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We present the first constraints on the electron optical depth to reionization, τe, from the Lyman-α forest
alone for physically motivated reionization models that match the reionization’s end point, zend, required by the
same astrophysical probe, and for symmetric reionization models with fixed duration, �z, commonly adopted
in cosmic microwave background (CMB) reionization analyses. Compared to traditional estimates from the
latter, the Lyman-α forest traces the ionization state of the Intergalactic medium (IGM) through its coupling
with the thermal state. We find an explicit mapping between the two by solving the chemistry and temperature
evolution equations for hydrogen and helium. Our results yield τe = 0.040+0.042

−0.018 (95% C.L.) and τe = 0.041+0.028
−0.017

for reionization models with zend and �z fixed, respectively. With mock Lyman-α forest data that mimics the
precision of future larger quasar sample datasets, we would potentially obtain tighter τe constraints, paving the
way for CMB-independent constraints on the epoch of reionization from a large-scale structure probe.
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Introduction. The optical depth to reionization, τe, has
recently drawn considerable attention due to its potential to
significantly weaken the hints for physics beyond �CDM
suggested by the latest results from the Dark Energy Spec-
troscopic Instrument (DESI) Data Release 2 (DR2). When
combined with Planck cosmic microwave background (CMB)
measurements and supernovae datasets, baryon acoustic oscil-
lations (BAOs) from DESI DR2 reveal an ∼4σ preference for
dynamical dark energy [1]. Primarily driven by a lower value
of �m, this in turn implies a preference for neutrino masses be-
low the minimum allowed by neutrino oscillation experiments
[2]. These findings have motivated recent work by Sailer et
al. [3] and Jhaveri et al. [4] to consider the implications
of larger optical depths than the standard estimate obtained
from polarization measurements at low-l multipoles of the
CMB, which yields τe = 0.054 ± 0.007 (68% C.L.) [5]. Since
the CMB polarization signal is roughly 100 times weaker
than the corresponding temperature fluctuations and subject
to the same levels of foreground contamination, τe is the least
well-constrained parameter within the �CDM model. In fact,
Sailer et al. [3] and Jhaveri et al. [4] found that a value of
τe ≈ 0.09 restores consistency between Planck and DESI,
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reducing the statistical tension below ∼2σ . Notably, such high
τe values are consistent with early WMAP results [6], and
with recent constraints from the combination of small-scale
CMB anisotropies and CMB lensing with various low-redshift
probes [7].

It is important to highlight that, unlike cosmological pa-
rameters such as �m, τe is fundamentally astrophysical,
encoding information about the integrated ionized electron
fraction up to the epoch of decoupling. To interpret different
τe estimates, it is crucial to revisit our current understand-
ing of the epoch of reionization (EoR), mainly constrained
through the Lyman-α forest. Observational evidence, such
as the presence of Gunn-Peterson troughs [8,9], large-scale
opacity variations [10], and Lyman-α damping wings [11]),
at z < 6, along with short mean free paths below this red-
shift (e.g., Ref. [12]), places robust constraints on a late end
point of reionization, zend. At the same time, recent JWST
detections of Lyman-α emitters at high z appear to suggest an
early onset of reionization (e.g., Ref. [13]), indicating ongoing
reionization already by z = 13, as discussed by Cohon et al.
[14]. Taking the Lyman-α constraints for the late reionization
stages into account, Cain et al. [18] used measurements of
the patchy kinetic Sunyaev-Zel’dovich (pkSZ) effect to place
limits on the duration of reionization. Their results indicate
that reconciling Lyman-α measurements with a high τe leads
to a �2σ tension. However, the pkSZ is highly sensitive to
foreground subtraction [19] and the measurement depends on
the galaxy clustering model assumed [20]. Such high values
of τe have been excluded with even more significance by
Elbers [7] using a compilation of astrophysical measurements
of xHII from damping wings and dark pixel constraints. These
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allow to reconstruct the reionization history without assuming
a particular parametric model, leading to τe constraints that
are independent of CMB data.

In this Letter, we argue that current postreionization
Lyman-α forest data can independently determine the allowed
τe for a range of physically motivated reionization models,
and for symmetric reionization models, extensively studied
by CMB analyses. The constraining power comes from the
connection between τe and the thermal history of the IGM, to
which the Lyman-α forest is highly sensitive: During reion-
ization, baryons react to the photoheating of the IGM and
the corresponding increase of the gas pressure, suppressing
small-scale structure in the Lyman-α forest. Assuming a cold
dark matter cosmology, Boera et al. [21] provided the first
constraints on these two effects using hydrodynamical sim-
ulations for a wide range of thermal history models. The
results, together with those from subsequent work [22,23],
agree remarkably well with the observational evidence for
a late end to reionization and independent measurements of
the thermal evolution of the IGM [24,25]. Using an empirical
mapping between the Lyman-α forest thermal parameters and
τe from our simulations, we constrain the history of the EoR
through τe, independently of CMB observations.

Thermal and ionization state of the IGM. The ionization
state of the IGM is, in this work, constrained through the
electron opacity to CMB photons, τe, which depends on the
line-of-sight integral of the electron fraction, xe, with its main
contribution coming from the redshift range of the EoR. On
the other hand, the IGM’s thermal history is described by
the cumulative energy deposited into the gas per proton by
photoheating, u0 [27]. This quantity is an integral of the total

photoheating rate per unit volume, Hi = ∑
niεi, where ni and

εi are the number densities and photoheating rates, respec-
tively, for the species i ∈ [H I, He I, He II]. The u0 integration
redshift range is chosen here to match the timescales at which
the flux power spectrum is more sensitive to heating (see
Sec. 6.3.3 in Ref. [21]). Note that u0 is only weakly correlated
with thermal broadening, parametrized by the gas temperature
at mean density, T0. The connection between the thermal pa-
rameters u0–T0 and τe comes from the relation

H = nHIεHI = nHIEion	HI, (1)

where 	HI and εHI are the hydrogen photoionization and pho-
toheating rates, respectively, and Eion corresponds to the mean
excess energy available to photoheat the IGM [16], typically
assumed to be constant [28]. The Lyman-α forest, therefore,
probes 	HI through its coupling with εHI. At the same time,
the photoionization rate, 	HI, enters into the definition of τe

through the evolution of ẋe, or similarly, of the hydrogen
ionized fraction, ˙xHII. The latter is given by the well-known
“reionization equation” [29], which, written in terms of the
fractional abundances [Eq. (2) in Ref. [30]], shows the con-
nection between 	HI and xe, and therefore, τe. Hence, Eq. (1)
implies that the Lyman-α forest contains information on τe

and that the parameter pair u0–T0 can be mapped to τe.
Data. We use the one-dimensional (1D) Lyman-α flux

power spectra dataset presented in Ref. [21]. The mea-
surements are from a high-resolution sample of 15 quasars
observed by HIRES and UVES at zbin = [4.2, 4.6, 5.0].
For more details on the data, we refer the reader to
Refs. [22,23]. Given the moderate number of quasar sightlines
in this sample, we further consider a second mock dataset

FIG. 1. H I photoionization rate 	HI (left), electron scattering optical depth τe (middle), and H II ionized fraction xHII (right) for reionization
models that keep zend = zP19 late

end fixed (varying zmid) and �z ≈ 5.5 fixed (varying zstart) in the top and bottom rows, respectively. We highlight
in the middle column τe inferred by previous works [3,5,15]. We further show Puchwein et al.’s [16]’s late and Haardt and Madau’s [17]’s
reionization models in black and orange, respectively. The gray dashed line on the right column shows the Lyman-α forest end point of
reionization requirement from the former: xHII ≈ 1.
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FIG. 2. Posterior in the u0–T0 plane at z = 5.0 for the default analysis in Ref. [23] (Gaussian T0 priors) shown as black and red solid
contours. The posteriors resulting from the chains using mock data with smaller relative error bars of 5% are shown as dashed contours also in
black and red. The colormap shows isocontours for τe. We highlight the τe = [0.06, 0.09] contours in white. The grid points show the simulated
reionization models used to infer the extrapolation scheme for τe with fixing zend in the left and �z in the right. The grid points along the τe

isocontours are obtained by rescaling the original photoheating rates by α = [0.5, 0.6, 0.7, 0.8, 0.9] [26].

constructed from synthetic Lyman-α forest spectra extracted
from Sherwood-Relics simulations’ skewers. The mock co-
variance matrix is rescaled to mimic 5% relative uncertainties.
This mock dataset allows us to forecast how sensitive fu-
ture 1D flux power spectra extracted from a large sample of
quasars at the same redshift range (4 < z < 5) would be to
τe. The GHOSTLy (Gemini High Resolution Optical Spec-
trograph) survey is a program that will target ∼30 quasars,
achieving comparable flux power spectrum error bars to those
from our mock data [31,32]. Hereafter, analyses using the
mock dataset will be termed GHOSTLy-like.

Hydrodynamic simulations/RT code. The nonlinear phys-
ical processes of the IGM to which the Lyman-α forest is
sensitive can only be interpreted quantitatively using hydro-
dynamical simulations. In our previous work [23], we have
used the Sherwood-Relics suite of simulations [33] with
varying astrophysical parameters, including the mean IGM
transmission τeff and temperature-density power-law index γ

along with T0 and u0, to train a neural network emulator.
Cosmological parameters (e.g., σ8) are kept fixed, to which
the astrophysical parameters u0, T0 are insensitive [34]. We
build on previous work by considering the late reionization
model from Ref. [16], with zP19 late

end = z(xHII ≈ 1). We further
consider redshift-symmetric reionization models with fixed
duration �z, corresponding to the usual EoR parametrization
employed in CMB analyses. To explore reionization mod-
els matching the constraints on zend and �z separately, we
use the nonequilibrium photoionization code developed by
Bolton et al. [35], and recently used by Šoltinský et al. [36].
Given input photoionization rates 	i and photoheating rates
εi, the code solves the four coupled first-order differential
equations for the abundance of ionized hydrogen and helium
(the full “reionization equation” for each species) and for
the temperature evolution [see Eqs. (B5)–(B8) in Ref. [37]].
We determine 	HI and εHI by trial and error, solving the
nonequilibrium code until the resulting xe evolution matches
reionization models with zend = zP19 late

end fixed and �z fixed (see
tabulated 	HI(z) in Tables I and II, and corresponding xe(z)

in Fig. S2 in the Supplemental Material [38]). In practice,
we use as a starting point a simplified version of Eq. (B5)
in Ref. [37], which relates 	HI and xe. The photoheating
rates are obtained by exploiting their coupling with 	HI from
Eq. (1), with Eion = EP19 late

ion . The relevant He I quantities are
effectively coupled to the H I rates, since both H I and He I
reionization are driven by the same sources. The He II rates
are left unchanged with respect to the late reionization model
of Ref. [16], ensuring that the low-redshift evolution remains
consistent with observational constraints.

Our code calculates xHII, xHeII, and xHeIII, from which we
compute u0. We further integrate over xe, tied to the evolution
of the number density of species i (see the closing conditions
in Appendix B3 in Ref. [37]), to compute τe. Finally, we
extract T0 at the redshift zbin of the data. In Fig. 1, we show
the redshift evolution of 	HI for these two sets of reionization
models, and τe and xHII calculated from the output of the
photoionization code as described above.

To map the thermal and ionization parameters, (i.e., u0–T0

and τe), we first rescale Eion by a factor αE. This allows
us to increase the number of simulated points used in the
u0(zbin )–T0(zbin ) plane, to improve the precision of our infer-
ence. This transforms HHI following Ref. [26] and leaves τe

unchanged. In this way, we obtain isocontours of τe in the
u0(zbin )–T0(zbin ) plane within the grid points. We further find
that zbin = 5.0 is the redshift from the Ref. [21] data most sen-
sitive to τe. From the definition of τe, xe ∼ τ̇e, which depends
on 	HI. From Fig. 1, τ̇e is largest at the end of reionization,
and therefore the contribution to the cumulative heat peaks at
the redshift close to this point [from Eq. (1), one can see that
the rate of change of u0 depends on photoheating rates, and
therefore on xe].

Therefore, we map u0–T0 at z = 5.0 (u5.0
0 , T 5.0

0 ) and τe by
fitting a linear relation using the grid points in Fig. 2 obtained
from the photoionization code. Since reionization models with
zend fixed exhibit a tighter correlation with u0 compared to the
�z-fixed models, we include a second-order term in the fit for
the former, leading to the isocontours shown in Fig. 2.
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FIG. 3. 1D posterior distribution for τe obtained with zend fixed
in black and �z fixed in red reionization models. Solid and dashed
lines correspond to the analysis that uses Ref. [21] and GHOSTLy-
like data, respectively. Vertical lines indicate the median of each
distribution.

Results. The main results are shown in Figs. 2 and 3. The
former shows the relation in the u5.0

0 –T 5.0
0 plane between ther-

mal parameters and τe. We further show the contours obtained
for a CDM cosmology using the emulator from Ref. [23] to
check the range of τe allowed by the Ref. [21] data. Using the
fit for τe (u5.0

0 , T 5.0
0 ) for each set of reionization models yields

the following 68% (and 95% C.L.) constraints:

τe = 0.040+0.017
−0.010

(+0.042)
(−0.018), zend fixed

τe = 0.041+0.012
−0.010

(+0.028)
(−0.017), �z fixed

}
Boera+19.

From our mock data, we furthermore find

τe = 0.044+0.014
−0.010

(+0.027)
(−0.017), zend fixed

τe = 0.044+0.010
−0.007

(+0.018)
(−0.014), �z fixed

}
GHOSTLy-like.

Discussion. The above results indicate that independent
constraints of τe from Lyman-α forest data are in good agree-
ment with the Planck polarization measurements [5]. They are
also consistent with other work that has measured τe without
using CMB data [7], but note that our work does not rely on
astrophysical constraints on xHII.

Compared to the τe measurement from CMB and DESI
BAOs [3,4], we find a mild tension at the 2.4σ and 2.8σ levels
with current Lyman-α forest data for the zend and �z-fixed
models, respectively. The tension weakens for τe = 0.08,
which, as suggested by Sailer et al. [3], would be sufficient
to reconcile DESI with CMB observations. The panel on
the right of Fig. 3 demonstrates the constraining power on
τe that will be achieved with forthcoming quasar samples.
Importantly, the upper uncertainty on τe will improve by a
factor of ∼1.6. Consequently, if GHOSTLy-like data lead to
similar constraints on the median of τe as current data, a high
τ = 0.09 will be excluded with 2.5σ and 3σ significance,
respectively, for the two reionization models considered. Re-
lating these results to the nature of the reionization history,
we find that for late reionization models (matching zend in-
ferred from the Lyman-α forest opacity), reionization also
needs to be rapid, since more extended histories would lead
to a higher τe. For models with fixed duration �z, early
reionization models are strongly ruled out by the flux power

spectrum, since these will also imply a high τe. We as-
sume a conservative �z ≈ 5.5, compared to Planck [5], since
smaller values require earlier onset/end of reionization to
achieve the same levels of τe, which is strongly disfavored by
Lyman-α forest opacity constraints. Our baseline constraint,
τe = 0.040+0.042

−0.018, suggests that the Lyman-α forest flux power
spectrum alone prefers a relatively rapid and late reionization
history. However, the significance of these results depends on
the observational uncertainty on the value of zend, as well as
on the assumed duration of reionization. Such high τe values
seemed to only be preferred due to the presence of strong
degeneracies between the cosmological parameters, mainly
with �m and As [2]. Thus, we find that, in agreement with
Refs. [7,18,20], a large CMB optical depth cannot meet the
Lyman-α forest constraints on zend.

We also note from Fig. 3 that the Lyman-α flux power spec-
trum is more sensitive to τe for our second set of reionization
models. This highlights that τe depends on both the duration
and timing of reionization (through the expansion rate H (z)
and the scaling of the proper electron number density with
redshift). The sensitivity is also greater to the lower bound
on τe, a feature reflected in the tails of the 1D marginal of
τe in Fig. 3. However, the lower 1σ bound from the Ref.
[21] data depends on the thermal histories considered for the
extrapolation in the u0

5.0–T 5.0
0 plane, since we do not impose

any prior on the former parameter. The lowest u5.0
0 and high-

est T 5.0
0 therefore correspond to the lowest τe. These hotter

models with lower pressure smoothing are difficult to explain
physically. The 2D contours from the GHOSTLy-like data in
Fig. 2, however, become narrower in the direction constrained
by the Lyman-α forest. The lower bound for τe is therefore
not set by the choice of thermal histories, potentially leading
to constraints that are as competitive as those from Planck.

We have run further an analysis where we impose a prior
on τe � 0.034, which is the lower bound on this parameter
assuming instantaneous reionization and zend = zP19 late

end [39].
We find τe = 0.047+0.039

−0.012 (95% C.L.). The corresponding con-
tours in the u0

5.0–T 5.0
0 plane are shown in the Supplemental

Material [38].
The results discussed in this section are subject to a few

caveats, mainly introduced by the assumption of Eq. (1). If the
spectral energy distribution of the sources driving reionization
changes with redshift, Eion will also be redshift dependent.
This could occur, for instance, in an Active Galactic Nuclei
(AGN)-assisted reionization model, as has been suggested by
recent JWST observations of high-redshift faint AGNs (e.g.,
Refs. [40–42]). However, these sources have been found to
contribute at most ≈20% to the reionization budget in order
to match Lyman-α forest data [43,44]. Exotic sources of heat
injection could further lead to an evolving Eion(z), such as dark
matter annihilation or decay [45], or cosmic ray remnants of
supernovae [46]. Eion(z) would modify the coupling between
	HI and εHI, and therefore the correlation between u0(z)–T0(z)
and τe, potentially leading to weaker τe constraints. The map-
ping between these thermal parameters and τe relies on an
assumed EoR parametrization, which would change if Pop-III
stars drive an early onset of reionization (e.g., Refs. [47,48]).
We focus on standard reionization histories, as more complex
models come with their own caveats.
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Finally, we have checked that even a generously estimated
uncertainty of zend of ∼ ± 0.5 [49] shifts the τe posterior only
by <1σ . Marginalizing over this parameter would therefore
make little difference to our results.

Conclusions. We have used the Lyman-α forest 1D flux
power spectrum and its sensitivity to the thermal state of
the IGM, through u0 and T0, to constrain τe. Given the cou-
pling between photoheating and photoionization rates, there
exists a mapping between the thermal and ionization states
of the IGM. We fit a relation between the two by solv-
ing the temperature and chemistry evolution equations for
hydrogen and helium for two sets of reionization models
using the nonequilibrium photoionization code from Ref.
[35]. We consider zend-fixed and �z-fixed models, the for-
mer motivated by Lyman-α forest opacity bounds and the
latter inspired by CMB reionization studies. To find the con-
nection between u0–T0 and τe, we use flux power spectrum
measurements from Ref. [21] and find that the redshift bin
closest to zend is the most sensitive to τe, as that is when
the pressure smoothing effect on the flux power spectrum is
largest. Therefore, we fit a relation for τe (u5.0

0 , T 5.0
0 ) and

use the same analysis framework as in our previous work
[23] to measure τe. Our baseline constraints for zend and �z
fixed, respectively, are τe = 0.040+0.042

−0.018 and τe = 0.041+0.028
−0.017.

The constraints become stronger when using a mock dataset
with the characteristics of the forthcoming GHOSTLy sur-
vey. In general, our findings are in agreement with a rapid
and late reionization history from CMB data [5,18,20] and
independent measurements of the ionized hydrogen fraction
[7]. A large optical depth invoked to solve anomalies in DESI
BAOs compared to CMB is not supported at the 2.4σ and
2.8σ levels for zend-fixed and redshift-symmetric reioniza-
tion models, respectively. The statistical significance of this

rejection will likely increase with future Lyman-α forest data.
Overall, our findings demonstrate the current constraining
power of the Lyman-α forest data on τe independently of the
CMB, and the level of precision that will be achieved with
forthcoming data. Our results, together with observational ev-
idence for a late end of reionization from the Lyman-α forest
opacity, suggest that zend-fixed type of reionization models
provide a more physically motivated framework for fu-
ture reionization studies than redshift-symmetric reionization
histories.
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[34] V. Iršič, M. Viel, M. G. Haehnelt, J. S. Bolton, S. Cristiani,
G. D. Becker, V. D’Odorico, G. Cupani, T.-S. Kim, T. A. M.
Berg, S. López, S. Ellison, L. Christensen, K. D. Denney, and G.
Worseck, New constraints on the free-streaming of warm dark
matter from intermediate and small scale Lyman-α forest data,
Phys. Rev. D 96, 023522 (2017).

[35] J. S. Bolton, P. Gaikwad, M. G. Haehnelt, T.-S. Kim, F. Nasir, E.
Puchwein, M. Viel, and B. P. Wakker, Limits on non-canonical
heating and turbulence in the intergalactic medium from the low
redshift Lyman α forest, Mon. Not. R. Astron. Soc. 513, 864
(2022).

[36] T. Šoltinský, J. S. Bolton, N. Hatch, M. G. Haehnelt, L. C.
Keating, Gi. Kulkarni, E. Puchwein, J. Chardin, and D. Aubert,
The detectability of strong 21-cm forest absorbers from the
diffuse intergalactic medium in late reionization models, Mon.
Not. R. Astron. Soc. 506, 5818 (2021).

[37] J. S. Bolton and M. G. Haehnelt, The nature and evolution of
the highly ionized near-zones in the absorption spectra of z ∼6
quasars, Mon. Not. R. Astron. Soc. 374, 493 (2007).

[38] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/4hgw-9cqg for complementary information on the
analysis performed using different priors on the electron optical
depth. It also provides tabulated values of hydrogen photo-
ionization rates and ionized electron fraction, including its
evolution with redshift, for the reionization models considered.

[39] W. Hu, Wandering in the background: A CMB explorer,
arXiv:astro-ph/9508126.

[40] R. L. Larson et al., A CEERS discovery of an accreting super-
massive black hole 570 Myr after the Big Bang: Identifying a
progenitor of massive z > 6 quasars, Astrophys. J. Lett. 953,
L29 (2023).

[41] Á. Bogdán, A. D. Goulding, P. Natarajan, O. E. Kovács, G. R.
Tremblay, U. Chadayammuri, M. Volonteri, R. P. Kraft, W. R.
Forman, C. Jones, E. Churazov, and I. Zhuravleva, Evidence for
heavy-seed origin of early supermassive black holes from a z ≈
10 X-ray quasar, Nat. Astron. 8, 126 (2024).

[42] J. E. Greene et al., UNCOVER spectroscopy confirms the sur-
prising ubiquity of active galactic nuclei in red sources at z > 5,
Astrophys. J. 964, 39 (2024).

[43] S. Asthana, M. G. Haehnelt, G. Kulkarni, J. S. Bolton, P.
Gaikwad, L. C. Keating, and E. Puchwein, The impact of

L032009-6

https://doi.org/10.1017/pasa.2026.10166
https://doi.org/10.1093/mnras/stab2215
https://doi.org/10.1093/mnras/stz222
https://doi.org/10.1088/0004-637X/746/2/125
https://doi.org/10.3847/2041-8213/ade141
https://doi.org/10.3847/1538-4357/abd407
https://doi.org/10.1088/1475-7516/2026/05/074
https://doi.org/10.3847/1538-4357/aafee4
https://doi.org/10.1103/PhysRevD.109.043511
https://doi.org/10.1103/4k29-h99l
https://doi.org/10.1093/mnras/staa907
https://doi.org/10.1093/mnras/stab2017
https://doi.org/10.1103/PhysRevD.108.023502
https://doi.org/10.1093/mnras/stw2147
https://doi.org/10.1093/mnras/stv2675
https://doi.org/10.1086/306975
https://doi.org/10.3847/1538-4357/aa9715
https://arxiv.org/abs/2411.17853
https://doi.org/10.3847/1538-3881/ad72ed
https://doi.org/10.1093/mnras/stac3761
https://doi.org/10.1103/PhysRevD.96.023522
https://doi.org/10.1093/mnras/stac862
https://doi.org/10.1093/mnras/stab1830
https://doi.org/10.1111/j.1365-2966.2006.11176.x
http://link.aps.org/supplemental/10.1103/4hgw-9cqg
https://arxiv.org/abs/astro-ph/9508126
https://doi.org/10.3847/2041-8213/ace619
https://doi.org/10.1038/s41550-023-02111-9
https://doi.org/10.3847/1538-4357/ad1e5f


CONSTRAINTS ON THE THOMSON OPTICAL DEPTH TO … PHYSICAL REVIEW RESEARCH 8, L032009 (2026)

faint AGN discovered by JWST on reionization, Mon. Not. R.
Astron. Soc. 542, 2968 (2025).

[44] P. Dayal, M. Volonteri, J. E. Greene, V. Kokorev, A. D.
Goulding, C. C. Williams, L. J. Furtak, A. Zitrin, H. Atek,
R. Bezanson, I. Chemerynska, R. Feldmann, K. Glazebrook,
I. Labbe, T. Nanayakkara, P. A. Oesch, and J. R. Weaver,
UNCOVERing the contribution of black holes to reionization,
Astron. Astrophys. 697, A211 (2025).

[45] H. Liu, T. R. Slatyer, and J. Zavala, Contributions to cosmic
reionization from dark matter annihilation and decay, Phys. Rev.
D 94, 063507 (2016).

[46] S. Sazonov and R. Sunyaev, Preheating of the universe by
cosmic rays from primordial supernovae at the beginning of

cosmic reionization, Mon. Not. R. Astron. Soc. 454, 3464
(2015).

[47] X. Wu, M. McQuinn, D. Eisenstein, and V. Iršič, The high-
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