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ABSTRACT

The non-linear relation between the X-ray and ultraviolet (UV) luminosity in quasars has been used to derive quasar distances and
to build a Hubble diagram at redshifts up to z ~ 7. This cosmological application is based on the assumption of independence of
the relation on redshift and luminosity. We want to test the reliability of this hypothesis by studying the spectroscopic properties of
high-redshift quasars in the X-ray and UV bands. We performed a one-by-one analysis of a sample of 130 quasars at z>2.5 with
high-quality X-ray and UV spectroscopic observations. We found that not only does the X-ray to UV correlation still hold at these
redshifts, but its intrinsic dispersion is as low as 0.12 dex (previous works reached 0.20-0.22 dex). For a sample of quasars at z ~ 3 with
particularly high-quality observations, the dispersion further drops to 0.09 dex, a value entirely accountable for by intrinsic variability
and source geometry effects. The composite spectra of these quasars, in both the X-rays and the UV, do not show any difference with
respect to the average spectra of quasars at lower redshifts. The absence of any spectral difference between high- and low-z quasars
and the tightness of the X-ray to UV relation suggests that no evolutionary effects are present in the relation. Therefore, it can be
safely employed to derive quasar distances. Under this assumption, we obtain a measurement for the luminosity distance at z ~ 3 with
15% uncertainty, and in a 40 tension with the concordance model.
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1. Introduction

Quasars are the most luminous, persistent sources in the
Universe, and they have been identified up to redshifts z>7
(Mortlock et al. 2011; Bafiados et al. 2017; Wang et al. 2021).
At present, more than half a million of them have been spec-
troscopically identified by the Sloan Digital Sky Survey (SDSS
Lyke et al. 2020). For about 15000 such sources, an X-ray
(mostly serendipitous) observation is also available in the XMM-
Newton and/or Chandra archives. Starting from this sample,
selected sources have been used in the past few years to inves-
tigate the non-linear relation linking the X-ray and ultraviolet
(UV) luminosities in quasars, usually expressed as logLx =
vlog Lyy + B, where Lx and Lyy are the monochromatic lumi-
nosities at the rest-frame 2keV and 2500 A and y = 0.6
(Tananbaum et al. 1979). The non-linearity of the relation has
allowed us to derive quasar distances from their X-ray and UV
flux densities, and to build a Hubble diagram of quasars up
to z~ 7 (Risaliti & Lusso 2019; Lusso et al. 2020). In the disc-
corona framework, the UV emission of quasars comes from an

* Data to build Figs. 1 and 2 are only available at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http:
//cdsarc.u-strashbg. fr/viz-bin/cat/J/A+A/663/L7

accretion disc, where the gravitational energy of the accreting
gas is converted into radiation (Shakura & Sunyaev 1973), while
the X-ray emission comes from the inverse-Compton scattering
of a fraction of the UV photons by a ‘corona’ of hot plasma
(Haardt & Maraschi 1993). Since the X-ray corona would cool
down rapidly as a consequence of the inverse-Compton process,
while the X-ray emission is persistent, it is obvious that a physi-
cal process continuously transferring energy from the disc to the
corona must be present in quasars. Even if no complete phys-
ical model of this process is available at present, the observed
non-linear Lx—Lyy relation must be a consequence of such a
mechanism. The key requirement regarding the possible cosmo-
logical application of the relation is, therefore, that it holds at
all redshifts and luminosities with no evolution. We note that the
redshift independence of the slope was clearly observed by inde-
pendent groups well before this relation was employed for cos-
mological studies and with quasar samples selected in various
ways, for example by Vignali et al. (2003; see their Sect. 4.4),
Steffen et al. (2006; see their Fig. 9 and Sect. 3.5), Just et al.
(2007; see their Fig. 9 and related discussion), and Green et al.
(2009; see their Sect. 7).

The state-of-the-art in the study of the X-ray to UV
relation in quasars is presented in Lussoetal. (2020) and
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Bisogni et al. (2021), hereafter referred to as L20 and B21,
respectively. The two samples analysed in these works mainly
consist of sources with serendipitous XMM-Newton or Chandra
X-ray observations and SDSS optical/UV spectra. The flux den-
sities were estimated from the photometric data points in both
the optical/UV and X-ray bands in the former work, while in the
latter the X-ray flux densities were obtained through an auto-
mated spectroscopic analysis. In both works, the X-ray to UV
luminosity relation was analysed by splitting the sample into
narrow redshift intervals. Since the spread in distance within a
given bin is small with respect to the observed dispersion, it is
possible to reproduce the relation using fluxes as proxies of lumi-
nosities. This allows us to investigate the possible redshift evo-
lution of the slope of the relation in a cosmology-independent
way. The main results of these studies are the following: (a) the
relation holds over the whole z ~0.5-7.5 redshift range, with
an average intrinsic dispersion of 0.20-0.22 dex; (b) the mea-
sured values of y do not show any hint of evolution, and they
are consistent with a constant value of ~0.6; (c) the Hubble dia-
gram of quasars derived using the relation is in perfect agree-
ment with that of type la supernovae (SNIa); and (d) the Hubble
diagram of quasars in the whole z=0.5-7.5 range is in a >40
tension with the standard flat ACDM model (Risaliti & Lusso
2019; Lusso et al. 2020; Bargiacchi et al. 2021).

The results of the Hubble diagram critically depend on
the assumption of non-evolution of the relation (see also
Dainotti et al. 2022a). On the one hand, the constancy of the
slope and the agreement with supernovae (and, hence, with the
flat ACDM model) up to z~ 1.5 suggests a non-evolution. On
the other hand, it has been shown by assuming several different
cosmological models that a tension exists between the param-
eters of the relation at low and high redshift (Khadka & Ratra
2021). This result can be interpreted as due to either a redshift
evolution of the relation, if the models tested by Khadka & Ratra
(2021) include the ‘true’ one, or a different cosmological model,
if the relation does not evolve with redshift.

In order to clarify this point, it is fundamental to further
investigate the relation with the main goals of, first, ruling out
possible redshift-related systematic effects in the determination
of distances and, second, reducing the observed dispersion in
order to improve its effectiveness as a cosmological probe. We
show that these two goals are closely intertwined: in fact, reduc-
ing the observed dispersion is an effective way to rule out major
systematic effects.

Here we present the most detailed study to date of the
X-ray to UV relation at high redshift, considering a sample of
130 quasars at 2.5 <z<4.5. The two aims described above were
pursued in the most direct way: we performed a complete UV
and X-ray spectroscopic analysis of all the sources in the sample
in order to improve the accuracy of flux measurements. The sam-
ple covers an optimal redshift interval to test possible deviations
of the Hubble diagram from the standard cosmological model
(see also Lusso et al. 2019 and Dainotti et al. 2021b, 2022b con-
cerning the Hubble constant tension), as in the case of gamma-
ray bursts used as standardizable candles (Dainotti et al. 2008,
2011, 2013, 2015, 2016, 2021a, 2022c; Cardone et al. 2009,
2010; Capozziello et al. 2012; Postnikov et al. 2014; Cao et al.
2022), and its size balances the need for high enough statistics
and the feasibility of a complete spectroscopic analysis.

2. Data selection and analysis

Full details of the selection and the data analysis are reported
in L20 and B21. Here we briefly summarize our method. The
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130 quasar sample under analysis is drawn from three main
catalogues:

SDSS-XMM. The bulk of our sample is composed of
81 quasars from the cross-match between the SDSS DRI16
quasar catalogue (Flesch 2021) and the XMM-Newton Serendip-
itous Source Catalogue Data Release 10 (Webb et al. 2020).
Within this group, 15 quasars have pointed XMM-Newton obser-
vations and compose the XMM-pointed sub-sample. These
sources have been extensively described in a dedicated paper
(Nardini et al. 2019). The remainder of the SDSS-XMM sub-
sample hence amounts to 66 sources. The sample selection fol-
lows the procedure described in L20, and consists of the follow-
ing filters:

(1) Removal of all the known broad absorption line (BAL) and
radio-loud objects as for both classes of objects the intrin-
sic emission of both disc and corona is contaminated by
other physical phenomena (e.g., gas absorption, jets), dim-
ming or enhancing their X-ray luminosities in particular
(Brandt et al. 2000; Wilkes & Elvis 1987).

Removal of all the sources with an X-ray spectroscopic
photon index I' — A" < 1.7 and " + AI" > 2.5. This ensures
that no objects with photoelectric absorption (which would
cause a flattening of the X-ray spectra) or calibration issues
(which could produce a spectral steepening) are present' .
Removal of all the sources with optical/UV colours out-
side the region defining ‘normal’, blue quasars without sig-
nificant dust absorption. The threshold, corresponding to
E(B—-V) ~0.1, is the same as in L20.

Removal of all the sources with an expected X-ray flux
close to the detection limit of its observation. Sources with
an intrinsic flux close to the observable limit are ultimately
detected because of their variability, but only if they are
caught in a positive fluctuation. As less luminous quasars
show more significant variability, this would affect the slope
of the Lx—Lyvy relation. Again, the threshold is the one
adopted in L20.

SDSS-Chandra. Sixteen quasars come from the cross-match
of the SDSS quasar catalogue Data Release 14 (Paris et al. 2018)
and the Chandra Source Catalogue 2.0 (Evans et al. 2010). The
selection is analogous to the one described above for XMM-
Newton sources, and it is fully described in B21.

2

3)

“4)

COSMOS. Thirty-three quasars are extracted from the
Chandra-COSMOS Legacy Survey (Civano et al. 2016). The
sample selection and calculation of UV and X-rays fluxes are
fully described in B21.

2.1. Flux and luminosity measurements

The sources from the COSMOS and XMM-pointed sub-samples
have been fully described in published works (Marchesi et al.
2016; Nardini et al. 2019; Bisogni et al. 2021). We did not repeat
the analysis of either the X-ray spectrum or the optical one, and
we adopted the reported values. For all the other 82 sources (66
and 16 from the SDSS-XMM and SDSS-Chandra sub-samples,
respectively), we performed a complete analysis of the SDSS
optical (rest-frame UV) spectra and of the XMM-Newton or
Chandra X-ray spectra.

For the X-ray measurements, we followed the standard
procedure described in the user manuals of the two observa-
tories, and we analysed the spectra using the XSPEC code

! Intrinsically super-soft spectra are extremely rare in quasars
and would require anomalous coronal properties (cf. Eq. (Al) in
Zdziarski et al. 1996).
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(Arnaud 1996). We assumed a power-law model with Galactic
photoelectric absorption. We show the spectra and best-fit mod-
els for a sub-sample of 12 sources (see below) that were not pre-
viously published in Appendix A.

The optical SDSS spectra have been analysed with the IDL
package QSFit (Calderone et al. 2017). Using this software, we
modelled the features of each quasar spectrum by assuming
the continuum to be a power law, the emission lines to have
Gaussian shapes, and the host galaxies to be ellipticals (the inter-
ested reader can find more details in Calderone et al. 2017). The
strength of this code relies on the fact that the spectral prop-
erties are all fitted simultaneously, which circumvents the fit-
ted paraments depending on local features of the spectrum. For
each object, we derived the continuum and emission-line proper-
ties. The rest-frame 2500 A wavelength is out of the SDSS range
because of the redshift of these objects. Therefore, to derive the
monochromatic flux at 2500 A, we extrapolated from the contin-
uum shape, which is assumed to be a single power law whose
slope is one of the fitted parameters. We show the resulting plots
of the described fit procedure for the same 12 sources mentioned
above in Appendix A. The luminosity values, when reported,
were computed by assuming a standard flat ACDM cosmology
with Qy = 0.3 and Hy = 70km s~ Mpc~'.

2.2. X-ray cross-calibration

As the X-ray fluxes of both the SDSS-XMM and SDSS-Chandra
sub-samples have been obtained by spectroscopic analysis, no
cross-calibration is needed in order to compare them. In principle,
the COSMOS sub-sample would instead require such a calibra-
tion, as we derived the 2 keV flux densities from the soft- and hard-
band fluxes available in the published catalogue (Marchesi et al.
2016). Even so, we decided not to apply it. This choice was made
because of two main reasons. On the one hand, we tried to esti-
mate the parameters of cross-calibration by fitting the COSMOS
X-ray fluxes vs. the XMM-Newton ones for the sources appear-
ing in both parent samples with a linear model, log Fxym +
31.5 = a(log Fcosmos + 31.5) + b. Over 1500 observations,
we retrieved values of @ = 0.89 and b = 0.10, which do not sig-
nificantly affect our estimates for the slope, dispersion, and off-
set of the relation. On the other hand, too many factors need to
be taken into account when attempting a precise cross-calibration
(e.g., the evolution of the Chandra observatory effective area over
the years, the off-axis angle and duration of each observation, the
intrinsic shape and variability of the source spectra) to be reliably
addressed with our sample statistics.

2.3. Regression analysis

The best fit of the log Lx—log Lyy relation was performed using
the Python package EMCEE (Foreman-Mackey etal. 2013),
which is an implementation of Goodman and Weare’s Affine
Invariant Markov chain Monte Carlo (MCMC) Ensemble sam-
pler. The UV and X-ray monochromatic luminosities were nor-
malized to 10°' and 10%"5 ergs™' Hz™!, respectively, prior to
the regression fit. For the full sample, we employed a sigma-
clipping set to 2.70, and this choice eliminated seven outliers.

3. Discussion

All 130 quasars selected at z > 2.5 have homogeneous UV and
X-ray spectral properties, as well as high-quality X-ray obser-
vations. The latter requirement is key to determining the overall
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Fig. 1. log Lx vs. log Lyy for the full z > 2.5 sample presented in this
work. Colours refer to the different sub-samples, as indicated in the leg-
end. The y and ¢ symbols represent the slope and the intrinsic dispersion
of the best-fit relation, respectively.

accuracy of the distance estimates; as for all of the sources in
the sample, the rest-frame UV data provide higher-quality flux
measurements than the X-ray ones. The results of the analysis
are shown in Fig. 1. The intrinsic dispersion ¢ of the Lx—Lyy
relation (i.e., the dispersion not accounted for by the statistical
errors) is as low as 0.12 dex over more than three orders of mag-
nitude in UV luminosity. This is a significant improvement with
respect to the previous results (6 = 0.21, L20). The best-fit slope
v = 0.60+0.02 is fully consistent with the values found at lower
redshift (L20, B21), further confirming the stability of the rela-
tion with redshift.

We note that the conversion of observed fluxes to lumi-
nosities requires a distance-redshift law. As a consequence, the
relation as plotted in Fig. 1 cannot be used to test cosmolog-
ical models. However, this is not a critical issue for our pur-
poses: here we only want to examine the relation; also, the effects
of using even very different cosmological models are almost
entirely subsumed in the normalization parameter.

In order to obtain an even cleaner result, and to test cos-
mological models, we repeated our analysis for a ‘golden’ sub-
sample of 30 sources’ in the narrow redshift range z = 3.0-3.3.
This is the interval containing the group of 15 sources for which
we have obtained high-quality XMM-Newton pointed observa-
tions (Nardini et al. 2019), which compose the XMM-pointed
sub-sample. The X-ray to UV relation for this sample is shown
in Fig. 2. Here the redshift interval is narrow enough to allow
the analysis of the relation using the observed fluxes as proxies
of luminosities. The intrinsic dispersion is now only 0.09 dex.
Considering the unaccounted dispersion due to variability (of the
order of at least 0.05 dex at these redshifts, Paolillo et al. 2017)
and of the inclination of the disc (assuming that the X-ray emis-
sion is isotropic, while the UV emission is disc-like), we con-
clude that the relation has very little, if any, intrinsic dispersion:
quasars are indeed standardizable candles.

The complete X-ray and UV spectroscopic analysis for this
sample allowed us to check for possible systematic effects in the
spectra, a physical redshift evolution of their intrinsic properties,
and/or the consequence of dust/gas absorption. The results are

2 We note that no source in the golden sample was removed by the
sigma-clipping, as no outlier is present.
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Fig. 2. log Fx vs. log Fyy for the 3.0 < z < 3.3 golden sample. Colours
refer to the different sub-samples. The green points are the group of
XMM-Newton pointed observations.

shown in Fig. 3, where we overplotted the rest-frame stacked
X-ray and UV spectra of the SDSS-XMM and SDSS-Chandra
quasars, normalized to their integral flux in the observed band
(see Sect. 3 in Lussoetal. 2015 for details on the stacking
procedure). The stacked X-ray spectrum, with a slope I' =
1.89 + 0.01, shows no deviation from the I' =~ 1.9 power-
law model representing the average X-ray emission of quasars
(Reeves & Turner 2000; Risaliti et al. 2009; Scott et al. 2011).
Analogously, in the UV, the absence of deviations amongst the
individual spectra, and with respect to the average quasar spec-
trum of Vanden Berk et al. (2001), demonstrates that there is no
systematic effect in the UV measurements. Since the latter com-
posite spectrum was obtained from a sample of quasars in a wide
redshift interval (z = 0.044-4.789, with a median of z ~ 1.25),
we also demonstrate that there is no spectral evolution with red-
shift between local quasars (used to calibrate the relation) and
those at z ~ 3.

The final application of the work presented here is a direct
test of the flat ACDM model, under the physical assumption
of no redshift evolution of the normalization 8 above z = 1.5.
We remind readers that the non-evolution of g at z < 1.5 and
the non-evolution of the slope y at any redshift are observation-
ally proven by several independent groups. The result in Fig. 2
alone is not sufficient as a cosmological probe due to the lack of
an absolute calibration of the relation. This limit can be over-
come by anchoring the intercept of the Hubble diagram built
with quasars with other distance indicators at lower redshift (see
Moresco et al. 2022 for a review), for example supernovae. We
therefore built our Hubble diagram by including the latest sam-
ple of SNIa up to redshift z ~ 2 (i.e., the Pantheon sample;
Scolnic et al. 2018), averages of quasars at z = 0.7—1.3, and the
average for the golden sample (Fig. 4). For all the quasars in
this diagram, the luminosity distances were calculated from the
X-ray to UV flux-flux relation cross-calibrated with supernovae
in the z = 0.7-1.3 range. The distance modulus for the golden
sample was then calibrated by fixing the parameters involved in
the computation of the luminosity distance to the ones at low
redshift (i.e., y = 0.6 and 8 = 13.4%). This methodology implies

3 The luminosity distance, Dy (in megaparsecs), was computed as
logDy = 1/(2 - 2y)(ylog Fyy — log Fx + 8), where (5 represents the
intrinsic normalization of the distance modulus-redshift relation.
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Fig. 3. Average X-ray and UV spectral properties of the SDSS-XMM
and SDSS-Chandra sub-samples in the z = 3.0-3.3 redshift range.
Upper panel: stacked X-ray emission (black data point); its power-
law model photon index I' = 1.89 + 0.02 is perfectly compatible
with the average value of I' = 1.9 of ‘typical’ unobscured quasars
(Reeves & Turner 2000; Risaliti et al. 2009; Scott et al. 2011) shown by
the solid red line. Lower panel: stacked SDSS spectrum (solid black
line) compared with the average quasar spectrum (solid red line) from a
large sample of SDSS quasars over a wide redshift and luminosity range
(Vanden Berk et al. 2001).

that the best-fit parameters of the assumed cosmological model
(i.e., flat ACDM with Qp = 0.3) do not change with redshift.
The observed tension between the average luminosity distance
of the golden sample and the prediction of the flat ACDM model
is >40. As a further test, we performed another fit of the Hubble
diagram by using a fourth order polynomial function of the lumi-
nosity distance in log(l + z) as discussed in Bargiacchi et al.
(2021). We followed a similar approach as discussed above by
cross-calibrating the quasars at z = 0.7-1.3 with SNIa. We then
compared the distance modulus of the z ~ 3 sample to the result-
ing best fit of the polynomial expansion when parameters are
fixed to the best-fit ones of the low-redshift data. The observed
tension is again confirmed at more than the 40 statistical level.

4. Conclusions

We have presented a sample of 130 quasars at z > 2.5 for
which we performed a complete X-ray and UV spectral anal-
ysis. The sample was blindly selected following our well-
established method that excludes absorbed and/or biased objects.
We obtained the striking result of reducing the intrinsic disper-
sion of the luminosity relation down to 6 ~ 0.12dex. For a
sub-sample of 30 sources at redshift z ~ 3, we were able to
further reduce 6 to 0.09 mdex (which is entirely accountable
for considering quasar variability and inclination effects), thanks
to the fact that in the said narrow redshift window we have
high-quality pointed X-ray observations for roughly half of the
sub-sample. This, coupled with the non-evolution of the UV
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Fig. 4. Hubble diagram of Pantheon supernovae (orange points,
Scolnic et al. 2018), quasars at redshifts z = 0.7-1.3 (blue points), and
quasars at redshifts z = 3.0-3.3 (red point). The luminosity distances
for quasars were calculated using the parameters y and § as described
in the text, i.e., assuming that these parameters do not change with red-
shift, and adopting the best-fit flat ACDM model for supernovae. Each
quasar point represents the average for all the quasars in the correspond-
ing redshift interval.

spectral energy distribution, X-ray spectra and slope of the rela-
tion vy, with respect to low-redshift quasars, single-handedly
proves the robustness of the usage of quasars as standardizable
candles: in order to invalidate the standardizability of quasars,
there would need to be a step evolution for the sole parameter 8
in the region not covered by our data, which is highly unlikely.
Furthermore, our work shows how crucial the possibility is of
using a high-quality X-ray observation for the determination of
the unabsorbed X-ray flux of cosmological quasars.
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Appendix A: X-ray and optical/UV spectra

been extensively studied, and their X-ray and optical/UV spec-
tra have been published in dedicated papers (Nardini et al. 2019;

We performed a complete X-ray and optical/UV spectral analy- Lusso et al. 2021).
sis for all the sources in our sample as described in Section 2. Fif- Figures A.1 and A.2 show the X-ray and optical/UV spectra
teen of the sources of the z~ 3 golden sub-sample have already for the 12 sources that do not have published spectra to date.
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Fig. A.1. X-ray spectra and best-fit models for the 12 sources in the z = 3.0-3.3 sample with no previous analysis in the literature. Black and red
data points indicate XMM-Newton EPIC-PN and EPIC-MOS cameras, respectively, and blue points indicate Chandra data. After the source name,
the significance (in units of o) adopted for the graphical re-binning of the spectra is indicated.
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A. Sacchi et al.: Quasars as high-redshift standard candles
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Fig. A.2. Same as Fig. A.1, but for the SDSS optical (rest-frame UV) spectra. The yellow lines correspond to the model employed in the spectral
fitting procedure.
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