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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 ma ~ 10-22 eV
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III. Producing Relic Axions

  

Figure III.1.: The Vacuum Realignment Mechanism. At temperatures T = fa the complex
Peccei-Quinn scalar field develops its vacuum expectation value and breaks the
global U(1)PQ symmetry. This can be pictured as the complex scalar falling into
the valley of its Mexican hat potential. It can fall basically in any given direction
since none is energetically favored. We say the potential is flat in this direction.
This means that the axion, which is identified as the phase of the complex scalar,
is massless and can have any value in a/fa œ [≠fi, fi]. At high temperatures the
axion field is essentially frozen at this value. But when the universe cools down
to temperatures T ≥ TQCD around the QCD phase transition, a potential V (a)
and therefore a mass for the axion is generated. This can be pictured as the
Mexican hat being slightly tilted. This implies that the axion field is driven away
from its initial value and it has to realign with the CP conserving minimum of
its potential, the vacuum state with the lowest energy. Therefore, as soon as it
can overcome the so-called Hubble drag of the cosmological expansion, the axion
field will start to roll down to the potential minimum. It will slightly overshoot
it and start to oscillate around it. The energy stored in this coherent oscillations
behaves as collisionless matter and can explain the observed DM energy density.
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Ultra-light axions are a compelling dark matter candidate

Peccei & Quinn (1977); Weinberg (1978); Wilczek (1978); Pargner (2019); Visinelli & Vagnozzi (2019); Hui et al. (2017)

• Axion-like particles 
generalisation of axion

• Generically produced in BSM 
theories, inc. string “axiverse” 

• ~ 10-22 - 10-21 eV (ultra-light 
axions) may be preferred mass 
scale in axiverse

Axion
potential V



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

Light bosonic dark matter with SDSS Lyman-↵ forest 5

ear power spectrum on the resulting Lyman-↵ flux, we use
a single set of ⇤CDM cosmological parameters from Ade
et al. (2014). They are in accordance to the central values
used in Baur et al. (2016) : h = 0.675, ⌦M = 0.31, ns = 0.96
and �8 = 0.83. Note that we checked that, as for WDM, the
cuto↵ in the linear matter power spectrum induced by the
FDM models considered here does not change significantly
the value of �8, for a given primordial scalar perturbation
amplitude.

The initial conditions are set at z = 30 with the 2LPTIC
software, starting from the linear matter power spectrum as
computed by AxionCAMB for this redshift. The (fuzzy) dark
matter fluid is then treated as a collection of fixed-mass point
particles. The baryon fluid is evolved using the Smoothed
Particle Hydrodynamics technique, with stars created in
cold and dense baryon environments. Of importance for the
Lyman-↵ forest, we model the IGM heating by the UV back-
ground light, using internal Gadget heating rate parameters
which result in the redshift-dependent IGM temperature-
density relation

TIGM = T0(z)(1 + �⇢/⇢)�(z)�1 (11)

As for the case of cosmological parameters, we adopt here
fixed benchmark parameters such that T0(z = 3) = 14000 K
and �(z = 3) = 1.3, which are in agreement with the mea-
surements from Becker et al. (2011).

From Gadget snapshot files in the redshift range z =

4.6 � 2.2 adapted to SDSS Lyman-↵ data, we infer the line-
of-sight-averaged one-dimensional Lyman-↵ flux power spec-
trum. This observable is defined from the fluctuations of
quasar’s transmitted flux fraction, �'(�) = '(�)/'̄� 1, where
'̄ is the mean transmitted flux fraction at the Hi absorber
redshift, computed over the entire sample. We use here again
a single H i optical depth model, which is known to roughly
match existing data:

⌧e� = ↵ ⇥ (1 + z)� with↵ = 0.0025 and � = 3.7 (12)

In practice, the Lyman-↵ flux power spectrum is inferred
in the range adapted either to published SDSS spectra,
k = 10�3 � 2 ⇥ 10�2 s km�1, or to higher-resolution spec-
tra, k = 10�3 � 0.1 s km�1. We exploit the splicing technique
as described in Borde et al. (2014). It consists in combining
the results of two N-body simulation outputs, one of high
resolution with 7683 DM particles in a 25 h

�1 Mpc box, and
one on larger scales, with 7683 particles in a 100 h

�1 Mpc
box, making use of a third low-resolution simulation with
1283 particles in a 25 h

�1 Mpc box.
Simulations were computed for four di↵erent values of

ma between 3.4⇥ 10�22 and 4.1⇥ 10�21 eV using AxionCAMB.
To assess FDM-related systematic e↵ects, an additional sim-
ulation was run with T(k) given by the formula from Hu et al.
(2000).

3 RESULTS

Before comparing the predictions for the one-dimensional
Lyman-↵ flux power spectrum with measured spectra, we
first provide a discussion of the quantum pressure term,

Figure 2. Slice views of dark matter properties at z = 2.6 from
our (7683 particles, 25h�1 Mpc) simulations. Coordinates are in
h
�1 Mpc. Top : comparison of the DM density fields for ma =

3.4 ⇥ 10�22 eV (left) with respect to CDM (right). Bottom left :
gravitational potential, with color scale in the range from �4 to
1 ⇥ 1010 (m/s)2. Bottom right : quantum pressure for ma = 3.4 ⇥
10�22 eV, with color scale in the range from �4 to 8 ⇥ 105 (m/s)2.

which was ignored in the N-body simulations. All the cal-
culations presented here are therefore a posteriori and only
hold if the dynamical impact of quantum pressure in the
non-linear regime is negligible.

3.1 Quantum pressure

Fig. 2 illustrates the properties of the DM fluid, derived
from the Gadget snapshots for z = 2.6 at scales of a few
Mpc, which correspond to the median redshift and smallest
comoving scales of relevance for the SDSS Lyman-↵ flux.
The top panel provides a by-eye comparison of the DM mass
density for CDM with respect to the lowest-mass FDM used
in the N-body simulations, ma = 3.4 ⇥ 10�22 eV. The severe
attenuation of small-scale structures due to the linear cuto↵
in the FDM scenario is evident.

In order to assess the relative importance of quantum
pressure, the bottom panel compares the gravitational po-
tential � (left), as calculated explicitly with Gadget, with
the quantum pressure Q/ma (right). Both are expressed in
(m/s)2. The Q term is estimated from the numerical laplacian
of the density field ⇢, which is itself obtained by smoothing
the DM point particle distribution with a kernel adapted to
the local density of DM particles in the simulation, so that
higher resolutions are obtained in higher density regions. We
checked that the resulting Q distributions are stable with
respect to the kernel size parameter, which means that our
estimation for Q is not severely biased by shot-noise related
fluctuations. On the other hand, we find that the gradient
estimator is limited by the simulation resolution in regions

MNRAS 000, 1–11 (2017)
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Cusp-core
problem?

Missing satellites
problem?

Too-big-to-fail
problem?

CDM “small-scale crisis” prefers 
DM mass scale ~ 10-22 - 10-21 eV
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Ultra-light axion dark matter cut-off scale
is traced by the Lyman-alpha forest

Ly-alpha forest traces linear, high-redshift (z ~ 5), small-scale density perturbations

Hu et al. (2000)
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6 Lukić et al.

Figure 2. A slice of the baryon density, temperature, H I number density,
and flux from the L20 N2048 simulation at z = 2.5. The slice covers the
domain of 20 x 20 h�1Mpc, with a thickness of about 100 h�1kpc (10 cells).
Note that the F line of sight is the y-axis direction, so that broadened lines
show up as vertical black streaks.

2.2 Included Physics

Besides solving for gravity and the Euler equations, we model the
chemistry of the gas as having a primordial composition with hy-
drogen and helium mass abundances of X = 0.75, and Y = 0.25,
respectively. The choice of values is in agreement with the recent
CMB observations and Big Bang nucleosynthesis (Coc, Uzan &
Vangioni 2013). The resulting reaction network includes 6 atomic
species: H I, H II, He I, He II, He III and e�, which we evolve under
the assumption of ionization equilibrium. The resulting system of
algebraic equations is:
�
Ge,H Ine +Gg,H I

�
nH I = ar,H IInenH II

�
Ge,He Ine +Gg,He I

�
nHe I =

�
ar,He II +ad,He II

�
nenHe II

⇥
Gg,He II +

�
Ge,He II +ar,He II +ad,He II

�
ne
⇤

nHe II

= ar,He IIInenHe III +
�
Ge,He Ine +Gg,He I

�
nHe I

(5)

in addition, there are three closure equations for the conservation
of charge and hydrogen and helium abundances. Radiative recom-
bination (ar,X), dielectronic recombination (ad,X), and collisional
ionization (Ge,X) rates are strongly dependent on the temperature,
which itself depends on the ionization state through the mean mass
per particle µ

T =
2
3

mp

kB
µ eint (6)

where mp is the mass of a proton, kB is the Boltzmann con-
stant, and eint is the internal thermal energy per mass of the gas.
Here we assume adiabatic index for monoatomic ideal gas. For

a gas composed of only hydrogen and helium, µ is related to
the number density of free electrons relative to hydrogen by µ =
1/ [1� (3/4)Y +(1�Y )ne/nH]. We iteratively solve the reaction
network equations together with the ideal gas equation of state,
p = 2/3reint, to determine the temperature and equilibrium dis-
tribution of species.

We compute radiative cooling as in Katz, Weinberg & Hern-
quist (1996), and assume a spatially uniform, but time-varying ul-
traviolet background (UVB) radiation field from either Faucher-
Giguère et al. (2009) or Haardt & Madau (2012). We do not follow
radiation transport through the box, nor do we explicitly account
for the effects of thermal feedback of stars, quasars, or active galac-
tic nuclei; all cells are assumed to be optically thin, and radiative
feedback is accounted for via the UVB model. In addition, we in-
clude inverse Compton cooling off the microwave background. For
the exact rates used in the Nyx code and comparison of two UV
backgrounds we refer the reader to Appendix A.

2.3 Simulated Spectra

The optical depth t for Lya photon scattering is

tn =
Z

nXsn dr (7)

where n is the frequency, nX is the number density of species X,
sn is the cross section of the interaction, and dr is the proper path
length element. For our current work, we assume a Doppler line
profile, so the resulting optical depth is

tn =
pe2

mec
f12

Z nX
DnD

exp

�
⇣

n�n0
DnD

⌘2
�

p
p

dr, (8)

where DnD = (b/c)n0 is the Doppler width with the Doppler pa-
rameter b = bthermal =

p
2kBT/mH, and f12 is the upward oscilla-

tor strength of the Lya resonance transition of frequency n0. See
Appendix B for a more detailed discussion of our optical depth cal-
culation, including the discretization of Equation (8).

We choose sightlines, or “skewers”, crossing the domain par-
allel to one of the axes of the simulation grid and piercing the cell
centers. Computationally, this is the most efficient approach. This
choice of rays avoids explicit ray-casting and any interpolation of
the cell-centered data, which introduce other numerical and peri-
odicity issues. We cover the entire N3 grid with skewers, which
provides the equivalent of N2 spectra. Although large-scale modes
along different spatial dimensions are statistically independent al-
lowing some gain in statistics from multiple viewing directions, in
this work we use a single line-of-sight axis rather than combining
together skewers using all 3 axes. The process of going from simu-
lated baryon values to flux F is illustrated in Figure 1.

3 PHYSICAL PROPERTIES OF THE LYa FOREST

Zhang et al. (1998) discuss the physical properties of the Lya forest
in hierarchical models such as CDM. The discussion in this section
can largely be considered as an update of that work.

As described above, the state of the IGM is relatively sim-
ple with a few power laws approximately tying together the spatial
distribution of baryon density, temperature, proper H I number den-
sity, and optical depth to H I Lya photon scattering. Figure 2 shows
a slice of these quantities in one of our high-resolution simulations,
except with the optical depth replaced by the transmitted flux. We

c� 2014 RAS, MNRAS 000, 1–28
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• Ly-alpha forest traces cosmic 
density field

• Model with hydrodynamical 
simulations 

• ~ 3000 CPU-hours per 
simulation in 12-D parameter 
space



BAYESIAN EMULATOR OPTIMISATION

JCAP, 02, 031, 2019
JCAP, 02, 050, 2019

with Peiris, Bird, Pontzen, Verde, Font-Ribera
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Rogers et al. (2019, JCAP)

Gaussian process smoothly & probabilistically interpolates between training sims
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Bayesian optimisation actively learns training set & tests for convergence

Gaussian process smoothly & probabilistically interpolates between training sims

Rogers et al. (2019, JCAP) 9



Bayesian emulator optimisation is
more accurate with fewer simulations

Rogers et al. (2019)



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. 2021; Mootoovaloo et 
al. 2021); halo mass function (McClintock et al. 2018; Bocquet et al. 2020) 

• 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

• 21 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
Phys. Rev. D, 103, 043526, 2021

with Peiris
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“Canonical” 10-22 - 10-21 eV ULA DM
is strongly disfavoured by new bound
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Rogers & Peiris (2021ab, Phys. Rev. Lett., Phys. Rev. D)

Improve bound by ~ order of 
magnitude
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Emulator-inference framework
can test other dark matter models

°1.0 °0.5 0.0 0.5 1.0 1.5
log(k[h Mpc°1])

0.0

0.2

0.4

0.6

0.8

1.0

T
(k

)

CDM [Æ = 0]

WDM (2 keV)

ULA (10°22 eV)

[Æ, Ø, ∞] = [0.1, 1, °1]

[Æ, Ø, ∞] = [0.1, 10, °1]

[Æ, Ø, ∞] = [0.1, 1, °10]

M
ur

gi
a 

et
 a

l. 
(2

01
8)

Rogers & Peiris (2021ab, Phys. Rev. Lett., Phys. Rev. D)



• Canonical ULA DM strongly disfavoured: ma > 2 ⨉ 10-20 eV (95% c.l.)

• Emulator/active learning to marginalise robustly astrophysical uncertainty 

• Framework tests other DM models

Summary
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