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Therefore, with this mixed likelihood, we have a slight decrease
of the intrinsic and the total dispersions.

Lusso & Risaliti (2017) proposed a toy model for the
Lx—Lyy relation, where the relation arises from the dependence
of both quantities on the black hole mass Mgy and the black
hole accretion rate Mpy. Said model predicts the slope between
the X-ray luminosity (or flux) and the FWHM of the Mg1I line
to be ) = 0.44*031. and they found, for a sample of 545 quasars,
an observed slope between the X-ray luminosity and the Mgl
FWHM equal to 1 r;7 = 0.54 = 0.07, consistent with the toy
model. Our result, . = 0.25 + 0.04, is also consistent with
the prediction of the toy model. It significantly differs from the
Lusso & Risaliti (2017) value, but we note that they performed
the analysis (i) for the sample as a whole and not in redshift bins,
using ACDM-derived luminosities, and (ii) using the photomet-
ric 2500 A luminosity as Lyy instead of the spectroscopic one.
If we perform the analysis in the same way, using the photomet-
ric luminosities for our sample, we obtain 7phe = 0.45 + 0.04,
which is statistically consistent with the Lusso & Risaliti (2017)
result.

However, our results do not entirely align with the toy model
presented Lusso & Risaliti (2017). The model, indeed, implied
also the presence of a Lyy—FWHM relation, while we find the
two quantities to be uncorrelated. At the same time, it might be
that the small dynamic range of the Mg I FWHM does not allow
us to observe the correlation.

Since the observational dependence of the X-ray flux on the
Mg 11 FWHM line may be due to a physical dependence on the
black hole mass, we performed an additional check by repeat-
ing our whole analysis for two subsamples with black hole mass
estimates Mgy < 1039 My and Mgy < 10%° M, respectively.
We did not find any significant differences between these two
subsamples. This suggests that the parameters of the relation do
not directly depend on the black hole mass.

We finally have to consider that all the results that we have
discussed in this subsection might be dependent on the cosmo-
logical model used to compute luminosities from fluxes. To test
this possible dependence, we followed a cosmographic approach
to fit the quasar Hubble diagram, as described in Bargiacchi et al.
(2021). We found analogous results in terms of covariance matri-
ces, eigenvectors and Lyy—FWHM dependence.

5. Discussion

The main results obtained through the various fits presented in
the previous sections are the following.

First of all, the slope y and the intrinsic dispersion ¢ of the X-
ray-to-UV relation obtained by using spectroscopically derived
2500 A fluxes are y ~ 0.46 and 6 ~ 0.22 dex, respectively.

Among the different proxies of the disc emission that we
tested, the monochromatic flux at 2500 A can be considered as
the best available one, given its observational coverage over a
broad redshift range. For the X-ray emission in the X-ray-to-UV
relation, we find instead that the best monochromatic indicator
(i.e., the one providing the smallest intrinsic dispersion) is the
1-keV flux.

When adopting the Mg1I line flux as UV proxy, the obtained
intrinsic dispersion is smaller than that obtained with monochro-
matic continuum fluxes (dmgn ~ 0.17 dex). The slope of the
relation is instead significantly steeper (ymgn ~ 0.60) than in
the spectroscopic case. We also find that when the ‘photometric
estimate’ of the UV monochromatic flux is adopted, the best-fit

parameters (both slope and dispersion) are consistent with those
found using the Mg1I line flux as UV proxy.

Finally, when the logarithm of the FWHM of the Mg1I line
is added to the relation, a statistically significant correlation is
found, with a negligible decrease of the total intrinsic dispersion.
The Mgt FWHM and UV flux parameters are not statistically
correlated.

Here we discuss the interpretation and the main conse-
quences of these results. The most remarkable result of our
analysis is arguably that the spectroscopically derived 2500 A
monochromatic flux delivered a significantly lower y value
when used as fyy compared to the MgII line flux. This trend
can be explained as a consequence of the non-linear rela-
tion between the emission-line equivalent width (EW) and the
luminosity of the quasar continuum, known as the Baldwin
effect (Baldwin 1977). We analysed the relation between the
Mg 11 luminosity and the monochromatic luminosity at 2500 A
derived from the spectroscopic analysis of our sample and we
obtained a slope of ~0.8. In order to fit the whole sample
simultaneously, for this analysis we used luminosities instead of
fluxes, assuming a standard flat ACDM model with Qy =0.3
and Hy = 70kms~! Mpc™'. We checked that the results are
not significantly dependent on the choice of the cosmological
model.

If we now consider the relation between the X-ray and UV
luminosities as log(Lykev) = ylog(Lasoo) + B, with y = 0.46 as
shown in Sect. 2, and we use the log(Las00)— log(Lygn) men-
tioned above, we obtain a slope of the log(Lsev)—log(Lvgn)
of 0.46/0.8 = 0.58, which is fully consistent with the slope of
the relation that we obtain when using the Mg I luminosity (or
flux) as Lyy, as shown in Sect. 4. Therefore, we conclude that
the reason behind different X-ray to UV relations when shifting
from continuum UV proxies to line proxies is associated with
the presence of the Baldwin effect itself.

Another result related to the adoption of the MgII as UV
proxy is the smaller intrinsic dispersion ¢ of the X-ray to UV
relation with respect to the monochromatic continuum indica-
tors. Considering that this line requires an ionising continuum
at wavelengths shorter than 824 A, a possible interpretation of
this result is that an even tighter relation must exist between
the X-ray flux and the UV flux blueward of the Ly limit. In this
scenario, the monochromatic fluxes at optical or near-UV wave-
lengths are all ‘secondary indicators’ with a similar relation to
the primary one.

The slope parameter that we obtain when using the ‘photo-
metric’ UV flux has a less obvious interpretation. The photomet-
ric flux is a complex UV proxy, as it contains contributions from
both the quasar continuum and line emissions. Moreover, even
if it is formally a monochromatic quantity, it is derived from the
wide-band photometric fluxes. We notice that its value is similar
to the one obtained using the Mg1I line as a UV proxy and that
the dispersion of the relation is marginally better than the one
obtained with truly monochromatic fluxes. This suggests that the
combined information used to derive the photometric flux is sim-
ilar to that contained in the Mg 11 flux, and is more closely related
to the UV emission at A ~ 800 A than the monochromatic fluxes.

In Fig. 7, we show the relation between the luminosity of the
Mg 11 line and the photometric luminosity at 2500 A. The slope
is statistically consistent with unity, which explains the similar
behaviour of these two quantities when used as fyy proxies in
the X-ray-to-UV relation.
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Fig. 7. Relation between the luminosity of the Mg1I line and the lumi-
nosity at 2500 A derived from photometry.

6. Cosmological application

The most relevant result of our analysis concerning the use of
quasars as standard candles through the X-ray-to-UV relation is
the confirmation of such relation with spectroscopic data. Since
there are no known standard candles at redshifts higher than
~1.5, it is impossible to have an ‘external’ test of the validity
of the relation in a cosmology-independent way. The only way
to confirm or falsify the method is through an analysis of the
possible redshift dependent physical and/or selection effects that
may bias the distance estimate. In this sense, the complete UV
(rest-frame) spectral analysis is a significant step forward; possi-
ble biases related to the use of the optical broad-band magnitudes
(e.g., due to dust reddening or to the effect of strong lines moving
into or out of the photometric bands depending on the redshift)
are ruled out, and the flux measurements are directly done from
the spectral fits.

The second fundamental outcome of our work is the first sys-
tematic search of the best X-ray and UV proxies of the relation,
within the spectral range covered by the available spectroscopic
data. While the best X-ray and UV indicators turned out to be the
monochromatic flux at 1 keV and the Mg 11 flux, respectively, we
found that the intrinsic dispersion of the relation with the other
proxies is only slightly larger. In particular, the ‘standard’ indica-
tors, which are the monochromatic flux at 2500 A derived from
the photometric data and the monochromatic flux at 2keV, are
almost as effective as the ‘best’ ones.

This result suggests that none of the indicators used here is
the primary driver of the relation. In order to prove this state-
ment, we can consider our best UV indicator, that is the MgII
flux and the intrinsic dispersion of the X-ray—UV relation, dmgu,
obtained with this indicator. If the Mg flux were the primary
driver of the relation (i.e., the physical relation involves either
the Mg flux or a tightly related quantity), we would expect
that the dispersion ¢ of the X-ray-to-UV relation using another
UV proxy would be related to émgy through the following rela-
tion: 62 = (5§,Ig 4 + A% where A is the dispersion of the relation
between the MgII flux and the other UV indicator. However,
this is not the case; for example, the dispersion of the relation
between the Mg 11 flux and the monochromatic flux at 2500 A
is A = 0.15dex, which would imply 6 ~ 0.25dex, while the
observed value is 6 = 0.19 + 0.01 dex (see Fig. 6). We conclude
that both the UV indicators used here are proxies of a more fun-
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damental one, probably related to the UV emission blueward of
the Lyman limit.

A final result with some implications for the use of quasars
as standard candles is the relation between the X-ray and UV
fluxes and the FWHM of the MgII emission line. We tested
the inclusion of this parameter in the X-ray-to-UV flux relation,
using the photometric 2500 A flux as fy. Just like in the spec-
troscopic case, we found that there is no correlation between the
UV flux and the Mg 1 FWHM. Therefore, we can incorporate an
additional term in the relation between fluxes when the FWHM
of the MgII emission line is available, while fitting the ‘tradi-
tional’ relation if not. When doing so, we obtain y = 0.58 £0.01,
0 = 0.16dex, and 6t = 0.19 dex.

We applied the results discussed above to the construction of
a new Hubble diagram of quasars, based on the spectroscopic
quasar sample described in this work. We derived the lumi-
nosity distances using Eq. (9) for objects for which the Mgl
line is available, and the standard relation for those for which
it is not. We used the 1-keV monochromatic flux as fx. As
for fyv, we used both the spectroscopic and the photometric
monochromatic flux at 2500 A (we also repeated the compu-
tation using the MgII flux, obtaining fully consistent results).
The results are shown in Fig. 8, where we also plot the super-
novae of the Pantheon sample (Scolnic et al. 2018), used for
the absolute calibration. Petrosian et al. (2022) argued that the
analysis in redshift intervals may bias the cosmological anal-
ysis. We stress that we never considered any binning (espe-
cially when considering redshifts) to perform the cosmological
analysis in our previous works. The same consideration can be
applied here as well. The distance modulus of each individual
quasar is obtained from Eqgs. (9) and (10), and the fits of the
Hubble diagram are done by marginalising over the parameters
v and B of the relation. As a consequence, the red points shown
in Fig. 8 are computed only after the best fit values of these
parameters are obtained, and they are shown only for illustrative
purposes.

The Hubble diagram in Fig. 8 is relevant for two main rea-
sons. First, the two versions of the diagram, with the two dif-
ferent methods to derive the UV monochromatic flux, are in
full agreement. This was not granted a priori; if some system-
atic effect related to the derivation of the photometric fluxes
were present, it would have been revealed by the comparison
with the spectroscopy-based values. The photometric fluxes are
much easier to obtain, and indeed we always used these values in
our previous works. Therefore, this result is also a validation of
the Hubble diagrams in Risaliti & Lusso (2019) and Lusso et al.
(2020), which revealed a strong tension with the ‘concordance’
flat ACDM model.

Second, the dispersion in the Hubble diagram based on spec-
troscopic points is significantly lower than that based on pho-
tometric fluxes. This is the consequence of the different slopes
of the X-ray-to-UV relation depending on which UV flux is
used: yphot ~ 0.6 for the photometric fluxes and ygpee ~ 0.45
for the spectroscopic ones. Considering the error propagation
from the relation to the distance moduli plotted in Fig. 8, the
main contribution to the error is the intrinsic dispersion of the
relation, divided by a factor (1 — 7). This term implies that the
uncertainty on the distances derived from spectroscopic fluxes is
lower that of distances based on photometric fluxes by a factor
of (1 - 7phnt)/(1 - 7spec) ~0.75.

The tension with the standard flat ACDM model of the spec-
troscopic sample discussed in this paper has a statistical signifi-
cance of 30-. This is lower than previously published results based
on larger samples (Lusso etal. 2020; Bargiacchietal. 2021)
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Fig. 8. Hubble diagram of supernovae and quasars. Green points are
supernovae Ia from the Pantheon sample (Scolnic et al. 2018), yellow
points are quasars with distances derived using the photometric UV
fluxes, blue points are quasars with distances derived using the spec-
troscopic UV fluxes, and red points are the average distance modulus
values for spectroscopic quasars in the individual redshift bins. The
normalisation parameter for quasars is chosen in order to match that
of supernovae Ia. As in our previous studies (Risaliti & Lusso 2019),
we do so by cross-matching the Hubble diagram of quasars with that of
supernovae in the common redshift range. The black line represents the
prediction of a flat ACDM model with Qy; = 0.3.

but, again, it is the first result based on a sample with complete
control on the derivation of the UV fluxes.

7. Summary and conclusions

In this paper, we present a thorough UV spectral analysis of 1764
quasars from the Lusso et al. (2020) sample with the main aims
being to discuss the choice of the Lx and Lyy indicators and to
establish whether it is possible to further reduce the observed
dispersion to gain a better understanding of the physics behind
the Lx—Lyv relation. We thus derived monochromatic luminosi-
ties at five different wavelengths as well as the emission-line
properties. We compared our results with the spectral analy-
sis of Wu & Shen (2022) and we found a good agreement (see
Appendix A). We also computed the X-ray properties of our
sample from a spectroscopic analysis for objects at a redshift
higher than 1.9, while we used photometric data for objects
at lower redshift (see Appendix B). Our main results are sum-
marised below.

1. We obtained the monochromatic flux at 2500 A from a
detailed spectroscopic analysis, as this is supposed to be a
more accurate measurement than the one derived from the
photometric data. We then analysed the Lx—Lyy relation in
narrow redshift bins so that we could (i) use fluxes instead
of luminosities and therefore be independent of any chosen
cosmology, and (ii) look for possible redshift trends of the
slope parameter y. While the slope is confirmed not to show
any systematic trend with redshift, its value of y ~ 0.46 is
lower (flatter) than those found in our previous studies where
photometric data were used. Also, the dispersion parame-
ter ¢ is slightly higher when using spectroscopically derived
monochromatic fluxes as fyy. If the true physical quantity
behind the Lx—Lyy relation had been the monochromatic
luminosity at 2500 A (or any of the wavelengths that we
tested; see below) we would have expected better results in

terms of the dispersion. As this does not occur, it probably
means that the spectroscopic and the photometric luminosi-
ties are simply two different proxies of another quantity, and
thus they are similarly effective when used in the X-ray-to-
UV relation.

. We investigated what the best energies to be used as Ly

and Lyy are, following the assumption that both the UV
and the X-ray continua of quasars can be parameterised
as power laws and studying the dependence of the X-ray-
to-UV relation on the respective spectral slopes. We stress
that we do not expect the relation to subsist between two
monochromatic luminosities, but we are looking for the
best possible proxies for the overall UV (disc) and X-ray
(corona) emission. In the X-rays, we find that there is a
preference for 1keV as the characteristic energy, as it is
the one less sensitive to the actual spectral slope. When
using the 1-keV fluxes instead of the 2-keV ones, we indeed
found a lower dispersion. Unfortunately, given the redshift
range of our sample, the 1-keV flux is on average mea-
sured with higher uncertainties than the 2-keV ones. This
partly undermines the advantage of having found the char-
acteristic energy because the resulting total dispersion is
only slightly lower. Still, the fact that the total dispersion
decreases even if we are using a ‘worse’ proxy in terms
of uncertainties means that physically the relation is indeed
tighter when we are using the 1-keV flux as fx. In the UV,
we find no conclusive indications on a specific characteris-
tic wavelength. This might be explained if the ‘true’ phys-
ical quantity is found at much shorter wavelengths, beyond
the peak of the disc emission, so assuming the optical-UV
power law is less appropriate and/or informative. Conse-
quently, we argue that the best choice is the 2500 A flux sim-
ply because it is the one that results in a marginally lower
dispersion. This might be because this wavelength falls in
the observed spectra for the wider redshift range in our sam-
ple, implying a lower number of objects for which fluxes
are determined via extrapolation and therefore with larger
uncertainties.

. When using the integrated MgII line flux as fyy, we obtain

a higher (steeper) slope value (y ~ 0.6) and a lower disper-
sion (6 = 0.16dex) compared to any other UV continuum
indicator derived from the spectroscopic analysis. We note
that although the Mg II emission line is found at 2800 A, its
flux strongly depends on the quasar emission at much shorter
wavelengths, around ~800 A. Therefore, it might be that the
physical relation behind the X-ray and UV luminosities is
more strongly linked to the quasar emission at shorter wave-
lengths, and that as a consequence the MgII emission-line
flux works as a better proxy when compared to the fluxes
in the 1350-5500 A range. Unfortunately, the MgII emis-
sion line is only available for the objects in our sample up
to z ~ 2.5. Another possible explanation is that when we
consider an indicator such as the Mg II emission line, which
strongly depends on the extreme-UV SED shape, a tighter
correlation with the soft X-ray can naturally arise due to the
energy proximity of the bands involved.

. The comparison between the values of the slopes that we

found when using, respectively, the MgII line fluxes and the
spectroscopic monochromatic fluxes, is entirely consistent
with the presence of the Baldwin effect.

. We confirm a correlation between the X-ray and UV flux

taking into account the FWHM of the Mg1I line, while the
UV flux and the FWHM turn out to be not significantly

Al143, page 11 of 15



Signorini, M., et al.: A&A 676, A143 (2023)

correlated. This non-correlation allows us to include the
FWHM in the X-day/UV flux relation whenever avail-
able, and to keep using the standard relation otherwise. In
this way, we can overcome the redshift limitations on the
Mg flux and still obtain a lower dispersion for the whole
sample.

6. The Hubble diagram obtained from spectroscopic UV data
is fully consistent with that obtained with photometric data.
This is a validation of the previous results based on ‘pho-
tometric’ Hubble diagrams. Moreover, the ‘spectroscopic’
Hubble diagram shows a tension at statistical level of
~3c0 with the flat ACDM model. In previous works (e.g.,
Lusso et al. 2020; Bargiacchi et al. 2021), we obtained a
higher significance of this tension, thanks to a wider redshift
extent than the sample considered here. However, the Hubble
diagram presented here is the first one where we have fully
checked the UV spectral properties of the sources (and also
the X-ray ones at z > 1.9).

Overall, the results presented in this work are another step
towards the validation of the non-linear X-ray-to-UV relation
of quasars as a reliable distance indicator. Since a limited of
number of supernovae Ia are available at redshifts higher than
~1.5 and, by construction, a cosmology-independent validation
of the method is impossible, the only way to further check
our method is to search for possible evolutionary effects in the
spectral emission of the quasars included in our Hubble dia-
gram. In Sacchi et al. (2022), we demonstrated that the aver-
age continuum and line properties of quasars at z > 2.5 are
perfectly matched to the ones of lower redshift counterparts in
both the UV and X-rays. An extensive analysis of the stacked
SDSS spectra in bins of BH mass and Eddington ratio for all
the sources of the current sample is currently ongoing (Trefoloni
et al., in prep.). We expect that future observations of supernovae
at z > 1.5 will be able to independently probe any deviation
from the concordance model found with the Hubble diagram of
quasars.
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Appendix A: UV spectral analysis

We performed the fit of the SDSS UV spectra for the
1764 objects in our sample with the IDL package QSFit
Calderone et al. (2017). This software allowed us to fit the AGN
continuum, the Balmer continuum, the emission-line and iron-
complex properties, and the host-galaxy component. Regarding
the host galaxy, a single template of an elliptical galaxy was used
to determine its contribution to the total luminosity. The code is
highly customizable, and our main settings are as follows: for
quasars with redshifts below 0.6, given that the host-galaxy lumi-
nosity can be a relevant share of the total luminosity, the slope of
the quasar continuum is degenerate with the host galaxy normal-
isation. Therefore, there is no way to determine it in a reliable
way. We consequently fixed the value of the continuum slope for
such quasars as f; oc -7, Each emission line was fitted with a
Gaussian profile. QSFit allowed us to consider both a broad and
narrow component to fit each line and to add unknown compo-
nents if necessary. In case the code is not able to correctly disen-
tangle the broad and the narrow component of the main emission
lines, we used a composite profile of a broad component and
an unknown one to account for the residuals. With this method,
what we obtained are the tofal emission line properties, rather
than the separated properties of broad and narrow components.
Full width at half maximum (FWHM) upper limits were set to
2000 km/s for unknown and narrow lines and to 10,000 km/s
for broad lines. To avoid fitting regions of the spectrum contam-
inated by intergalactic absorption, the minimum wavelength for
model fitting was set to 1450 A (rest frame) for all the objects in
our sample.

The strength of the QSFit code is that the spectral properties are
all fitted simultaneously. This way, one can reasonably assume
that the obtained continuum properties do not depend on local
features of the spectrum itself.
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At the end of the fitting procedure, for each quasar we
obtained the continuum slope and the monochromatic luminos-
ity at 2500 A. We also recorded the luminosity values at 1350
10\, 3000 A, 4400 10\, 5100 A. If one or more of these wave-
lengths was out of the spectral range for a given spectrum, we
extrapolated its value adopting the best-fit continuum slope. In
terms of line properties, we obtained total flux, FWHM, offset
velocity, and equivalent width. Together with the line properties
and their errors, quality flags for each line were given. Regard-
ing the quality flag, the QSFit code automatically raises a flag
whenever one or more of the following situations occur: (i) the
value of the continuum luminosity, a line’s FWHM, or its offset
velocity is NaN or equal to zero; (ii) any of the previous quanti-
ties hits a boundary value in the fit; (iii) the relative uncertainty
on the continuum luminosity is higher than 1.5; (iv) the rela-
tive uncertainty on the FWHM of a given line is higher than
2; (v) the uncertainty on the velocity offset is higher than 500
km s~!. Objects with bad-quality flags were removed from the
sample.

After the fitting procedure, each spectrum was visually
inspected and a second quality flag was raised if (i) the resid-
uals of the fitting procedure showed a systematic trend as a
function of wavelength or (ii) the mean reduced y? value was
higher than 2. Since in these cases the monochromatic lumi-
nosities estimates could not be considered reliable, such sources
were removed from the sample. As a consequence, our sam-
ple size decreased from 1764 to 1705 sources. Among them,
1217 also have good Mg1I emission line properties (line lumi-
nosity, FWHM, EW, velocity offset), while 403 have HB, 305
have [O 111] /1495910\, 291 have [O111] A5007A (202 have both the
doublet components), 493 have C1v. In Figure A.1 we show, as
an example, the spectra of four objects at different redshifts and
the best-fit results of the QSFit analysis.
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Fig. A.1. Four spectra at different redshifts and QSFit best-fit results, in yellow. The different components are shown in the legend on the right of

each panel.
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Fig. A.2. Comparison between the MgII luminosity as derived from
Wu & Shen (2022) and the MgII luminosity derived in this work, in
logarithmic units (erg s™'). The dotted line is the one-to-one relation.
We also report the best-fit slope and dispersion and the resulting best-
fit-regression line as the solid black line.
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Fig. A.3. Comparison between monochromatic luminosity at 2500 A
obtained from our spectral analysis and the one from the Wu & Shen
(2022), in logarithmic units (erg s™'). The dotted line is the one-to-one
relation. We also report the best-fit slope and dispersion and the result-
ing best-fit regression line with the solid black line. There is an overall
good agreement between the two measurements.

In Figure A.2, we compare our estimates of the total lumi-
nosity of the Mg I1 line with the one derived from the Wu & Shen
(2022) catalogue. We can see an overall good agreement. Com-
parisons between other emission line properties show similar
results. We also performed the same comparisons with the results
of Rakshit et al. (2020), and they gave analogous results.

Wu & Shen (2022) presented the detailed measurements of
the spectral properties of ~500,000 quasars from the latest
release of the Sloan Digital Sky Survey (SDSS-DR16) quasar
catalogue, which were used to validate the results of our spectral
analysis. Regarding the monochromatic luminosities, we find a
very good match, as can be seen in Figure A.3 for the monochro-
matic luminosity at 3000 A. We can also see that the match
is excellent at high luminosities, while some scatter is present
for less luminous objects. This mainly depends on the different
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host-galaxy fitting techniques that have been employed; we used
a single host-galaxy template, while in Wu & Shen (2022) the
galaxy is not characterised. Quasars with lower luminosities are
also the ones more affected by the host-galaxy contribution, so
we expect higher discrepancies for such objects. Comparisons
with the other monochromatic luminosities at different wave-
lengths (1350 A, 4400 A, 5100 A) all show analogous results.

Appendix B: X-ray spectral analysis

All the objects in our sample have an estimate of the rest-frame
2-keV monochromatic flux derived from XMM-Newton photo-
metric data. A detailed description of the procedure can be found
in Section 4 of Lusso et al. (2020).

We have performed a full spectroscopic analysis for a subsample
of 292 objects, which are all the objects in our sample at redshifts
higher than 1.9, for which any discrepancy between the photo-
metric and spectroscopic values can have major consequences
in terms of cosmological applications. This comes as an exten-
sion of the X-ray spectroscopic analysis provided in Sacchi et al.
(2022) for objects at redshifts higher than 2.5.

The goal of this analysis is to prove that not using fully spec-
troscopic X-ray fluxes does not introduce any bias in our results,
while showing that part of the residual observed dispersion of the
Lx — Lyy relation can be attributed to the lower accuracy of pho-
tometric measurements at the same time. We followed the stan-
dard procedure from the XMM-Newton user manual to obtain
the spectra. For each object, we extracted three spectra for the
three XMM-Newton cameras (pn, MOS1, and MOS2). We then
combined the two MOS spectra into a single one.

The fit procedure was performed with the package XSPEC
version 12.12 (Arnaud 1996). We subtracted the background
from the spectrum and then fitted it with a power-law model,
considering Galactic photoelectric absorption. We fitted the pn
and the MOS spectra simultaneously, imposing the same spectral
shape and allowing for a varying normalisation constant between
the two cameras. From the best fit, we estimated the monochro-
matic flux at 1 keV, the monochromatic flux at 2 keV, and the
photon index T, together with their 1o~ uncertainties. In Figure
B.1 we show, as an example, the spectra and the best-fit model
for three objects, with data of different quality and therefore dif-
ferent uncertainties on the determination of the monochromatic
X-ray flux at 2 keV. In Figure B.2, we show the comparison
between the monochromatic fluxes at 2 keV derived from this
spectroscopic analysis with the ones obtain with the standard
procedure. The relation between the two quantities was fitted
with a linear relation, and the best fit is statistically consistent
with a one-to-one relation, with the linear regression returning a
slope of m = 1.01 = 0.01 as the best fit. In Figure B.3, we also
show the histogram of the differences between the spectroscopic
and the monochromatic 2 keV fluxes, expressed in units of the
standard deviation o~. We also see from this distribution that there
is no systematic shift between the two quantities. Neither is there
a significant skewness of the distribution, the skewness parame-
ter being k = 0.27 + 0.30.

From this comparison, we infer that by using the spectro-
scopic data only for a subsample of objects we are not intro-
ducing any systematics. At the same time, there is a significant
scatter between the spectroscopic and the photometric flux esti-
mates. We can assume that the spectroscopic analysis is the more
accurate one. This means that for those objects for which we
are (still) using photometric data, we are actually introducing
a contribution to the total observed dispersion when fitting the
Lx — Lyy relation. We should also note that from the complete
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Fig. B.1. Example of X-ray spectrum and best fit of three sources at redshift 2.138, 2.144, 2.293. The pn spectrum is shown in red, and the MOS
spectrum is shown in black. The relative uncertainties on the free parameters (the monochromatic flux at 2 keV and the photon index I') are shown
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Fig. B.2. Comparison between photometrically derived 2-keV
monochromatic fluxes and spectroscopically derived ones. The red line
represents the one-to-one relation, while the green line is the best fit of
the relation between the two quantities.

X-ray spectroscopic analysis we are also able to check one by
one that the observations are not affected by any bias, which is a
possible cause of additional dispersion. A discussion of the con-
tribution of X-ray observational issues to the total observed dis-
persion of the Lx — Lyv relation will be addressed in a forthcom-
ing paper. Analogous results in terms of the comparison between
photometric and spectroscopic data are found when comparing
the 1-keV monochromatic fluxes.
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Fig. B.3. Histogram of differences between photometric and spectro-
scopic X-ray fluxes at 2 keV, shown in units of standard deviations. The
red line shows the results of a Gaussian fit, which shows that the distri-
bution is centred around zero. There is no significant skewness, as the
skewness parameter turns out to be k = 0.27 + 0.30. This shows that
there is no systematic shift between the two quantities.
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