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FIG. 1: Summary Statistics: We consider a number of manifolds at each value of the Hodge number, h
1,1, as described

in the text. Summary statistics are binned by h
1,1 as indicated by the colour bar. a) Kernel Density Estimate (KDE) of the

probability density of axion masses above the Hubble scale H0, with the approximate BHSR region shaded. b) KDE of axion
decay constants. Indicated in red is the critical value h

1,1 = 157 (see text). c) 3d scatter plot showing the derived physical
data from a subset of h1,1 values. d) Bar plot showing the fraction of axions with m � H0, and the fraction of axions in the
BHSR region.

this work we set the phases �a ! 0, which is well-justified
when the number of significant instantons is  h1,1. We
treat the general case in [16].

The moduli fields, ⌧ i, in general need to be stabilised,
i.e. given a potential and fixed to certain values. Schemes
for this procedure are known for special cases [17, 18], but
the problem of moduli stabilisation is not solved in gen-
erality. In [7] and in the following, we simply examine the
axion theory at specific points in the moduli space of the
⌧ i. The resulting theories may have light scalar fields ⌧ i

and so are not necessarily realistic, but this does not pre-
clude us from computing superradiance constraints from
the axion sector at these points.

We place the moduli at specific locations in the
stretched Kähler cone (SKC), which is the region of mod-
uli space within which the curvature expansion of string
theory is well-controlled. (As in [19], these restrictions
would need to be modified if the string coupling were ex-
tremely small.) We consider two points in the SKC. The
first is the tip of the SKC, i.e. the point closest to the ori-
gin. The second is an interior point defined by rescaling
the Kähler parameters until the volume ⌧min of the small-

est prime toric divisor is ⌧min = 25 ⇡ 1/↵GUT [20–22],
such that D7-branes wrapping this divisor could support
a visible sector with a realistic grand unified gauge cou-
pling ↵GUT. In more general constructions of the Stan-
dard Model the correct couplings may occur elsewhere in
the SKC, but ⌧min ⇡ 25 still provides a reasonable esti-
mate of the point beyond which further dilation of the
CY3 would make the visible sector too weakly coupled.

Axion Spectra: We construct the axion potential for
these two points in the SKC for 2 · 105 CY3 hypersur-
faces. We include all favorable CY3 hypersurfaces with
h1,1  5, and for a random sample of 1000 hypersurfaces
for every 6  h1,1  176. The number of polytopes in
the Kreuzer-Skarke list at each h1,1 between 176 and 491
drops below 1000, and is sometimes zero, but we include
at least 100 hypersurfaces for each h1,1 in the list.

Using the optimisation suite pygmo2 [23], we con-
ducted minimisation using di↵erential evolution and
searched for critical points and minima in the axion po-
tentials for the studied triangulations. We found that the
axion statistics are remarkably robust across di↵erent lo-
cal minima and critical points of the potential. Further-
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FIG. 4. Constraints on S8 and its corresponding 68% error (updated from Ref. [50]). We show the nominal reported values
by each study, which may di↵er in their definition of the constraints. The definition S8 = �8(⌦m/0.3)↵ with ↵ = 1/2 has been
uniformly used for all points. In those cases where ↵ 6= 1/2 has been used in some references, the value of S8 with ↵ = 1/2
was recalculated (along with the uncertainties) using the constraints on �8 and ⌦m shown in those references, assuming their
errors are Gaussian. This concerns only 5 CC points where the published value of ↵ was di↵erent from 1/2 and the di↵erence
from the published S8 (with di↵erent ↵) is very small. The rest of the points are taken directly from the published values.

By contrast, in some analyses, the statistics relevant to the full posterior distribution have been adopted, such as
the maximum a posteriori point or the best fitting values and their associated errors. These choices can impact the
estimated values of the parameters, in particular when the posterior distributions are significantly non-Gaussian or
when the parameter estimates are prior dominated (see e.g. Ref. [266]). For simplicity, we will use the nominal values
reported in each analysis, but caution the reader that the methodology used may di↵er from case to case (see Sec. III
for a more detailed discussion).

S8 ~ variance of matter clustering at 8 Mpc
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with Hložek, Laguë, Bond, Marsh, Grin, Dentler,
Philcox, Ivanov, Cabass, Akitsu
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Laguë, Bond, Hložek, Rogers, Marsh, Grin (2022)
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Model galaxy clustering into mildly non-linear regime 
with effective field theory of large-scale structure

Rogers, Hložek, et al. (in prep); Philcox & Ivanov (2022)
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Figure 3: Monopoles and quadrupoles of the galaxy clustering obtained from the linear
power spectra of Fig. 2. The model is evaluated with fixed cosmological and bias parameters
at redshift z = 0.57. We highlight a slight increase in the quadrupole on small scales indicating
that the structure suppression from axions also has anisotropic effects.

real-space overdensity, the multipole moments P` of the power spectrum are calculated by
integrating over the angle between the line-of-sight and the wavevector k. It is customary to
decompose the latter into k which is the scalar amplitude of the vector and µ which is the
cosine of angle between the wavevector and the line-of-sight. The integral expression for the
galaxy multipoles can then be written as (using the Yamamoto estimator [47])

P`(k) =

⌧
2` + 1

V

Z
d⌦k

4⇡
�g(k)�g(�k)P`

⇣
k̂ · ẑ

⌘�
, (3.2)

where the hat denotes unit vectors and P` are the Legendre polynomials of degree `. In the
data, the shot noise Pshot = 1/n̄g is subtracted from the monopole. For the purpose of this
study, we will focus on the monopole (` = 0) and quadrupole (` = 2) moments of the power
spectrum.

Our model for the multipoles begins with the linear matter power spectrum generated
from a set of standard flat ⇤CDM cosmological parameters and a set of two axion param-
eters. We first obtain the power spectrum without the axion effects using the Boltzmann
code Class [48] and the axion transfer function with the adapted code axionCAMB. We re-
fer to this power spectrum as the CDM power spectrum. The reason for this use of code
combination is to separate the calculations for the axion effects from the rest of the cosmo-
logical calculations since they take significantly longer to complete. We opt to interpolate
over the axion transfer function rather than the full matter power spectrum since the axion
transfer function is independent of As. This implies that we can reduce the dimensionality of
our interpolation tables for the axion transfer function by interpolating only over the axion
fraction, the Hubble constant, the baryon density, and the dark matter density. This saves

– 7 –

Laguë, Bond, Hložek, Rogers, Marsh, Grin (2022)

Galaxy clustering traces dark matter clustering 
— revealing signature of ultra-light axions
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Laguë, Bond, Hložek, Rogers, Marsh, Grin (2022)

Figure 14: Joint posterior distributions for an axion with a mass of 10�32 eV for three
experimental setups. We note an improvement on the constraint on the axion fraction when
breaking the degeneracy with H0 present with the CMB data. The gray shaded area represent
the confidence interval for h from the SH0ES measurement [81].
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Figure 15: 68% (dark-colored) and 95% (light-colored) confidence level bounds on the axion
density from the CMB data, galaxy clustering and the combined measurements.

prior favours a higher value of As which is slightly degenerate with the axion fraction at
that mass as shown in Fig. 16. Another contributing factor is that the CMB prior does not
constrain the axion fraction as well as for the axion masses below 10�25 eV. Performing a
joint likelihood analysis rather than imposing a prior on the cosmological parameters may
allow for stronger constraints for this mass bin and is left for future work. We note however
that galaxy clustering measurements alone improve existing constraints on the axion fraction
at that mass by over a factor of 4.5 (see Table 3).

– 24 –

Strong bound on axions from CMB + galaxy clustering 
— higher masses still viable
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CMB + BAO + SNe + axion DM 
compatible with low S8

10



Galaxy clustering strengthens axion bounds 
and explores new mass regime

Rogers, Hložek, et al. (in prep); Philcox & Ivanov (2022)
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BOSS galaxy multipoles (m = 25)
Planck18 (T+P+lens; m = 25)
BOSS galaxy multipoles + Planck18 (m = 25)
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Planck18

DES �±

DES �± + Planck18

Dentler, Marsh, Hložek, Laguë, Rogers, Grin (2021)

Joint CMB & galaxy weak lensing bounds 
using axion dark matter halo model
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Rogers, Hložek, et al. (in prep); https://keirkwame.github.io/DM_limits

Multi-probe approach to detect ultra-light axions

10°32 10°30 10°28 10°26 10°24 10°22 10°20 10°18

Ultralight axion ULA DM mass [eV]

10°4

10°3

10°2

10°1

100

C
os

m
ic

de
ns

it
y

fr
ac

ti
on

≠
U

L
A

D
M

+BOSS

CMB

+DES

B
H

S
R

Rei.

PTA

SKA-IM

GUT-scale fa

LyÆ [R21]

LyÆ [K17]

Resolve S8 tension?

14


