Multimessenger Astroparticle Physics:
A Selective Review

1. Ultra-high energy cosmic rays: Observations

2. Ultra-high energy cosmic rays: theoretical
challenges, multi-messenger aspects

High Energy Neutrinos and Multimessenger Aspects
Axions and axion-like particles as dark matter

. Astrophysical and experimental signaftures
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Auger exposure = 120,000 km? sr yr as of end 2020

Auger 2021, preliminary

TA SD (2019)

« TA TALE (2018)

v TUNKA-133 (2020)

» Yakutsk (2015)
Ice Top (2019)
KAS. Gr. EPOS-LHC (2015)
KAS. Gr. QGSII-04 (2015)
Tibet-III (2008)

+ GAMMA (2014)
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Phys. Rev. Lett. 125 (2020) 121106 . o
Phys. Rev. D102 (2020) 062005 taken from R. Engel, Pierre Auger highlights, ICRC 2021

submitted to Eur. Phys. J. C (2021) (Vladimir Novotny)
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Some Air Shower Physics

%
NG

leading pion cascade electromagnetic
baryons cascade

Fig. 5.2 A sketch of the first two generations of an hadronic cascade in the Heitler
Matthews model [232] (left part) and of the first few generations of the electromag-
netic cascade in the Heitler model [229] (right part). After each hadronic interaction
length X¥(E) the leading baryon produces N.j(E) charged pions and N.x(E)/2
neutral pions. Neutral pions decay into two y—rays instantaneously whereas charged
pions interact again after column depth ~ X¥ (F), producing further pions. High en-
ergy y—rays produce electron-positron pairs after one radiation length X,. which in
turn recreate y—rays by bremsstrahlung after a similar length scale.

In this simple picture for a
primary energy E, the depth of
shower maximum is the depth of
first interaction Xo

plus the radiation length X: times
the number of generations n,

>(max o ><O + Xr IOg (Ep/Ec)

where E. is some critical energy
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The Pierre Auger Observatory

o Ty P4 &=
4 o * =

| Radio antenna array
=1 (153 antennas, 17 km2) ...

ooooooooo
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ooooooooooooooooooo

Sub-array of 750 m

Underground muon &=
detectors (24+) | S

ooooo
oooooooo

Pierre Auger Observatory
Province Mendoza, Argentina

(63 stations, 23.4 km?2) |°.°."."."."

Links to contributions at ICRC

ooooooooooooo

High elevation telescopes (3)

More than 400 members,
98 institutes, 17 countries

~N

(Christoph Schéfer)
(Andrew Puyleart)

4 fluorescence detectors
(24 telescopes up to 30°)

LA"J

Southern hemisphere: Malargue,
Province Mendoza, Argentina

1665 surface detectors:
water-Cherenkov tanks
(grid of 1.5 km, 3000 km?2)

Water-Cherenkov
detectors and

Fluorescence
telescopes




Nucleons can produce pions on the cosmic microwave background
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Length scales for relevant processes of a typical heavy
nucleus
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Hillas plot

IIIIIIIII|I
magnetar

upstream

P, >> P,

shock front

Fractional energy gain per shock crossing ~ ui - u2 on a time scale r,/us, .

Together with downstream losses this leads to a spectrum E™9 with q > 2 typically.
Confinement, gyroradius < shock size, and energy loss times define maximal energy
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Given the observed spectrum
E-23, this can be interpreted
as photons from m0 decay
produced in pp interactions
where the TeV protons have
the same spectrum and could
have been produced in a SN
event.

Note that this is consistent with the source spectrum both expected from
shock acceleration theory and from the cosmic ray spectrum observed in the
solar neighborhood, E-27, corrected for diffusion in the galactic magnetic

field, j(E) ~ Q(E)/D(E).



Some general Requirements for Sources

requires induction

Accelerating particles of charge eZ to energy E,_ .,

e>E,__/eZ. With Z,~ 1001 the vacuum impedance, this requires
dissipation of minimum power of

2

C E ;
Linin ~ =— = 10% 272 | —= o
& (1020 eV) 30

This .Poynting" luminosity can also be obtained from L, .. ~ (BR)? where BR is
given by the ,Hillas criterium™:

/N
1020 eV

BR>3x 10" 1T & < > (Gauss cm

where T is a possible beaming factor.
If most of this goes into electromagnetic channel, only AGNs and maybe
gamma-ray bursts could be consistent with this.
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A possible acceleration site associated with shocks in hot spots of active galaxies

Core of Galaxy NGC 426l
Hubble Space Telescope

Wide Field / Planetary Camera

Ground-Based Optical/Radio Image HST Image of a Gas and Dust Disk

/|

380 Arc Seconds - 17 Arc Seconds
88,000 LIGHTYEARS 400 LIGHTYYEARS




Or Cygnus A
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Depth of shower maximum Xmax and its distribution contain information on
primary mass composition

Auger level

~d

x10
6000 Iron & 80
i Proton § o
. Gamma =
5000 g o
» > 50
: 2
4000} x
L, 30
N | | | ' |||/ S | | | | | - A QGSJETO1
3000} 20 .- Sibyliz 1
L 10 — EPOSV1.99
2000 % 0.1 02 03 0.4 0.5 0.6 0.7 0.8 0.9 1
. proton fraction
1000 -— FIGURE 1. RMS(Xnax) from different hadronic interaction
& models [23] and a two-component p/Fe composition model
[ (E =10"% eV).
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Pierre Auger data suggest a heavier composition toward highest energies:

Energy [eV] Energy [eV]
1018 1019 1020 1018 1019 1020
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- ¢ Auger FD, ICRC (2019)
| { Auger SD, ICRC (2019)
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oo T 0'sys

igyll2.3c

Slet-11.04 -
I

20
Ig(E [eV]) 1g(E [eV])
taken from R. Engel, Pierre Auger highlightq, ICRC 2021

Important: LHC-tuned inferaction modefS used for interpretation

(Phys. Rev. D90 (2014), 122005 & 122005, updted ICAC 2019) (Phys. Rev. D96 (2017), 122003)

potential tension with air shower simulations and some hadronic interaction models
because a mixed composition would predict larger RMS(Xmax)

but not confirmed on the northern hemisphere by HiRes and Telescope Array
which appear consistent with protons
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Muon number measured are systematically higher than predicted

Hybrid events and inclined showers

O Epos.Lic B =106V, 6 = 67 Muon counters and vertical

- QGSJetIl-04
~* SIBYLL-2.3d

E =10"¢V,
0° < f < 45°

O EPOS-LHC
O QGSJetll-04

700 720 740 760 600 625 650 675 700 725
-2 y
(Xmax) / g cm Xma.\:>/g cm 2

(Phys. Rev. Lett. 117 (2016) 192001, (Eur. Phys. J. C80 (2020) 751)
Phys. Rev. D91 (2015) 032003)

Pierre Auger Collaboration highlights, R. Engel, ICRC 2021

leading pion cascade electromagnetic
baryons cascade

The muon number scales as

NM X Ehad X (1 e fwo)N :

with the fraction going into the electromagnetic channel f,o ~ é— and the number
of generations N strongly constrained by X,,.x. Larger IV, thus requires smaller

fro ! The production of p° could also play a role.
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EPOS-LHC QGSlJet-11.04
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D. Soldin, arXiv:2108.08431, ICRC 2021

Figure 5: Linear fits to the Az = z — znass distributions, as described in Eq. (3). Shown in the inset are
the slope, b, and its deviation from zero in standard deviations for an assumed correlation of the point-wise
uncertainties within each experiment. Examples of the fits are shown for a correlation of 0.0, 0.5, and 0.95.

de
In <Nﬂ> — In <N’u,1;[> (lnA)
C e 56
In <Ng,fge> —In <N;},pt>

Az =

where N, is the measured muon number, N/feit

is the muon number predicted to be

detected for species i and (In A) is composition deduced from measured X_ .. A

consistent hadronic model would give Az = 0 within the superposition approximation.
24




Cross section (proton-air) [mb]

[mb]

;e (Proton-Proton)

Equivalent c.m. energy \s,
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[TeV]
10 10?

0.9TeV 2.36TeV

Ty

7TeV 14TeV

Nam et al. 1975 [30]
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Mielke et al. 1994 [32]
Knurenko et al. 1999 [19]
Honda et al. 1999 [20]
Belov et al. 2007 [18]
Aglietta et al. 2009 [33]
Aielli et al. 2009 [34]

—@— This work

m S gn o O @0 4 > O

IIl‘_;|lIII|IIII|IIII|IIII|II

LHC

= == QGSJetO1c

== QGSJetll.3

—— - Sibyll 2.1
Epos 1.99

=

1012 1013 1014 1015 1016 1017 1018 1019
Energy [eV]

1 020

-@- ATLAS 2011
-~ CMS 2011
=¥ ALICE 2011
—& TOTEM 2011
- UA5

—k— CDF/E71O

|IIII} III|IIII|IIII|IIII|IIII|IIII|IIII|II

! ! III\I‘|
L4
.
.
. .
K
. %

- === QGSJetO1
= QGSJetll.3
— = Sibyll2.1
Epos1.99
— . Pythia 6.115
TEIEY Phojet

104
\'s [GeV]

10°
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Pierre Auger Collaboration, PRL 109, 062002
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Fig. 5.8 The energy dependence of the average logarithmic mass predicetd by var-
ious models, as indicated and explained in more details in the text. The grey band
represents the combined uncertainties resulting from systematic experimental errors
and hadronic model uncertainties, based on data such as the ones shown in Fig. 5.7.
The first minimum in (In A) at ~ 3 x 10'° eV corresponds to the CR knee and the
first maximum in (In A) at ~ 1017 eV corresponds to the second knee. Both the knee
and the second knee could signify a rigidity dependent Peters cycle either due to the
maximal rigidity reached at acceleration in supernova remnants or due to a transi-
tion to a propagation regime leading to faster CR leakage from the Galaxy. Finally,
the second minimum in {In A) at ~ 5 x 10'® eV signifies the ankle. Compare the CR
spectrum shown in Fig. 5.6. Inspired by Ref. [231].
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Indications of "Peters cycles”
for galactic and extragalactic
sources whose maximal
energies are proportional to
the charge Z and extend up to
~ 1017 and 1020 eV, respectively

G. Sigl, book "Astroparticle Physics:
Theory and Phenomenology”, Atlantis
Press/Springer 2016

see also K.-H.Kampert and M.Unger,
Astropart.Phys. 35 (2012) 660



Interpretation of flux and composition data (i)

Mass composition at Earth
1038 1 1 1 1 1

1)

J-E3(eVPkm™?2sr tyr-
'—I
o

19.0 19.5 20.0

logi0(E/eV)

18.5

Different model scenarios considered for low-energy part

(transition to galactic component), similar results for total composition obtained

1,
exp (1 -

E < Zj - Reu;
ZAI-ERcut) , E>Za- Reyt.

Extragalactic index very hard, but no really good handle on this parameter

taken from R. Engel, Pierre Auger highlights, ICRC 2021
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Spectrum and Composition

fits to spectrum and composition for a homogeneous source distribution neglecting
deflection (which generally is a good approximation for the solid angle integrated
flux) tend to favor very hard injection spectra with low cut-off rigidities

]
600

500
400
300

200
-15-1-050 05 1 15 2,25

1 1.5 2 25 0

Y

Pierre Auger collaboration, JCAP 1704 (2017) 028 [arXiv:1612.07155]

Figure 1. Deviance /D — Dnpin, as function of v and log;y(Rcut/V). The dot indicates the position
of the best minimum, while the dashed line connects the relative minima of D (valley line). In the
inset, the distribution of Dpin in function of v along this line.

AugerPrime extension aims at event-by-event measurement of composition; other
future experiments include space-based missions JEM-EUSO, POEMMA,
28



Amplitude and phase of
dipole as function of energy

O. Deligny, Astropart. Phys. 104 (2019) 13
[arXiv:1808.03940]

energy [eV]

10!9
energy [eV]

et ARG O-YBJ e R 1 €1@SCOPE AmTay*
. TiDE1-ASY . BN . KASCADE-Grande” i Auger*
Milagro il MACRO M. Haverah Park® s AUQET

Super-K . EAS-TOP e . Y AKUSK® (*) upper limits

Figure 7: Amplitude (top) and phase (bottom) measurements of the first harmonic in right ascension as a
function of energy, from various reports. Amplitudes drawn as triangles with apex pointing down are the
most stringent upper limits up to date in the considered energy ranges.
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Do Cosmic Ray Anisotropies at 1-100 TeV reveal the
Sources ?

IceCube Preliminary
*:EA“‘ .‘t:;" ; ..' i B A

Observed by Milagro, ARGO-YBJ, IceCube

3 -2 1 0 1 2 3
Relative Intensity [ x107*]

Observed level ~ 10-3 is surprisingly high
@20 TeV after dipole subtraction and difficult to explain:

P. Desiati et al, ICECUBE collaboration, arXiv:1308.0246
wrong structure for Compton-Getting effect

too large for sources like Vela and beyond (> 100
pc) because gyro-radius < 0.1 pc

propagation mode, magnetic field structure ?

30
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B. Bartoli et al, ARGO-YBJ collaboration, arXiv:1309.6182 \ N\



' 4

Anisotropy Péﬁerns are strongly Energy dependent

lceCube-59 ‘» lceCube-59

-1.5 -1 -0.5 0 0.5 1 1.5 -1.5 -1 -0.5 0 0.5 1 1.5
AN/N [x1073] AN/N [x107?%]
@20 TeV @400 TeV

lceTop-59/73/81

-3 -2 -1 1 2 3 1.5 -1 0.5 05 1 1.5
Relative intensity [ x107°] Relative intensity [ x1073]
@400 TeV @2 PeV

The anisotropies may reflect the structure of the magnetic field within one scattering
length (on magnetic inhomogeneities) around the observer. This structure is "missed”
in the diffusion approximation which averages over magnetic field ensembles.

G.Giacinti and 6.Sigl, PRL 109 (2012) 071101, M.Ahlers, arXiv:1310.5712
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A Significant Anisotropy around 8x1018 eV is now seen

c : ! ! ! ! I ! ! ! :
0.006:} I | 1 l I | | | | | | | _: 40000:_ Isotropy E>8FEeV —
0.005} E>8EeV [Jeewcu. 35000 =
[ & Auger Data | - =
0.004} : 30000F- E
: : &f o = =
< 0.003} -. £ 22000 ]
) : ; 3 20000 —
0.002} ] (& = =
; 15000 -
0.001} * $ ; . ] 100005 99% C.L. Auger Data -
. o ba = E
i % : 5000 | =
—0.001(;' T b 1Y .1....L__,_:
5 10 15 20 25 30 35 40 45 50 55 60 65 0 0.5 1 15 > 55 3

4 D?-value

Figure 3: Angular power spectrum for £ > 8 EeV. On the left a clear indication for a departure from
isotropy is captured in the dipole scale. On the right the D?-value distribution from 1,000,000 isotropic
sky maps is shown. The D?-value from data, represented by the black (dashed) arrow, is larger than
the threshold of isotropy presenting an indication of anisotropy with > 99% C.L..




Fig. 3. Map showing the fluxes of particles in Galactic coordinates. Sky map in Galactic
coordinates showing the cosmic-ray flux for £ > 8 EeV smoothed with a 45° top-hat function.
The Galactic center is at the origin. The cross indicates the measured dipole direction and the
contours the 68% and 95% confidence-level regions. The dipole in the 2MRS galaxy

distribution is indicated, while arrows show the deflections expected for a particular model of
the Galactic magnetic field (8), for £/Z=5 EeV or 2 EeV.




Anisotropy searches at highest energies — catalogs

B(E , ., > 41 EeV) [km™” sr'yr] - Galactic coordinates - W = 24° All data until end of 2020, optimized quality cuts: 120,000 km?2 sr yr
x10°

Catalog En [EeV] W[deg] «a[%] TS Post-trial p-value

All galaxies (IR) 40 2476 15t 182 6.7 x 107

Starbursts (radio) 38 2511 9*¢ 2438 3.1x107

All AGNs (X-rays) 41 2778 8% 193 4.0x 107

Jetted AGNs (y-rays) 40 23*% 6%, 173 1.0x 1073

Year
2006 2008 2010 2012 2014 2016 2018 2020
I T T
30— — Starburst galaxies (lradio) - Elth =38 EeIV
e L —— Jetted AGN (y-rays) - E =40 EeV
C —— All AGN (hard X-rays) - E,, = 41 EeV
NuC b 25 __ Galaxies > 1 Mpc (IR) - E:: - 40 EeV @ 4.00
£ ~ : o [}
Direction fixed to that of Cen A, free E, and ¥ w 20; — Centaurus region - E, = 41 EeV N"'\" %
E,>41EeV, ¥ =27 3.9|o post-trial deviation from isotropy (5% excess) 2 - M ‘ g 310
8 15 ' : . .
" C — 8
, § - / Zla 1 3
Starburst galaxies (radio) - expected ®(E, > 38 EeV) [km? sriyr] o 10— |2 £
uger C rl|o = )
C N o
50 218 1
0 R | I I I I I | i I | I F 0

Auger exposure > 32 EeV [10° km? yr st]

Growth of test statistic (TS) compatible with linear increase
Discovery threshold of 56 expected in 2025 — 2030 (Phase Il)
Other means to increase sensitivity (Auger 85% sky coverage)
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Lobes of Centaurus A seen by Fermi-LAT

-
=

2 :
: o :

1350 1370™ 13730 1320"  13%10™ 13007 137%0" 1370 13"30"  13"20" 130" 13007
Right Ascension (J2000) Right Ascension (J2000)
counts ﬁ . ' COUNMS m

00 250 1000 2250 400.0 00 250 1000 400

> 200 MeV vy-rays Radio observations
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Core of Centaurus A seen by Fermi-LAT

| FGL J1320.1-4007
4-4086 €@ 1FGL J1307.0-4030

O
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+
1 FGLJ1304.3-4352

8]
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@ 1FGL J1322.0-4515
1

1FGL J1304.0-4622

(
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Can be explained by synchrotron self

Compton except for HESS observation
36

Abdo et al., (Fermi LAT collaboration), arXiv:1006.5463



entaurus A as Multimessenger Source:
A Mixed hadronic+leptonic Model

Sahu, Zhang, Fraija, arXiv:1201.4191 /"4
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TeV-y-rays: py interactions of shock-accelerated protons
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Constraints on UHECR sources

i Galaxy

Lac clusters

Jetted TDEs

Starburst
galaxies 'HL GRBs ~

' LL GrBB.

1078 107 10=* 1072 109
Effective number density [Mpc™3]

[arXiv:1903.06714]
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luminosity versus
number density for
continuous sources or
(total energy
released)/T versus
(rate per volume)*T
for intermittent
sources with
effective time delay
T=3x10%y:

diagonal lines from
UHECR flux, minimal
number density from
lack of significant
UHECR clustering

Open Questions in Cosmic Ray Research at ultra-high energies”, Front.Astron.Space Sci. 6 (2019) 23



3-Dimensional Effects in Propagation

Galaxy (disk + halo) vicinity of the
| 1k pc x 10kpc | | .

scattering centers
(radio halos,
galactic winds, ...)

’17ﬁpc‘

Kotera, Olinto, Ann.Rev.Astron.Astrophys. 49 (2011) 119

5-10 Mpc /

source

source
environment
(cluster)

magnetic field
in voids?




Extragalactic Magnetic Field Filling
Factors from recent Simulations
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Alves Batista et al, PRD 96 (2017) 023010 [arXiv:1704.05869]




Extragalactic iron propagation produces nuclear cascades in structured magnetic fields:

Initial energy 1.2 x 102! eV, magnetic field range 10-15 to0 10-¢ 6. Color-coded is
the mass number of secondary nuclei
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CRPropa 2.0/3.0

Sources :
— discrete

— continuous

Injection :
—single E
— power law

| Propagation :

| _ Interactions

| _ Neutral secondaries
I _ Deflections in 3D

| _ Redshifts in 1D

Observers :

— Origin of

coordinates

— Spheres
around the
sources

— Small spheres
in the box

_______________ ;

SourceModel
Spectrum
Evolution
Direction
Composition

Module List

Galactic
lensing

Boundary
" Candidate l

position, type, ...
Q isActive?
Interaction

Observer

Deflection

Tabulated data External libraries Magnetic field
Infrared background SOPHIA Uniform
Radio background DINT Grid

Version 1.4: Eric Armengaud, Tristan Beau, Giinter Sigl, Francesco Miniati,

Astropart.Phys.28 (2007) 463.
https://crpropa.desy.de/Main Page

https://github.com/CRPropa/CRPropa3/

Version 2.0: Luca Maccione, Rafael Alves Batista, David Walz, Gero Miiller,

Nils Nierstenhoefer, Karl-Heinz Kampert, Peter Schiffer, Arjen van Vliet

Astroparticle Physics 42 (2013) 41
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http://apcauger.in2p3.fr/CRPropa/index.php
https://github.com/CRPropa/CRPropa3/

Discrete Sources Iin nearby
large scale structure

Baryon density
- :

43



Building Benchmark Scenarios

_ EOsys

*#

iron

Intensity [normalized] 18.0 185 19.0 195 20.0 20.5
loglO(E/eV)

combining spectral and composition information with anisotropy can considerably
strengthen constraints on source characteristics, distributions and magnetization
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The .grand unified" differential neutrino number spectrum

solar neutrinos

terrestrial anti—neutrinos

relic neutrinos
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SN 1987A

AGN neutrinos

GZK neutrinos

10° 10°
El/

G. Sigl, book

"Astroparticle Physics:
Theory and Phenomenology”,
Aftlantis Press/Springer 2016




Summary of neutrino production modes

Active galactic nucleus

Shock
fronts

Target Target

nucleus
or ¥y

Vo Vi vy

P Ve Ve Yy

From Physics Today




The IceCube Neutrino Observatory

IceCube Lab
e S - IceTop
e B S S 81 stations
- 51 60 PMTS SOm = '.-°_-:.-:.' ----------- 324 optical sensors
* 1km3 volume
IceCube Array
. 86 stri including 8 DeepCore stri
* 86 strings 5160 oplical sensors
« 17 m vertical spacing
* 125 m string spacing
450m |
. Completed 2010 DeepCore
8 strings—spacing optimized for lower energies
« Fully operational since 2011 / s oo
Eiffel Tower
*J 324 m
2450 m
2820 m

The first decade of discoveries
. Bedrock _ 4

taken from M. Kowalski, IcCube, ICRC 2021




Neutrino Signatures in IlceCube

Electron neutrinos: Tau neutrinos: Muon neutrinos:
isolated cascades “double bang” track-like events

The first decade of discoveries




— a0, Ve + Components of the Diffuse Spectrum
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astrophysical and atmospheric neutrinos also have a different angular distribution:

astrophysical roughly isotropic whereas atmospheric peaked at horizontal because

least attenuation and largest pion decay probability
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IceCube neutrinos should be produced mostly within sources, not during propagation

BL Lac/FSRQ . o
Progenitor | Preburst Burst Afterglow

¢ 50-53 formation Y —rays local medium
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Neutrino Fluxes from Gamma-Ray Bursts

GRBs are optically thick to charged cosmic rays and nuclei are disintegrated
=> only neutrons escape and contribute to the UHECR flux by decaying back
into protons

Diffuse neutrino flux from GRBs can thus be linked to UHECR flux (if it is
dominantly produced by GRBs)

(B,) ~ -8y ()

My My
where 1, ~ 0.1 is average neutrino energy in units of the parent proton energy.
Above ~ 1017 eV neutrino spectrum is steepened by one power of E , because pions/
muons interact before decaying

Correlation studies with GRBs now constrain the GRB contribution to observed
diffuse neutrino flux to < 1%, see IceCube collaboration ApJ 824 (2016) 115
[arXiv:1601.06484]; the relation above then also implies subdominant contribution
of GRBs to ultra-high energy cosmic rays
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A combination of the measured diffuse flux with upper
limits on individual sources constrains neutrino source type

| — CCSN-like
| — GRB-like

o170 Of CCSNe
NS-NS merger

10° 10
source rate at z=0 [Mpc *yr ']

FIG. 2: Limits on the median source energy (90% c. 1.)
emitted in neutrinos between 100 GeV and 10 PeV within
100s. The area above the bands is excluded for CCSN-like
(orange) and GRB-like (gray) populations respectively. The
upper edge of the limit corresponds to an £~ % neutrino spec-
trum and the lower one to an E~%'? spectrum. The dashed
lines show which source energy corresponds to 100% of the
astrophysical flux for an E~%° spectrum. The corresponding
lines for an E~ %' spectrum would be lower by a factor of
13. The rate of long GRBs, NS-NS mergers and CCSNe is
indicated. Beaming is included for long GRBs, but not for
NS-NS mergers or CCSNe due to the unknown jet opening
angles.




Sensitivity of existing and future experiments to ultra-high energy neutrinos
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Figure 6. Pierre Auger Observatory upper limit (90% C.L.) to the normalization k of the diffuse flux
of UHE neutrinos ¢, = k E;? as given in eqgs. (4.2) and (4.3) (solid straight red line). Also plotted
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isotropic 7y-ray high-energy « ultra-high energy

background neutrinos ,. ™, cosmicrays
(Fermi) (IceCube) proton (£ ) .'l.. (Auger)

calorimetric
ime 1‘3

.
.
.
.
.
.

- cosmogenic ., @

v+

energy E [GeV]
M. Ahlers, arXiv:1811.07633

Figure 1. The spectral flux (¢) of neutrinos inferred from the eight-year upgoing track analysis (red fit) and
preliminary results of the seven-year HESE analysis [8] (magenta data) compared to the flux of unresolved
extragalactic y-ray sources [10] (blue data) and ultra-high-energy cosmic rays [11] (green data). The v, + ¥,
spectrum is indicated by the best-fit power-law (solid line) and 1o uncertainty range (shaded range). We highlight
the various multimessenger relations: A: The joined production of charged pions (7*) and neutral pions (7°) in
cosmic-ray interactions leads to the emission of neutrinos (dashed blue) and y-rays (solid blue), respectively. B:
Cosmic ray emission models (solid green) of the most energetic cosmic rays imply a maximal flux (calorimetric
limit) of neutrinos from the same sources (green dashed). C: The same cosmic ray model predicts the emission
of cosmogenic neutrinos from the collision with cosmic background photons (GZK mechanism).
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FIG. 1: Predictions for the diffuse flux (top) of five elemental groups together with the proton (orange errorbars) and total (blue
errorbars) flux from KASCADE, KASCADE-Grande [g] and Auger (black errorbars) ,@], the EGRB from Fermi-LAT (red
errorbars) @, and the high-energy neutrino flux from IceCube (magenta errorbars) [3]; the middle and lower panels compare
predictions for Xmaxand RMS(Xmax) using the EPOS-LHC @] and QGSJET-II-04 [26] models to data from Auger @ Left
panels for only hadronic interactions with o = 1.8, E\j,.xc = 3 X 10" eV and BL Lac evolution. Right panels for both Ay and Ap
interactions with & = 1.5, Emax = 6 x 10'® eV, 777 = 0.29 and AGN evolution. The hadronic interaction depth is normalised

as 7% = 0.035.

a recent "minimal” model that
explains diffuse spectra of
primary cosmic rays, secondary
gamma-rays and neutrinos in
which primary cosmic rays
interact hadronically and/or
photo-hadronically around the
sources

M. Kachelriess et al., PRD 96
(2017) 083006
[arXiv:1704.06893]




Blazars emitting significant neutrino sources should be loud in GeV y-rays, but NOT in y-rays
above TeV.

This is because TeV y-rays pair produce with "blue bump” photons of ~10 eV energy with a
cross section ~o, ~ 1 b about a factor 104 larger than the py cross section that produces the

neutrinos => If loud in > TeV y-rays, optical depth for neutrino production would be very
small.

—
-

—
-
N

accretion disk

"
o

E

O
—
Q,
LL 10
O
s
e
14V
L

1
10% 10'° 10'210'* 10'® 108 10°C

Neronov and Semikoz, Phys.Rev.D66 (2002) 123003
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[ceCube up-goi
TceCube down-gom

e GW(90% CL)
+ NGC 4993
¥ neutrino candidate (IceCube)

| == === [ceCube horizon
— == ANTARES horizon
[ ]Auger FoV (Earth-skimming)

[ ]Auger FoV (down-going)

¢ neutrino candidate (ANTARES)

——

Antares, IceCube, Auger, LIGO, Virgo, ApdJ Lett. 850 (2017) L35 [arXiv:1710.05839]

Figure 1. Localizations and sensitive sky areas at the time of the GW event in equatorial coordinates: GW 90% credible-level localization
(red contour; Abbott et al. 2017c¢), direction of NGC 4993 (black plus symbol; Coulter et al. 2017a), directions of IceCube’s and ANTARES’s
neutrino candidates within 500 s of the merger (green crosses and blue diamonds, respectively), ANTARES’s horizon separating down-going
(north of horizon) and up-going (south of horizon) neutrino directions (dashed blue line), and Auger’s fields of view for Earth-skimming (darker
blue) and down-going (lighter blue) directions. IceCube’s up-going and down-going directions are on the northern and southern hemispheres,
respectively. The zenith angle of the source at the detection time of the merger was 73.8° for ANTARES, 66.6° for IceCube, and 91.9° for

Auger.

curiously, around the time of GW170817 Auger was in "Earth skimming mode" with

maximal sensitivity, allowing relatively strong constraints
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GW170817 Neutrino limits (fluence per flavor: v, +7,)

ANTARES £>00 see time-window main message: most optimistic

models start to be constrained
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Antares, lceCube, Auger, LIGO, Virgo, ApJ Lett. 850 (2017) L35 [arXiv:1710.05839]
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strongly interacting dark matter
Dark Matter
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axions
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sterile neutrinos
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G. Sigl, book "Astroparticle Physics: Theory and Phenomenology”,
Atlantis Press/Springer 2016
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In QCD an additional term of the form

X e 1
L= — 29 =
0 7T

H ™ YV
GG 8t 2

UV AT 1 Qv
€ (;uu AO )

with as the strong coupling constant and 6 a CP-odd constant, is not

forbidden by any symmetry, but would give rise to electric dipole moment
for the neutron

d =3.6x1071%9¢cm

which upon comparing with experimental upper limit gives 6 < 10-10,
A solution would be to promote 6 to a pseudo-scalar field with a Lagrangian

Non-perturbative QCD instantons lead to mixing with pions and gives zero-
temperature potential of the form




expanding in a gives the vacuum axion mass

which can be calculated approximately within the dilute instant approximation
or numerically on the lattice.

Axion-like particles (ALPs) in general have independent mass mq and coupling
fo and often only coupling to photons is considered.
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Axions, the strong CP problem and cosmology

a/fq corresponds to an angular coordinate Unbrokan Symimetry Brokisn Symmetry
which for T > f, exhibits a chiral U(1) i |
shift symmetry, known as Peccei-Quinn
symmetry

spontaneous breaking of global Peccei- ki LG

Quinn symmetry at temperature T < fq: 0 ia(x)/f,
axion would be pseudo Nambu-Goldstone R [f“ A (x)] ¢
boson

axion acquires mass at QCD scale due to
mixing with pions -> tilted Mexican hat,

solves strong CP-problem because axion
field is naturally driven to zero

axion field is frozen for H > mqwith
random values uncorrelated over causal
distances

[Uhlmann et al. "10] [Raffelt]
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Once H < mq axion field starts to oscillate
in its potential and behaves as pressure-

§ ik m, < 3H
less non-relativistic cold dark matter “xion is frozon
when averaged over oscillations:

axion number N,
is conserved

P 0
,0—7+Va(a), P—T—Va(a)

resulting relic density has contributions
from inflationary quantum fluctuations,
possible cosmic string decays and the
misalignment mechanism. The latter
contributes : -~ o~ SH

7 axion starts rolling,

turns into pressureless matter.

ma \ f ’
Q. h?~T74x1071 —= — =) 6.
? (/LeV) ( 1012 GeV) a0

Details depend on the temperature
dependence of the axion mass

[Wantz,Shellard "09]
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fundamental coupling:

2
Yem Ca'y € Ca’y Yem Ca'y

LY nI% nI% Ga~ LV
F, F* = F, FH* = F, F*"W =—aF, F"",
81 fa M 3972 f, K 8 f, M g “hmt

where aey, = €2 /(4mep) and

— aemCa'y
9= "ont.

4 o

v

can give rise to following effects:

* Primakoff conversions between ALPs and photons in background electromagnetic
fields -> shining light through a wall, helioscopes, haloscopes

* modified photon refraction in ALP background -> Mathieu-type equations

* parametric amplification of photon amplitudes in ALP background -> Mathieu-type
equations
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Current Constraints and Future Sensitivities
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https://cajohare.github.io/AxionLimits/

The following is based on GS, Phys.Rev. D96 (2017) 103014 [arXiv:1708.08908]

Energy-momentum conservation: quantities for ALP, photon and magnetic field
carry subscript a, y, or none, respectively:

propagation of converted photons requires mq > wpl. This will be the case for the

objects considered here.
Also assume n. ~ constant here (non-resonant conversion)
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recently K. Kelley and P. J. Quinn, Astrophys. J. 845, 1 (2017) [arXiv:1708.01399]
pointed out the possibility to search for ALP dark matter with radio telescopes;
they used standard magnetic field estimates but assumed most of the power is on
meter scales which is unlikely.

axion
density
breaches
critical
density

axion
coupling
prevents
helium
burning
in stellar
cores

1010
Frequency (Hz)

1011




ALP-photon conversion rate can be written in terms of the magnetic field (static)
power spectrum defined as

1

/d3k|B(k)|2 — /dlnkpm(k),

Using |ky-ka| ~ ky ~ mq and assuming a with total mass
Ma=nhamqoV this giVZS

Integration over the line of sight dl this results in a
[Jansky per steradian where 1 Jy = 10-26 W/(cm2 Hz) = 10-23 erg/(cm? s Hz)]

For example, for a supernova remnant at distance d for which pm(ma)=f(ma)pm SKA
would be sensitive to couplings

Juy 2 2 % 1071° [mo/peV][A/107°]/2[d/(2kpe)] /2 GeV ™/ f ()

Unfortunately f(k) is poorly known and might be <«1 [GS, PRD Phys.Rev. D96 (2017)
103014 [arXiv:1708.08908]]
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Resonant Primakoff Conversion around Compact

Objects

Full conversion (e.g. resonance between ALP mass and plasma
frequency at distance rs from neutron star center) gives

S 222 (72 gm0 ()T (e Y24 )T
T, A \Nd/ T eV 10% cm kpc

see also M.S.Pshirkov, J.Exp.Theor.Phys. 108 (2009) 384 [arXiv:0711.1264] who
obtained higher fluxes, see also A. Hook et al., arXiv:1804.03145, F.P. Huang et al., arXiv:1803.08230

This would be detectable out to ~ pc distances, see also D. Marsh
(Cambridge)
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A. Hook et al., Phys.Rev.Lett 121 (2018) 241102 [arXiv:1804.03145] made a more
detailed calculation of resonant conversion (when plasma frequency matches ALP
mass) around neutron stars which results in

dP(0 = Z,0,, = 0) 5 Garr ?
S xm e 45 x 108 W[ — 2
s : (10—12 GeV_1>

( o )2( My )5/3 By 2/3 p \*?
10 km 1 GHz 1014 G 1 sec

e ) (Mus ) (200 km/s
0.3 GeV/cm?3 1 M, Yo ;

100 pc>2 (1 GHz

d Ma

S=6.7x10"°" Jy (

(200km/s>2[ AP /dS ]

4.5 x 108 W

Vo

Advantage: Depends on plasma and magnetic field structure only through adiabaticity
of conversion (plasma scale height, mixing through magnetic field at resonance)

Line width from one source is order v (ALP energy spread, energy conservation, all

coming from one direction), whereas order v, from ensemble of sources (Doppler

effect)
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A. Hook et al., Phys.Rev.Lett 121 (2018) 241102 [arXiv:1804.03145]

RX J0806.4-4123 QCD Axion
— INS in M54 Bl CAST
—— SGR J1745-2900 (NFW) Bl ADMX
— SGR J1745-2900 (DM spike) ' ADMX Projection

takes into account ALP density enhancement around galactic center (but spike may
hot be realistic)
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FIG. 6. Projected sensitivity to the axion-photon cou-
pling from radio observations. We consider the isolated
NS J0806.4-412 and assume Tons = 100 hrs. The two red lines
correspond to the sensitivity limit for two line broadening
scenarios as described in the text. The red solid line only
accounts for the DM velocity distribution far from the NS
where as the red dashed line also accounts for Doppler broad-
ening from the rotation of the NS magnetosphere. The red
band shows the minimum coupling required to detect the time
variation of the signal (here we neglect Doppler broadening).

resonant axion-photon conversion
from ray tracing simulations:

line width depends on
(complicated) source details

Many more recent works:
R.A. Battye et al,
arXiv:2104.08290,
arXiv:2107.01225

S.J. Witte et al,
arXiv:2104.07670

A.J. Millar et al,
arXiv:2107.07399




Recent proposal to consider cumulative fluxes

e.g. from all neutron stars and magnetic white dwarfs in globular clusters such as
Omega Centauri,

f = m,/(2r) [MHz] f = m,/(27) [MHz]

NS Model 1 NS Model 2

ADMX] Projection
DMX] Projection

aCP poon oo poon

1077 107® 1074 1077 1078 107°
m, [eV] m, [eV]

FIG. 6. The combined projected sensitivity (pure NSs case) to go~ as a function of the axion mass m, for
SKA1 and LOFAR with 100 hours observations of the w Cen is shown in the green band. The green band
contains ten separate sets of NS samples, and its upper and lower boundaries represent the mazrimum and
minimum values, and the black solid line represent the median value. The left panel assumes NS model 1,
wile the right panel takes NS model 2. For comparison, the results of the isolated NS RX J0806.4-4123 and
MWD WD 2010+310 are shown with purple and blue solid lines. The QCD azion is predicted to lie within
the yellow band. The limits set by CAST and ADMX (current and projected) are indicated by the gray and
red regions, respectively.




compare Primakoff conversion rate

1 g d

et RSN
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o (me) ~ 9.7x10°°° (gml()14 GeV)2 (IZZC{/,) <£> flmais 2

Ta Mg,

with spontaneous decay rate

1 gczzfym?z 38 14 % Mg o
e M5 Gl ( ) L
T e 5 x 10 (g ~ 10 GeV) A S

A. Caputo et al., PRD 98, 083024(2018)
[arXiv:1805.08780], see also I.Tkachev,
PLB 191 (1987) 41,

T.W. Kephart and T.J. Weiler,

PRD 52, 3226 (1995)

Conversion —
—
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Spontaneous decay can get enhanced by factor 1 + 2f (m,) in stimulated decay

where f},(ma) is the photon occupation number at the ALP mass (related to

parametric resonance, see below)
A. Caputo et al., JCAP 1903 (2019) 027 [arXiv:1811.08436]

— SKA1-Mid — SKA1-Mid
— SKA2-Mid — SKA2-Mid
m— SKA-Low — SKA-Low
m— H|RAX m— H|RAX

Galactic center

projected sensitivities from Galactic center observations
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Modified Maxwell equations in presence of photon-ALP coupling

Often one uses the coupling g,, = 1/M,.In Lorentz gauge for a wave propagating
in the z-direction with circular polarisation this yields

(0f — 02) AL = % ig,, [(0.)(0,AL) — (0,a)(0.AL)]
In the absence of resonances this can be solved with the ansatz
A (1, 2) = F (1, 21eXp [—ia)t + tkz + iG (1, Z)]
To first order in mq/w and gay this is solved by

8a
o=k, ‘F=const; G & e Tyaa, 2)+fz—1)

for an arbitrary function f(x).
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ALP-Photon Conversion through Parametric Resonance

Tkachev Sov.Astron.Lett. 12 (1986) 305, Pisma Astron.Zh. 12 (1986) 726,
see also M.P. Hertzberg and E.D. Schiappacasse, JCAP 1811 (2018) 004 [arXiv: 1805 00430]

From the modified Maxwell equations for a homogeneous ALP field a(t)=aosin mqt for
a photon momentum mode k one obtains a Mathieu-type equation of the form

s d2 - .
ﬁ + A — Zq COS(2X) Ai =0
X

for the two circularly polarised photon fields A, with x=mqt/2 and

45 ok ‘a
mg GOMa m,

For g<1 (narrow resonance) there are resonances at A = 1 £ g growing with a rate
in x of ~ q/2. The resulting band width is k = m (1 £ g)/2

This corresponds to the crossed spontaneous decay into k=mq./2 photons.

For g>1 other resonances are at A~2q growing with a rate in x of ~1 (probably

not relevant here)
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my

1 eV
Pus—mias — agi= 20 ('M ) keV

which implies a narrow resonance with

3
g~23%x107" (g,- 10" GeV) (”e )

iy,

could give a few e-folds in Galaxy, but extremely narrow line

estimates based on
ao ~ fa2/Mpi -> narrow resonance parameter

04
v G B
"2 Mp 1012 GeV

The radius of an axion star is R~1/(gm.) and the kinetic energy of axions in an axion
star is ~gmqa Therefore, impinging radio photon beams could be enhanced by

Ma q/(Maq) Thus potentially by several e-folds. But detailed numbers suggest

no significant constraints. See also A. Arza, Eur.Phys.J. C79 (2019) 250

[arXiv:1810.03722] Details depend on ALP star structure.
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Also axion stars probably cover too small a fraction of the sky to give observable
effects. On the other hand, if a large fraction of the axion star could be converted
to radio photons [Hertzberg and Schiappacasse, JCAP 1811 (2018) 004
[arXiv:1805.00430], Tkachev, PLB 191, 41]. Note that spontaneous ALP decay

probably not crucial to seed this because radio photons are always around.

Interesting conceptual questions when back reaction becomes important

For example, parametric enhancement is consistent with momentum conservation,
no recoil when photon beam is enhanced:;

See axion dark matter echo effect, A. Arza, P.Sikivie, Phys.Rev.Lett. 123 (2019)
131804 [arXiv:1902.00114]

parametric enhancement is same process as stimulated ALP decay that leads to
exponential growth, see Carenza, Mirizzi, 6S, PRD 101 (2020) 103016
[arXiv:1911.07838]

80



Carenza, Mirizzi, 6S, PRD 101 (2020) 103016 [arXiv:1911.07838] performed a more
detailed calculation of axion condensate decay into photons:

Number of produced photons in mode k:
N (t) = Ni(0)e*! 4+ 2(cosh(Qut) — 1)
Number of converted axions depends on number of photon modes:
AN, ~ NyN|IN,, 5(T) = N,, 5(0)]

where in a clump of size L, N; =~ (Lma)z/(47t) and N, ~ ulL/w, see also R.F. Sawyer,
arXiv:809.01183 and arXiv:1908.04298. To avoid overproduction
of radio background one requires

AN, . Q. (m,/2) Ay

dm ~
N a Qdm 17

which requires

1| Qm,/2) N, Av |

"2 | faSam NN p@ +1) v
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For example, for the axion clumps discussed in Schiappacasse and Hertzberg,
Astropart. Phys. 01 (2018) 037; 03 (2018) EO1 one has.

£
1 144 ga
— s B a g 4 km™!
EoBRLy 105¢v ) \10-11GeV-!
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Photon Propagation on a structured ALP background field
(modified wave equations)

evolution of x-component of photon vector
potential impinging on ALP distribution,
u=x-t, v=x+t

example for a localised ALP over density
profile

preliminary simulations by 6. Sigl
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Numerical Simulations of modified wave equation in an inhomogeneous ALP background
in x £ ¢yt coordinates: Example for m, = 1.,k = 0.5,g,, = 1. (resonance)
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Birefringence in an ALP Background

on small length scales the Mathieu equation leads to the dispersion relation

m_g T
w=kF— ayaocos(mat+ 0),
260

which leads to birefringence with a phase shift

8a \Y
Agp) ~ —ya() ~ 1072 <gay1014 GeV) (,ue > .

€0 m
Note that this does not depend on photon wavenumber and thus any waveband

can be applied. Adding in quadrature phase shifts from domains I. > 1/mq in which
the axion field is coherent (i.e. phase 6 ~ constant) yields

5 1/2 lOkpC 1/2
<Buel0 Agw - - GeV~',
i 2¥% Mo zev d

where Ag is an upper limit on the observed phase shift.

Same effect also used in experimental approaches, e.g. birefringent cavities,
arXiv:1809.01656
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Effect of inhomogeneous ALP backgrounds: stochastic
versus coherent polarisation rotation

The above solution to first order in mqs/w and gay
A, (t,z) = F exp [—ia)(l‘ — 2y dg, a(t, 2) (20 Pl z)]
would imply for the rotation angle
ga;/ ga}’
A0 =—| dsnfoa=— [a te,2¢) — A tl-,Z,-]
: L @ =2 a2 - att, )

Thus, rotation angle would not depend on path, but only on values of ALP field at the
endpoints.

M.A. Fedderke, P.W. Graham, S. Rajendran, Phys.Rev. D100 (2019) 015040 [arXiv:1903.02666]
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FIG. 3. Excluded regions in the mass-coupling parameter space for axion-like dark matter (cf. BK-XII Fig. 6 [1]). All constraints
push the allowed regions to larger masses and smaller coupling constants, i.e., toward the bottom right of the figure. If the
dark matter is assumed to consist entirely axionlike particles, i.e., if & = 1, then our constraints (blue) are immediately implied
by Eq. 4 of BK-XII and the results of Fig. 2. A smoothed approximation is shown in cyan (Eq. 15). The analogous limits
and smoothed approximation from BK-XII are shown in purple and magenta. The orange dot-dashed and dotted lines show
the constraints that would be achieved if the rotation amplitude were constrained to 0.1° and 0.01°, respectively. The green
solid line shows the constraint set by Fedderke et al. [9] from the washout effect (BK-XII Sec. I) in Planck power spectra. The
dashed green line shows the cosmic-variance limit for the washout effect. The dashed grey horizontal line shows the limit from
the lack of a gamma-ray from SN1987A [17]. The solid grey horizontal line is the limit set by the CAST experiment [24]. The
dotted grey vertical line is a constraint on the minimum axion mass from observations of small-scale structure in the Lyman-a
forest [26], and we note that several similar bounds have also been set by other considerations of small-scale structure [27-30].




Other studies used polarisation data from other objects

Observation time

/”l;olarization
J0437-4715

{

ALP DMa !

pulsar timing:

Folding time

SN 1987A

-20 -18
Logqo[ma(eV)]

“1 Linear Non-linear '~ CAST '~ SN1987A []

linearly polarised pulsar light:
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- Polarization washout

—  AC oscillation

CMB polarization:

polarisation of AGN jets:
polarisation of protoplanetary disk emission:
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Another curiosity of birefringence: Chiral light bending

D. Blas et al., Phys.Dark Univ. 27 (2020) 100428 [arXiv:1910.11907] claim that there
is no light bending, separation of different circular polarisations, to any order of

8., S long as the photon frequency @ > m,,
In contrast, J.I. McDonald and L.B. Ventura arXiv:1911.10221 claim this is only true

to linear order in g, and in the presence of background plasma, there is refraction

even in linear order in g,,.
Applications ?
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Conclusions 1

1.) The sources of ultra-high energy cosmic rays are still not identified due to rather small
anisotropies; composition seems to become heavier at the highest energies which appears economic
in terms of shock acceleration power

2.) The observed Xmax distribution of air showers provides potential constraints on hadronic
interaction models: Some models are in tension even when “optimizing"” unknown mass
composition; however, systematic uncertainties are still significant.

3.) IceCube neutrinos already constrain their sources which should be sufficiently numerous:
Gamma-ray bursts are unlikely as main sources

4.) Multi-messenger modeling sources including gagmma-rays and neutrinos start to constrain the
source and acceleration mechanisms
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Conclusions 2

1.) Linelike radio emissions from dark matter-ALP conversion into photons in magnetic fields may
be detectable with current and future radio telescopes such as LOFAR and SKA

2.) However, the most crucial (and least known) parameter is the magnetic field power on the
ALP mass scale which is in the meter regime for peV ALP masses. MHD modes in the presence
of coherent magnetic fields would play an important role but their intensity is currently unclear.

3.) Spontaneous decay (interesting above ~10-> eV) and parametric amplification in ALP stars
are independent of magnetic fields, but the latter depends a lot on ALP star structure and
their formation (not well understood yet but many opportunities for collaboration !)

4.) Resonant conversion around compact stellar objects may give interesting signals less
dependent on magnetic field structure

5.) Birefringence induced in photons propagating in an oscillating axion background should be
wavelength independent (thus also relevant e.g. for X-rays) and could lead to further constraints.
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