Axion mass from lattice QCD
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We determine the topological susceptibility and the thermodynamical equation of state for temperatures relevant

for the axion production in the early Universe. We use lattice QCD with dynamical fermions. We point out several difficulties

in these calculations and address them by introducing novel techniques. Assuming the standard QCD axion scenario and
no topological defects we obtain a lower bound on the axion mass.
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Topological susceptibility v
Axion mass comes from the curvature of the axion potential at § = 0

Veﬂc[Q]z%X-@Q—F .= o mi=x/f?

Y is topological susceptibility of QCD, Q is topological charge:
X ={(Q)/V

At T = 0 y is well known from eg. lattice x(T = 0) = 0.0216(21)(11) fm™*

Axion effective potential becomes flat at QCD transition T, ~ 150 MeV:

T<T, T=1.5 T, T>>T,

For relevant temperature regime x is a tiny number: x (T ~ GeV) ~ 1071 fm™*

Very hard to measure precisely!
1. statistical error 2. lattice artefacts

Measure y on the lattice! - novel way

Separate balls and mea-
sure how the number of
balls changes with tem-

perature — temperature

difference fﬁgg;ﬁ > x(T)

wfm™]

Calculate the mass of the axion m,!

Assume: standard QCD axion and all dark matter is made of axions.
Strategy: calculate the number of axions produced in the early Universe as a function
of m, and make it equal to the observed dark matter — m,
Necessary input: The production depends on
a. topological susceptibility — axion potential in the early Universe
X(T) =7

b. equation of state (energy,pressure) — rate of expansion of the Universe
p(T) =7 p(T)=7
Tool: use lattice QCD to calculate , p, p in a non-perturbative region 7' < 1 GeV
Measure Y on the lattice! - standard way
X ~ 27201 fraction of gauge field configurations with non-trivial topology
Determine the ratio of blue (non-trivial Q) and red (trivial Q) balls by randomly picking
from a bag
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Axion mass and initial angle

Assume homogeneous axion field (no strings, walls, ...) and no sphaleron effects.
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post-inflation average all possible 6 values
(ma(600)) = 28(1) peV

(If not all DM is axion, then this is a lower bound.)

pre-inflation single 6, in Universe, m, can be anything




