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The ultralight dark photon is a well-motivated, hypothetical dark matter candidate. In a dilute
plasma, they can resonantly convert into photons, and heat up the intergalactic medium between
galaxies. In this work, we explore the dark photon dark matter parameter space by comparing
synthetic Lyman-«a forest data from cosmological hydrodynamical simulations to observational data
from VLT/UVES of the quasar HE0940-1050 (zem = 3.09). We use a novel flux normalization
technique that targets under-dense gas, reshaping the flux probability distribution. Not only do we
place robust constraints on the kinetic mixing parameter of dark photon dark matter, but notably
our findings suggest that this model can still reconcile simulated and observed Doppler parameter
distributions of z ~ 0 Lyman-« lines, as seen by HST/COS. This work opens new pathways for the
use of the Lyman-« forest to explore new physics, and can be extended to other scenarios such as

primordial black hole evaporation, dark matter decay, and annihilation.

Dark matter (DM) comprises roughly 27% of the
energy content of the Universe, while regular matter,
which we see all around us, makes up only 5% [1]. What
is dark matter? How was it formed in the early Universe?
And how does it interact with regular matter? Despite
decades of theoretical and experimental efforts, these
pressing questions remain unanswered. To date, the most
widely studied form of dark matter has been the Weakly
Interacting Massive Particle (WIMP) [2, 3], theoretically
motivated by the hierarchy problem, which suggests new
physics around the weak scale. More recently, however,
the community has made a broader effort to explore
scenarios of DM significantly lighter than the weak scale.
Two well-motivated, ultralight DM candidates are the
axion [4-6] and the dark photon (A4’) [7]. In particular, A’
are hypothetical new massive vectors that are a minimal
extension of the Standard Model (SM) of particle physics.
This new particle couples to the ordinary photon via
the kinetic mixing operator, one of the few marginal
operators that we can write down to couple the SM to a
dark sector.

The coupling between ordinary and dark photons
gives rise to a rich phenomenology, and recent years
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have seen the field bloom with new detection ideas.
A vast experimental program has been developed to
directly detect dark photon DM in the laboratory [8],
using cavities, dielectric disks, dish antennae, plasmas,
LC circuits, electric-field radios, small electric-dipole
antennas. However, laboratory experiments in the quest
for dark matter are typically limited by their size Lexp,
and have difficulty accessing A’ masses smaller than
mar S h/(Lexpc®).  Astrophysical and cosmological
probes are generally better suited for smaller masses,
since they provide longer baselines for the interaction
between A’ DM and photons. Some observables of this
kind include spectral distortions to the cosmic microwave
background (CMB) [9-13], the solar corona [14, 15], and
the Earth’s ionosphere [16], among others. In this work
we contribute to this effort and thoroughly investigate
the impact of A’ DM on the cosmic web.

In the current paradigm, after the reionization
epoch [17], the diffuse baryonic gas scattered in the
Universe — the intergalactic medium (IGM) — is mainly
composed of ionized hydrogen (HII) with traces of
neutral hydrogen (HI) and helium, whose abundances
depend on redshift and the ionizing background. The
IGM is a powerful tracer of the underlying DM
distribution on scales above the gas pressure smoothing
scale of ~ 100 proper kpc. The main observable feature of
this diffuse gas is the series of absorption lines it imprints
on the spectra of luminous, distant quasars. Light from
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these sources travelling through the IGM is resonantly
scattered along the line of sight as photons redshift into
the frequency of atomic transitions in the rest frame of
the intervening gas. The Lyman-« transition of neutral
hydrogen (n = 1 — 2, A\ = 1215.67A) is a prime
example, as it generates a crowded series of lines — the
so-called Lyman-a forest — spanning a redshift range
Az ~ 0.5 —1, depending on emission redshift, along each
quasar sightline.

The power spectrum of the Lyman-« forest has been
extensively used in cosmology to probe the large-scale
structure of the Universe [18, 19], cosmic reionization [20,
21], and the thermal history of the IGM [22, 23]. It can
effectively constrain ACDM cosmological parameters,
including the energy density of dark energy [24, 25]. It
has also been used to study beyond-ACDM cosmologies
that modify the structure of the cosmic web at small
scales, such as warm dark matter (WDM) [26-28], sterile
neutrinos [29, 30], fuzzy DM [31-34] and primordial black
hole DM [35, 36].

Although almost all studies so far have focused on the
use of the power spectrum, we argue that single-point
statistics are also extremely sensitive to new physics.
In fact, the Lyman-a forest is an exquisite tracer of
the thermodynamic state of the gas at z < 5, as
the line’s profile depends on the absorbing medium’s
temperature, which makes it an excellent probe of exotic
energy injection during this epoch. Intriguingly, recent
results by different groups [37-39] have shown hints of a
discrepancy in the temperature of the IGM at z ~ 0 that
cannot be reconciled with AGN feedback mechanisms
and/or photoheating by ultraviolet (UV) photons. These
works suggest the presence of an unaccounted-for source
of heating at z ~ 2.

Such a source could be provided by DM interactions.
If DM is made of ultralight dark photons A’, these
can resonantly convert into soft photons when suitable
conditions are met in dilute plasma. The soft photons
would then be efficiently absorbed by the plasma, heating
it up [10]. If the conditions for the conversions to happen
are realized at z < 5, this heating will strongly impact the
Lyman-a forest. Initially, crude limits were derived on
the kinetic mixing parameter by simply requiring that the
amount of heat injected not exceed 1 eV per baryon [11-
13].

Recently, however, Ref. [40] made a significant step
forward by implementing the effect of A’ DM heating into
full-fledged, cosmological hydrodynamical simulations of
the cosmic web. By comparing changes to the predicted
IGM temperature with the same quantity inferred from
Lyman-a forest measurements, the authors found that
A’ DM could indeed explain the low-redshift Lyman-«
heating anomaly, and predicted that it could impact the
Lyman-« forest at higher redshifts.

Motivated by this important finding, we conduct an
extensive, detailed, and up-to-date study of the impact
of ultralight A DM on the IGM at different epochs
using, for the first time, the full Lyman-a flux from

observational data at z ~ 3. We use new simulations with
significantly higher resolution, which solve the complete
non-equilibrium photoionization equations (unlike in
Ref. [40]) and incorporate the latest UV photoheating
rates [41]. We perform 25 simulations with A DM (the
largest set to date) and scan over a wide range of
parameter space. Furthermore, we adopt a novel flux
normalization technique which targets under-dense gas
and, for the first time, we compare directly with the
transmitted flux using a forward model at z ~ 3,
rather than using the derived measurements of the IGM
temperature. In so doing, we set leading constraints on
the kinetic mixing parameter of ultralight A" DM that
are significantly more robust than previous results.

RESULTS

Conversion and absorption of dark photon dark
matter in the IGM

The Lagrangian describing photons and dark photons
is [7]
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where F and F’ are the field strength tensors for
the ordinary and dark photons, respectively, € is the
dimensionless kinetic mixing parameter, and ma: is the
mass of the dark photon. Throughout this paper, we will
assume that DM is completely made up of ultralight dark
photons.

The kinetic mixing term induces oscillations of dark
photons into photons and vice versa. The SM photon,
in the presence of a charged plasma such as the ionized
IGM, gains an effective plasma mass that depends mainly
on the local free electron density n.. In the limit of a cold
and non-degenerate plasma (a very good approximation
for the IGM at low redshift), the effective plasma mass
at every point in space x and redshift z is given by

m? > 14 x 1072 V2 ¢! (Zfi?) . (2)

Whenever and wherever the standard photon effective
plasma mass equals the A’ mass, i.e. m2(z,x) = m?,, the
transition between the two particle species is resonantly
enhanced. Assuming that the resonant condition is met

at a time .05, the transition probability reads [12, 13]

mac? |dInm?2(x,t)
Pty (%, tres) = me* =2 - (3)
t=tyes

Low mass dark photons (ms ~ 10715 — 10712 eV ¢2)
convert to low-frequency (~ 1 — 103 Hz) photons which
are rapidly absorbed by the IGM through free-free
absorption. Ref. [40] estimated the mean free path



of the newly produced photons to be much smaller
than the average Lyman-a absorber, shown to be ~
100kpe [42, 43], and therefore we can assume that the
photon absorption is localized to the region where the
resonant condition is met.

Due to this absorption, the oscillation between species
results in a net flow of energy into the IGM, and an
increase in the gas temperature at the density at which
the transition happens. The energy injection per baryon
left by the transition can be approximated as [40]
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where z..s is the redshift of the resonance, e_q4
€/107*, and m_13 = ma/ (1071 V), An
approximate expression for z,es is

m_13\2/3 1
L 2o ~ 275 (S8 (5)
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where A, = py/pp is the relative overdensity of gas

with respect to the mean. Resonance conversions
occur in underdense regions first before overdense ones.
Throughout the remainder of this paper, we shall refer
to Ay simply as A for brevity, unless otherwise specified.

A’ DM heating in cosmological hydrodynamical
simulations

To study the impact of A’ DM on the Lyman-« forest,
we adopt state-of-the-art models based on the Sherwood-
Relics suite of cosmological hydrodynamical simulations
[44, 45] performed using P-Gadget-3 [46]. We modify
these simulations to include energy injection into the
baryonic gas particles due to the A’ — ~ transition when
the gas particles satisfy the resonant condition mff =
m?%,. We thoroughly investigate the A’ DM parameter
landscape by running several models with varying A’
DM mass and kinetic mixing.

Fig. 1 shows slices of a simulated box that assumes
the best-fit A” DM model proposed by Ref. [40] (ma =
8x 107 eVe 2 e=5x10"1) at 2z =3.2,2.8 and 2.4
from left to right. Resonant conversion occurs at z ~ 1.75
for mean density regions. The middle and bottom panels
show the gas temperature and overdensity distributions.
In contrast, the top panels show the ratio between
the temperature of the A DM model and the baseline
ACDM scenario without exotic heating, highlighting the
regions affected by dark photon resonant conversions and
the amount of energy injected into the IGM. The plot
shows that the A" DM model proposed by Ref. [40], in
the considered redshift range, modifies the temperature
of the baryonic gas up to a factor ~ 2 exclusively in the
underdense regions where log A < —0.5 (e.g. voids) while
not affecting the gas in overdense regions (e.g. filaments
and nodes). Due to the redshift evolution of the free

electron density n., given a specific mass, A’ DM converts
into photons in increasingly dense gas regions as cosmic
time passes. Eventually, for the model shown, filaments
and knots will be heated around z ~ 0.

Fig. 2 shows the distribution of the volume weighted
temperature as a function of overdensity for the baseline
ACDM model without extra heating and three A’
DM scenarios at redshift z = 2.7. The three models
shown have different A’ masses but the same kinetic
mixing loge = —14.0.

The presence of A’ DM heating can be summarized
as a sudden increase, relative to the baseline model,
of the temperature distribution in a narrow density
interval, corresponding to regions where the resonance
condition was met at or just before the observed
redshift (m2(z,x) = m?%,). The overdensity position
of the resonance feature, A,, depends solely on A’
mass and redshift, scaling as A oc m%, (1 + 2)73.
Increasing the kinetic mixing e increases the amplitude
of the temperature feature, scaling as AT o Eq/y x
ma€e?(1 + 2)=3/2.  Therefore, models with weaker
mixing than those shown in Fig. 2, produce a smaller
temperature increase.

The distribution shows that the IGM is strongly
sensitive to the presence of A’ DM, displaying an
anomalous and measurable thermal excess proportional
to the amount of energy injected in the gas due to dark
photon conversions, making it an appealing proxy to
probe the presence of A’ DM.

We notice that if the A’ DM mass is such that a
resonance never happens within the gas densities probed
by the Lyman-« forest, then we do not see any significant
effect. Thus we expect to be sensitive only to a restricted
range of DP masses; higher or lower masses may be
accessed with other probes [8].

Discovering A” DM with the Lyman-«a forest
transmitted flux

The presence of A’ DM may impact the Lyman-
« forest in the spectra of distant bright quasars,
caused by intergalactic neutral hydrogen gas. The
shape of the absorption lines is directly related to the
thermodynamic state of the absorbing gas, and the
presence of A’ DM heating will therefore modify the
line widths and depths in a unique way, depending on
the A’ DM mass and kinetic mixing. In this section,
we carry out a complete comparison between synthetic
spectra extracted from the simulation boxes and a
high-resolution, high-signal-to-noise observed spectrum
of the Lyman-a forest. We exploit the distribution of
flux values across the sightlines, which is sensitive to
the presence of A’ DM heating, to compare data and
simulations.

We focus on the redshift range z > 2 for which the
Lyman-« forest is accessible by ground-based telescopes.
For lower redshifts, the Lyman-« transition falls below



Dark photon heating

FIG. 1. Slices (500 k™ 'kpc thick) of a simulation box with A" DM heating of the best-fit model in Ref. [40] (mas = 8 X
107 eVe™2, e = 5 x 1071%) at redshift z = 3.2, 2.8 and 2.4 from left to right. Each panel is 40 A~ 'Mpc on the side. The
middle and bottom panels show the time evolution of the baryonic gas temperature and overdensity, respectively. The upper
panels show the ratio of the gas temperature in the A” DM run relative to the scenario without extra heating. These panels
highlight the amount of energy deposited by dark photon resonant conversions and the regions in the cosmic web that are
affected by it. Note the colour bar scales are all logarithmic. Cosmic time evolves from left to right.

the atmospheric UV absorption cut-off (A < 300 nm).
Moreover, we limit our analysis to z < 4, as at higher
redshifts the amount of neutral hydrogen in the IGM
increases, leading to a tightly crowded and blended
Lyman-a forest in the spectra of high redshift quasars.
In this instance, a proper assessment of absorption
line profiles becomes complex, and the effects of A’
DM heating become more difficult to detect.

Simulated Lyman-o spectra

From the simulations, we produce synthetic quasar
sightlines by extracting the gas particle data (density,

temperature, peculiar velocity and HI fraction) along
skewers piercing the cosmological box and computing
the Lyman-o optical depth, 7y, as a function of
wavelength, following Refs. [40, 47] (see the Methods
section for more details). The normalized transmitted
flux, i.e. the quasar flux fraction not absorbed by the
neutral hydrogen, is defined as F' = e~ v, Fig. 3 shows
an example of the simulated normalized transmitted flux
at z = 2.7, extracted from the same models reported in
Fig. 2. The baseline model without extra heating due to
A’ DM is shown as a dashed pink line, whereas the three
models with A’ DM are shown with blue shaded lines,
with darker tones denoting heavier masses. The excess
heating due to A’ DM resonant conversions translates
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FIG. 2. Distribution of the volume weighted gas temperature and overdensities A = p/p, in terms of mean density, of different
models at redshift z = 2.7. a) Baryonic gas distribution in the baseline ACDM model without exotic heating. The core of the
distribution at low densities is well described by a power law of the form T = ToA" ! with v = 1.3. b - d) Temperature-density
distribution of gas in models with A’ DM heating, where dark photons have masses of log(m.a//eV ¢™2) = —13.15 (b), —12.65
(c) and —12.15 (d). All three models assume a kinetic mixing log e = —14.0. A" DM heating induces a sharp increase in the gas
temperature at the overdensities for which the resonant condition is met. This overdensity is highlighted with a dashed blue
arrow, scaling as Ayes o< m%, (1 + 2z) 2. The amplitude of the temperature increase depends on the amount of energy injected
into the gas due to dark photon oscillations, scaling as ATyes o Fa/_~ mA/62(1 + 2)73/2. For a fixed m 4/, a weaker kinetic
mixing produces a less severe temperature feature, maintaining its density position. At the limit, models with log e < —14 are

not distinguishable from the model without extra heating, regardless of m 4.

into the broadening of the Lyman-« lines associated with
gas particles having overdensities close to the resonance
density Apes.

For light mass A’ DM models (e.g. log(ma:/ eV c™2) =
—13.15), the resonance condition happens in underdense
gas at Ayes < 1 at the redshift in consideration, z =
2.7. This low density gas absorbs only a small fraction
of the incoming flux, and thus any modification of its
thermodynamic state only affects the weak Lyman-«
lines close to the continuum, leading to a spectral shape
that is not distinguishable by visual inspection from the
baseline model without exotic heating.

On the other hand, for intermediate masses (e.g.
log(mas/ eVe=2) = —12.65) the conversion occurs at
Ayes ~ 1. This gas is sufficiently dense to leave many
strong, yet not saturated, lines in the spectrum, and an
exotic energy injection leads to a visible difference with
respect to the baseline no-A’ model.

Lastly, more massive A’ DM models (e.g.
log(ma// eVe™2) = —12.15) inject energy into gas
at Apes > 1. This gas is mainly associated with very
dense structures, such as filaments and knots in the
cosmic web, whose absorption lines are deep, saturated
and less likely to appear in a spectrum, due to the
reduced number and relatively small cross-section of
such structures. Moreover, the profile of saturated lines,
i.e. lines that absorb 100% of the incoming photons
around the transition’s wavelength, is not as sensitive to
a change in gas temperature as for non-saturated lines,
limiting the detectable effects of A’ DM heating. The
spectrum of such massive A’ DM models only marginally
differs from the no-A’ case.

Note however, that the spectra shown in Fig. 3 are
noiseless and with infinite spectral resolution, i.e. are

not affected by instrumental defects that will further
reduce the differences between A’ DM and no-A’ models.
All three A’ DM models shown assume a kinetic mixing
loge = —14.0. Models with weaker mixing show lines
with a less severe anomalous broadening, down to the
limit of producing the same normalized transmitted flux
as the model without A’ DM heating, regardless of m /.

Data and mock spectra

The presence of A” DM heating in the IGM, at the
redshift in consideration, broadens the weak and non-
saturated Lyman-a absorption lines close to the quasar
emission continuum. As shown in Fig. 3, we are chasing
differences in the line profile shape with and without
A’ that may be fairly small. Therefore, in order to be
able to detect (or constrain) the presence of exotic A’
DM heating, we ought to analyse high-resolution quasar
spectra with very high S/N levels.

With this in mind, we analyse the high-resolution
spectrum of the quasar HE0940-1050 (2zem = 3.0932) [48]
observed with VLT /UVES [49] as the brightest object in
the UVES Large Program [50], having an average S/N in
the Lyman-« forest of 280 per resolution element. This
is the high-resolution spectrum of a quasar at 2 < z < 3
with the highest S/N found in the literature and thus is
the best candidate for the following analysis.

This spectrum has been used by Ref. [48] to constrain
the thermal properties of the underdense IGM, through a
novel manipulation of the normalized flux. By regulating
the flux continuum level and rescaling the Lyman-
« optical depth before computing the distribution of
the flux values of each pixel across the sightline, i.e.
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Section of a synthetic noiseless sightline extracted from different simulated boxes with and without A" DM heating.

The dashed pink line is the baseline ACDM case without A’. Blue shaded lines show the transmitted fluxes with A’ DM heating,
where darker tones represent more massive models. The three A’ DM models reported are the same as in Fig. 2 and all assume
strong kinetic mixing (loge = —14.0). Only one model visibly differs significantly from the no-heating case (logma// eV e ™2 =

—12.65) and is ruled out by our later analysis.

computing the regulated and transformed Probability
Distribution Function (or tPDF throughout), Ref. [48]
showed that it is possible to enhance the statistic’s
sensitivity to the thermal state of the underdense
gas, stored in the high flux levels of the transmission
spectrum. We carry out a similar analysis to constrain
the presence of A’ DM heating in the IGM, comparing the
synthetic skewers extracted from the simulation outputs
to the tPDF of HE0940-1050 [48].

Here we summarise the main steps of the procedure.
First of all, we create a mock dataset of Lyman-a
sightlines that matches the redshift range of the Lyman
forest found on the spectrum of HE0940-1050 (about
31000kms~! long, equivalent to ~ 290 Mpc A1, centred
at z ~ 2.75). This long spectrum is composed by
stitching multiple 40 Mpc h~! long sightlines extracted
from simulation outputs at different redshifts, spanning
the redshift range z ~ 2.5 — 3, to appropriately represent
the redshift evolution of A’ DM heating in the forest.
We reproduce the instrumental effects on the synthetic
sightlines by convolving the spectra with a Gaussian
kernel with a full-width at half-maximum of 7.2kms™!
to match the UVES resolving power for 1 arcsec slit
aperture, and then rebin the data onto a pixel grid with
constant spacing Av = 2.5kms~".

The noise distribution of the original spectrum is
modelled following the recipe of Ref. [48]. Summarizing,
we

1. Divide the pixels of the original spectrum into 50
bins according to their flux values. The errors on
each pixel produce 50 noise distributions for each
flux value.

2. To each simulated pixel, we associate a noise value
randomly picked from the distribution associated
with its flux level.

Lastly, since the mean transmitted flux value F of a
Lyman-« forest spectrum can exhibit large fluctuations

among different sightlines, and can be rather sensitive to
the number of strong absorption systems pierced by the
sightline, it is reasonable to consider it as an independent
free parameter within the measurement errors. This is
particularly important when analysing a single sightline,
as in our case, and not a large ensemble of spectra.
In this way we can put a constraint directly on the
presence of A’ DM, marginalizing over cosmic variance
effects. Therefore, we scale the mock flux skewers to
a set of different mean flux values spanning the range
F = 0.71 — 0.82 [51]. We produce N,, = 10,000 mock
spectra for each {ma/, ¢, F'} parameter point. The same
procedure is carried out on the fiducial ACDM boxes
without A’ heating.

Once we have a set of realistic data that matches
the properties of the observed spectrum we move
to the comparison between the two. We first
note that the transmitted flux probability distribution
function (PDF) is particularly sensitive to continuum
placement uncertainty, whose erroneous estimation can
lead to a shift of the flux levels and therefore to a
stretch/compression of the probability distribution itself.

We reduce the wuncertainty due to continuum
placement by adopting a standard flux renormalization.
Taking the original fitted continuum as a starting point,
the spectra are divided into regions of 10 Mpc h~!. For
each region, we find Fys, corresponding to the 95th
percentile of the flux distribution within that region,
and normalize the flux as F, = F/Fg5. This regulation
aligns the spectra from simulations with different A’
DM parameters at high fluxes, effectively removing any
continuum bias placement in the PDF evaluation.

Then, in order to focus on fluctuations near the
continuum, we enhance the optical depth 7ry, of the
Lyman-« lines by an arbitrary constant factor A as

TA = A TLya, (6)



thus scaling the normalized (and regulated) flux as
Fp = exp(Aln|F.|) = |F,|*. (7)

We adopt a constant A = 10 to compare our results to
Ref. [48]. This transformation is equivalent to changing
the binning of the standard PDF in a flux-dependent way,
such that the sensitivity at high fluxes is enhanced. The
optical depth transformation is applied to the continuum
regulated flux F;. described above.

Finally, we compute the probability distribution of F4
throughout the mock datasets, called the regulated and
transformed PDF, or tPDF for short.

Fig. 4 shows the tPDF of the same A’ DM models
reported in Figs. 2 - 3, compared to the tPDF of HE0940-
1050 [48] shown as orange diamonds with error bars.
The dashed pink line shows the tPDF of the baseline
no-A’ model, whereas the A’ DM models are shown
in blue shaded solid lines, with darker tones denoting
heavier A’ DM masses. Most importantly, we see that
the tPDF is able to distinguish between different A’
DM prescriptions up to several o, where a change in
m . modifies the shape of the tPDF. Changes in € and
F modify the tPDF shape in a non-degenerate way
(not shown for conciseness). For low values of ¢, the
energy injection due to A’ DM oscillation is effectively
negligible and the tPDF is indistinguishable from the no-
A’ case, regardless of mass. As expected, the massive
case (log(ma// eV c¢=2) = —12.15) shows the same tPDF
as the baseline model, since it induces heating only in
very dense and rare environments, affecting a relatively
small number of lines and thus having small statistical
impact on the full spectrum flux distribution. Notably,
the IGM at z ~ 2.7 shows good agreement with our no-A’
simulation results.

Likelihood

Following the standard assumption that the 19 flux
bins in the tPDF are distributed as a multivariate
Gaussian, we compute the likelihood between the model
and data tPDF for each set of mock sightlines through
the function

1

L(dmar, e F) =
(2m)" |Z|

exp [—1APTZ_1AP] ,

) ®)
where AP = P(m/y,¢; F) — P is the difference between
the average tPDF of the mock spectra, extracted from
the A” DM model with mass m 4, kinetic mixing e and
scaled to mean flux F, and the measured tPDF P4 of
Ref. [48]. k is the number of tPDF bins considered, |2
and X! denote the determinant and the inverse of the
covariance matrix, respectively, whose ij-th element is
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FIG. 4. a) Regulated and transformed PDF (or tPDF) of
mock spectra emulating the resolution, pixel size and noise
distribution of the VLT/UVES spectrum of HE(0940-1050,
whose tPDF is reported in orange diamonds with error bars,
as computed by [48]. The tPDF of the same models reported
in Figs. 2 and 3 are shown. All models reported have loge =
—14.0 and F = 0.76. b) The fractional difference between
each model’s tPDF and the observed data, in terms of the
data error estimate. The horizontal grey dashed lines define
the 1o region around the data points reported in Ref. [48].

computed as

N,
_ 1 Nm ~ B
Zz,](mA’aeyF) = Nimz (P’L,Tl — PZ) (Pj,n — P]) , (9)

where P; , and P; are the tPDF values of the ith flux
bin computed on the nth sightline and averaged on
all mocks, respectively. The sum is performed over
all N,, mock spectra of the same model parameter
combination. We stress that the covariance matrix is
model dependent, especially in the off-diagonal terms,
and is recomputed on each {mas, ¢, F} configuration.
Two degrees of freedom are removed by the tPDF
normalization condition () P(F;) = 1) and by the
percentile continuum regulation performed on the flux
skewers, hence we remove from our analysis the highest
and lowest flux bins, following Ref. [48].



Posterior Analysis

We explore the posterior probability distribution of
the A’ DM parameters using a Monte Carlo Markov-
Chain (MCMC) approach. We linearly interpolate the
likelihood evaluated on the simulation grid points and
obtain MCMC chains using the emcee python package
[52]. We consider two instances, assuming flat priors on
mass, mixing and mean flux, or flat priors on mass and
kinetic mixing and a Gaussian prior on mean transmitted
flux N7(0.7371,0.01), based on the measurement of
Ref. [51]. We check for chain convergence using the
Gelman-Rubin test [53].

Fig. 5 shows the 1o and 20 levels of the
posterior distribution in the mass-kinetic mixing plane,
marginalized over transmitted mean flux, for the two
choices of priors: all flat (dot-dashed green) and Gaussian
over mean flux (solid blue). The contours in the two
cases are similar, highlighting how the result is not prior
dominated. The dashed red line reports the bounds on A’
DM mass and mixing computed by [13] based on simple
analytical energy distribution assumptions. The best fit
model proposed by [40] is shown in orange and lies within
the 20 region of both posteriors.

The posterior distribution does not show a preference
towards a particular A’ DM model. Instead, the most
likely models have either low kinetic mixing or very
high mass. Both instances would produce a model that
does not provide any non-negligible additional heating
to the gas in the density range probed by the Lyman-
« forest, yielding a tPDF that is indistinguishable from
the baseline no-A’ case within the error bars. Overall,
the analysed data does not demonstrate any substantial
preference for A’ DM heating.

Dark photon dark matter limits

We next turn our attention to setting limits on € as a
function of my4/. We consider the Lyman-« forest mean
flux as a nuisance parameter. We linearly interpolate
the likelihood values computed in Eq. 8 on a fine grid
in the € — F plane, for a given my., and profile over
the mean flux to obtain £(d|ma-, €), the maximum value
of L(d|mas,e; F) over all values of F for each pair of
(mar,€). We then define the test statistic

A(mar,€) = 2[In Lpax(dma) —In L(d|mar,€)], (10)

where Liyax(djmar) is the maximum likelihood over all
interpolated {e¢, F'} points at a given mass m /. Wilks’
theorem [54] then ensures that A follows a half-chi-
square distribution [55]. We can therefore obtain the
A’ DM kinetic mixing 95% confidence limits by finding
the value of € at which A = 2.71. These limits are
reported in Fig. 6 for all mass values in our simulation
ensemble, compared to the bounds obtained analytically
by Ref. [13]. We also show the best-fit parameter point
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FIG. 5. Posterior distribution over the A’ DM mass - kinetic
mixing plane, marginalized over the transmitted mean flux,
assuming flat priors for each parameter (green dot-dashed
line), and assuming flat priors on mass and mixing for a
Gaussian prior on mean flux N7(0.7371,0.01) [51] (blue area).
The contours represent lo and 20 levels. Approximate
constraints from Ref. [13] are also shown (dashed red). The
best fit A” DM model of Ref. [40] is shown in orange, which
is within 20 of both posterior distributions. Grey squares
denote the grid of simulated models used in this work.

found in Ref. [40], which can reconcile the discrepancy
between the IGM temperature z ~ 0 found in simulations
and the one inferred by HST/COS observations. This
model is allowed at 95% C.L. by our bounds.

DISCUSSION

In this work, we have carried out cosmological
hydrodynamical simulations modelling the energy
injection in the IGM due to dark photon dark matter
resonantly converting into standard photons. From
these simulations we have extracted synthetic Lyman-
a skewers and compared them to the ultra-high S/N
VLT /UVES spectrum of quasar HE0940-1050 through
the regulated and transformed flux PDF, setting robust
constraints on the A’ DM mass and kinetic mixing
parameters.

For the first time, we utilize the full Lyman-« forest
in quasar spectra to constrain IGM heating from a DM
process; almost all previous works do not account for
inhomogeneities in the IGM and do not directly make
use of Lyman-a spectra, simply comparing a single,
predicted IGM temperature with the gas temperature at
mean density inferred from the Lyman-« forest (see e.g.
Refs. [56-60]).

We have obtained robust 95% confidence limits on
the kinetic mixing parameter of A’ DM with mass
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FIG. 6. The 95% confidence limits on the A" DM kinetic
mixing parameter € as a function of dark photon mass m 4/
arising from the analysis of the transformed flux tPDF at
z ~ 2.7. Approximate constraints from Ref. [13] based on
requiring that the total heat injected from A’ DM not exceed
1€V are also shown (dashed red). The best fit A” DM model
of [40] is shown in orange. Grey squares denote the grid of
simulated models used in this work.

around ma: ~ 10713 — 10712eV/c2. This represents a
significant improvement compared to previous work [11,
12], which provided approximate limits. These limits
were determined by requiring that the energy injected
by dark photons during the Hell reionization epoch (2 <
z < 6) did not cause an increase in the IGM temperature
of more than AT < 10* K.

Our new results test the presence of A’ DM with
significantly more information than Ref. [40], since we are
now comparing simulation results directly with Lyman-a
forest data at z ~ 3. We find that the best-fit point of
Ref. [40] is still consistent with the data; therefore, A’
DM heating remains a viable solution to the discrepancy
between HST/COS data and simulations at z ~ 0,
although we see no preference for the model either.

Future deep spectroscopic observations will be required
to explore the A’ DM mass parameter space further,
especially targeting the low redshift Lyman-« forest
down to z ~ 2, where the best fit A’ DM model of
Ref. [40] is expected to affect gas close to the mean
density and so should be easier to detect and, eventually,
confirm or rule-out. Such observations can already be
carried out with current facilities and instrumentation
(such as VLT/UVES [49], VLT/ESPRESSO [61] and
KECK/HIRES [62]), requiring, however, a substantial
amount of integration time (of the order of a hundred
hours), due to the low efficiency in the blue part
of the spectrum of such instruments. In the future,
spectrographs such as ANDES [63] will be more powerful
and reach high S/N levels faster, being able to exploit

the larger collecting area of the ELT, whereas, projects
directly targeting the ultraviolet wavelengths such as
VLT /CUBES [64] could push the search for A” DM down
to z ~ 1.5, probing even lighter models.

Finally, although we have focused here on one specific
DM candidate, our pipeline can be applied to many other
cases, such as decaying and annihilating dark matter,
evaporating primordial black holes or axions converting
in extra-galactic magnetic fields. Our intention is to
explore these other possibilities in the future.

METHODS
Cosmological hydrodynamical simulations

Our study uses high-resolution cosmological
hydrodynamical simulations of the Lyman-a forest
performed with a modified version of P-Gadget-3,
which is an extended version of the publicly available
Gadget-2 code [46]. We use the code originally modified
for the Sherwood-Relics simulation project [44, 45],
where it was demonstrated these models reproduce the
observed Lyman-a forest at 2 < z < 5. In this work
our fiducial simulation box size is L = 40h~'Mpc with
2 x 10242 DM and gas particles, giving particle masses of
Mam = 4.3 x 10°h7' Mg and Mg,s = 7.97 x 10°h~! Mg,
We demonstrate later that this choice yields a well-
converged Lyman-« forest tPDF.

The simulations were all started at z = 99, with
initial conditions generated on a regular grid using a
ACDM transfer function generated by CAMB [65]. The
simulations were evolved to z = 2, and the gas thermo-
chemistry was obtained by solving the full network of
non-equilibrium photo-ionization equations for hydrogen
and helium [66]. Ionization and heating by UV photons
is followed using the synthesis UV background model
of Ref. [41], with photo-heating rates adjusted by a
factor of 0.8 to match IGM temperature measurements
presented in Ref. [67]. All gas particles in the simulations
with density A > 103 and temperature T < 10° K are
converted into collisionless star particles [68]. We assume
an underlying ACDM cosmology with the following
parameters: Qp, = 0.308, Q4 = 0.692, h = 0.678,
Qp = 0.0482, 05 = 0.829, n = 0.961, and a helium mass
fraction Y, = 0.24.

Dark photon heating was added to the simulations
following Ref. [40]. This is included in addition to
photo-heating from our baseline UV background model,
by applying a direct energy injection into the gas
particles (following Eq. 4) when the resonant condition
m2 = m?% is met. We performed 25 simulations
spanning the A’ parameter space, with masses —13.4 <
log(mas/eVc™2) < —11.9 and kinetic mixing —15.0 <
loge < —13.5. Table I reports the A’ parameters
considered. We also performed 4 additional simulations
with no A’ heating to test for convergence with mass
resolution and box size.



log(ma/eV ¢=2) loge

—13.40 —15.00, —14.50, —14.00

—13.15 —14.75, —14.15, —14.00, —13.50
—12.90 —15.00, —14.50, —14.15, —14.00
—12.65 —14.75, —14.15, —14.00

—12.40 —15.00, —14.50, —14.15, —14.00
—12.15 —14.75, —14.15, —14.00, —13.50
—11.90 —15.00, —14.50, —14.00

TABLE I. Summary of the A’ DM parameters assumed in the
hydrodynamical simulations used in this work.

From each of the simulation boxes we extract 5000
pencil-beam skewers at redshift intervals of Az = 0.1,
each divided into 2048 bins along its length, saving the
gas temperature, gas overdensity, local peculiar velocity
and neutral hydrogen fraction. The skewers are then
used to compute the Lyman-« optical depth using the
interpolation scheme of Ref. [69] combined with the Voigt
profile approximation from Ref. [70]. Finally, we rescale
the optical depths of all pixels in the sightlines by a
constant to explore the parameter space F' = 0.71 —0.82,
around the observed mean transmission of the Lyman-«
forest from Ref. [51].

Mass resolution and box size convergence

We assess the numerical convergence of the tPDF
by varying the mass resolution and box size of the
simulations. The fiducial no A" model used throughout
the work is kept as our reference point, with a box size
40 h~'Mpc and 2 x 10243 gas and dark matter particles.
We contrast the tPDF predicted by this baseline run
with those derived from two simulations featuring the
same box size but with 2 x 7683 and 2 x 5123 particles,
respectively. This allows a check of convergence with
simulation mass resolution. Similarly, we check for
convergence with simulation volume by comparing our
fiducial run to a simulation with box size 20 A~ 'Mpc
and 2 x 5123, particles, thus retaining the same mass
resolution between the two runs.

Fig. 7 displays the tPDF of the simulations with
different mass resolution (left panels) and box size (right
panels). The grey dashed curves are the uncertainties
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obtained from the square root of the diagonal elements
of the simulated covariance matrix. In all cases the
tPDF is converged within the expected uncertainties.
The diagonal elements of the covariance matrix are
also well converged, and are at most 6% larger in the
low-resolution runs. The covariance of the tPDF is
only slightly influenced by box size, indicating that the
baseline simulation adequately captures the cosmic web
and does not suffer from large cosmic variance effects. In
conclusion, we find our simulations are well converged.
We therefore do not consider any correction to the tPDF
or its covariance to address poor convergence with either
mass resolution or simulation volume.
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