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Axiverse in 2023
No time for this ®

Linear & quasi-linear cosmology. l
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Advances in direct detection l
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All of the suggested probes have been explored and become precise, along with
some (unexpected?) new developments in cosmology and direct detection.



LINEAR++ COSMOLOGY



Light axions making up just a few percent of the DM show up in CMB anisotropies.
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Physics: behaves as at early times.

Expansion rate differs from LCDM - change Silk damping and Sachs Wolfe.
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Recent advances in (halo models, EFTofLSS,
emulators) allow precision limits from smaller scales >
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Simulating Light Axions

Key advance since 2014: the cosmic web with wave effects at m~1022 eV.

(a) box (c) slice

(b) projection
o "

subhalos

CDM

caustics

WDM

interference

FDM

Deeper understanding of dynamics (condensation, relaxation) + new soliton pheno.



Assuming ultralight axions are all of DM, a wide variety of astrophysics sets limits.
To test the axiverse fully, understanding non-linear models of mixed DM needed.

Dark Energy Survey weak lensing
2> m>102 eV.

Relaxation in the Milky Way -
m>10-22 eV.

High-z galaxies > m>102? eV.
Milky Way satellites > m>10-2" eV.
Lyman alpha forest P(k) > m>2 x
10-0 eV.

Survival of Eridanus-Il star cluster
> m>10"1 eV.




FREEZE-IN AXIONS
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GAMBIT::CosmoBit

100 .
“ * Primakoff process produces axions from y+e*- with

zero initial state 2
* Minimal contribution reheating to BBN TR =5 MeV.
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SUPERRADIANCE!

Black Hole Super-radiance



Potential

Black Hole Superradiance

Solve for instabilities of KG equation on Physical picture: “Penrose process/

Kerr: O — 3¢V(¢) —0 black hole bomb

Non-relativistic limit in “tortoise
coords”, find instability (0<O):
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Resonant bosons extract spin from
astrophysical BHs, if Tsg>T others

+— Black Hole Horizon °



.

Exclude axion masses where known BHs exist in the superradiant forbidden region.
This sample: X-ray stellar BHs. Gaussian composite likelihood.
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"Exclusion probability” is marginal likelihood. Statistically robust constraints.
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(NB: difference to Baryakhtar+ mass limits due to
overly conservative stats model. See backup slides.)



¢* Instability: “Bosenova”

Bose enhanced 2-2 scattering in superradiant cloud can have a rate I's>T's.
Shuts off SR by cloud collapse above critical value of X¢* coupling, A=m?/f,,..

Approximate excluded regions: __ SMBH Domain Stellor BH Domain
Stellar BHs: o o
ma € [1x 1077 eV,2x 107 eV] ]
14 1016; L 1050 >
é‘s/ 1015 \J 1048//%:
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Implemented with a simple cut-off. See Baryakhtar+ AP T T VA A TS A T
for advanced rate calcs. Quantitatively similar. mq (V)



COSMIC BIREFRINGENCE



Birefringence

E, B are CMB polarization states (Stokes)

B=52+1.9x 1072

Calibrate absolute polarization angle with
galactic measurement. Mask dependence
consistent with cosmic signal (7).

Isotropic birefringence can be caused
by an ultralight axion via:
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Birefringence can be highly complementary/ synergistic to direct searches for axions.
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'socurvature in the ultralight axion also induces anisotropic birefringence and large
angle BB with amplitude fixed by scale of inflation, c.f. tensor modes.



STRING THEORY PROGRESS

Specifically, Type IIB on CY3's.




10D SUGRA has p-form fluxes.
Consider lIB 4-form, Cy:

1
S:—§/F5/\*F5, F5:d04

Decompose field into harmonic forms:

Ci= 5= 3 a(@)orily)

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

a;(x) :/Di Cy

Compactify = massless fields in 4D:
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Eigenvalues of K give kinetic term -
“decay constant”. Parametrically:
M
(V01D1)2

Axion potential generated by ED3
instantons wrapping D:
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J
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p

- massive “closed string” axions
from gravity sector unavoidable.



This discussion then suggests the following scenario tor
the distribution of f, and m for different axions. The values
of f, are inversely proportional to the area of the corre-
sponding cycle, so they do not change much from one
axion to another. Given that the compactification is such
that S = 200 for string contributions to the QCD axion,
and no special fine-tuning is allowed, all axion decay
constants in this scenario are likely to be close to the
GUT scale Mgy =2 X 10'® GeV. On the other hand,
axion masses are exponentially sensitive to the area of
the cycles, so that we expect their values to be homoge-
neously distributed on a log scale. Given that, as argued



KS Axiverse

CY3s constructed as hypersurfaces in
"ambient toric varieties”. E.g. Fermat
quintic in CP4.

KS database gives all 4d reflexive
polytopes ~4 x 108,

Triangulation of these gives ambient
toric varieties. Unique polynomial > CY
with h11 Kahler moduli.

h11=27: most polytopes
h11=491: most CYs <104%8
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Axion Spectra from KS

Find vacua of V in
fundamental domain. Expand
to quartic order = masses
+quartics (“fpert”).

Trends: Kahler cones become
very narrow at large h11 = cycles
in the CY have large volumes -
(ultra)light axions and smaller
decay constants.

Mass spectrum “blue tilted”.
Decay constants log-normal,
becoming smaller at large h11.
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Constraints on |IB CY Vacua

Ensemble of O(10°) CYs. All up to h11=5. 100 per h11 up to 176. Few per h11 to 491.

0.6

95% C.L.

— Ky Ky, rv| Above h11~ O(few)
limit driven by
stellar BHs with well

o First (?) application measured spin.

of “Cohomologies
from Cosmology”

Trend easily
understood from
falling K eigs at
large volume >
Bosenova shut-off
for stellar BH limits

0.2

Fraction of excluded CY3 manifolds
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Cosmological Probes s ommeeos
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Upcoming surveys will reach sensitivity to probe sub-dominant axion DM predicted
by GUT scale decay constants from 1028 to 1020 eV. Original axiverse “matter power”.



The QCD axion will be found

For string theory: fixes the overall scale of the decay constants > ~h11.

o falGeVl
10" 10" 10" i 0! 10" 107
CROWS | kHZ Existing Axion Limits in QCD Band TH 7 |
Black Hole Spins Existing Haloscopes Astrophysics

Solar v/ PN L SO S S S o
DOE G2 and DMNI Targets

DSNALP

Globular clusters

DMRadio-m?*
ADMX G2 and EFR

Fermi-SNe

Future Pllliﬁ'(" Targets

- ARIADNE

CASFPE: HAYSTAC

[ =7 :
SRF-ni’ MADMAX IAXO
I
== -

ALPHA BREAD | \nPOST

|ay| [GeV 1]

DMRadi-GUT

Next-Gen Ultimate Axioy

N R R VSR (A AN VSR \ AR SR S A )

2 Ay A0 9 % T 6 5% & 3 2 A D A A D A0 A
107107407 A0 A0 A0 40T A0 407 40 107 107 A0 A0 AT AT 407 40 407 10 :
/i ]( 1 [C \"’ ]

m, [eV]



The Visible Sector on CYs

Fraction of Excluded CYs
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Some preliminary observations:

» Axions “above QCD" require U(1) on
large divisor 2 complete into asymptot.
free non-GUT group = extra instanton.

 Birefringence happens, but B~2 x 104 is
slightly small to explain Planck.

* Freeze-in + decay = strong limits if
reheating is at high T>>BBN.

» Possible axion reheating (“moduli
problem™).

* Laundry list: dark sectors, explicit
orientifolds (see Moritz 2023) ...



Birefringence has a hint from Planck:
have we seen evidence of the axiverse
already?

Cosmological probes have matured in
precision, and in the next decades will
test GUT scale axions.

Superradiance has been used to test
the axiverse up to h11~200 in explicit
constructions on CYs.

Advances in constructing the visible
sector in Type-lIB offer promise to
probe h11 = 491 due to low f’s.
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Superradiance Methods |

M33 X-7 Exclusion
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Arvanitaki+ take a conservative “box” approach to exclusion.
Gaussian approximation reproduces the full Monte-Carlo well for M33-X7.
CY exclusions dominated by width of mass bound due to just a few BHs like this.



Superradiance Methods |l

Mehta, DJEM+ (2021) Baryakhtar+ (2020)
SMBH Domain Stellar BH Domain 10
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Improved treatment of 2-level system scattering in Baryakhtar+ leads to O(1) change
in upper limit on fa for superradiance. Will not change h11 CY limits (log-normal fa).



Strong-CP Problem

Choose divisor to host QCD at tip of SKC. Dilate to GUT coupling.
QCD instanton + ED3 on h11+4 prime toric divisors.

Excluded by neutron EDM experiments
L . .

Dominated by CP violation in weak interactions

,_
T

UV-induced CP-phase

100 200 300 100 500 H Odge N um bel’, h '] ']

h11 shift symmetries = absorb some phases. PQ quality problem from misalignment
of mass basis and prime toric.



Volume Trend with h11 in KS

Volume
computed at
tip of SKC ->
location in g‘
moduli space == 10
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My very first seminar, 31st March 2010, “Hitch Hikers Guide to Grad School”.

Cosmo[ogy qf the String
Axiverse

David Marsh, HHGTGS, 31st
March, 2010. Oxford

Supervisor: Pedro‘Ferreira

Terrible slide design... great subject! Cosmological perturbation theory of light axions.
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