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Gamma-ray signatures of ALPs
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All relevant phenomenology derives from the minimal Lagrangian

2

in SN is significant, because of the e�cient axion NN
bremsstrahlung process, the large axion mass hampers
the conversions into photons in the Galactic magnetic
field. In contrast, in what follows we want to consider
generic ALPs with mass and couplings completely unre-
lated. In this case, there exist significant regions in the
parameter space where we can have a large ALP produc-
tion and sizable photon conversions. This then provides
a gamma-ray signal which can be constrained by the dif-
fuse gamma-ray background measured by Fermi-LAT.

For heavier ALPs an alternative is to consider decays
into photons [16, 23]. Indeed, in [23] COMPTEL mea-
surements [24] have already been used to obtain limits
from this signature of the Di↵use SN ALP Background
(DSNALPB). Below we will return to this, allowing for
larger nucleon couplings and also including newer mea-
surements by Fermi-LAT.

Let us briefly outline our plan for the next sections.
In Sec. II we present the SN ALP flux for di↵erent
ALP models and calculate the di↵use SN ALP flux. In
Sec. III we characterize the ALP-photon conversions in
the Galactic magnetic field and we present our bounds
from the di↵use gamma-ray flux measured by Fermi-
LAT. In Sec. IV we consider the constraints coming from
the di↵use gamma-ray flux from the decay of heavy ALPs
produced in SNe. In Sec. V we comment on the perspec-
tive for improvements in sensitivity through next gener-
ation gamma-ray experiments in the MeV energy range.
Finally, Sec. VI provides a summary of our results and
conclusions.

II. SN ALP FLUXES

A. ALP emission from SNe

In the minimal scenario, ALPs have only a two-photon
coupling, described by the Lagrangian [25]
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This interaction allows for ALP production in a stellar
medium primarily through the Primako↵ process [26], in
which thermal photons are converted into ALPs in the
electrostatic field of ions, electrons and protons. In order
to calculate the ALP production rate (per volume) in
a SN core via Primako↵ process we closely follow [15],
finding
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Here, E is the photon energy, T the temperature and
⇠
2 = 

2
/4T 2 with  the inverse Debye screening length,

describing the finite range of the electric field surrounding

C [MeV�1] E0 [MeV] � g
ref
ax

� ! a 1.37⇥ 1051 122.3 2.3 10�11 GeV�1

NN ! a 9.08⇥ 1055 103.2 2.2 10�9

⌫̄e 7.8⇥ 1055 9.41 1.6 N/A

TABLE I. Fitting parameters for the SN ALP spectrum from
the Primako↵ process and NN bremsstrahlung. For compar-
ison we also show the parameters corresponding to the ⌫̄e

spectrum.

charged particles in the plasma. In order to get the total
ALP production rate per unit energy one has to integrate
Eq. (2) over the SN volume. As a reference, we con-
sider an SN model with an 18 M� progenitor, simulated
in spherical symmetry with the AGILE-BOLTZTRAN
code [27, 28]. We note that the e↵ect of the progenitor
mass in the ALP flux is rather mild. Indeed, in [15] some
of us have checked that di↵erences between di↵erent stel-
lar models, e.g. in terms of peak temperatures and other
nuclear matter properties relevant for the ALP produc-
tion, are actually only of the order of a few percent.
Assuming ma ⌧ T , we find that the time integrated

ALP spectrum is given, with excellent precision, by the
analytical expression
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where the values of the parameters C, E0, and � and the
relevant reference couplings grefax for the di↵erent channels
x are given in Table I. The spectrum described in Eq. (3)
is a typical quasi-thermal spectrum, with mean energy E0

and index � (in particular, � = 2 would correspond to a
perfectly thermal spectrum of ultrarelativistic particles).
If ALPs couple also with nucleons, the ALP NN

bremsstrahlung process

N1 +N2 �! N3 +N4 + a , (4)

provides another e�cient production channel [4]. In
Eq. (4), Ni are nucleons (protons or neutrons) and a

is the ALP field. The process (4) is induced by the
ALP-nucleon interaction described by the following La-
grangian term [29],

LaN =
X

i=p,n

gai

2mN
N i�µ�5Ni@

µ
a, (5)

with gai the ALP-nucleon couplings. This process has
been recently reevaluated in [12], including corrections
beyond the one-pion-exchange (OPE) approximation. In
this case, assuming ALPs coupled only to protons, one
finds the bound gap . 1.2 ⇥ 10�9, required to avoid an
excessive SN cooling that would have shortened the du-
ration observed SN 1987A neutrino burst.
Once again, the time-integrated spectrum is well rep-

resented by Eq. (3), with fitting parameters given in Ta-
ble I. Indeed neutrino emission can also be described by

Gamma-ray signatures provide competitive search channels with null results (so far):

What are promising signatures in the gamma-ray band?

[C. O'Hare, AxionLimits (github)]

mailto:eckner@lapth.cnrs.fr
https://github.com/cajohare/AxionLimits
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Figure 1.3: Diagram of the Primakoff effect.

approximately the same age and they differ only in their initial mass. Since the

more massive a star is, the faster it evolves, a globular cluster gives the possibility

to study a broad sample of stellar evolution stages and to estimate how long each

phase lasts. In particular, if axions are produced inside a star and escape, they

provide an additional cooling channel, besides the photon and neutrino ones. If

there are more efficient energy release channels, the nuclear fuel consumption has

to be faster, and thus the ageing quicker. Counting the stars in each evolution

stage inside a globular cluster permits us to study how fast the fuel consumption

is and therefore to put bounds on the production of axions in stellar cores. The

best constraints come from the stars which have reached the helium burning phase,

which are called horizontal branch (HB) stars because of the position they occupy

in the Hertzsprung-Russel diagram. The non-standard energy loss prolongs the

red giant (RG) phase and shortens the HB one [46]. Counting the RG and the HB

stars in globular clusters and comparing the two numbers it is possible to evaluate

the axion production rate in stars, and to obtain the two HB Stars bounds in

figure 1.2. In particular, if the axion is directly coupled to the electron, i.e. Ce is

O(1), it has a significant production channel more which is reflected in the broader

exclusion bound. HB stars have a typical core temperature of T ∼ 108 K ∼ 10 keV.

The thermal distribution of photons, averaged over the large volume of the star,

still includes many γs that are energetic enough to efficiently produce axions if

their mass is not ma ! 300 keV, which is where the HB bounds stop.

Also supernova explosions (SN) are used to put limits on axions. Stars with

6–8 M! mass or more reach the ultimate phase of the processing of nuclear fuel,

creating an iron nucleus. Iron has the largest binding energy per nucleon and

therefore cannot be efficiently burnt inside a star. It does not contribute to produce
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approximately the same age and they differ only in their initial mass. Since the

more massive a star is, the faster it evolves, a globular cluster gives the possibility

to study a broad sample of stellar evolution stages and to estimate how long each

phase lasts. In particular, if axions are produced inside a star and escape, they

provide an additional cooling channel, besides the photon and neutrino ones. If

there are more efficient energy release channels, the nuclear fuel consumption has

to be faster, and thus the ageing quicker. Counting the stars in each evolution

stage inside a globular cluster permits us to study how fast the fuel consumption

is and therefore to put bounds on the production of axions in stellar cores. The

best constraints come from the stars which have reached the helium burning phase,

which are called horizontal branch (HB) stars because of the position they occupy

in the Hertzsprung-Russel diagram. The non-standard energy loss prolongs the

red giant (RG) phase and shortens the HB one [46]. Counting the RG and the HB

stars in globular clusters and comparing the two numbers it is possible to evaluate

the axion production rate in stars, and to obtain the two HB Stars bounds in

figure 1.2. In particular, if the axion is directly coupled to the electron, i.e. Ce is

O(1), it has a significant production channel more which is reflected in the broader

exclusion bound. HB stars have a typical core temperature of T ∼ 108 K ∼ 10 keV.

The thermal distribution of photons, averaged over the large volume of the star,

still includes many γs that are energetic enough to efficiently produce axions if

their mass is not ma ! 300 keV, which is where the HB bounds stop.

Also supernova explosions (SN) are used to put limits on axions. Stars with

6–8 M! mass or more reach the ultimate phase of the processing of nuclear fuel,

creating an iron nucleus. Iron has the largest binding energy per nucleon and

therefore cannot be efficiently burnt inside a star. It does not contribute to produce
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approximately the same age and they differ only in their initial mass. Since the

more massive a star is, the faster it evolves, a globular cluster gives the possibility

to study a broad sample of stellar evolution stages and to estimate how long each

phase lasts. In particular, if axions are produced inside a star and escape, they

provide an additional cooling channel, besides the photon and neutrino ones. If

there are more efficient energy release channels, the nuclear fuel consumption has

to be faster, and thus the ageing quicker. Counting the stars in each evolution

stage inside a globular cluster permits us to study how fast the fuel consumption

is and therefore to put bounds on the production of axions in stellar cores. The

best constraints come from the stars which have reached the helium burning phase,

which are called horizontal branch (HB) stars because of the position they occupy

in the Hertzsprung-Russel diagram. The non-standard energy loss prolongs the

red giant (RG) phase and shortens the HB one [46]. Counting the RG and the HB

stars in globular clusters and comparing the two numbers it is possible to evaluate

the axion production rate in stars, and to obtain the two HB Stars bounds in

figure 1.2. In particular, if the axion is directly coupled to the electron, i.e. Ce is

O(1), it has a significant production channel more which is reflected in the broader

exclusion bound. HB stars have a typical core temperature of T ∼ 108 K ∼ 10 keV.

The thermal distribution of photons, averaged over the large volume of the star,

still includes many γs that are energetic enough to efficiently produce axions if

their mass is not ma ! 300 keV, which is where the HB bounds stop.

Also supernova explosions (SN) are used to put limits on axions. Stars with

6–8 M! mass or more reach the ultimate phase of the processing of nuclear fuel,

creating an iron nucleus. Iron has the largest binding energy per nucleon and

therefore cannot be efficiently burnt inside a star. It does not contribute to produce
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approximately the same age and they differ only in their initial mass. Since the

more massive a star is, the faster it evolves, a globular cluster gives the possibility

to study a broad sample of stellar evolution stages and to estimate how long each

phase lasts. In particular, if axions are produced inside a star and escape, they

provide an additional cooling channel, besides the photon and neutrino ones. If

there are more efficient energy release channels, the nuclear fuel consumption has

to be faster, and thus the ageing quicker. Counting the stars in each evolution

stage inside a globular cluster permits us to study how fast the fuel consumption

is and therefore to put bounds on the production of axions in stellar cores. The

best constraints come from the stars which have reached the helium burning phase,

which are called horizontal branch (HB) stars because of the position they occupy

in the Hertzsprung-Russel diagram. The non-standard energy loss prolongs the

red giant (RG) phase and shortens the HB one [46]. Counting the RG and the HB

stars in globular clusters and comparing the two numbers it is possible to evaluate

the axion production rate in stars, and to obtain the two HB Stars bounds in

figure 1.2. In particular, if the axion is directly coupled to the electron, i.e. Ce is

O(1), it has a significant production channel more which is reflected in the broader

exclusion bound. HB stars have a typical core temperature of T ∼ 108 K ∼ 10 keV.

The thermal distribution of photons, averaged over the large volume of the star,

still includes many γs that are energetic enough to efficiently produce axions if

their mass is not ma ! 300 keV, which is where the HB bounds stop.

Also supernova explosions (SN) are used to put limits on axions. Stars with

6–8 M! mass or more reach the ultimate phase of the processing of nuclear fuel,

creating an iron nucleus. Iron has the largest binding energy per nucleon and

therefore cannot be efficiently burnt inside a star. It does not contribute to produce
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approximately the same age and they differ only in their initial mass. Since the

more massive a star is, the faster it evolves, a globular cluster gives the possibility

to study a broad sample of stellar evolution stages and to estimate how long each

phase lasts. In particular, if axions are produced inside a star and escape, they

provide an additional cooling channel, besides the photon and neutrino ones. If

there are more efficient energy release channels, the nuclear fuel consumption has

to be faster, and thus the ageing quicker. Counting the stars in each evolution

stage inside a globular cluster permits us to study how fast the fuel consumption

is and therefore to put bounds on the production of axions in stellar cores. The

best constraints come from the stars which have reached the helium burning phase,

which are called horizontal branch (HB) stars because of the position they occupy

in the Hertzsprung-Russel diagram. The non-standard energy loss prolongs the

red giant (RG) phase and shortens the HB one [46]. Counting the RG and the HB

stars in globular clusters and comparing the two numbers it is possible to evaluate

the axion production rate in stars, and to obtain the two HB Stars bounds in

figure 1.2. In particular, if the axion is directly coupled to the electron, i.e. Ce is

O(1), it has a significant production channel more which is reflected in the broader

exclusion bound. HB stars have a typical core temperature of T ∼ 108 K ∼ 10 keV.

The thermal distribution of photons, averaged over the large volume of the star,

still includes many γs that are energetic enough to efficiently produce axions if

their mass is not ma ! 300 keV, which is where the HB bounds stop.

Also supernova explosions (SN) are used to put limits on axions. Stars with

6–8 M! mass or more reach the ultimate phase of the processing of nuclear fuel,

creating an iron nucleus. Iron has the largest binding energy per nucleon and

therefore cannot be efficiently burnt inside a star. It does not contribute to produce
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approximately the same age and they differ only in their initial mass. Since the

more massive a star is, the faster it evolves, a globular cluster gives the possibility

to study a broad sample of stellar evolution stages and to estimate how long each

phase lasts. In particular, if axions are produced inside a star and escape, they

provide an additional cooling channel, besides the photon and neutrino ones. If

there are more efficient energy release channels, the nuclear fuel consumption has

to be faster, and thus the ageing quicker. Counting the stars in each evolution

stage inside a globular cluster permits us to study how fast the fuel consumption

is and therefore to put bounds on the production of axions in stellar cores. The

best constraints come from the stars which have reached the helium burning phase,

which are called horizontal branch (HB) stars because of the position they occupy

in the Hertzsprung-Russel diagram. The non-standard energy loss prolongs the

red giant (RG) phase and shortens the HB one [46]. Counting the RG and the HB

stars in globular clusters and comparing the two numbers it is possible to evaluate

the axion production rate in stars, and to obtain the two HB Stars bounds in

figure 1.2. In particular, if the axion is directly coupled to the electron, i.e. Ce is

O(1), it has a significant production channel more which is reflected in the broader

exclusion bound. HB stars have a typical core temperature of T ∼ 108 K ∼ 10 keV.

The thermal distribution of photons, averaged over the large volume of the star,

still includes many γs that are energetic enough to efficiently produce axions if

their mass is not ma ! 300 keV, which is where the HB bounds stop.

Also supernova explosions (SN) are used to put limits on axions. Stars with

6–8 M! mass or more reach the ultimate phase of the processing of nuclear fuel,

creating an iron nucleus. Iron has the largest binding energy per nucleon and

therefore cannot be efficiently burnt inside a star. It does not contribute to produce
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approximately the same age and they differ only in their initial mass. Since the

more massive a star is, the faster it evolves, a globular cluster gives the possibility

to study a broad sample of stellar evolution stages and to estimate how long each

phase lasts. In particular, if axions are produced inside a star and escape, they

provide an additional cooling channel, besides the photon and neutrino ones. If

there are more efficient energy release channels, the nuclear fuel consumption has

to be faster, and thus the ageing quicker. Counting the stars in each evolution

stage inside a globular cluster permits us to study how fast the fuel consumption

is and therefore to put bounds on the production of axions in stellar cores. The

best constraints come from the stars which have reached the helium burning phase,

which are called horizontal branch (HB) stars because of the position they occupy

in the Hertzsprung-Russel diagram. The non-standard energy loss prolongs the

red giant (RG) phase and shortens the HB one [46]. Counting the RG and the HB

stars in globular clusters and comparing the two numbers it is possible to evaluate

the axion production rate in stars, and to obtain the two HB Stars bounds in

figure 1.2. In particular, if the axion is directly coupled to the electron, i.e. Ce is

O(1), it has a significant production channel more which is reflected in the broader

exclusion bound. HB stars have a typical core temperature of T ∼ 108 K ∼ 10 keV.

The thermal distribution of photons, averaged over the large volume of the star,

still includes many γs that are energetic enough to efficiently produce axions if

their mass is not ma ! 300 keV, which is where the HB bounds stop.

Also supernova explosions (SN) are used to put limits on axions. Stars with

6–8 M! mass or more reach the ultimate phase of the processing of nuclear fuel,

creating an iron nucleus. Iron has the largest binding energy per nucleon and

therefore cannot be efficiently burnt inside a star. It does not contribute to produce
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approximately the same age and they differ only in their initial mass. Since the

more massive a star is, the faster it evolves, a globular cluster gives the possibility

to study a broad sample of stellar evolution stages and to estimate how long each

phase lasts. In particular, if axions are produced inside a star and escape, they

provide an additional cooling channel, besides the photon and neutrino ones. If

there are more efficient energy release channels, the nuclear fuel consumption has

to be faster, and thus the ageing quicker. Counting the stars in each evolution

stage inside a globular cluster permits us to study how fast the fuel consumption

is and therefore to put bounds on the production of axions in stellar cores. The

best constraints come from the stars which have reached the helium burning phase,

which are called horizontal branch (HB) stars because of the position they occupy

in the Hertzsprung-Russel diagram. The non-standard energy loss prolongs the

red giant (RG) phase and shortens the HB one [46]. Counting the RG and the HB

stars in globular clusters and comparing the two numbers it is possible to evaluate

the axion production rate in stars, and to obtain the two HB Stars bounds in

figure 1.2. In particular, if the axion is directly coupled to the electron, i.e. Ce is

O(1), it has a significant production channel more which is reflected in the broader

exclusion bound. HB stars have a typical core temperature of T ∼ 108 K ∼ 10 keV.

The thermal distribution of photons, averaged over the large volume of the star,

still includes many γs that are energetic enough to efficiently produce axions if

their mass is not ma ! 300 keV, which is where the HB bounds stop.

Also supernova explosions (SN) are used to put limits on axions. Stars with

6–8 M! mass or more reach the ultimate phase of the processing of nuclear fuel,

creating an iron nucleus. Iron has the largest binding energy per nucleon and

therefore cannot be efficiently burnt inside a star. It does not contribute to produce
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Figure 1.3: Diagram of the Primakoff effect.

approximately the same age and they differ only in their initial mass. Since the

more massive a star is, the faster it evolves, a globular cluster gives the possibility

to study a broad sample of stellar evolution stages and to estimate how long each

phase lasts. In particular, if axions are produced inside a star and escape, they

provide an additional cooling channel, besides the photon and neutrino ones. If

there are more efficient energy release channels, the nuclear fuel consumption has

to be faster, and thus the ageing quicker. Counting the stars in each evolution

stage inside a globular cluster permits us to study how fast the fuel consumption

is and therefore to put bounds on the production of axions in stellar cores. The

best constraints come from the stars which have reached the helium burning phase,

which are called horizontal branch (HB) stars because of the position they occupy

in the Hertzsprung-Russel diagram. The non-standard energy loss prolongs the

red giant (RG) phase and shortens the HB one [46]. Counting the RG and the HB

stars in globular clusters and comparing the two numbers it is possible to evaluate

the axion production rate in stars, and to obtain the two HB Stars bounds in

figure 1.2. In particular, if the axion is directly coupled to the electron, i.e. Ce is

O(1), it has a significant production channel more which is reflected in the broader

exclusion bound. HB stars have a typical core temperature of T ∼ 108 K ∼ 10 keV.

The thermal distribution of photons, averaged over the large volume of the star,

still includes many γs that are energetic enough to efficiently produce axions if

their mass is not ma ! 300 keV, which is where the HB bounds stop.

Also supernova explosions (SN) are used to put limits on axions. Stars with

6–8 M! mass or more reach the ultimate phase of the processing of nuclear fuel,

creating an iron nucleus. Iron has the largest binding energy per nucleon and

therefore cannot be efficiently burnt inside a star. It does not contribute to produce

1
8

1
.
A

x
io

n
s

a
n
d

a
x
io

n
-lik

e
p
a
rtic

le
s

a
g
aγ
γ

γ

γ"B

F
ig

u
re

1
.3

:
D

iagram
of

th
e

P
rim

akoff
eff

ect.

ap
p
roxim

ately
th

e
sam

e
age

an
d

th
ey

d
iff

er
on

ly
in

th
eir

in
itial

m
ass.

S
in

ce
th

e

m
ore

m
assive

a
star

is,
th

e
faster

it
evolves,

a
glob

u
lar

clu
ster

gives
th

e
p
ossib

ility

to
stu

d
y

a
b
road

sam
p
le

of
stellar

evolu
tion

stages
an

d
to

estim
ate

h
ow

lon
g

each

p
h
ase

lasts.
In

p
articu

lar,
if

axion
s

are
p
rod

u
ced

in
sid

e
a

star
an

d
escap

e,
th

ey

p
rovid

e
an

ad
d
ition

al
coolin

g
ch

an
n
el,

b
esid

es
th

e
p
h
oton

an
d

n
eu

trin
o

on
es.

If

th
ere

are
m

ore
effi

cient
en

ergy
release

ch
an

n
els,

th
e

nu
clear

fu
el

con
su

m
p
tion

h
as

to
b
e

faster,
an

d
thu

s
th

e
agein

g
qu

icker.
C

ou
ntin

g
th

e
stars

in
each

evolu
tion

stage
in

sid
e

a
glob

u
lar

clu
ster

p
erm

its
u
s

to
stu

d
y

h
ow

fast
th

e
fu

el
con

su
m

p
tion

is
an

d
th

erefore
to

p
u
t

b
ou

n
d
s

on
th

e
p
rod

u
ction

of
axion

s
in

stellar
cores.

T
h
e

b
est

con
straints

com
e

from
th

e
stars

w
h
ich

h
ave

reach
ed

th
e

h
eliu

m
b
u
rn

in
g

p
h
ase,

w
h
ich

are
called

h
orizontal

b
ran

ch
(H

B
)

stars
b
ecau

se
of

th
e

p
osition

th
ey

occu
py

in
th

e
H

ertzsp
ru

n
g-R

u
ssel

d
iagram

.
T

h
e

n
on

-stan
d
ard

en
ergy

loss
p
rolon

gs
th

e

red
giant

(R
G

)
p
h
ase

an
d

sh
orten

s
th

e
H

B
on

e
[46].

C
ou

ntin
g

th
e

R
G

an
d

th
e

H
B

stars
in

glob
u
lar

clu
sters

an
d

com
p
arin

g
th

e
tw

o
nu

m
b
ers

it
is

p
ossib

le
to

evalu
ate

th
e

axion
p
rod

u
ction

rate
in

stars,
an

d
to

ob
tain

th
e

tw
o

H
B

S
ta

rs
b
ou

n
d
s

in

fi
gu

re
1.2.

In
p
articu

lar,
if

th
e

axion
is

d
irectly

cou
p
led

to
th

e
electron

,
i.e.

C
e

is

O
(1),

it
h
as

a
sign

ifi
cant

p
rod

u
ction

ch
an

n
el

m
ore

w
h
ich

is
refl

ected
in

th
e

b
road

er

exclu
sion

b
ou

n
d
.

H
B

stars
h
ave

a
typ

ical
core

tem
p
eratu

re
of

T
∼

10
8
K

∼
10

keV
.

T
h
e

th
erm

al
d
istrib

u
tion

of
p
h
oton

s,
averaged

over
th

e
large

volu
m

e
of

th
e

star,

still
in

clu
d
es

m
any

γ
s

th
at

are
en

ergetic
en

ou
gh

to
effi

ciently
p
rod

u
ce

axion
s

if

th
eir

m
ass

is
n
ot

m
a
!

300
keV

,
w

h
ich

is
w

h
ere

th
e

H
B

b
ou

n
d
s

stop
.

A
lso

su
p
ern

ova
exp

losion
s

(S
N

)
are

u
sed

to
p
u
t

lim
its

on
axion

s.
S
tars

w
ith

6–8
M

!
m

ass
or

m
ore

reach
th

e
u
ltim

ate
p
h
ase

of
th

e
p
rocessin

g
of

nu
clear

fu
el,

creatin
g

an
iron

nu
cleu

s.
Iron

h
as

th
e

largest
b
in

d
in

g
en

ergy
p
er

nu
cleon

an
d

th
erefore

can
n
ot

b
e

effi
ciently

b
u
rnt

in
sid

e
a

star.
It

d
oes

n
ot

contrib
u
te

to
p
rod

u
ce

⃗B ext

a gaγ γ

-ray energiesγkeV MeV GeV TeV PeV

Probing ALPs with gamma rays

 Giacomo D’Amico - Indirect DM search with MAGIC               Nordic meeting on Dark Matter searches                 22 May 2024 - Bergen, Norway                    

dΦobs

dE
= dΦem

dE
⋅ P(Eγ; ma, gaγ, B, z)

Observed flux

Intrinsic flux

Gamma-ray 
energy

Source’s redshift

Ambient 
magnetic field

mailto:eckner@lapth.cnrs.fr


6Christopher Eckner, ceckner@ung.si 6BAM! 2024 | Barolo 

Gamma-ray signatures of ALPs
AL

P 
si

gn
at

ur
e

(extra-)galactic  
Core-collapse  
supernovae spectral irregularities

gamma-ray opacity of 
the universe 

R
el

ev
an

t p
ro

ce
ss

es

18 1. Axions and axion-like particles

agaγγγ

γ

"B

Figure 1.3: Diagram of the Primakoff effect.

approximately the same age and they differ only in their initial mass. Since the

more massive a star is, the faster it evolves, a globular cluster gives the possibility

to study a broad sample of stellar evolution stages and to estimate how long each

phase lasts. In particular, if axions are produced inside a star and escape, they

provide an additional cooling channel, besides the photon and neutrino ones. If

there are more efficient energy release channels, the nuclear fuel consumption has

to be faster, and thus the ageing quicker. Counting the stars in each evolution

stage inside a globular cluster permits us to study how fast the fuel consumption

is and therefore to put bounds on the production of axions in stellar cores. The

best constraints come from the stars which have reached the helium burning phase,

which are called horizontal branch (HB) stars because of the position they occupy

in the Hertzsprung-Russel diagram. The non-standard energy loss prolongs the

red giant (RG) phase and shortens the HB one [46]. Counting the RG and the HB

stars in globular clusters and comparing the two numbers it is possible to evaluate

the axion production rate in stars, and to obtain the two HB Stars bounds in

figure 1.2. In particular, if the axion is directly coupled to the electron, i.e. Ce is

O(1), it has a significant production channel more which is reflected in the broader

exclusion bound. HB stars have a typical core temperature of T ∼ 108 K ∼ 10 keV.

The thermal distribution of photons, averaged over the large volume of the star,

still includes many γs that are energetic enough to efficiently produce axions if

their mass is not ma ! 300 keV, which is where the HB bounds stop.

Also supernova explosions (SN) are used to put limits on axions. Stars with

6–8 M! mass or more reach the ultimate phase of the processing of nuclear fuel,

creating an iron nucleus. Iron has the largest binding energy per nucleon and

therefore cannot be efficiently burnt inside a star. It does not contribute to produce
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approximately the same age and they differ only in their initial mass. Since the

more massive a star is, the faster it evolves, a globular cluster gives the possibility

to study a broad sample of stellar evolution stages and to estimate how long each

phase lasts. In particular, if axions are produced inside a star and escape, they

provide an additional cooling channel, besides the photon and neutrino ones. If

there are more efficient energy release channels, the nuclear fuel consumption has

to be faster, and thus the ageing quicker. Counting the stars in each evolution

stage inside a globular cluster permits us to study how fast the fuel consumption

is and therefore to put bounds on the production of axions in stellar cores. The

best constraints come from the stars which have reached the helium burning phase,

which are called horizontal branch (HB) stars because of the position they occupy

in the Hertzsprung-Russel diagram. The non-standard energy loss prolongs the

red giant (RG) phase and shortens the HB one [46]. Counting the RG and the HB

stars in globular clusters and comparing the two numbers it is possible to evaluate

the axion production rate in stars, and to obtain the two HB Stars bounds in

figure 1.2. In particular, if the axion is directly coupled to the electron, i.e. Ce is

O(1), it has a significant production channel more which is reflected in the broader

exclusion bound. HB stars have a typical core temperature of T ∼ 108 K ∼ 10 keV.

The thermal distribution of photons, averaged over the large volume of the star,

still includes many γs that are energetic enough to efficiently produce axions if

their mass is not ma ! 300 keV, which is where the HB bounds stop.

Also supernova explosions (SN) are used to put limits on axions. Stars with

6–8 M! mass or more reach the ultimate phase of the processing of nuclear fuel,

creating an iron nucleus. Iron has the largest binding energy per nucleon and

therefore cannot be efficiently burnt inside a star. It does not contribute to produce
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approximately the same age and they differ only in their initial mass. Since the

more massive a star is, the faster it evolves, a globular cluster gives the possibility

to study a broad sample of stellar evolution stages and to estimate how long each

phase lasts. In particular, if axions are produced inside a star and escape, they

provide an additional cooling channel, besides the photon and neutrino ones. If

there are more efficient energy release channels, the nuclear fuel consumption has

to be faster, and thus the ageing quicker. Counting the stars in each evolution

stage inside a globular cluster permits us to study how fast the fuel consumption

is and therefore to put bounds on the production of axions in stellar cores. The

best constraints come from the stars which have reached the helium burning phase,

which are called horizontal branch (HB) stars because of the position they occupy

in the Hertzsprung-Russel diagram. The non-standard energy loss prolongs the

red giant (RG) phase and shortens the HB one [46]. Counting the RG and the HB

stars in globular clusters and comparing the two numbers it is possible to evaluate

the axion production rate in stars, and to obtain the two HB Stars bounds in

figure 1.2. In particular, if the axion is directly coupled to the electron, i.e. Ce is

O(1), it has a significant production channel more which is reflected in the broader

exclusion bound. HB stars have a typical core temperature of T ∼ 108 K ∼ 10 keV.

The thermal distribution of photons, averaged over the large volume of the star,

still includes many γs that are energetic enough to efficiently produce axions if

their mass is not ma ! 300 keV, which is where the HB bounds stop.

Also supernova explosions (SN) are used to put limits on axions. Stars with

6–8 M! mass or more reach the ultimate phase of the processing of nuclear fuel,

creating an iron nucleus. Iron has the largest binding energy per nucleon and

therefore cannot be efficiently burnt inside a star. It does not contribute to produce
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Probing ALPs with gamma rays

 Giacomo D’Amico - Indirect DM search with MAGIC               Nordic meeting on Dark Matter searches                 22 May 2024 - Bergen, Norway                    
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Fig. 1 Point source continuum differential sensitivity of different X- and γ -ray instruments (see [37]).
The hatched area indicates the targeted level of sensitivity of the next generation gamma-ray observatory
for a source effective exposure of 1 year

– Processes at the heart of the extreme Universe in the era of multi-messenger
astronomy

Observations of relativistic jet and outflow sources (both in our Galaxy and
in active galactic nuclei, AGNs) in the X-ray and GeV–TeV energy ranges
have shown that the MeV–GeV band holds the key to understanding the transi-
tion from the low-energy continuum to a spectral range shaped by very poorly
understood particle acceleration processes. ASTROMEV will: (1) determine the
composition (hadronic or leptonic) of the outflows and jets, which strongly influ-
ences the environment – breakthrough polarimetric capability and spectroscopy
providing the keys to unlocking this long-standing question; (2) identify the
physical acceleration processes in these outflows and jets (e.g. diffusive shocks,
magnetic field reconnection, plasma effects), that may lead to dramatically dif-
ferent particle energy distributions; (3) clarify the role of the magnetic field
in powering ultrarelativistic jets in gamma-ray bursts, through time-resolved
polarimetry and spectroscopy.

In addition, measurements in the ASTROMEV energy band between 100
keV and 1 GeV will have a big impact on multi-messenger astronomy in the
2030s. In particular, MeV energies are expected to be the characteristic cutoffs
in Neutron Star - Neutron Star (NS-NS) and Black Hole - Neutron Star (BH-NS)
mergers, giving a decisive input to the study of the energetics of these pro-
cesses. Moreover, a detector sensitive in the MeV region will allow the detection
of the π0 peak, disentangling hadronic acceleration mechanisms from leptonic
mechanisms, and thus providing an independent input to neutrino astronomy.

– The origin and impact of high-energy cosmic-ray particles on Galaxy evolution
ASTROMEV will resolve the outstanding issue of the origin and propagation

of low-energy cosmic rays affecting star formation. It will measure cosmic-
ray diffusion in interstellar clouds and their impact on gas dynamics and state;

1227Experimental Astronomy (2021) 51:1225–1254
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– Processes at the heart of the extreme Universe in the era of multi-messenger
astronomy

Observations of relativistic jet and outflow sources (both in our Galaxy and
in active galactic nuclei, AGNs) in the X-ray and GeV–TeV energy ranges
have shown that the MeV–GeV band holds the key to understanding the transi-
tion from the low-energy continuum to a spectral range shaped by very poorly
understood particle acceleration processes. ASTROMEV will: (1) determine the
composition (hadronic or leptonic) of the outflows and jets, which strongly influ-
ences the environment – breakthrough polarimetric capability and spectroscopy
providing the keys to unlocking this long-standing question; (2) identify the
physical acceleration processes in these outflows and jets (e.g. diffusive shocks,
magnetic field reconnection, plasma effects), that may lead to dramatically dif-
ferent particle energy distributions; (3) clarify the role of the magnetic field
in powering ultrarelativistic jets in gamma-ray bursts, through time-resolved
polarimetry and spectroscopy.

In addition, measurements in the ASTROMEV energy band between 100
keV and 1 GeV will have a big impact on multi-messenger astronomy in the
2030s. In particular, MeV energies are expected to be the characteristic cutoffs
in Neutron Star - Neutron Star (NS-NS) and Black Hole - Neutron Star (BH-NS)
mergers, giving a decisive input to the study of the energetics of these pro-
cesses. Moreover, a detector sensitive in the MeV region will allow the detection
of the π0 peak, disentangling hadronic acceleration mechanisms from leptonic
mechanisms, and thus providing an independent input to neutrino astronomy.

– The origin and impact of high-energy cosmic-ray particles on Galaxy evolution
ASTROMEV will resolve the outstanding issue of the origin and propagation

of low-energy cosmic rays affecting star formation. It will measure cosmic-
ray diffusion in interstellar clouds and their impact on gas dynamics and state;
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Gamma-ray detection facilities
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Fig. 1 Point source continuum differential sensitivity of different X- and γ -ray instruments (see [37]).
The hatched area indicates the targeted level of sensitivity of the next generation gamma-ray observatory
for a source effective exposure of 1 year

– Processes at the heart of the extreme Universe in the era of multi-messenger
astronomy

Observations of relativistic jet and outflow sources (both in our Galaxy and
in active galactic nuclei, AGNs) in the X-ray and GeV–TeV energy ranges
have shown that the MeV–GeV band holds the key to understanding the transi-
tion from the low-energy continuum to a spectral range shaped by very poorly
understood particle acceleration processes. ASTROMEV will: (1) determine the
composition (hadronic or leptonic) of the outflows and jets, which strongly influ-
ences the environment – breakthrough polarimetric capability and spectroscopy
providing the keys to unlocking this long-standing question; (2) identify the
physical acceleration processes in these outflows and jets (e.g. diffusive shocks,
magnetic field reconnection, plasma effects), that may lead to dramatically dif-
ferent particle energy distributions; (3) clarify the role of the magnetic field
in powering ultrarelativistic jets in gamma-ray bursts, through time-resolved
polarimetry and spectroscopy.

In addition, measurements in the ASTROMEV energy band between 100
keV and 1 GeV will have a big impact on multi-messenger astronomy in the
2030s. In particular, MeV energies are expected to be the characteristic cutoffs
in Neutron Star - Neutron Star (NS-NS) and Black Hole - Neutron Star (BH-NS)
mergers, giving a decisive input to the study of the energetics of these pro-
cesses. Moreover, a detector sensitive in the MeV region will allow the detection
of the π0 peak, disentangling hadronic acceleration mechanisms from leptonic
mechanisms, and thus providing an independent input to neutrino astronomy.

– The origin and impact of high-energy cosmic-ray particles on Galaxy evolution
ASTROMEV will resolve the outstanding issue of the origin and propagation

of low-energy cosmic rays affecting star formation. It will measure cosmic-
ray diffusion in interstellar clouds and their impact on gas dynamics and state;
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Breeching the opacity  
of the universe
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See also M. C. D. Marsh’s talk!
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The Brightest Of All Times — GRB 221009A
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On the 9th of October 2022 an extremely luminous Gamma Ray Burst (GRB) at redshift 
 was observed on Earth and in space by gamma-ray telescopes.  z = 0.151

• 1-in-10000 year event 

• Saturated the GRB  
monitor on Fermi 

• It was so bright despite 
being inside the Galactic 
plane. 

• Detected by LHAASO 
and HAWC  
(IACTs full moon phase)

credit: NASA

Important observation: LHAASO detected a gamma-ray event of 18 TeV [LHAASO Collaboration, GCN Circular n. 

32677 (2022)] [LHAASO collab., Science 380 (2023)] [LHAASO collab., Sci. Adv. 9, 46 (2023)] (Before that, the most energetic ever-
detected GRB particle was 3 TeV [H.E.S.S. collab., Science 372, 1081 (2021]) 
→ The claim of a 251 TeV gamma ray detected by Carpet-2 is disputed.

Christopher Eckner, ceckner@ung.si

https://gcn.gsfc.nasa.gov/gcn3/32677.gcn3
https://gcn.gsfc.nasa.gov/gcn3/32677.gcn3
https://doi.org/10.1126/science.adg9328
https://doi.org/10.1126/sciadv.adj2778
https://doi.org/10.1126/science.abe8560
mailto:eckner@lapth.cnrs.fr


Absorption on the extragalactic background light

1212

The universe becomes almost opaque to very-high-energy gamma rays above ten TeV.

✦ At sub-PeV energies, Galactic physics probably only major contributor. 

✦ Exotic physics, especially feebly interacting particles as ALPs, circumvent EBL 
absorption.  
→ May give rise to extragalactic gamma-ray contribution by (partially) alleviating the 
     universe’s opaqueness. 

The reason: attenuation on the extragalactic background light (EBL)

The Realm of the Low-Surface-Brightness Universe

Proceedings IAU Symposium No. 355, 2019

D. Valls-Gabaud, I. Trujillo & S. Okamoto, eds.

© 2019 International Astronomical Union

DOI: 00.0000/X000000000000000X

Measuring energy production in the Universe over all
wavelengths and all time

Simon P. Driver

International Centre for Radio Astronomy Research (ICRAR), University of Western Australia, 35 Stirling Highway, Crawley,
Perth, WA6009, Australia

Abstract. The study of the extragalactic background light (EBL) is undergoing a renaissance. New results from very high
energy experiments and deep space missions have broken the deadlock between the contradictory measurements in the optical
and near-IR arising from direct versus discrete source estimates. We are also seeing advances in our ability to model the EBL
from �-ray to radio wavelengths with improved dust models and AGN handling. With the advent of deep and wide spectroscopic
and photometric redshift surveys, we can now subdivide the EBL into redshift intervals. This allows for the recovery of the
Cosmic Spectral Energy Distribution (CSED), or emissivity of a representative portion of the Universe, at any time. With new
facilities coming online, and more unified studies underway from �-ray to radio wavelengths, it will soon be possible to measure
the EBL to within 1 per cent accuracy. At this level correct modelling of reionisation, awareness of missing populations or light,
radiation from the intra-cluster and halo gas, and any signal from decaying dark-matter all become important. In due course,
the goal is to measure and explain the origin of all photons incident on the Earth’s surface from the extragalactic domain, and
within which is encoded the entire history of energy production in our Universe.

Keywords. cosmology: di↵use radiation, cosmology: observations, galaxy: evolution

Figure 1. A compendium of recent EBL measurements, mainly based on data assembled by Hill, Masui & Scott (2018) and
also including the Andrews et al. (2018) UV-far-IR model (purple line), the recent semi-analytic Shark model (Lagos et al. 2019,
, in magenta) and the Khaire & Srianand (2019) �-ray to radio model (gold line).
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Mixture of radiation fields, e.g.: light from stars/galaxies, light re-radiated after dust absorption
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ALPs and the opacity of the Universe
• VHE photons from distant sources are attenuated by pair production onto the Extragalactic 

Background Light (EBL) 

• The flux of very distant sources and at very high energies should be exponentially suppressed 
• In the past, indications of anomalous cosmic trasparency from gamma-ray studies interpreted as 

possible signs of ALPs 

• Latest data consistent with EBL expectations

De Angelis et al. (2009,2011,2015); Essey & Kusenko (2012); Horns & Meyer (2012); Rubtsov & Troitsky (2014); etc 

Biteau&Williams+ApJ’15; Dominguez&Ajello ApJL’15

⌧ =
d

n(E)�(�� ! e+e�)
<latexit sha1_base64="/JNQSBf7Ln3NmYV1hzOmjni+xKc="></latexit><latexit sha1_base64="/JNQSBf7Ln3NmYV1hzOmjni+xKc="></latexit><latexit sha1_base64="/JNQSBf7Ln3NmYV1hzOmjni+xKc="></latexit><latexit sha1_base64="/JNQSBf7Ln3NmYV1hzOmjni+xKc="></latexit>

➡ Search for ALPs-induced anomalous EBL absorption
Buehler+ 2004.09396

Christopher Eckner, ceckner@ung.si

https://arxiv.org/abs/2102.12089
mailto:eckner@lapth.cnrs.fr
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Modelling the photon survival probability of a GRB

γ

γEBLγCMB

[G. Galanti et al., PRL 131 (2023)]

✦ GRB magnetic field environment not efficient to 
generate substantial ALP yield 


⃗B host

⃗B IGMF
⃗B IGMF

⃗B MWa

a

γ

✦ Efficient conversion in host galaxy 
(starburst-type)


✦ Inter-galactic magnetic field (domain 
approximation)


✦ EBL model for absorption

✦ Galactic magnetic field model


LHAASO

Christopher Eckner, ceckner@ung.si

https://doi.org/10.1103/PhysRevLett.131.251001
mailto:eckner@lapth.cnrs.fr


Can ALPs explain GRB 221009A?
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The GRB221009A

Carenza&Marsh 2022Batkash+ JCAP'23

What do we know about the origin of GRB 221009A? 
— hosted in a disc galaxy  
— seen edge-on from Earth [A. J. Levan et al., ApJL 946 (2023) 1]  
→ GRB propagates through intergalactic medium (potentially strong absorption in host’s  
     radiation fields of sub-PeV gamma rays) 

[A. Baktash et al., arXiv:2210.07172]

ALP-hypothesis addressed in several works 
with varying level of detail: 
1. ALP hypothesis plausible for 18 TeV event 
    + model for -attenuation in host galaxy 
    [P. Carenza & M.C. D. Marsh, arXiv:2211.02010]


2. ALP solves puzzle about 18 TeV event 
    (only EBL attenuation, starburst/star-forming  
    galaxy distinction) 
    [G. Galanti et al., PRL 131, 251001 (2023)]  
 
 
 
 
 

3. ALP hypothesis does not plausibly alleviate the 
    tension 
    [A. Baktash et al., arXiv:2210.07172]

γγ

3

behavior of Bhost and of the other relevant parameters
for either a spiral or a starburst hosting galaxy, we com-
pute the transfer matrix in the host U2(E ; y3, y2), where
y3 denotes the position of the external luminous galaxy
edge.

3) Conversion in extragalactic space: Unfortunately, our
knowledge of the extragalactic magnetic field Bext is still
very poor. All we know is that Bext lies in the range
10�7 nG <

⇠ Bext
<
⇠ 1.7 nG on the scale of O(1)Mpc [116–

118]. Nevertheless, it has become customary to model
Bext as a domain-like network, wherein Bext is assumed
to be homogeneous over a whole domain of size L

ext

dom

equal to its coherence length, with Bext changing ran-
domly its direction from one domain to the next, keep-
ing approximately the same strength [119, 120]. Ac-
cordingly, the beam propagation becomes a random pro-
cess, and only a single realization at once can be ob-
served. We employ a recent and physically accurate
model to describe Bext with Bext = O(1) nG and L

ext

dom
=

O(1)Mpc [121, 122]. The latter possibility – our option
1 – is suggested by several scenarios [123–126]. Given the
above uncertainty, we also consider the very conservative
value Bext < 10�15 G (option 2). In either case, we take
the photon dispersion on the CMB into account. Having
fixed the properties of Bext and following [78] we evalu-
ate the transfer matrix U3(E ; y4, y3) in the extragalactic
space for both options, where y4 denotes the position of
the outer luminous edge of the Milky Way.

4) Conversion in the Milky Way: The morphology of the
magnetic field BMW and of the electron number density
nMW,e in the Galaxy are nowadays rather well known.
Concerning BMW, we adopt the model by Jansson and
Farrar [127–129], which is more complete with respect to
the one of Pshirkov et al. [130], even though we do not
find substantial di↵erences by employing the latter. Re-
garding nMW,e, we use the model developed in [131]. The
transfer matrix in the Milky Way U4(E ; y5, y4) – where y5
is the position of the Earth – is evaluated as in Section
3.4 of [87].

Results within the ALP model – Once all individual trans-
fer matrices are known, the total one from the photon
production region in GRB 221009A to the Earth is given
by Eq. (2) and the photon survival probability in the
presence of photon-ALP interaction PALP(E ; � ! �) fol-
lows from Eq. (3). Fig. 1 shows PALP(E ; � ! �) at
E = 15TeV for values of ma and ga�� in the range
10�12 eV  ma  10�6 eV and 10�13 GeV�1

 ga�� 

10�10 GeV�1 (see SM for similar plots at di↵erent ener-
gies). We assume Bext = 1nG and a starburst hosting
galaxy.

Our next step concerns the ALP parameter space. To
date the most reliable bounds are as follows: ga�� <

0.66 ⇥ 10�10 GeV�1 for ma < 0.02 eV from the CAST
experiment [132], ga�� < 6.3 ⇥ 10�13 GeV�1 for ma <
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FIG. 1. Photon survival probability PALP(E ; � ! �) at
energy E = 15TeV as a function of the ALP mass ma and of
the photon-ALP coupling ga�� assuming the SL EBL model,
Bext = 1nG and a starburst hosting galaxy. The blue star
with error bar represents our choice for the ALP parameters:
ma = 10�10 eV and ga�� = 4 ⇥ 10�12 GeV�1. The three
bounds mentioned in the text are also plotted.

10�12 eV from observations of H1821+643 in the X-
ray band [133] and ga�� < 5.4 ⇥ 10�12 GeV�1 for
ma < 3⇥10�7 eV from the polarimetric analysis of mag-
netic white dwarfs (MWD) [134]. Within these bounds,
the values of ma and ga�� which maximize PALP(E =
15TeV; � ! �) are ma ' (10�11

� 10�7) eV and ga�� '

(3 � 5) ⇥ 10�12 GeV�1. We choose ma = 10�10 eV and
ga�� = 4 ⇥ 10�12 GeV�1 as benchmark values based on
two previous hints at the ALP existence [83, 88]. We re-
port both PCP(E ; � ! �) and PALP(E ; � ! �) in Fig. 11
for the case of a starburst galaxy hosting the GRB. As
discussed in [78], above O(5)TeV the photon-ALP con-
version in the extragalactic space becomes ine�cient be-
cause of the photon dispersion on the CMB. In Fig. 11
we consider both the case of an e�cient (Bext = 1nG)
and negligible (Bext < 10�15 G) photon-ALP conversion
in the extragalactic space. Remarkably, even though the
e↵ect is reduced for Bext < 10�15 G, we can still consis-
tently explain the photon observations of both LHAASO
and Carpet-2 with no substantial di↵erence. Note that as
ma approaches ma = O(10�7) eV the conversion in ex-
tragalactic space becomes ine�cient and we recover the
case Bext < 10�15 G, which produces similar results (see
Figs. 1 and 11).

The recent LHAASO spectral data analysis up to
7TeV shows the spectrum of GRB 221009A in di↵er-
ent time slices during the 2000 s observational time [12].
In order to evaluate its detectability at higher energies,
we compute its time averaged spectrum extended up
to 18TeV as discussed in the Appendix. Hence, we
exhibit in Fig. 3 the intrinsic averaged spectrum and

Christopher Eckner, ceckner@ung.si

https://doi.org/10.3847/2041-8213/acc2c1
https://ui.adsabs.harvard.edu/link_gateway/2022arXiv221007172B/EPRINT_HTML
https://arxiv.org/abs/2211.02010
https://doi.org/10.1103/PhysRevLett.131.251001
https://ui.adsabs.harvard.edu/link_gateway/2022arXiv221007172B/EPRINT_HTML
mailto:eckner@lapth.cnrs.fr


Leveraging the universe’s transparency

1515

General findings so far: 
✦ No clear signals only upper limits compatible with existing ones from complementary 

targets.

✦ Slightly less constraining limits from analysis of sources on Fermi LAT’s 2FHL catalogue  

(up to 2 TeV) [R. Buehler et al., JCAP 09 (2020) 027]

✦ Magnetic field models of target sources (jets, clusters, etc.) crucial (+ uncertain).

BAM! 2024 | Barolo 
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FIG. 1. Simulated flux spectra as observed at Earth with an ALP (blue line) and without (orange line). The flux with a contribution from
ALPs has been simulated for an ALP with mass ma = 5 ⇥ 10�9 eV and coupling strength to photons of ga� = 4 ⇥ 10�11 GeV�1. The
black points show the observed flux spectra as observed by various telescopes, while the green data point show the HAWC-3 upper limit at
the source location. For the sources where we had two different sets of comparable observations, we also show the data (denoted by the gray
data points) that we did not use in our calculations. We note that the sources MAGIC J2001+435 and PKS 1222+216 were observed by ACTs
during blazar flares, and while shown here, are not included in any subsequent analysis. Some sources (e.g., 1ES 1011+496) are best fit with
relatively soft spectral indices in the sub-TeV band, making them unsuitable candidates for ALP studies at 7 TeV.

Using the combined ACT and HAWC measurements of
each source, we compare the goodness-of-fit of the ALP vs
no ALP hypothesis by using the test statistic:

TS = 2 (LALP � LnoALP) . (18)

In the absence of ALP effects, the test statistic will be dis-
tributed according to a �2 distribution with two degrees of
freedom since models with an ALP add two more free param-
eters, mALP and ga� . Employing Wilks’ theorem, we can in-

terpret the log-likelihood ratio by comparing the �2 fits of our
ALP and no-ALP models to the combined ACT and HAWC
datasets as:

Lobs =
X

i=1

(fi,exp(mALP, ga�) � fi,obs)2

�2

i

, (19)

where fi,exp is the expected flux in energy bin i, as found by
Eq.17 and fi,obs is the flux observed by ACTs. �i denote the

[S. Jacobson et al., JCAP 10 (2023) 009]

Test transparency of the universe with a sample of (steady and flaring) high-energy 
sources.

HAWC

H.E.S.S. ++

HAWC

Christopher Eckner, ceckner@ung.si

https://doi.org/10.1088/1475-7516/2020/09/027
https://doi.org/10.1088/1475-7516/2023/10/009
mailto:eckner@lapth.cnrs.fr
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Leveraging the IceCube neutrino flux 
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1616

✦ ALP flux computed via gammaALPs.

✦ Uses Tibet ASg and HAWC TeV-PeV data.

✦ Modeling of Galactic diffuse and sub-threshold  

point source contribution.
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I d e a : A s s u m e s u b - P e V 
astrophysical neutrinos of IceCube 
a r e d u e t o p h o t o - h a d r o n i c 
interactions in star-forming galaxies. 
Predict concomitant gamma-ray flux 
over history of the universe incl. 
ALPs. 

HAWC

IceCube

Christopher Eckner, ceckner@ung.si
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Star-forming galaxies emit at sub-PeV energies via ALPs
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FIG. 3. Gamma-ray spectra of the emission components used to fit the Tibet AS� [53] (ROI: 25� < ` < 100�, |b| < 5�;
left) and HAWC data [6] (ROI: 43� < ` < 73�, |b| < 4�; right) of the Galactic di↵use emission (red). Light purple lines
display the expected contribution of the interstellar emission (IE) either in a minimal (dashed) or maximal (solid) scenario
whereas the component arising due to subthreshold sources is marked with a solid green line (↵ = �2.6, Ec = 300 TeV,
STibet

TH = 10%SCrab(> 100 TeV), SHAWC

TH = 2%SCrab([10, 100] TeV)). The corresponding total astrophysical gamma-ray
emission is denoted by dark purple lines adhering to the same IE line style. Note that we display here the theoretically
predicted spectra for ga�� ⌘ 0. For comparison, we add as an orange solid line an example of the derived ALP-induced
gamma-ray flux normalized to the value corresponding to the upper limit in the MAX scenario for an ALP of ma = 100 neV.

FIG. 4. 95% C.L. upper limits on the ALP-photon coupling strength ga�� as a function of the ALP mass ma derived from
the combined analysis of the Tibet AS� (25� < ` < 100�, |b| < 5�) and HAWC measurement (43� < ` < 73�, |b| < 4�) of the
di↵use gamma-ray flux along the Galactic plane. Left: Dependence of the upper limits on the choice of the IE model. The
yellow-shaded region illustrates the constraints derived for the MIN scenario of the “�-optimized” IE model from [10] while the
enlarged black-hatched region denotes the improvement of upper limits if the MAX scenario of the same theoretical model is
realized in nature. Right: Uncertainty on the constraints arising from the two scenarios for the evolution of the magnetic field
strength in extragalactic neutrino sources described in Sec. IV. The black-hatched region displays the limit in scenario (i) for
the case of maximal IE (as in the left panel) whereas the yellow region illustrates the loss of sensitivity when instead scenario
(ii), a constant magnetic field strength throughout the history of the universe, is assumed. For comparison, we show various
constraints on ALPs derived from di↵erent observables relevant in the very-high-energy regime: HAWC TeV blazars [102],
Fermi-LAT measurements of the spectra of NGC 1275[103], H.E.S.S. searches for irregularities in the spectra of PKS 2155-304
[104], combined ARGO-YBJ and Fermi-LAT observations of Mrk 421 [105] as well as the non-observation of gamma rays from
SN1987A [106]. Besides these gamma-ray probes of ALP presence, we display the upper limits derived from the helioscope
experiment CAST [107], whose constraints overlap with an independent constraint from an analysis of the number of stars in
the horizontal branch in old stellar systems [108] and a constraint due to the non-observation of polarization features in the
emission of white dwarfs [109]. This plot and the collection of current ALP upper limits have been generated with the software
and library provided by Ciaran O’Hare [36].

clei in galaxy clusters NGC 1275 and PKS 2155-304, see808

the discussion in [110]. Our approach o↵ers a comple-809

mentary, independent, probe of the ALP parameter space810

accessible by current gamma-ray telescopes, and extends811

it to higher masses progressively closing the gap up to812

ADMX limits [111].813

sub-threshold contrib.
IE contrib.

✦ The astrophysical contribution to the physics probed by both instruments is already 
sufficient to explain the measurements.  
—> Plotted spectra for .gaγγ ≡ 0

✦ Little space for an additional exotic component: For 100 neV axion-like particle this 
scenario translates to an upper limit on the photon-ALP coupling (at a 95% confidence 
level) of (using the maximal scenario for IE)

8

The �
2-function is a function of a single parameter,647

namely the normalization ✓ of the ALP contribution648

�ALP to the astrophysically expected gamma-ray emis-649

sion in the Tibet AS� and HAWC ROI. Quantitatively,650

it is defined as651

�
2
j (✓) =

X

k

�
�ALP

k (✓) + �IE
k (✓) + �sTH

k (✓) � �j,k

�2

�
2
j,k

,

(11)
where the index k runs over the energy bins of each ex-652

perimental data set �j , �IE denotes the gamma-ray emis-653

sion associated to the interstellar emission as predicted654

by the two models that we adopt; �sTH is the gamma-655

ray component due to unresolved point-like and extended656

sources in the ROI of the respective instrument accord-657

ing to our reasoning detailed in the previous section and658

�
2
j refers to the variance of the respective experimental659

data for which we use the upper error margin in case660

of asymmetric error bars. As mentioned in Sec. II, the661

HAWC data is provided in terms of a continuous power662

law. Thus, we bin the spectrum in five logarithmically663

spaced energy bins between 10 TeV and 100 TeV to apply664

the aforementioned formalism. We explicitly introduced665

the dependence on the ALP-photon coupling for all of666

our model components to emphasize the impact of con-667

version events even on astrophysically produced gamma668

rays. We set upper limits on the normalization of the669

ALP component using a log-likelihood ratio test statis-670

tic, which in this particular case reduces to the di↵erence671

between �
2 functions according to672

��
2 = �

2(✓) � �
2(✓̂), (12)

where ✓̂ denotes the best-fit value of the ALP flux nor-673

malization parameter minimizing the value of the �
2-674

function in Eq. 11. Since ��
2 is a function of a single675

degree of freedom, we find the upper limit on ✓ at a 95%676

confidence level (C.L.) when it attains a value of 3.84677

[101]5. The constraint on ✓ can directly be translated to678

an upper limit on the coupling strength between ALPs679

and photons ga�� by using a grid of representative cou-680

pling strength values for fixed ALP mass ma, which we681

interpolate.682

VI. RESULTS683

The combined data from Tibet AS� and HAWC al-684

low us to exploit the energy range from 10 TeV to 1685

PeV to derive constraints on the parameter space of686

ALPs. After having conducted a maximum likelihood687

analysis, we find that the smaller ROI of Tibet AS�688

(25� < ` < 100�, |b| < 5�) combined with the larger689

5
PDG Review Statistics , Table 40.2.

ROI of HAWC (43� < ` < 73�, |b| < 4�) results in the690

most stringent upper limits on the ALP-photon coupling691

constant ga�� for all probed ALP masses. In fact, when692

we only consider the theoretically modeled astrophysical693

contribution in both ROIs, as shown in Fig. 3 without694

any ALP-induced spectral modulation, the data is en-695

tirely consistent with having solely IE and an additional696

di↵use contribution from localized sources below the de-697

tection threshold of the respective instrument. As a use-698

ful measure to gauge the room left for an ALP signal (for699

ALP masses ma . 2 ⇥ 10�7 eV) over the energy range700

of interest, we quote in Tab. I the maximally allowed701

ALP flux as a function of energy (adhering to the bin-702

ning scheme employed to the HAWC flux and as stated703

by the Tibet AS� collaboration), for the di↵erent astro-704

physical background models adopted in this work. This705

information can consequently be used to recast our re-706

sults to di↵erent models for the gamma-ray signal from707

ALP-photon conversion.708

We obtain competitive 95% C.L. upper limits on ga��709

as illustrated in Fig. 4. In the left panel, we show the710

variation of the limits induced by the change of the IE711

model, and we confront our constraints with a sample of712

upper bounds derived from high-energy and very-high-713

energy gamma-ray instruments. We are able to improve714

some of these literature constraints for ALP massesma >715

10�8 eV for the maximal IE scenario. We stress that the716

contribution from unresolved sources, at least for Tibet717

AS�, represents a lower limit of the unresolved source718

flux, because of the optimistic definition of the detection719

threshold. This is a conservative choice for our purposes,720

since it leaves more space for ALPs and implies a weaker721

limit on the ALP-photon coupling.722

Quantitatively, we obtain in the case of the MAX IE723

model an upper limit of724

ga�� . 2.1 ⇥ 10�11 GeV�1 for ma  2 ⇥ 10�7 eV . (13)

In the case of the MIN IE model, instead, the bounds725

degrade by a factor of ⇠ 1.5. We assume the magnetic726

field redshift evolution case (i).727

In the right panel, we display the uncertainty in the728

limits due to the redshift evolution of the magnetic field729

in the neutrino sources, i.e. the non-trivial redshift evo-730

lution scenario (i) versus the constant magnetic field case731

(ii). In this latter case, the upper limit stated in Eq. 13732

degrades by about 50%. This model ingredient is there-733

fore a source of systematic uncertainty as relevant as the734

uncertainty of the IE at sub-PeV energies.735

As anticipated, the uncertainty caused by the current736

imperfect knowledge of the star-formation rate density737

evolution ⇢̇⇤(z) is almost negligible, and accounts for a738

fractional change of ⇠ 2% of the upper limits compared739

to the benchmark scenario.740

In the present analysis, we combine Tibet AS� and741

HAWC data. By considering only one ROI at a time742

we, however, find that most of the constraining power743

is derived from the HAWC measurement, while the Ti-744

bet AS� data set provides a less influential contribution.745
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C. Eckner & F. Calore, PRD 106 (2022) 8] 

✦ A very similar study used the broadband diffuse flux measurement by LHAASO with 
comparable constraining power. [L. Mastrototaro et al., AEPJ C (2022) 82]
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Modulation of extragalactic gamma-ray spectra
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Modulation of extragalactic gamma-ray spectra
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Pγ→a = sin2(2θ)sin2

gaγγBlc
2

1 + ( Ec

E )
2

Ec ∼ 2.5 GeV
ma − ωpl

1 neV

2

( B
1 μG )

−1

( gaγγ

10−11 GeV−1 )
−1

Photon survival probability:

Probing ALPs with gamma rays

 Giacomo D’Amico - Indirect DM search with MAGIC               Nordic meeting on Dark Matter searches                 22 May 2024 - Bergen, Norway                    

dΦobs

dE
= dΦem

dE
⋅ P(Eγ; ma, gaγ, B, z)
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Intrinsic flux

Gamma-ray 
energy

Source’s redshift

Ambient 
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A suitable target: The Perseus Cluster

Properties:

— very massive  at 75 Mpc  
     distance ( )

— dynamically relaxed and cool-cored

— hosts two known AGNs among which NGC 1275 

𝒪(1014 − 1015M⊙)
z = 0.01756

3

Decay Annihilation

Best possible 
targets to consider

• Largest gravitationally bound structures formed by gravitational collapse

• Masses of order ~1014-1015 M⊙

• Components: 
• Galaxies (~ 3% - 5%)
• Intra Cluster Medium (~ 15% - 17%)• Baryonic Matter

• Dark Matter (~80%)

Competitive compared to 
other prime targets, 

considering substructure

• In terms of DM searches:

Chandra: NASA/CXC/SAO/Bulbul+14; XMM: ESA

NGC1275 in Perseus Galaxy Cluster
Caveat

Expected gamma-
ray emission from 
hadronic processes

Ackermann+15 [Fermi-LAT Collab.], Xi+18, Adam+21 [Sánchez-Conde+11]
• No clear detection but some hints claimed

THE PERSEUS KEY SCIENCE PROJECT – DM PART

22Christopher Eckner, ceckner@ung.si 22

introduced by ALPs is small and only observable when the spectral points are very significant,
as it is the case during the high states of the source. The NGC 1275 data are further classified
into three datasets, including the strong flare activity detected by MAGIC in Jan 2017, the post-
flaring state in the same period, and the baseline emission over two consecutive years (see Tab. 1).
The whole dataset of NGC 1275 includes ⇠ 41 hrs of data [37]. The data were processed with
the proprietary MAGIC Analysis and Reconstruction Software MARS [44], following the already
published analysis [41, 34, 37]. We have converted the so-called MAGIC proprietary melibea files2
into the so-called DL3 format. DL3 (Data Level 3) is the standard format adopted by the next-
generation Cherenkov Telescope Array (CTA) consortium [45] as described by Nigro et al. [46]. This
was motivated by the fact that DL3 data are analyzable with the cross-platform, multi-instrument,
gammapy3 open-source software [47].

Figure 1: SED of NGC 1275 (different states) obtained with gammapy for the three brightness periods in consideration.

Modeling of NGC 1275 Intrinsic Spectra. We first present the spectral energy distribution (SEDs)
of the three datasets at hand in Fig. 1. In the figure, the solid lines represent the best fit of the
spectral points assuming no–ALP (null hypothesis) and the shaded areas represent the statistical
uncertainties on the best fit curve. The best fit curves for the intrinsic energy spectrum, in agreement
with Refs. [41, 37] are modeled as a power law with an exponential cut-off (EPWL):

�i

int(E
0) = �i

0

✓
E0

E0

◆�i

eE
0
/E

i
k , (2.1)

for each i�th dataset of NGC 1275, where E0 is the reconstructed energy, �0 is the normalization
flux computed at the energy scale E0. �i is the photon index and Ek is the cutoff energy for

2melibea files contain reconstructed stereo events information such as estimated energy, direction, and a classi-
fication parameter called hadroness h related to the likelihood of being a gamma-like event (h ! 0 for gamma-like
candidates).

3gammapy is an open-source python package for gamma-ray astronomy https://gammapy.org/. It is used as core
library for the Science Analysis tools of CTA and is already widely used in the analysis of existing gamma-ray
instruments, such as H.E.S.S., MAGIC, VERITAS and HAWC.

7

intrinsic -ray spectrum of NGC 1275γ

+ model for -absorption on extragalactic  
background light (see next topic)

γγ

Ingredients

magnetic field models:

1. Perseus cluster intrinsic magnetic field  

(random field with Gaussian 
turbulence) 

2. Magnetic field of AGN’s jets (negligible 
due to viewing angle) 

3. Intergalatic magnetic field (negligible in 
strength) 

4. Milky Way magnetic field  
    

[MAGIC collab., Phys.Dark Univ. 44 (2024)]
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ALP limits from NGC 1275 and MAGIC
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Expectation: When , oscillatory behaviour of photon survival probability 
                       → “wiggles” in the observed energy spectrum of NGC 1275

E ≃ Ec

Probing ALPs with gamma rays

 Giacomo D’Amico - Indirect DM search with MAGIC               Nordic meeting on Dark Matter searches                 22 May 2024 - Bergen, Norway                    

dΦobs

dE
= dΦem

dE
⋅ P(Eγ; ma, gaγ, B, z)

Observed flux

Intrinsic flux

Gamma-ray 
energy

Source’s redshift

Ambient 
magnetic field

Figure 2: The likelihood-ratio statistic T S of Eq. (3.6) is computed over 154 ALP points with ma and ga� using
the data in Tab. 1. For each point, the obtained statistic is then compared to the distribution of T S one would
get assuming the corresponding ALP hypothesis ma and ga� to be true. The obtained p-value is converted in the
1-dimensional-Gaussian equivalent standard deviations � (also known as z�scores). See App. Appendix B for
more details. The black dashed line shows a significance of 1.96 � while the black solid one a significance of 2.58
(corresponding to a 95% and 99% confidence level, respectively).

good fit to the data. However, the alternative hypothesis corresponding to ma = 2.15 ⇥ 10�8 eV
and ga� = 3.81⇥ 10�12 GeV�1 demonstrated an even better agreement with

�2 lnL(ga� ,ma, µ̂, B̂|D) = 55.4. (4.2)

Following Eq. (3.6) we obtain for the null hypothesis a statistic of T S = 6.8. As discussed in
App. Appendix B, assuming the null hypothesis to be true a more extreme value of 6.8 would
have been observed only 4.2% of the times, which corresponds to a rejection significance for the
null hypothesis of 2.03�. Since the null hypothesis is already excluded at 95.8% CL in favour of
the alternative hypothesis, the exclusion region of the ALPs parameter space obtained here will be
shown at 99% CL.

5. Discussion

5.1. Point by point coverage computation.
The computation of the rejection significance is done through the likelihood ratio test statistic

of Eq. (3.6), and, as discussed in Sec. 3, the use of the Wilks’ [68] theorem for the nested hypothesis
cannot be blindly applied. For this reason, for each point of the ALP parameter space the correct
coverage is obtained through MC simulations (see App. Appendix B). In our work we have managed
to compute the coverage for each point, which allowed us to calculate the z�score reported in Fig. 2.

number of free parameters used in the model, summed over all datasets. Such a value corresponds for this analysis
to 60.

12

Rejection significance  
of a “wiggles” scenario

MAGIC

[MAGIC collab., Phys.Dark Univ. 44 (2024)]

Strongest constraints on ALP 
parameter space between 40 to 
90 neV! 

BAM! 2024 | Barolo 

P H O T O N - A X I O N / A L P  M I X I N G  
1st Observable: irregularities in 

energy spectrum around Ecrit and Emax

[Östman & Mörtsell 2005; Hooper & Serpico 2007; Mirizzi et al 2007; Hochmuth & Sigl 2007; 
De Angelis et al. 2008; Wouters & Brun 2012,2013; Abramowski et al. 2013; Ajello et al. 2016]

credit: Manuel Meyer
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ALP limits from NGC 1275 and Fermi LAT
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A similar study was performed with data from Fermi LAT → requires lower ALP masses  
to be compatible with energies < 100 GeV accessible for the LAT!

4

ies [53, 54]. Events are binned into 10� ⇥ 10� sky maps
with a resolution of 0.2� per pixel. The width of the log-
arithmically spaced energy bins is chosen to be 30% of
the median energy resolution of each EDISP event type
(see the Supplemental Material for details). This results
in 39, 67, 94, and 145 energy bins for EDISP0-3, respec-
tively. We have tested with simulations that bin sizes
below 40% of the median energy resolution do not a↵ect
the results.

For each event type, we perform a fit over the entire
energy range and ROI for all source parameters (nui-
sance parameters ✓i) using gtlike included in the Fermi -
LAT Science Tools version v10r01p01.2 We include all
point sources listed in the 3FGL within 15� from the
ROI center. The di↵use backgrounds are modeled with
templates for the Galactic and the isotropic extragalac-
tic �-ray emission.3 The energy dispersion is taken into
account in the fitting of the point sources whereas it is
already accounted for in the the data-driven derivation
of the di↵use templates. Normalizations of the di↵use
sources and point sources within 8� from the ROI cen-
ter are left free to vary. All spectral indices of the point
sources within 4� are also free parameters. The time-
averaged spectrum of NGC1275 is modeled with a loga-
rithmic (log) parabola, F (E) = N(E/E0)�(↵+� ln(E/E0)),
where E0 is fixed to 530MeV [30].

Under the assumption that the profiled nuisance pa-
rameters do not change when considering each bin sep-
arately [53], we extract the likelihood in each recon-
structed energy bin k0, L(µik0 ,✓i|Dik0) as a function of
expected counts µik0 of NGC1275, and observed counts
Dik0 . For NGC1275 a power law with fixed spectral index
� = 2 is now assumed in each bin. For each tested value
of µik0 we re-optimize the normalization of the spectrum
of the radio galaxy IC 310 which has an angular separa-
tion of ⇠ 0.6� from NGC1275.

Under the ALP hypothesis, characterized by P�� ⌘
P��(E,ma, ga� ,Bj) for one random turbulent B-field re-
alization Bj , the expected number of photons is calcu-
lated through

µik0 =
X

k

Di

kk0

Z

�Ek

dE P��F (E)E i(E), (2)

where the integration runs over the true energy bin �Ek,
E i is the exposure, and Di

kk0 is the energy dispersion for
event type EDISPi. Under the null hypothesis, P�� re-
duces to the EBL attenuation. The parameters of the
intrinsic source spectrum F (E), N,↵, and �, are further
nuisance parameters. For each tested ALP parameter

2 http://fermi.gsfc.nasa.gov/ssc/data/analysis/
3 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/
BackgroundModels.html

and magnetic field, we determine these parameters by
profiling the joint likelihood of all energy bins k0

Li(µ,✓|D) ⌘
Y

k0

L(µik0 ,✓i|Dik0), (3)

for each event type separately, using the pre-computed
likelihood curves L(µik0 ,✓i|Dik0). In this way, we treat
each event type selection as an independent measure-
ment.4 The bin-by-bin likelihood curves for the EDISP3
event type are shown in Fig. 1 together with the best-fit
spectra.

FIG. 1. The likelihood curves (shown in color) for the
EDISP3 event type. � lnL = 0 corresponds to the maximum
likelihood in each bin (black points). The error bars indicate
an increase of the likelihood by 2� lnL = 1. The best-fit
spectrum of the joint likelihood without an ALP (with an
ALP with mneV = 1.2 and g11 = 1) is shown as a light (dark)
red solid line.

We simulate NB = 500 random realizations of the tur-
bulent field Bj , j = 1, . . . , NB . The dependence of the
likelihood on the realizations is not easily parametrizable
and we cannot assume that the simulations map the space
of possible realizations. Therefore, instead of profiling,
we sort the B-field realizations for each tested (ma, ga�)
pair by increasing values of the product over the likeli-
hoods Li and use the realization that corresponds to the
QB = 0.95 quantile of the likelihood distribution (profil-
ing would correspond to QB = 1). We will denote this
realization as B95 and the corresponding expected counts
with µ95. Note that B95 might be di↵erent for di↵erent
ALP parameters, so that B95 ⌘ B95(ma, ga�).

Similar to [55], we evaluate the ALP hypothesis with a
likelihood ratio test. The test statistic (TS) for the ALP

4 This procedure will result in di↵erent best-fit estimators for the
source parameters for each event type. In this way, it is possible
to speed up the optimization considerably. We have verified that
our results do not change when the parameters of NGC1275 are
tied over the event types.
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FIG. 2. Left : Observed and expected 95% confidence limits on the ALP parameters from 400 Monte-Carlo simulations. Dotted
lines correspond to constant critical energies. The hatched gray region shows the parameters where ALPs are detectable at the
2� confidence level (median sensitivity). Right : Comparison of Fermi-LAT limits with other works. Other Limits are shown
in red, expected sensitivities in green. The parameter space where ALPs could explain a low �-ray opacity is shown in blue.
ALPs below the N ✓1 = 1 line could account for all the DM. The QCD axion is shown as a gray shaded band and solid black
line. See, e.g. [67] and references therein.

formalism to calculate photon-axionlike-particle oscilla-
tions, and details on the statistical method. We also give
a comprehensive list of all tested systematic uncertain-
ties.
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Null hypothesis:   
dN
dE

exp(−τ)

Alternative hypothesis:   
dN
dE

Pγγ(E, ma, gaγ, ⃗B )

Intrinsic spectrum 
+ EBL absorption

Intrinsic spectrum 
+ photon survival probability: EBL + ALP conversion

→ Hypothesis testing based on log-likelihood 
 
→ Calibrated against Monte Carlo data of the  
     gamma-ray observations (under null  
     hypothesis) 

See also similar studies with different targets  
and instruments: 
— [H.E.S.S. collab., PRD 88, 102003 (2013) 2] (blazar),  
— [Z. Q. Xia et al., PRD 100 (2019) 12] (SNRs),  
— [J. Majumdar et al., JCAP 04 (2018) 048] (pulsars),  
— [J. Davies et al., PRD 107 (2023)] 8] (jet emission  
     of flaring quasars).
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Either for Fermi LAT or MAGIC, modelling the astrophysical environment of the Perseus cluster  
is critical to derive robust bounds. Especially the intra-cluster magnetic field configuration 
impacts the results.

To evaluate this effect, we artificially scaled the ALP energy-dependent signatures in the spectra
by ±15% and checked the effects on the bounds. The resulting discrepancies in the exclusion regions
are shown in Fig. A.8. The effect is not negligible, but it does not alter our main conclusions. This
uncertainty will be strongly reduced with upcoming IACT arrays, like CTA, whose energy scale
systematics are expected to go down to ⇠ 4% [74].

Figure A.7: Comparison of the limits in the ALPs parameter space obtained with the Perseus cluster magnetic field
from the main part of the article with an alternative magnetic field model used in CTA Coll. [59].

Figure A.8: Discrepancies in the exclusion regions resulting from shifting the energy scale by �15% (dashed green)
and +15% (dashed orange) in the ALP signatures in the spectra. For comparative purposes, we also depict in dashed
black the exclusion regions obtained in this study, as presented in the main text in Fig. 5.

22

[MAGIC collab., Phys.Dark Univ. 44 (2024)]

17

FIG. 8. Left : Upper limits re-calculated for a degraded energy dispersion. Right : Upper limits re-calculated with di↵erent
assumptions on the central magnetic-field strength (�B = 20µG), the turbulence spectrum (q = �11/3), and the spatial extent
of the magnetic field in the cluster (rmax = 100 kpc).

value of �B is close to the measurement reported in [33] of 25µG. As a result, the excluded region of ALP parameters
increases by 43%. Similarly, assuming a Kolmogorov-type turbulence spectrum, q = �11/3, as observed e.g. in Hydra
A [51] and Coma [77], increases the excluded parameter region by 12%. In this case, the coherence length increases
to ⇤c = 2.89 kpc. Decreasing the maximal distance up to which the magnetic field is non-zero to 100 kpc leads to a
decrease by 16%, even though it might increase the significance of the exclusion for some ALP parameters as noted
above.

[Fermi-LAT collab., PRL 116 (2016) 16]

Exact exclusion shapes are subject to modelling uncertainties while the exclusion power is 
definitely given. 
→ A Gaussian turbulence model is robust for single line-of-sight studies although 
    magnetohydrodynamical simulations exhibit large non-Gaussian tails of the turbulence.     
    spectrum [P. Carenza et al., PRD 108 (2023) 10].
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The big leap forward that CTAO will provide is an exquisite energy resolution (and sensitivity) at 
TeV energies!

CTAO

current-generation

Figure 6: Simulated spectra of the radio galaxy NGC 1275 to assess the sensitivity of CTA to
ALP-induced irregularities. The differential spectrum of NGC1275 multiplied by the square
of energy is displayed as a function of �-ray energy as blue points in the top panels, either in
the quiescent (left) or flaring state (right) of the �-ray source. For illustration, the observation
is simulated without an ALP effect and is modeled both without ALPs (green dashed line)
and with a fixed set of magnetic-field realization and ALP parameters that are excluded at
95 % confidence by the flaring state simulation (orange line). Residuals are shown in the
lower panel for the best-fit models with and without ALP effect as orange and green points,
respectively. The residuals are defined as (f � �(E))/�f , where f is the measured flux at
energy E with uncertainty �f and �(E) is the model prediction.

terms of the magnetic-field realization and use the likelihood value that corresponds to a
certain quantile Q of this distribution (profiling would correspond to Q = 1). As noted in
Ref. [36], we do not expect that either the TS or the log-likelihood ratio values, �, with respect
to the best-fit ALP parameters follow �

2 distributions (see Sec. A.1 for a full definition of
TS and �). Monte-Carlo simulations are therefore necessary to set confidence intervals with
appropriate coverage and to fully account for trials factors. The threshold values adopted for �
to exclude a given set of ALP parameters are known to depend on the tested ALP parameters
themselves [36]. Thus, a full statistical treatment would entail Monte-Carlo simulations for
all tested ALP parameters. For 100 pseudo experiments, 100 magnetic field realizations, and
110 tested ALP parameters, a total of 1.1 ⇥ 106 fits need to be performed per tested injected
signal. Here, we opt to test three sets of illustrative combinations of ga� and ma and leave
the simulation of the full parameter space for future work. The chosen parameter values
are (ma/neV, ga�/10�11 GeV�1) = (0, 0), (30, 0.4), (40, 4). The first set corresponds to the
case where no ALP is present. The second set corresponds to the case where ALPs could
constitute all of dark matter. The third case produces large amplitude oscillations below the
chosen energy threshold and small ones of the order of a few percent over the entire energy
range probed with the simulated observations.

For each of the tested parameter sets and 100 pseudo experiments, we run the full
analysis over the ALP parameters and magnetic-field realizations and set Q = 0.95, following
Ref. [36]. Based on the results presented in App. E, we adopt � thresholds of 23.3 and 26.9
for limits at the 95% and 99% confidence level, respectively. We checked that re-calculating
the limits for 500 magnetic-field realizations instead of 100 has only a negligible effect on our

– 25 –

tiny error bars

Figure 8: Projected CTA constraints on ALPs, as a function of their mass, ma, and coupling
to photons, ga� . The green filled region illustrates the 95% confidence level exclusion region
obtained from CTA observations of a flaring state of the radio galaxy NGC1275. Purple and
blue filled regions illustrate exclusion regions from current-generation instruments. Salmon
pastel regions correspond to hints for ALPs from an additional cooling of white dwarfs (WD)
and an increased transparency of the Universe to TeV � rays, as labelled in the figure. Other
projected sensitivities are shown as green lines. The preferred parameter space for the QCD
axion is shown as a dark orange band. See Ref. [164] and references therein, updated here with
the LHAASO sensitivity derived in Ref. [165]. Figure created with the gammaALPsPlot
package, see https://github.com/me-manu/gammaALPsPlot.

from CTA will be dominated by systematic uncertainties in the model assumptions, as shown
in Fig. 7.

The mass range probed with CTA is too high to test recent claims for evidence of
ALPs [169, 170]. These claims are based on the modeling of Fermi-LAT observations of bright
pulsars and Galactic supernova remnants, which would be better described by accounting
for ALP-induced irregularities than by smooth functions alone. The parameters suggested
by these analyses are however incompatible with results from CAST and globular cluster
observations [160, 161].

Observations of several AGN can be combined to further improve the CTA sensitivity.
For instance, the �-ray source IC 310 is also located in the Perseus cluster and is detected up
to 10 TeV with the MAGIC telescopes [171]. Such studies will make CTA a prime instrument
for searching for dark matter in the form of WISPs, complementarily with searches for more-
massive dark matter candidates (see, e.g. Ref. [172]).

– 28 –

[The CTA Consortium; JCAP 02 (2021) 048] 

→ Broader coverage than MAGIC. 
→ Maximal sensitivity comparable. 
→ See also talk of G. Kluge at TeVPA 2023  
     about the applicability of machine learning 
     tools like simulation-based inference.
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REVEALING THE HIGH-REDSHIFT STAR FORMATION RATE WITH GAMMA-RAY BURSTS
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ABSTRACT
While the high-z frontier of star formation rate (SFR) studies has advanced rapidly, direct measurements

beyond z ∼ 4 remain difficult, as shown by significant disagreements among different results. Gamma-ray
bursts, owing to their brightness and association with massive stars, offer hope of clarifying this situation,
provided that the GRB rate can be properly related to the SFR. The Swift GRB data reveal an increasing
evolution in the GRB rate relative to the SFR at intermediate z; taking this into account, we use the highest-
z GRB data to make a new determination of the SFR at z = 4 − 7. Our results exceed the lowest direct
SFR measurements, and imply that no steep drop exists in the SFR up to at least z ∼ 6.5. We discuss the
implications of our result for cosmic reionization, the efficiency of the universe in producing stellar-mass black
holes, and “GRB feedback” in star-forming hosts.
Subject headings: gamma-rays: bursts — galaxies: evolution — stars: formation

1. INTRODUCTION

The history of star formation in the universe is of intense
interest to many in astrophysics, and it is natural to pursue
pushing the boundary of observations to as early of times
as possible. Our understanding of this history is increas-
ing, with a consistent picture now emerging up to redshift
z ∼ 4, as summarized in Fig. 1. The cosmic star for-
mation rate (SFR) measurements from the compilation of
Hopkins & Beacom (2006) are shown, along with new high-z
measurements based on observations of color-selected Lyman
Break Galaxies (LBG) (Bouwens et al. 2008; Mannucci et al.
2007; Verma et al. 2007) and Lyα Emitters (LAE) (Ota et al.
2008). Much current interest is on this high-z frontier, where
the primeval stars that may be responsible for reionizing the
universe reside. Due to the difficulties of making and in-
terpreting these measurements, different results disagree by
more than their quoted uncertainties.

Instead of inferring the formation rate of massive stars
from their observed populations, one may directly mea-
sure the SFR from their death rate, since their lives are
short. While it is not yet possible to detect ordinary core-
collapse supernovae at high z, long-duration gamma-ray
bursts, which have been shown to be associated with a spe-
cial class of core-collapse supernovae (Stanek et al. 2003;
Hjorth et al. 2003), have been detected to z = 6.3. The
brightness of GRBs across a broad range of wavelengths
makes them promising probes of the star formation his-
tory (SFH) (see, e.g., the early works of Totani 1997;
Wijers et al. 1998; Lamb & Reichart 2000; Blain & Natarajan
2000; Porciani & Madau 2001; Bromm & Loeb 2002). In the
last few years, Swift5 (Gehrels et al. 2004) has spearheaded
the detection of GRBs over an unprecedentedly-wide redshift

1 Dept. of Physics, The Ohio State University, 191 W. Woodruff Ave.,
Columbus, OH 43210

2 Center for Cosmology and Astro-Particle Physics, The Ohio State Uni-
versity, 191 W. Woodruff Ave., Columbus, OH 43210

3 Dept. of Astronomy, The Ohio State University, 140 W. 18th Ave.,
Columbus, OH 43210

4 School of Physics, The University of Sydney, NSW 2006, Australia
5 See http://swift.gsfc.nasa.gov/docs/swift/archive/grb table.
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FIG. 1.— The cosmic star formation history. The compiled SFR data (light
circles) and fit (dotted line) of Hopkins & Beacom (2006) are shown, as well
as newer high-z data (the LAE points only sample Lyα Emitters). The results
of this work, as inferred using bright Swift gamma-ray bursts, are shown with
dark diamonds. The solid line is our new high-z fit given by Eq. 5.

range, including many bursts at z ! 4. Surprisingly, ex-
amination of the Swift data reveals that GRB observations
are not tracing the SFH directly, instead implying some kind
of additional evolution (Daigne et al. 2006; Le & Dermer
2007; Yüksel & Kistler 2007; Salvaterra & Chincarini 2007;
Guetta & Piran 2007; Kistler et al. 2008; Salvaterra et al.
2008).

GRBs can still reveal the overall amount of star formation,
provided that we know how the GRB rate couples to the SFR.
In this study, we use the portion of the SFH that is sufficiently
well-determined to probe the range beyond z # 4. We do this
by relating the many bursts observed in z # 1−4 to the corre-
sponding SFR measurements, and by taking into account the
possibility of additional evolution of the GRB rate relative to
the SFR. This calibration eliminates the need for prior knowl-
edge of the absolute conversion factor between the SFR and
the GRB rate and allows us to properly relate the GRB counts
at z # 4 − 7 to the SFR in that range. Additionally, we make

[H. Yuksel et al., ApJL 683 (2008) L5-L8]

Since our last chance in 1987, we had no Galactic supernova.

→ Supernovae are not that rare on larger scales; their rates scales with the star  
     formation rate in the universe.

Observables: 
    → The diffuse axion-like particle background ( ), 
    → individual events: SN 2023ixf ( ). 

ma ∼ 𝒪(10−9 eV)
ma ∼ 𝒪(MeV)
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[F. Calore, CE et al., PRD 105 (2022) 6]
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The Diffuse Supernova ALP Background 

30 M. UNGER AND G.R. FARRAR

JF12

base expX

spur neCL

twistX nebCor

cre10 synCG

Figure 21. Axion-photon conversion probabilities, pag, for the JF12 model (top), and the eight model variations derived in this
paper (gagg = 5 ⇥ 10�12 GeV�1, Ea & 1 TeV and ma . 10�8 eV).

The minimum rigidity requirement improves consid-
erably if the arrival directions are corrected for their ex-
pected deflection in the GMF. The limit on the precision
with which we infer the source position arises from
the difference between the models, and not the overall
magnitude of the deflection. As can be seen from the
right panel of Fig. 20, the required minimum rigidity is
lower when the deflections are corrected for. This is be-

cause the differences of predicted deflections within the
model ensemble are smaller than the deflections them-
selves. With corrections, the rigidity quantile at which
half of the sky can be observed at qmax = 20� or bet-
ter, decreases to R

corr
50 = 11 EV giving a much greater

observational reach. Note that this discussion is indica-
tive only, since the minimal rigidity requirement may

Cumulative cosmological SN flux
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The bound on the ALP parameter space
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FIG. 15. 95% CL upper limits (red band) on the ALP-photon coupling constant ga� assuming a coupling exclusively to photons
and the ‘Jansson12c’ [92] model of the Milky Way’s GMF. The displayed band reflects the uncertainty on the DSNALPB gamma-
ray spectrum caused by the unknown ratio of failed to successful CCSNe within the mass range of SN progenitors considered in
this analysis (see Sec. III B) while keeping all other properties as in the benchmark scenario. Our results are complemented by
independent astrophysical and helioscope bounds on the ALP-photon coupling strength from CAST [93], Chandra observations
of NGC 1275 [94] as well as the non-observation of a gamma-ray burst following SN 1987A [10].

FIG. 16. As in Fig. 15. However, here we focus on the variation with respect to the magnetic field model. We confront the
upper limits derived with di↵erent characterisations of the Milky Way’s magnetic field; ‘Jansson12c’ [92] (green) and ‘Pshirkov’
[96] (purple). For comparison, the theoretical uncertainty due to the fraction of failed and successful CC SNe is shown as a
light red band.

8

TABLE III. Fitting parameters for DSNALPB fluxes for
ga� = 10�11 GeV�1 and and ma ⌧ 10�11 eV for di↵erent
fractions of failed SNe ffail�CC, taking a Salpeter IMF and
and a fiducial model for the RSF parameters in Table III.
The case “max flux” corresponds to Salpeter IMF, and upper
model parameters for RSF in Table III, while the case “min
flux” corresponds to BG IMF and lower model parameters for
RSF in Table III.

ffail-CC C [⇥10�7 MeV�1cm�2s�1] E0 [MeV] �

10% max flux 144 43.8 1.50

10% 88.9 43.5 1.41

20% 62.9 39.9 1.49

30% 46.5 39.3 1.47

40% 35.8 40.2 1.41

40% min flux 15.7 42.3 1.32

magnetic field (GMF). To calculate the conversion prob-
ability we follow the same procedure used in Paper I and
Refs. [71]).

As it is well known (see [50] for the seminal paper dis-
cussing this in detail), in a homogeneous magnetic field,
ALPs can convert into photons with a polarization paral-
lel to the magnetic field. For massless ALPs, in vacuum
and at su�ciently weak coupling the conversion proba-
bility after a length d is,

Pa!� =

✓
ga�BT

2

◆2

d
2 (12)

⇠ 0.015
⇣

ga�

10�11 GeV

⌘2
✓

BT

10�6 G

◆ ✓
d

kpc

◆2

.

Here, BT is the magnetic field strength transverse to the
propagation direction of the ALP. In the Galaxy we ex-
pect fields of the order of µG, see [72] for a comprehensive
review. For the chosen value of the coupling we can there-
fore expect appreciable conversion inside the Galaxy.

However, there are additional e↵ects that have to be
taken into account to achieve a realistic description inside
the Galaxy. In the Galaxy neither the strength nor the
the direction of the magnetic field is constant. There-
fore, one has to integrate the build up of the photon
amplitude for both possible polarization directions along
the line of propagation through the Galaxy. We solve
the relevant equations numerically. To do so we need
the Galactic magnetic field model as an input. As our
baseline model we take the Jansson-Farrar model ([73])
with the updated parameters given in Tab. C.2 of [74]
(“Jansson12c” ordered fields)6. To quantify the uncer-

6 We comment that as pointed out in Ref. [75] the Jansson and
Farrar model exhibits regions in which the magnetic divergence
constraint is violated. Prescriptions have been proposed to mit-
igate this problem in [75]. This issue would deserve a dedicated
investigation in relation to ALP-photon conversions.

0.500 2.000 4.000 6.000 7.917R
d2�

dEd� dE
�
ph cm�2 s�1 sr�1

�
⇥10�6

FIG. 7. All-sky map in Galactic coordinates of the photon flux

from the DSNALPB, d2�
dEd⌦ , integrated from 50 MeV to 200

MeV (corresponding energy range of the low-energy Fermi-
LAT data set used in the following analysis, see Sec. IVA)
with respect to the benchmark scenario defined in Sec. V. The
assumed coupling ga� = 3.76⇥10�11GeV�1 (for ma ⌧ 10�11

eV) represents the 95% CL upper bound derived later in this
analysis for the benchmark DSNALPB scenario (cf. Sec. V).

tainty due to the magnetic field, we also compare to the
the Pshirkov model [76]. This second model features a
larger magnetic field in the Galactic plane and a weaker
o↵-plane component, and, to the best of our knowledge,
it is not excluded yet by Faraday rotation data.
The propagation is further complicated by changes in

the wavelength of the photon and the ALP. These arise
from the mass of the ALP, the plasma mass of the photon
arising from the non-vanishing electron density, as well
as, indeed, the coupling between the ALP and the photon
inside the magnetic field. The ALP mass and the pho-
ton coupling are explicit parameters of the ALP model,
i.e. the parameters we want to constrain. The plasma
mass is directly related to the electron density which we
take as an astrophysical input. For the electron density,
we use the model described in [77] (for both magnetic
field configurations). In general the e↵ect of the photon
and plasma mass on the probability is energy dependent
and fully included in our analysis. We note however,
that for ma . 10�11 eV and ga� . 10�11 GeV and ener-
gies E & 50MeV the mass e↵ects become negligible and
the probability is energy independent.
In Fig. 7 we show an example of the all-sky DSNALP

gamma-ray flux, resulting from the numerical implemen-
tation of the procedure outlined above. For the a ! �

conversion probability in the Milky Way, we started from
a pure ALPs beam at the outside boundary of the Galaxy,
for the Jansson and Farrar magnetic field model derived
in [73] and with parameters updated according to [74].
Besides giving an idea of the magnitude of fluxes at play
from ALPs, this map represents the spatial distribution
of the signal7 as it is used, for the first time in this work,

7 Due to the energy independence of the conversion in the energy

ALP signal

[F. Calore, CE et al., PRD 105 (2022) 6]

No detection: How much space is their 
to accommodate an additional signal?

Constraints stronger than CAST (solar axion bounds) and can be improved with future gamma-
ray measurements (MeV mission).
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The decay of MeV-scale ALPs and SN 2023ixf
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What about individual extragalactic SN events?

A recent type II supernova was optically detected in the Pinwheel galaxy (M 101, distance ~ 7 Mpc) on 
the 18th of May 2023 with a progenitor mass from 9 to 22 .M⊙

[credit: Paul Jacklin, BBC]

→ Large scientific and publication attention, e.g. [C. D. Kilpatrick et al., ApJL 952 (2023) 1], [L. A. Sgro et al., Res. Notes AAS 7 (2023), 

141] 
→ As individual event too faint to detect signal of light ALPs, but MeV-scale ALPs are accessible via  
     ALP decay!
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ALPs from a relativistic plasma

Through their interaction with photons ALPs are produced by

Primakoff process Photon coalescence
Eike Müller, Fysikdagarna 2023 6 / 19

ALP production: 
(environmental 
properties via  
numerical simulation 
results of 11  
progenitor)

M⊙

Primakoff process inverse decay/ 
photon coalescence

JCAP07(2023)056

the ALP and photon momentum respectively, T is the temperature of the plasma, Êpl is
the plasma frequency, and Ÿs the screening scale for a degenerate nucleon gas [16, 24]. The
photon and ALP energy are identical since we can neglect the recoil of the heavy proton.
The Primako� process mainly takes place in the electric field of protons since electrons are
strongly degenerate [24].

It is well known [16, 28] that in a SN core ALPs with masses ma Ø 2Êpl ≥ O(25 MeV)
can also be e�ciently produced by the inverse decay ““ æ a, often called photon coalescence.
However, in the analysis of the gamma-ray bound on the photon coupling of ALPs [4, 17–
19, 29], this production process has been omitted so far. In fact, most of the cited works
use the same ALP spectrum that was found in ref. [24] where photon coalescence was not
included since only ultralight ALPs were studied. Here, we improve on the previous literature
by also taking this process into account. The spectral production rate for photon coalescence
including a non-zero e�ective photon mass and quantum statistics was derived in ref. [30]:

d2nPC
a

dtpb dÊa
=

g2
a“m4

a

128fi3

A

1 ≠
4Ê2

pl

m2
a

B ⁄ Êmax

Êmin

dÊ“

Ë1
eÊ“/T

≠ 1
2 1

e(Êa≠Ê“)/T
≠ 1

2È≠1

, (2.2)

with the minimal and maximal photon energy

Êmin,max = 1
2

Q

caÊa û pa

ı̂ıÙ1 ≠
4Ê2

pl

m2
a

R

db . (2.3)

The ALP spectrum dNa
dÊa

is the volume and time-integral of the total spectral production
rate (i.e. the sum of Primako� and photon coalescence contributions in eqs. (2.1) and (2.2)).
The quantities in eqs. (2.1) and (2.2) that depend on radial distance to the SN center, r, and
time after the core bounce, tpb, are the temperature T (r, tpb), the screening scale ŸS(r, tpb)
and the plasma frequency Êpl(r, tpb). Following the procedure in ref. [30], we take their
tabulated values at di�erent radii and times from the one-dimensional, numerical SN model
described in ref. [31].1 For practicality, we cut the radial integral o� at Rmax = 24 km since
the contribution from high radii and therefore small temperatures and densities is negligible,
and we cut the time integral o� at tmin

pb
= 0.5 s since our SN profiles are not smooth before

that time. Furthermore, it was recently shown in ref. [19] that the production of ALPs is well
approximated as instantaneous, i.e. that the dependence of the resulting gamma-ray signal
on the delay-time t can be neglected (if this were not the case, we should not integrate over
tpb and use the time-dependent ALP spectrum [19]). With that we find the following ALP
spectrum:

dNa

dÊa
(Êa) = 4fi

⁄
dtpb dr r2 ¸≠1(r, tpb) d2na

dtpb dÊloc
a

(r, tpb, ¸≠1(r, tpb) Êa) , (2.4)

where, from here on, Êa is the energy of the ALP in the frame of an observer far away from
the SN,2 which is red-shifted compared to the local energy with which it is produced in the

1
We use the reference model of ref. [31] that does not include any additional cooling or energy transfer

by ALPs since we are considering such small couplings here that their e�ect on the explosion dynamics is

negligible.
2
Such an observer far away from the SN will in fact never measure a spectrum as shown in eq. (2.4) in a

finite time interval since all ALPs have slightly di�erent velocities and hence the burst of ALPs will disperse.

This e�ect is taken into account when we calculate the observable photon spectrum below.
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Figure 1. Primako� (red) and photon coalescence (blue) spectra of ALPs with ma = 1 MeV and
ga“ = 10≠11 GeV≠1 (solid), and ma = 100 MeV and ga“ = 4 · 10≠13 GeV≠1 (dashed) produced in our
SN model. The two choices of parameters correspond to case 1 and case 2 discussed in section 5.3.
Note that we show the spectrum as a function of momentum for ease of presentation, even though it
is a di�erential with respect to the energy.

SN core Êloc
a = ¸≠1(r, tpb) Êa; here, ¸(r, tpb) is called the lapse function, which we also take

from the numerical SN model in ref. [31]. Note that the spectral production rates in eqs. (2.1)
and (2.2) are written as derivatives and functions of local energies, but we have suppressed
the superscript “loc” for notational simplicity.

In figure 1 we show the Primako� and photon coalescence spectra in red and blue,
respectively, for light, ma = 1MeV (solid lines), and heavy, ma = 100MeV (dashed lines),
ALPs. The e�ect of the gravitational red-shift can clearly be seen for the heavier ALPs:
the spectrum does not go to zero for pa æ 0 because ALPs that are produced with a
low local momentum are trapped in the SN and do not escape, while the momenta of the
slowest ALPs that do escape are then red-shifted towards pa æ 0 for a distant observer. It
also becomes clear from figure 1 that for heavy ALPs photon coalescence is the dominant
production process in a SN plasma, with a production spectrum about a factor of 100 larger
than that of the Primako� e�ect for ma = 100 MeV. The total number of ALPs produced by
photon coalescence is equal to that of ALPs produced by the Primako� e�ect for a mass of
ma = 70MeV, and is larger for all heavier masses. As we will show in section 4, this not only
slightly strengthens the bound whenever photon coalescence is kinematically possible but
especially also extends the bound to higher masses. It is therefore important for an accurate
bound on the ALP parameter space to include the photon coalescence contribution to the
ALP production spectrum.

3 The gamma-ray fluence from decaying SN ALPs

The temperatures and densities reached in the plasma of a SN explosion are high enough
to produce astrophysically relevant amounts of weakly coupled ALPs with masses up to

– 4 –

We accounted for photon coalescence was ignored in previous studies since it only becomes relevant 
above the MeV scale! 
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flux of Δϕγ ≡ ŝ=ε ¼ 3.98 × 10−8 cm−2 s−1, while in time
window (II) we have ŝ ¼ 14.9 events for an exposure of
ε ¼ 1.64 × 108 cm2 s yielding Δϕγ ¼ 9.10 × 10−8 cm2 s.
Since the resulting average flux limit is lower for interval (I)
this is shown as the optimistic case in Table I, while interval
(II) is used for the conservative estimate. We remark that
the upper limits are set on the average flux of the signal.
Therefore, the on-set time of the signal only plays a very
minor role by determining the background that the signal

should be compared to, which we estimate here for the two
scenarios (I) and (II), and which we find to differ only by a
factor ∼2. Hence, the impact on the bound on gaγ will be
marginal.

V. CONSTRAINT FROM SN 2023IXF

In this work, we have estimated the expected ALP
induced gamma-ray signal from SN 2023ixf, Eq. (10),
and compared it with observational data from Fermi-LAT.
We have found no signal above background in such data,
and this allows to set stringent bounds on the ALP
parameters. As discussed in Sec. IV, in order to be
conservative, we allow for a large variability in the onset
of the ALP-induced signal, due to the uncertain time of core
collapse in SN 2023ixf. Depending on the starting time and
duration of the ALP-induced gamma-ray signal, it might
happen that it falls in a period in which the detector was not
pointing to the source. For instance, in Fig. 1 we notice a
time window in the week before T0, characterized by a
vanishing photon count for almost three days. The example
signal shown as dashed red line in Fig. 1 falls almost
completely into this region and can thus not be constraint
by our analysis. Because of this limitation, we only
constrain gamma-ray fluxes that do not fall below 90%
of their maximum for three days after their onset. Longer

FIG. 1. Photon flux measured by Fermi-LAT in the direction of SN 2023ixf following the selection criteria detailed in the main text
and binned into intervals of 6 hours (black dots and error bars) for the time interval from one month before the onset of the optical signal
from SN 2023ixf up to one week after. The error bars reflect the statistical uncertainty of the photon flux; the latter we obtained by
dividing the number of counts by the LAT exposure for each 6h interval, respectively. The horizontal blue line indicates the average
background level b̂ derived from the full Fermi-LAT dataset of more than 14 years of observations. Time intervals (I) and (II) as
described in the text are marked by horizontal gray lines. As red lines we show the background plus two potential signals induced by
ALPs with gaγ ¼ 2.2 × 10−10 GeV−1, ma ¼ 0.03 MeV (solid), or gaγ ¼ 1.0 × 10−11 GeV−1, ma ¼ 8.09 MeV (dashed), respectively.
Note that the on-set time of any potential ALP signal is approximately equal to the unknown core-collapse time; here, we chose two
different on-set times for illustration purposes. The dotted vertical line shows T0, the onset of the optical light from SN 2023ixf, and
date-labels denote 19∶30∶00 UTC of the respective day.

TABLE I. Summary of the various parameters used to estimate
the ALP-induced gamma-ray flux from SN 2023ixf. We show the
range of variability that we consider to calculate the optimistic
(column “opt.”) and conservative (column “cons.”) constraints.
The references for these values can be found in the text.

Parameter opt. cons. Unit

Distance RSN 6.70 7.00 Mpc
Mass M 13 9 M⊙
Radius R" 400 420 R⊙
Spectral normalization C 17.9 1.36 1048 MeV−1

Average energy ω0 87.0 71.2 MeV
Spectral index β 2.43 2.86 1
Observed flux 1.57 1.47 10−5 cm−2 s−1

Flux upper limit Δϕγ 3.98 9.10 10−8 cm−2 s−1

CONSTRAINING MEV-SCALE AXIONLIKE PARTICLES WITH … PHYS. REV. D 109, 023018 (2024)

023018-5

lasting signals will, at least partially, fall into a time interval
of average exposure and background flux. The other signal
shown as solid red line in Fig. 1 is an example for this,
which can clearly be excluded when compared to the
measured data points and their statistical errors. In addition,
we also mention a low exposure region more than four
weeks before the explosion, characterized by large error
bars on the flux.
Therefore, we can set a constraint on the ALP parameter

space by requiring that

hϕγðgaγ; maÞiΔt < Δϕγ ≡ ŝ
ε
; ð13Þ

i.e. that the average ALP-induced photon flux in the energy
range 30 MeV to 1 TeV during the time interval Δt is
smaller than the upper limit on the flux Δϕγ. The latter is
defined as the additional number of signal photons ŝ
allowed at the 95% confidence level, as derived in the
previous section, divided by the exposure ε during the time
interval Δt. As discussed above and summarized in Table I,
we derive our bounds in an optimistic and a conservative
case, with different parameter values determining the
ALP-induced gamma-ray flux, as well as different flux
upper limits corresponding to time intervals (I) and (II),

respectively. Note that the intervals (I) and (II) are only
examples that determine a background and an observation
duration, and it is not necessary for the signal to actually
have occurred during these exact periods. As can be seen
from Eq. (13), we compare an average flux with the data.
When exactly this average flux would have been observed
only determines which data to compare to and could
determine a more appropriate averaging window Δt as
the signal might be somewhat shorter than our fiducial time
intervals. None of these effects are expected to be very
important numerically. The result is shown in Fig. 2, where
the excluded parameter region is shown as an opaque red
region for the conservative case and as a transparent pink
region for the optimistic case. Note that in the excluded
parameter region fireball formation as discussed in [69]
does not occur. The conservative case falls in a region
excluded by other stellar arguments, confirming the
existing constraints. In the optimistic case, the resulting
bound is stronger than that from the same nonobservation
of an ALP-induced gamma-ray signal following SN
1987A. This is a remarkable result because SN 1987A
exploded more than 100 times closer to Earth compared to
SN 2023ixf, and hence the expected flux was a factor of
∼104 higher. We note that the largest difference between
optimistic and conservative case is the ALP spectrum,
while the upper limit on the gamma-ray flux is only a factor

FIG. 2. ALP parameter space gaγ −ma with existing constraints. The constraint calculated in this work is the red exclusion region,
including the optimistic (pink) and conservative (red) choice of parameters. The other shown constraints are: the cooling criterion
applied to SN 1987A (SN 1987A (ν)) [63], the SN 1987A bound for decaying ALPs [55,69], the upper limit on energy deposition by
ALP-decays in the plasma of the progenitor star of SNe with a particularly low explosion energy (low-energy SNe) and the diffuse
gamma-ray flux from the diffuse SNALP background (diffuse γ-flux) [35], the constraint form the duration of the helium-burning phase
(HB stars) [33,42,59], the constraint from x-rays observations following GW170817 (GW170817) [56], a bound on spectral distortions
of the CMB (SD) [39], and the irreducible cosmic ALP background from freeze-in production (axion freeze-in) [72]. We also show the
most conservative bound from the dissociation of light elements during BBN (BBN) [38].

RAVENSBURG, CARENZA, ECKNER, and GOOBAR PHYS. REV. D 109, 023018 (2024)

023018-6

estimated background

light ALP ~0.01 - 1 MeV

heavy ALP > 10 MeV

The Fermi-LAT data towards SN 
2023ixf around the optical onset.

SN 2023ixf can probe  
unexplored parts of MeV-
scale ALPs via ALP 
decay (within 
uncertainties: progenitor 
mass, distance and 
volume of the SN).

[E. Müller, CE et al., PRD 109 (2024) 2]
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What if there where a Galactic supernova like 1987?

3535

Photon coalescence was previously not accounted for when probing the parameter 
space of MeV-scale ALPs? Impact on constraints from ALP decay: 

    → SN 1987A  
    → A future Galactic supernova (same distance as SN 1987A)   

JCAP07(2023)056

Figure 3. Relevant constraints on the ALP-photon coupling. Here, we have calculated the solid red
exclusion regions from gamma-ray decays of ALPs produced in SN 1987A and measured by SMM.
Note that the red regions are shown without a boundary, the darker red shade is the 2‡ constraint
that is slightly larger than the bright red 3‡ constraint — see the main text for more details. We have
furthermore derived the red dashed contour, which shows an estimate of the sensitivity of Fermi-LAT
in the event of a future SN (see section 5.1 for details). The black dashed line is the SN 1987A
bound found in ref. [19]. The other, semi-transparent regions are constraints from the energy ALPs
could deposit in low-energy SNe (orange) and the di�use gamma-ray flux due to decays of ALPs
produced in all past SNe (yellow), both from ref. [10]; anomalous cooling during the SN explosion
leading to a shorter neutrino burst following SN 1987A (brown) [16]; changes in the evolution of
horizontal branch stars (purple) [6, 8, 35]; the non-observation of X-rays after the multi-messenger
observation GW170817 of a neutron star merger [36]; the irreducible cosmic ALP density from freeze-
in production (blue) [37]; as well as from the dissociation of light elements during BBN (green) [3].
Note that the BBN bound is the most conservative one presented in ref. [3]. Depending on the details
of the cosmology of the early universe (especially the value of the reheating temperature, here assumed
to be 10MeV), much stronger bounds can be derived, potentially excluding most of the parameter
range considered here. The two black points mark the ALP parameters of case 1 & 2 discussed in
section 5.

The condition �Ê“(pa) > 0 can be translated into a lower bound on pa, which does not have
a simple analytical form, but can be e�ciently evaluated numerically.

We present the resulting bound on the ALP-parameter space in figure 3. In the red
region, too many gamma rays would be produced in conflict with the SMM measurements,
where the lighter red corresponds to an exclusion at the 3 sigma level, as done in ref. [18],
while the darker red region is excluded at the 2 sigma level. The other, semi-transparent
regions are excluded due to constraints found in the literature, see the caption of figure 3.
We find a very good agreement of our bound with the 3 sigma bound of ref. [19], shown
as black dashed line, for ALP masses around or below 50 MeV. In that reference, only the
Primako� contribution to the ALP spectrum dNa

dÊa
is taken into account and the spectrum is

not calculated directly from a SN model as we do here, but it was rather inferred from the
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Figure 21. Axion-photon conversion probabilities, pag, for the JF12 model (top), and the eight model variations derived in this
paper (gagg = 5 ⇥ 10�12 GeV�1, Ea & 1 TeV and ma . 10�8 eV).

The minimum rigidity requirement improves consid-
erably if the arrival directions are corrected for their ex-
pected deflection in the GMF. The limit on the precision
with which we infer the source position arises from
the difference between the models, and not the overall
magnitude of the deflection. As can be seen from the
right panel of Fig. 20, the required minimum rigidity is
lower when the deflections are corrected for. This is be-

cause the differences of predicted deflections within the
model ensemble are smaller than the deflections them-
selves. With corrections, the rigidity quantile at which
half of the sky can be observed at qmax = 20� or bet-
ter, decreases to R

corr
50 = 11 EV giving a much greater

observational reach. Note that this discussion is indica-
tive only, since the minimal rigidity requirement may

[M. Unger & G. Farrar, arXiv:2311.12120]
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Searching for ALPs in a future Galactic supernova

Magnetic field  
uncertainty!

5

FIG. 4. Left panels: conversion probability Pa� as a function of the ALP energy E. Right panels: Observable photon spectra
at the detector. The ALP parameters are ga� = 10�12 GeV�1 and ma = 0.1 neV (upper panel), ma = 1 neV (middle panel) or
ma = 10 neV (lower panel). We consider the cases of perfect energy resolution (� = 0, black solid lines) and Gaussian energy
resolution with �(E�) = 0.2E� (dashed red lines).

obtained from a numerical integration of the equations of
motion with the analytical expression in Eq. (5), assum-
ing a uniform magnetic field, obtained averaging the real
one over the line of sight (compare with Eq. (A23) in
Ref. [39]), i.e.
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(11)
assuming ALPs propagating along z over a distance L,
while Bx and By are taken from the di↵erent magnetic
field models. This approximation is useful to analyze how
the signal is a↵ected by the ALPs mass. In Fig. 3 we
show the conversion probability Pa� as a function of the
ALP mass ma evaluated by the approximate expression

in Eq. (5) (red line) and compared with the exact re-
sult (black line), for ga� = 10�12 GeV�1, E = 100 MeV
and L = 10 kpc. In the approximate formula we use
hBT i = 0.58 µG for “JFnew” (upper panel), leading to
Pa� = 7.8 ⇥ 10�5 in the low-mass limit, ma . 0.36 neV
[see Eq. (10)], indicated with the vertical dashed line,
and hBT i = 0.24 µG for “Psh” (lower panel), resulting
in Pa� = 1.3⇥10�5 in the same limit. Forma . 0.36 neV,
the approximate and exact results are in agreement since
the ALP oscillation length losc = 2⇡/�osc ⇡ 3.5⇥103 kpc
for the chosen input values is much larger than the di-
mension of the Galaxy. Thus, the conversion probabil-
ity mainly depends on hBT i. For larger masses, the os-
cillation length becomes smaller (e.g., losc ⇠ 1 kpc at
ma = 3 neV), making the oscillations sensitive to the
detailed structures of the B-field. In this latter case, the
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FIG. 4. Left panels: conversion probability Pa� as a function of the ALP energy E. Right panels: Observable photon spectra
at the detector. The ALP parameters are ga� = 10�12 GeV�1 and ma = 0.1 neV (upper panel), ma = 1 neV (middle panel) or
ma = 10 neV (lower panel). We consider the cases of perfect energy resolution (� = 0, black solid lines) and Gaussian energy
resolution with �(E�) = 0.2E� (dashed red lines).
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the signal is a↵ected by the ALPs mass. In Fig. 3 we
show the conversion probability Pa� as a function of the
ALP mass ma evaluated by the approximate expression

in Eq. (5) (red line) and compared with the exact re-
sult (black line), for ga� = 10�12 GeV�1, E = 100 MeV
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hBT i = 0.58 µG for “JFnew” (upper panel), leading to
Pa� = 7.8 ⇥ 10�5 in the low-mass limit, ma . 0.36 neV
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and hBT i = 0.24 µG for “Psh” (lower panel), resulting
in Pa� = 1.3⇥10�5 in the same limit. Forma . 0.36 neV,
the approximate and exact results are in agreement since
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for the chosen input values is much larger than the di-
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D. Observable gamma-ray spectrum

The gamma-ray flux in units of MeV�1 cm�2 that
reaches the Earth is given by

d��

dE
=

1

4⇡L2

dNa

dE
Pa�(E) . (12)

The shape of the observed photon spectrum is deter-
mined by the finite detector energy resolution, producing
the following smearing

d��,obs

dE�
=

Z
+1

�1
⌘(E,E�)

d��

dE
(E)dE , (13)

where E is the true photon energy, E� is the detected
one, and ⌘(E,E�) is the detector dispersion matrix.

To illustrate this point, in Fig. 4 we show the observ-
able gamma-ray signal induced by SN ALPs (right pan-
els). The ALP parameters are ga� = 10�12 GeV�1 and
ma = 0.1 neV (upper panel), ma = 1 neV (middle panel)
or ma = 10 neV (lower panel). We consider the cases of
perfect energy resolution (� = 0, black solid line) and
Gaussian energy resolution with �(E�) = 0.2E� (dashed
red line). The latter is a good approximation for the LAT
energy resolution for energies larger than 60 MeV, thus
we assume a threshold for observation Eth = 60 MeV.
The SN is assumed to be at a distance of L = 10 kpc, in
the same direction, (`, b) = (199.79�,�8.96�), specified
above, and the magnetic field model is “JFnew”. In the
left panels of Fig. 4, we display the relevant conversions
probabilities Pa� as a function of the ALP energy E.

As shown in the upper left panel of Fig. 4, for
ma = 0.1 neV the conversion probability is constant, and
thus the e↵ect of the finite energy resolution does not
a↵ect the observed gamma-ray signal, which keeps the
same shape of the original ALP spectrum (see Fig. 1).
Instead, for the other two cases, Pa� is energy depen-
dent. This would imprint peculiar wiggles in the photon
spectrum, which are, however, washed out by the finite
energy resolution of the detector (dashed red line in right
panels), especially in thema = 10 neV case (lower panel).
Depending on the resolution function, there may be an
intermediate case, e.g. for ma = 1 neV (middle panel),
in which also after the energy smearing caused by the
finite resolution there is some peculiar energy-dependent
modulation of the spectrum. However, this is expected
to happen only in a very narrow range of ALP masses.
The discussion above suggests that there are three dif-
ferent ALP mass ranges with peculiar properties of the
expected signal. In absence of wiggles, the observed pho-
ton flux in MeV�1 cm�2 integrated over the SN explosion
time can be very well described by the function

d��,obs

dE�
= Cobs

✓
E�

✏0

◆↵

exp

✓
�
(↵+ 1)E�

✏0

◆
, (14)

which resembles the form of the ALP spectrum in Eq. (3),
but with di↵erent parameters, depending on the consid-
ered ALP mass range.

1. ma ⌧ m
c
a. Energy-independent conversions. The

gamma-ray spectrum has the same shape of the ini-
tial ALP spectrum as in Eq. (3). Thus, comparing
it with the original ALP spectrum in Eq. (3), the
spectral index is ↵ ' � and the average energy of
the observed photon spectrum is ✏0 = hE�i ' E0.

2. ma � m
c
a. Averaged conversions with

Pa� ⇠ 2�2
a�/�

2
a. The wiggles in the gamma-ray

spectrum induced by ALP conversion are so dense
that they are completely smoothed out by the ef-
fect of the detector. In this case, Pa� / E

2
� . Thus,

the photon spectrum acquires an additional depen-
dence on the energy. Explicitly, we find ↵ = � + 2
and ✏0 = hE�i '

�+3

�+1
E0.

3. ma ⇡ m
c
a. Intermediate regime. This is a narrow

range where the signal wiggles are not completely
washed out by the detector resolution, so we do not
expect a smooth functional form in this case and
the fit in Eq. (14) does not apply.

In Fig. 5 we show the results of fitting the three
observed spectra from Fig. 4 with Eq. (14). The
ma = 0.1 neV (upper left panel) is representative of case
1 in which Pa� is energy independent, therefore the best-
fit parameters ↵ = 2.0 and ✏0 = 73.2 MeV are close to the
average energy E0 and spectral index � of the primary
ALP flux. From the plot of the residual it is apparent
that the fit worsens in the high-energy tail of the spec-
trum, at E� & 150 MeV, where the discrepancy between
the observed flux and the fitted expression is more than
20%.
The case of ma = 1 neV (upper right panel) cor-

responds to case 3. Here, due to the energy thresh-
old of the detector, the peak of the energy spectrum
is not visible and we can see only the tails. Thus,
the fit in Eq. (14) does not work and we can try to
fit the observed spectrum with an exponential function
d��,obs/dE� / exp(�k1 E�), with k1 fitting parameter.
In this case, the fitting function presents deviations and
a remaining energy-dependent modulation of the order
of 20% due to remnant of the oscillatory behavior of the
probability after the smearing due to the resolution.
Finally, the plot with ma = 10 neV (lower panel) cor-

responds to case 2. We see that in the energy range
E� 2 [60; 200] MeV the deviations of the fitting function
with respect to the numerical spectrum are less than 10%,
smaller than the ultralight case due to the larger average
energy of the observed photon spectrum.
We see that the values of the fitting parameters ↵ = 3.7

and ✏0 = 116.9 MeV are significantly larger than the
ones expected from the original ALP spectrum of Eq. (3).
This feature can be used as a way to distinguish case
3 from case 1. Specifically, a value of ↵ ⇠ 2 indicates
ma ⌧ m

c
a, while a larger value, ↵ ⇠ 4, can be considered

as evidence of ma � m
c
a.

 [F. Calore, CE et al., PRD 109 (2024) 4]
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Searching for ALPs in a future Galactic supernova
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FIG. 6. Comparison of the projected 95% confidence level Fermi-LAT sensitivity to ga� (displayed in red) for an ALP-induced
gamma-ray burst from a CC SN with the benchmark characteristics shown in the box and detailed in Sec. III A, alongside the
current astrophysical constraints [13, 48–51], shown in gray (see Ref. [47] and references therein for more details). The black
star shows the benchmark ALP parameters (ma, ga�) = (0.1 neV, 1.5 ⇥ 10�12 GeV�1), discussed in Sec. IVB. The dashed
blue line and the light blue band represent the reconstructed coupling and the 1� error interval, respectively. The light gray
region delimited by the dashed line is the axion star explosion limit, obtained assuming ALP dark matter [52].

TABLE I. Reconstructed ALP-photon coupling with associated error bars (third column, see text for detailed derivation) for
di↵erent values of the input ALP-photon coupling (first column), leading to di↵erent values of Cobs (second column).

input ga�(⇥10�12 GeV�1) Cobs(MeV�1 cm�2) rec. ga�(⇥10�12 GeV�1)

1.00 0.042± 0.007 0.90+0.76
�0.25

1.50 0.221± 0.026 1.37+1.12
�0.36

2.00 0.727± 0.083 1.84+1.50
�0.48

2.50 1.718± 0.186 2.30+1.87
�0.60

3.00 3.758± 0.384 2.78+2.25
�0.72

(first column), corresponding to a given Cobs (second col-
umn). The large uncertainty on the magnetic field leads
to a ⇠ 2 factor uncertainty on the reconstructed ALP-
photon coupling. For clarity, this table can be compared
with Tab. II, noticing that the mean value of ga� corre-
sponds to the “JFnew” model, which is the most realis-
tic one, and the asymmetric 1� error bars are given by
the lowest coupling reconstructed with the “JF” model
and the highest one obtained with the “Psh” model. In
Fig. 6 we show the reconstructed ALP-photon coupling

(the dashed blue line) with the 1� band error associ-
ated with the uncertainty on the modeling of the Galac-
tic magnetic field for the benchmark case ma = 0.1 neV
and ga� = 1.5 ⇥ 10�12 GeV�1. In case of such an ob-
servation, the coupling would be reconstructed within a
factor two due to the uncertainties on the Galactic mag-
netic field. On the other hand, a measurement would
not reveal any information on the ALP mass. How-
ever, for the considered coupling, the strong astrophysi-
cal bounds robustly exclude ma . 10�11 eV. Thus, given

reconstruction efficiency  
from chosen signal 
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FIG. 7. Best-fitting values and posterior distributions of the reconstructed time-integrated ALP spectral parameters Cobs, ✏0
and ↵ for an ALP-induced gamma-ray burst of a future SN of an 11.2 M� stellar progenitor characterized by ma = 0.1 neV,
ga� = 1.5 ⇥ 10�12 GeV�1. We overlay the marginal two-dimensional posterior distributions with the parameter values used
to simulate the mock signal in red, while the green values denote the parameter values maximizing Eq. (18). The marginal
one-dimensional posterior distributions for each parameter show the 16%, 50% (median) and 84% quantiles as dashed black
lines, whose numerical values are also stated in the title of each marginal posterior.

the critical mass discussed in Sec. IID, the observation of
an ALP-induced gamma-ray signal in combination with
other constraints would allow one to infer an ALP mass
0.01 neV . ma . O(0.1) neV.

C. ALP parameter reconstruction for ma & mc
a

As discussed in Sec. II, the reconstruction of the ALP-
photon coupling in the massive case is less straightfor-
ward since the result depends on the unknown ALP mass.

 [F. Calore, CE et al., PRD 109 (2024) 4]

 neV 
( ) 
true value  
best-fit vale

ma = 0.1
E > Ec

Take-home messages and outlook: 
1. Prompt gamma-ray emission from a future Galactic supernova event yields stringent bounds 
    on uncharted ALP parameter space. 

2. Considering the residual magnetic field of the progenitor star may even enhance the expected  
    ALP production. [C. A Manzari et al., arXiv:2405.19393]
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Axion production in SNe

Ø Pion Conversions
[Carenza & al., Phys.Rev.Lett. 126 (2021),
Choi & al., JHEP 02 (2022) 143,
Ho & al., Phys. Rev. D 107 (2023)] 

Alessandro Lella Axions++ 2023 Annecy, 27/09/2023

ALPs nuclear interactions
Ø Axions and ALPs could interact with all the Standard model particles.

Ø In ChPT interaction verteces with baryons and mesons [Ho & al., Phys.Rev.D 107 (2023) ]

Alessandro Lella Axions++ 2023 Annecy, 27/09/2023

ALPs nuclear interactions
Ø Axions and ALPs could interact with all the Standard model particles.

Ø In ChPT interaction verteces with baryons and mesons [Ho & al., Phys.Rev.D 107 (2023) ]

Alessandro Lella Axions++ 2023 Annecy, 27/09/2023

ALPs nuclear interactions
Ø Axions and ALPs could interact with all the Standard model particles.

Ø In ChPT interaction verteces with baryons and mesons [Ho & al., Phys.Rev.D 107 (2023) ]

Alessandro Lella Axions++ 2023 Annecy, 27/09/2023

Introduction ALP couplings to mesons and hadrons introduces a rich phenomenology:Axion production in SNe
Ø Nucleon-Nucleon bremsstrahlung 

[Carenza & al., JCAP 10 (2019) 10,
Raffelt & Seckel, Phys. Rev. D 52 (1995),
Hempel, Phys. Rev. C 91 (2015),
Ericson and Mathiot, Phys. Lett. B 219 (1989)] 

Alessandro Lella Axions++ 2023 Annecy, 27/09/2023

ALP production in SN 
cores:

Nucleon-nucleon bremsstrahlung Pion conversion

See G. Lucente’s talk!

[A. Lella, CE et al., arXiv:2405.02395]

information about the temperature of the outer regions of the PNS, ALPs could be exploited
as thermometers of the inner core. In order to establish how the fitting parameters depend
on the temperature of the core, we have fitted through Eq. (2.1) and Eq. (2.2) the spectra
obtained from an exemplary SN toy-model, in which the temperature is assumed to be
constant for R  13 km and null elsewhere. In the same way, the mass density and the
electron fraction are set to ⇢ = 3 ⇥ 1014 g cm�3 and Ye = 0.3 in this region, while they are
assumed to be null in the outer regions. Notice that the value of the radius of this one-
zone model is chosen to have a PNS of mass MNS ' 1.4M�, which is a typical value for
the compact object at the center of an exploding SN [13]. All the other SN parameters are
obtained as outputs of the EoS employed to describe the nuclear medium. Then, by varying
the temperature of the one-zone SN model in the range T 2 [10, 55] MeV, we have determined
the fitting parameters for each temperature. In particular, in analogy to the neutrino quasi -
thermal spectra, we expect the fitting parameter E0

NN to show a linear dependency on the
average temperature in the production region [41, 42]. As shown in Fig. 4, in the temperature
range of interest, the correlation between E0

NN and T can be expressed as

E0

NN

MeV
= 15.4 + 2.2

T

MeV
. (2.3)

As we will see in the following Section, ALPs convert in the magnetc field of the Galaxy
leading to an observable gamma-ray burst whose spectral and temporal behaviors do encode
information also on E0

NN . The reconstruction of E0

NN from gamma-ray data can therefore
provide an immediate estimation of the PNS temperature. Nevertheless, the energies ob-
served at large distance from the production point su↵er from the gravitational red-shift,
encoded in the lapse factor 0 < ↵ < 1. Therefore, in this procedure the observed energy has
to be multiplied by a factor 1/↵ to recover the local energy. Thus, by reverting Eq. (2.3),
the temperature can be estimated as

T

MeV
' �6.93 +

0.45

↵

✓
E0

NN

MeV

◆

obs

. (2.4)

We highlight that the lapse factor ↵ is in general not constant in the inner PNS, where
gravitational e↵ects are relevant, and a complete general relativistic treatment is necessary.
However, the lapse function does not vary significantly in regions where ALP production
is e�cient at R ⇠ 5 � 10 km, thus for this estimation it is possible to assume the average
value assumed by ↵ in these regions. In particular, we will use the value ↵ ⇡ 0.78 for the
SFHo-s18.8 model and ↵ ⇡ 0.67 for the SFHo-s20 and LS220-s20 models. The di↵erence in
the values assumed is due to the di↵erent PNS masses characterizing these models. Since
the latter models lead to higher PNS masses (see Sec. 2.2), gravitational e↵ects are more
relevant and, thus, ↵ is smaller. We highlight that, since the value of ↵ depends on the PNS
mass, the determination of this parameter represents an additional source of uncertainty for
our analysis. However, a rough estimation of the mass of the PNS associated with a future
Galactic SN can be recovered by looking at the neutrino signal, as explained in Ref [43].

3 ALP conversions in Galactic magnetic fields

Once produced in the interior of the PNS, ultra-light ALPs (with ma . 0.1 neV) may convert
into photons thanks to ga� , while propagating into Galactic magnetic fields. Thus, given the

– 8 –

Figure 3. ALP spectrum produced by nuclear processes together with their analytical fits at tpb = 1 s
(left panels) and tpb = 3 s (right panels). All the curves are normalized at their peak value. In
particular, the dashed red line refers to the numerical integration over the SN profile, while the solid
black line depicts the line shape obtained through the fitting expressions in Eq. (2.1) and Eq. (2.2).
The upper panels show the values of the residuals in the energy range considered.

corresponding 2-� bands. The monotonic decrease in the E0

NN and E0

⇡N parameters, related
to the average energy associated to the considered process, follows the drop in temperature
characterizing the SN cooling phase. We also point out that for tpb . 2 s we find �NN ' 1.5,
confirming that ALPs produced via NN bremsstrahlung follow a quasi -thermal distribution.
As the SN temperature drops, pions in the core are subject to condensation e↵ects. In
particular, Bose-Einstein condensation starts to become relevant in the whole PNS core at
tpb & 3 s. By setting pion conversion rates to zero in the regions a↵ected by bosonic con-
densation, ALP production from pionic processes can occur just from the outer layers of
the core where the temperature is lower, leading to a strong suppression of this production
channel. This e↵ect can clearly be observed from the behavior of the pion conversion nor-
malization constant A⇡N , shown in the lower-right panel of Fig. 2. Figure 3 displays two
examples of fits performed at two di↵erent instants. The goodness of the employed fitting
formulae is highlighted by the values of the residuals, shown in the upper panels of Fig. 3. In
particular, the discrepancy between the numerical fluxes and the fitted ones is never larger
than 20%. Moreover, it is possible to appreciate that the drop in temperature and the rise
of condensation e↵ects lead to significant suppression of the pion conversion contribution at
tpb & 3 s.

2.5 One-zone model

The shape of the ALP emission spectra is strictly dependent on the temperature of the
inner regions of the PNS at R . 10 km, where nuclear processes take place. This is due
to the fact that only in these regions nuclear densities and temperatures are high enough
to induce e�cient ALP production. On the other hand, neutrinos contributing to the SN
cooling are emitted from a last-scattering surface, usually called neutrino-sphere [13]. In
particular, during the cooling phase at tpb > 1 s the neutrino-sphere is typically located
at R⌫ ⇠ 30 km [40]. Therefore, if the analysis of the SN neutrino spectra can provide

– 7 –

Protoneutron star  
temperature correlates 
with average energy of 
Bremsstrahlung ALPs

E0
NN E0

NN
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While the double peak ALP spectrum is washed out by the LAT’s energy resolution …  

[A. Lella, CE et al., arXiv:2405.02395]
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Figure 6. Fermi -LAT spectra of the ALP-induced gamma-ray burst from a core-collapse SN
in the time slices tpb 2 [0, 1] s (left) and tpb 2 [2, 3] s (right) after the bounce. We fixed
ga� = 3 ⇥ 10�15 GeV�1 and gap = 5 ⇥ 10�10 to compute the average expectation for the number
of gamma-ray photons associated with the bremsstrahlung (blue) and pion conversion (red) compo-
nents. The sum of both contributions is shown in purple. The simulation conditions follow the details
provided in Sec. 4.

few seconds, employing only the bremsstrahlung contribution is an excellent description of
the physical process. Since the bremsstrahlung contribution is suppressed at energies below
100 MeV by the LAT’s e↵ective area, we do not see the double-peak shape of the ALP
spectrum shown in Fig. 1 translated into gamma rays, and yet this “observed” spectrum
carries information about both production mechanisms.

Since the presence of gamma rays above 200 MeV in the first second of the burst is a
good indicator of the presence of pionic processes in the SN core, we can quantify the preferred
physical nature of the emission given the two fit formulae. Our Bayesian framework allows
for model comparison based on the so-called Bayes factor. It is defined by virtue of the
Bayesian evidence lnHX of hypothesis/model X and the corresponding evidence lnHY of an
alternative hypothesis/model Y . The Bayes factor then reads BXY = exp (lnHX � lnHY ).
A positive Bayes factor means that model X is preferred over model Y to a certain degree by
the dataset under scrutiny. In contrast to the frequentist point of view, there is no absolute
significance of the preference associated with a certain Bayes factor; it is rather an empirical
classification. We refer to the degree of evidence from Table 1 of Ref. [49] based on the
logarithmic Bayes factor to interpret the numerical results.

Applied to the combined spectrum shown in Fig. 6, a fit with only the bremsstrahlung
component yields a (log-)Bayesian evidence of lnHNN = 5529 while a fit with a model
accounting for both components yields a value of lnHNN+⇡N = 5535. Thus, we obtain a
Bayes factor of lnB = �6 implying that there is a strong evidence for the combined model
being a better fit to the data.

Therefore, we have demonstrated that, in the presence of ⇡N and for su�cient gaN
couplings, a Bayesian analysis can detect the evidence for this additional contribution on
top of the NN one. In particular, the pion conversion contribution can be identified by the
sizable abundance of photon events above 200 MeV within the first second(s) of the burst.

5.2 Reconstruction of ALPs spectra fitting parameters

As explained in Sec. 5.3, reconstructing the PNS temperature and its temporal evolution is
tied to the possibility to reconstruct the spectral parameters of the gamma-ray burst, and,
most notably, E0

NN . In this Section, we attempt the reconstruction of the parameters of the
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… we can still reconstruct the average energy of the Bremsstrahlung component reasonably 
well.
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Figure 8. Time evolution of E0
NN as reconstructed from a simulation of the SFHo-s18.8 SN model

for up to five seconds after the core bounce. The injected values of the underlying model are marked
with a black cross. We distinguish the two cases of a gamma-ray burst comprised of the summed
emission of bremsstrahlung and pion conversion processes (purple) as well as only bremsstrahlung.
The vertical error bars indicate the 16% and 84% quantiles of the inferred posterior distribution of
E0

NN while the central value is the mean of the respective posterior.

show a representative example of the parameter inference results for the SFHo-s18.8 model.
Here we consider the gamma-ray burst spectrum obtained from the first second after the core
bounce. We display the two-dimensional and one-dimensional marginal posterior distribu-
tions for all six parameters. The red lines and dots indicate the true, injected values of the
ALP signal while the green counterparts denote the mean reconstructed values. Despite the
evidence for the pion conversion component we reported in the previous section, large degen-
eracies remain between the model’s parameters. Even worse, the posterior of E0

NN exhibits a
bi-modal structure. An explanation for this behavior may be the apparent similarity of both
spectral components (the one from bremsstrahlung and the one from pion conversion) after
passing the theoretical models through the Fermi Science Tools and applying data selection
cuts to the generated photon events (see the left panel of Fig. 6). In fact, E0

⇡N exhibits a
similar bi-modal shape indicating that both components can be interchanged. Therefore, it
does not seem feasible to achieve a satisfactory reconstruction of E0

NN in the presence of a
strong pion conversion component, at least in the first second after the onset of the burst.

As shown earlier, the pion component diminishes fairly quickly after the onset of the
burst. After three seconds, the bremsstrahlung component dominates. We continue to track
the reconstructed value of E0

NN up to five seconds after the core bounce. The results of the
inferred values and uncertainties are shown as purple data points in Fig. 8. Already after two
seconds, the pionic component su�ciently decreases in intensity to better constrain E0

NN .
The bi-modal shape of the posterior distribution vanishes. At even later times, we are left
with a pure bremsstrahlung component rendering the parameter reconstruction more reliable
as implied by the reduced size of the error bars. Therefore, while the reconstruction of E0

NN
is technically challenging in the presence of a strong pionic component, it becomes feasible
after the decay of this contribution.

Finally, as an alternative scenario, we examine a gamma-ray burst simulation consid-
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The MeV gap impacts supernova ALP searches
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Fig. 1 Point source continuum differential sensitivity of different X- and γ -ray instruments (see [37]).
The hatched area indicates the targeted level of sensitivity of the next generation gamma-ray observatory
for a source effective exposure of 1 year

– Processes at the heart of the extreme Universe in the era of multi-messenger
astronomy

Observations of relativistic jet and outflow sources (both in our Galaxy and
in active galactic nuclei, AGNs) in the X-ray and GeV–TeV energy ranges
have shown that the MeV–GeV band holds the key to understanding the transi-
tion from the low-energy continuum to a spectral range shaped by very poorly
understood particle acceleration processes. ASTROMEV will: (1) determine the
composition (hadronic or leptonic) of the outflows and jets, which strongly influ-
ences the environment – breakthrough polarimetric capability and spectroscopy
providing the keys to unlocking this long-standing question; (2) identify the
physical acceleration processes in these outflows and jets (e.g. diffusive shocks,
magnetic field reconnection, plasma effects), that may lead to dramatically dif-
ferent particle energy distributions; (3) clarify the role of the magnetic field
in powering ultrarelativistic jets in gamma-ray bursts, through time-resolved
polarimetry and spectroscopy.

In addition, measurements in the ASTROMEV energy band between 100
keV and 1 GeV will have a big impact on multi-messenger astronomy in the
2030s. In particular, MeV energies are expected to be the characteristic cutoffs
in Neutron Star - Neutron Star (NS-NS) and Black Hole - Neutron Star (BH-NS)
mergers, giving a decisive input to the study of the energetics of these pro-
cesses. Moreover, a detector sensitive in the MeV region will allow the detection
of the π0 peak, disentangling hadronic acceleration mechanisms from leptonic
mechanisms, and thus providing an independent input to neutrino astronomy.

– The origin and impact of high-energy cosmic-ray particles on Galaxy evolution
ASTROMEV will resolve the outstanding issue of the origin and propagation

of low-energy cosmic rays affecting star formation. It will measure cosmic-
ray diffusion in interstellar clouds and their impact on gas dynamics and state;

1227Experimental Astronomy (2021) 51:1225–1254

[A. De Angelis et al., Exp. Astron. (2021) 51]

INTEGRAL

MeV gap
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II. ALP-INDUCED SUPERNOVA GAMMA-RAY
BURST

A. Core-collapse supernova ALP production

ALPs are expected to be abundantly produced in CC
SNe. In a minimal model we consider only their in-
teraction with photons characterized by the Lagrangian
term [16]

La� = �
1

4
ga�Fµ⌫ F̃

µ⌫
a = ga� E · B a , (1)

with ga� the ALP-photon coupling, Fµ⌫ the electromag-
netic field strength tensor, F̃µ⌫ its dual, a the ALP field,
and E, B the electric and magnetic field, respectively.
This interaction leads to the ALP production rate per
volume in the SN core via Primako↵ process [3]

dṅa

dE
=

g
2
a�⇠

2
T

3
E

2

8⇡3
�
eE/T � 1

�
✓

1 +
⇠
2
T

2

E2

◆
ln

✓
1 +

E
2

⇠2T 2

◆
� 1

�
.

(2)

Here, E is the photon energy measured by a local ob-
server at the emission radius, T the temperature and
⇠
2 = 

2
/4T 2 with  the inverse Debye screening length,

describing the finite range of the electric field surrounding
charged particles in the plasma. The total ALP produc-
tion rate per unit energy is obtained integrating Eq. (2)
over the SN volume.

In the limit ma ⌧ T , the ALP spectrum is reproduced
with excellent precision by the analytical expression [3,
15]

dNa

dE
= C

✓
ga�

10�12 GeV�1

◆2 ✓
E

E0

◆�

exp

✓
�
(� + 1)E

E0

◆
,

(3)
where the values of the parameters C, E0, and � are re-
lated to the SN model. The expression above describes a
quasi-thermal spectrum, with average energy hEi = E0

and index � (in particular, � = 2 corresponds to a per-
fectly thermal spectrum of ultrarelativistic particles).

Following Ref. [15], it is possible to extract the depen-
dence of the spectral coe�cients C, E0, and � on the SN
progenitor mass for successful CC SNe,

C(M)

1048 MeV�1
= (1.73 ± 0.172)

M

M�
� 9.74 ± 2.92 ,

E0(M)

MeV
= (1.77 ± 0.156)

M

M�
+ 59.3 ± 2.65 ,

�(M) = (�0.0254 ± 0.00587)
M

M�
+ 2.94 ± 0.0997 .

(4)

For our numerical analysis, we will refer to a SN model
with an 11.2 M� progenitor mass obtained using a

FIG. 1. Time-integrated SN ALP spectrum for
ga� = 10�12 GeV�1 and C = 7.09⇥ 1048 MeV�1,
E0 = 75.70 MeV and � = 2.80 [15].

1D spherically symmetric and general relativistic hy-
drodynamics model, based on the AGILE BOLTZTRAN

code [17, 18]. In this case, an example of the time-
integrated spectrum is shown in Fig. 1, with values of
the spectral coe�cients taken from Table I in Ref. [15].

Here, we are interested in studying the ALP detectabil-
ity prospects, focusing on very weakly interacting ALPs,
with ga� . 10�11 GeV�1. In this regime, ALPs have a
very long mean free path even in the very dense SN core,
and can escape freely. Yet, even such a tiny ALP-photon
coupling may trigger a significant ALP conversion into
photons in the Galactic magnetic field, as we will show
in the next Section.

In principle, another possible ALP production mecha-
nism in a SN would be the conversion of thermal photons
into ALPs in the intense magnetic field inside a SN core,
B & O(109 G) [19–22] (see also Refs. [23, 24] for studies
of ALP-photon conversions in other astrophysical envi-
ronments, such as the Sun and white dwarfs). However,
it can be shown that the light ALP production is unaf-
fected by the possible ALP-photon conversions inside the
SN core. Indeed, the photon mean-free-path in this envi-
ronment is extremely short (⇠ 10�8 cm) to allow for e�-
cient conversions, that would take place on a length-scale
⇠ O(109 cm) for B ⇠ 109 G and ga� ⇠ 10�12 GeV�1.
On the other hand, ALP-photon conversions in a SN
core would be relevant for MeV-scale ALPs, which are
resonantly produced by the conversion of photons with
plasma frequency matching the ALP mass (for trans-
verse photon modes) or energy (for longitudinal photon
modes). This process is e�cient only in very energetic
subclasses of SNe hosting a ultra-high magnetic fields
B & 1014 G [25]. Regarding the standard background,
the role of strong magnetic fields in the gamma-ray burst
(GRB) generation is still under debate but we expect
that temporal and spectral information can disentangle
it from new physics.

 [F. Calore, CE et al., PRD 109 (2024) 4]

ALP-induced gamma-ray bursts produce a spectrum  
peaked at the lower end of the Fermi LAT’s sensitivity: 
→ low effective area, bad energy resolution

An instrument closing this gap greatly enhances our sensitivity to new physics for the next 
Galactic supernova!
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Conclusions
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• Gamma-ray signatures of axions and axion-like particles are diverse and can 
already be tested with current-generation instruments. 

• The future is bright with next-generation instruments like the Cherenkov 
Telescope Array Observatory, updates of LHAASO (and SWGO ?) 

• The search directions are clear: 
→ Towards the very-high energy end of the gamma-ray spectrum (PeV frontier) 
     [spectral modulations, opacity of the universe] 
→ The sensitivity frontier at MeV energies  
     [supernovae] 

• Closing the MeV gap 
also greatly advances  
astrophysics and searches  
for dark matter in general.
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Fig. 1 Point source continuum differential sensitivity of different X- and γ -ray instruments (see [37]).
The hatched area indicates the targeted level of sensitivity of the next generation gamma-ray observatory
for a source effective exposure of 1 year

– Processes at the heart of the extreme Universe in the era of multi-messenger
astronomy

Observations of relativistic jet and outflow sources (both in our Galaxy and
in active galactic nuclei, AGNs) in the X-ray and GeV–TeV energy ranges
have shown that the MeV–GeV band holds the key to understanding the transi-
tion from the low-energy continuum to a spectral range shaped by very poorly
understood particle acceleration processes. ASTROMEV will: (1) determine the
composition (hadronic or leptonic) of the outflows and jets, which strongly influ-
ences the environment – breakthrough polarimetric capability and spectroscopy
providing the keys to unlocking this long-standing question; (2) identify the
physical acceleration processes in these outflows and jets (e.g. diffusive shocks,
magnetic field reconnection, plasma effects), that may lead to dramatically dif-
ferent particle energy distributions; (3) clarify the role of the magnetic field
in powering ultrarelativistic jets in gamma-ray bursts, through time-resolved
polarimetry and spectroscopy.

In addition, measurements in the ASTROMEV energy band between 100
keV and 1 GeV will have a big impact on multi-messenger astronomy in the
2030s. In particular, MeV energies are expected to be the characteristic cutoffs
in Neutron Star - Neutron Star (NS-NS) and Black Hole - Neutron Star (BH-NS)
mergers, giving a decisive input to the study of the energetics of these pro-
cesses. Moreover, a detector sensitive in the MeV region will allow the detection
of the π0 peak, disentangling hadronic acceleration mechanisms from leptonic
mechanisms, and thus providing an independent input to neutrino astronomy.

– The origin and impact of high-energy cosmic-ray particles on Galaxy evolution
ASTROMEV will resolve the outstanding issue of the origin and propagation

of low-energy cosmic rays affecting star formation. It will measure cosmic-
ray diffusion in interstellar clouds and their impact on gas dynamics and state;
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Deriving the in situ gamma-ray spectrum
✦ Gamma rays and neutrinos generated by -interactions are linked via:pγ

5

all the relevant parameters at play, e.g. star formation369

rate, magnetic field distributions, etc.370

Given the constraints from GeV data on the contribu-371

tion of p � p production to the neutrino flux, we assume372

that the entirety of the observed astrophysical neutrino373

flux is generated by p � � interactions in extragalactic374

sources. We thereby follow and adopt a proposition that375

has already been studied in Ref. [68] and which was cor-376

roborated by further evidence in Ref. [69]. p� � interac-377

tions generate an associated in situ gamma-ray spectrum,378

whose profile is closely related to the neutrino spectrum379

via [70]380
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based on the relation E� ⇡ 2E⌫ , and on the fact that, in381

each interaction, two photons are produced per three neu-382

trinos. Since the extragalactic gamma-ray background383

measured by Fermi-LAT can already be explained with384

the p� p component of extragalactic sources, we assume385

that the gamma-ray flux due to the p � � contribution386

follows a smoothly broken power law – and hence the387

neutrino component as well – to suppress its intensity at388

GeV energies. Following [52], we remain agnostic about389

the nature of the neutrino emitters, rather we assume390

that the underlying in situ neutrino spectrum is param-391

eterized as392
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In the present work, we fix ↵ = 2.87 to the best-fit power-393

law spectral index derived from the measured 7.5-year394

IceCube neutrino flux of astrophysical origin based on395

the high-energy starting event sample (HESE) [71]. The396

break energy Eb follows from a fit of Eq. 6 to the 7.5-year397

HESE and 6-year Cascade data [72]. We find Eb = 25398

TeV to provide an adequate fit to both data sets. The399

spectrum normalization N0 (with respect to the extra-400

galactic source) is fixed by requiring that the theoret-401

ically predicted cumulative di↵erential neutrino flux at402

Earth [50]403
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yields the measured 7.5-year HESE neutrino flux (sin-404

gle flavor) of 2.12 ⇥ 10�18 GeV�1 cm�2 s�1 sr�1 at405

100 TeV [71]. In Eq. 7, E
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with407

H0 = 70 kmMpc�3 s�1 and ⌦m = 0.3 as well as408

⌦⇤ = 0.7. The functional parameterization of the star-409

formation rate density ⇢̇⇤(z) at redshift z is taken from410

Ref. [73]. We adopt the therein reported parameter val-411

ues as benchmark scenario, while we employ the varia-412

tions of these parameters proposed in Ref. [74] (for the413

Salpeter initial mass function, IMF) in order to study414

the impact of the uncertainty associated to this quan-415

tity. The choice of the cosmological parameters above416

is consistent with this prescription for ⇢̇⇤. As a re-417

sult, we obtain the following normalization constants418

(units of 10�19 GeV�1 cm�2 s�1 sr�1): (benchmark sce-419

nario) N0 = 2.42; (upper boundary) N0 = 2.67; (lower420

boundary) N0 = 2.13. We anticipate that uncertainties421

in the IMF will have a negligible impact on our final lim-422

its.423

Gamma rays escaping the neutrino sources, under the424

hypothesis of a non-zero ALP-photon coupling, can then425

convert into ALPs and back in the presence of exter-426

nal magnetic fields. We consider e�cient ALP-photon427

conversion within extragalactic sources and in the Milky428

Way, whereas we neglect any potential conversion within429

the intergalactic medium [75] which follows from the430

assumption that the extragalactic magnetic field does431

not attain values around the observational upper bounds432

[76, 77]. The details of the ALP propagation formal-433

ism can be found in the literature, see, for instance,434

Refs. [75, 78]. In Appendix B, we summarize some basic435

equations related to this formalism, so that the reader436

can more easily follow our discussion and grasp the rel-437

evance of the di↵erent astrophysical parameters at play.438

All calculations of the ALP-photon conversion probabil-439

ity either in extragalactic or Galactic environments are440

performed with the publicly available python package441

gammaALPs [79], which provides the functionalities to ap-442

ply the domain model approximation or the conversion443

in the Galactic magnetic field. In all the required calcu-444

lations, we employ a user-defined photon-photon disper-445

sion relation (based on the choice of interstellar radiation446

fields below) following the prescription in Ref. [80].447

The photon-ALP conversion probability within extra-448

galactic sources depends on intrinsic properties like their449

magnetic field strength B, their electron density and the450

strength of their interstellar radiation fields. While, up to451

this point, no assumption on the neutrino source has been452

made – since we calibrated the gamma-ray flux at produc-453

tion using the observed neutrino flux –, a minimal degree454

of specification is required to compute the photon-ALP455

conversion probability within these sources. Among oth-456

ers, star-forming galaxies have been recently advocated457

to generate a sizable contribution to the observed di↵use458

neutrino flux [81–83], despite early reported discrepan-459

cies between neutrinos produced by hadronic processes460

(in particular p� p interactions) in star-forming galaxies461

and Fermi-LAT constraints on their companion gamma-462

ray emission. 3
463

3
Taking into account the gamma-ray contribution from the

cosmic-ray production mechanisms presented in some of these

more recent works may further enhance the expected ALP-

induced gamma-ray flux from star-forming galaxies with respect

to what is presented here. A detailed and thorough analysis of

the combined di↵use ALP flux from p� p and p� � interactions

is left for future study.

✦ Adopt best-fitting power law for IceCube neutrino flux + break at low energies:
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FIG. 1: Minimal models for an extragalactic explanation of the >⇠10 TeV IceCube neutrino data (solid line) with the corresponding gamma-ray
flux at production if attenuation on source backgrounds and extragalactic background light (EBL) were both neglected (dotted line). Including
EBL cascades with either zero cosmic source evolution (short dashed line) or star formation rate evolution (long dashed line) overproduces the
IGB. We show the Fermi EGB (band) that includes sources [27], which, if saturated, would imply neutrino correlations with Fermi blazars.

numbers of ⇡+, ⇡�, and ⇡
0 results in half the gamma-ray flux

(since only the total charged pion production is fixed by the
neutrino flux measurement).

We use a smoothly-broken power law to describe the source
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obtaining fluxes at Earth, '⌫(E⌫), by integrating this as
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where dz/dt=H0 (1+z)[⌦m(1+z)3+⌦⇤]1/2, (⌦m = 0.3,
⌦⇤=0.7, and H0=70 km/s/Mpc), and dE

0
⌫/dE⌫=(1 + z).

Source evolution with redshift, W(z), does not greatly af-
fect the arriving neutrino spectral shape. To obtain the neu-
trino flux in Fig. 1 with zero evolution (W(z) = 1), we use
slopes ↵ = �1 and � = �2.5, broken at Eb = 10 TeV, and
⌘ = �2 to break smoothly. To obtain an equivalent '⌫(E⌫)
using cosmic star formation rate evolution (SFR) [48–50] re-
quires lowering the source normalization by a factor of ⇠ 4
and a slight shift of Eb to ⇠13 TeV.

We examine the required cosmic neutrino emissivity to ar-
rive at the flux in Fig. 1 for some guidance. Assuming zero
source evolution, we find E⌫⇡7⇥1037 erg s�1 Mpc�3, while

SFR evolution reduces this by a factor of ⇠4 at z=0. As we
will see, these are substantial and indicate at least one of the
two favorite high-power sources: AGN or supernovae.

TeV gamma rays are rather different, considering that they
can be attenuated by ��! e

+
e
� on the CMB or EBL (inter-

galactic starlight or infrared photons) even if they can escape
their source. We assume free escape here only for illustration
of the present difficulty, assuming the same spectral slopes in
Eq. (1), translating using E� ⇡ 2E⌫ with two gamma rays
produced for every three neutrinos.

In Fig. 1, we show the resulting diffuse gamma-ray flux
from e

± cascades on the EBL from this input spectrum ob-
tained using ELMAG ([51]; v. 2.02 with EBL of [52]) for
both zero and SFR evolution scenarios. We see that these al-
ready saturate or exceed the Fermi IGB at various energies.
Stronger evolution places more production at higher z, de-
creasing the low-z burden and causing the sharper decline at
E�

>⇠100 GeV, with a greater accumulation at <⇠100 GeV.
This is clearly an issue [32], since the IGB does not in-

clude any contribute from unresolved sources, which should
be present at some level. For instance, much of the total Fermi
extragalactic background (EGB) that includes extragalactic
sources [27] is due to blazars, while [37] argues that ex-
trapolating the blazar luminosity function to below the Fermi
source threshold contributes a sizable fraction of the IGB.

[M. Kistler, arXiv e-Print: 1511.01530]
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IceCube neutrino flux of astrophysical origin based on395

the high-energy starting event sample (HESE) [71]. The396

break energy Eb follows from a fit of Eq. 6 to the 7.5-year397

HESE and 6-year Cascade data [72]. We find Eb = 25398

TeV to provide an adequate fit to both data sets. The399

spectrum normalization N0 (with respect to the extra-400

galactic source) is fixed by requiring that the theoret-401

ically predicted cumulative di↵erential neutrino flux at402

Earth [50]403
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yields the measured 7.5-year HESE neutrino flux (sin-404

gle flavor) of 2.12 ⇥ 10�18 GeV�1 cm�2 s�1 sr�1 at405

100 TeV [71]. In Eq. 7, E
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with407

H0 = 70 kmMpc�3 s�1 and ⌦m = 0.3 as well as408

⌦⇤ = 0.7. The functional parameterization of the star-409

formation rate density ⇢̇⇤(z) at redshift z is taken from410

Ref. [73]. We adopt the therein reported parameter val-411

ues as benchmark scenario, while we employ the varia-412

tions of these parameters proposed in Ref. [74] (for the413

Salpeter initial mass function, IMF) in order to study414

the impact of the uncertainty associated to this quan-415

tity. The choice of the cosmological parameters above416

is consistent with this prescription for ⇢̇⇤. As a re-417

sult, we obtain the following normalization constants418

(units of 10�19 GeV�1 cm�2 s�1 sr�1): (benchmark sce-419

nario) N0 = 2.42; (upper boundary) N0 = 2.67; (lower420

boundary) N0 = 2.13. We anticipate that uncertainties421

in the IMF will have a negligible impact on our final lim-422

its.423

Gamma rays escaping the neutrino sources, under the424

hypothesis of a non-zero ALP-photon coupling, can then425

convert into ALPs and back in the presence of exter-426

nal magnetic fields. We consider e�cient ALP-photon427

conversion within extragalactic sources and in the Milky428

Way, whereas we neglect any potential conversion within429

the intergalactic medium [75] which follows from the430

assumption that the extragalactic magnetic field does431

not attain values around the observational upper bounds432

[76, 77]. The details of the ALP propagation formal-433

ism can be found in the literature, see, for instance,434

Refs. [75, 78]. In Appendix B, we summarize some basic435

equations related to this formalism, so that the reader436

can more easily follow our discussion and grasp the rel-437

evance of the di↵erent astrophysical parameters at play.438

All calculations of the ALP-photon conversion probabil-439

ity either in extragalactic or Galactic environments are440

performed with the publicly available python package441

gammaALPs [79], which provides the functionalities to ap-442

ply the domain model approximation or the conversion443

in the Galactic magnetic field. In all the required calcu-444

lations, we employ a user-defined photon-photon disper-445

sion relation (based on the choice of interstellar radiation446

fields below) following the prescription in Ref. [80].447

The photon-ALP conversion probability within extra-448

galactic sources depends on intrinsic properties like their449

magnetic field strength B, their electron density and the450

strength of their interstellar radiation fields. While, up to451

this point, no assumption on the neutrino source has been452

made – since we calibrated the gamma-ray flux at produc-453

tion using the observed neutrino flux –, a minimal degree454

of specification is required to compute the photon-ALP455

conversion probability within these sources. Among oth-456

ers, star-forming galaxies have been recently advocated457

to generate a sizable contribution to the observed di↵use458

neutrino flux [81–83], despite early reported discrepan-459

cies between neutrinos produced by hadronic processes460

(in particular p� p interactions) in star-forming galaxies461

and Fermi-LAT constraints on their companion gamma-462

ray emission. 3
463

3
Taking into account the gamma-ray contribution from the

cosmic-ray production mechanisms presented in some of these

more recent works may further enhance the expected ALP-

induced gamma-ray flux from star-forming galaxies with respect

to what is presented here. A detailed and thorough analysis of

the combined di↵use ALP flux from p� p and p� � interactions

is left for future study.

α = 2.87 [IceCube collab., PRD 104 (2021) 022002]

✦ Fix breaking energy at 
 TeV; consistent with  

IceCube HESE and Cascade 
data + Fermi-LAT IGB.

Eb = 25

✦ In situ neutrino spectrum 
normalisation  via matching 
with IceCube measurement:

N0
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more recent works may further enhance the expected ALP-

induced gamma-ray flux from star-forming galaxies with respect
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star formation rate density taken from [H. Yuksel, APJ L. 683 (2008)]
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Deriving the axion-like particle contribution
✦ Photon-ALP mixing in star-forming galaxies according to transfer matrix method 

implemented in gammaALPs. [M. Meyer+, "gammaALPs" (2021)]

✦ Average over multiple realisations of galaxies at given redshift . [H. Vogel+, arXiv:1712.01839 (2017)]z

interstellar medium

redshift evolution of quantities

intergalactic radiation fields

galactic magnetic fields 
            (regular)

coherence length: 
 Ldom ∼ 1 kpc

typical magnetic field strength: 
| ⃗B | = (5 ± 3) μG

[A. Fletcher, ASP Conf. Ser. 438, 197 (2011)]

spatial extension: 
 RB ∼ 10 kpc
[M. Krause+, A&A 639, A112 (2020)]

electron density at : 
 

z = 0
ne ∼ 0.05 cm−3

[R. Beck+, Galaxies 8, 4 (2019)]

15

Appendix A: Modeling the gamma-ray contribution1201

from a synthetic Galactic source population1202

The model developed in Ref. [62] is based on the num-1203

ber density ⇢ and luminosity function L of a synthetic1204

Galactic population according to:1205

dN

d3r dLTeV
= ⇢(r) ⇥ L(LTeV), (A1)

where the axially symmetric ⇢(r) is defined as the prod-1206

uct of the radial pulsar distribution reported in Ref. [63]1207

and an exponential function1208

⇢(r) ⇠

✓
r

r�

◆B

exp


�C

✓
r � r�
r�

◆�
exp

✓
�

|z|

H

◆
,

(A2)
with r� = 8.5 kpc, B = 1.9, C = 5.0 and H = 0.21209

kpc. The values of the parameters B and C correspond1210

to the best-fit for Model C in Ref. [63], which is coined1211

therein as the optimal model describing the distribution1212

of pulsars in the Galactic disk.1213

The luminosity function L characterizes the intrinsic1214

luminosity distribution of all objects constituting the1215

synthetic TeV-bright population. It reads:1216

L(LTeV) =
R⌧(↵ � 1)

LTeV,max

✓
LTeV

LTeV,max

◆�↵

(A3)

Here, LTeV refers to the gamma-ray luminosity of an in-1217

dividual object of the population in the energy band from1218

1 to 100 TeV. The free parameters of this expression1219

have been derived in Ref. [64] from the H.E.S.S. Galactic1220

plane survey results and its resulting source catalog [115].1221

We adopt the nominal values as stated by the authors,1222

i.e. LTeV,max = 4.9 ⇥ 1035 erg s�1, ⌧ = 1.8 ⇥ 103 yr and1223

↵ = 1.5. Besides, this “reference scenario” the authors1224

of Ref. [64] provide a more aggressive set of parameters1225

that generates slightly larger fluxes. However, we will1226

not make use of the latter for the sake of remaining con-1227

servative in our final ALPs limits.1228

To translate the intrinsic luminosity of each source1229

into a gamma-ray flux �, we have to assume an aver-1230

age gamma-ray spectrum '(E). To this end, we select a1231

power law with exponential cuto↵1232

'(E) = K0

✓
E

1 TeV

◆��

exp

✓
�

E

Ec

◆
, (A4)

where the value of K0 follows from the requirement that1233

Eq. A4 is normalized to one when integrated from 1 TeV1234

to 100 TeV. The spectral parameters � and Ec are free1235

parameters of the model.1236

As a last step, we obtain the cumulative flux �sTH of1237

all TeV-bright sources below a detection threshold STH1238

via1239

�sTH(E) = '(E)

STHZ

0

�TeV
dN

d�TeV
d�TeV, (A5)

where the di↵erential number of sources per unit flux1240

�TeV
6 is directly related to Eq. A1 under the change of1241

variable LTeV = 4⇡d2�TeVhEi and integrating out the1242

spatial dependence by substituting the boundaries of the1243

region of interest for a particular instrument and data set1244

(see Ref. [64] for further details). In this framework, d is1245

the distance of an object to the Earth, while hEi refers to1246

the average photon energy of a source in the population1247

given the assumed average spectrum '(E) and energy1248

band from 1 to 100 TeV, i.e.:1249

hEi =

R 100 TeV
1 TeV E'(E) dE
R 100 TeV
1 TeV '(E) dE

. (A6)

Appendix B: Fundamentals of photon-ALP mixing1250

The physics of mixing between photon and ALP states,1251

i.e. the Primako↵ process, follows directly from the La-1252

grangian in Eq. 1. In what follows, we do not aim at1253

giving a precise re-iteration of the formalism that has1254

been developed and refined over the last decade(s) but we1255

emphasize the basic equations and ingredients that are1256

necessary to calculate the probability that photon states1257

undergo a conversion into ALPs and vice versa. More1258

complete and rigorous treatments of both the physical1259

and the mathematical aspects of ALP propagation and1260

conversion can be found – without the intent of providing1261

an exhaustive list – in Refs. [37, 75, 78, 89, 90, 116].1262

The Primako↵ process requires the existence of an ex-1263

ternal magnetic field B with a non-vanishing component1264

B? transversal to the propagation direction of an ini-1265

tial photon or ALP state. Without loss of generality,1266

we assume that the initial state with energy E propa-1267

gates in ẑ-direction while the magnetic field is described1268

according to B? = B (cos ✓, sin ✓, 0)T such that cos ✓ is1269

the polar angle between the direction of the transversal1270

magnetic field B? and the x̂-direction of the transversal1271

plane spanned by x̂ and ŷ. Let Ax and Ay denote the1272

respective photon polarization states.1273

In this setting, the evolution/propagation in ẑ-1274

direction of a pure photon-ALP state is given by [37, 75]1275

1276

i
dA

dz
=

✓
Hdis �

i

2
Habs

◆
A, (B1)

where A =
�
A?, Ak, a

�T
defines the three-component1277

wave function that contains the ALP state a and the1278

two photon polarization states in the transversal plane1279

denoted by A? (perpendicular to the direction of B?)1280

and Ak (parallel to the direction of B?). The photon1281

polarization states are a linear combination of Ax and1282

6
Note that the flux variable �TeV is again valid for the energy

band from 1 to 100 TeV.
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ALP propagation
Assume properties of  
prototypical star-forming  
galaxy: Milky Way + CMB 
(UV, optical, IR radiation fields)
[J. Schober+, ApJ 827, 109 (2016) ]

 with | ⃗B | ↑ z ↑

radiation field evolution

[J. Schober+, ApJ 827, 109 (2016)]

[J. Schober+, MNRAS 446, 2 (2015)]

all length scales: 

electron density: 

(1 + z)−1

(1 + z)3
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FIG. 3. Gamma-ray spectra of the emission components used to fit the Tibet AS� [53] (ROI: 25� < ` < 100�, |b| < 5�;
left) and HAWC data [6] (ROI: 43� < ` < 73�, |b| < 4�; right) of the Galactic di↵use emission (red). Light purple lines
display the expected contribution of the interstellar emission (IE) either in a minimal (dashed) or maximal (solid) scenario
whereas the component arising due to subthreshold sources is marked with a solid green line (↵ = �2.6, Ec = 300 TeV,
STibet

TH = 10%SCrab(> 100 TeV), SHAWC

TH = 2%SCrab([10, 100] TeV)). The corresponding total astrophysical gamma-ray
emission is denoted by dark purple lines adhering to the same IE line style. Note that we display here the theoretically
predicted spectra for ga�� ⌘ 0. For comparison, we add as an orange solid line an example of the derived ALP-induced
gamma-ray flux normalized to the value corresponding to the upper limit in the MAX scenario for an ALP of ma = 100 neV.
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FIG. 4. 95% C.L. upper limits on the ALP-photon coupling strength ga�� as a function of the ALP mass ma derived from
the combined analysis of the Tibet AS� (25� < ` < 100�, |b| < 5�) and HAWC measurement (43� < ` < 73�, |b| < 4�) of the
di↵use gamma-ray flux along the Galactic plane. Left: Dependence of the upper limits on the choice of the IE model. The
yellow-shaded region illustrates the constraints derived for the MIN scenario of the “�-optimized” IE model from [10] while the
enlarged black-hatched region denotes the improvement of upper limits if the MAX scenario of the same theoretical model is
realized in nature. Right: Uncertainty on the constraints arising from the two scenarios for the evolution of the magnetic field
strength in extragalactic neutrino sources described in Sec. IV. The black-hatched region displays the limit in scenario (i) for
the case of maximal IE (as in the left panel) whereas the yellow region illustrates the loss of sensitivity when instead scenario
(ii), a constant magnetic field strength throughout the history of the universe, is assumed. For comparison, we show various
constraints on ALPs derived from di↵erent observables relevant in the very-high-energy regime: HAWC TeV blazars [102],
Fermi-LAT measurements of the spectra of NGC 1275[103], H.E.S.S. searches for irregularities in the spectra of PKS 2155-304
[104], combined ARGO-YBJ and Fermi-LAT observations of Mrk 421 [105] as well as the non-observation of gamma rays from
SN1987A [106]. Besides these gamma-ray probes of ALP presence, we display the upper limits derived from the helioscope
experiment CAST [107], whose constraints overlap with an independent constraint from an analysis of the number of stars in
the horizontal branch in old stellar systems [108] and a constraint due to the non-observation of polarization features in the
emission of white dwarfs [109]. This plot and the collection of current ALP upper limits have been generated with the software
and library provided by Ciaran O’Hare [36].

clei in galaxy clusters NGC 1275 and PKS 2155-304, see808

the discussion in [110]. Our approach o↵ers a comple-809

mentary, independent, probe of the ALP parameter space810

accessible by current gamma-ray telescopes, and extends811

it to higher masses progressively closing the gap up to812

ADMX limits [111].813

✦ Uncertainty due to modelling of interstellar emission:
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clei in galaxy clusters NGC 1275 and PKS 2155-304, see808

the discussion in [110]. Our approach o↵ers a comple-809

mentary, independent, probe of the ALP parameter space810

accessible by current gamma-ray telescopes, and extends811

it to higher masses progressively closing the gap up to812

ADMX limits [111].813

—> Uncertainty between minimal and maximal IE  
       around a factor of 1.5

—> Even in minimal scenario, competitive  
       constraints.

—> ALPs-only constraints worse by a factor of 3.

✦ Uncertainty due to redshift-dependence of magnetic fields in star-forming galaxies:

—> Formation and evolution of galactic magnetic 
       fields is a subject of ongoing theoretical and  
       experimental research [T. G. Arshakian+, A&A 494, 21 (2009)]  
—> Increase of field strength with redshift by no  
       means necessary. 
—> What happens if it stays constant?  
       Factor of ~1.5 deterioration of limits (since 
       we are not very sensitive to the high-  sky).z

[credit: C. O’Hare, "Axionlimits"]
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