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Axion generated before inflation
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Axion generated after inflation

massless
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IS born
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PQ symmetry breaking

w

<
misalignment angle

! ) ., == Radiation Domination
. varies from Hubble path

to Hubble patch
at T_QCD

- (aH)™'

_ _ Today
Co-moving horizon today

includes many different
initial misalignment angles



CAST

Horizontal branch

7 odE |
PHYSICAL REVIEW LETTERS

Highlights Recent Accepted Collections Authors Referees Search f

JVLSAVH

Early-Universe Simulations of the Cosmological Axion

Malte Buschmann, Joshua W. Foster, and Benjamin R. Safdi
Phys. Rev. Lett. 124, 161103 — Published 24 April 2020

|8ay] [GeV~1]

Journal of Cosmology and Astroparticle Physics radiation is

subdominant
The dark-matter axion mass to QCD PT
Vincent B. Klaer' and Guy D. Moore' energy density

Published 27 November 2017 - © 2017 IOP Publishing Ltd and Sissa Medialab




—15
7 More axions from strings - string
10_16 Marco Gorghetto, Edward Hardy, Giovanni Villadoro ra d Iatl on
10_17 SciPost Phys. 10,050 (2021) - published 26 February 2021 dominates
10—18;
10_19 - N1 L N 0 1 1 OO 01 O M) RN || BN SRR R MERUI] R R
XQ/YL XQ/“ XQ/@ \ Q/C) \Q/% \ QJ \Q/() \ 0/6 \Q/A; \9/6 \ Q/'L \ Q/X XQQ

Fermi

SN1987A

SciPost Physics

Home Authoring Refereeing Submit a manuscript

\DVLSRVH

CAST

Horizontal branch

more than 500 peV

m, [eV]




CAST

Horizontal branch

Fermi
= SN1987A =
1012 4 .
= -
- T E
—13 _ %
10713 o ‘ﬁ
= A
10— 14 ]
_15 ?a{u\ré}(\ 40 - 180 peV
10 COMMUNICATIONS
10—16 .
ARTlCLE M) Check for updates - Strl ng
OPEN * 4
10-17 . . | | radiation
Dark matter from axion strings with adaptive mesh
10-18 refinement dominates
Malte Buschmann'® Joshua W. Foster?34® Anson Hook®, Adam Peterson®, Don E. Willcox®,
19 Weiqun Zhang® & Benjamin R. Safdi@ 34
10~ AL AL AL AL L




1. strings per
Hubble
Increases
logarithmically
with time
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Why? Two reasons

2. strings

radiate more in
the IR with time
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Axion generated after inflation
M. Buschmann, J. Foster, B.S. PRL 2020

Simulate on static grid with ~1010 sites

Simulate from PQ phase transition to matter-radiation equality

M. Buschmann, J. Foster, B.S., A. Hook, AMReX Collaboration,
Nature Communications (Feb. 2022)

Simulate on adaptive grid equiv. to static grid with ~1075 sites
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Axion dark matter primarily produced from strings
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Axion dark matter primarily produced from strings

=

3

@

PQ symmetry
breaking

\ 4

Adaptive mesh to maintain high resolution around strings QCD phase
transition

\ 4

6e6 CPU-hours over ~100,000 CPUs and ~100 TB RAM

\ 4

Goal: measure axion radiation from strings to compute DM abundance
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Answer with Adaptive Mesh Refinement Simulations
(AMReX)




Axions with AMReX

radial mode

1. We use 6 refinement levels (up to 131,0723 resolution)
2. 1,024 KNL nodes (~70,000 cores) on Cori (NERSC) — 100 TB memory
3. Refinement criteria: use radial mode to indicate presence of strings

4. Comparison: Buschmann et al. 2020 — ~2,0003 resolution
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1. strings per
Hubble
Increases
logarithmically
with time (and
understand this
analytically)
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Why does the spectrum matter?

(§D.
1. Axions from
string radiation
non-relativistic at PQ symmetry breaking
QCD phase T ~ 1012 GeV
transition

*Scaling solution assumption!

2. DM abundance
determined by
axion number

QCD Phase transition

density

3. For fixed energy
density, spectral

o dex determines Matter-radiation equality

T ~eV

number density




How to calculate the DM relic abundance

Q%' o axion number density at QCD phase transition

H

leaving off

Qitr X f* X <_> +<—— dependence on

k

AN

number of strings
per Hubble at QCD

string tension

Inverse axion
wavelength from
string radiation at

QCD
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— Fiducial Fit ! Fiducial Data
Extended IR Fit {  Extended IR Data
Extended UV Fit | Extended UV Data

IR cut-off moves to UV like \/g (maximum string curvature scale)



— Fiducial Fit | Fiducial Data
Extended IR Fit | Extended IR Data
Extended UV Fit | Extended UV Data

IR cut-off moves to UV like \/g (maximum string curvature scale)

If g > 1 (IR dominated), we expect <%>_1 = 0 X \/E
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Caveats

1. Maybe we made a mistake (running larger sims
now and more systematics, *see next slide)

2. PQ symmetry broken before inflation

3. PQ symmetry broken after inflation by non-
standard cosmology (e.g., early matter
domination)

4. PQ symmetry broken after inflation but domain
wall number great than one, domain walls
stable, decay through explicit PQ breaking

Summary: should search over full possible mass range,
but our work gives a special place to look



What are we doing now?

Perlmutter + GPU acceleration

1. GPU cluster being
commission now. Already
5th most powerful
supercomputer in world

2. our plan: run on few

thousand GPUs for
increase in dynamic range
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Important to be far away from the UV cut-off when fitting
power-law for g
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Axion generated before inflation

PHYSICAL REVIEW D 73, 023505 (2006)

Dimensionless constants, cosmology, and other dark matters

Max Tegmark,'* Anthony Aguirre,” Martin J. Rees,” and Frank Wilczek™'

10;| ~ 11160;] ~1|0;| ~1|0;| ~110;] <1|6;] ~1|0;] ~1]60;] ~1

(Other solution high f,: entropy dilution)



