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ABSTRACT: The Hubble diagram of quasars, as candidates to “standardizable” candles, has
been used to measure the expansion history of the Universe at late times, up to very high
redshifts (z ~ 7). It has been shown that this history, as inferred from the quasar dataset,
deviates at 2 30 level from the concordance (ACDM) cosmology model preferred by the
cosmic microwave background (CMB) and other datasets. In this article, we investigate
whether new physics beyond ACDM (BACDM) or beyond the Standard Model (BSM) could
make the quasar data consistent with the concordance model. We first show that an effective
redshift-dependent relation between the quasar UV and X-ray luminosities, complementing
previous phenomenological work in the literature, can potentially remedy the discrepancy.
Such a redshift dependence can be realized in a BSM model with axion-photon conversion
in the intergalactic medium (IGM), although the preferred parameter space is in tension
with various other astrophysical constraints on axions, at a level depending on the specific
assumptions made regarding the IGM magnetic field. We briefly discuss a variation of the
axion model that could evade these astrophysical constraints. On the other hand, we show
that models beyond ACDM such as one with a varying dark energy equation of state (wCDM)
or the phenomenological cosmographic model with a polynomial expansion of the luminosity
distance, cannot alleviate the tension. The code for our analysis, based on emcee [1] and
corner.py [2], is publicly available at github.com/ChenSun-Phys/high z candles.
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1 Introduction

Quasars, or quasi-stellar objects (QSOs), serve as probes in the ultraviolet (UV) and infrared
(IR) frequencies up to high redshifts (z ~ 7). With some theoretical modeling of their intrinsic
luminosities, they can be used to measure luminosity distances as a function of redshift.
Recently there has been a renewed interest in using them as “standardizable” candles to
measure the expansion history of the Universe at late times [3-10]. This is of particular
importance in light of the recent Hubble tension [11-15]. However, this hope of having a
new standard candle has been confronted by a series of challenges in the form of various of
consistency checks. In early attempts at its application as a tool to constrain cosmological
models, various groups have confirmed that the quasar data prefers an expansion history
that stands in stark tension (at 2 3¢ level) with the one inferred from the cosmic microwave
background (CMB) [16], which is in turn consistent with type Ia supernovae (SNIa) [17],
and Baryon Acoustic Oscillation (BAO) [18, 19] measurements. This discrepancy persists
even after the application of stringent cuts to the data that correct for various biases, such
as those stemming from dust reddening, X-ray absorption, and Eddington bias [20]. On
the other hand, purely data-driven analyses have been implemented in refs. [8-10], which
correct the luminosity-redshift correlations in the UV and X-ray bands separately. These
analyses show that the UV-X-ray relation is indeed robust, and that it does not arise from



any luminosity-redshift correlation potentially caused by selection bias. Furthermore they
find that, for a given cosmology, the correlation-corrected UV and X-ray luminosities deduced
from observations each presents a different redshift evolution, which has been previously
unaccounted for. These analyses remain agnostic as to the origin of said evolutions, and limit
themselves to characterize their size and impact on the quasar data.

In this paper we take a strategy of reverse-engineering: rather than claiming that
quasar data favors a cosmology in tension with that from the combined CMB+SNIa+BAO
datasets, we take it as input in our search for a plausible explanation of the apparent redshift
evolution of observed quasar fluxes, in order to restore cosmic concordance. We define the
concordance cosmology as the ACDM model, whose late-time expansion history is fixed by
the dark energy density parameter (2, and the scaling factor h of the Hubble expansion
rate Hy = 100hkm/s/Mpc [16],

QA =0.6847 £0.0073, h =0.6736 = 0.0054 . (1.1)

Whiile it is possible that the aforementioned luminosity evolution is of a purely astrophys-
ical nature (e.g., coming from a poor understanding of the quasar luminosity itself, a possible
temporal bias in quasar formation history, or unaccounted-for propagation effects [8-10]), in
this paper we take a step further and consider whether its origin could be in part coming
from new physics. We examine the implications that this evolution has for alternative
models beyond ACDM (BACDM) or beyond the Standard Model (SM) of particle physics
(BSM). Since the luminosity distance can be affected by both the expansion history of
the Universe and photon attenuation, we test three benchmark models: wCDM and the
cosmographic model [3, 4] as examples of BACDM, and axion-like particles (ALPs, or axions
for short) coupled to photons as an example of BSM [21-23]. We show that while all these
alternatives provide good fits to the QSO dataset, neither wCDM nor the cosmographic
model resolve the tension between it and the CMB+SNIa+BAO datasets. On the other
hand, axion-photon couplings allow for frequency-dependent photon disappearance, which
greatly reduces the tension between all the datasets; although it is still in tension with
some other astrophysical constraints.

This paper is organized as follows. We briefly review the UV-X-ray relation in quasars
and how that is affected by new physics in section 2. We next fit ACDM to the QSO data
with a flexible UV-X-ray relation parametrization in section 3, where we reveal the tension
between it and other datasets. We demonstrate that, when allowed to change, the quasar
data prefers an apparent redshift evolution in the UV-X-ray flux relation, which naturally
resolves the aforementioned tension. In section 4 we study the performances of two BACDM
models (wCDM and cosmographic model) and one BSM model (axion) in alleviating the
tension between the QSO and other datasets (SNIa, BAO, CMB). We show that the axion
model has the best performance in resolving the tension. We conclude in section 5. The
code we used in our numerical analysis, based on emcee [1] and corner.py [2], is publicly
available at https://github.com/ChenSun-Phys/high z candles.git.



2 Cosmic distance inference with quasar data sets

In this section we describe the procedure through which QSO data can be used to determine
cosmic luminosity distances as a function of redshift, as well as how new physics can change
said procedure.

2.1 A lightning review

The observed power-law behavior of the X-ray spectrum of the quasars has motivated the so-
called “two-phase model” [24, 25] of the environment surrounding the supermassive black holes
(SMBH), which are believed to power the accretion of the active galactic nucleus (AGN). In the
two-phase model, ultraviolet (UV) photons are emitted by the relatively cold, optically thick
accretion disk around the SMBH; while X-ray photons are produced through up-scattering of
the UV photons by the hot, optically thin corona of the SMBH.!

Since both the UV and X-ray photons are related to the SMBH mass and the accretion
rate, their respective luminosities can be formally written as functions of these quantities,
namely Lx = fl(MBHa MBH)a Lyy = fg(MBH, MBH) [20]. This implies a relation between
Lx and Lyy, as discussed widely in the quasar/AGN literature; see for example refs. [28-32].
A common parametrization of this relation is the so-called “Risaliti-Lusso (RL) relation”,
Lx = 107 Ly, with Lx yy normalized to erg/s/Hz. The parameter v has been confirmed
to have negligible redshift evolution by binning the flux measurement in redshift [3, 20]. In
addition, a particular model [20], based on the two-phase model [25], predicts a redshift-
independent 5 as well.

The RL quasar luminosity relation can also be understood in terms of the flux in the
UV and X-ray band. Under the standard assumption that photon number is conserved, the
photon flux F' measured by an observer at a luminosity distance Dy, can be related to the
luminosity L of the photon source as follows:

L(z;w)

F(ZW):W,

(2.1)
where z is the redshift and w the photon energy in question.?*3 The RL relation between the
quasar UV and X-ray luminosities can then be written in terms of the measured flux as follows:*

log (M ) o (g/F/H(/)IU 22

= 2(y — 1) log (Dy(2)/em) + B + (v — 1) log(4)

where v and 3, which depend on quasar properties and dynamics, are treated as nuisance
parameters. The left hand side depends on the directly observed quasar UV and X-ray fluxes,
which means that it can be taken as observational data, modulo the nuisance parameter . The
right hand side is a function of Dy (z), which is a prediction of the underlying cosmological

!There is a third component from the reflection of the corona photon into the accretion disk peaks around
30 keV|[26, 27].

2We denote the photon flux F(z;w;) at a specific energy w, by Fi(2).

3Unless otherwise stated, we work in natural units.

“We use log() and In() to denote the base-10 and natural logarithms, respectively.



model, and of the QSO nuisance parameters § and 7. Thus it can be treated as the
theory input.

2.2 How new physics biases the distance inference

Both astrophysical processes and new physics could alter the flur relation in eq. (2.2) in a
redshift-dependent way, which can be understood in terms of an effective feg(2).

If the effective evolution in Beg(z) has an astrophysical origin, it must be corrected before
the UV-X-ray relation can be reliably utilized for cosmological inferences. This is indeed
the subject of refs. [8-10], where the authors eliminate the luminosity-redshift correlation
assuming it takes the form of a given function, and making use of the Efron-Petrosian
method [33], before applying the UV-X-ray RL relation. As mentioned in the introduction,
these studies showed that the RL relation is not an artifact of any possible selection bias
effects, and that there is reason to believe that the UV and X-ray quasar luminosities, as
derived from observations and within the context of a specific cosmic history, present each a
different, non-negligible redshift evolution. In these investigations, the luminosities in UV and
X-ray are assumed to be each corrected by a power-law form,> Lx uyv = Lx,uv(l + z)kX»UV,
to account for the apparent luminosity-redshift evolution. This effectively results in the
substitution of the constant 5 with the redshift-dependent Seg(z):

8 — Beff(Z) =38+ (k:X — ’yk‘Uv) log(l + Z) . (2.3)

However, simply correcting for the luminosity-redshift correlation using data-driven
statistical methods, while at the same time remaining agnostic as to its origin, is not suited
to our purposes. Indeed, any new physics that may be the source of even just part of this
correlation would not be picked up by these methods, but would instead be discarded away
during the correction process along with any other less exotic sources. Therefore, we follow
a different approach by instead fitting the quasar dataset with different Seg(z) functional
forms directly predicted by new physics models.

We consider two classes of new physics models in which this Seg(z) modification of 5 can
arise. The first class consists of deviations from the standard ACDM cosmological expansion
history. The measured flux (left-hand side of eq. (2.2)) constraints the expansion history of
the Universe through Dy, (z). Anchoring the cosmology to a given concordance history Dy, .(z),
Best can be seen as a deviation from this concordance. Indeed, 3 in eq. (2.2) is modified to

B = Bei(2) = B+ 2(y — 1) log[Dr(2)/Drc(2)] . (2.4)

We would like to point out that such a modification of the expansion history of the Universe
would manifest itself in many other independent measurements beyond those of quasars,
including CMB anisotropy [16], SNela [17], and BAO [18, 19, 34]. As we show below, the
quasar data prefers a non-standard cosmology at odds with that favored by these other
observations, which effectively limits this interpretation of the tension.

The second class of models involves frequency-dependent propagation effects that result
in photon disappearance, which can also break the flux relation in eq. (2.2) without violating

5More sophisticated functional forms were also tested, which showed no significant difference.



the relation in the luminosities Lx and Lyvy:

L(z;w)

F(zw) = P’W(Z;W)m,

(2.5)
where P, (z;w) is the photon survival probability. This effectively introduces a redshift
dependence in S as follows:

B = Beri(2) = f +1og Pyy(2;wx) — vlog Pyy(z,wuy) . (2.6)

In other words, if there is unaccounted-for extra attenuation in the measured photon flux, a
preference for non-zero en-route photon disappearance will arise within the context of a given
concordance cosmological expansion history, such as ACDM; and it will manifest itself as a
redshift dependence of 3 in the quasar data. In the scenario where this photon disappearance
is caused by new particles, the observed flux’s dependence on P, (z;w) effectively turns
quasars into a probe of BSM physics.

In this paper we take axion-photon interactions as a benchmark scenario of BSM physics
responsible for photon disappearance, and test for axion-photon conversion in inter-galactic
medium (IGM) using the QSO dataset. We will see how this model, in conjunction with the
standard ACDM, provides a very good fit to the data. While this fit is in tension with some
astrophysical constraints on the axion-photon coupling, axion-photon interactions provide a
concrete physics model that both greatly improves the fit to the QSO data and restores the
consistency between the expansion history preferred by this data and that favored by CMB,
SNIa, and BAO. We also compare its goodness of fit with a few BACDM models.

To summarize, our approach differs from and complements the analyses in refs. [8-10] in
a few ways. Firstly, refs. [8-10] designed a data-driven method to empirically correct any
luminosity-redshift corrections. This results in the elimination of both any selection bias and
any new physics possibly contributing to this redshift evolution. Thus, this method could
potentially hide any new physics-induced flux evolution, should there be any. Secondly, it
is not our purpose to understand all luminosity-redshift correlation present in the quasar
data. By fitting the data with new physics-induced Beg, we perform a critical examination of
whether part of the flux-redshift evolution may be caused by new physics, if the concordance
cosmological history encoded in ACDM and eq. (1.1) indeed describe nature. Lastly, while
refs. [8-10] are of critical importance in establishing the UV-X-ray RL relation on firmer
ground, the templates of the luminosity-redshift evolution adopted therein only allow for
smooth apparent luminosity changes across a relatively large range of redshifts. As will
become clear later in this paper, the new physics model we test cannot be captured by the
simpler functional forms tested in ref. [8]. In particular, the axion-induced flux attenuation
generates a somewhat abrupt change in both the UV and the X-ray bands, more akin to
a step function than to a slowly-varying transition.



3 An effective evolution of the UV-X-ray relation

In this section, we first discuss the tension between QSO dataset and CMB+SNIa+BAO
within the context of ACDM. We then show how an effective Seg(z) with redshift depen-

dence is preferred by quasars, once the cosmological expansion history is itself anchored by
CMB+SNIa+BAQO. The datasets we use include:

o B: Our baseline datasets. These include SNIa: Pantheon [17]; BAO: 6dFGS [34], SDSS
using the MGS galaxy sample [35], CMASS and LOWZ galaxy samples of SDSS-III
DR12 [36].

e G: Gaussian priors including Hy = 67.36 = 0.54km/s/Mpc and r; = 147.09 4 0.26 Mpc
from Planck 2018 [16].°

e Q: QSO dataset from ref. [37]. We further parametrize the nuisance  parameter in
three possible ways:

— Qg,: Bt = Po is a constant across all redshifts. This is the most common
parametrization in the quasar literature.

- Qgﬂ: Beft 1s a step function. At redshift zg, it sharply transitions from a value [
to ,81.

— Qp,: Pefr goes through a smooth transition, parametrized with a tanh function as
follows

Bet(2) = Bo + bo ; b [tanh (Z gzz[)) + 1} ) (3.1)

According to this parametrization there are five nuisance parameters in the QSO
dataset in total: v, 8o, B1, 20, and dz.

The details of the fits can be found in appendices A and B. The 1D posteriors can be
found in appendix C. We list the log-likelihood of the best fit points and the posteriors of
dark energy density parameter, {2, in seven different runs with ACDM in table 1.

We make a few comments on the results below. First, the aforementioned tension between
the QSO and SNIa+BAO datasets can be easily seen in the posterior of Q5 from the ACDM
fit to B+ G (Qy = 0.68 £ 0.02) and to Qg, + G (2 = 0.057057). Although Qs, + B+ G
leads to a posterior in 2, that is consistent with the concordance value, this is mostly due
to the addition of SNIa+BAQO. This can be seen by comparing the log-likelihood between
Qp, + B+ G and Qg, +G. The fit to quasars is degraded significantly once the baseline data
combination SNIa and BAO is added, with a change of Ax? = +40.0 for the QSO dataset
alone. What is more, the fit to SNIa within the Qg, + B + § run is also slightly worse than
that within B+ G, Ax? = +2.5. This is due to quasars pulling the parameters away from the
minimum of SNIa. Put together, these facts are indications of the incompatibility between
the QSO dataset assuming a constant S and SNIa+BAO.

SWe also tested the Gaussian prior of Hy from SHOES, which is in significant tension with the Planck
results. We find the same results. This is expected as only the shape of the Hubble diagram matters in
our analysis.



QSO SNTa BAO Qu
B+¢G —1177.4  —9.2 | 0.68+0.02
Qs +G —106.6 0.05106%
Qs +G ~169.2 0.1019-32
Qs +G ~179.1 0467028
Qs +B+G | —66.62 —11749  —94 | 0.66+0.02
Qs +B+G | —1492 —1177.0  —94 | 0.67+0.02
Qs +B+G | —1791 11773 -89 | 0.68+0.02

Table 1. The log-likelihood of the best fit points in seven different runs with ACDM.

Second, the tension is greatly relieved when considering a redshift-dependent Seg(2):

o In the Qp, + G run, there is a clear preferred transition point at zp = 1.65J_r8:8%. While
the posterior in 2, is still largely off compared with that from B + G, there is huge
improvement in the fit to the QSO dataset with Ax? = —62.6, at the cost of only two
more parameters. Furthermore, by comparing Qp, + B+ G and Qp, + G, we see the
former has only a milder deterioration in the log-likelihood of quasars, Ax? = 20.0,
while the value of 0, is consistent with that from B + G.

o With Qg,, the tension is completely resolved. Comparing Qg, + G with Qg, + G, we
see an improvement in the fit to the quasar data with Ay? = —72.5 between the two
fits. In addition, the fit to quasars is as good in Qg + B+ G as in Qg, +G. More
importantly, Qg, + G leads to a value of €25 that is compatible with the concordance
cosmology. We show the corresponding shape of Seg(z) in section 4.5.

4 Implications for BACDM and BSM models

In this section, we discuss several specific BACDM and BSM models that realize an effective
redshift-dependent Seg(z), and whether they could alleviate the tension between the QSO
dataset and other cosmological datasets.

4.1 Beyond ACDM

The luminosity distance can be computed once a cosmological expansion history is given:

C

Dp(z) = (1+2) /OZ dZ/H(z’) , (4.1)

where c is the speed of light. This affects the UV-X-ray relation in the measured fluxes as
shown in eq. (2.2), which causes an effective modification of the QSO nuisance parameter
B given in eq. (2.4).

First we consider the case of wCDM, where the equation of state of the dark energy, w,
deviates from —1. A phenomenological parametrization commonly used in the literature is

w(a) = wo + we(l — a), (4.2)



where a is the scale factor. This function smoothly interpolates the current equation of
state (EOS) wp to its value in the early Universe (wg + w,). The parameters wg, w, are
allowed to vary between -1 and +1. The wCDM model has therefore four theory parameters
to be fitted, Qx, Hy, wo, wg.

We also follow refs. [3, 4] and perform a free-form polynomial expansion of the luminosity
distance in order to study potential alternative cosmologies in a more general way. If one
fixes the low redshift luminosity distance to ¢/ Hy, the so-called cosmographic approach is
an effective expansion of the form:

Dr(z) = hcfo(ln(l +2)+ Z a;In’(1+ z)) . (4.3)

i=2
We truncate the expansion up to the forth order. Therefore, the model parameters are
Hy, az,as,aq. Note that ref. [5] showed that the convergence of the series is poor when they
are mapped to physical models (ACDM, wCDM, etc.). Therefore, we use this cosmographic
approach only as a benchmark phenomenological parametrization to compare with the
literature, and refrain from making any statements about the underlying cosmological model.

4.2 Beyond SM

We now devote our attention to a concrete particle physics model that can leave imprints
in the UV-X-ray relation of eq. (2.2). If axions exist and couple to photons, the number
of photons may not be conserved when they propagate through a static magnetic field
background, such as the IGM magnetic field. The photon disappearance probability P
(within a single magnetic domain) due to an axion a with a mass m, and a coupling to
photons gqyalF F /4, where g, is the constant coupling with energy dimension —1, and F' (F)
is the (dual) electromagnetic field strength, is given by the well-known formula [21, 38—40]:

(2A0:)% . 5 (kx
Py = T;sm (2> , (4.4)

where x is the distance traveled by the photon, and

k= 1/(200,)7 + (A0 — A2, (4.5)
2
_ ga”/B _ m?z _ My
Ay = L Ag=la oA =" 4.
g 2 2w T 2w (4.6)

with B the IGM magnetic field transverse to the photon trajectory, and w the photon
2 _— 4dmane
YT me
respectively, is the effective photon mass squared in the presence of an ionized plasma with

energy. Here m where m,. and « are the electron mass and fine-structure constant
an electron number density n.. In our analysis, we take ne =~ 1.6 x 1078 cm =3 [41, 42]. There
are therefore a total of four theory parameters to be fitted Q5 , Ho, mq, gay-

We adopt the cell model for the IGM magnetic field, described in refs. [21-23, 43]. In
this model the magnetic field is assumed to be split into domains (“cells”), in which it can
be taken to be homogeneous. The photon path, extending from a source at some distance
y to the observer, is assumed to cross a large number N of these magnetic domains. Each
i-th domain has a physical size L; and a randomly oriented magnetic field of strength B; [43],



whose component perpendicular to the photon’s path is assumed to be the same in each
domain. With these simplifications, the resulting net probability of photon-axion conversion
over many domains is then given by [44]

Pury(y) = (1 - A) (1 - H (1 - ;)Po,i)> , (4.7)

=1

0
where A = %(1—{— %) depends on the ratio of the initial intensities of axions and photons coming
Y

from the source, denoted by I? and Ig respectively; and Py ; is the conversion probability in
the i-th magnetic domain, which can be obtained from eq. (4.4) for x = L;. Since N is very
large, eq. (4.7) can be rewritten as an integral. In order to do this, we further assume that
y is a distance that scales linearly with N, such that y/N remains constant as N goes to
infinity. For example, for IGM propagation the domains are typically assumed to be evenly
distributed in comoving space, which means that each domain has comoving size s and the
distance to the source is a comoving distance y = Ns. Under these assumptions, we have

Par(y) = (1 - A) (1 ~ exp [1 [y w(1- Z’Po@/))]) . (4.8)
0

We assume A = 2/3 or equivalently I = 0 throughout the paper. The ratio of the observed
photon flux and the emitted photon flux from the source is then given by P,, =1 — F,,.
Let us now briefly comment on the coherent length of the magnetic field domain. While
the existence of IGM magnetic fields has been indirectly attested (from the absence of y-ray
cascade emission) and there are upper bounds as well (from CMB anisotropy as well as
turbulence decay), observational constraints on the coherent length are lacking. We now
briefly discuss a few observable consequences of a sizable IGM magnetic field with a domain
size above Mpc. See for example [45] for a more thorough review. Large magnetic domains
lead to large Faraday rotations of polarized radio emission from distant quasars, which scales
as (SH)_l/ 2 where H is the comoving Hubble constant. The two leading challenges in utilizing
distant quasars to measure the magnetic field in IGM are the determination of line-of-sight
electron number density and subtraction of the effect due to the galactic magnetic field. By
taking into account the information obtained from the Lyman-« forest, the magnetic field
is limited to be below O(nG) with a domain size smaller than the horizon size 1/Hy. Next
generation radio telescopes are likely to improve our understanding of the galactic magnetic
field’s contribution to the rotation measure, which can lead to a better extraction of the IGM
contribution. In addition, CMB observables (anisotropy, spectral distortion, polarization, and
Sunyaev-Zeldovich effect) can be combined to give a comparable limit on the IGM magnetic
field for the domain sizes ranging between Mpc and Gpc. Another effect of the IGM magnetic
field is on ultra high energy cosmic rays (UHECR), whose trajectory can be deflected by the
former. A magnetic field with a coherent length larger than their propagation length can
lead to significant deflection of the UHECR. When the coherent length is smaller than the
distance of the UHECR source, the cosmic ray experiences random deflections which leads
to the deflection angle suppression x /s. Future UHECR telescopes are likely to further
improve the constraints of the IGM magnetic field with a domain size between Mpc to Gpc by



QSO SNIa  BAO X2
wCDM(Qg, + G) —171.1 1247.5
wCDM(Qg, + B+G) | —91.7 —1172.0 —9.1 | 743.0
azazas(Qg, + G) —179.4 996.9
azasas(Qs, + B+G) | —140.5 —1167.7 —8.9 | 822.5
axion(Qg, + G) —169.7 609.0
axion(Qs, + B+G) | —147.8 —1176.5 —9.3 | 514.2

Table 2. The log-likelihood of the best fit points in six tests with beyond ACDM and beyond SM
models. The cosmographic model is labeled as asasays. In the last column, we show the “theory
distance” between the best fit points and the concordance cosmological model by comparing their x2
difference from the quasars likelihood; see eq. (4.13). The smaller the value is, the closer the preferred
cosmology is to the concordance model.

another 1-2 orders of magnitude. From the theoretical perspective, magnetic hydrodynamic
simulations show that large power of magnetic field at small scales < Mpc drives turbulence
in the primordial plasma and IGM, which removes power at small distance scales and increase
power at large scales. It is estimated to be below 10nG at s = 1 Mpc and the limit relaxes
quickly as o< s at larger scales. Since the coherent length of a magnetic field is related to the
structures that support the magnetic field, it is reasonable to believe that the magnetic fields
at the intersections of filaments has a domain size of ~Mpc scale. Nevertheless, the IGM
magnetic field domains can be much larger due to characteristic size of other structures in
the IGM. Because voids and sheets make up the majority of the IGM volume, it is natural to
suppose that the relevant length scale associated with their corresponding magnetic fields
should be related to the size of these structures. From the IllustrisTNG simulation [42], one
can see that the voids and sheets at low redshift (z ~ 1) can reach sizes of O(10) Mpc. In
section 4.4, we fit the axion model to our data sets with domain sizes s € {1, 10} Mpc and
B = 1nG. Elsewhere, and unless stated otherwise, we use as a benchmark a magnetic domain
size of 1 Mpc and a magnitude field of B = 1nG throughout this paper.

At last, we stress that the impact of axion-photon interactions only manifests itself in
distance measurements that involve photon flux, such as the luminosity distances of quasars.
It is otherwise largely invisible in experiments based on direct measurements of the angular
diameter sizes (e.g. CMB observations.) In addition, for the axion-photon couplings in which
we are interested, the impact on SNIa luminosity distances (sensitive to only eV-energy
photons) is negligible, most effects being limited to the UV photons at z > 1.5.

4.3 Evaluation of the fits

We fit each model (wCDM, cosmographic, and axion models) to either quasars alone (Qg, +§G)
or to quasars and our baseline datasets (Qb’o + B+ G), including in both cases the Gaussian
prior (G) on Hy and 7. See appendices A and B for details on our methodology, including the
QSO dataset, the priors, and the fitting procedure. We summarize the resulting log-likelihoods
of the best fit points in table 2. The 1D and 2D posteriors are shown in appendix C.
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Tension between QSO and SNIa+BAO. We start by noting that the axion model
significantly reduces the tension between QSOs (Qg,) and SNIa+BAO (B). In comparison,
the stronger tension between Qg and B remains in wCDM and the cosmographic model.

This is reflected in the goodness of fit to Qg, of each model. When SNIa and BAO are
included, the goodness of fit to QSOs is degraded by Ax? = 79.4 for wCDM, by Ax? = 38.9
for the cosmographic model, and by Ax? = 21.9 for the axion model. This shows that
both wCDM and the cosmographic model take a significant deviation from the concordance
cosmology over a large range of redshifts in order to accommodate the QSO dataset, with
such changes disfavored by SNIa+BAO. As a result, including SNIa+BAO limits how close
these models can reach the minimum of the quasar likelihood.

On the other hand, the axion model allows a modification of the UV and optical photon
flux starting at z = 1.5 while leaving the low-z part mostly unchanged. This minimizes the
impact on SNIa, and BAO is not affected by it at all. As a result, including SNIa+BAO only
has a mild effect on the goodness of fit to QSO data. Such “flexibility” of the axion model
compared to wCDM and the cosmographic model is the key to reduce the tension between
the Qg, and B datasets. Meanwhile, the flexibility of the axion model comes at no extra cost
in terms of the introduction of more parameters than the wCDM and cosmographic models.

It is interesting to note that the fit to quasar in asaszas(Qg, + G) and axion(Qg, + G)
only differ by less than Ay? = 10, with the asasas model performing slightly better. However,
when B is included, the axion model is preferred with Ay? ~ —7.3, due to precisely the
aforementioned flexibility in the axion model that effectively decouples the impact on quasar
flux, SNIa flux, and BAO.

Restoration of the concordance cosmology. Resolving the tension means the minimum
of Qg, should get closer to that of B in the theory space. However, this does not guarantee
a restoration of concordance cosmology. For example, the minima of the two datasets can
both drift toward a theory point that is far away from the concordance model. Therefore,
aside from the relative distance between the minima of Qg, and B, we would also like to
evaluate the distance between the minima and a fixed point anchored by the concordance
model, which is essentially the minimum of the Planck likelihood.

To quantify their agreement to the well-established concordance cosmology given by
eq. (1.1), we compare the distance modulus computed from the best fit points of the six runs
{azazas, wCDM, axion} ® {Qg, + G, Qg, + B+ G} with that computed from eq. (1.1). More
concretely, we define the concordance distance modulus as

Dy
pe = 5 logyg (101)’00) : (4.9)

where Dy . is the luminosity distance computed from eq. (4.1) with the Hubble constant
taken from eq. (1.1). The error associated with p. is given by
1/2

(E?SZ)Q (A0)" + (%‘;;)2 (Ah)Q] - (4.10)

The distance modulus at each best fit point of the six runs can be computed with the

Auc =

Dy, inferred from the cosmological parameters [(a2,as,aq) in the cosmographic models,
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(QA, h, wp, w,) in wCDM, and (24, k) in axion]. Since the best fit point fits the data quite
well in each of the six tests, one can also use the measurement to represent the best fit
theory point for simplicity,

g = 2(75_ 1) llog ( /x ) —/B] — 5 log[(4m)"/?] = 5 log [10pc/cm],  (4.11)

where fx yv are the X-ray and UV band fluxes normalized in units of erg/s/Hz/cm®.” The
error of upe is computed as follows.

_ op 2 2 op ? 2
Apps = K@logFX) Alog Fx + (810gFUV> Alog F{y

ou 2 ou ?
— ] Al 0)? — | Al )’
+ (o) Alog(ma)? + (810%7) os(g)
1/2

+ (5;0)2 AGE + (‘3’;)2 AP+ @)2 M?] , (4.12)

where 9 is fitted as a nuisance parameter to account for the intrinsic scattering in the quasar
dataset. See appendix A for the explicit likelihood function. We define a distance between
the best fit (upf) and the concordance cosmology (u.) as

2
bf,i — HMc,i
X(Q::Z<M A,M ) , (4.13)

%

where i is the index of each QSO data point, and A = 1/Au2bf + Ap2 =~ A, since
Apps > Apie. In practice, we neglect the contribution to Apne from Alog(mg) and Alog(gay)
for simplicity. Since the purpose of x? is to quantify the compatibility between the best fit
point and the concordance cosmology, neglecting both makes the estimate conservative, i.e.
it is easier to spot any potential incompatibility.

We show the theory distance as defined above in the last column of table 2. Larger value
of x? show a larger incompatibility between the best fit point and the concordance cosmology
expansion histories. In wCDM and the cosmographic model, the incompatibility is much
larger than the axion model even after adding SNIa and BAQO. This is because the axion
model mitigates some of the incompatibility by correcting the quasar flux evolution with the
axion-induced attenuation P, uv x(z). After this correction the inferred expansion history
becomes similar to the concordance cosmology. By contrast, in the other two models the
quasar data bends the luminosity distance Dy (z) away from the concordance ACDM directly,
leading to a larger incompatibility between the best fit points and the concordance cosmology.

4.4 Comment on the axion model

As demonstrated in the last section, the axion model can alleviate the tension between
the quasar and other cosmological datasets, and its best fit point is more consistent with

"In the case of the axion model, they are corrected for extra attenuation due to the axion-photon conversion:

Fx,uv(2)/(erg/s/Hz/cm?) )

fxuv = Py x,uv(z)
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Figure 1. 2D posteriors of the axion mass (m,) and coupling to photons (g.) in the axion(Qg, + G)
model, with a magnetic domain size fixed at a comoving length of s = 1 Mpc (blue) and s = 10 Mpc
(orange). The darker (lighter) region corresponds to the 1o (20) confidence of the posterior. The
gray curves correspond to other astrophysical constraints, the super star clusters [46], M87 [47],
NGC 1275 [48], and H1821+643 [49].

the concordance cosmology. This motivates us to examine further the posterior of the
axion model fit.

In figure 1, we compare the 2D posterior of the axion parameters with other independent
astrophysical constraints [46-49]. We observe that such large coupling is disfavored by those
constraints. See figure 4 for more detailed 2D posterior information, and table 4 for the
full 1D posterior.

On the other hand, since these constraints rely on galactic magnetic field or the magnetic
field in the intracluster medium, the uncertainty in the domain size of the IGM magnetic
field does not affect these bounds. As we discussed in section 4.2, the allowed domain size
of the IGM magnetic field can vary from 1 Mpc to 10 Mpc. Because of this, we also fit the
axion model with a comoving IGM magnetic field domain length set to s = 10 Mpc. This
results in a more efficient photon-to-axion conversion, as we showed in ref. [23]. Therefore,
the model requires a smaller g,y to generate the redshift-dependent feature preferred by
the QSO dataset. The results from taking s = 10 Mpc still result in 2 20 tension with
H18214-643 [49] and NGC 1275 [48],% although they are still allowed by M87 [47] and Super
Star Cluster [46]. Another strong constraint on the axion-photon coupling comes from the
CMB spectral distortion [51, 52]. While a large swath of axion mass values is thereby ruled
out, the region 107 eV < m, < 107126V can be allowed if (3) multiple resonant conversions,
and (7i) tuning of the single resonant conversion probabilities both take place [52].

As an extra test to understand the axion-induced photon attenuation, we plot out the
photon-to-axion conversion probability at the best fit point of axion(Qg, + G) in figure 2, for

8The intracluster medium magnetic field modeling for NGC 1275 bound is questioned in [50].
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Figure 2. Photon-to-axion conversion probability, at redshifts corresponding to all quasars, in the
X-ray band (w = 2 keV, blue), UV band (w = 4.96 €V, orange), and optical band (w = 1€V, black),
for the axion(Qg, + G) best fit point. We also recompute the UV photon survival probability by
increasing gqy by 16 times and m, by 4 times in the orange curve. This shows that Pyv(z) is almost
invariant along the curve (gay/ga~y,bt) = (Ma/ Ma bt)?, where (+)pg is the best fit point of the parameter.
The domain size is chosen to be s = 1 Mpc.

different frequencies. The conversion is very effective in the X-ray frequency range, which
transitions from zero to 1/3, the saturated value, mostly below z ~ 0.3. The conversion in
the UV, on the other hand, is almost negligible below z ~ 1, merely at the (sub)percent level,
while it has a large redshift dependence at 1 < z < 2.5. Above z ~ 2.5 the UV conversion
also saturates at 1/3. Put together, the change in Fx and Fyy leads to a modification of
eq. (2.2), i.e. the UV-X-ray flux relation, with eq. (2.6). Such a modification is favored
by the QSO data due to its tendency to prefer what amounts to an effective change in
around redshift z ~ 2, as shown by the ACDM(QBﬁ + G) and ACDM(Q/g’j + B+ G) tests
in section 3; we discuss this point in more detail in the next section. We further test that
the axion-to-photon conversion in the UV band is in the non-linear minimal mixing regime
(i.e. k = Ay > 1/s in eq. (4.4) with s being the magnetic domain size). In this regime,
the conversion probability has a power-law dependence on both the axion mass and the

coupling, Py, o gfm /m2. To verify this, we shift the axion parameters in the direction of
2

2, away from the best fit point. We show that the axion-to-photon conversion is

Gay X M
almost invariant along this curve in the m, — g plane, as shown by the green and orange
curves in figure 2. Note that this behavior corresponds to the degeneracy exhibited by the
2D posterior contours in the m, — g4y parameter space of figure 1.

We can also understand why the axion island is allowed even after SNla is added. In
figure 2 we show the impact of the photon-to-axion conversion in the optical band (black
points). Below z ~ 2, which is the maximum redshift to which the Pantheon dataset extends,
the modification of the photon flux in optical band is minimal, at most at the ~ 2% level.
Therefore, this modification hardly generates any perceivable changes in the SNIa dataset
even though the coupling is relatively large.

Lastly, we want to comment on a variation of the axion model, which might evade
the astrophysical constraints listed in figure 1. It is also possible to have axion-photon
conversion in a cosmic dark magnetic field B’, in the scenario with a dark photon, 7/, and
an axion-photon-dark photon coupling g, aF’ F', where F’ is the dual field strength of the
gauged dark U(1)’. In this case, the conversion probability in a single magnetic domain is
similar to eq. (4.4) and (4.5) with gq,B replaced by g, B’. Assuming that the coherent
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Figure 3. Effective redshift dependence of the nuisance parameter Sqg(z). We show the amount of
change in Beg(z) by measuring it with respect to its value at large z (in this plot, z = 8). In the upper
plot we show this difference for the best fit points of the runs for ACDM(QBti +G), ACDM(Qp, +G),
asazas(Qp, + G), axion(Qg, + G), and wCDM(Qg, + G). In the lower panel we do the same but
including SNIa and BAO in the fits (+8 dataset). We find a good agreement between our results that
make use of Qpg,, and the effective evolution Seg of eq. (2.3) with parameter values taken from ref. [8].

length of B’ is similar to that of the IGM magnetic field (~ O(1 — 10) Mpc), from figure 1,
we need gqB' 2 1072 GeV~! x 1 nG to restore the cosmic concordance. The astrophysical
constraints on g, and B’ are weaker compared to those on g,y and the IGM B field. More
specifically, B" could be as large as micro-Gauss, with the constraints mostly from N.g while
Gary S5 x 10710 GeV ™! due to star cooling [53, 54]. This implies a potential new physics
explanation for the cosmic concordance of the quasar data, without conflicts with the other
constraints. We leave this for further investigation in future work.

4.5 Effective evolution of 3

As we discuss in section 2.2, new physics modifications can be parametrized as an effective
redshift evolution in 8. We summarize the results by showing this effective redshift evolution,
Bett(z), in figure 3.

In section 3, when fitted to the QSO data alone, we see roughly two classes of solutions:
a shallow but abrupt change in § around z ~ 1.5 and a deep and slow change of 5 spanning
the whole redshift range. The axion model leads to a relatively quick change in redshift
through P, yv x(z). This serves as a good physical realization of the sharp change given
by the effective parametrization in Qg,. As we see in section 4.4, the effective change in
around z = 1.5 is due to the UV photon conversion to axions. Interestingly, the maximum
amount of change allowed in the UV is given by

AB = ~log(2/3) ~ —0.12. (4.14)

This size of the modification in the UV-X-ray relation happens to be what the data prefers,
as evidenced by the run with the effective parametrization with a sharp transition in § (54 in
the plot). We would like to highlight the fact that when the QSO dataset is allowed to have
a sharp transition in the UV-X-ray relation (i.e. Qg, ), the fits prefer this transition to take
place at around the same redshift as our axion model does. The striking agreement between
both can be seen by comparing ACDM(Qp, + G) with axion(Qg, + G), or by comparing
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ACDM(Qg, + B + G) and axion(Qg, + B + G). Adding to its appeal, the axion model
outperforms non-standard cosmological models, even those as flexible as the cosmographic
model, as we show in section 4.3.

By contrast, the wCDM and cosmographic models have large changes when B set is added.
One should keep in mind that in the BACDM models, the effective evolution in § is achieved
at the price of directly modifying the Universe expansion history. Therefore, SNIa+BAO will
constrain the low-z part (z < 1.5) of Beg(2) to be as flat as possible. This has consequences
in both the wCDM and the cosmographic model. In wCDM, having a flat low-z part of
Bei (2) restricts the overall amount of change one can achieve from z = 0 to z ~ 8. This is
reflected by the change in the curve for wCDM(Qg, + G) and wCDM(Qg, + G + B): adding
B significantly reduces the amount of change in feg(z). On the other hand, the cosmographic
model has enough degrees of freedom to guarantee a relatively flat low-z S (2). Therefore,
while restricting the flatness at low-z changes the shape of the effective 8 evolution, the large
modification in 8 survives. However, this large 8 change itself comes at the price of a large
deviation from the concordance ACDM at 1 < z < 8. It also remains unclear what physical
models can achieve such a modification in Dy (z) as indicated by the cosmographic model.

5 Conclusion

Although quasar data can be used to extract information about the late-time cosmological
history of the Universe, it stands in need of standardization. In light of the recent efforts
along these lines, we perform a critical examination on the imprints that new physics may
leave on the quasar data, in the form of unaccounted-for redshift evolution of their fluxes.
This is a timely endeavor, given the ongoing Hubble tension, as well as the discrepancy
between the cosmological expansion inferred from quasars and other observations.

We use a flexible fitting template to identify what is required to modify the quasar
flux in such a way that the concordance cosmological history given by in eq. (1.1) can be
restored. We test wCDM and the cosmographic model, two cosmological models beyond
ACDM, as well as the axion model, a mechanism beyond the SM that can present extra
photon attenuation. We find that the axion model has an advantage over the other two,
restoring the consistency between the best-fit parameters emerging from the quasar dataset,
and the concordance cosmology. It also outperforms the BACDM models in improving the
goodness of fit to the quasar dataset alone.

We stress that, while the axion model is preferred over the other non-standard cosmological
models, the best-fit point is in tension with several astrophysical constraints of the axion-
photon coupling. As a further test, we have taken into account the uncertainty in the
magnetic field in the IGM and varied its coherent domain size. We see that the tension
between the quasar-preferred axion theory point and current bounds is somewhat relieved
but not completely resolved. We comment in passing that it remains possible that the
axion-photon conversion takes place in a dark magnetic field, which may relax some of the
astrophysical bounds which our results are in tension with. These variants of our baseline axion
model may evade other constraints while at the same time providing the redshift evolution of
the quasar fluxes required by observation, maintaining the validity of the RL relation, and
restoring the consistency of the quasar data with the concordance cosmological model.
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A Quasar dataset

We use the quasar data sample from ref. [37]. It contains seven different groups: the XMM-
Newton z ~ 3 sample, the new XMM-Newton z ~ 4 quasars, the High-z sample, XXL, SDSS
— 4XMM, SDSS — Chandra, and local AGN.

The UV-X-ray relation is expected to hold up to a certain amount of scattering that
cannot be eliminated by the improvement of the measurement. Since this intrinsic scattering
of the quasars is unknown, we add a third nuisance parameter, ¢, describing the standard
deviation of the intrinsic scattering, along with v and 8. As a result, the log-likelihood
function is given by

2
—2 In(likelihood) = Z {(wth — x0b5> Jo? +1In(270?) |, (A.1)
i
where § is combined into the error of each quasar flux measurement as o? = Uzlog Fovx T 52
By adopting eq. (A.1), § can be treated as a nuisance parameter that gets fitted together
in the MCMC. Therefore, specific to the QSO dataset, we have the following nuisance

parameters: (3,7,9, with § itself parametrize in the various ways described in section 3.

B Methodology

We use emcee [1] to fit the three models (wCDM, cosmographic, and axion) to two data
combinations (Qg, + G and Qg, + B+ G). Our code is publicly available at https://github.c
om/ChenSun-Phys/high_z candles.git. We use 100 walkers and a chain length of 40000. All
runs pass our MCMC convergence condition of the chain length to be 50 times longer than
the auto-correlation length, except for wCDM(Qg, + B + G), where we loosen the condition
to 12 times the auto-correlation length due to its strong bimodal posterior.

The results are analyzed with corner.py [2]. Since different parameters have different
auto-correlation times, we choose the burn-in to be equal to twice the largest one, and choose
the thinning-length to be equal to half of the smallest one.
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We use the following flat priors for the theory parameters.
Qp €(0,1) he€(0.6,0.8) (B.1)

wo € (0, 1) Wy € (0, 1)
az € (1,5) az € (—6,6) a4 € (—10,6)

Gary Mq
18, — Mal e (—17, -11).
log{ . _1} € (—18,-8) log [e } € (—17,-11)

We set the following priors for the nuisance parameters when the corresponding datasets
are used.

SNIa: My € (—21,-18) (B.2)
BAO: rs/Mpc € (120,160)
QSO: ~€(0.1,1) &€ (0.05,0.6)

Qs,: Fo € (0,10)

Qp,: fo€(0,10) B € (0,10) z € (0,9)

Qs ¢ Bo€(0,10) By €(0,10) 2 € (0,9) 6z € (0.01,10).

C Posterior of the fits

We show the 1D, 1o posterior range of the ACDM parameters in table 3. The corresponding
results for the BACDM and BSM fits are shown in table 4. The 2D posterior of the BACDM
and BSM parameters are shown in figure 4.

Qa h Bo B 20 0z o o My rs[Mpc]

B+¢G  ]0.685302 0.6769% ~19.41+3:9% 147121028

Qs +G | 0.055557 0.67475503 7.04503 0.639%5:008 022875003

Qp, +G |0.105042 0.67470002 8.201038 8.307030 1.6510 0.599+9-999 0.22510-093

Qs +G  [0.461032 0.67410002 8.387030 9.371038 4.91553] 1244543 0.58010:515 0.2244053
Qp, +B+G|0.6670%% 0.67475:50; 6.407323 0.66210-908 0.2307390% —19.417097 147.097338
Qp, + B+ G| 06750035 0.67570001 7.791037 7.90703% 1.6510:01 0.61679:009 0.22670:093 _19.4170:01 147.1079:26
Qs + B+ 6068392 0.67670:00% 8.4075:30 9.40+038 4.307275 0.92+378 0.5797001 0.22470:003 1941001 147.1270-26

Table 3. The mean and 1o values of the ACDM parameters, fitted to various data combinations.
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cosmographic h as as ays Bo ~y ) My rs[Mpc]

Qs+ G | 067475505 3.66705 —4.355795 16145 8815035 0.5797561 02247550

Qp, + B+ G |0.6771000% 2.955015 5197023 —8.0175:8 7.67F037 0.61970000 0.22610008 —19.42750] 147.137028

wCDM Qa h wo Wq Bo 5 0 My rs[Mpc]

Qs+ G 028515 0.67475505 0.771055 0.83%057 861705 058755 0.22575503

Qp, + B+G|0.96700% 0.6757000% —0.8670.08 0.967005 6.687032 0.65370008 0.22070003 —19.4370015 147.1070 3

axion Qp h log(my) log(ga~y) Bo 5 d M rs[Mpc]

Qp, +G |0.097582 0.67470:002 —12.857058 —0.7775:2 8.18%032 0.60670009 0.22570:003

Qp, + B+ G|0.67700% 0.67570007 —12.7170:37 —9.397022 7.681033 0.62510007 0.22610003 —19.417501 147.1170:28

Table 4. The mean and lo values of the parameters of the cosmographic (top), wCDM (middle),
and axion (bottom) models, fitted to various data combinations.
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