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Large-scale extragalactic magnetic fields may induce conversions between very-high-energy pho-
tons and axionlike particles (ALPs), thereby shielding the photons from absorption on the extra-
galactic background light. However, in simplified “cell” models, used so far to represent extragalactic
magnetic fields, this mechanism would be strongly suppressed by current astrophysical bounds. Here
we consider a recent model of extragalactic magnetic fields obtained from large-scale cosmological
simulations. Such simulated magnetic fields would have large enhancement in the filaments of mat-
ter. As a result, photon-ALP conversions would produce a significant spectral hardening for cosmic
TeV photons. This effect would be probed with the upcoming Cherenkov Telescope Array detector.
This possible detection would give a unique chance to perform a tomography of the magnetized

cosmic web with ALPs.

Introduction—Axionlike particles (ALPs) are ultra-
light pseudoscalar bosons a with a two-photon vertex
ayy, predicted by several extensions of the Standard
Model (see [I] for a recent review). In the presence of
an external magnetic field, the a7y~ coupling leads to the
phenomenon of photon-ALP mixing [2]. This effect al-
lows for the possibility of direct searches of ALPs in labo-
ratory experiments. In this respect a rich, diverse exper-
imental program is being carried out, exploiting different
sources and approaches [3H5]. See [6] for a review.

Because the ayy coupling, ultralight ALPs can also
play an important role in astrophysical observations. In
particular, an intriguing hint for ALPs has been recently
suggested by very-high-energy (VHE) ~-ray experiments.
In this respect, recent observations of cosmologically dis-
tant y-ray sources by ground-based v-ray Imaging At-
mospheric Cherenkov Telescopes have revealed a sur-
prising degree of transparency of the Universe to VHE
photons [7, [§], where one would have expected a sig-
nificant absorption of VHE photons by pair-production
processes (yvuE + YEBL — €'Te”) on the extragalactic
background light (EBL). Even though this problem has
been also analyzed using more conventional physics (see,
e.g., [9,[10]), photon-ALP oscillations in large-scale mag-
netic fields provide a natural mechanism to drastically
reduce the photon absorption [IIHI§]. In order to have
efficient conversions one should achieve the strong-mizing
regime which is realized above a critical energy given
by [19]
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In the previous expression one typically considers g,y S
5 x 1071 GeV~! in order to be consistent with
the bounds from the helioscope experiment CAST at
CERN [4, 20], and from energy loss in globular-clusters
stars [21] that give g, < 6 x 1071 GeV~! (see Fig. 1).
Notably two mechanisms have been proposed in or-
der to reduce the cosmic opacity through conversions
into ALPs. The first involves extragalactic magnetic
fields [12]. At present, the lowest upper limits on extra-
galactic magnetic fields on the largest cosmological scales
come from cosmic microwave background observations
[22] and from Faraday rotation measurements of polar-
ized extragalactic sources [23] and are compatible with
an average field strength of B S O(1 nG) with a coher-
ence length [. ~ O(1 Mpc) [24]. In this case, in order to
have sizeable conversions into ALPs at E = 100 GeV, one
should consider m, < 107° eV. In the second scenario,
one requires strong photon conversions in the magnetic
fields of the source and back-conversions in the Milky
Way [13]. Estimates on the Galactic magnetic field of
order B ~ O(107% G) are obtained by measurements of
the Faraday Rotation [25H28]. In this case, one expects
significant conversions for m, < 1078 eV. The resultant
parameter space where ALPs would explain the low 7-ray
opacity under these conditions is shown in light blue [17]
in Fig. 1.

However, the range of the parameters where ALPs
would impact the cosmic transparency is constrained
from other observations, as shown in Fig. 1. In particu-
lar, for ALPs with masses m, < 1072 eV, the strongest
bound on g, is derived from the absence of v-rays from
SN 1987A. In this regard, a recent analysis results in



Gay < 5 x 10712 GeV™! for m, < 10710 eV [29]. A
comparable bound on g,, has been recently extended
in the mass range 0.5 < m, < 5 neV from the nonob-
servation in Fermi Large Array Telescope (LAT) data
of irregularities induced by photon-ALP conversions in
the ~-ray spectrum of NGC 1275, the central galaxy of
the Perseus Cluster [30]. It is worth mentioning that
from the absence of x-ray spectral modulations in active
galactic nuclei, for m, < 107!2 eV we have a stronger
bound on the coupling: go S 1 x 10712 GeV~! [31} 32].
However, in the following we will always refer to higher
ALP masses. Data from the H.E.S.S. observations of the
distant BL Lac object PKS 2155-304 also limit gy <
2.1 x 1071 GeV~! for 15 S m, < 60 neV [33]. There-
fore, while the mechanism of conversions into the Galac-
tic magnetic field is still valid at m, < 1078 eV, the
conversions into the extragalactic magnetic field seem
strongly disfavored as a mechanism to reduce the cosmic
opacity. However, the distribution of the extragalactic
magnetic fields has been oversimplified in previous works
on ALP conversions. In particular, a cell-like structure
(hereafter named the “cell” model) has been adopted
with many domains of equal size (I ~ 1 Mpc) in which
the magnetic field has (constant) random values and di-
rections [I2]. Only recently it has been pointed out that
in more realistic situations, the magnetic field direction
would vary continuously along the propagation path, and
this would lead to sizeable differences in the ALP con-
versions with respect to the “cell” model [34H37]. Here
we study for the first time the photon conversions into
ALPs using recent magneto-hydrodynamical cosmologi-
cal simulations [38, B89], which represent a step forward
in the realistic modeling of cosmic magnetism. In this
more realistic case the magnetic fields can locally fluc-
tuate in filaments of matter up to 2 orders of magni-
tude larger that found in the “cell” model and photon-
ALP conversions are enhanced compared to previous es-
timates. Indeed, significant conversions are found both in
the low-mass region (indicated as “LM,” m, < 10719 eV)
below the SN 1987A bound and in the high-mass re-
gion (“HM,” m, 2 1078 eV) on the right of the recent
Fermi-LAT bound. These two ranges are indicated with
small squares in Fig. 1 and represent regions of sensi-
tivity (see Supplemental Material for details). We have
also checked that for these parameters possible photon-
ALP conversions at relatively high redshifts do not dis-
tort the cosmic microwave background [40]. Therefore,
our new model significantly enlarges the parameter space
where the photon-ALP conversions would reduce the cos-
mic opacity, as shown in Fig. 1 where we compare the
photon transfer function T, in presence of ALP conver-
sions for the cell model and for the simulated model of
extragalactic B-field (see Supplemental Material for de-
tails). In particular, these values of ALPs parameters are
in the reach of the planned upgrade of the photon regen-
eration experiment ALPS at DESY [3] and with the next
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FIG. 1. Limits on ALP parameter space in the plane

(Ma, gay). The parameter space where ALPs could explain
the low 7-ray opacity is shown in light blue [I7]. The hori-
zontal grey bands represent the sensitivity of future ALPS-II
and TAXO experiments. Dashed lines represent the photon
transfer function 7', for the cell model and simulated model
of the extragalactic B-field. The two small squares represent
cases of low-mass and high-mass ALPs where conversions in
simulated extragalactic magnetic fields would affect the TeV
photon transparency. (See text for details.)

generation solar axion detector IAXO (International Ax-
ion Observatory) [41] (see Fig. 1) or with Fermi-LAT if
luckily a galactic supernova would explode in its field of
view [42].

Simulated extragalactic magnetic fields—Our recent
model for extragalactic magnetic fields comes from a suite
of simulations [38] produced using the cosmological code
ENzO [43], with the magnetohydrodynamical method
outlined in [44]. These simulations are nonradiative and
evolved a uniform primordial seed field of By = 1 nG
(comoving) for each component, starting from z = 38
and for a comoving volume of 2003Mpc3, sampled using
a fixed grid of 2400° cells (for the fixed comoving reso-
lution of 83.3 kpc/cell) and 2400% dark matter particles.
We consider this model more realistic than other mod-
els used in the literature of ALPS studied, because it
incorporates the dynamical interplay between structure
formation (e.g. gas compression onto filaments, galaxy
groups and clusters), rarefactions (onto voids) and fur-
ther dynamo amplification where turbulence is well re-
solved (typically limited to the most massive clusters in
the volume). More details on the simulation are given in
the Supplemental Material.

Results—We closely follow the technique described in
[16],45] to solve the propagation equations for the photon-
ALP ensemble. We document this procedure in the Sup-
plemental Material. In order to account the VHE pho-
ton absorption we employ the EBL model of Ref. [46]
as our benchmark. With respect to [I6], [45] we also in-
clude the refraction effect on VHE photons, recently cal-
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FIG. 2. Photon transfer function 7%, in function of the dis-
tance d for a given line of sight (upper panels) and corre-
sponding variations of the extragalactic magnetic field (lower
panels). We have taken the photon energy E = 10 TeV and
ALP parameters m, = 2 x 1078 eV and g, = 107! GeV ™!
(HM). Left panels refer to the “cell” model, while right panels
represent the more realistic model of our cosmological simu-
lation. In both the cases we have chosen as average value of
the magnetic field (Br) = 1.6 x 107° G.

culated in [47]. This term would be dominated by the
energy density of cosmic microwave background photons.
It is expected to damp the photon-ALP conversions at
E 2 1 TeV [36]. In Fig. 2 we show the photon transfer
function T’, in a certain range d of its path along a given
line of sight (upper panels) in a region in which the ex-
tragalactic magnetic field has significant variations (lower
panels). We have taken the photon energy E = 10 TeV.
We have chosen as ALP parameters mq, = 2 x 1078 eV
and gqy = 10~ GeV !, corresponding to the high-mass
(HM) square in Fig. 1. Left panels refer to the “cell”
model, while right panels represent the model from the
cosmological run. The “cell” model has been generated
using a fixed (comoving) size of [, = 1.4 Mpc per cell,
which is the typical coherence length of magnetic fields
in the newly simulated model, based on spectral analy-
sis. The transverse magnetic field in each cell is chosen
as By = Bgsinf where 6 is a random zenithal angle in
[0,7) and By = 1.9 x 1072 G is the rms of the mag-
netic field of all realistic realizations. The dashed line in
Fig. 2 corresponds to (Br) = /2/3By = 1.6 x 1079 G
which is thus in both cases the ensemble average of the
strength of the transverse magnetic field. It can be seen
that while in the “cell” model the variations of the B field
saturate the maximum value (By), in the more realistic
scenario generated by the simulations there are several
peaks where Br ~ 10~7 G, which are found to correlate
with gas structures in the cosmic web (i.e. mostly fila-
ments and outer regions of galaxy clusters and groups).
As a consequence, while in the “cell” model T, does not
show sizeable variations since the strong mixing regime is
suppressed by m, [see Eq. (1)], in the more realistic case

one finds a significant jump in 7, when the peak in the
magnetic field is reached. Indeed, since the conversion
probability in ALPs scales as Pyy ~ (gayBrd)?, when
the strong peak in Brp is encountered a strong photon
regeneration takes place.

Because of the random orientation of the magnetic
field, the effect of photon-ALP conversions strongly de-
pends on the orientation of the line of sight. Therefore
the photon flux observed at Earth should be better char-
acterized in terms of probability distribution functions,
obtained by considering v — a conversions over differ-
ent realizations of the extragalactic magnetic field. An
example of these distributions is shown in Fig. 3 for a
source at redshift z = 0.3 and energy £ = 10 TeV. We
have fixed ALP parameters to the HM case. In the “cell”
case, the PDF has been found by simulating 106 differ-
ent realizations of the extragalactic magnetic field. Con-
versely, in the realistic case, the PDF has been obtained
extracting 10% onedimensional beams of cells randomly
extracted from the outputs of the cosmological simula-
tion at increasing redshift. The y axis shows the number
counting for the realistic case only. The vertical thick line
corresponds to the no ALPs case. We see that ALP con-
versions in dynamical magnetic field and in the cell model
produce probability distributions which are strongly dif-
ferent. In particular for the cell model the peak in the
distribution is 7, ~ 3 x 1077 with a 90 % C.L. in the
interval 5.6 x 1078-1.1 x 109, while in the more realistic
case one finds the peak at 7, ~ 3 x 1075 and a 90 % C.L.
in the interval 4.5 x 1077-1.4 x 10~*. It is evident that a
strong enhancement of the transfer function in the more
realistic case would imply a significant hardening of the
photon spectra with respect to the cell model. Note that
in the realistic case the statistical error in each bin is
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FIG. 3. Probability distribution functions for the transfer
function T, for photons emitted from a source at redshift z =
0.3, with E = 10 TeV and ALPs parameters mq, = 2x10~% eV
and gay = 107 GeV ™! (HM). Left distribution refers to the
cell model, while the right one to the more realistic case. The
vertical line corresponds to the no ALPs case.
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FIG. 4. Photon transfer function T, as a function of photon energy for a source at redshift z = 0.3 for m, = 107'° eV and
Gay = 4 x 10712 GeV™! (LM, left panels) and m, = 2 x 107° eV and g, = 10~ GeV~' (HM, right panels). The upper
panels refer to more realistic models of an extragalactic magnetic field, while lower panels are for the cell model. The black
curve corresponds to the case of only absorption onto EBL. The solid grey curve represents the median T in the presence of
ALPs conversions. The orange curve corresponds to conversions for a particular realization of the extragalactic magnetic field.
The shaded band is the envelope of the results on all the possible realizations of the extragalactic magnetic field at 68 % (dark

blue), 90 % (blue) and 99 % (light blue) C.L., respectively.

due to the limited number of realizations of the magnetic
fields configurations.

In order to discuss the observational signatures in the
energy spectra of VHE photon sources we present in
Fig. 4 the distribution of photon transfer function T
in function of the photon energy for a source at redshift
z = 0.3 obtained with 103 realizations. In the left panels
we consider m, = 10719 eV and Gay = 4 X 10712 GeV 1,
corresponding to the LM case of Fig. 1, while in the right
panels we take HM parameters. Upper panels refer to our
simulations for magnetic field, while lower ones are for the
cell model. The black solid curve represents the T, ex-
pected in the presence of only absorption onto EBL. The
solid grey curve represents the median 7, in the presence
of ALPs conversions. The orange curve corresponds to
conversions for a particular realization of the extragalac-
tic magnetic field. The shaded band is the envelope of
the results on all the possible realizations of the extra-
galactic magnetic field at 68 % (dark blue), 90 % (blue)
and 99 % (light blue) C.L., respectively. According to
conventional physics, it turns out that the 7', gets dra-
matically suppressed at high energies (E 2 4 TeV). As
expected, including ALP conversions with cell magnetic

fields, the enhancement of T, with respect to the stan-
dard case is modest since it is suppressed by the small
coupling (left panel) or the high ALP mass (right panel).
However, when we consider ALP conversions in more re-
alistic magnetic fields the enhancement of T’, is striking.
ALP conversions in such models would produce a con-
siderable hardening of the spectrum at high enough en-
ergies, thereby making it possible to detect VHE photons
in a range where no observable signal would be expected
according to conventional physics or to conversions with
cell magnetic fields. An example of a particular realiza-
tion is shown by the orange curve. In this specific case
we see that the observable photon flux at high energies
can be significantly larger than the average one. On this
specific line of sight the enhancement of 7', with respect
to the standard case would reach 3 orders of magnitude.
Note also the rapid oscillations observed in the 7’,. These
are induced by the the photon dispersion effect on cosmic
microwave background [36] (see also Supplemental Mate-
rial) and would leave observable signatures on the VHE
photon spectra unexpected in the standard case. De-
pending on the particular magnetic realization crossed
by the photons, it is also possible to observe a suppres-



sion of the photon flux stronger than in the presence of
conventional physics. Nevertheless, from Fig. 4 one infers
that the cases in which 7', is enhanced at high energies
are much more probable.

Conclusions—We have studied the conversions of VHE
photons into ALPs proposed as a mechanism to reduce
the absorption onto EBL, using for the first time more
realistic models of extragalactic magnetic fields, obtained
from the largest magnetohydrodynamical cosmological
simulations in the literature. We find an enhancement of
the magnetic field with respect to what was predicted in
the naive cell model, due to the fact that simulated mag-
netic fields display larger fluctuations, correlated with
density fluctuations of the cosmic web. This effect would
give a significant boost to photon-ALP conversions. In-
deed, using more realistic models of the magnetic field
we have found significant conversions also in regions of
the parameter space consistent with previous astrophysi-
cal bounds. This mechanism would produce a significant
hardening of the VHE photon spectrum from faraway
sources, and we expect such signature to emerge at en-
ergies F 2 1 TeV. Therefore, this scenario is testable
with the present generation of the Imaging Atmospheric
Cherenkov Telescope, covering energies in the range from
~ 50 GeV to ~ 50 TeV [48, 49)].
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SUPPLEMENTAL MATERIAL

Setup of photon-ALP oscillations—Photon-ALP mix-
ing occurs in the presence of an external magnetic field
B due to the interaction term [2]

1 -
Loy = ~1 Jar FlF"a = gy E-Ba (2)

where g, is the photon-ALP coupling constant (which
has the dimension of an inverse energy).

We consider throughout a monochromatic pho-
ton/ALP beam of energy FE propagating along the w3
direction in a cold ionized and magnetized medium. It
has been shown that for very relativistic ALPs and po-
larized photons, the beam propagation equation can be
written in a Schrodinger-like form in which z3 takes the
role of time [2] [36]

Ay (x3) - Ay (x3)
) d = s — 2 5 2\ T
ZCTTC;; 122(2235) - (Hdlsp 2,Habs> fi((x:gl;) ;

where A;(x3) and As(x3) are the photon linear polariza-
tion amplitudes along the z; and x5 axis, respectively,
a(x3) denotes the ALP amplitude. The Hamiltonian
Haisp represents the photon-ALP dispersion matrix, in-
cluding the mixing and the refractive effects, while Hps
accounts for the photon absorption effects on the low-
energy photon backgrounds. We denote by T'(z3,0; E)
the transfer function, namely the solution of Eq. with
initial condition 7'(0,0; E) = 1.

The Hamiltonian Hgisp, simplifies if we restrict our at-
tention to the case in which B is homogeneous. We de-
note by Br the transverse magnetic field, namely its com-
ponent in the plane normal to the beam direction and we
choose the zs-axis along Br so that B; vanishes. The
linear photon polarization state parallel to the transverse
field direction B is then denoted by A and the orthog-
onal one by A . Correspondingly, the mixing matrix can
be written as [2] 36]

Al 0 0
Hdisp = 0 AH Aa’y s (4)
0 Ag A,

whose elements are [2] A} = Ay + AT + Acus, A=
Ap1+Aﬁ:M+ACMB, Aa,y = ga'yBT/2 and Aa = —mg/QE,
where m, is the ALP mass. The term A, = —w§1/2E
accounts for plasma effects, where wy, is the plasma fre-
quency expressed as a function of the electron density in
the medium n. as wp ~ 3.69 x 1071 /n. /cm=3eV. The
terms Aﬁl\f describe the Cotton-Mouton effect, i.e. the
birefringence of fluids in the presence of a transverse
magnetic field. A vacuum Cotton-Mouton effect is ex-
pected from QED one-loop corrections to the photon po-
larization in the presence of an external magnetic field
Aqep = |[ATM—AFM| o B, but this effect is completely
negligible in the present context. Recently it has been
realized that also background photons can contribute to
the photon polarization. At this regard a guaranteed con-
tribution is provided by the CMB radiation, leading to
Acmp X poup [41]. We will show how this term would
play a crucial role for the development of the conversions
at high energies. An off-diagonal A would induce the
Faraday rotation, which is however totally irrelevant at



VHE, and so it has been dropped. For our benchmark
values corresponding to the HM point, numerically we
find

Br _
Agy =~ 1.5 x 1072 Jary Mpe ™!
ol 5 x 10 <10_11GQV1> (10_9G> pc -,
2 —1

E
Ag ~ —3.2 x 10" Ma Mpc ™!
8 (2x108eV> (Tev> pe

E\! n
Ay~ —1.1x1077 ( c )M -1
ol x (TeV) 103cm3/) P

o[ E Br \*. _
A ~41x107°( — Mpc~?!
QED x 10 <TeV> (10—9 G> pe

E
Acup ~ 0.80 x 107! <TeV) Mpc™?t . (5)

VHE photons undergo pair production absorption by
EBL low energy photons vvarYesL — e e~, dominated
by the interactions with optical/infrared EBL photons.
The absorptive part of the Hamiltonian can be written
in the form

I
Haps=1| O (6)
0

o Ho
o O O

where T' is the photon absorption rate (see [45] for de-
tails). Several realistic models for the EBL are available
in the literature, which are basically in mutual agree-
ment. Among all possible choices, we employ the EBL
model [46] as our benchmark. For crude numerical esti-
mates at zero redshift we use for the absorption rate [45]

=

B 1.55
r=11x10"3 (Tev> Mpec™! . (7)

Single magnetic domain—Considering the propagation
of photons in a single magnetic domain with a uniform
B-field with B; = 0, the component A, decouples away,
and the propagation equations reduce to a 2-dimensional
problem. Its solution follows from the diagonalization
of the Hamiltonian through a similarity transformation
performed with an orthogonal matrix, parametrized by
the (complex) rotation angle © which takes the value [2]

6]

0= 1abrctan <2Am> . (8)

2 A=A, — 5T

Note that A, < 0 and A > 0. Therefore, these two
contributions always sum and must be separately small
to achieve large mixing angle. When Ay, > A — A,
the photon-ALP mixing is close to maximal, © — 7/4
(if the absorption is small as well). On the other hand,
from Eq. one sees that Acgyp grows linearly with
the photon energy. Therefore at sufficiently high ener-
gies Ayy < A — A, and the photon-ALP mixing is
suppressed.

One can introduce a generalized (including absorption)
photon-ALP oscillations frequency

. 1/2
1
Aosc = |:(A| - Aa - §F)2 + 4A3'y:| . (9)

In particular, if absorption effect are small the prob-
ability for a photon emitted in the state A to oscillate
into an ALP after traveling a distance d is given by [2]

Agsc d
0 w2 .2 osc
Pv(ﬁ)a = sin“20O sin <2>

5 sin® (Apscd/2)
(Aoscd/2)? 7

where in the oscillation wave number and mixing angle
we set I' = 0.

From Eq. one would realize that for £ 2 10 TeV
and Br ~ 1077 G, Agy > Ay, Apl. Therefore, ne-
glecting the Acymp refractive term one would obtain

— (Auyd) (10)

Pv(o_)m ~ (Aqd)?, that is energy-independent. However,
we see that Acup is not negligible at these energies and
would produce peculiar energy-dependent oscillations im-
printing significant features in the VHE photon spectra.

So far, we have been dealing with a beam contain-
ing polarized photons, but since at VHE the polarization
cannot be measured we better assume that the beam is
unpolarized. This is properly done by means of the po-
larization density matrix

A1 (.’L‘g)
Ay (x3)
a(z3)

p(s) = @ ((Ai(zs) Aa(ws) alzs) )" (1)

which obeys the Liouville equation [36]

. dp

7
ZT@ = [Hdispvp] - i{Hab&P} (12)

associated with Eq. (3]). Then it follows that the solution
of Eq. is given by

plws, B) = T(xs, 0, E) p(0) T (w3, 0 E) ,  (13)
Note that for a

where p(0) is the initial beam state.
uniform B even if we clearly have

T(x3,0; E) = ¢~ (Haisp=5Have)zs (14)

Magnetized cosmic web—In the problem discussed in
this paper we consider oscillations of VHE photons into
ALPs in the extragalactic magnetic fields. Therefore we
have to deal with a more general situation than the one
depicted in the previous Section. Indeed, as discussed,
the extragalactic magnetic field is not constant along the
photon line of sight. In the “cell” model the magnetic
field can be modeled as a network of a magnetic do-
mains with size set by its coherence length. Although



|B| = By is supposed to be the same in every domain, its
direction changes randomly from one domain to another.
Therefore the propagation over many magnetic domains
is clearly a truly 3-dimensional problem, because — due
to the randomness of the direction of B —the same pho-
ton polarization states play the role of either A and A
in different domains. Therefore the Hamiltonian Hgqisp
entering propagation equation cannot be reduced to a
block-diagonal form similar to Eq. in all domains.
Rather, we take the x1, 2, 3 coordinate system as fixed
once and for all, and — denoting by a random unit vec-
tor inside each cell, during their path with a total length
L along the line of sight, the beam crosses n = L/I.
domains, where [, is the size of each domain: The set
{Bi}i<k<n = {Bobi}i<k<n represents a given random
realization of the beam propagation. Accordingly, in each
domain the Hamiltonian Haisp takes the form [50]

Azx Amy Aa'y sin (bk
ngisp = Aye Ayy Aay cos oy |,
Agy singy Agy cosdy A,

(15)
where ¢y, € [0,27) is the azimuthal (random) angle be-
tween the projection of by on the (z1,z2) plane and the
o axis, and

Aaca: = AH sin2 d)k =+ Al 0082 (bk R (16)
A:ry = A'L/w = (A” — AJ_)Sin(ZSk COSd)k; y (17)

Ayy =4 cos® ¢, + A sin® ¢y, , (18)

while A, is given by the first of Egs. with By =
By sin 0, where 6, is the zenith angle chosen randomly
in 6 € [O, 7T').

Working in terms of the Eq. ([12)), after the propagation
over n magnetic domains the density matrix is given by
repeated use of H’jisp, namely

prn=T(bn,....b1) poT'(by,....b1), (19
where we have set
T(by,....b1) =[] Tn . (20)
k=1
with
T, = e(Haisp— S Habs)le ’ (21)

which is the transfer function in the k-th domain. In a
cosmological context however we should remember that
By and I. are no longer fixed but scale as By (1 + z;)?
and I./(1 4 zx) where 2 is the redshift of the cell.

In the realistic case we solve the same equations, but
the field B is no longer a random vector but its three

components are calculated from the numerical model for
every realization.

The effect of the Acmp term —We briefly comment
on the role of Acyp term on the ALP-photon conver-
sions at high energies. This term due to VHE pho-
ton refraction on CMB photons been recently calculated
in [47]. From Egs. (9) and it results that assuming
Acup = 0, when A, > A, AL P, would become
energy-independent. Conversely, including Acyp this
term can mimic a mass term, producing peculiar energy-
dependent features. In order to illustrate this effect, in
Fig. |5| we show the transfer function T, as a function of
energy for a source at redshift z = 0.3 for m, = 10710 eV
and go, = 4 x 107!2 GeV~! (LM case) in presence of
ALP oscillations including the Acyp effect (continuous
curve) and without it (dashed curve). For comparison it
is also shown T, with only absorption on EBL (dotted
curve). As predicted Acyp is responsible for the energy-
dependent “wiggles” in the T, (E) which are absent when
Acmu = 0. Another important consequence of Acyp is
to suppress the transfer function at high energies when
Acms 2 Agy (at E > 30 TeV in Fig. ).

Transfer function in the (ga,mq) space—In Fig. |§|
we show, superposed to the exclusion regions of Fig. 1,
curves iso-T,, for a source at z = 0.3 and at energy
E = 20 TeV. Left panel refers to the cell model while
right panel is for realistic magnetic field. Each contour
corresponds to the 95" percentile of the distribution of
T,. In other words, there is a 5% probability that T,
is larger than the indicated value. From these curves
is evident the enhancement of the area probed with the
realistic model at a fixed value of 7.

10’5i with Aoy % N ]
10‘6;7 without Aqyp — — — '-._- \\ 7

1 ()'7:, no ALPs «+eeeene \ ]

105 \

107 SO

E H N
10710C Lol Lol NN
0.1 1 10 100
E (TeV)

FIG. 5. The photon transfer function 7, as a function of
energy for a source at redshift z = 0.3 for m, = 10710 eV
and goy =4 x 10712 GeV™! (LM) for a particular realization
with (continuous blue curve) and without (dashed red curve)
Acmp. The dotted curve corresponds to the case of only
absorption onto EBL.
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FIG. 6. Iso contour lines for transfer function T, for a source

realistic model (right) of B-field. Se the text for more details.

Cosmological Simulations of FExtragalactic Magnetic
Fields—The simulation used in this work belongs to a
dataset of large cosmological simulations produced with
the grid-MHD code ENZO [43], presented in detail [38]
and [39] and designed to study the evolution of extra-
galactic magnetic fields under different physical scenar-
ios. This simulation employed non-radiative physics to
evolve a comoving volume of 2003Mpc?, assuming a cos-
mology with H = 67.8 km/(s - Mpc), Q, = 0.0478,
Quor = 1.0, Q4 = 0.692. The magnetic field has been
initialized to the uniform value of By = 1 nG along each
coordinate axis at the begin of the simulation (z = 38).
With its 2400° cells/dark matter particles (for the fixed
spatial resolution of 83.3 kpc per cell) this dataset repre-
sents the largest magnetohydrodynamical simulation in
the literature so far.
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FIG. 7. Distribution of typical magnetic field strength as a
function of gas overdensity for a representative samples of line
of sights through our simulated volume. The different lines
mark the percentiles of the distribution at each overdensity,
tenfold from 10 to 90%. The additional orange arrow ap-
proximately marks the regime in which we observe significant
photon-ALPs conversion in the energy range investigated in
the paper.
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at z = 0.3 and at an energy E = 20 TeV for cell model (left) and

Fig. [7] shows the distribution of magnetic fields as a
function of cosmic environment in our simulation. The
majority of the investigated volume presents a magnetisz-
tion level that follows the compression/rarefaction of gas:
IB| o< (ngas/(ngas))?/?, ie. the frozen-field approxi-
mation. The additional scatter on the relation is due
structure formation dynamics; in particular the larger
fluctuations at the high-density end of the distribution
are a product of small-scale dynamo amplification acting
within virialized halos.

dN/dlogB

107 Lt il

il Lol
2

4

10° 10"
B[«G]

10

FIG. 8. Volume distribution of typical magnetic field strength
for the same set of simulated lines of sight as in Fig. m (black).
The additional dashed line show the r.m.s. magnetic field
value for the same distribution.

Fig. [§] gives the volume distribution of magnetic field
strength for the same set of lines of sight. The majority
of the volume has a magnetization level slightly below
the initial seed field (as an effect of adiabatic expansion
in voids), yet a pronounced tail with magnetic fields up
to ~ uG is present, largely exceeding the r.m.s. magnetic
field measured within the volume, i.e. 1.9 x 107G (as
shown with the vertical grey line). The distribution of
extragalactic magnetic fields reproduced in this simula-



tion is a first, important step towards the simulation of
possible scenarios for the origin of cosmic magnetic fields,
which is presently limited by the constraints from the cos-
mic microwave background [22], and it will also possi-
bly include the magnetization from astrophysical sources,
like radio galaxies, starburst winds and jets from active
galactic nuclei. The impact of such mechanisms on the
conversion of ALPs will be subject of forthcoming work.
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