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Figure 3. The same as Fig. 1 except after recalibrating our reconstruction pipeline using template spectra from two different QSO samples (see the text for 
further details). 

and thus more likely to be the cause of the flux decrement than 
the broad Ly α component. Importantly, given that these components 
are sufficient for fitting QSOs within this spectral region (i.e. in 
our training set), it may also indicate that there are higher order 
correlations between our emission line parameters we are missing 
within our covariance matrix approach. In future, we aim to explore 
this further but for the purposes of this work, we will recalibrate our 
profiles to mitigate this feature. 

It is worth pointing out that this feature was not identified in our 
previous study of z > 7 QSOs for several reasons. Other than for 
ULASJ1120 + 0641, there is no clear/prominent N V line in the data 
and further a very broad Ly α line is preferred. As a result, there was 
limited opportunity for this feature to manifest as it requires a notable 
N V line component. For ULASJ1120 + 0641, the relatively broad 
observed N V line profile extends sufficiently redward to benefit from 

our prior on the observed QSO flux. Therefore, this prior enables us to 
predict a relatively broad N V line component, limiting the potential 
impact of this feature. Thus, only with the exquisite quality of the 
X-shooter spectra coupled with the more pre v alent N V line features 
has this feature become apparent. 

It is important to note that this particular problem is intrinsic to our 
reconstruction method, as it relies upon the sum of three predicted 
Gaussian components to describe the Ly α + N V line complex. Other 
reconstruction pipelines in the literature provide flux predictions 
based off the sum of components following principal component 
analysis (PCA) or profiles drawn from machine learning approaches 
which are more agnostic to the direct emission line correlations 
(e.g. Davies et al. 2018b ; Fathi v avsari 2020 ; Reiman et al. 2020 ; 
Ďuro v ̌c ́ıko v ́a et al. 2020 ; Bosman et al. 2021 ; Liu & Bordoloi 2021 ; 
Chen et al. 2022 ; Sun et al. 2023 ). As a result, these appear to be less 
susceptible to such systematic biases in the reconstructed profiles 
(see Greig et al. 2024 , for more detailed discussions). 

Crucially, and rele v ant for this work, the consistency of the flux 
ratios across the two samples implies that we should be able to 
recalibrate our reconstruction pipeline to correct for this systematic 
offset in our reconstruction profiles. To do so, we convolve each 
random draw from our covariance matrix reconstruction by the 
distribution of flux ratios shown in Fig. 2 (both from the X-shooter 
and SDSS sample). A consequence of this recalibration is that the 
distribution of reconstructed profiles will become broader, reflecting 
the increased scatter injected by sampling from these flux ratios and 
subsequently also broader uncertainties on the inferred IGM neutral 

fraction. Note, this convolution only occurs once we have corrected 
for the blueshift of the reconstructed QSO. That is, we shift these flux 
ratios to be centred on the location of the Ly α profile estimated from 

the reconstruction pipeline to ensure we are correctly recalibrating 
o v er the problematic region between Ly α and N V . 

In Fig. 3 , we demonstrate the performance of this recalibration on 
the QSO, ATLAS J025 − 33, (as shown in Fig. 1 ). In the left panel, 
we present our calibrated reconstruction and in the right panel, the 
corresponding Ly α transmission following this recalibration. Note, 
for the ML profile (red curve) we simply multiply it by the median 
flux ratio from Fig. 2 for visualization purposes. In the left panel, 
we can easily identify the two main aspects of this recalibration 
procedure. First, the shape of the median profile between 1210 and 
1220 Å no longer possesses the parabolic dip observed in Fig. 1 
(more readily visible in the right panel) and secondly, the broader 
distribution (and increased diversity) of the random profiles draws 
from our covariance matrix reconstruction. Note, that by performing 
our recalibration for this particular object, the predicted median flux 
is no w belo w the observed spectrum at � 1230 Å. Ho we ver, this is not 
too concerning as it is at the redward edge of the N V line, whereas the 
purpose of the recalibration is to impro v e the reconstructions more 
so on the blue side of N V and the redward edge of Ly α (the joint 
contribution of the Ly α and N V line components). Nevertheless, this 
will be explored in greater detail in future work when working to 
impro v e on this QSO reconstruction method. 

The right panel of Fig. 3 more readily demonstrates the im- 
pro v ements this recalibration brings to our reconstruction pipeline. 
Correcting this systematic offset in the shape of the reconstructed 
profiles produces corresponding Ly α transmission profiles which 
now better match the expected shape of the synthetic IGM damping 
wing profiles. That is, the observed Ly α transmission is now 

monotonically increasing with rest-frame wavelength, enabling more 
robust template matching against the synthetic sampling wing pro- 
files drawn from the EoR simulations. 

3.5 Joint fitting to obtain IGM neutral fraction constraints 

We obtain our constraints on the IGM neutral fraction by jointly sam- 
pling our synthetic damping wing profiles from our EoR simulations 
convolved with our recalibrated intrinsic Ly α profile reconstructions. 
Our fitting pipeline is as follows: 
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(i) We draw ∼10 5 intrinsic QSO profile estimates from the 
reconstructed Ly α and N V line profiles (see Section 3.1 ). 

(ii) We convolve these ∼10 5 reconstructed profiles by the blueshift 
corrected template flux ratios to recalibrate for a systematic 
∼10 per cent underestimate of the intrinsic flux as outlined in 
Section 3.4 leading to ∼10 6 corrected reconstruction profiles. 

(iii) Each intrinsic profile is then multiplied by 10 5 synthetic 
damping wing opacities following Section 3.2 . This results in ∼10 11 

mock spectra for each x̄ HI snapshot from the EoR simulation. 
(iv) Each ∼10 11 mock spectra is then individually compared to 

the observed QSO spectrum over the λ = 1218–1230 Å region 
(consistent with Greig et al. 2017b ; Greig et al. 2019 ; Greig et al. 
2022 ). For each, we calculate a χ2 relative to observed flux and 
the error spectrum. Where appropriate, absorption features or other 
problematic regions of the observed spectrum over this fitting range 
are masked out following visual inspection that could otherwise 
incorrectly bias our results. 

(v) We then obtain a likelihood for the current x̄ HI by averaging 
(marginalizing) o v er all ∼10 11 mock spectra drawn from the corre- 
sponding x̄ HI snapshot. 

(vi) Steps (ii)–(v) are then repeated for all available x̄ HI snapshots 
(24) to obtain a final 1D probability distribution function (PDF) of 
the x̄ HI for our particular observed QSO. 

Importantly, unlike in our previous works, in step (iv) we rebin 
the observed spectrum onto 1 Å bins over the entire λ = 1218–
1230 Å region. Additionally, we were also required to enlarge the 
amplitude of the provided flux errors by a factor of 5. 13 These steps 
were necessitated owing to the considerably higher resolution and 
correspondingly small error spectrum provided by X-shooter. In the 
absence of this rebinning and enlarged errors, we found our simple 
analytic χ2 estimate of the likelihood would encounter numerical 
dif ficulties o wing to sampling large χ2 v alues and correspondingly 
being too sensitive to narrow subsets of individual profiles who 
matched the observed data. Alternatively, we could have considered 
a narro w-wavelength range, ho we ver, doing so is more prone to 
biasing the results to particular features in the data. This highlights 
the necessity to impro v e our joint fitting pipeline which we will 
pursue in future work, where we will mo v e a way from using analytic 
likelihoods altogether in fa v our of likelihood-free or simulation- 
based inference (see e.g Cranmer, Brehmer & Louppe 2020 , for 
a recent re vie w on such methods and a preliminary exploration 
of simulation based inference for extracting constraints from QSO 

damping wings by Chen, Speagle & Rogers 2023 ). 

4  RESU LTS  

4.1 Reconstruction of the XQR-30 sample 

In Fig. 4 , we provide the reconstructed intrinsic profiles for the 23 
QSOs from the XQR-30 sample deemed suitable for IGM damping 
wing analysis (see Section 2.2 ). In each panel, we show the ML 

reconstruction profile (red curve), 300 random draws from our full 
posterior distribution (thin grey lines), the median (solid purple 
curve), and 68th (purple dashed) and 95th (purple dotted) percentile 
profiles obtained from the full posterior distribution. The purple- 
shaded box corresponds to the 1218–1230 Å re gion o v er which we 

13 We explored increasing this error by factors of 2, 5, and 10 and found no 
discernible difference in the inferred constraints other than a broadened PDF 
for increasing error. Thus we chose a factor of two to limit the amplitude of 
the increased error spectrum. 

fit for the damping wing imprint. In the inset panel, we provide 
the Ly α transmission profile o v er this 1218–1230 Å region obtained 
using the median profile, highlighting the presence (if any) of an IGM 

damping wing imprint. Grey-shaded regions correspond to features 
remo v ed from our likelihood fitting. 

Here, we will limit our discussions of these reconstructed QSOs 
to focus only on broad observations that can be made across the 
sample, and only focus on individual QSOs that warrant further 
discussion. First, for the most part, the Ly α transmission profile 
within the 1218–1230 Å region either appears flat, consistent with 
little to no IGM attenuation, or monotonically increasing with rest- 
frame wavelength. This indicates that our recalibration step to our 
reconstruction pipeline is performing well in mitigating our observed 
systematic offset in the predicted intrinsic flux between the Ly α and 
N V emission lines (see Sections 3.3 and 3.4 ). 

Ho we ver, potentially problematic QSO reconstructions remain, 
for example in the case of J060 + 24 and J359 − 06, which exhibit 
smoothly varying features in their transmission profiles. For the latter, 
this behaviour should not impact the results as the relative change in 
amplitude of the transmission profile is fairly modest. For the former, 
the shape appears to be driven more so by a stronger blueshift in the 
Ly α line profile leading to the uptick in transmission near 1218 Å. As 
a result this may result in a slight underestimate of the neutral fraction. 
ATLASJ029 − 36, VDESJ0224 − 47, and J1509 − 1749 also may 
exhibit similar features to those above but to a notably lesser extent. 
Ho we ver, what is important is that since we draw from the full 
posterior distribution of reconstructed profiles that are convolved 
with the synthetic damping wing templates, profiles that better match 
the observed spectrum should result in a higher likelihood and thus 
dominate the constraining power. That is, using the full distribution 
of joint fits will be a better match than the median transmission profile 
that is provided for visualization purposes only. 

4.2 Reco v ered IGM damping wing constraints 

In Fig. 5 , we present the marginalized 1D PDFs of the IGM neutral 
fraction for each of the 23 QSOs of the XQR-30 sample. For this, 
we separate the QSOs into redshift bins of 	z = 0.1. In each 
panel, the thin coloured lines correspond to an individual QSO. 
For the vast majority of QSOs in the sample we recover broad, 
one-sided distributions, consistent with no IGM attenuation. This, 
ho we ver, is not too surprising given the relatively small decrement 
in the Ly α transmission profiles shown in the inset panels of Fig. 4 . 
Nevertheless, we still find several QSOs with marginalized 1D PDFs 
consistent with a detection of IGM attenuation. 

We summarize the individual constraints/limits on the IGM neutral 
fraction from the XQR-30 sample in the fourth column of Table 1 . 
For marginalized 1D PDFs consistent with a detection, we present 
the median and 68th percentiles of the posteriors. For the 1D PDFs 
consistent with no attenuation, we present the 68th percentile upper 
limits, which is the IGM neutral fraction which encloses 68 per cent 
of the total probability. 

In the left panel of Fig. 6 , we plot our individual QSO constraints 
on the IGM neutral fraction as a function of redshift. In Table 2 , we 
summarize our joint constraints on the IGM neutral fraction after 
binning in redshift. In the right panel of Fig. 6 , we provide the violin 
plots of the IGM neutral fraction after binning our individual QSOs 
into separate 	z = 0.1 redshift bins based loosely on the natural 
redshift sampling of the available QSOs in the XQR-30 sample. This 
choice of redshift sampling is fairly arbitrary but is adopted to ensure 
each bin contains multiple QSOs. We e xplored sev eral alternativ e 
choices in binning (i.e. larger), but found the results to be generally 
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Figure 4. Intrinsic QSO reconstructions of the XQR-30 sample. We pro vide the ML reconstruction (red curv e), the purple solid, dashed, and dotted curves 
correspond to the median, 68th and 95th percentile profiles and the thin gre y curv es represent 300 random draws from our full posterior distribution. The solid 
thick gre y curv e near zero corresponds to the QSO noise spectrum, amplified by a factor of 5 to impro v e the numerical performance of our neutral fraction 
inference approach (see the text for further details). The purple-shaded box demarcates our damping wing fitting region (1218–1230 Å region). Inset panel: the 
Ly α transmission profile highlighting the presence (if any) of an IGM damping wing imprint (i.e. observed transmission spectrum below unity) assuming the 
median (purple curve). Grey-shaded regions correspond to features in the observed spectrum removed from our likelihood fitting. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/3/3208/7656977 by IN
AF Trieste (O

sservatorio Astronom
ico di Trieste) user on 28 N

ovem
ber 2024



3218 B. Greig et al. 

MNRAS 530, 3208–3227 (2024) 

Figure 4. Continued . 
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Figure 4. Continued . 
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Figur e 5. The mar ginalized 1D PDFs of the IGM neutral fraction for each of the XQR-30 QSOs, separated into redshift bins of 	z = 0.1. The thin coloured 
curves in each panel correspond to the reco v ered constraints for individual QSOs, whereas the thick black curve corresponds to the bin-averaged constraint on 
the IGM neutral fraction. 
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Figure 6. Our constraints on the IGM neutral fraction following our damping wing analysis of the XQR-30 sample. Left panel: the individual constraints on 
the IGM neutral fraction. We present the median and 68th percentiles for our constraints and 68th percentile upper limits for QSOs consistent with no IGM 

attenuation. Right panel: a violin plot demonstrating the constraints on the IGM neutral fraction after binning our QSOs into 	z = 0.1 redshift bins (whereby 
the individually reco v ered PDFs of all QSOs within each redshift bin are multiplied to obtain an averaged constraint). In both panels, the blue curve and the 
dark- and light-shaded regions correspond to the median, 68th and 95th percentile EoR histories obtained by Qin et al. ( 2021 , see the text for further details). 
Further, the dashed red, magenta, and orange curves correspond to the fiducial reionization histories of state-of-the-art numerical simulations of the IGM from 

THESAN (Garaldi et al. 2022 ; Kannan et al. 2022 ), and CoDA III (Lewis et al. 2022 ) and Asthana et al. ( 2024 ). 

Table 2. Summary of the redshift binned IGM neutral fraction constraints 
from our damping wing analysis. For IGM neutral fractions posteriors 
consistent with a detection, we provide the median and 68th percentiles. 
Remaining constraints are presented as 68th percentile upper limits. 

Redshift range x̄ H I QSOs in bin 

5.85 ≤ z < 5.95 < 0.21 4 

5.90 ≤ z < 6.00 < 0.20 3 

6.00 ≤ z < 6.10 < 0.21 5 

6.10 ≤ z < 6.20 0 . 20 + 0 . 14 
−0 . 12 4 

6.30 ≤ z < 6.40 0 . 29 + 0 . 14 
−0 . 13 3 

6.50 ≤ z < 6.60 < 0.18 4 

insensitive to the choice owing to the natural redshift sampling of the 
data. 

In both panels, we also provide the constrained EoR histories 
from the state-of-the-art Monte-Carlo Markov Chain analysis of Qin 
et al. ( 2021 ). Here, these authors ran seminumerical simulations 
of the 21-cm signal during the EoR using 21CMFAST (Mesinger & 

Furlanetto 2007 ; Mesinger, Furlanetto & Cen 2011 ; Murray et al. 
2020 ) coupled with a hybrid scheme to model the Ly α forest. Using 
these simulations, their astrophysical model describing the galaxies 
responsible for reionization are constrained only against existing 
observational constraints on the reionization epoch such as; the 
observed UV galaxy LFs at z = 6–10, the electron scattering optical 
depth, τ e , measured by Planck (Planck Collaboration VI 2020 ), the 
dark pixel limits on the IGM neutral fraction (McGreer et al. 2015 ) 
and PDFs of the Ly α ef fecti ve optical depth from the Ly α forest at z = 

5–6 (Bosman et al. 2018 ). Post-processing of the resultant posteriors 
on their inferred astrophysical model then yields a posterior on the 
allowed reionization history given the existing observational data. 
We o v erlay the median (blue curv e) and the 68th (dark gre y) and 
95th (light grey) percentile regions of the constrained EoR histories. 

The vast majority of our inferred IGM damping wing constraints 
from the XQR-30 sample strongly align with the inferred EoR 

histories from Qin et al. ( 2021 ). Further, in general our XQR-30 data 

points monotonically increase in IGM neutral fraction for increasing 
redshift, consistent with ongoing reionization. The main discrepancy 
with our results and those from Qin et al. ( 2021 ) are the inferred IGM 

neutral fraction limits at z � 6.5. Our IGM damping wing limits at 
z � 6.5 are systematically below the inferred EoR histories from 

Qin et al. ( 2021 ). Our one constraint within this bin, PSOJ323 + 12, 
returns an IGM neutral fraction of x̄ H I = 0 . 23 + 0 . 19 

−0 . 15 , which owing 
to the broad 68th percentiles is consistent with the inferred EoR 

history. For the remaining three QSOs, we reco v er upper limits at 
z � 6.5 that are inconsistant at between 68th and 95th percentiles 
of the joint distribution. In Appendix B , we explored the role of 
the assumed prior on our minimum H II bubble size, R min . For our 
available four choices of R min , we observe a shift of ∼0.02 in the 
inferred IGM neutral fraction from our lowest to highest choice of 
R min therefore our adopted choice of av eraging o v er R min is not likely 
a contributing factor to the lower IGM neutral fractions. Within the 
literature there are a broad range of approaches to both extract the 
damping wing imprint and to predict the intrinsic QSO profile, thus 
it would be prudent to perform a re-analyses of these QSOs using 
these alternative reconstruction/damping wing fitting pipelines to add 
further confidence to the results presented in this work. Ho we ver, this 
is a significant undertaking and we leave such a re-analysis to future 
work. 

To place these constraints into a broader context, we addition- 
ally provide the reionization histories from recent state-of-the-art 
radiation-hydrodynamic simulations from THESAN (Garaldi et al. 
2022 ; Kannan et al. 2022 ) and Cosmic Dawn III (CoDa III, Lewis 
et al. 2022 ). We also provide the reionization history from Asthana 
et al. ( 2024 ) who post-processed the Sherwood simulation suite 
(Bolton et al. 2017 ) using radiative transfer. Note that unlike the 
Qin et al. ( 2021 ) posteriors, which are constrained specifically by the 
Bosman et al. ( 2018 ) Ly α forest data, the THESAN and CoDA III 
simulations are single simulations designed to match a considerably 
broader range of existing observational data. As a result, their 
reionization histories will differ to those from Qin et al. ( 2021 ). On 
the other hand, the Asthana et al. ( 2024 ) simulations are specifically 
designed to match the XQR-30 Ly α forest data of Bosman et al. 
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Figure 7. Our binned IGM neutral fraction constraints as a function of redshift in the context of other EoR observables. Red pentagons: the XQR-30 sample 
(this work). Large black pentagon: the combined IGM damping wing constraints of all 4 z > 7 QSOs (Greig et al. 2022 ). Small pentagons: IGM damping wing 
constraints from stacking QSO reconstruction profiles ( ̌Duro v ̌c ́ıko v ́a et al. 2024 ). Open hexagon: the inferred constraints from the Ly α forest using numerical 
simulations at z = 5.5–6.0 (Gaikwad et al. 2023 ). Open circles: dark gaps at z = 6.3, 6.5, and 6.7 (Zhu et al. 2022 , obtained with XQR-30). Circles: dark pixels 
at z = 5.9 (McGreer, Mesinger & D’Odorico 2015 ) and z = 5.55, 5.75, and 5.95 (Jin et al. 2023 ). Squares: the Ly α fraction at z = 6.9 (Wold et al. 2022 ) and 
z = 7 (Mesinger et al. 2015 ), stars: LAE clustering at z = 6.6 (Sobacchi & Mesinger 2015 ), diamonds: LBGs at z = 7 (Mason et al. 2018 ), z = 7.6 (Hoag 
et al. 2019 ), and z = 8 (Mason et al. 2019 ). The blue curve and the dark- and light-shaded regions corresponds to the median, 1 σ and 2 σ constraints from (Qin 
et al. 2021 , see the text for further details) and the dashed red, magenta, and orange curves correspond to the fiducial reionization histories of state-of-the-art 
numerical simulations of the IGM from THESAN (Garaldi et al. 2022 ; Kannan et al. 2022 ), and CoDA III (Lewis et al. 2022 ) and Asthana et al. ( 2024 ). 

( 2022 ) and as such the reionization history is very similar to the 
median history reco v ered by Qin et al. ( 2021 ). 

Our individual inferred IGM damping wing constraints form the 
XQR-30 sample remain broadly consistent with the reionization his- 
tories from these state-of-the-art numerical simulations. Although the 
THESAN and CoDa III reionization histories are 	 ̄x H I ∼ 0 . 1 − 0 . 15 
lower than that expected explicitly from the Ly α forest, since the vast 
majority of our results are only upper limits these remain statistically 
consistent. For the handful of constraints that we reco v er, the CoDa 
III simulation is consistent with all but one constraint at z ∼ 5.8 
whereas the THESAN simulations are inconsistent with several of 
our constraints. Ho we v er, as noted abo v e these simulations are not 
explicitly constrained to match the Ly α forest data, but instead to 
broadly match a large range of e xisting observations. Thus, an y 
inconsistencies are not too concerning. Importantly, at z � 6.5 where 
our XQR-30 damping wing results begin to disagree with the inferred 
constraints from the Ly α forest data, the THESAN and CoDA 

III simulations are perfectly consistent within the 68th percentile 
uncertainties of our constraints and upper limits. Therefore, the 
stronger inconsistencies with our damping wing results and the 
inferred constraints on the reionization history using the Ly α forest 
data at z ∼ 6.5 can likely be softened once additional observational 
constraints are folded into such an analysis. Nevertheless, once we 
bin the individual constraints (right panel of Fig. 6 ) our inferred limits 

at z � 6.5 are still inconsistent at more than the 68th percentiles with 
all these numerical simulations. 

4.3 Compilation of reionization constraints 

To place our constraints in a broader reionization context, in Fig. 7 
we compare our binned IGM neutral fraction constraints against a 
compilation of other existing constraints on the IGM neutral fraction. 
Here, we consider constraints and limits obtained from: (i) dark gaps 
(Zhu et al. 2022 ) (ii) dark pixels (McGreer et al. 2015 ; Jin et al. 
2023 ), (iii) the Ly α fraction at z = 6.9 (Wold et al. 2022 ) and at 
z = 7 (Mesinger et al. 2015 ), (iv) the clustering of Ly α emitters 
(LAEs) at z = 6.6 (Sobacchi & Mesinger 2015 ), (v) Lyman-break 
galaxies (LBGs) at z = 7 (Mason et al. 2018 ), z = 7.6 (Hoag 
et al. 2019 ) and at z = 8 (Mason et al. 2019 ), (vi) the inferred 
constraints comparing numerical simulations to the Ly α forest at 
z = 5.5–6.0 (Gaikwad et al. 2023 ), (vii) the joint QSO IGM damping 
constraint combining all 4 z > 7 QSOs (Greig et al. 2022 ), and (viii) 
IGM damping constraints after stacking continuum normalized QSO 

spectra ( ̌Duro v ̌c ́ıko v ́a et al. 2024 ). Note, this is not intended to be an 
e xhaustiv e list, but instead provide a broad selection of approaches 
and redshift ranges. We also include the reionization histories of 
the various state-of-the-art numerical simulations as introduced 
previously. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/3/3208/7656977 by IN
AF Trieste (O

sservatorio Astronom
ico di Trieste) user on 28 N

ovem
ber 2024



IGM damping wing constraints with XQR-30 3223 

MNRAS 530, 3208–3227 (2024) 

Our constraints on the IGM neutral fraction after binning in 
redshift intervals of 	z = 0.1 remain consistent with existing 
constraints on the EoR in the literature. Except for our limit at z 
∼ 6.5, which is now inconsistent at more than 95 per cent. Ho we ver, 
it is consistent with the recent QSO damping wing analysis of 
Ďuro v ̌c ́ıko v ́a et al. ( 2024 ), although their posteriors are extremely 
broad owing to the parameter space binning of their simulations. The 
reason for our increased inconsistency is due to the multiplication of 
the individual posteriors within this redshift bin. Since three of the 
four QSOs are consistent with no IGM attenuation, the multiplication 
of these strengthens the preference for a posterior consistent with 
no IGM attenuation. In order to confirm the results of this work, 
independent re-analysis of the XQR-30 sample using alternative 
reconstruction and/or damping wing fitting are required. 

4.4 Discussion 

It is important to point out that the IGM damping wing constraints 
presented in this work use only a single QSO reconstruction 
methodology (covariance matrix). As highlighted previously, there 
are numerous approaches throughout the literature based on different 
underlying assumptions. For example, rather than explicitly using the 
correlations amongst emission lines to reconstruct the intrinsic flux, 
one can instead use correlations amongst the PCA components (e.g. 
Davies et al. 2018b ; Bosman et al. 2021 ; Chen et al. 2022 ). Instead 
of directly mapping these correlations one can learn them via neural 
netw orks ( ̌Durov ̌c ́ık ov ́a et al. 2020 ) or deep learning (Liu & Bordoloi 
2021 ) and project the reconstruction uncertainties using normalizing 
flows (Reiman et al. 2020 ). Alternatively, one can use factor analysis 
to produce a more flexible basis set of components rather than those 
from PCA (Sun et al. 2023 ). Finally, one can also perform deep 
learning to predict the QSO flux per pixel based on a training set of 
QSOs (Fathi v avsari 2020 ). 

In Greig et al. ( 2024 ), we perform a detailed comparison of these 
reconstruction pipelines on a unified set of QSOs from two separate 
instruments (X-shooter and SDSS). Qualitatively speaking, these 
reconstruction pipelines tend to be consistent with one another within 
their associated modelling uncertainties. Ho we ver, quantitati vely, 
there can be some notable differences from object to object and these 
differences would filter through to attempts to reco v er constraints 
on the IGM neutral fraction through the damping wing. In the 
case of this data set, with the high-quality X-shooter spectra, these 
numerical differences in the predicted QSO profiles could result in 
considerable differences in the inferred IGM neutral fractions from 

various reconstruction pipelines. 
Not limited to just the reconstruction method, but the methodology 

to infer the IGM damping wing signature also differs in the literature. 
Here, we restrict our approach to fitting the smoothed IGM imprint 
using large-volume EoR simulations to generate synthetic damping 
wing profiles in the range λ = 1218–1230 Å. Our choice is based 
on a preference to a v oid ha ving to model and marginalize o v er the 
uncertainties of the host QSO environment. In taking into account 
the QSO host environment, one can better deal with uncertainties in 
the QSO lifetime and affords a larger region over which to search for 
the damping wing imprint (e.g. λ ∼ 1190–1230 Å in Davies et al. 
2018b ). Alternatively, one can simply use an analytic model of the 
red damping wing imprint (Miralda-Escud ́e 1998 ) in order to gain 
an estimate of the IGM neutral fraction (e.g. Ba ̃ nados et al. 2018 ; 
Reiman et al. 2020 ). 

All of the approaches mentioned previously have their own 
underlying assumptions and uncertainties. Therefore, to be able to 
obtain robust estimates of the IGM neutral fraction from the smooth 

imprint of the IGM damping wing, realistically, one could average 
(marginalize) o v er the v ast array of dif ferent approaches in the 
literature. In doing so, one would average over the differences in 
methodology and thus the various systematics and uncertainties. At 
the very least, independent confirmation using any of the existing 
other methods would add credence to our reco v ered constraints. 

Another important point worth reiterating is that to be able to 
obtain our IGM damping wing constraints we had to (i) recalibrate 
our reconstruction profile and (ii) degrade the observed X-shooter 
spectra. In the case of the former, this implies further impro v ements 
are necessary to our reconstruction pipeline to robustly account for 
the predicted Ly α and N V line profiles. In the case of the latter, 
we rebinned the spectra onto 1 Å bins and further had to increase 
the associated error in the spectra owing to the inflexibility of 
the analytic ( χ2 ) expression used in our joint likelihood fitting. In 
addition to it being inflexible, it also does not fully take advantage 
of covariances in the observational data. Presently, the observed flux 
in each wavelength bin is take to be an independent measurement, 
ignoring the known correlations with neighbouring bins. In fact, we 
use these correlations to predict our reconstructed profiles (Gaussian 
components). Given the wealth of theoretical data at hand, one could 
employ a form of simulation based inference (see e.g Cranmer et al. 
2020 , for a recent re vie w) to learn the likelihood that more directly 
connects our reconstructed QSO profiles to the underlying IGM 

neutral fraction of our synthetic damping wing profiles (see e.g. 
Chen et al. 2023 , for a preliminary demonstration). 

Recently there have also been observations of Ly α emission from 

galaxies extending into the EoR (e.g. Endsley & Stark 2022 ; Jung 
et al. 2022 ; Hayes & Scarlata 2023 ; Saxena et al. 2023 ; Umeda et al. 
2023 ; Whitler et al. 2024 ; Witstok et al. 2024 ). Although galaxies 
are much fainter than QSOs, in principle a similar analysis can be 
performed to attempt to infer the presence of a Ly α damping wing in 
the individual galaxy spectra (see e.g. Keating et al. 2023 ). However, 
this is extremely difficult as the local interstellar medium and H I in 
the local circumgalactic medium make it much more challenging to 
infer the unabsorbed emission compared to that of QSOs. Improving 
the S/N or reducing the galaxy to galaxy variance through stacking 
(e.g. Umeda et al. 2023 ) is fundamentally limited by the fact that 
the damping wing imprint is non-linear and cannot be described 
by a mean profile convolved with a mean galaxy spectral energy 
distribution (i.e. the average of a product is not the same as the 
product of averages). 

5  C O N C L U S I O N  

We performed an IGM damping wing analysis on the enlarged XQR- 
30 sample, consisting of 42 high-quality X-shooter spectra spanning 
5.8 � z � 6.6. Following careful selection cuts removing QSOs 
demonstrating BAL features or possible pDLA absorption systems 
along the line of sight, we are left with 23 of the original 42 QSOs 
for our IGM damping wing analysis. Nevertheless, this is a factor of 
5 impro v ement o v er the number of individual QSOs that hav e been 
explored for signs of IGM damping wing attenuation due to ongoing 
reionization. 

Our IGM damping wing analysis utilizes a covariance matrix 
reconstruction approach to predict the intrinsic QSO profile near Ly α
(Greig et al. 2017b ). The fundamental assumption of this approach is 
that emission lines can be accurately modelled as Gaussian profiles 
and that the Ly α and N V emission lines can be reconstructed from 

a covariance matrix of their correlations with other high-ionization 
emission lines. These lines, observed redward of Ly α (e.g. C IV , 
Si IV + O IV ], and C III ]), are easily measurable and unaffected 
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by IGM attenuation or other line-of-sight contamination. In our 
approach we fit the observ ed QSO spectrum o v er λ = 1275–2300 Å
and draw reconstructed profiles spanning λ = 1180–1260 Å from our 
resultant marginalized covariance matrix describing the properties of 
Ly α and N V . 

In the process of analysing the XQR-30 sample, we identified 
a systematic offset in the predicted QSO flux between rest-frame 
Ly α and N V owing to our methodology of modelling emission 
lines as Gaussian profiles. Within this region, slight differences 
between the wavelength separation or in the widths of either the 
broad component of Ly α or N V can result in a very modest flux 
decrement. Using two distinct samples of QSOs from X-shooter 
and SDSS between 3.5 < z < 4.5 (unaffected by IGM attenuation), 
we quantitatively explored whether this was specific to the higher 
quality X-shooter spectra, or a general feature of our pipeline. We 
found a consistent median flux decrement of ∼10 per cent across 
both samples, indicative of it being intrinsic to our reconstruction 
pipeline. Importantly, the consistency in the shape and amplitude of 
this flux decrement allowed us to recalibrate our covariance matrix 
reconstruction pipeline by drawing from templates of our original 
reconstructions compared to the known truth (unattenuated QSO 

spectrum). 
After recalibrating our reconstructed QSO profiles we jointly 

sample these with synthetic IGM damping wing profiles drawn from 

large volume EoR simulations (1.6 Gpc on a side with an EoR 

morphology driven by galaxies residing in M h � 10 9 M � haloes). 
Within our Bayesian framework we fit our reconstructed QSOs pro- 
files multiplied by the synthetic IGM damping wing profiles against 
the observed QSO spectra of the XQR-30 sample. Specifically, we 
fit for the smooth component of the IGM damping wing imprint 
only redward of Ly α ( λ = 1218–1230 Å). Following this pipeline, 
we reco v er 1D marginalized posteriors on the IGM neutral fraction 
from each individual QSO spectrum. 

Across the available sample of 23 high- z QSOs, we find 7 with 
constraints on the IGM neutral fraction during the EoR while for 
the remaining 16 we reco v er upper limits. Making use of the large 
number of QSOs at our disposal, we binned our results in redshift 
intervals of 	z = 0.1. Following this, we obtain our final results on 
the IGM neutral fraction (median and 68th percentiles) during the tail 
end of reionization of 0 . 20 + 0 . 14 

−0 . 12 and 0 . 29 + 0 . 14 
−0 . 13 at z = 6.15 and 6.35. 

Further, we report 68th percentile upper-limits on the IGM neutral 
fraction of x̄ H I < 0 . 21, 0.20, 0.21, and 0.18 at z = 5.8, 5.95, 6.05, 
and 6.55. 

These constraints on the IGM neutral fraction are consistent 
with those obtained from alternative methods in the literature. In 
particular, all but one of our constraints are within the joint 68th 
percentile constraints on the IGM neutral fraction obtained by the 
state-of-the-art forward modelling of recent Ly α forest data by Qin 
et al. ( 2021 ). The only discrepancy occurs in the highest redshift bin, 
6.5 ≤ z < 6.6, which is inconsistent at 95 per cent certainty. Of the 
four QSOs from the XQR-30 sample in this redshift range, three are 
best modelled by upper limits consistent with no IGM attenuation. 
The fourth (PSOJ323 + 12) indicates an IGM neutral fraction of 
x̄ H I = 0 . 23 + 0 . 19 

−0 . 15 . Tak en at f ace value this implies that these 4 QSOs 
may reside in a patch of the Universe that was reionized earlier. 
We also explored whether our choice of averaging over the adopted 
minimum local H II bubble size, R min containing the QSO plus galaxy 
contribution impacted these results. We found that increasing R min 

had a fairly modest impact on the inferred value of x̄ H I , smaller 
than the corresponding 68th percentile uncertainties. Given the broad 
range of approaches in the literature designed to reconstruct the in- 
trinsic properties of high- z QSOs, along with differing methodologies 

for extracting the IGM damping wing imprint, it would be valuable 
to repeat this analysis across multiple methods, averaging over the 
different pipeline systematics and uncertainties. 
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Software: CYTHON (Behnel et al. 2011 ), NUMPY (Harris et al. 
2020 ), SCIPY (Virtanen et al. 2020 ), MATPLOTLIB (Hunter 2007 ), and 
COSMOHAMMER (Akeret et al. 2013 ). 
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The data underlying this article will be shared on reasonable request 
to the corresponding author. 
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APPENDIX  A :  UPDATED  C OVA R I A N C E  

MAT RIX  

For this work, we have substantially increased the number of QSOs 
that are included within our training set for constructing our emission 
line covariance matrix, from 1673 to 30 166 QSOs. In Fig. A1 , 
we provide an updated correlation coefficient matrix for this new 

training set to demonstrate the available emission line parameter 
correlations. Each emission line is separated by solid vertical and 
horizontal dashed lines, while dashed lines denote the separation 
between broad and narro w components, respecti vely. Along the top, 
each emission line is identified. 

This correlation coefficient matrix, R ij is determined by 
computing, 

R ij = 

C ij √ 

C ii C jj 

, (A1) 

where the i th and j th subscripts denote the different emission line 
parameters and C ij is covariance matrix of the full training set 
computed using, 

C ij = 

1 

N − 1 

N ∑ 

i 

( X i − μi )( X j − μj ) . (A2) 

Here, X i is the data vector containing all i th emission line parameters 
(21) from the full QSO sample, μ is its mean and N is the size of our 
training set. 

Generally speaking, we find only very small differences 
between the line correlation strengths from our updated 
training set compared to those shown in Greig et al. 
( 2022 ). 

Figure A1. The updated correlation coefficient matrix following the expansion of the training set to 30 166 QSOs with S/N > 6.5 and spanning 2.08 < z < 4.0 
from BOSS DR16Q (Lyke et al. 2020 ). This 21D matrix highlights the correlation coef ficient strengths between the v arious emission line parameters (separated 
by solid black vertical and horizontal lines), with the Ly α and C IV lines modelled by a double-component Gaussian and the N V , Si IV + O IV ], and C III ] lines 
modelled as a single-component Gaussian. Each emission line component is fully described by three parameters, the peak width, height, and velocity offset 
from the systemic line centre. The data set used in this work corresponds to an order of magnitude increase o v er previous work (Greig et al. 2022 ). 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/3/3208/7656977 by IN
AF Trieste (O

sservatorio Astronom
ico di Trieste) user on 28 N

ovem
ber 2024



IGM damping wing constraints with XQR-30 3227 

MNRAS 530, 3208–3227 (2024) 

Figure B1. A comparison of the reco v ered IGM neutral fraction from 

PSOJ323 + 12 ( z = 6.5872) after averaging over different minimum H II 

bubble sizes, R min (black dotted–dashed curve) and when considering each 
choice of R min individually. In total, we have data available for four choices 
of R min , distinguished by the coloured curves. The vertical dashed lines 
correspond to the median inferred constraint on the IGM neutral fraction for 
each individual choice of R min , while the dotted lines correspond to the 68th 
percentile region. 

APPEN D IX  B:  I M PAC T  O F  PROX IMITY  Z O N E  

SIZE  P R I O R  

Our constraints on the IGM neutral fraction are determined by 
av eraging o v er four different minimum local H II bubble sizes, R min 

(see e.g. Section 3.2 for further details) based on the available data 
used for our previously analysed z > 7 QSOs. Here, we investigate 
this assumption of averaging over this R min by determining the 
inferred IGM neutral fraction for a single QSO, PSOJ323 + 12 
( z = 6.5872) for each individual available R min compared to that 
obtained when averaging over all four. 

In Fig. B1 , we provide the inferred IGM neutral fraction PDF 

following our pipeline outlined in Section 3.5 for an R min of 11 
(purple), 12.6 (red), 13.6 (blue), and 16.2 cMpc (magenta). The black 
dot dashed curve corresponds to averaging over all four choices 
while the vertical dashed lines correspond to the median of the 
reco v ered PDF, whereas the dotted lines denote the 68th percentile 
uncertainties. 

For these different available choices of R min , we obtain constraints 
of x̄ H I = 0 . 21 + 0 . 18 

−0 . 14 , 0 . 22 + 0 . 19 
−0 . 15 , 0 . 23 + 0 . 20 

−0 . 15 , and 0 . 24 + 0 . 21 
−0 . 16 , respectively. 

For reference, after averaging we recover x̄ H I = 0 . 23 + 0 . 19 
−0 . 15 . This 

implies that for an increasing choice of R min , we infer both an 
increasing IGM neutral fraction and also a broader PDF, which is 
to be expected. Increasing R min ef fecti vely amounts to a marginal 
leftward shift in the synthetic damping wing profiles in the left panel 
of Fig. 1 . As the distance to the first patch of neutral IGM is larger (for 
the joint QSO + galaxy contribution), for the same fixed amplitude 
attenuation (determined by the reconstruction pipeline), we require 
higher IGM neutral fractions. Equally, due to the increased R min , 
we are sampling further into the tail of the Ly α scattering cross- 
section, resulting in a lower amplitude variation for fixed wavelength 
in the synthetic damping wing profiles (reduced scatter in the mean 
profiles as a function of neutral fraction). This lower width between 
the damping wing profiles leads to an inferred broadening of the IGM 

posteriors as the width of our intrinsic profile distribution remains 
unchanged. 

Ov erall, we reco v er a shift in the inferred IGM neutral fractions 
of 	 ̄x H I = 0 . 022 for a shift in R min of ∼5 cMpc. Additionally, 
we observe an increase of 0.02 to the inferred 68th percentile 
re gion. Therefore, av eraging o v er R min does not hav e a strong 
impact on our inferred IGM neutral fraction constraints, espe- 
cially given the overall width of the 68th percentiles in the 
posterior. 
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