical interactions between the hot and cold phases in the
outflow [41]; for details, see [24].
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diffusion when the wave number of the associated Alfvén
wave is equal to the Larmor radius of the nucleus [42]. With
a Kolmogorov form for the turbulent magnetic field power
spectrum (with coherent directions on scales l), this gives
for a diffusion coefficient

DðEÞ ∼ 5l2=3
0.1 B−1=3

100 E1=3
1010

kpc2

Myr
; ð5Þ

where l0.1 ¼ l=0.1 kpc [43]. Neglecting a numerical
constant of order one, the diffusion time to the “magnetic
wall” is estimated to be τdiffðEÞ ∼H2=DðEÞ, whereH is the
height of the halo [44]. For H ∼ 15 kpc [45], the diffusion
time is in the ballpark, τdiffðEÞ ∼ 50 Myr=E1=3

1010
. Note that

a mean residence time in the confinement volume of
τres ∼ 0.1 Gyr, would require cosmic rays to bounce one
(E ∼ 1010 GeV) or two (E ∼ 1010.7 GeV) times in the
reflecting boundaries. Therefore, for the problem at hand,
the ratio of the diffusion coefficient in the wall to that in the
confinement volume must not be unreasonably high. This is
in sharp contrast to the classical leaky box description of
Galactic cosmic rays [46].
Needless to say, the ad hoc assumption that the residence

time of UHECRs is compatible with a single value is a
rudimentary order of magnitude approximation, because
particles originated in the center reside longer that those
populating the halo periphery. A precise description of the
storage/trapping mechanism, with a time-dependent prob-
ability of escaping into the intergalactic space, requires a
numerical simulation that is beyond the scope of this paper.
Besides, one may object our choice of fiducial values for B
and H, which could be considered somewhat off-center.
Whichever point of view one may find more convincing, it
seems most conservative at this point to depend on experi-
ment (if possible) to resolve the issue. In the next section
we examine a particular FIRG example that could provide a
clear-cut experimental test of the ideas discussed above.

III. NGC 891: THE SMOKING GUN

The Outer Limits spiral galaxy NGC 891 lives in the
Local Super Cluster, some 9.7 Mpc away.4 The galaxy
looks as the MilkyWay would look like when viewed edge-
on, and indeed the two galaxies are considered very similar
in terms of luminosity and size [47]. However, HI obser-
vations reveal structures on various scales. High resolution
images of its dusty disk show unusual filament patterns
extending into the halo of the galaxy, away from its galactic
disk. The overall kinematics of the gas in the halo is
characterized by differential rotation lagging with respect
to that of the disk. The lag, which is more pronounced at
small radii, increases with height from the plane. There is

evidence that a significant fraction of the halo is due to a
galactic fountain [48].
The slope of the luminosity function is powerful indi-

cator of the main features of the host galaxy. On the one
hand, if the star formation rate in the galaxy is constant,
then the luminosity function describing the sources can be
accommodated by a single unbroken power-law model.
On the other hand, if the galaxy is starbursting then new
high-mass x-ray binaries would be formed, breaking the
luminosity function slope. The break in the slope would
decrease with time, and would be an indication of the time
of previous bursts in the galaxy. The x-ray luminosity
function of NGC 891 can be fitted by a single power law,
but with a slope typical of starburst galaxies and flux
density ratio (at 60 μm=100 μm) corresponding more to
normal spirals than starbursts [49]. Altogether this indicates
that NGC 891 is a starburst in a quiescent state.
NGC 891, located in equatorial coordinates at (right

ascension, declination) = ð35.64°; 42.35°Þ, is inside the
∼20° angular window where the Telescope Array
Collaboration reported an excess of events over expectations
from isotropy [50]. More precisely, the hotspot is centered at
ð19°; 35°Þ, and has a local significance of 4σ down to
E ∼ 1010.1 GeV.5 More data are certainly needed to ascertain
whether the hot spot originates in NGC 891. Should this be
the case, it is clear that UHECR acceleration must have
occurred in the past, when the galaxy was starbursting.
Note that, in very good approximation, UHECRs are

emitted instantaneously by llGRB and they cannot remain
unscathed inside the starburst core. Indeed, the production
of very- and ultrahigh energy neutrinos would be a clear
indication that UHECRs are accelerated in the central
region of the starburst [51,52]. In contrast, in the ARC
model, the interaction of UHECRs with the gas and
radiation fields in the halo is largely suppressed (for details,
see Appendix C), and therefore the neutrino signal would
be largely suppressed.
We stress once more that NGC 891 is a starburst in a

quiescent state. Because of this, the production of UHECRs
assuming typical starburst properties must have occurred in
the past, when the starbursting nucleus was active. Now,
since these cosmic rays cannot be storaged in the nucleus,
but only in the halo, we can conclude that the confirmation
of NGC 891 as an UHECR source would disfavor accel-
eration through powerful explosions in the starburst
nucleus, while providing some support for ARC acceler-
ation with time-dependent reflecting boundaries surround-
ing the galaxy.

IV. CONCLUSIONS

We have investigated whether starburst-driven super-
winds satisfy the power requirements to accelerate

4NGC 891 appears in the end credits of the Outer Limits 1963
TV series.

5We used EAuger ¼ E0eαðETA=E0Þβ, with E0 ¼ 1010 GeV,
α ¼ −0.159� 0.012 and β ¼ 0.945� 0.016 [13].
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UHECRs. Since the acceleration timescale is Oð107 yrÞ,
this quest by necessity has been fundamentally archaeo-
logical: we seek to exploit present-day observations in the
interest of learning about the past. We have shown that
NGC 891 provides fossil evidence that UHECRs may have
been ARC accelerated in the past and remained storaged in
the acceleration region, where they diffused rather freely
without suffering significant energy losses. When the
confinement power of the magnetic field (correlated with
LIR) in the storage region started to gradually decrease a
fraction of the cosmic rays began to escape at a rate that has
slowly increased over time.
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APPENDIX A: SYSTEMIC UNCERTAINTIES

The estimate of the kinetic energy output for the
starbursts is model dependent, and therefore subject to
large systematic uncertainties. One source of uncertainty is
the functional form relating P and LIR. A commonly-used,
simplifying assumption when modeling the starburst his-
tories is that the star formation proceeds continuously at a
constant rate [53]. For a constant star formation rate (SFR),
the Salpeter stellar initial mass function (IMF) [54] leads to
ratios Ptoday=LIR;11 and _M=LIR;11 which are a factor of ∼3
smaller than the fiducial values given in (3) and (4) [55]. A
factor of SFR½46�=SFR½45� ∼ 1.5 comes from the adopted
relation between SFR and LIR derived in [56] assuming
that the mass spectrum between 10 and 100M⊙ follows a
power law with slope 2.35 [57]. IMFs which are consid-
erably flatter than the Salpeter IMF lead to higher values of
Ptoday [58]. However, the point we want to make herein is
not only that the uncertainty in the empirically determi-
nation of the proportionality constant relating Ptoday and
LIR is large, but also that for many purposes, a steady-state
approximation of the starburst phenomenon is inadequate,
and consequently the functional form relating P and LIR
must be time-dependent. In particular, there is evidence
for more than one starbursting region in the nearby
galaxy M82, with one of these star forming regions active
until ∼20 Myr ago, but suppressed over the last 10 to
15 Myr [59,60]. The mean age of the active starburst is
≲15 Myr [59]. NGC 253 has also a complex structure, with
the possibility of two or more (a)synchronous starbursting
episodes during its lifetime [61]. The central regions of
NGC 253 contain a large population of rather young stars
formed within the past ∼30 Myr [62].
A second source of uncertainty steams from the shock

velocity. Parameterized three-dimensional radiative hydro-
dynamical simulations that follow the emergence and
dynamics of starburst’s superwinds seem to indicate that
superwinds driven by energy injection in a ringlike

geometry can produce a fast (≳0.01 c) transient flow along
the minor axis [63].

APPENDIX B: PHOTODISINTEGRATION
TIMESCALE

In this appendix, we estimate the energy loss rate due to
UHECR nucleus photodisintegration. We approximate the
starburst core as a cylinder of radius ∼200 pc and thickness
∼80 pc. The spectral energy density for the radiation fields
of M82 inside the core is shown in Fig. 1. It can be
approximated by a broken power law,

nðεÞ ¼ n0

� ðε=ε0Þα ε < ε0

ðε=ε0Þβ otherwise
; ðB1Þ

where ε is the photon energy, the maximum photon number
density is at an energy of ε0 ¼ 11 meV, and where
n0 ¼ 106 cm−3 eV−1, α ¼ 1.1, and β ¼ −1.8 [52]. The
spectrum is normalized so that the total number density
of photons is

R
nðεÞdε. Out in the halo, jzj≳ 40 pc, for

ε≳ 10−3 eV, the photon density decreases with the square
of the distance, i.e., n0 ¼ 106 cm−3 eV−1ðz=40 pcÞ−2. For
ε≲ 10−3 eV, the spectral energy density is dominated by
the contribution of the cosmic microwave background.
The photodisintegration timescale of a cosmic ray

nucleus, with energy E ¼ γAmp and Lorentz boost γ,
propagating through an isotropic photon background with
energy ε and spectral energy density nðεÞ is found to be

1

τint
¼ c

2

Z
∞

0

dε
nðεÞ
γ2ε2

Z
2γε

0

dε0ε0σðε0Þ; ðB2Þ

where σðε0Þ is the photodisintegration cross section by a
photon of energy ε0 in the rest frame of the nucleus, and
where A is the nucleus baryon number and mp the mass of
the proton [65].
The photodisintegration cross section is approximated by

a single pole in the narrow-width approximation,

σðε0Þ ¼ πσres
Γres

2
δðε0 − ε0resÞ; ðB3Þ

FIG. 1. Spectral energy density for the radiation fields of
M82 [64].
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where σres ≈ 1.45 × 10−27 cm2 A is the resonance peak,
Γres ¼ 8 MeV its width, and ϵ0res ¼ 42.65A−0.21 ×
ð0.925A2.433Þ MeV, for A > 4 (A ≤ 4) the pole [66]. The
factor of 1=2 is introduced to match the integral (i.e.,
total cross section) of the Breit-Wigner and the delta
function [67].
Substitution of (B3) into (B2) leads to,

1

τintðEÞ
≈
cπσresε0resΓres

4γ2

Z
∞

0

dε
ε2

nðεÞΘð2γε − ε0resÞ

¼ cπσresε0resΓres

4γ2

Z
∞

ϵ0res=2γ

dε
ε2

nðεÞ: ðB4Þ

We adopt the spectral energy density of photons in M82 as
benchmark, and so substituting (B1) into (B4) we arrive at

1

τAγintðEÞ
¼ 1

τb

� ðEb=EÞβþ1 E ≤ Eb

ηðEÞ þ ðEb=EÞ2 E > Eb

; ðB5Þ

where

τb ¼
2Ebð1 − βÞ

c π σres Amp Γres n0
; ðB6Þ

Eb ¼
ε0res Amp

2ε0
; ðB7Þ

and ηðEÞ ¼ ð1 − βÞ=ð1 − αÞ½ðEb=EÞαþ1 − ðEb=EÞ2� [68].
A straightforward calculation shows that the photodisinte-
gration timescale of medium mass (carbon, nitrogen, or
oxygen) cosmic ray nucleus with E≳ 1010 GeV propagat-
ing in the photon background at z≳ 1 kpc is τAγint ≳ 0.1 Gyr.
Note that for a medium mass nucleus, the energy loss

per collision ∼γmp is negligible when compared to that
of baryon scattering. Thus, the energy loss rate of
hadronic collisions in the halo is comparable to that of
photodisintegration.
In closing, we note that at the peak, theΔð1232Þ resonant

cross section is roughly an order of magnitude smaller than
the giant-dipole resonance; for 16O, these cross sections
peak at 20 MeV and 300 MeV and are roughly 30 mb [69]
and 3 mb [70], respectively). Besides, an oxygen nucleus of
1010.7 GeV has a Lorentz boost γ ∼ 109.5, and so to excite
the Δð1232Þ would require photons with ε ∼ 0.1 eV. This
is a decade of energy above the peak of the spectrum where
the number of photons decreases by more than an order of
magnitude, see Fig. 1. Altogether, the interaction timescale
of photopion production is orders of magnitude larger than
that of photodisintegration.

APPENDIX C: ASSESSING THE
NEUTRINO FLUX

High-energy astrophysical neutrinos are the tell-tale
signature of hadronic interactions. In this appendix we
examine whether the neutrino signal can be used to
discriminate acceleration models which take place inside
the starburst nuclei from those in which acceleration takes
place out in the galactic halo.
Acceleration of UHECRs in the starburst nucleus

has been proposed to originate in young neutron star
winds [71,72], tidal disruption events [34,73], and
llGRB explosions [18]. For relativistic winds of fast-
spinning pulsars, the estimated neutrino flux produced
while UHECRs cross the supernova ejecta surrounding
the stars is within the IceCube reach [74,75].
Independently of the acceleration mechanism, inter-

actions of UHECR within the starburst nucleus could also
lead to a measurable neutrino flux. The gas density in the
starburst nucleus is related to the star formation rate and
hence associated to the IR luminosity via the Kennicutt-
Schmidt scaling [76], and is given by

ng;n ∼ 100ðLIR=LIR;M82Þ0.715 cm−3; ðC1Þ

where, as noted in [51], the exponent of the correlation
is in agreement with [77]. Taking the σpA cross section
introduced in Sec. II, it is straightforward to see that the
interaction timescale for UHECRs to collide with the
background gas is Oð104 yrÞ. On the other hand, for the
radiation background shown in Fig. 1 the photodisintegra-
tion timescale in the starburst nucleus is Oð0.1 MyrÞ.
In addition, the contribution of nucleus photodisintegra-

tion to the neutrino flux originates in the decay of the emitted
neutron. Note that the maximum ν̄ energy in the neutron
rest frame is very nearlyQν̄ ≡mn −mp −me ¼ 0.78 MeV,
where mn and me are the mass of the neutron and electron,
respectively [78]. In the lab, the ratio of the maximum ν̄
energy to the neutron energy is Qν̄=mn ∼ 10−3, and so the
boosted ν̄ has an average energy Eν̄ ∼ 10−3γmn. This is in
sharp contrast to baryon scattering, where the maximum
neutrino energy could be about 0.1 that of the incoming
cosmic ray [79]. Therefore, neutrino production is largely
dominated by hadronic collisions on the gas environment
of the starburst nucleus. An estimate of the expected
diffuse neutrino flux from starbursts assuming UHECR
interactions with the gas density given in (C1) has been
carried out in [51]. For a neutrino energy in the range
106 ≲ Eν=GeV≲ 108, the estimated single-flavor energy-
squared weighted neutrino flux,

E2
νΦν ∼ 10−8.5 GeV cm−2 s−1 sr−1; ðC2Þ

saturates the IceCube flux/limit [80], and is therefore within
reach of next generation experiments.

LUIS ALFREDO ANCHORDOQUI PHYS. REV. D 107, 083024 (2023)

083024-6



We have seen in Appendix B that out in the galactic
halo, where UHECR accelerated in the starburst super-
wind could be storaged, the interaction timescale of
photodisintegration and/or scattering off the gas is
between four to five orders of magnitude larger than

the one in the nucleus. Therefore, the associated neutrino
flux would be largely suppressed. Indeed the expected
neutrino flux would be below the cosmogenic neutrino
flux and out of reach of next generation experiments;
see Fig. 9 in [51].
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