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The strong CP problem

Why does QCD seem to conserve charge-parity (CP) symmetry?
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CP violating term in QCD Lagrangian:
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Peccei & Quinn (1977), Weinberg (1978), Wilczek (1978)

The strong CP problem

Solution: Introduce goldstone boson a with
parameter f, to make theta term dynamical
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Evidence for dark matter

~26% of energy in the Universe today is in a new form of feebly interacting matter

Cosmic microwave
background

Galaxy rotation curves Merging galaxy clusters Large scale structure

Characteristic
Scale
~kpc ~Mpc ~100 Mpc ~10 Gpc
(Today 370,000 after big bang)

Samuel J. Witte (GRAPPA / Amsterdam) 3



Axions as dark matter candidates

- Light axions (m, < 0O(eV)) are teebly interacting and naturally long-lived

 Can be produced non-thermally in the early Universe

V(6) Misalignment Mechanism

Decays of Topological Defects

6,=0

Can easily accommodate observed abundance of dark matter

Samuel J. Witte (GRAPPA / Amsterdam) 4



Properties of the axion

Axion Mass: Mg
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Properties of the axion

Axion Mass:

Axion Couplings:

... 4 other terms

(Slight model dependence

in couplings)
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Axion-like particles (ALPs)

ALPs do not solve strong CP problem, but naturally emerge in String Theory from compactification
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Axion-photon mixing

Incoming axion
dark matter

Background magnetic
field
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Axion-photon mixing

L~ 8ay AL - D Pa—sy ~ gaWB2 X (Length)2

Incoming axion
dark matter

Background magnetic
field
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Axion-photon mixing

2 2
Z ~g,,akE - B Pa—sy ™ gaw B~ X (Length)
_C_L ______________ Y Large conversion probabilities require:
. . o Large magnetic fields
Incoming axion : 3
dark matter Outgoing photon o Large Lengths”
B

Background magnetic
field




Axion-photon mixing

L~ e ~ &WBZ X (Length)2

pa—)j/

d Y Large conversion probabilities require:

o Large magnetic fields
o Large “Lengths”

Length of magnetic field

B

Background magnetic
field
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Axion-photon mixing

2 2
L ~ g, ak - B Pa—sy ™ gaw B~ X (Length)
_C_L ______________ /y Large conversion probabilities require:
o Large magnetic fields
Sk ~ mg /2w) e Large Lengths”
B

Length set by momentum transfer from
magnetic field



AXiOn—phOtOn miXing Galactic/Cluster Magnetic Field

High-energy indirect axion searches

4 )
. Absorption,
Astrophysical High-Energy Photons High-Energy AXiOH_S Speclz’zral
gamma-ray source distorti
(e.g. galaxy, SN) (GIStoTion
20) v v \ 4 \ 4 \
1
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Axion-photon mixing

High-energy indirect axion searches

N

Energy AXions

(Absorption,\

Spectral

Ldistortion y

\ / —_— 1 m,~ 10710V

. LB ~ @(MPC) _— i m,~ 10—9 eV
Taking w ~ O(100) GeV
1 2w — ma~5><10_86V
my H m, ~1x10"%eV
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Ax10n parameter space
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SHAFT Horizontal branch

I

10~ 10 _FSNIND:

Fermi-SNe Mrk 421
a A Hydra & .
1 O 11 %\*’%\ Fermi

WY YA SN 1987 A
Chandra

HESS

uotjoery
UOT}ESTUO]

9 0—12

. 0—13

JDVLSAVH

9 0—14

¢
%

. 0—15

q 0—16

> +

_ <V .
1017 oV "?p
¢
10—18
10_19 URALLLLY BURURLLLY UUAALLLY MUBULALLLY AALLLLY MRULLLLLY BUSUALLLLLL NLMULLLLY B UALLLLL DALY B ALLLLLL WAL DALY RUAALLLY BUUALLLLL WAL B
0 \ O .9 % 1T o6 5 & 5 2 A O \ 2 > A 5 0 {
\,Q/X XQ/X XQ/X 207 107 107 407 4077407 40 407 407 10 407 407 400 A0 407 407 40

Image credit: Ciaran O’hare
m&l [eV] (Slightly out of date — c. 2021)

/K

surds ajoy Moerg

Samuel J. Witte (GRAPPA / Amsterdam) 9



Ax10n parameter space

Solar v

SHAFT Horizontal branch

I

10~ 10 _FSNIND:

Fermi-SNe Mrk 421
a A Hydra & .
1 O 11 %\*’%\ Fermi

WY YA SN 1987 A
Chandra

HESS

uotjoery
UOT}ESTUO]

9 0—12

. 0—13

JDVLSAVH

9 0—14

¢
%

. 0—15

q 0—16

S +

_ <V .
1017 oV "?p
¢
10—18
10_19 URALLLLY BURURLLLY UUAALLLY MUBULALLLY AALLLLY MRULLLLLY BUSUALLLLLL NLMULLLLY B UALLLLL DALY B ALLLLLL WAL DALY RUAALLLY BUUALLLLL WAL B
0 \ O .9 % 1T o6 5 & 5 2 A O \ 2 > A 5 0 {
\,Q/X XQ/X XQ/X 207 107 107 407 4077407 40 407 407 10 407 407 400 A0 407 407 40

Image credit: Ciaran O’hare
m&l [eV] (Slightly out of date — c. 2021)

S
AL

surds ajoy Moerg

Samuel J. Witte (GRAPPA / Amsterdam) 9



Axion-photon mixing

L~ ) ~ &WBZ X (Length)2

Pa—sy

a . e o

________________ Y Large conversion probabilities require:
o Large magnetic fields

o Large “Lengths”

Momentum mismatch in vacuum

5k~\/a)2—m§—a)




Axion-photon mixing
Z ~8,,akE - B Pa—sy ~ gCWB2 X (Length)?

d Y Large conversion probabilities require:

o Large magnetic fields
o Large “Lengths”

B . .
Plasma Momentum mismatch in plasma
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Axion-photon mixing

L~ ) ~ gaWB2 X (Length)2

pa—)j/

d Y Large conversion probabilities require:

o Large magnetic fields
o Large “Lengths”

B . .
Plasma Momentum mismatch in plasma

5k~\/w2—m§—\/w2—w§

Ideal environments: Large coherent magnetic fields and spatially varying plasmas

Samuel J. Witte (GRAPPA / Amsterdam)
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Neutron star magnetospheres
Q‘

Samuel J. Witte (GRAPPA / Amsterdam)

Magnetic field lines

B| <10 G

NS 10 km
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Neutron star magnetospheres
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Neutron star magnetospheres

(e L, & Bl 100G
I { T \%)'TE — rns ~ 10km

K Neutron star surface

Magnetic field lines

Goldreich-Julian Model
(Force-free solution)

K Neutron star surface J

Goldreich & Julian 1969
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Neutron star magnetospheres
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Neutron stars as axion labs

e‘),\ Part 1: Resonant production of radio photons from axion

A\gf dark matter

See e.g.: Pshirkov & Popov (2009), Hook et al. (2018), Safdi et al. (2018), Battye et al. (2019, 2021),
SJW et al. (2021, 2022), Foster, SJW et al (2022), Thejmsland, McDonald, SJW (To appear), SJW et
al (To appear), McDonald & SJW (To appear),...

Part 2: Axion production from pulsar pair cascades

Prabhu (2021), Noordhuis, Prabhu, SJW, Cruz, Chen, Weniger (2022), Noordhuis, Prabhu, SJW,
Weniger (Appearing soon), Caputo, Philippov, SJW (Appearing soon)



Neutron stars as axion labs

Part 1: Resonant production of radio photons from axion
dark matter

s

See e.g.: Pshirkov & Popov (2009), Hook et al. (2018), Safdi et al. (2018), Battye et al. (2019, 2021),
SJW et al. (2021, 2022), Foster, SJW et al (2022), Thejmsland, McDonald, SJW (To appear), SJW et
al (To appear), McDonald & SJW (To appear),...
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N t t o 1 b Spectral Lines from Axion Dark Matter:
See e.g.: Pshirkov & P (2009), Hook et al. (2018),
€ULIon s5tals as dXx101 1abs o, (019, Bty ot . (015, 2081, W et o

(2021, 2022), Foster, SJW et al (2022), ...

Magnetic field lines

Neutron
star
et
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AXY
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Resonant Production

/ \ of Radio Photons
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Neutron stars as axion labs

Magnetic field lines

- of Radio Photons

Neutron
star

4 ) )
Resonant Production

Samuel J. Witte (GRAPPA / Amsterdam)

Spectral Lines from Axion Dark Matter:

See e.g.: Pshirkov & Popov (2009), Hook et al. (2018),

Safdi et al. (2018), Battye et al. (2019, 2021), SJW et al.

(2021, 2022), Foster, SJW et al (2022), ...
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Photon production from axion dark matter

Step 1: Define plasma
structure of magnetosphere

Resonant Conversion

Location: m, ~ w,

Efficiency: (6601,,)_1

Animations available at: https:/github.com/SamWitte/GIF_Storage

Samuel J. Witte (GRAPPA / Amsterdam) 15
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Photon production from axion dark matter

Smaller axion mass — resonant surface is larger

Larger axion mass — resonant surface is smaller
Animations available at: https:/github.com/SamWitte/GIF_Storage

Samuel J. Witte (GRAPPA / Amsterdam)
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Photon production from axion dark matter

Smaller axion mass — resonant surface is larger

Larger axion mass — resonant surface is smaller
Animations available at: https:/github.com/SamWitte/GIF_Storage

Samuel J. Witte (GRAPPA / Amsterdam)
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Ray tracing

Step 2: Axion phase
space to photon flux

Final Photon Position

00
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N
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100 Conversion Surface
00
00
-200
-300— +
-300 -200 -100 0 100 200 300
y [km]

SJW, Noordhuis, Edwards, Weniger (2021)

Animations available at: https:/github.com/SamWitte/GIF_Storage

Final Photon Position

300

Ray tracing allows for:

e Accurate mapping of radio
flux

e Back-reaction on axion
phase space

e Line broadening effects

» Path-dependent absorption
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Ray tracing

Step 2: Axion phase
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Animations available at: https:/github.com/SamWitte/GIF_Storage
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e Accurate mapping of radio
flux

e Back-reaction on axion
phase space

e Line broadening effects
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Radio signal from isolated neutron star

Projected sky flux as viewed from neutron star

B
-0 Log10 (Flux) 1o
Arb. Units]

SJW, Noordhuis, Edwards, Weniger (2021)

Samuel J. Witte (GRAPPA / Amsterdam)
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Radio signal from isolated neutron star

108
l
Projected sky flux as viewed from neutron star 7107
g- 1041
N40
T F
1039 -
107 | | ﬂ |
4 ) 0 2 A
Frequency [1/mg x 1077
B
-0 Log10 (Flux) 1o
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SJW, Noordhuis, Edwards, Weniger (2021)
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Radio signal from isolated neutron star

Projected sky flux as viewed from neutron star

0 Log10 (Flux)

SJW, Noord

Arb. Units]

-1.5

nuis, Edwards, Weniger (2021)
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Observing the galactic center with the Green Bank Telescope

Survey Details:

» Telescope: Green Bank Telescope, 100m Single Dish 7=
» Observation Frequency: 4-8 GHz [Cband] "o

* Observation Target: Milky Way Galactic Center [inner ~ few pcs] -
(need high dark matter densities)
* Observation Time: ~4.6 hours
* Observation Strategy: On/ off target
Data courtesy of the Breakthrough Listen Initiative Foster, SJW, Lawson, Linden, Gajjar, Weniger, Safdi (2022)

Samuel J. Witte (GRAPPA / Amsterdam) 19



Observing the galactic center with the Green Bank Telescope
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Survey Details:
* Telescope: Green Bank Telescope, 100m Single Dish
* Observation Frequency: 4-8 GHz [C band]
* Observation Target: Milky Way Galactic Center [inner ~ few pcs]
(need high dark matter densities)
* Observation Time: ~4.6 hours
* Observation Strategy: On/ off target
Data courtesy of the Breakthrough Listen Initiative Foster, SJW, Lawson, Linden, Gajjar, Weniger, Safdi (2022)
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Searching for axions in the galactic center
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Neutron stars as axion labs

Part 2: Sourcing axions from the vacuum gap collapse

Prabhu (2021), Noordhuis, Prabhu, SJW, Cruz, Chen, Weniger (2022), Noordhuis, Prabhu, SJW,
Weniger (Appearing soon), Caputo, Philippov, SJW (Appearing soon)

Samuel J. Witte (GRAPPA / Amsterdam)
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Axions from vacuum gap collapse

Axions from Vacuum Gap Collapse:

Prabhu 2021,

Noordhuis, Prabhu, SJW, Cruz, Chen, Weniger (2022)
Noordhuis, Prabhu, SJW, Weniger (Appearing soon)
Caputo, Philippov, SJW (Appearing soon)

Photol /

(Vacuum Gap Collapse)

Sourced Axions

Neutron
star

:\\
\

Samuel J. Witte (GRAPPA / Amsterdam)

Flux

Mg

>
Frequency
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Closed Field Lines §
'Neutron
star

E.B=o

(Force-free solution)

Requires co-rotating plasma
along the entire field line

- _/

Samuel J. Witte (GRAPPA / Amsterdam)
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Neutron
star
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(Force-free solution)

Requires co-rotating plasma
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Axions from vacuum gap collapse

\
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'Neutron /\
star

Magnetic Axis

Samuel J. Witte (GRAPPA / Amsterdam)
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Neutron Star Surface
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Axions from vacuum gap collapse

Electrons/positrons

Photons /

f / Synchro-curvature
; / ( radiation
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Neutron Star Surface

\

Magnetic Axis
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Axions from vacuum gap collapse
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Axions from vacuum gap collapse ([ aonspeca )

N,(k) « |FT(g,, E - B)|”
\_ _J
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Vacuum gap collapse
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Radio Spectrum
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Constraints
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Plot made using cajohare.github.io/AxionLimits/

Axion mass (eV)

Current search:
» Uses only 27 well-studied pulsars!

Future outlook:
» Wider frequency observations

* Full population in ATNF pulsar
catalogue

* 3D PIC simulations

Samuel J. Witte (GRAPPA / Amsterdam)
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a )
I[f there exists an axion with a mass
107%eV <m, S 10™°eV
\_ J
4 )

\_

All pulsars are surrounded by extremely

dense clouds of axions. )

Samuel J. Witte (GRAPPA / Amsterdam)
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Axion clouds

For these masses, most energy

goes into gravitationally bound

states...

Can accumulate for ~kyr
timescales
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Samuel J. Witte (GRAPPA / Amsterdam)
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Quenching of bound state growth

Emission from resonant conversion:
Noordhuis, Prabhu, Weniger, SJW (To appear)
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Quenching of bound state growth

Emission from resonant conversion: Photons
Noordhuis, Prabhu, Weniger, SJW (To appear)
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Quenching of bound state growth

Emission from resonant conversion: Photons
Noordhuis, Prabhu, Weniger, SJW (To appear)

Equilibrium density /

Resonance blocked
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Bound state profiles
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_ Spectral lines from axion dark matter
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Take-Home Message

Neutron stars are incredible

axion laboratories, with rich and
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