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INTRODUCTION
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Supernova la

We build the distance-redshift or
“Hubble-Lemaitre”, diagram:

* the shape constrains
cosmological models

* inside a model, the shape
constrains its parameters
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INTRODUCTION

Supernova la

We build the distance-redshift or
“Hubble-Lemaitre”, diagram:

* the shape constrains
cosmological models

* inside a model, the shape
constrains its parameters

...not observed at high redshift!
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INTRODUCTION

Quasars are interesting candidate for
being standard candles:

* Very bright

* \Very numerous

* Observed from low (z~0.001) to
high (z>10) redshifts
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INTRODUCTION

Quasars are interesting candidate for
being standard candles:

* Very bright

* \Very numerous

* Observed from low (z~0.001) to
high (z>10) redshifts

However, their emission is clearly not

standard!
Lb0| ~ 1040 B 1047 erg/S
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THE Ly-L,y RELATION esa
X-ray \ I / log(Ly) = ylog(Lyy) + B
2 keV
Ly Ly
o ."\ T

25004 ,
—2 (log(fx) —vlog(fu)) + p

log(D,) = >

Distance measurements!
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THE L,-L,, RELATION esa

| : | : | : | : |
N =7238 ¢ =0.40

S | log(Ly) = ylog(Lyy) + B
Ly Ly
Ix= fmpr2 for = gapr?
1
log(D,) = 2 — 2y (log(fx) —vlog(fuy)) + B

Distance measurements!
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THE L,-L,, RELATION esa

0~0.40 dex 0~0.12 dex

281

N = 7238 § = 0.40

N =1598 0 =0.24
N=18=0.12

Sample selection, we remove:
 radio-loud and BALs

* dust-reddened objects in the UV
* gas-obscured objects in the X-ray
* objects that might be affected by

the Eddington bias in the X-ray

: = n — . I*I % THE EUROPEAN SPACE AGENCY




THE L,-L,, RELATION
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Extension of the Hubble Diagram

At high z, a ~40 tension with the
flat ACDM model builds up
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THE L,-L,, RELATION

Can the tension come from residual
reddening? No (Trefoloni+24)

How does the relation change when we

use different UV and X-ray indicators?

(Signorini+23b)

How low can the dispersion get, when the

data quality increases? (Sacchi+22)

What are the causes of the residual
dispersion? (Signorini+24)
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THE L,-L,, RELATION

Concerns have been made regarding the method: wonomy

@ The Authors 2025 trophysics

Are quasars reliable standard candles?

 Non-consistency of quasars with SNla (Khadka & Ratra 2020)

ABSTRACT

! Dipartimento di Fisica ¢ Astronomia, Universita di Firenze, via G. Sansone 1, 50019 Sesto Fiorentin, Firenze, Italy
2 INAF-Osservatorio Astrofisico di Arceri, Largo E. Fermi 5, 50125 Firenze, lialy
. . . . . . . .
 When StUdyl ng the relation redshift bins, the bin finiteness biases =
)
. In this paper, we address the question of whether the non-linear relation between the X-ray and UV emission of quasars can be used
+ to derive their distances. Tn previous works of our group, we demonstrated that such a relation does not show any redshift evolution

inits slope. The derived distances are in agreement with the concordance (standard) model of cosmology up to z ~ 1.5, but they show

significant deviations at higher redshifts. Yet, several authors have suggested that this discrepancy is due 1o inconsistencies between

the low- and high-redshift sources within the parent sample, o to a redshift evolution of the relaion. Here, we discuss these issues

. . . . . . . through a quantitative c with derived distances in the common redshift range, complemented by simulations

showing that all the claimed inconsistencies would naturally arise from any limitation of the cosmological model adopted for the

] data alysis; tha i rom ourignomance of th “uc” cosmology:. W g it th ety of he meiod canonly be based on

evaluation of the of the lution of the X-ray 1o UV relation at z > 1.5, subsequent to

b & careful check of the sample selection and of the flux measarements for possible redshift-dependent systematic effecs. Since we

cannot conceive of any physical reason for a sudden change in the normalisation of the relation at z > 1.5, and we can exclude any

. . . severe systematic effect in the data selection and flux measurements, we conclude that the application of the X-ray to UV relation

d to cosmology is well motivated. To further strengthen this point, we heed to achieve a better understanding of the physical process

I S( ) re a n C I n e re a I O n a ra I ' | e e rS a a a ra beind the ghserved reaton ancor an s proot positly e with ACDM toubd i

y quasars, such as future supernova measurements at z ~ 2 or higher.
Key words. quasars: general - cosmological parameters

2 O 2 1 1. Introduction gram) of luminous, unobscured active galactic nuclei (AGNs,
The cosmological concordance model, often called Lambda- where quasars represent the most powerful members of this pop
CDM, or ACDM, where CDM stands for ‘cold dark matter’
and A represents the cosmological constant, s the best descrip-

ulation) has also revealed a deviation from the predictions of the

flat ACDM model, which emerges at high redshift with a sta-

« We need to correct for luminosity evolution with redshift
(Singal+2022; Dainotti+2022, 2023; Wang+2022,2024

| will present the results of Lusso+25 where these concerns are

addressed

tion of the current observations. The accelerated expansion of
the Universe (see also Riess etal. 1998; Perlmutter et al. 1999;
‘Weinberg et al. 2013 for a review), the cosmic microwave back-
ground (CMB; e.g. Bennett et al. 1996), and the measurement
of baryon acoustic oscillations (BAOs; see Eisenstein 2005 for
a review) are key predictions of ACDM, which led to its gen-
eral consensus amongst the scientific community. Nonetheless,
discrepancies with ACDM have also been observed, the prevail-
ing ones being the ‘o tension” and the ‘Hubble tension’ (see
Abdalla et al. 2022 for a review of cosmological tensions and

i Most recently, logical results from the first
year of galaxy, quasar, and Lyman-o forest BAO measurements
from the Dark Energy Spectroscopic Instrument (DESI Data
Release 1) have shown a preference for wy > —1 and w, <0 when
a time-varying energy density equation of state, w(z) = wo +
w, z/(1 + 7), is considered, which departs from ACDM at about
the 30 statistical level, depending on the specific data set used
(Adame et al. 2025). The same overabundance of very high-
redshift galaxies that are being discovered by the James Webb
Space Telescope (e.g. Finkelstein et al. 2033; Harikane et al.
2023) poses several challenges to the timescale of structure
formation in a ACDM Universe (e.g. Boylan-Kolchin 2023;
Melia 2023). In this landscape, our analysis of the distance-
redshift relation (also referred to as the Hubble-Lematre dia-

* Corresponding author; elisabeta ifi.it

tistical significance of 3—4¢ (Risaliti & Lusso 2019; Lusso et al.
2019, 2020, see also Bargiacchi et al. 2022). While complemen-
tary to the traditional resort to supernovae to estimate the cosmo-
logical parameters, quasars extend the distance-redshift diagram
to a redshift range that is inaccessible to supernovae (z=2-7.5).
All the above-mentioned findings, if confirmed, would be impor-
tant indications of the need of new physics beyond ACDM.

The determination of the distance versus redshift relation
for quasars, and thus of the cosmological model parameters,
is obtained from the empirical correlation between the X-ray
and UV emission observed in AGNs (Tananbaum et al. 1979;
Zamorani et al. 1981; Avni & Tananbaum 1982, 1986). Such a
relation is non-linear, and has been observed over almost five
orders of i in UV luminosity with a di ion of
just ~0.2dex, implying that there must be a ubiquitous physi-
cal mechanism that regulates the energy transfer from the accre-
tion disc to the X-ray emitting corona (e.g. Lusso & Risaliti
2017, and references therein). Several models have been pro-
posed to explain the physics behind the X-ray to UV relation,
involving, for example, reprocessing of radiation from a non-
thermal electron-positron pair cascade (Svensson 1982, 1984;
Guilbert et al. 1983; Zdziarski etal. 1990), a two-phase accre-
tion disc model in which the entire gravitational power is dis-
sipated via buoyancy and reconnection of magnetic fields in a
uniform hot plasma in close vicinity of the cold opaque disc
(Haardt & Maraschi 1991, 1993; Svensson & Zdziarski 1994;

A108, page 1 of 15
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THE L,-L,, RELATION esa

(i) Can we determine the parameters of the relation in a
cosmological-independent way?

(ii) Can we be sure that the relation does not evolve with the
redshift?
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SNla + QUASARS - 0.7 <z < 1.6 esa

-304 <z>=1.01
log(ly) = ylog(lu) + B,
How dowe testyand 5 ?
If we use luminosities, the results are going ] <z>=156
to be cosmology-dependent = 0
(i) we test y in small redshift bins using
fluxes. At redshift below 0.7, the host > s i &
galaxy can mess up the 2500A |73
measurement. |In the 0.7-1.6 range, we 11 a=0530.06
see no redshift evolution
log(FX) = ylog(FUV) +f T
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SNla + QUASARS -0.7<z<1.6

log(LX) — ylog(LUV) + ,B 1'0? * (7)=0.588-£0.081
0.8F
How do we test yand 8 ? . + + } +_ R
If we use luminosities, the results are going  %4f
to be cosmology-dependent 0.2k
(i) we test y in small redshift bins using o4
fluxes. At redshift below 0.7, the host | { (0170245003
galaxy can mess up the 2500A % + *
measurement. In the 0.7-1.6 range. we - H | {HH HH | 1 * |
see no redshift evolution - + +
108(FX) = YIog(FUV) + B S e
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SNla + QUASARS -0.7<z<1.6

log(Ly) = ylog(Lyy) + B

(if) B i1s a normalization, it is degenerate with
the absolute scale of D,

log(FX) = ylog(FUV) + f3
B(z) = B — (1 —y)log(4m) — (1 —2y) log D,

We fit SNIa and quasars DM in the common
redshift range to find 8
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SNla + QUASARS - 0.7 <z < 1.6 esa

When assuming flat ACDM:
Q,,=0.284 £0.013, y= 0.605 +£0.015, 2 e L

quasars

B= 8.11+0.46 50.0 E- Pantheon+ —E

T ® quasars averages

S
~
ot
|
I

« the matter parameter is the expected one

» the y is the same as the average in
redshift bins

» the fact that the shape is the same, once
the zero-point is set, shows [3 is not
evolving

distance modulus
=~ =~
SR
(@) =)

&
.O
(e=2)

37.5F

Results are analogous when performing a
cosmographic fit
y=0.601 +0.015 and 3= 8.23 +0.46

Lusso+25
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HIGH(ER) REDSHIFT esa

But what if y and [ start evolving at redshift z>1.67?

Because f is degenerate with the D, normalization, there is a complete degeneracy
between the distance-redshift evolution and a redshift dependence of

If we assume a 'true’ cosmological model and a non-evolving S, the HD can be
reproduced with any other model by assuming

*

D ,(z)
B(z) = B — (2 — 2y)log
D,(z)
m o IE == = - e B SE im SR D = i J#] - THE EUROPEAN SPACE AGENCY




HIGH(ER) REDSHIFT

Test using Pantheon+
Fit of the HD assuming a fixed ACDM model with

Qu=1and Q, =0
+
evolution of the zero-point mag like alexp(a2*z)

We get a1~-0.3; a2~-0.5
The two models are both good enough!
one cannot rely on a cosmological analysis to

determine the ultimate standardisability of a
given data set

S[ACDM]

8[6(2)]

=~ = =~ =~
o [\ >~ (=)
T T T T

(@8]
[ee]
I

distance modulus

B(2) o
= ACDM J‘Hﬁ |
4 i
0.01 01 B 7
< Lusso+25
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HIGH(ER) REDSHIFT esa

We need other reasons to say that g is not evolving
- Accretion physics on SMBH is the same at all z /

X-ray

« Quasars agree with SNIa in the common redshift
range; if accretion physics and y do not evolve,
why would B?
uv h\

19
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HIGH(ER) REDSHIFT

We need other reasons to say that g is not evolving

« Accretion physics on SMBH is the same at all z

fx (arb. units)

* Quasars agree with SNIa in the common redshift
range; if accretion physics and y do not evolve,

why would 37

1200 1400 1600 18I00 2000 2200
Wavelength (A)

« High redshift UV and X-ray spectra look exactly
like the low redshift ones (Sacchi+22,
Trefoloni+24a)

R
0.5 1 2 5

By (V) gacchi+22

Photons/cm?/keV /s (arb. units)
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HIGH(ER) REDSHIFT esa

We need other reasons to say that g is not evolving — 1 T T "z
B - A
« Accretion physics on SMBH is the same at all z ~31.0 A -
» Quasars agree with SNIa in the common redshift 'z =+
range; if accretion physics and y do not evolve, 5_31'5" 4 |
why would B? = N=1.06+£0.02 1
o dtot=0.14 dex
: : —32.0r- i Ser=0.14 dex |
« High redshift UV and X-ray spectra look exactly I ZATT 8pnot=0.00 dex
like the low redshift ones (Sacchi+22, AT i
Trefoloni+24a) —Sasr & 7
‘355 820 315 310
« The intrinsic dispersion of the Ly-Ly is likely very l0g(fakevspec)
small (~0.06 dex, Signorini+24). If the relation is Signorini+24

very tight and spectral shapes do not change,
there is no room for an evolution of the relation

21
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HIGH(ER) REDSHIFT esa

Lusso+25

Regarding y at higher z, can the binning L0 e
influence the mean value? E 056020058

0.8-—
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z

N=20 y =0.56910.050

23

N oIl c=C N 4 J1=E oIl oD i = he Il 2K im 22 E1 == B [+l  * THEEUROPEAN SPACE AGENCY



HIGH(ER) REDSHIFT esa

Regarding y at higher z, can the binning ook RS
influence the mean value? 75t

No, as long as the bins are spaced so 25

that the distance dispersion (<0.1 dex) is :

smaller than the expected intrinsic 0af

dispersion of the relation

0.0 I et e errae ek S kel skl ,

0.50F
«n 0.25F

0.00F

N=50, ) 4 =0570i0102 24
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LUMINOSITY EVOLUTION? Eesa

Do we need to apply the Efron-Petrosian correction to quasars?

29 : I » ! X I i I e = | . I 1 + n .
1 - L'=L/g(z) g2 = ( 1Z) =YY 0.28 (Singal+22)
| +2
il P ' -,. (NN 1 1 + (Zcr )
| & i . _ _ n y~0.6 (Lenart+23,
S Ul R 1] ] 8(2) = (1+2) Dainotti+22)

f—
-
-

23 1 l 1 l 1 l 1

Risaliti&Lusso19
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LUMINOSITY EVOLUTION? Eesa

Do we need to apply the Efron-Petrosian correction to quasars?

'29 T | T | T | T T LI | T | T |

n
- _ L = L/g(2) 2(z) = (1+2) - vy~ 0.28 (Singal+22)

Ler

; _ n y~0.6 (Lenart+23,
8(z) = (1+2) Dainotti+22)

But quasars selected for cosmology are not simply a
flux-limited sample!

23 1 | 1 | ' | 1 | ' | 1 | ' |

26
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LUMINOSITY EVOLUTION? Eesa

Do we need to apply the Efron-Petrosian correction to quasars?

But quasars selected for cosmology are not simply a
flux-limited sample!
* Inthe UV, SDSS quasars are color-color selected
EE 0 * In the X-ray, most sources are serendipitous so the
(N=5377) el flux threshold changes object to object
vow=7237  *  Further selection (at a great statistical cost!) is
performed to remove reddened/obscured objects
and to avoid the Eddington bias

NCI.EAN=1'598

Fexp<Fmint206
(N=3,409)

 Non-accurate determinations of the threshold can
bias the EP implementation (Byant 2021)

Risaliti&Lusso19
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LOW VERSUS HIGH REDSHIFT Eesa

Not knowing the correct cosmological model can
show up as an apparent discrepancy between the
low redshift and high redshift values of y and [3

—— Model 2

—— Model 5
QM = 03, Q/\ == 07

QM - 09, Q/\ = 0.1

Mock sample with Q,, = 0.1 and Q, = 0.9.

We fit with Q,, = 0.3, Q, =0.7 (red) and Q,, = 0.9,
Q, =0.1 (blue).

The value of y and 3 obtained are different from
the input!

28
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LOW VERSUS HIGH REDSHIFT

esa

Not knowing the correct cosmological model can
show up as an apparent discrepancy between the
low redshift and high redshift values of y and [3

Mock sample with Q,, = 0.1 and Q, = 0.9.

We fit with Q,, = 0.3, Q, =0.7 (red) and Q,, = 0.9,
Q, =0.1 (blue).

The value of y and 3 obtained are different from
the input!

If we allow y and (3 to vary, the further from the
‘truth’ the chosen model is, the more
significant is an evolution of y and 8

Model 4
Model 6

QM = 0.3, Q/\ = 0.7
QM = 09, Q/\ = 0.1

Ay« N
v \\'/ \\ v (\.’

’\Q/ 5\\ wf
)
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CONCLUSIONS esa

The Ly-L,y relation in quasars can be used to standardize

them and measure distances up to z~7 — and we find a ~4o0

tension with ACDM \
X-ray

We can not rely on cosmology-dependent tests when
validating a standard candle

We can constrain that y does not evolve with redshift by
analysing the flux-flux relation in small redshift bins

We need to rely on physical reasons to believe the non
evolution of the normalisation 8 at high z

Do you want to use quasars to test your favourite alternative
cosmological model at high z? Let’s chat at the coffee break!

30
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