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Connecting models of

Axion-like particle well-motivated dark matter yet largely unexplored

Lyman-alpha forest very sensitive to ultra-light axion phenomenology (cut-off)

Robust analysis needs Bayesian-optimised emulator to test convergence

New stronger bounds significantly disfavour canonical mass scale m, ~ 10-22 eV
2



Ultra-light axions are a compelling dark matter candidate
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Ultra-light axions are invoked to resolve
so-called cold dark matter “small-scale crisis”

)‘dB ~ kpC
)\Qp ~ 100 kpc

CDM “small-scale crisis” prefers
DM mass scale ~ 10-22- |0-2! eV

Hu et al. (2000); Armengaud et al. (2017)



Ultra-light axion dark matter cut-off scale
is traced by the Lyman-alpha forest
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Ly-alpha forest traces linear, high-redshift (z ~ 5), small-scale density perturbations
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* Ly-alpha forest traces cosmic
density field

N * Model with hydrodynamical
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BAYESIAN EMULATOR OPTIMISATION

JCAP, 02,031,2019
JCAP 02,050,2019
with Peiris, Bird, Pontzen, Verde, Font-Ribera



Gaussian process smoothly & probabilistically interpolates between training sims
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Gaussian process smoothly & probabilistically interpolates between training sims

> [teration 7+1

> [teration i

\ %4

MEET T~ ---- True | pe==cc=-=
o —— Emulated
S X Training point New training point
Q
g l
=
s
<
S
S
=
z
O
A2
oy
—
g 4
=l
£ B
= S
S 2 Next training point drawn
from interval around peak

Parameter value

Parameter value

Bayesian optimisation actively learns training set & tests for convergence

Rogers et al. (2019, JCAP)
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+ Initial Latin hypercube
+ Extra Latin hypercube simulations
+ Optimisation simulations

B Large Latin hypercube (30 simulations)
B Bayesian optimisation (26 simulations)

Bayesian emulator optimisation is
more accurate with fewer simulations
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Other emulators of the cosmic large-scale structure

* Dark matter & halo statistics — small-scale non-linear matter power
spectrum (Heitmann et al. 2009; Giblin et al. 2019; Ho et al. 202 |; Mootoovaloo et
al. 202 1); halo mass function (McClintock et al. 2018; Bocquet et al. 2020)

e Galaxy clustering — galaxy power spectrum (Kwan et al. 2015; Zhai et al.
2018); higher-order statistics

* Galaxy weak lensing — weak lensing peak counts (Liu et al. 2015); power
spectrum (Petri et al. 2015); covariance matrices

® 2| cm — global signal (Bevins et al. 2021);21 cm power spectrum (Jennings et
al. 2018)
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STRONG BOUND ON
ULTRA-LIGHT AXION DARK MATTER

Phys. Rev. Lett., 126,071302,2021
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B [nitial emulator
B After 19 optimization simulations
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“Canonical” 1022 - |02l eV ULA DM
is strongly disfavoured by new bound

Axion dark matter mass [log(eV)]
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Removing small-scale data weakens axion mass bound

Smallest scale
previously accessed

Data: Boera et al. (2019)

Ly-af flux power spectrum
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Emulator-inference framework
can test other dark matter models
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Summary

* Canonical ULA DM strongly disfavoured: m, > 2 X 10-20 eV (95% c.l.)

* Emulator/active learning to marginalise robustly astrophysical uncertainty

* Framework tests other DM models Axion dark matter mass [log(¢V)]
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