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1. Axions and Dark Matter
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3. Harnessing the power of Neutron Stars as Dark Matter
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and gradient descent

. Looking forward



Unable to explain most of the matter/energy content of the
universe
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Gravitational Lensing by Dark Matter




Needed To Explain Cosmology
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Many Explanation of Dark Matter

Light bosons

- axions

- axion-like particles

- fuzzy cold dark matter
sterile neutrinos

weak scale
-supersymmetry

-extra dimensions

-little Higgs

Primordial black holes
Massive compact halo objects (MaCHOs)
Modifying gravity...
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One popular scenario mpy ~ GeV

(WIMPS)
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One popular scenario mpy ~ GeV (WIMPS)
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But so far they haven't shown up...



Many Explanation of Dark Matter

Light bosons —

- axions

- axion-like particles

- fuzzy cold dark matter
sterile neutrinos

weak scale
-supersymmetry

-extra dimensions

-little Higgs

Primordial black holes
Massive compact halo objects (MaCHOs)
Modifying gravity...



Axions

Generic class of Particle: light (pseudo) scalar: a
1
Ly = E@a@“a + V(a)

Typically couples to many particles in standard model

8ayy

Loy = a FMVIEMV +ga/\/3#3(/v7“75/\/)+gae8u3(é’m75e)
N~—— — N—

electromagnetism nucleons electrons
Main motivations:
» Occurs in many extensions of the SM (e.g. “string
axiverse”
» Strong CP Problem reccei, quinn (1977)

fqcp = —10
- TrG,, G <1
Lo = 521G, G 0 <10

» DM Candidate - halos made from scalar fields Hui et al (2016)
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Renewed interest in axion dark matter m, ~ O(ueV
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Axion Electrodynamics

V-E=p—gB Va,
VxB—-E=J+g,.,3B —g.,,E x Va,
V.-B=0,
B+VxXxE=0.



Detect axion DM with EM coupling (sikivie 19805)
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Resonant Cavity Searches



The detector must be tuned for each axion mass

Tuning Rods
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Searching for axion DM in the lab is like tuning a radio

tune — listen (take data) — repeat

Narrow band search taking 10s of years to scan



Can stars get us there quicker?

Plasma: wg = ne/me
D*E(t,x) + wﬁE(t,x) = ZayyBext a(t,x) an~ age Mt
——
axion DM field

Resonant enhancement when wy, = m,.

Neutron Stars Are Surrounded by Plasma




Resonant Conversion Around Neutron Stars

wp = m,

B

g3, B?

Pacry ~
4% (wp (%ees))

Goldreich-Julien (1960s)
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The renaissance of interest (2018)Hook et al




One gets the following theory prediction for the sensitivity

f=m,/(2n) [Hz]
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Very compelling
deep + broad + immediate reach in parameter space!



The race is on to properly model + take radio data

Green Bank (US)

Foster et al.

J. Darling

Phys.Rev.Lett. 125 (2020) 17, 171301

Phys.Rev.Lett. 125 (2020) 12, 121103
& Astrophys.J Lett. 900 (2020) 2, .28

~

Karl J Jansky VLA

Effelsberg (Ger)



Axion Mass (ueV)
10! 102

|92yl (Gev1)

10°

Frequency (GHz)
J. Darling Astrophys.J.Lett. 900 (2020) 2, L28

PSR J17452900 the first-discovered magnetar. Orbits black hole
Sagittarius A*

B ~ 10*Gauss

u}
o)
1
n
it

DA



State of the art theory yet to be applied!

Green Bank (US)

Foster et al.
Phys.Rev.Lett. 125 (2020) 17, 171301

J. Darling
Phys.Rev.Lett. 125 (2020) 12
& Astrophys.J.Lett. 900 (202

~

Karl J Jansky VLA

Effelsberg (Ger)

Better Modelling Needed




“Radio signal of axion-photon conversion in neutron stars: A ray
tracing analysis”

Leroy et al Phys. Rev. D 101, 123003 (2020)

Trace straight line rays to line of sight



Pulse Profiles
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Rays are not straight lines! (whis work)

dP/dQ

Dispersion Relation: g, k"k” + wg(t, x) =0
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Straight Lines

plasma + gravity refraction
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Pulse Profiles
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See also...

Witte et al (hep-ph/2104.07670)

Flux [arb. units|

)
— =03 0"
' =060 W‘ ||”'q ”l‘llm‘ M M’U
— =100 [\
[ op— #=130
— h=160
] ; ) ‘ l
01082 logyy 01 Tl i . ‘

Tiue |

u}

o)
I

i
it




Line Shape

Naively,by conservation

1
j— ~ 2
wy = Ea = my + 5mavpy

So the signal naively has

Central Frequency : w. = m, width:Aw/we ~  Av3y,

——

vel. spread of DM
So
—v2/v2
fDM(V) ~ € 0, Vo ~ 100km/s
7
7
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Narrower signals are easier to find
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So good understanding of freq. dependence is crucial!



Doppler Broadening - time-dependent effects
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Line Shape
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First Constraints with Ray-Tracing from galactic centre
magnetar
Battye, Darling, McDonald, Srinivasan (2021)
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main uncertainty: DM density near galactic centre
(also more work needed to better understand constraint sensitivity
to magnetosphere structure)



Axion Dark Matter Detection in the Lab



Dark Matter Detection in the Lab
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There is a large zoo of axion dark matter detectors



Current Design Process: trial and error, flashes of inspiration?



Current Design Process: trial and error, flashes of inspiration?
Better Design process? computer-led/gradient descent?

(McDonald 2108.13894 )




Gradient Descent
Initial
T Weight \ /:/ Gradient
Incremental Il'
/
']
/i

/ 1
_‘f/ Minimum Cost

Derivative of Cost
Weight

Material Properties (X,): permittivity, geometry, boundary
conditions...

Xn+1 - Xn - 7nvx F(Xn)

Designs : X,
learning rate : v,
cost/objective function: F(X,) (i.e. DM signal)



V-D=—-g.,B Va,

V x B—D = g4,,3B — gay,E x Va,
V-B=0,

B+VxE=0,

~V?E+V(V-E)+¢e-E=g,,3B.

Cost function F(X) : U[{wé")” = /dV [0, (wRe[e]) E? + B?].

X, designs : ¢(x)



N layer design in 1D

eli) = Y 1<i<N
w2 +ir ’
dX2 +w EEH = BayyW aoBo,

Cost Function and coordinates:

FIX1 = —uf {u®l],  x={u®m,...



Two layer illustration

N
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AN

Obviously this just scratches the surface

Detector exterior geometry?

Other bulk properties: magneto-electric materials?
Tuneability?

higher dimensions?

more sophisticated gradient descent algorithms?



Conclusions

Neutron stars

- Good progress made in ray-tracing - future follow up work
coming soon (Witte + McDonald)

- dark matter density remains uncertainty near galactic centre

- need to better understand sensitivity to magnetosphere structure
Detector designs

- extend to larger array of design properties and higher dimensions
- can one derive a mathematical upper bound?



Thanks for listening!



