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The sources of ultrahigh-energy cosmic rays (UHECRs) have been stubbornly elusive. However, the
latest report of the Pierre Auger Observatory provides a compelling indication for a possible correlation
between the arrival directions of UHECRs and nearby starburst galaxies. We argue that if starbursts are
sources of UHECRS, then particle acceleration in the large-scale terminal shock of the superwind that flows
from the starburst engine represents the best known concept model in the market. We investigate new
constraints on the model and readjust free parameters accordingly. We show that UHECR acceleration
above about 10'"' GeV remains consistent with observation. We also show that the model could
accommodate hard source spectra as required by Auger data. We demonstrate how neutrino emission
can be used as a discriminator among acceleration models.
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The search for the sources of ultrahigh-energy cosmic
rays (UHECRs) remains one of the cornerstone compo-
nents of high energy astrophysics. The source hunting
exploration is mostly driven by three observables: the
energy spectrum, the nuclear composition, and the distri-
bution of arrival directions. From these observables, the last
one allows the most direct conclusions about the locations
of UHECR accelerators.

Very recently, the Pierre Auger Collaboration reported an
indication of a possible correlation between UHECRs
(E > 10'%% GeV) and nearby starburst galaxies, with an
a posteriori chance probability in an isotropic cosmic ray
sky of 4.2 x 107>, corresponding to a 1-sided Gaussian sig-
nificance of 40 [1]. The smearing angle and the anisotropic
fraction corresponding to the best-fit parameters are 13° and
10%, respectively. The energy threshold coincides with the
observed suppression in the spectrum [2-5]. Interestingly,
when we properly account for the barriers to UHECR
propagation in the form of energy loss mechanisms [6—8]
we obtain a self consistent picture for the observed UHECR
horizon.

On a separate track, the Telescope Array Collaboration has
reported an intriguing excess of UHECRs (E > 10'%76 GeV)
above the isotropic background-only expectation, with a
chance probability of 3.7 x 107, corresponding to 3.4¢
[9,10]. This hot spot spans a ~20° region of the sky, and
the starburst galaxy MS82 is close to the best-fit source
position [11,12].

In this paper we argue that if starbursts are sources of
UHECRs, then particle acceleration in the large-scale
terminal shock of the superwind that emanates from the
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starburst nucleus [13] represents the best known concept
model in the market. We investigate new constraints on the
model and readjust free parameters accordingly. We show
that acceleration of UHECR nuclei in the range 10'0¢ <
E/GeV < 10! remains consistent with the most recent
astrophysical observations. We also show that the model
could accommodate hard source spectra as required by
Auger data.

Extremely fast spinning young pulsars [14,15], newly
born magnetars [16], gamma-ray bursts (GRBs) [17,18],
and tidal disruption events (TDEs) caused by black holes
[19] have been identified as potential UHECR accelerators
inside starburst galaxies [1,20]. Given the ubiquity of
pulsars, magnetars, and black holes we can ask ourselves
why the correlation of UHECRs with starburst galaxies
would be explained by the presence of these common
objects. Rather there must be some other inherently unique
feature(s) of starburst galaxies to account for this correlation.
A true smoking gun for the pulsar/magnetar/TDE scenario
would be a correlation with the distribution of all nearby
matter as opposed to a particular class of objects [21].

There are numerous indications that long GRBs are
extreme supernova events, which arise from the death of
massive stars [22]. Starburst galaxies are characterized by
high star-formation rates per unit area, of the order of 15 to
20 M yr~' kpc~? [23]. This is up to several hundred times
larger than the characteristic value normally found in gas-
rich galaxies like the Milky Way. The observed supernova
rate in starbursts is also higher than average, and so it seems
only natural to expect a high rate of long GRBs too [24,25].
However, the star formation rates per unit stellar mass of
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GRB host galaxies are found to be higher than for typical
nearby starburst galaxies [26]. Moreover, stronger and
stronger experimental evidence has been accumulating that
implies GRB hosts are low mass irregular galaxies and have
low metallicity, see e.g. [27-29]. Altogether, this makes the
GBR %= (metal-rich) starburst connection highly unlikely.

The universal fast star formation in starburst galaxies is
directly correlated with the efficient ejection of gas, which
is the fuel for star formation. This happenstance generates a
galactic-scale superwind, which is powered by the momen-
tum and energy injected by massive stars in the form of
supernovae, stellar winds, and radiation [23,30]. Multi-
wavelength observations seem to indicate that these super-
winds are genuinely multi-phase: with hot, warm, cold, and
relativistic (cosmic rays) phases. These observations also
suggest a pervasive development of the hot (T ~ 107 K)
and warm diffuse ionized (T ~ 10* K) phases. Namely,
experiment shows that the hot and warm large-scale
supersonic outflows escalate along the rotation axis of
the disk to the outer halo area in the form of local chimneys.
Such a supersonic outflow, however, does not extend
indefinitely. As the superwind expands adiabatically out
beyond the confines of the starburst region, its density
decreases. At a certain radial distance the pressure would
become too small to further support a supersonic flow.
Whenever the flow is slowed down to subsonic speed a
termination shock stops the superwind. The shocked gas
continues as a subsonic flow. The termination shock would
remain in steady state as long as the starburst lasts. As noted
elsewhere [13] this set up provides a profitable arena for
acceleration of UHECRs.

Next, in light with our stated plan, we examine new
constraints on the model. Consider a spherical cavity where
core-collapse supernovae and stellar winds inject kinetic
energy. This kinetic energy then thermalizes and drives a
super-heated outflow that escapes the sphere. Following
[31], to a first approximation we ignore gravity, radiative
cooling, and other effects. In this approximation energy
conservation leads to the asymptotic speed of the outflow
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where E, and M, are respectively the energy and mass
injection rates inside the spherical volume of the starburst
region, and where f is the mass loading factor, i.e. the ratio
of the mass injection rate to the star formation rate. In the
second rendition we have scaled the energy injection rate
expected from core-collapse supernovae considering a
thermalization efficiency e. For this order of magnitude
calculation, we have assumed that in total a 100 M, star
injects O(10°! erg) into its surroundings during the wind
phase.

As the cavity expands adiabatically a strong shock front
is formed on the contact surface with the cold gas in the

halo. At the region where this occurs, the inward ram
pressure is balanced by the pressure inside the halo, Py,,. A
point worth noting at this juncture is that the difference in
pressure between the disk and the halo manifestly breaks
the symmetry, and so the outflowing fluid which escapes
from the starburst region features back-to-back chimneys
with conic profiles. Rather than considering a spherical
shock we assume the outflow cones fill a solid angle €, and
hence the ram pressure at radius r is found to be
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where pg, = My, /(Que,r?) is the density of the outflow
and pg, = M, vy, is the asymptotic momentum injection
rate of the superwind [32]. The agitated superwind gas
inside the shock is in pressure equilibrium with the outside
gas at a radius
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The termination shock is a steady-state feature, present
even if the starburst wind has always been active.

All told, we expect relativistic baryons of charge Ze,
which could be dragged from the starburst core into the
superwind, to experience diffusive shock acceleration
[33-37]. Diffusive shock acceleration is a first-order
Fermi acceleration process [38] in which charged particles
increase their energy by crossing the shock front multiple
times, scattering off turbulence in the magnetic field B, as
shown in Fig. 1. The magnetic field turbulence is assumed
to lead to isotropization and consequent diffusion of
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FIG. 1. An sketch of diffusive shock acceleration. A plane
shock front moves with velocity —u;. The shocked gas flows
away from the shock with a velocity u, relative to the shock front,
where |u,| < |u;|. This implies that in the lab frame the gas
behind the shock moves to the left with velocity —u; + u,. It is
easily seen that the average energy gain per encounter
&= (OE)/E = 4(u; — u)/3.
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energetic particles which then propagate according to the
standard transport theory. The acceleration time scale is

given by
1 dEN\! N Tcycle
(Fa) =" @

where
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is the cycle time for one back-and-forth encounter,
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is the fractional energy gain per encounter,
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is the Bohm diffusion coefficient, u; ~ v, is the upstream
flow (unshocked gas) velocity, and u, the downstream
(shocked gas) velocity [39]. Now, using the continuity of
mass flow across the shock together with the kinetic theory
of gases we arrive at the shock compression ratio
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where y is the adiabatic index and where we have assumed
the strong shock condition in which the Mach number of
the flow > 1 [35].

There exists lore that convinces us that diffusive shock
acceleration of UHECRs is associated to the adiabatic
index of a monoatomic classic gas y =5/3 [39]. This
assumption leads to { = 4. In what follows, we move away
from the stereotype and take y = 9/7, which is associated
to a three-atomic gas with non-static bindings. Our
assumption gives ¢ = 8 and & ~ v,. The rationale for this
particular choice will be given below. Assuming that the
acceleration is continuous, the constraint due to the finite
lifetime 7 of the shock yields,

1
~—ZeBv’. 9)

Emax 12

Before proceeding, we note that the rate of acceleration for
our choice of y = 9/7 is slower by a factor of 1.8 when
compared to the rate for y = 5/3, and consequently E,, is
reduced. In the preceding discussion it was implicitly
assumed that the magnetic field is parallel to the shock
normal. Injecting additional constraints into the model may
reduce the maximum achievable energy [40].

To develop some sense of the orders of magnitude
involved, we assume that the prominent M82 typifies the
nearby starburst population. For a standard Kroupa initial
mass function [41], our archetypal starburst has a star
formation rate ~10 Myyr~! and a radius of about 400 pc.
Hard X-ray observations provide direct observational
evidence for a hot-fluid phase. The inferred gas temperature
range is 107> < T/K < 107, the thermalization efficiency
0.3 <e <1, and the mass loading factor 0.2 < S < 0.6.
Substituting for ¢ and S into (1) we obtain 1.4 x 103 <
Veo/(kms™') <22 x 103 [42]. The warm fluid has been
observed through nebular line and continuum emission in
the vacuum ultraviolet, as well as through mid- and far-
infrared fine-structure line emission excitations [43—46].
High-resolution spectroscopic studies seem to indicate that
the warm (7 ~ 10* K) gas has emission-line ratios con-
sistent with a mixture of photo-ionized gas by radiation
leaking out of the starburst and shock-heated by the
outflowing superwind fluid generated within the starburst
[47]. The kinematics of this gas, after correcting for line-of-
sight effects, yields an outflow speed of the warm ionized
fluid of roughly 600 kms~!. The velocity field, however,
shows rapid acceleration of the gas from the starburst itself
out to a radius of about 600 pc, beyond which the flow
speed is roughly constant. The inferred speed from cold and
warm molecular and atomic gas observations [48,49] is
significantly smaller than those observed from the warm
ionized phase. This is also the case for the starburst galaxy
NGC 253: ALMA observations of CO emission imply a
mass loading factor of at least 1 to 3 [50]. However, it is
important to stress that the emission from the molecular
and atomic gas most likely traces the interaction of the
superwind with detached relatively denser ambient gas
clouds [23], and as such it is not the best gauge to
characterize the overall properties of the superwind
plasma [51]. (See [52] for a different perspective.)
Herein, we adopt the properties of the hot gas detected
in hard X-rays to determine the shock terminal velocity.
We take an outflow rate of M, ~3 Mgyr~—!, which
is roughly 30% of the star-formation rate (S~ 0.3),
yielding E, ~ 3 x 10*2 ergs™! [23]. For Q ~ x, this leads
to v, ~ 1.8 x 10° kms™" and Ry, ~ 8 kpc, where we have
taken Py, ~ 1071 ergem™ [53].

Radio continuum and polarization observations of M82
provide an estimate of the magnetic field strength in the
core region of 98 yG and in the halo of 24 uG; averaging
the magnetic field strength over the whole galaxy results in
a mean equipartition field strength of 35 uG [54].
Comparable field strengths have been estimated for
NGC 253 [55-58] and other starbursts [59]. Actually,
the field strengths could be higher if the cosmic rays are
not in equipartition with the magnetic field [60-62]. If this
were the case, e.g., the magnetic field strength in M82 and
NGC 253 could be as high as 300 uG [63-65].
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The duration of the starburst phenomenon is subject to
large uncertainties. The most commonly cited time scale for
a starburst is 5-10 Myr, comparable to the lifetime of
massive stars [66—68]. However, it has been suggested that
the starburst phenomenon can be a longer and more global
event than related by the lifetime of individual massive stars
or pockets of intense star formation [69-71]. In this
alternative viewpoint the short duration timescales are
instead interpreted as a measure of the flickering created
by currently active pockets of star formation that move
around the galaxy. Measuring the characteristics of just one
of these flickers reveals much about an individual star
formation region but of course does not measure the totality
of the starburst phenomenon in the galaxy. If starbursts are
indeed a global phenomenon, then the events are longer
than the lifecycle of any currently observable massive star
or area of intense star formation and the bursts are not
instantaneous. An observation that measures currently
observable star formation activity will therefore only
measure the flickering associated with a starburst pocket
and not the entire phenomenon. This aspect, frequently
denied or not yet sufficiently emphasized, may bring still
another rewarding dimension to the problem at hand.

A measurement of the starburst phenomenon in twenty
nearby galaxies from direct evaluation of their star for-
mation histories reconstructed using archival Hubble Space
Telescope observations suggests the average duration of a
starburst is between 450 and 650 Myr [71].

Since the large-scale terminal shock is far from
the starburst region, the photon field energy density in
the acceleration region drops to values of the order of the
cosmic microwave background. Now, for E < 10'! GeV
and Z 2 10, the energy attenuation length 230 Mpc [72].
Therefore, we will restrict ourselves to 7 < 100 Myr. This
duration range is in good agreement with the overall star
formation history of M82 [73,74] and NGC 253 [75,76],
and it is also consistent with the upper limit on the starburst
age of these galaxies derived in [77].

In total, substituting v, ~ 1.8 x 103 kms~!, B ~ 300 uG,
and 7 ~ 40 Myr into (9) we obtain

Epax ~ 21010 GeV. (10)

Note that (10) is consistent with the Hillas criterion [78], as
the maximum energy of confined baryons at a shock
distance of Ry, is found to be

B Ry,

Epo ~10°Z —
nax UG kpc

GeV. (11)

The shape of the source emission spectrum is then driven
by UHECR leakage from the boundaries of the shock
(a.k.a. direct escape).

Next, we generalize the scaling arguments for direct
escape given in [79] to provide a justification for our choice
of the adiabatic index of a polyatomic gas. Consider an

expanding shell that magnetically confines UHECR nuclei.
Assuming that the nuclei are isotropically distributed in the
shell, the number of escaping particles is proportional to the
volume. The shell width expands as ér o r. This implies
that the volume of the plasma increases as V o r° and the
total energy scales as U o V=1 o r=3(=1) Now, using
the scaling of the volume and the total energy we derive the
scaling of the magnetic field inside the plasma
B  \/U/V  r=3/2_If we further assume that the energy
of a single particle in the plasma scales in the same way as
the total energy of the plasma, then the Larmor radius
of the particle changes with time (or radius) as
R; x E/B « r3=2/2 For a relativistic gas, y =4/3
yielding R; « r, and so the ratio R; /ér is constant. This
means that a relativistic gas provides a critical balance for
stability between losses and escape. For y > 4/3, the
adiabatic energy loss is faster than the escape, and the
particles are more strongly confined for larger radii. For
y <4/3, the Larmor radius increases faster than the
particles lose energy, and the particles are getting less
confined at larger radii. Now, the main prediction of diffusive
shock acceleration is that the final cosmic ray distribution
function is a power-law function in momentum space f(p) o
p~3¢/(&=1) [35]. The source energy spectrum N(E) « E~%is
related to the momentum spectrum by N(E)dE =
f(p)4rnp*dp. Interestingly, for y = 9/7 we obtain a hard
source spectrum, with spectral index a = 1.4. Note that
simultaneously reproducing Auger data on the spectrum
together with the observed nuclear composition also requires
hard spectra at the sources [80—82].

At this stage, we pause to compare our results with those
in [40,52]: (i) The efficiency of the acceleration process
(i.e., the normalization constant of the acceleration rate) is
reduced by factor of 1.8 in our calculations due to a larger
shock compression ratio. (ii) The fiducial value of the
magnetic field strength in the halo adopted in this paper is a
factor of 375 larger than the one considered in [40] and
a factor of 60 larger than the one in [52]. (iii) The duration
of the starburst phenomenon considered in this work is a
factor of 2.5 smaller than the one adopted in [40] and a
factor of 4 larger than that adopted in [52]. The magnetic
field strength considered herein is supported by multi-
frequency observations [63—65]. The duration of the
starburst phase is based on the hypothesis that the non-
equilibrium energy output and mass transfer from an
individual pocket of star formation may only impact the
local star cluster without shutting down the bursting
phenomenon, which to first order is not self-quenching;
this is also supported by experiment [71]. Spanning the
allowed range 7 could be up to a factor of 2.5 larger,
relaxing the requirements on B and v,.

The Galactic magnetic field is not well constrained
by current data, but if we adopt recent models [83-86],
typical values of the deflections of UHECRs crossing the
Galaxy are
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depending on the direction considered [87,88]. To account
for the potential anisotropic signal, which spans the energy
range 10'%6 < E/GeV < 10!, (12) argues in favor of
baryonic UHECR with Z <10, in agreement with the
nuclear composition observed in this energy range [89-92].

In closing, we note that if a source produces an
anisotropy signal at energy E with cosmic ray nuclei of
charge Ze, it should also produce a similar anisotropy
pattern at energies E/Z via the proton component that is
emitted along with the nuclei, given that the trajectory of
cosmic rays within a magnetic field is only rigidity-
dependent [93]. To suppress the accompanying proton flux
we follow [94] and assume that the relativistic flux of nuclei
that is dragged into the starburst superwind originates in the
surface of newly born pulsars [15,95]. As noted in [96],
secondary protons produced during propagation could also
create an anisotropy pattern in the “low” energy regime.
This sets a constraint on the maximum distance to nucleus-
emitting-sources. Making the extreme assumption that the
source does not emit any proton, the source(s) responsible
for the suggested anisotropies should lie closer than
~20-30, 80-100, and 180-200 Mpc, if the anisotropy
signal is mainly composed of oxygen, silicon and iron
nuclei, respectively [96]. This sets an interesting constraint
on the model and provides a distinctive signal to be tested
by future data.

In summary, we have shown that UHECR acceleration
(1096 < E/GeV < 10'!) in the superwind of starburst
galaxies remains consistent with observation. Even though
from an astronomical perspective starbursts are thought to
be a short-lived phenomena, UHECR acceleration requires
longer global starburst durations. The longer durations
would imply that starbursts may not extinguish themselves
through energy and mass transfer, but instead may be self-
regulating environments. If these longer duration and more
global starburst events are typical of bursting galaxies, then
the starburst phenomenon could have a larger impact on
galactic evolution than previously thought. For example, a
long-duration starburst would make the ratio of baryons to
dark matter drop rapidly with decreasing halo mass, relaxing
the discrepancy between theory and experiment [97]. Future

data from AugerPrime [98] and POEMMA [99] may confirm
the cross-correlation between UHECRs and starbursts,
supporting longer duration global bursts and thereupon
extending the scope of multi-messenger astrophysics.

We have also shown that the starburst superwind
hypothesis could develop hard source spectra as required
by Auger data. These hard spectra would also have
profound implications for the multimessenger program.
Note that since the maximum energy in the acceleration
process is constrained by direct escape of the nuclei, the
flux of photons and neutrinos accompanying the starburst
UHECR emission would be strongly suppressed.
Interestingly though, we can use the suppressed emission
of ultrahigh-energy neutrinos to differentiate between
UHECR acceleration models. This is because for
UHECRSs crossing the supernova ejecta surrounding neu-
tron stars, the effective optical depth to hadronic inter-
actions is larger than unity, and so even in the most
pessimistic case we expect fluxes of neutrinos in the energy
range 10® < E,/GeV < 10° [100]. Indeed, upper limits on
the diffuse neutrino flux from IceCube [101,102] and the
Pierre Auger Observatory [103] already constrain models
of UHECR acceleration in the core of starburst galaxies
[104,105]. Note, however, that if high-energy cosmic rays
are re-accelerated to ultrahigh energies at the terminal
shock of the starburst superwind, we expect the neutrino
emission from starbursts to cut off somewhat above
107 GeV, as entertained in [106].

ACKNOWLEDGMENTS

I would like to acknowledge many useful discussions with
Vernon Barger, Gustavo Romero, Diego Torres, Michael
Unger, Tom Weiler, and my colleagues of the Pierre Auger
and POEMMA Collaborations. I would also like to thank
Carlos Garcia Canal and the Department of Physics at the
UNLP for hospitality. This work has been supported by the
U.S. National Science Foundation (NSF) Grant No. PHY-
1620661 and by the National Aeronautics and Space
Administration (NASA) Grant No. NNX13AH52G. The
views and opinions expressed in this article are solely those
of the author.

[1] A. Aab et al. (Pierre Auger Collaboration), Indication of
anisotropy in arrival directions of ultrahigh-energy cosmic
rays through comparison to the flux pattern of extragalactic
gamma-ray sources, Astrophys. J. 853, L29 (2018).

[2] R. U. Abbasi et al. (HiRes Collaboration), First Observa-
tion of the Greisen-Zatsepin-Kuzmin Suppression, Phys.
Rev. Lett. 100, 101101 (2008).

[3] J. Abraham et al. (Pierre Auger Collaboration), Observa-
tion of the Suppression of the Flux of Cosmic Rays above
4 x 10" eV, Phys. Rev. Lett. 101, 061101 (2008).

[4] J. Abraham et al. (Pierre Auger Collaboration), Measure-
ment of the energy spectrum of cosmic rays above 10'8 eV
using the Pierre Auger Observatory, Phys. Lett. B 685, 239
(2010).

063010-5


https://doi.org/10.3847/2041-8213/aaa66d
https://doi.org/10.1103/PhysRevLett.100.101101
https://doi.org/10.1103/PhysRevLett.100.101101
https://doi.org/10.1103/PhysRevLett.101.061101
https://doi.org/10.1016/j.physletb.2010.02.013
https://doi.org/10.1016/j.physletb.2010.02.013

LUIS ALFREDO ANCHORDOQUI

PHYS. REV. D 97, 063010 (2018)

[5] T. Abu-Zayyad et al. (Telescope Array Collaboration), The
cosmic ray energy spectrum observed with the surface
detector of the Telescope Array experiment, Astrophys. J.
768, L1 (2013).

[6] K. Greisen, End to the cosmic ray spectrum?, Phys. Rev.
Lett. 16, 748 (1966).

[7] G.T. Zatsepin and V. A. Kuzmin, Upper limit of the
spectrum of cosmic rays, Pis’ma Zh. Eksp. Teor. Fiz. 4,
114 (1966); JETP Lett. 4, 78 (1966).

[8] J.L. Puget, F. W. Stecker, and J. H. Bredekamp, Photo-
nuclear interactions of ultrahigh-energy cosmic rays and
their astrophysical consequences, Astrophys. J. 205, 638
(1976).

[9] R.U. Abbasi et al. (Telescope Array Collaboration),
Indications of intermediate-scale anisotropy of cosmic
rays with energy greater than 57 EeV in the Northern
sky measured with the surface detector of the Telescope
Array experiment, Astrophys. J. 790, L21 (2014).

[10] K. Kawata et al. (Telescope Array Collaboration),
Ultra-high-energy cosmic-ray hotspot observed with the
Telescope Array surface detectors, Proc. Sci., ICRC2015
(2016) 276.

[11] H.N. He, A. Kusenko, S. Nagataki, B. B. Zhang, R.Z.
Yang, and Y. Z. Fan, Monte Carlo Bayesian search for the
plausible source of the Telescope Array hot spot, Phys.
Rev. D 93, 043011 (2016).

[12] First generation of UHECR observatories also pointed to a
starburst origin for the highest energy events; L.A.
Anchordoqui, H. Goldberg, and D. F. Torres, Anisotropy
at the end of the cosmic ray spectrum?, Phys. Rev. D 67,
123006 (2003).

[13] L. A. Anchordoqui, G. E. Romero, and J. A. Combi, Heavy
nuclei at the end of the cosmic ray spectrum?, Phys. Rev. D
60, 103001 (1999).

[14] P. Blasi, R.I. Epstein, and A. V. Olinto, Ultrahigh-energy
cosmic rays from young neutron star winds, Astrophys. J.
533, L123 (2000).

[15] K. Fang, K. Kotera, and A. V. Olinto, Newly-born pulsars
as sources of ultrahigh energy cosmic rays, Astrophys. J.
750, 118 (2012).

[16] J. Arons, Magnetars in the metagalaxy: an origin for
ultrahigh-energy cosmic rays in the nearby universe, As-
trophys. J. 589, 871 (2003).

[17] E. Waxman, Cosmological Gamma-Ray Bursts, and the
Highest Energy Cosmic Rays, Phys. Rev. Lett. 75, 386
(1995).

[18] M. Vietri, On the acceleration of ultrahigh-energy cosmic
rays in gamma-ray bursts, Astrophys. J. 453, 883 (1995).

[19] G.R. Farrar and A. Gruzinov, Giant AGN flares and
cosmic ray bursts, Astrophys. J. 693, 329 (2009).

[20] D. N. Pfeffer, E. D. Kovetz, and M. Kamionkowski, Ultra-
high-energy cosmic ray hotspots from tidal disruption
events, Mon. Not. R. Astron. Soc. 466, 2922 (2017).

[21] Note that when all sources (beyond 1 Mpc, i.e. effectively
taking out the Local Group) from the 2MRS catalog are
included as part of the anisotropic signal in the analysis of
[1] the significance level reduces to 3. Note also that an
explanation of the Telescope Array hot spot in terms of
TDEs requires fine tuning to accommodate source ener-
getics [20].

[22] A. MacFadyen and S. E. Woosley, Collapsars: Gamma-ray
bursts and explosions in “failed supernovae”, Astrophys. J.
524, 262 (1999).

[23] T. M. Heckman and T. A. Thompson, A brief review of
galactic winds arXiv:1701.09062.

[24] J. Dreyer, J. K. Becker, and W. Rhode, The starburst-GRB
connection, arXiv:0909.0158.

[25] P.L. Biermann et al., The nature and origin of ultrahigh-
energy cosmic ray particles, arXiv:1610.00944.

[26] R. Chary, E.E. Becklin, and L. Armus, Are starburst
galaxies the hosts of gamma-ray bursts ?, Astrophys. J.
566, 229 (2002).

[27] K. Z. Stanek et al., Protecting life in the milky way: metals
keep the GRBs away, Acta Astronomica 56, 333 (2006).

[28] M. Modjaz, L. Kewley, R.P. Kirshner, K. Z. Stanek, P.
Challis, P. M. Garnavich, J. E. Greene, and J. L. Prieto,
Measured metallicities at the sites of nearby broad-lined
type Ic supernovae and implications for the SN-GRB
connection, Astron. J. 135, 1136 (2008).

[29] R. Jimenez and T. Piran, Reconciling the gamma-ray burst
rate and star formation histories, Astrophys. J. 773, 126
(2013).

[30] S. Veilleux, G. Cecil, and J. Bland-Hawthorn, Galactic
winds, Annu. Rev. Astron. Astrophys. 43, 769 (2005).

[31] R. A. Chevalier and A. W. Clegg, Wind from a starburst
galaxy nucleus, Nature (London) 317, 44 (1985).

[32] B.C. Lacki, The Fermi Bubbles as starburst wind
termination shocks, Mon. Not. R. Astron. Soc. 444, 1.39
(2014).

[33] A.R. Bell, The acceleration of cosmic rays in shock fronts
I, Mon. Not. R. Astron. Soc. 182, 147 (1978).

[34] A.R. Bell, The acceleration of cosmic rays in shock fronts
II, Mon. Not. R. Astron. Soc. 182, 443 (1978).

[35] P. O. Lagage and C.J. Cesarsky, The maximum energy of
cosmic rays accelerated by supernova shocks, Astron.
Astrophys. 125, 249 (1983).

[36] L. O. Drury, An introduction to the theory of diffusive
shock acceleration of energetic particles in tenuous
plasmas, Rep. Prog. Phys. 46, 973 (1983).

[37] R. Blandford and D. Eichler, Particle acceleration at
astrophysical shocks: A theory of cosmic ray origin, Phys.
Rep. 154, 1 (1987).

[38] E. Fermi, On the origin of the cosmic radiation, Phys. Rev.
75, 1169 (1949).

[39] T.K. Gaisser, Cosmic Rays, and Particle Physics,
(Cambridge University Press, Cambridge, England, 1990).

[40] C. Bustard, E.G. Zweibel, and C. Cotter, Cosmic ray
acceleration by a versatile family of galactic wind termi-
nation shocks, Astrophys. J. 835, 72 (2017).

[41] The initial mass function is an empirical function that
describes the distribution of initial masses for a population
of stars; P. Kroupa, The Initial mass function of stars:
Evidence for uniformity in variable systems, Science 295,
82 (2002).

[42] D. K. Strickland and T. M. Heckman, Supernova feedback
efficiency and mass loading in the starburst and galactic
superwind exemplar M82, Astrophys. J. 697, 2030 (2009).

[43] T. M. Heckman, M. D. Lehnert, D. K. Strickland, and L.
Armus, Absorption-line probes of gas and dust in galactic
superwinds, Astrophys. J. Suppl. Ser. 129, 493 (2000).

063010-6


https://doi.org/10.1088/2041-8205/768/1/L1
https://doi.org/10.1088/2041-8205/768/1/L1
https://doi.org/10.1103/PhysRevLett.16.748
https://doi.org/10.1103/PhysRevLett.16.748
https://doi.org/10.1086/154321
https://doi.org/10.1086/154321
https://doi.org/10.1088/2041-8205/790/2/L21
https://doi.org/10.1103/PhysRevD.93.043011
https://doi.org/10.1103/PhysRevD.93.043011
https://doi.org/10.1103/PhysRevD.67.123006
https://doi.org/10.1103/PhysRevD.67.123006
https://doi.org/10.1103/PhysRevD.60.103001
https://doi.org/10.1103/PhysRevD.60.103001
https://doi.org/10.1086/312626
https://doi.org/10.1086/312626
https://doi.org/10.1088/0004-637X/750/2/118
https://doi.org/10.1088/0004-637X/750/2/118
https://doi.org/10.1086/374776
https://doi.org/10.1086/374776
https://doi.org/10.1103/PhysRevLett.75.386
https://doi.org/10.1103/PhysRevLett.75.386
https://doi.org/10.1086/176448
https://doi.org/10.1088/0004-637X/693/1/329
https://doi.org/10.1093/mnras/stw3337
https://doi.org/10.1086/307790
https://doi.org/10.1086/307790
http://arXiv.org/abs/1701.09062
http://arXiv.org/abs/0909.0158
http://arXiv.org/abs/1610.00944
https://doi.org/10.1086/337964
https://doi.org/10.1086/337964
https://doi.org/10.1088/0004-6256/135/4/1136
https://doi.org/10.1088/0004-637X/773/2/126
https://doi.org/10.1088/0004-637X/773/2/126
https://doi.org/10.1146/annurev.astro.43.072103.150610
https://doi.org/10.1038/317044a0
https://doi.org/10.1093/mnrasl/slu107
https://doi.org/10.1093/mnrasl/slu107
https://doi.org/10.1093/mnras/182.2.147
https://doi.org/10.1093/mnras/182.3.443
https://doi.org/10.1088/0034-4885/46/8/002
https://doi.org/10.1016/0370-1573(87)90134-7
https://doi.org/10.1016/0370-1573(87)90134-7
https://doi.org/10.1103/PhysRev.75.1169
https://doi.org/10.1103/PhysRev.75.1169
https://doi.org/10.3847/1538-4357/835/1/72
https://doi.org/10.1126/science.1067524
https://doi.org/10.1126/science.1067524
https://doi.org/10.1088/0004-637X/697/2/2030
https://doi.org/10.1086/313421

ACCELERATION OF ULTRAHIGH-ENERGY COSMIC RAYS ...

PHYS. REV. D 97, 063010 (2018)

[44] C.G. Hoopes et al., The diverse properties of the most
ultraviolet luminous galaxies discovered by the Galaxy
Evolution Explorer, Astrophys. J. Suppl. Ser. 173, 441
(2007).

[45] P. Beir@o et al., Spatially resolved Spitzer-IRS spectral
maps of the superwind in M82, Mon. Not. R. Astron. Soc.
451, 2640 (2015).

[46] A. Contursi et al., Spectroscopic FIR mapping of the disk
and galactic wind of M82 with Herschel-PACS, Astron.
Astrophys. 549, A118 (2013).

[47] T. M. Heckman, L. Armus, and G. K. Miley, On the nature
and implications of starburst-driven galactic superwinds,
Astrophys. J. Suppl. Ser. 74, 833 (1990).

[48] S. Veilleux, D.S.N. Rupke, and R. Swaters, Warm
molecular hydrogen in the galactic wind of MS2,
Astrophys. J. 700, L149 (2009).

[49] A. Leroy, F. Walter, P. Martini, H. Roussel, K. Sandstrom,
J. Ott, A. Weiss, A.D. Bolatto, K. Schuster, and M.
Dessauges-Zavadsky, Themulti-phase cold fountain in
MBS?2 revealed by a wide, sensitive map of the molecular
interstellar medium, Astrophys. J. 814, 83 (2015).

[50] A.D. Bolatto et al., The starburst-driven molecular wind in
NGC 253 and the suppression of star formation, Nature
(London) 499, 450 (2013).

[51] B.C. Lacki, From 10 K to 10 TK: Insights on the
interaction between cosmic rays and gas in starbursts,
Astrophys. Space Sci. Proc. 34, 411 (2013).

[52] G.E. Romero, A. L. Miiller, and M. Roth, Particle accel-
eration in the superwinds of starburst galaxies,
arXiv:1801.06483.

[53] A. Shukurov, G. R. Sarson, A. Nordlund, B. Gudiksen, and
A. Brandenburg, The effects of spiral arms on the multi-
phase ISM, Astrophys. Space Sci. 289, 319 (2004).

[54] B. Adebahr, M. Krause, U. Klein, M. Wezgowiec, D.J.
Bomans, and R.-J. Dettmar, M82—A radio continuum and
polarisation study I: Data reduction and cosmic ray
propagation, Astron. Astrophys. 555, A23 (2013).

[55] R. Beck, C.L. Carilli, M. A. Holdaway, and U. Klein,
Multifrequency observations of the radio continuum emis-
sion from NGC 253 I: Magnetic fields and rotation
measures in the bar and halo, Astron. Astrophys. 292,
409 (1994).

[56] V. Heesen, R. Beck, M. Krause, and R.-J. Dettmar, Cosmic
rays and the magnetic field in the nearby starburst galaxy
NGC 253 I: The distribution and transport of cosmic rays,
Astron. Astrophys. 494, 563 (2009).

[57] V. Heesen, M. Krause, R. Beck, and R. J. Dettmar, Cosmic
rays and the magnetic field in the nearby starburst galaxy
NGC 253 II: The magnetic field structure, Astron.
Astrophys. 506, 1123 (2009).

[58] V. Heesen, R. Beck, M. Krause, and R. J. Dettmar, Cosmic
rays and the magnetic field in the nearby starburst galaxy
NGC 253 III: Helical magnetic fields in the nuclear
outflow, Astron. Astrophys. 535, A79 (2011).

[59] M. Krause, Magnetic fields, and halos in spiral galaxies,
arXiv:1401.1317.

[60] T. A. Thompson, E. Quataert, E. Waxman, N. Murray, and
C. L. Martin, Magnetic fields in starburst galaxies and the
origin of the fir-radio correlation, Astrophys. J. 645, 186
(2006).

[61] T. A.D. Paglione and R.D. Abrahams, Properties of
nearby starburst galaxies based on their diffuse gamma-
ray emission, Astrophys. J. 755, 106 (2012).

[62] B. C. Lacki and R. Beck, The equipartition magnetic field
formula in starburst galaxies: Accounting for pionic
secondaries and strong energy losses, Mon. Not. R. Astron.
Soc. 430, 3171 (2013).

[63] E. Domingo-Santamaria and D.F. Torres, High energy
gamma-ray emission from the starburst nucleus of NGC
253, Astron. Astrophys. 444, 403 (2005).

[64] E. de Cea del Pozo, D.F. Torres, and A.Y.R. Marrero,
Multi-messenger model for the starburst galaxy MS82,
Astrophys. J. 698, 1054 (2009).

[65] B.C. Lacki, Sturm und drang: Supernova-driven turbu-
lence, magnetic fields, and cosmic rays in the chaotic
starburst interstellar medium, arXiv:1308.5232.

[66] M. D. Thornley, N. M. Forster Schreiber, D. Lutz, R.
Genzel, H. W. W. Spoon, D. Kunze, and A. Sternberg,
Massive star formation and evolution in starburst galaxies:
mid-infrared spectroscopy with ISO-SWS, Astrophys. J.
539, 641 (2000).

[67] D.F. Torres, Theoretical modelling of the diffuse emission
of gamma-rays from extreme regions of star formation:
The Case of Arp 220, Astrophys. J. 617, 966 (2004).

[68] D.F. Torres, A. Cillis, B. Lacki, and Y. Rephaeli, Building
up the spectrum of cosmic-rays in star-forming regions,
Mon. Not. R. Astron. Soc. 423, 822 (2012).

[69] G.R. Meurer, Star clusters and the duration of starbursts,
ASP Conf. Ser. 211, 81 (2000).

[70] K. B. W. McQuinn, E.D. Skillman, J. M. Cannon, J.J.
Dalcanton, A. Dolphin, D. Stark, and D. Weisz, The true
durations of starbursts: HST observations of three nearby
dwarf starburst galaxies, Astrophys. J. 695, 561 (2009).

[71] K. B.W. McQuinn, E.D. Skillman, J.M. Cannon, J.
Dalcanton, A. Dolphin, S. Hidalgo-Rodriguez, J.
Holtzman, D. Stark, D. Weisz, and B. Williams, The
nature of starbursts II: The duration of starbursts in dwarf
galaxies, Astrophys. J. 724, 49 (2010).

[72] D. Allard, Extragalactic propagation of ultrahigh-energy
cosmic rays, Astropart. Phys. 39-40, 33 (2012).

[73] R. de Grijs, Star formation time-scales in the nearby,
prototype starburst galaxy M82, Astron. Geophys. 42, 4.12
(2001).

[74] R. de Grijs, N. Bastian, and H.J. G. L. M. Lamers, Star
cluster formation and disruption time-scales II: Evolution
of the star cluster system in M82’s fossil starburst, Mon.
Not. R. Astron. Soc. 340, 197 (2003).

[75] T.J. Davidge, Shaken, not stirred: The disrupted disk of the
starburst galaxy NGC 253, Astrophys. J. 725, 1342 (2010).

[76] T.J. Davidge The compact star-forming complex at the
heart of NGC 253, Astrophys. J. 818, 142 (2016).

[77] G.H. Rieke, M.J. Lebofsky, R. 1. Thompson, F.J. Low,
and A.T. Tokunaga, The nature of the nuclear sources in
M82 and NGC 253, Astrophys. J. 238, 24 (1980).

[78] A.M. Hillas, The origin of ultrahigh-energy cosmic rays,
Annu. Rev. Astron. Astrophys. 22, 425 (1984).

[79] P. Baerwald, M. Bustamante, and W. Winter, UHECR
escape mechanisms for protons and neutrons from GRBs,
and the cosmic ray-neutrino connection, Astrophys. J. 768,
186 (2013).

063010-7


https://doi.org/10.1086/516644
https://doi.org/10.1086/516644
https://doi.org/10.1093/mnras/stv1101
https://doi.org/10.1093/mnras/stv1101
https://doi.org/10.1051/0004-6361/201219214
https://doi.org/10.1051/0004-6361/201219214
https://doi.org/10.1086/191522
https://doi.org/10.1088/0004-637X/700/2/L149
https://doi.org/10.1088/0004-637X/814/2/83
https://doi.org/10.1038/nature12351
https://doi.org/10.1038/nature12351
https://doi.org/10.1007/978-3-642-35410-6_29
http://arXiv.org/abs/1801.06483
https://doi.org/10.1023/B:ASTR.0000014960.35780.2e
https://doi.org/10.1051/0004-6361/201220226
https://doi.org/10.1051/0004-6361:200810543
https://doi.org/10.1051/0004-6361/200911698
https://doi.org/10.1051/0004-6361/200911698
https://doi.org/10.1051/0004-6361/201117618
http://arXiv.org/abs/1401.1317
https://doi.org/10.1086/504035
https://doi.org/10.1086/504035
https://doi.org/10.1088/0004-637X/755/2/106
https://doi.org/10.1093/mnras/stt122
https://doi.org/10.1093/mnras/stt122
https://doi.org/10.1051/0004-6361:20053613
https://doi.org/10.1088/0004-637X/698/2/1054
http://arXiv.org/abs/1308.5232
https://doi.org/10.1086/309261
https://doi.org/10.1086/309261
https://doi.org/10.1086/425415
https://doi.org/10.1111/j.1365-2966.2012.20920.x
https://doi.org/10.1088/0004-637X/695/1/561
https://doi.org/10.1088/0004-637X/724/1/49
https://doi.org/10.1016/j.astropartphys.2011.10.011
https://doi.org/10.1046/j.1468-4004.2001.0420044.12.x
https://doi.org/10.1046/j.1468-4004.2001.0420044.12.x
https://doi.org/10.1046/j.1365-8711.2003.06283.x
https://doi.org/10.1046/j.1365-8711.2003.06283.x
https://doi.org/10.1088/0004-637X/725/1/1342
https://doi.org/10.3847/0004-637X/818/2/142
https://doi.org/10.1086/157954
https://doi.org/10.1146/annurev.aa.22.090184.002233
https://doi.org/10.1088/0004-637X/768/2/186
https://doi.org/10.1088/0004-637X/768/2/186

LUIS ALFREDO ANCHORDOQUI

PHYS. REV. D 97, 063010 (2018)

[80] R. Aloisio, V. Berezinsky, and P. Blasi, Ultrahigh energy
cosmic rays: implications of Auger data for source spectra
and chemical composition, J. Cosmol. Astropart. Phys. 10
(2014) 020.

[81] M. Unger, G. R. Farrar, and L. A. Anchordoqui, Origin of
the ankle in the ultrahigh energy cosmic ray spectrum, and
of the extragalactic protons below it, Phys. Rev. D 92,
123001 (2015).

[82] A. Aab et al. (Pierre Auger Collaboration), Combined fit of
spectrum and composition data as measured by the Pierre
Auger Observatory, J. Cosmol. Astropart. Phys. 04 (2017)
038.

[83] M. S. Pshirkov, P. G. Tinyakov, P. P. Kronberg, and K.J.
Newton-McGee, Deriving global structure of the Galactic
magnetic field from Faraday rotation measures of extra-
galactic sources, Astrophys. J. 738, 192 (2011).

[84] R. Jansson and G. R. Farrar, A new model of the Galactic
magnetic field, Astrophys. J. 757, 14 (2012).

[85] R. Jansson and G. R. Farrar, The Galactic magnetic field,
Astrophys. J. 761, L11 (2012).

[86] M. Unger and G. R. Farrar, Uncertainties in the magnetic
field of the Milky Way, arXiv:1707.02339.

[87] G.R. Farrar and M. S. Sutherland, Deflections of UHECRs
in the Galactic magnetic field, arXiv:1711.02730.

[88] A. Aab er al. (Pierre Auger Collaboration), Observation of
a large-scale anisotropy in the arrival directions of cosmic
rays above 8 x 10'® eV, Science 357, 1266 (2017).

[89] A. Aab et al. (Pierre Auger Collaboration), Depth of
maximum of air-shower profiles at the Pierre Auger
Observatory I: Measurements at energies above
1078 eV, Phys. Rev. D 90, 122005 (2014).

[90] A. Aab et al. (Pierre Auger Collaboration), Depth of
maximum of air-shower profiles at the Pierre Auger
Observatory II: Composition implications, Phys. Rev. D
90, 122006 (2014).

[91] A. Aab et al. (Pierre Auger Collaboration), Evidence for a
mixed mass composition at the “ankle” in the cosmic-ray
spectrum, Phys. Lett. B 762, 288 (2016).

[92] R. Abbasi et al. (Pierre Auger and Telescope Array
Collaborations), Report of the working group on the
composition of ultrahigh energy cosmic rays, J. Phys.
Soc. Jpn. Conf. Proc. 9, 010016 (2016).

[93] M. Lemoine and E. Waxman, Anisotropy vs chemical
composition at ultra-high energies, J. Cosmol. Astropart.
Phys. 11 (2009) 009.

[94] L. A. Anchordoqui, V. Barger, and T.J. Weiler, Cosmic
mass spectrometer, J. High Energy Astrophys. 17, 38
(2018).

[95] High-energy cosmic rays can also be diffusively accel-
erated at single supernova shock waves within the nuclear
region of the galaxy [35].

[96] R. Y. Liu, A. M. Taylor, M. Lemoine, X. Y. Wang, and E.
Waxman, Constraints on the source of ultra-high-energy
cosmic rays using anisotropy versus chemical composi-
tion, Astrophys. J. 776, 88 (2013).

[97] S.S. McGaugh, J. M. Schombert, W.J. G. de Blok, and
M. J. Zagursky, The baryon content of cosmic structures,
Astrophys. J. 708, L14 (2010).

[98] A. Aab et al. (Pierre Auger Collaboration), The Pierre
Auger Observatory Upgrade: Preliminary Design Report,
arXiv:1604.03637.

[99] A. V. Olinto et al., POEMMA: Probe Of Extreme Multi-
Messenger Astrophysics, Proc. Sci., ICRC2017 (2017)
542, [arXiv:1708.07599].

[100] K. Fang, K. Kotera, K. Murase, and A. V. Olinto, Testing
the newborn pulsar origin of ultrahigh-energy cosmic rays
with EeV neutrinos, Phys. Rev. D 90, 103005 (2014);
Erratum, Phys. Rev. D92, 129901(E) (2015).

[101] M. G. Aartsen et al. (IceCube Collaboration), Search for
time-independent neutrino emission from astrophysical
sources with 3 yr of IceCube data, Astrophys. J. 779,
132 (2013).

[102] M. G. Aartsen et al. (IceCube Collaboration), Probing the
origin of cosmic rays with extremely high energy neutrinos
using the IceCube Observatory, Phys. Rev. D 88, 112008
(2013).

[103] A. Aab et al. (Pierre Auger Collaboration), Improved limit
to the diffuse flux of ultrahigh energy neutrinos from the
Pierre Auger Observatory, Phys. Rev. D 91, 092008
(2015).

[104] K. Fang, K. Kotera, K. Murase, and A. V. Olinto, IceCube
constraints on fast-spinning pulsars as high-energy neu-
trino sources, J. Cosmol. Astropart. Phys. 04 (2016) 010.

[105] Next-generation neutrino experiments probing this energy
range include POEMMA [99] and GRAND; K. Fang et al.,
The Giant Radio Array for Neutrino Detection (GRAND):
Present and perspectives, Proc. Sci., ICRC2017 (2017)
996, [arXiv:1708.05128].

[106] A. Loeb and E. Waxman, The cumulative background of
high energy neutrinos from starburst galaxies, J. Cosmol.
Astropart. Phys. 05 (2006) 003.

063010-8


https://doi.org/10.1088/1475-7516/2014/10/020
https://doi.org/10.1088/1475-7516/2014/10/020
https://doi.org/10.1103/PhysRevD.92.123001
https://doi.org/10.1103/PhysRevD.92.123001
https://doi.org/10.1088/1475-7516/2017/04/038
https://doi.org/10.1088/1475-7516/2017/04/038
https://doi.org/10.1088/0004-637X/738/2/192
https://doi.org/10.1088/0004-637X/757/1/14
https://doi.org/10.1088/2041-8205/761/1/L11
http://arXiv.org/abs/1707.02339
http://arXiv.org/abs/1711.02730
https://doi.org/10.1126/science.aan4338
https://doi.org/10.1103/PhysRevD.90.122005
https://doi.org/10.1103/PhysRevD.90.122006
https://doi.org/10.1103/PhysRevD.90.122006
https://doi.org/10.1016/j.physletb.2016.09.039
https://doi.org/10.7566/JPSCP.9.010016
https://doi.org/10.7566/JPSCP.9.010016
https://doi.org/10.1088/1475-7516/2009/11/009
https://doi.org/10.1088/1475-7516/2009/11/009
https://doi.org/10.1016/j.jheap.2017.12.001
https://doi.org/10.1016/j.jheap.2017.12.001
https://doi.org/10.1088/0004-637X/776/2/88
https://doi.org/10.1088/2041-8205/708/1/L14
http://arXiv.org/abs/1604.03637
http://arXiv.org/abs/1708.07599
https://doi.org/10.1103/PhysRevD.90.103005
https://doi.org/10.1103/PhysRevD.92.129901
https://doi.org/10.1088/0004-637X/779/2/132
https://doi.org/10.1088/0004-637X/779/2/132
https://doi.org/10.1103/PhysRevD.88.112008
https://doi.org/10.1103/PhysRevD.88.112008
https://doi.org/10.1103/PhysRevD.91.092008
https://doi.org/10.1103/PhysRevD.91.092008
https://doi.org/10.1088/1475-7516/2016/04/010
http://arXiv.org/abs/1708.05128
https://doi.org/10.1088/1475-7516/2006/05/003
https://doi.org/10.1088/1475-7516/2006/05/003

