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Dilatons (and moduli) couple to the masses and coupling constants of ordinary matter, and these
quantities are fixed by the local value of the dilaton field. If, in addition, the dilaton with mass mϕ

contributes to the cosmic dark matter density, then such quantities oscillate in time at the dilaton Compton
frequency. We show how these oscillations lead to broadening and shifting of the Voigt profile of the
Lyman-α forest in a manner that is correlated with the local dark matter density. We further show how
tomographic methods allow the effect to be reconstructed by observing the Lyman-α forest spectrum of
distant quasars. We then simulate a large number of quasar lines of sight using the lognormal density field,
and forecast the ability of future astronomical surveys to measure this effect. We find that in the ultra low
mass range 10−32 eV ≤ mϕ ≤ 10−28 eV upcoming observations can improve over existing limits to the
dilaton electron mass and fine structure constant couplings set by fifth force searches by up to five orders of
magnitude. Our projected limits apply assuming that the ultralight dilaton makes up a few percent of the
dark matter density, consistent with upper limits set by the cosmic microwave background anisotropies.

DOI: 10.1103/PhysRevD.106.123509

I. INTRODUCTION

Dilatons and moduli (including the volume modulus and
radions) are scalar degrees of freedom of string theory and
other extradimensional theories, which arise in the low
energy effective theory after compactification [1,2]. These
fields appear in the scalar potential, which can in some
cases lead to their having extremely small masses.
Couplings to the Standard Model arise in a variety of
ways. Moduli, for example, appear in the gauge kinetic
function, with the scalar moduli giving the value of the fine
structure constant (pseudoscalar axions fix the Chern-
Simons term). The dilaton itself couples to all fields via
the Einstein frame metric. For brevity in what follows we
refer to such fields collectively as dilatons.
More generally, since string theory contains no dimen-

sionful constants, all the properties of low energy physics
must be determined by the values of (scalar) fields. The
observed low energy “constants” therefore only appear so,
with the values fixed only due to the field taking a particular
location in some local minimum of the scalar potential. The
fields would generically be displaced from this minimum at
early times (due to e.g. thermal or quantum fluctuations).

Motion from the initial location to the local minimum
results in damped oscillations about the minimum. If such a
field, ϕ, is furthermore stable on cosmological time scales,
then today the relic oscillations behave as a contribution to
the dark matter density of the Universe [3]. If initial
displacements of ϕ from the vacuum are of order of the
grand unified theory scale, the correct relic abundance is
achieved for masses mϕ ≈ 10−20 eV.1 In such a scenario,
the constants of nature oscillate with a frequency given by
the dark matter mass and an amplitude related to the local
dark matter density. A number of surveys have already
searched for such effects for dark matter fully composed of
dilatons unsuccessfully (for a review see e.g. [5] or novel
ideas in [6]). However, we are encouraged by Webb et al.’s
[7,8] searches for dipole variations in α on cosmological
scales, as this could be caused by a mϕ ≈Oð10−32Þ eV
dilaton. In the following, we show how to search for higher
mode oscillations of α using the Lyman-α (Lyα) forest and
consequently probe higher dilaton masses.
The Lyα forest is a prominent absorption feature in the

spectra of distant quasars bluewards of the Lyα absorption

*louis.hamaide@kcl.ac.uk

1For heavy, unstable particles, the corresponding phenomena
result in the “cosmological moduli problem” [4], restricting
unstable moduli to be heavier than around 100 TeV.
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line. It consists of densely packed, narrow absorption lines
caused by the absorption of quasar light by intervening
neutral hydrogen in the intergalactic medium (IGM) along
the line of sight [9–11]. The optical depth of the Lyα
absorption in a single absorption profile is proportional to
the column density of neutral hydrogen. Hence, the Lyα
forest is an excellent tomographic tracer for cosmic large
scale structures [12,13]. Many studies targeted the line
profile of absorption lines in the Lyα forest to study IGM
physics, e.g. by using its curvature [14–16], by a wavelet
analysis [16–19], with the 1D-flux power spectrum [16,20]
and the distribution of Doppler parameters [16,21,22].
Recently we developed novel methods [23] and software

[24] to compute the direct deconvolution of the neutral
hydrogen fluctuations from the Voigt profile for highest
resolution (R≳ 50000) spectra and applied this procedure
to UVES SQUAD data [25] to obtain measurements of the
IGM temperature both consistent with and more accurate
then existing methods [26].
As we will show, the oscillation of the fine-structure

constant induced by dilaton dark matter (DM) affects the
Lyα forest by shifting the wavelength of the Lyα transition.
For larger dilaton masses (mϕ ≳ 10−28 eV) the dilaton
undergoes several oscillations while a photon travels
through an overdensity in the IGM. In this case oscillation
of α or me appears as an additional broadening of the

FIG. 1. Projected 90% confidence limit constraints on the dilaton coupling de as a function of dilaton mass mϕ possible with Lyα
forest spectra. The projected constraints are derived for mock UVES SQUAD Lyα data (red) and adapted for a 21 cm HI survey with
SKA-like imaging capabilities (orange). Note we assume dilaton DM fractions given in Table I, consistent with measurements of the
CMB and matter power spectra. Existing laboratory constraints from the MICROSCOPE fifth force search [27] and atomic spectroscopy
[28] are shown in dark gray. Dashed lines indicate extrapolation of [28] for mϕ ≲ 10−24 eV, adjusted for the maximum allowed dilaton
abundance in each mass bin (see Table I).

FIG. 2. Projected and existing constraints on the dilaton coupling de as a function of dilaton massmϕ, in the 90% confidence limit. The
projected constraints are from analyzing mock Lyα data (red) and adapted for an SKA-like telescope’s imaging capabilities (orange).
Competing constraints are from MICROSCOPE [27].
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absorption line, similar to thermal broadening. However,
for the smallest masses (mϕ ≲ 10−28 eV), i.e. the longest
oscillation times, only partial oscillation occurs while a
photon passes through an overdensity, leading to a sys-
tematic shift of the absorption lines in redshift space. Both
effects modify the absorption profiles along the line of sight
in the Lyα forest, and hence may be detectable in high
resolution spectra of quasars, using the tools we developed
in Refs. [23,26].
Following this we create synthetic Lyα forest spectra

for a wide range of dilaton masses (ranging from mϕ ¼
10−20 eV to mϕ ¼ 10−32 eV) and compute mock con-
straints and forecasts for upcoming surveys. Our method
gives the strongest constraints for smallest masses, and for
the surveys UVES and SKA could significantly outperform
“fifth force” constraints such as Ref. [27]. Our main results
concerning the dilaton coupling to α and me are summa-
rized in Figs. 1 and 2, respectively.
The paper is structured as follows: in Sec. II we present

the theoretical basics and discuss the effects of dilatons
on the Lyα forest. In Sec. IV we present our software and
synthetic dataset. We present our results in Sec. V and
discuss possible extensions, future directions, and draw-
backs in Sec. VI.
For the rest of the manuscript we use Planck 18

cosmology [29].

II. THEORY

A. Dilaton dark matter

The dilaton couplings to the Standard Model arise from
the action (we adopt some of the notation of [2,30] in the
Einstein frame):

S ¼
Z

dx4
ffiffiffiffiffi
jgj

p �
1

2
∂μϕ∂

μϕ − VðϕÞ þ LSM þ Lϕ;int

�

Lϕ;int ¼
ffiffiffiffiffiffi
4π

p

MPl
ϕ

�
de
4e2

FμνFμν − dme
meeē

�
; ð1Þ

where jgj is the determinant of the metric, LSM and Lϕ;int
are the Standard Model and dilaton Lagrangians, respec-
tively, Fμν is the electromagnetic field tensor, ē ¼ γ0e
where e is an electron spinor wave function, and ϕ is the
canonically normalized dilaton field from a local change
of variables. Except when introducing Lyα forest and
the Voigt profile in Secs. II D and II E, we use units
where ℏ ¼ c ¼ 1. We take the dilaton potential to be
VðϕÞ ¼ 1

2
m2

ϕϕ
2, i.e. a simple mass term, valid for small

displacements from the vacuum. Implications of more
general potentials have been explored in [2,31]. We have
purposefully omitted other linear scalar couplings such as
kinetic gauge field terms of the form ϕGA

μνGA
μν, quark mass

terms ϕψ i†ψ i, or a Higgs portal term ϕH†H [2,32,33] and
quadratic (or higher order) terms. This is because we are

interested in looking for changes in the energies of atomic
states. We mention here that, as discussed in [2] and
references therein, in the presence of CP violating super-
symmetric physics axions and axionlike particles can
couple to an electron mass term as well.
The above couplings ðde; dme

Þ can be absorbed into a
rescaled electromagnetic and electron mass terms such that

LEM ¼ −
1 − deκϕ

4e2
FμνFμν ≈ −

1

4ð1þ deκϕÞe2
FμνFμν

α → αþ δα ¼ αð1þ deκϕÞ ð2Þ

and

meēe → með1þ dme
κϕÞēe ð3Þ

where κ ¼
ffiffiffiffi
4π

p
MPl

, α ¼ e2=4π and e2 here (and in rest of this
paper) refers to the squared electric charge and ēe refers to
the norm of the electron spinor. We thus see that the local
value of the dilaton field determines the local observed
value of the fine structure constant. Exchange of virtual
dilaton particles also mediates new Yukawa forces between
Standard Model particles, which we discuss briefly
in Sec. V.
A local displacement from the vacuum expectation value

of the dilaton field arises if all or some of the observed cosmic
DM abundance, ΩDMh2 ¼ ρ̄DM=ð8.07 × 10−11 eV4Þ [29]
(where overbar denotes spatial average, and h is the reduced
Hubble rate, H0 ¼ 100h km s−1 Mpc−1), is composed of
dilatons. The large occupation number of DM particles
throughout theUniverse (weconsider caseswhere the dilaton
composes more than 1% of the total DM) permits a
description in terms of a classical field.
Dilaton DM can be produced in the early Universe by the

misalignment mechanism, similarly to the well-known case
of axion and scalar field DM [3,34–36]. The background
homogeneous field evolves according to the Klein-Gordon
equation:

ϕ̈þ 3H _ϕþm2
ϕϕ ¼ 0; ð4Þ

where H ¼ _a=a is the Hubble parameter and a the cosmic
scale factor, and dots denote derivatives with respect to
cosmic time, t. The Hubble parameter is determined by the
Friedmann equation:

H2 ¼ 8πGN

3
ρ; ð5Þ

with ρ the energy density. We assume a standard ΛCDM
cosmology to fix ρ, containing radiation, baryons, DM, and
the cosmological constant.
With initial condition ϕðtiÞ ¼ ϕi and _ϕðtiÞ ≈ 0, the

energy density in ϕ today (Ωϕ) is found by solution of
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Eqs. (4), (5). Such an initial displacement is expected to be
generated, for example, during inflation, and follows in any
theory where, in accordance with observation, the initial
state of the hot big bang phase is not the vacuum. The
Hubble term in Eq. (4) acts as a friction, preventing ϕ from
moving to the vacuum until such a time as H ≲mϕ, after
which ϕ undergoes damped oscillations. At late times, the
solution is approximated by ϕ ∝ a−3=2 cosmϕt. The energy
density scales as ρϕ ∝ a−3 whenH ≪ mϕ, thus leading to a
relic density of dilaton DM (for approximate analytic
formulas, see Ref. [37]).

B. Structure formation

Structure formation with dilaton DM proceeds as for
standard ΛCDM via gravitational instability from initial,
approximately scale invariant, curvature perturbations in
the primordial plasma [38]. The curvature perturbations
seed initial fluctuations in the modes, δϕk, of the dilaton
field on all scales, and in the “growing mode,” such that
δ _ϕk > 0 (detailed solutions can be found in Ref. [39]).
When H < mϕ, all δϕk modes begin to oscillate. The
evolution can be approximated as

δϕk ¼ ψkeimϕt þ ψ�
ke

−imϕt; ð6Þ
where ψk is a slowly evolving function of t, i.e. _ψ ≪ mϕψ .
In the nonrelativistic limit, the density of DM in mode k is
given by

ρk ¼
1

2
m2

ϕjψkj2: ð7Þ

Taking mkψk ¼ ffiffiffiffiffi
ρk

p
eiθk (the “Madelung form”), the

Klein-Gordon equation can be reduced to fluid equations
for the dilaton overdensity, δϕ;k ¼ ðρk − ρ̄ϕÞ=ρ̄ϕ, and veloc-
ity field vk ¼ ikθk. In the nonrelativistic limit, the dilaton
fluid has an effective sound speed (see e.g. [40]):

c2s ¼
k2

4m2
ϕa

2
; ðk ≪ 2mϕaÞ: ð8Þ

The initial perturbations in the dilaton field begin to grow
significantly in the matter dominated era, z≲ 3400 (where
z is the cosmic redshift). The fluctuations are described by
the matter power spectrum, PðkÞ. The speed of sound,
Eq. (8), leads to some modes with small k behaving as
cold (collisionless, pressureless) DM, with standard linear
growth of fluctuations. Small scale (large k) modes, on the
other hand, oscillate rather than grow. The scale of
separation between growing and oscillating modes is called
the Jeans scale [41], and can be thought of as the cosmic
de Broglie wavelength [39].
The Jeans scale can be found analytically for a Universe

dominated by dilaton DM, and is given by (e.g.
Refs. [37,42]):

kJ ¼ 66.5a1=4
�
Ωϕh2

0.12

�
1=4� mϕ

10−22 eV

�
1=2

Mpc−1: ð9Þ

The presence of the Jeans scale causesPðkÞ to be suppressed
inmodels with a component of dilatonDMcompared to pure
CDM. This is because dilatonmodes with k > kJ experience
less growth than those with k < kJ. Moreover, the power
spectrum contains damped oscillations at large k [43–45].
The power spectrum PðkÞ is used to place constraints on

DMcomposed entirely of dilatons (for a compilation ofPðkÞ
measurements, see Refs. [46–48]). The strongest constraint
on pure dilatonDM is derived from the Lyα forest flux power
spectrum, which demands mϕ > 2 × 10−20 eV at 95%
credibility [49]. A weaker, but independent limit can be
found using the weak lensing galaxy shear correlation
function [50]. A standard “rule of thumb” limit is
mϕ ≳ 10−22 eV, which is confirmed by a variety of mea-
surements, including high redshift galaxy formation [51–53].
For mϕ < 2 × 10−20 eV, dilaton DM is permitted to

composeonly a fraction of the total observedDMabundance,
Ωϕ=Ωd < 1. Our constraints on this scenario are derived
fromcosmological observations of theCMBpower spectrum
[39]. The CMB lensing, galaxy power spectrum, and Lyα
forest flux power spectrum can also be used to exclude the
existence of steps in PðkÞ [43,54–56]. The constraints on
Ωϕ=Ωd from this data is summarized in Table I, in dilaton
mass bins ranging from 10−20 to 10−32 eV.

C. Modeling the dilaton field

The classical dilaton field can be expanded as

ϕðx; tÞ ¼
X
k

ϕ0;k cosðωϕtþ k · xþ φkÞ; ð10Þ

where ωϕ ¼ mϕc2=ℏ is the Compton frequency and the
ðk;ϕ0;k;φkÞ are the momentum modes, associated ampli-
tudes and phase of the field, which are determined by the

TABLE I. Summary of the synthetic datasets that we test within
this work. We present the mass, the dark matter fractions (taken
from upper 1σ limits presented in [55,56]), and which equations
we use for computing the spectra.

Mass (eV) Ωϕ=Ωd Implementation

10−20 1 Eq. (20)
10−22 0.2 Eq. (20)
10−24 0.2 Eq. (19)
10−26 0.03 Eq. (19)
10−27 0.03 Eq. (19)
10−28 0.02 Eq. (18)
10−29 0.02 Eq. (18)
10−30 0.02 Eq. (18)
10−31 0.02 Eq. (18)
10−32 0.06 Eq. (18)
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dilaton DM power spectrum and local distribution
described below. The phases φk are fixed in a given
physical realization of this power spectrum.
The dilaton power spectrum, PϕðkÞ, and total matter

power spectrum, PðkÞ, can be computed in linear cosmo-
logical perturbation theory using AXIONCAMB [57], a
modified version of CAMB [58]. AXIONCAMB follows the
procedure outlined above to follow the evolution of the
field ϕ from adiabatic initial conditions, resulting in a
prediction for Pðk; zÞ2 The resulting PðkÞ can be used to
generate a realization of the dilaton and CDM overdensity
fields. This realization does not include the time evolution
on the Compton scale, δt ≤ m−1

ϕ .
The sum over angular modes going from k to k in PðkÞ

leads to a coherence time given by

tc ≈
λdB
vϕ

¼ 2π

mϕv2ϕ
; ð11Þ

where the velocity is, in the case of a DM halo, approxi-
mated by the virial velocity.
The field ϕ evolves over three distinct timescales. On the

longest timescales, the amplitude evolves over the scale of
linear growth of structure in the Universe, i.e. over a Hubble
time. This evolution is captured totally by the nonrelativ-
istic cosmological structure given by Pðk; zÞ.
Over the coherence time, Eq. (11), the amplitude also

oscillates. In linear perturbation theory, oscillations over
the coherence time are captured by the temporal oscil-
lations in the linear growth factor and dilaton power
spectrum (see e.g. Refs. [37,39]). Oscillations in the
linear power spectrum, while in principle captured by
AXIONCAMB, are in practice ignored since we do not
generate realizations of the density field using Pðk; tÞ
sampled on such short time scales. As such, we take a
stochastic approach to these scales, taking ϕ0;k to be
Rayleigh distributed, which can be derived analytically
for virialized DM halos [59–61].
Finally, over the Compton time, m−1

ϕ , the amplitude
oscillates. This oscillation is completely factored out in the
nonrelativistic approximation to structure formation.
Noting that H0 ≈ 10−33 eV, we see that the Compton time,
the linear growth time, and the Hubble time are all
approximately equal for mϕ ¼ 10−33 eV, which occurs
in quintessence models of dark energy, in which the entire
Universe consists of a single coherent field. We do not treat
this limit, since gauge issues arise when considering density
perturbations on ultra large scales.

D. Lyα forest

The Lyα forest is an absorption feature occurring in the
spectra of distant galaxies bluewards of the Lyα emission
line as a sequence of densely packed, narrow absorption
lines. These absorption lines are caused by the absorption
of the illuminating light of the background quasar by the
IGM. The observed flux, Fobs, in the Lyα forest is often
expressed as a normalized flux F:

F ¼ Fobs

Ftrans
; ð12Þ

where Ftrans is the maximal flux that would have been
observed at full transmission. The optical depth τ is defined
by the logarithm of the normalized flux:

τ ¼ − lnðFÞ: ð13Þ

The optical depth is related to the neutral hydrogen
density nHI by convolution with the line emission profile, a
thermal broadened Voigt profile V [9,10,62]:

τðz0Þ ¼ σ0c
Z
LOS

dxðzÞnHIðx; zÞ
1þ z

×VðvHðz0Þ− vHðzÞ− vpecðx; zÞ; bTðx; zÞ; γÞ: ð14Þ

Here σ0 is the effective Lyα cross section, c the speed of
light, z and z0 are denoting redshifts, xðzÞ is the comoving
distance at redshift z, vH the differential Hubble velocity,
γ ¼ λ0

2πτLyα
(where λ0 is the fiducial wavelength of the

transition and τLyα the average time of transition) and bT
the thermal broadening of the line. The thermal broadening
parameter is proportional to the square root of the temper-
ature T of the IGM. In fact, it is [13]

bTðx; zÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBTðx; zÞ

mp

s
; ð15Þ

where kB is the Boltzmann constant and mp the mass of the
proton.
In fact, the local IGM temperature depends on the

overdensity again, see also our detailed discussion of
IGM physics in Appendix A. Hence, Eq. (14) cannot be
understood as a true convolution as the emission profile
depends on the neutral hydrogen density again due to the
thermal broadening of the line. We will use the term
“convolution” nevertheless for the remainder of the paper.

E. Dilaton modified Voigt profile

We present now in this subsection how the dilaton affects
the absorption features in the Lyα forest, i.e. how it affects
the Voigt profile. We present a comprehensive illustration
of the effects that we are looking for in mock data in Fig. 3.

2
AXIONCAMB is described as a model of axion DM, however

the only assumption is that the scalar potential is
VðϕÞ ¼ m2

ϕϕ
2=2, which applies equally to pseudoscalars such

as the axion, and scalars such as the dilaton, if self-interactions
and other interactions are too weak to affect PðkÞ.
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The absorption feature (in frequency space) of a neutral
(ground state) hydrogen gas (HI) at a given temperature and
redshift is described by a Voigt profile (convolution of
Gaussian and Lorentzian profiles) centered around the n ¼
2 → n ¼ 1 transition wavelength, adjusted for redshift [63]:

VðvHðx; zÞ; bTðx; zÞ; γÞ

¼ γ

π3=2bT

Z
∞

−∞

e−
v02
bT

γ2 þ ðvHðx; zÞ − v0Þ2 dv
0; ð16Þ

where the numerator comes from a thermal distribution of
velocities and the denominator is a Lorentzian [64] which
comes from the finite time of the transition, i.e. γ ¼ λ0

2πτLyα

(where λ0 is the fiducial wavelength of the transition, τLyα is
the characteristic time of the Lyα transition).
We remind ourselves of the energy of the n¼ 2→ n¼ 1

transition (in natural units):

ΔELyα ¼
3

4
Rydberg ¼ 3meα

2

8
: ð17Þ

The transition energy now locally changes by a small
amount δΔE ¼ 2ΔEδα=α ∝ diϕðx; tÞ where di ¼ de; dme

,
see Eq. (2).3 The modified Voigt profile (to first order) is

FIG. 3. Summary of the effect of dilaton DM on the Lyα forest. We show the broadening effect that appears for medium masses in the
left panels, and the shifting effect that is dominant at the smallest masses in the right panels. (a) We show the pixels in the observation/
simulation as a function of apparent absorption wavelength/redshift (i.e. of the distance along the line of the sight to the quasar) with
dashed vertical line. The blue circles represent hydrogen atoms spread across the pixel. Moreover, we show in orange the oscillation state
ϕm of the dilaton (and thus α) as a function of lookback time, i.e. of the travel time of a photon that travels along a line of sight. For
medium masses, the dilaton goes through several oscillations during pixel crossing, causing additional blueshift and redshift. The
absorption profile caused by a delta function neutral hydrogen density profile sitting in one of the pixels is broadened to smaller and
higher apparent wavelength (arrows). (b) The same as (a) but for the smallest masses. The oscillation period of the dilaton is smaller than
the length of the pixel. Some of the pixels are blueshifted and some are redshifted (indicated by the arrows), depending on the current
status of the dilaton oscillation. (c) The resulting absorption profile of a delta function point source as a convolution of the thermal Voigt
profile and an additional dilaton (oscillating) shifting of the profile (arrows) resulting in additional broadening. (d) For low masses,
dilaton DM leads to a shift of the Voigt profile. (e) A small fraction of the resulting spectrum with and without the dilaton (broadening)
effect. (f) Same as (e), now with a visible displacement of the absorption lines [note that effects in (e) and (f) are greatly exaggerated].

3For Lyα forest searches we neglect further corrections from
local spin temperatures. However, in principle these can be
included here, once more precise 21 cm data is available for
modeling, similarly to how temperature is incorporated.
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VðvHðx; zÞ; bTðx; zÞ; γÞ

¼ γ

π3=2bT

Z
∞

−∞

e−
v02
bT

ðγ2 þ ðvHðx; zÞ − v0 − 2cκdiϕrϕmÞ2Þ
dv0;

ð18Þ

where ϕmðx; zÞ is a dimensionless variable that describes
the current state of the sinusoidal oscillation and ϕrðx; zÞ
(dimension of energy) is the amplitude of the dilaton field,
which is subject to stochastic fluctuations around the mean
value hϕri ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ρϕðx; tÞ

p
=mϕ [59].

We consider the absorption profile to be built up of
pixels. Each pixel is traversed by the quasar light in a time
tpix. If the beam of photons which will eventually reach our
telescope and traveling through the distance equivalent to
one pixel (i.e. ∼23 kpc for UVES SQUAD [25] spectral
resolution) saw at least one oscillation of the dilaton field
during that time, we have to average the oscillation state,
compare also the illustration in Fig. 3(a):

VðvHðx; zÞ; bTðx; zÞ; γÞ

¼ γ

π5=2bT

Z
1

−1

Z
∞

0

×
e−

v02
bT

ðγ2 þ ðvHðx; zÞ− v0 − 2cκdiϕrϕmÞ2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−ϕ2

m

p dϕmdv0;

ð19Þ

where the 1ffiffiffiffiffiffiffiffiffi
1−ϕ2

m

p factor appears as the derivative of the

arcsin function.
The local coherence time is estimated by Eq. (11). We

estimate the average velocity as the Zel’dovich velocity [65],
giving for moderate masses 10−20 eV≲mϕ ≲ 10−26 eV
velocities vϕ ≈ 1000 km=s, i.e. hvϕi2=c2 ≈ 10−5. For
smaller masses the velocity drops, e.g. to the order of
1 km=s for mass mϕ ¼ 10−30 eV. If tpix > tc > tm, then
the Compton scale oscillations and coherence scale fluctua-
tions can both be averaged over. ThemodifiedVoigt profile is
then given by

VðvHðx;zÞ;bTðx;zÞ;γÞ

¼ γ

π5=2bT

Z
1

−1

Z
∞

0

Z
∞

−∞

×
e−

v02
bT

�
2ϕr
hϕrie

− ϕ2r
hϕri2

�
ðγ2þðvHðx;zÞ−v0−2cκdiϕrϕmÞ2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1−ϕ2

m

p dϕmdϕrdv0;

ð20Þ

where ϕr is a Rayleigh distributed variable [59], with mean
fixed by the expectation value of the dilaton density over
many coherence times, i.e. hϕri ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ρϕðx; tÞ

p
=mϕ.

That leaves us with three different mass regimes:
(1) In the extreme case where tpix < tm < tc

4 we must
deterministically evolve the field on the Compton
time with a fixed global phase. This leads to shifts in
the central value of the Voigt profile from pixel to
pixel, oscillating from blueshifted to redshifted on
cosmological timescales (see right panels in Fig. 3).
Hence, we compute the Voigt profile by Eq. (18)
explicitly as long as tpix ≪ tm.

(2) At intermediate masses (i.e. if tm < tpix < tc), this
gradually gives way to many oscillations inside a
single pixel. We have to average the oscillation term
and compute the Voigt profile by Eq. (19). In this
case the Voigt profile is simply broadened, but the
broadening is not fixed deterministically by ρϕ.

5 In
this case we take a draw for ϕr from the Rayleigh
distribution for each coherence time traveled along
the line of sight, and rescale it according to the
local dilaton density. This scheme is approximate:
a complete picture could be found only by full
simulation of the field on subcoherence timescales
(e.g. Refs. [67,68], although approximate methods
such as Ref. [69] might suffice on the quasilinear
scales probed). Our treatment of this case is inspired
by Ref. [60] who consider the same regime of scales
for direct detection experiments.

(3) As we increase the dilaton mass further (i.e. if
tm < tc < tpix), the k-modes of the field’s over-
densities start to decohere in the pixel crossing time,
at which point we need to average over a Rayleigh
distribution with average being the classical field
amplitude. Moreover, we still have to average the
oscillation term. Hence, we compute the Voigt
profile by Eq. (20). The dilaton oscillations broaden
the Voigt profile more so than the previous case, as
shown in Fig. 3(c).

III. MEASURING THE DILATON COUPLING

We have demonstrated in the previous subsection that
dilatons affect the Lyα forest by line broadening and line
shifting depending on the dilaton mass. Regarding these
phenomena, one may ask how detection of these is affected
by possible degeneracies with similar effects or underlying
uncertainties in our assumptions (e.g. the underlying HI
density field is unknown, temperature modeling and red-
shift space distortions introduce degeneracies and the
dilaton dark matter fraction is unknown as well).
Detailed study of the cross-correlations between various

4This is approximately 10−32 eV, below which field oscillation
freezes and are no longer dynamical. However spatial variations
of nonoscillating could still be detected, similarly to [66].

5In principle this step could be computed deterministically by
recomputing Pðk; tÞ on the pixel crossing time, but this would be
computationally prohibitive.
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sources of inputs to our fitting of Lyα survey data is beyond
the scope of this study, nevertheless we discuss here some
of the main sources of degeneracies, the uncertainties it
generates and several multiwavelength avenues we can use
to compensate and strengthen the statistical significance of
the dilaton effect. We sketch our proposed analysis strategy
on observational data in Fig. 4.

A. Dilaton dark matter fraction

In this work we are considering placing limits to dilaton
couplings di assuming input values of ðmϕ;ΩϕÞ. How
would one measure di, or set a limit to it, in practice? We
have not considered simultaneous variation of ðdi;ΩϕÞ, but
it is likely that the parameters are highly degenerate if
both were reconstructed simultaneously using Lyα. Thus,

measuring di requires use of multiple probes to break this
degeneracy and establish a concordance cosmology.
At present, the CMB anisotropies and other cosmologi-

cal probes set upper limits to Ωϕ at fixed mϕ, as reported in
Table I. If a simultaneous fit were performed to Lyα and
existing cosmic microwave background (CMB) data vary-
ing both Ωϕ and di, the degeneracies would not be broken,
and in a combined Bayesian analysis one would find an
upper limit to di marginalized on Ωϕ, and correspondingly
weaker than the limits shown in Figs. 1 and 2.6

FIG. 4. Observational strategy for studying real data. Note that the true mϕ, Ωϕ, and thus PðkÞ are assumed known e.g. from an
independent cosmological probe. Example shown for mϕ ¼ 10−24 eV and di ¼ 104 in the case of nondetection (i.e. observed
spectrum with fixed dilaton mass and without dilaton coupling): for a fixed mass we invert the observed spectrum with a dilaton
coupling di ¼ 0 (red line) and di ≠ 0 (green line). Both fits are successful in modeling the flux (upper left panel, red and green line
match and describe the expected noise-free flux), but the recovered HI density is different. The fit with di ¼ 0 matches the true
density profile, for the fit with di ≠ 0 we overfit the variation in the density profile which gives a spurious signal on the high wave
number modes of the matter power spectrum of the recovered density profiles (lower right panel). In the high wave number regime
we can identify the (falsely assumed) broadening effect of dilatons by a discrepancy between observed and simulated power
spectrum (lower right panel, orange shaded region). If we would have observed a mismatch between theoretical power spectrum and
the di ¼ 0 fit, we would have a detection of a nonzero coupling, see Fig. 5. In the other case (nondetection, i.e. the fit without dilaton
coupling matches the theoretical power spectrum) presented here, the recovered density approximates the correct power spectrum
sufficiently well (see lower left panel). Hence, we assume that the recovered density profile describes the correct one and we
compute constraints by predicting the observed flux from the recovered density (fitted with di ¼ 0) for various dilaton couplings
de ≠ 0 and compare the fluxes to the di ¼ 0 prediction (upper right panel). The difference between the predicted fluxes has to be
compared to the instrumental noise of the observation (gray).

6Frequentist analysis of CMB data is extremely uncommon.
However, we mention that a profile likelihood on Ωϕ peaked at
zero would lead to no limit to di from Lyα.
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Future CMB measurements of both primary [70] and
secondary [71] anisotropies, intensity mapping [40], and
galaxy surveys [72], can improve these limits by several
orders of magnitude, allowing for possible detection of
nonzero Ωϕ at high significance for DM fractions around
1% percent. These probes are, compared to the Voigt profile
broadening considered here, insensitive to di, and a
detection of Ωϕ ≠ 0 would leave unanswered the question
what gravitational forces ϕ possesses.
However a detection of nonzero Ωϕ in one of the above

mentioned probes would break the degeneracy between di
andΩϕ in Lyα, and also give a theoretical prediction for the
matter power spectrum, PðkÞ. The power spectrum can
furthermore be reconstructed using our inversion procedure
(see [23]) for the Lyα forest, which would allow for the
establishment of concordance, and measurement of di,
as outlined in the next subsection. The present analysis
for dilatonlike couplings is thus very similar in spirit to the
analysis of Fujita et al. [73] for measuring axionlike
couplings via birefringence.

B. Approximate estimation strategy

In real observations the underlying density field is
unknown. This poses a particular problem for the estima-
tion procedure since we need to have a criterion to unveil
that the absorption line was broadened/shifted by coupling
to dilatons instead of the underlying overdensity in the IGM
just having a larger width (to explain broadening) or being
placed at another redshift distance (to explain line shifting).
In concordance with the procedure described in detail in
Müller et al. [26] we propose that this degeneracy could be
lifted by using the matter power spectrum as a consis-
tency check.
As demonstrated in Müller et al. [23] the matter

distribution along a single line of sight can be recovered
best with the iterative Gauss-Newton method proposed
by Pichon et al. [74]. Starting from an initial guess, the
residual fit to the observed data is minimized by forward
modeling in a Newton-type optimization scheme. An
alternative approach, while less precise, would be the
PC [75] and RPC [23] methods that are independent of

FIG. 5. The same as Fig. 4, but for the case of detection. We invert the observed spectrum with a guess dilaton coupling starting with
di ¼ 0. We compute the power spectrum of the recovered density profile by autocorrelation of the recovered density profile and compare
to the theoretical prediction. If the fit and the true power spectrum match, we would have detection and would proceed as sketched in
Fig. 4. In the case of non-matching we would have a detection of a nonzero coupling, i.e. the observed spectrum is not consistent with
di ¼ 0. We iteratively take a next greater guess for di, compute the inversion and compare to the theoretical power spectrum until
consistency is achieved.
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the thermal model. However, we are assuming the thermal
model to be known in this work and thus stick to the more
precise iterative Gauss-Newton method procedure.
We invert the observed spectrum (i.e. recover the density

field) assuming various dilaton couplings di (at fixedm and
fixed Ωϕ) and inspect recovered densities for their power
spectrum. This strategy is outlined in Fig. 4 in the case of
nondetection and in Fig. 5 in the case of detection. In the
case of detection, such that the dilaton effect is larger than
the noise in the Lyα flux, then only the reconstructed PðkÞ
from Lyα with this di (within some error) will agree
with the theoretical prediction for PðkÞ from the assumed
nonzero Ωϕ, see lower panels in Fig. 5. Conversely, in the
case of nondetection, such that the dilaton effect is smaller
than the noise in the Lyα flux, the agreement between
predicted and reconstructed PðkÞ would allow an upper
limit to di to be set as we are recovering the correct HI
density profile from the Ly-alpha flux (up to errors induced
by the flux noise) while setting di ¼ 0. If a dilaton
broadening/shifting effect is (falsely) imposed during
reconstruction, then the recovered density would overfit
the small scale variation in the density (lower left panel in
Fig. 4) affecting the power spectrum (lower right panel
in Fig. 4.
A full statistical analysis would have to perform a joint

estimation with these two observables. However, in the rest
of the study, we will focus on a scenario of absence of
dilaton signal (exclusion). For this particular situation of
nondetection we developed an approximate, shortened
estimation procedure outlined in Fig. 4 that is sufficient
for the scope of this work.
Assuming that the dominant source of noise is instru-

mental and that the dilaton effect on the flux is smaller
than the instrumental noise, the true HI density can be
uniquely identified (within the uncertainty induced by the
instrumental noise) by constraining the reconstruction to
reproduce a ΛCDM power spectrum (in the absence of
dilatons, reconstructions with falsely imposed dilatons on
the other hand would fail the ΛCDM test). Once the true
HI density is estimated with high fidelity, we can place
constraints on the dilaton coupling by looking for the
largest dilaton effect still compatible with the data, i.e. by
predicting the dilaton effect on the Lyα forest from the
known (recovered) HI overdensity and comparing the
predicted flux in the noncoupled and the coupled cases
(upper right panel in Fig. 4. This also resembles themethod
that was successfully applied by [26] for measuring the
mean temperature of the IGM.
This discussion however potentially reveals an additional

source of systematic noise when determining the coupled
and uncoupled profiles: uncertainty in the matter power
spectrum. Throughout this study we implicitly assume
the Lyα survey noise to be the dominant nuisance param-
eter in our likelihoods, but we may add other sources,

such as the uncertainties in the ΛCDM parameters deter-
mined by Planck.

C. Astrophysical degeneracies

The absorption profile of Lyα forest lines is not only
affected by the profile of the underlying density profile
and the dilaton coupling but also by thermal broadening,
see Sec. II D. The effect of temperature is complex: the
absorption lines are not only Doppler broadened, higher
temperatures also smooth the gas. Moreover, the temper-
ature is not constant. In particular unlike with dilaton it is
correlated with density, creating deeper absorption features
at higher temperatures. We refer the reader to our dis-
cussion in Appendix A for details of our temperature
model.
Measuring and modeling the temperature of the IGM at

redshift z ∼ 2–3 is a currently very active field of research
[14,15,18,26,76–79]. While these methods seem to
coincide at temperatures between 10000 K and 15000 K
with errors of only several hundreds of K (i.e. SNR > 20),
which would justify ignoring them, there is still some
discrepancy between the various observations. We expect
consistency of future studies to improve, however it is
possible the uncertainties in the IGM temperature could
limit the predictive power of Lyα forest surveys.
Nevertheless thermal broadening and dilaton broadening
are not the same [Eq. (20)]. We stress the study of possible
degeneracies and correlations warrants more detailed study
which we leave to future work. In the rest of this work we
select a thermal model (see Appendix A) and ignore
thermal uncertainties. Most importantly, we note that limits
on dilaton couplings only exceed laboratory bounds in the
region of line shifting, where the absorption lines are
displaced instead of broadened and there is no degeneracy
with thermal effects.
For the rest of this study we assume that all astrophysical

uncertainties are accounted for and we are ignoring them in
order to find forecasts.

D. Multiprobe forecasts

It is beyond the scope of the present work to make a
multiprobe forecast for simultaneous measurement of
ðdi;ΩϕÞ, but we note that to compensate these uncertainties
we may combine the present analysis with the Fisher matrix
of Ref. [40] or other probes. Multiprobe forecasts can
improve statistical significance of dilaton bounds if used to
cross-check relative peak shifts from absorptions with
different dependence on α, as is the case of the Lyα and
21 cm lines (see Sec. V). In the absence of correlations,
21 cm lines would act as an independent measurement of
the location of the peak. Further, cosmic standard candles in
the field (e.g. in a protocluster) with luminosity distances of
galaxies along the line of sight (LOS) of Lyα studies may
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be used to check the redshift of emission peaks as well.
Lyβ forest lines could also provide a measurement:
although the peaks of the absorption lines are displaced
by the same factor as Lyα, we look for variation in the ratio
of the Lyα and Lyβ absorption peak wavelengths occurring
from the same overdensity.
Finally, it is worth noting briefly that for the lightest

masses (mϕ ≲ 10−28 eV), in the case of misalignment at
CMB decoupling, a CMB spectral distortion would be
induced, with possible limits to di using the COBE [80]
spectrum. On the other hand, if ϕ were axionlike, CMB
polarization could provide simultaneous measurement ofΩϕ

and the axion-photon coupling via birefringence [70,73].

IV. SOFTWARE/SYNTHETIC DATA

A. REGLYMAN

Based on the power spectra computed with AXIONCAMB

we simulate the neutral hydrogen IGM overdensity by the
lognormal approach. In the lognormal approach the IGM
overdensities are modeled by a random log-normal dis-
tribution with an autocorrelation function specified by the
power spectrum. In a nutshell, we start with a Gaussian
white noise field and multiply it with the matter power
spectrum. The Fourier transformof this field, also interpreted
as the linear density perturbation, is a Gaussian distributed
random field with the correct autocorrelation. We project the
linear density perturbation to the quasilinear regime by
taking the exponential, i.e. the resulting overdensity field
is a log-normal distributed random variable. This semi-
analytic approach has a wide range of applications
[11,12,23,26,62,81–87] as it allows for fast computations
of large boxes and is built in the publicly available
NBODYKIT7 software package [85]. However, it is known
that the log-normal model might be inadequate for over-
densities at very small scales and highly nonlinear over-
densities [88]; although this is believed to be a smaller
problem to the distribution of ordinarymatter due to pressure
smoothing [62]. For a deeper discussion of the log-normal
approach we refer to the discussion in our previous
publication [26].
We implemented the log-normal approach in our software

package REGLYMAN [23,24] by interfacing to NBODYKIT.
REGLYMAN is strongly based on the publicly available REGPY
code for inverse problems in general [89]. For this work for
the forward simulation of the flux we ignore peculiar
velocities that are accessible from the log-normal model
from the Zel’dovich approximation [65,90]. We computed
the baryonic power spectrum inpreviousworks from the dark
matter power spectrum by pressure smoothingwith the Jeans
scale as described in [62,82,91,92]. However, in the present
work we take the baryon power spectrum directly from

AXIONCAMB (since the baryons are also indirectly affected by
the dilaton sound speed).
We present a two-dimensional slice through a very small

simulation box computed with REGLYMAN and AXIONCAMB

with a dilaton mass of mϕ ¼ 10−24 eV in Fig. 6. However,
for predicting the Lyα flux we used a larger box (more lines
of sight that can be assumed to be uncorrelated) with a
much greater resolution in the direction along the line of
sight. The upper panel shows the computed baryonic
density perturbation Δ. The density perturbation consists
of diffuse overdense regions and voids (underdensities).
These structures are tracked in the Lyα forest. The middle
panel shows the current IGM temperature (i.e. the amount
of thermal broadening). The temperature is proportional to
the density perturbation, as discussed in Appendix A. We
assume here that the temperature at mean density T0ðzÞ is
constant over the small redshift bin under consideration. We
show in the bottom panel the dilaton amplitude which is
closely correlated with the baryon density perturbation as
well. For the purpose of computing the dilaton field ampli-
tude from Δ we first project the baryon density to the dark
matter overdensity by linear biasing, i.e. by forwarding every
spatial mode separately by the relation of the dark matter and
ordinary matter power spectra. Then we compute the dilaton
density by the assumed dark matter fraction of dilatons and
the amplitude by hϕri ¼

ffiffiffiffiffiffiffiffi
2ρϕ

p
=mϕ.

With a fixed temperature at mean density T0, a fixed
mean density n̂HI and a fixed phototropic index ζ, we use
Eq. (14) to compute the optical depth in the Lyα forest, the
evolution of the temperature is computed according to
Appendix A. In the case of a nonvanishing coupling de we
replace the Voigt profile by the modified Voigt profile in
Eqs. (18), (19), or (20).

B. Synthetic data

To produce the bounds in Figs. 1 and 2 we create noisy
mock Lyα spectra (data) from exact hydrogen overden-
sities. We use the exact overdensities as our fit for H1 (see
Sec. IV C) to the data resembling the last step of our full
pipeline presented in Sec. III A. We assume these (exact)
overdensities are noisy in Sec. IV C to mimic the typical
noise from inversion.
We then simulated the dilaton effect in a wide range of

masses (from 10−20 down to 10−32 eV) and couplings.
There are already existing bounds on the fraction of
ultralight particles from the CMB [55,93] and from galaxy
clustering [55]. We chose dark matter fractions that are in
agreement with the combined 95% exclusion limits of
[55,56]. We present in Table I the masses assumed for our
test runs and the corresponding fractions Ωϕ=ΩDM.
As the broadening effect could be small, we modeled our

synthetic data on high-resolution and high quality tomo-
graphic data. In fact, we mimicked the spectral resolution
and signal-to-noise ratio (SNR) of the UVES SQUAD
survey [25]. UVES SQUAD is a fully reduced

7Publicly available under https://nbodykit.readthedocs.io/en/
latest.
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spectroscopic survey of 467 quasar starting at very low
redshift and up to redshift 5. The quasars have a median
continuum to noise ratio of 20 at a spectral resolution of
2.5 km=s at a wavelength of 5500Å [25]. We used a
simplified set of synthetic data where we assumed that all
lines of sight are at the same redshift z ¼ 2.5 and all spectra
had the same spectral resolution 2.5 km=s and same
continuum to noise level 20. We applied the common
noise model that was used previously for inversion prob-
lems in the Lyα forest [23,74], i.e.

σ2 ¼ F2

SNR2
þ σ20; ð21Þ

where σ0 dominates the noise distribution for very small
fluxes. We took σ0 ¼ 0.005. We created synthetic spectra
with rest frame wavelengths between Lyα at 1216Å and
Lyβ at 1025Å. To utilize parallel computations we sliced
every spectrum in slices of roughly 10Å in length similarly
to previous works [26].
At redshift z ¼ 2.5 the pixel size corresponds to

∼23h−1 kpc in comoving length corresponding to a

timescale tpix ∼ 3.5 × 1012 s ¼ 1.9 × 10−28 eV, which
roughly separates the dilaton masses into line broadening
and line shifting cases, see Sec. II E.
We simulated mock spectra without coupling to dilatons

and with five different couplings in the parameter space
of interest. We show some example spectra for different
masses and various couplings in Fig. 7. In the left panel we
observe the broadening effect of the dilaton coupling. If the
broadening gets too large, then there is no absorption
structure visible in the spectrum anymore (blue line). Large
values of d lead to a “washing out” of structure, i.e. the
broadening due to the coupling to the dilaton precludes the
formation of narrow absorption lines at all. In the right
panel we show the spectrum from a smaller mass
mϕ ¼ 10−30 eV. The shifting effect is clearly visible by
eye (yellow line versus green line). Again, if the dilaton
coupling is too large, the formation of narrow absorption
lines is suppressed.

C. Likelihood analysis

As mentioned earlier, large effects can be seen visually
for sufficiently large coupling. But more careful bounds can

FIG. 6. 2D slice through a 3D box simulated with REGLYMAN and AXIONCAMB. The box shown in this figure is simulated with
mϕ ¼ 10−24 eV and density in Table I. The upper panel shows the baryonic density perturbation, the upper middle panel the temperature
in the IGM at the indicated redshift, and the middle bottom panel the amplitude of the dilaton field. We draw lines of sights (yellow) from
the box. The baryon density profile along the line of sight is presented in the bottom panel.
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be derived for profile broadening as small as a pixel size or
smaller. We follow here the methodology of the profile
likelihood ratio statistic, commonly used for exclusion and
discovery limits of dark matter [94].
The likelihood ratio statistic compares two hypotheses,

H1 andH0, where in the former we assume no dilaton field
couplings, and in the latter we assume one of the dilaton
field couplings as nonzero. We further assume experimen-
tal/mock data where no signal is present. The goal is to
reject the H0 hypothesis with 90% confidence. We start by
writing the likelihood ratio:

Λ ¼ LðH0Þ
LðH1Þ

; ð22Þ

where theHi signify we enter the hypothesis parameters in
the calculation of the likelihood. The value of the dilaton
coupling will be the sole difference between the two. We
now define the associated test statistic [94]:

q ¼
�−2 logðΛÞ if di ≥ 0

0 otherwise
: ð23Þ

From Wilks’s theorem [94] we know that in the limit of
many observations per bin (photons per pixels) this statistic
converges to a 1

2
χ2p distribution where p is the number of

parameters we are testing (in this case one). The “signifi-
cance” of the signal is

ffiffiffi
q

p
. We can compute the likelihood

of Hi from the modified Voigt profile, using

LðHiÞ ¼
Y

j∈pixels
GðFðzjÞ; FRðzj; diÞ; σjÞ; ð24Þ

where σj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðFðzjÞ=SNRÞ2 þ σ20

q
and σ0 dominates the

thermal noise distribution at very small fluxes. The nor-
malized flux here can be either real or simulated data.
For real data we first need to determine the HI over-

densities, assuming it is a realization of a cosmological
power spectrum including a fraction of dilatons with known
cosmological parameters (computed with AXIONCAMB), see
our discussion in Sec. III A.8 This yields a reconstructed
(inverted [23]) LOS flux FR and a recovered HI over-
density. The recovered LOS assumes a fixed cosmology but
with di ¼ 0. If there is no realization of HI overdensities
that fit the artificial power spectrum and the Lyα forest
simultaneously without di ≠ 0, we would have a detection.
In the nondetection case, we try to find constraints, i.e. we
try to find the maximum size of the dilaton coupling such
that the fitted HI overdensities are still compatible with the
synthetic power spectrum. In essence the recovered HI
density profile acts as a background in the search for
beyond standard model physics, and is used as input for the
H1 hypothesis. We then use it to calculate a LOS for some
di > 0, i.e. input for H0. As discussed in Sec. III A we
assume that the instrumental noise in the spectra dominates
over the uncertainties in the power spectrum.
The recovered flux is inherently noisy due to instru-

mental noise. Therefore, each pixel is modeled as an
independent Gaussian G centered around the recovered
flux FRðzj; diÞ and with noise σj where FðzjÞ and SNR are
the telescope’s measured normalized flux and SNR on the
LOS (it is ∝

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
exposure time

p
and we take the median SNR

for simplicity).
For mϕ ≲ 10−22 eV, the pixel crossing time is shorter

than the dilaton coherence time, and we no longer integrate

FIG. 7. Example spectra (without noise) for different masses and couplings, chosen such that same colored lines display same
amplitude of dilaton effect. (a) mϕ ¼ 10−26 eV displays line broadening. (b) mϕ ¼ 10−30 eV displays line shifting. In the case of
shifting, much stronger effects are visible at lower dilaton coupling.

8We make the same assumption when using mock data.
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over the Rayleigh distribution. Rather the amplitude of the
field is fixed during the crossing time, with probability
described by the Rayleigh distribution. We therefore draw a
sample from the Rayleigh distribution every coherence
interval, see our discussion in Sec. II E. For the very
smallest masses, this poses a statistical problem when
the number of coherence intervals drops and the sample
from the Rayleigh distribution is not representative for the
distribution anymore. However, as we will observe how the
likelihoods go with the amplitude (i.e. q ∝ ϕ2

r), we can
marginalize the likelihood over the Rayleigh distribution
analytically such that the likelihoods with signal are now
the weighted average. However, we have to mention that
there is a small probability that the true dilaton field is in a
state which would give no limits at all, i.e. that it is drawn
from the smallest possible values of the Rayleigh distri-
bution (cf. direct detection limits [60]).
Finally, for future telescopes such as SKA, we can

simulate an Asimov dataset [94] to set the flux in each
pixel to the expected observations of the flux, which is
correct in the limit of many observations (i.e. photons)
per bin.

V. RESULTS

A. Lyα

Based on the discussion above, we show our forecasts on
de and dm in Figs. 1 and 2 (details of the forecasting are
shown in Appendix B and Fig. 9). The relation between the
two is straightforward: keeping only linear terms in the
coupling, the effect is proportional to the power of α or me
in the Rydberg constant. Therefore bounds on the mass
coupling are simply shifted upward by a factor of two
compared to the gauge coupling.
For fixed dilaton energy density and masses tm < tpix our

bounds are approximately linear as the size of the broadening
scales with diϕr ∝ dim−1

ϕ (and exactly linear in the limit
of a zero-variance sample from the Rayleigh distribution).
To this we add a factor of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωϕ=ΩDM

p
such that below

mϕ ¼ 10−20 eV the constraints do not follow a straight line.
The choice of Ωϕ constraints from Refs. [55,56] affect our
constraints as Ωϕ. The corresponding factors can be read
off Table I. We also note q ∝ d4i at these masses (tm < tpix),
due to the Gaussian likelihoods and the ϕ−2

m distribution in
the modified Voigt profile.
In the tm > tpix regime (mϕ ≲ 10−28 eV) we also recover

linear bounds before accounting for the DM fraction.
However, we obtain slightly improved constraints.9 This
is due to a new behavior, not seen when averaged, of overall
displacement of the peaks of the absorption profiles. Peak
displacement implies q ∝ d2i for the smallest masses

(tpix > tm). This changed scaling occurs because of the
loss of the ϕ−2

m distribution in the modified Voigt profile.
A quick consistency check confirms the results obtained

by our likelihood procedure. In case of broadening the
additional broadening of the line is roughly given by the
term Δs ∼ 2cκdiϕr ∼ 0.2 km=s for the bounds obtained
here. This corresponds to roughly 100 K of thermal
Doppler broadening, a precision well achievable once
the polytropic index is fixed and peculiar velocities are
known [26]. Various estimation procedures for the temper-
ature seem to converge to a common mean temperature of
roughly 104 K, but only to a uncertainty of roughly 1000 K
which is due to astrophysical uncertainties (photoionization
rate, polytropic index, peculiar velocities, ...) and uncer-
tainties in the cosmic model [14,15,78,79]. Following this
analogy we present in Fig. 8 also the couplings at which Δs
exceeds the current thermal cosmic uncertainty of 1000 K.
These bounds are immediately applicable as a broadening
effect of this size would have already led to an observed
signal in the search estimation of the temperature of the
IGM (neglecting degeneracies between thermal modeling
and the dilaton effect). However, they do not represent the
bounds that are possible once the astrophysical and
cosmological models are fixed.
We also show competing bounds in Figs. 1 and 2.

Equivalence principle tests [27,95] are the strongest bounds
for the lowest masses. These tests use Etvos-type torsion
pendulum experiments to look for nonoscillating Yukawa-
type potentials with scale parameter mϕ which create
deviations from the expected equality between forces felt
by two objects of different composition or mass. Such a
force would be expected from virtual dilaton fields centered
around objects from couplings to the electromagnetic
gauge sector or electron mass terms [95]. At low masses
where lcoh > lexp ≈ 10−13 eV the range of the Yukawa force
is longer than the experiment length and variations in the
potential can no longer be detected. In this regime one can
detect deviations from the gravitational forces between the
pendulum’s masses (i.e. in the composition dependent case
where they are charged differently under the fifth force).
This regime corresponds to the maximum sensitivity which
no longer varies with mϕ and covering the whole range of
masses in the figure. Other types of bounds require long
integration times, e.g. by looking for time deviations (or
oscillations) in atomic spectroscopy and atomic clocks
[2,28,66]. The experimental reaches are therefore typically
limited below mϕ < 10−24 eV ∼Oð1 year−1Þ, beyond
which the experiment looks for a time gradient in the field
(e.g. [66], or searches for time oscillating neutron EDM
[96]). Although detecting time gradients of course gets
harder as the oscillation frequency is slower, it can be
compensated by higher couplings, since the size of the
effect (i.e. change in electronic/nuclear transition energies)
grows approximately as fast with coupling as it decreases

9Note that the limits for mϕ ≲ 10−29 eV are marginalized,
we refer the reader to our discussion in Sec. IV C.
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with frequency [66]. We therefore show here linearly
extrapolated bounds from [28].10

B. SKA

Next we discuss the impact of the SKA telescope [97,98]
on our bounds. Using identical arguments to the Lyα line,
hydrogen’s 21 cm hyperfine transition line can be modeled
with similar absorption/emission profiles [98]. The effect of
the dilaton field on the profile is similar to the Lyα line
coupling through ðde; dme

Þ up to a factor of 2, since the
absorption energy is calculated as

ΔE21 cm ¼ 4

3
gegpα2

me

mp
Ry; ð25Þ

where Ry ∝ α2me as we saw in (17), ge and gp are the
gyromagnetic factors of the electron and proton, respec-
tively, and mp is the proton mass.
However comparing the Lyα and 21 cm signals this way

neglects the more complex astrophysics of the 21 cm signal
during the epoch of reionization, which requires careful
modeling of nonlinear physics which are still unknown
(e.g. [98,99]). As more parameters are needed to model the
21 cm signal, this also introduces the risk of degeneracies
with the dilaton effect. This work assumes that we do not
see a dilaton effect, which requires an absence of degen-
eracies. We will therefore neglect any possible degener-
acies, but future work is needed to investigate whether they
effect our bounds.

With this caveat, we can extrapolate our results for
searches in the Lyα forest to 21 cm searches, and infer new
rough bounds by replacing the SNR and number and size of
pixels (called “voxels” here). The number of voxels of an
interferometric 21 cm radio survey are calculated using
the angular and spectroscopic resolution of the primary
beam of an SKA I LOW survey, assumed to be Δθ2 ¼
λ221 cm=D

2
dish ¼ 0.5 deg2 and Δν ¼ 104 Hz over a survey

area Sarea ¼ 25000 deg2 and the 80–200 MHz band [100].
The SNR is calculated using the radiometer equation for
interferometers [100], which for resolutions of order the
primary beam size Δθ2 simplifies to

SNR ¼ δT21 cm

Tsys

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔνtpNb

p
: ð26Þ

Here we assume ttot ¼ 12.500 hours total integration
time, thus pointing time tp ¼ ttot Δθ

2

Sarea
¼ 15 minutes. For

simplicity we assume an average Tsys ¼ 1100 K (where we
used Tsys ¼ 250ðz=7Þ2.75 K [101]) and δT21 cm ≈ 10 mK
variations of T21 cm along the line of sight at z ∼ 13. We
also assume a relatively constant (or average) SNR across
the frequency band, i.e. we assume δT21 cm and Tsys follow
a similar power law in z down to z ≈ 8 where we assume
reionization ends [98,99,102,103]. Nb is the number of
nearest-neighbor baselines used near the largest resolution
angle Δθ2, which we estimate conservatively as Nb ≈ Nd,
where Nd ¼ 257 is the number of dishes for SKA I MID.
As mentioned in [100] we assume the primary beam size
to be the largest angle at which we can build single
images. We can thus obtain an SNR ≈ 0.6, which we use
for bounds in Figs. 1, 2, and 8. Since (analogously to Lyα)
q ∝ d2i at low dilaton masses, where now tpix ≈ 10h−1 kpc
for SKA I, and q ∝ d4i at intermediate/high mass, and

FIG. 8. Projected and existing constraints on the dilaton coupling de as a function of dilaton massmϕ, in the 90% confidence limit as in
Fig. 1, but extended to larger masses. Moreover, we show direct constraints that we observe from the mismatch between the effective
optical depth in our simulation and the observed one (blue).

10Note the nonlinear behavior comes from rescaling bounds
using dilaton density fractions in Table I. Atom spectroscopy
bounds (somewhat inconsistent) above 10−24 eV assume 100%
of DM is dilatons, whereas the MICROSCOPE experiment does
not require assumptions on the background dilaton density.
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since q ∝ ð# voxelsÞSNR2, bounds on both dilaton cou-
plings go as ð# voxelsÞ1=4SNR1=2 at intermediate/high
mass and ð# voxelsÞ1=2SNR at low mass. We also account
for the linear effect of hϕri ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2ρ̄ϕðzÞ

p
=mϕ ∝ ð1þ zÞ3=2

on the bounds.
Using SKAwith large beam angle optimizes our bounds

as using smaller angles Δθ2 would increase the number of
voxels by Δθ−2 but would decrease the SNR by a factor of
D2

dish=D
2
b ∝ Δθ2 because the baseline length Db enters the

definition of that angle. Varying the spectral resolution on
the other hand does not affect our bounds as SNR and voxel
effects cancel. Nevertheless we choose smaller resolution
as this places us in the preferred visibility “window” of
21 cm foreground removal (see e.g. [104] and refs therein)
and optimizes δT21 cm [98,102].
Finally, looking ahead, SKA phase II is predicted to have

even better SNR (×10) [101] and similar (or slightly larger)
pixel number and could further improve our projections in
Figs. 1 and 2 by a factor of 101–102.

VI. DISCUSSION

The possible existence of dilatons and other light scalar
field DM is well motivated by appeal to string theory. Via
coupling to the fine structure constant and electron mass,
dilaton DM can lead to observable effects in laboratory and
astronomical observations. In an era of rapidly increasing
volume of astronomical data, it would be unwise not to
fully exploit this for these signs of couplings to beyond the
standard model physics. Many tools such as REGLYMAN

and AXIONCAMB, which we use here, have been developed
to predict and analyze astrophysical data, and can be
adapted to compute dilaton effects.
The dilaton couplings we have considered lead to shifts

in the energy of atomic transitions in hydrogen, the size of
which are correlated with the dilaton DM density. We have
introduced a model for the observable effect this energy
shift leads to in spectroscopic surveys such as UVES
SQUAD or SKA. Convolving the atomic energy level shift
with the distribution of the classical dilaton DM field
predicted from cosmic structure formation with quasar
emission and absorption spectra our model predicts that
dilaton DM induces a line broadening at masses above the
spectra’s pixel crossing frequencies, and a line shift at lower
masses. Assuming a fixed cosmology, we fit for neutral
hydrogen overdensities and identify these effects in simu-
lated data. By considering the signal to noise of these
effects in our simulated data, we are able to forecast the
ability of UVES SQUAD and SKA to constrain dilaton
couplings in the future. We find that laboratory constraints
can be surpassed by several orders of magnitude, if dilatons
make up just a small fraction of the total cosmic DM.

A follow-up study may enhance this by cross-
correlating the peak displacement/broadening with alter-
native measurements that scale differently with the dilaton
coupling (i.e. standard candles, 21 cm signals, Lyβ forest).
We further find that the line shifting regime is a more
statistically powerful effect than broadening, yielding
larger projective constraints on the couplings. Up to a
dependence on Ωϕ=Ωd, the bounds go linearly with the
mass in each regime.
Our results must of course take into account the presence

of uncertainties, degeneracies, and model dependence in
the underlying assumptions (e.g. cosmological parameters,
instrumental response patterns, temperature modeling, and
systematic uncertainties introduced by the deconvolution
process), which we do not account for in our nuisance
parameters as we assume noise from Lyα survey data to
dominate. Further study of the statistical interplay of these
effects and the addition of alternative measurements (stan-
dard candles, 21 cm signals, Lyβ forest) may further
improve the quality of the bounds in our study. In the
past, uncertainties in the thermal evolution of the IGM
limited the predictive power of Lyα forest surveys. This
does not limit our analysis here: the dominating effect for
ultralight dilatons was found to be a displacement of the
lines, while thermal inference mainly affects the width of
the absorption features. Peculiar velocities and redshift
space distortions may also affect the observables at play,
although recent developments in estimating these distor-
tions from three-dimensional density maps constructed
from closely neighboring Lyα lines may alleviate this
problem.
Our study here harnesses a unique power of astronomical

surveys: cosmological integration times. Only astronomical
surveys can probe the time varying effect of oscillating
fields with masses much below 10−24 eV, thus possibly
putting new constraints on dilatons at the smallest mass
scales. At higher masses we mention that these bounds,
although not competitive at masses mϕ ≳ 10−28 eV, also
extend into to the mass range accessible for atom spec-
troscopy. Furthermore the expected improvement in dec-
ades to come in SNRs and increases in the amount of high
SNR data (e.g. [105–107]), may further improve the ability
of cosmological data to constrain dilaton couplings. 21 cm
surveys are a new frontier in observational cosmology, and
the SKA phase I survey is expected to be collecting data
before the end of the decade. Further the proposed improve-
ments of an SKA phase II survey could improve the bounds
shown here (we use parameters consistent with SKA
phase I) [101]. Meanwhile, combining data from UVES
SQUAD and near future surveys such HETDEX [106] may
improve our constraints on dilaton couplings. The novel
ELT/HIRES [108] instrument might also play a crucial role
in further pushing these bounds due to its significantly
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increased sensitivity and SNR of high resolution spectra
(R ∼ 100000) compared to VLT/UVES observations. We
also mention future cosmological parameter fits using joint
Planck and Simons Observatory/CMB-S4 survey data
would allow us to directly observe/constrain ultralight
dilaton fields to subpercent levels of the dark matter density
[70,105,109], a key ingredient necessary to discover
dilatons via the methods discussed in this paper.
Finally, there is much space still for future work putting

Lyα to work to constrain new physics. First, we omitted
constraining the coupling of the 21 cm line to the inverse
proton mass, m−1

p , which is affected by the dilaton’s
coupling to the QCD mass scale and the quark masses.
However, as discussed in [28,30] the dependence is
complex and we do not determine the constraints here.
Analyses of Lyα data can also potentially reveal or
constrain many other effects, such as chameleon dark
energy or isocurvature modes from the early Universe
[110,111]. We hope the present study encourages further
work in these directions.

We will make our software and mock data publicly
available as part of the second release of the REGLYMAN

software [24] upon reasonable request.
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APPENDIX A: IGM PHYSICS

The temperature of the IGM is modeled by a power
law [13,26]:

Tðx; zÞ ¼ T0ðzÞΔζ−1; ðA1Þ

where Δ ¼ ρb=hρbi is the fractional baryonic density
perturbation and T0 the temperature at mean density (i.e.
note that T0 is not the mean temperature). T0 was measured
recently at redshifts z ∼ 2.5 with a wide range of different
methods, e.g. by [14,15,18,26,76–79]. While there is
significant scatter, the different estimates coincide at a
temperature between 10000 K and 15000 K for redshifts
z ∼ 2–3. Similar work was done for the power-law index ζ,
e.g. see [18,22,26,76–79,112] predicting indices around
ζ ¼ 1.4 in the redshift range of interest. Under the
assumption that the IGM is mainly composed of neutral
hydrogen, the baryonic density perturbation can be related
to the neutral hydrogen density [13,62,113]:

nHIðx; zÞ ¼ n̂HIðzÞΔαðx; zÞ; ðA2Þ

where α ¼ 2.7 − 0.7ζ and nHI is the neutral hydrogen
density at mean baryonic density distribution which
depends in particular on the photoionization rate of the
IGM [26,82].

APPENDIX B: FITS

For every mass, we computed the spectra without
coupling to dilatons and with five different couplings that
are unequal to zero. We compute the likelihoods for all
these spectra with our likelihood analysis presented in
Sec. IV C. Then, for a fixed mass, we fit these likelihoods
as a function of coupling linearly in double-logarithmic
space. We compute our constraints by the corresponding fit
values for the 90% likelihood threshold (q ¼ 2.71). Our fits
are presented in Fig. 9.
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FIG. 9. Computed likelihoods (blue diamonds), i.e. logðqÞ for varying coupling constants de, with linear fit in double logarithmic
space (orange) and 90%-exclusion threshold.
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