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A String theory: amazing playground for differential
geometry.

A Opportunity to probe quantum gravity:
compactifications are falsifiable using axions.

Aal EA2Y &Gl NARéEY y20St D2 &
multimessenger

AdHaloscopes | NB | f a2 KAIK FNBI
detectors.

A Axion quasiparticles as analogue simulators.
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Axion Theories

Neutron observed to have EDM ~0. This can Extra dims. of string theory wrapped by
be explained by the QCD axion. gauge fieldsA axionlike particles.
Number of axions given by topological
Mg fo = Maxfr = Mg = 5.7 ueV(10™ GeV/f,) invariants.

Masses, spread _ov.er
One parameter DM mOdelaxi\\//eje’)'.d st nce 1980



Axion Relic Density

Relic density from solving the ki@ordon
equation for a massive scalar field:

b+ 3Hd+m2p=0

Damped SHM with ti me

Oscillates and decays when H<m.
_ 1 12 1 2 12

H~1/t A r ~a3. Harmonically oscillating
scalar behaves likpressurelessust.
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Axion Dark Matter

Axions can be modeled as aacillating classical field

O = g COS Wyt
1 2 0
Wgq = My + §mav = Myl
m
v, ~ 1 GHz x a From galactic
0 Iuev rotation curve
Local DM density given as a harmonic oscillator:
1 A if we know m we
PDM — —mgqb% =0.30.4 GeV cri know field amplitude &

2 frequency



STRING THEORY PROGRESS
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10D SUGRA hasorm fluxes Consider
1B 4form, G;:

1 [
S:—§/F5 /\*F5, F5:dC4

Decompose field into harmonic forms
1
Ca= Z a;(2)wa,i (y)

Basis of harmonic forms given by closed 4
cycles (divisors) in X:

a;(x) :/Di Cy

CompactifyA massless fields in 4D

1 [
S = —g / dailCij /\*daj,

O*K
871-87]-
Tz’ = T; + ’iCLi

’Cij: ,ICOCIHV

Eigenvalues of K give kinetic teAn

GRSOlFe O2yadlyiaéo t
M2z
Fio(K) ~ — P
18(K) ~ N2

Axionpotential generated by ED3 instanto
wrapping D:

V= ZA?(l — cos Q) a"
J
A;L ~ mSUsyM{;))l eXp _VOIDJ

Am-aaAdS aOf 2aSR af
from gravity sector unavoidable.



CalabiYau Manifolds
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FROM POLYTOPES TO AXIONS

Choose a point in the Kahler
Choose a Fine, Regular, and Star . moduli space at which the
triangulation of the polytope Break to N=1 by orientifolding Standard Model gauge couplings
match IR expectations

2. Triangulate the 4. Choose an 6. Fix the Calabi-Yau
polytope orientifold projection moduli

I

}

Use the now fully-specified data
of the Kahler potential and
superpotential to compute axion
masses and decay constants

8. Compute axion
Lagrangian

Selclelelcle

« Fix the scale of supersymmetry

« Assume Euclidean D3-branes on
every holomorphic divisor

1. gl;f;c&e;: 3. Construct a S. Chops_e a QCD 7. Set superpotential
Calabi-Yau divisor
A 4d reflexive threefold breaking
poiopa fom e JEER e SRR Pick a four-cycle to host a toy version
Kreuzer-Skarke hypersurface in the toric variety of QCD via a stack of D7-branes '
database defined by the triangulation contribute

« Fix a value of s



Axion Spectra from KS

Findvacuaof V in fundamental
domain. Expand to quartic order
AYlLaasSa bdg#ézli Ay
decay constant).
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Decay constants legormal,
becoming smaller at large h11.
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Gendler DJEM et al (2023)

AxionPhoton Couplings  £u=-4¢FF

Not all axions couple to photons, but some dfax coupling increases with h11.
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ULTRALIGHT AXIONS:
FUZZY DARK MATTER



Folk wisdom: de Broglie wavelength must be smaller than dwarf galaxy radius.
G. 242y A0ODENBYDRYZEREDP SEGNBYSE e RATFTTFAOM

- X (GRAVSPHERE) Yoz (m = 2.3 x 10722 ¢V)
Yos (m = 2.3 x 1072! V) hypothesis test limits

10° 4 7172 = 0.19 kpc

103 _ Leo IT

102 10~1 109
r [kpc]

Compare seltonsistent wavefunction to model
independent reconstruction of density + rigorous statsstrong limit.



Advances in (halo model EFTofLS®mulators) allow
precision limits from manv scalés
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Wave effects suppress clustering in the galaxy power spectrum.



Highz Galaxies winc Doty ot s

Suppressed DM clusterifgy fewer galaxies at high.
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Triangulate this polytope:
1 -1-100011 0 0 0
1 -110010-1-11 -1
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A 7 axions. Mass 10GeV
to 1020 eV with f~106 GeV.

Along a ray in moduli spade
vary the mass.

DM abundance with angig.
Large ensemble of ~&8imilar
models constructed.
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Axion P(k) suppression can explain tension ia Ly

amplitude with CMB. Testable with more data!
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Birefringence <
F—
5
501
<
Thot tdyn Leold
Time

E, B are CMB polarization states (Stokes)

Required mass range:

B=52+£19x107" 10733 eV < m < 10728 eV

HO HCI\/IB

Isotropic birefringence can be caused by an
ultralight axionvia:

Lint = —%QbFF = B = glpcmB — o

Naturally get the measured value (!)

L Br0E ~2x10730

9= 27 £, 2T
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AXION STARS



Solitons from Schrodinger

Ground state solutions of the SP equatigfisone parameter family.
In GRpscillatons Also called boson stars axion stars

1.0 : . : — .
_ —ayt In physical units:
Ansatz w(T, t> - X(?“)e Increase boson mass
oy 0.8 A smaller soliton. -
7, X Increase soliton mass
X T P 2(V —7)x 0.6! A smaller soliton. -
Dimensionless % Radius ~ d8orlgie
variables with 2V 0.4l
c(0)=1. V" T =
" 0.2
A Boundary value problem with '
eigenvaluay Solved for: . .
g < 0'00 2 4 ¢ 8 10
v =—0.69,Vp = —1.34 Po " L
Zero oscillation, lowest energy ,0(7“) ~ [1 40 091(7‘/T )2]8 PpoX MM °Tr
° C

solution.



{2t A2y a O2Nba 2 Folbkna
Second formation mechanism:
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Axion Star Explosions

Solitons above a critical mass will explode to axions + photons + GWs.
GW burst v. distinct frormeraer+rinadownIn LIGO window for m~10eV
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THE QCD AXION




ASTROPHYSIMENICLUSTERS



SSB After Inflation

In ordinary QFT* the QCD axion is the phase of a complexfi&&B after inflation forms a
network of topological defects that later decay DM abundance.

log(m,/H) ~ 0.3 (PQ phase transition) log(m,/H) ~ 6 ( log(m,/H) ~ 10
Ti TP IT L walnrrTy  TereEbes Ty 1

~ 200 Hubble lengths

~ 12 Hubble lengths |
~4.3 i—lu%bl#\lengths

~ 1.6 Hubble lengths

refinement :
level 4 level 5 _

,,,,,,,,,,, | (ev,

coarse)/fine
boundary

~4x 10~ Hubble lengths ~~ ~ 3 x 103 Hubble lengths ~ 0.03 Hubble lengths ~ 0.2 Hubble lengths

~ 50 — 500 peV



SeedoverdensitiesF N2 Y a0NAYy3IaA O2 fminiklusiare 0 2 A R8z4/-B 6 S
body methodsh mass function O(It) solar mass and density profiles.




Neutron star magnetospheres high B and  MiniclusterNS collisio®y bright radio

plasma frequencyy convert axions to transientto look for. Need dense DM
radio (~GHz) photons. environment + lots of NSs.
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secondary mirror
light from the sky

primary mirror

elevation
axis

azimuth axis
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expected in such a short period.
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LT €&€2dz o0dzAf R AOZ

Why wait for SKA? Make progress with a
cheap dedicated telescope.

horizon at FMO

Sky location of NS population simulated
with PsrPoPy

Fan Mountain Observatory:-thand
telescope funded. Others in prep.



Direct detection:
ocHaloscopes




The QCD axion WI|| be found

1'L1

L[]I It J“ r" : l“l J.““ l”.‘\
QCD aX|0n Mmass.: kHZ Existing Axion Limits in QCD Band THZ
5 7 V ( 1012 GeV) IEI"I;EInlv.‘ipin.\ I'lxisﬁll_u;mllwc!]llll Astrophysics
a : . l/Le
Ja

Bounded from above by
SN1987 A burst duration.
Bounded from below by black
hole superradiance

Axion DM is an oscillating
classical field in kHz to THz.

Ry R R paY B -1 PR A -4 A = A
W AW EW) AU W A\ A0 W N i\ A0 \\
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Resonant Cavities

Axions interactlwith electromagnetism via:
Lin = = 90Fu " = g6 - B

A axions source Maxwe
V-E=p.—gB-Vo,

E-VxB=—-J,—g(B-¢—E x Vo)

B sourcé\ linearisefor E wave equation:
. 2

E - V?E = w—\/2pag]§ cos wt.
..m .
A resonance via boundary conditions.

p— 9" B>V pou ¢. Power16**Win
m typical experiment




How to DetectAxions




Haloscope®eyond GHz
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Many new ideas since ~2012. 10-¢ ABRA | |
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CY topology in the lab
1.0
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QCD axion mass strongly correlated to topology. HighehIigher ma .



DISCOVERY OF THE AXION
QUASIPARTICLE

Qiu, DJEM et al, to appear in Nature



Axion Quasiparticles

nature

ARTICLES - . : :
PUBLISHED ONLINE: 7 MARCH 2010 | DOI:10.1038 /NPHYS1534 phySICS NeW |nS|ght]n_p|ane B tIItS SplnA Order
. e iy . parameter fluctuation.
Dynamical axion field in topological ) . . |
magnetic insulators This can be achieved in more well unders
Rundong Li', Jing Wang'?, Xiao-Liang Qi' and Shou-Cheng Zhang'* a I E 7\ 2 y A y %T‘é;f I u 2 N\h €
: : : a Out-of-phase AFM magnon
Fluctuating antiferromagnetic ord@an couple P ?
to E.BA axion quasiparticle. /N % /’\
Axion ~ magnetoelectric couplirag. Static value \ \ Time
p in topological insulators. J /
b Z-axis projection
using antiferromagnetic amplitude mode. Difficult )
» Time
\

P+ 1
A

Until now, candidate materials included MBi,Te; s,
to excite, materials unstable. }



Measuring the Quasiparticle

FFT Amp. (a.u.)
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Axionphoton coupling causes probe laser polarization angle to oscillate at
frequency ~ axion mass (birefringence). Measured frequency 44 GHz.

an



Measuredquaisparticldrequency 44 GH#, axion mass, =0.2 meV
New DFT calculatioAs f, = 80 eV, conductive loss€s/ w10
Exciting laboratories for analogue physics, e.g. gravitaiibaadSimons.

Axionquasiparticle polaritopsovide a tunable axion DM detector in difficult THz.

f - 5
Dark matter Axion @™(t) g @@Eﬁr Fyii.,ﬁ#‘“ ;:;#Q_u*&
"._ﬁ -
\ O _ DAQ Astrophysics |
i limit "
mi.'ﬂ 1|:|'1|:| | | Phutﬂ“ ___-_'--'r__—i_la.rlr!'!r-‘lﬂ‘ﬂ’ld‘!"“
. on
MnBi,Te, S = 1
DAQ 8% (t) 5 l N
L]
s . Q‘Gﬂ Nﬁoﬂ ]
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= — 2 Dark count 16 s?
Single photon detector 108 107 10" 107 102 1077 10°

Dark matter Axion mass (eV)

DJEM et al (2019%chiitteEngel, DJEM et al (2021); Qiu, DJEM et al (20:



Axion quasiparticles are sensitive to the QCD axiaupperlimit of its allowed masand thus
to theCalabtYaus with large Hodge that dominate the landscape.

< : » ) QCD axion . D
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Axion Quasiparticles in Axion Insulators

Insight : mplane B tilts splnsout -of- phase magnom order parameter fluctuation.
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W=

AxionPhoton Couplings i =-3¢FF

Choose a CY.

Choose a divisor to host QCD.
Dilate divisor to Vol=48, QCD
(gauge coupling)in UV.

Pick a divisor for QED. SadyeGUT.
IntersectingA non-GUT.

EW diviso” linear combination of
axions coupling to EM.
Diagonalisenatrices and compute
couplings of eigenstates.

G Y AV SOA OKmatriees arel A 2V ¢
sparseA suppressed kinetic mixing of
all axions into EM linear comb.

a A JKO Urmassiscalé generatedy
by ED3 branes on EW divigpr
hierarchically suppressed coupling of
axions lighter than this.

c.f. similar effect in GUTs found by Agrawal et al

Not all axions couple with O(1) strength to
photons, but some do.




QCD Axion & string theory

All volumes >1 (control of EFY)
some volumes large.

M
(fa) ~ a5 Vo~ (BT

log;y(m/[eV])

0 200 400
hl,l



Ultralight Axion Statistics

Topologically exhaustive construction explicit orientifolds in KS with 1<h11<8. Moduli
chosen to get QCD gauge coupling + fuzzy axidn8 million models.

100 =
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Difficult to get detectable models at larger hAl ccohomologiesF N2 Y 02ayYz2f 2.



Axion Star Explosions 2

Merger rate from halo modeA photons heat IGMA change CMB optical depth.
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Future opportunity for 21cm. This model: suppressed quartics. Other models?



From Sheridan, DJEM et a



