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Abstract: Astrometry, the precise measurement of stellar positions and velocities, offers
a promising approach to probing the low-frequency stochastic gravitational wave back-
ground (SGWB). Notably, astrometric vector sky maps are sensitive to parity-violating
SGWB signals, which cannot be distinguished using pulsar timing array observations in an
isotropic SGWB. We present the first astrometric constraints on parity-violating SGWB
using quasar catalogs from Gaia DR3 and VLBA data. By analyzing the EB correlation
in the two-point correlation function of the proper motions of the quasars, we find 2σ con-
straints on the parity-violating SGWB amplitude h2

70ΩV = −0.020 ± 0.025 from Gaia DR3
and h2

70ΩV = −0.004 ± 0.010 from VLBA. These constraints are valid in the frequency
range 4.2 × 10−18 Hz < f < 1.1 × 10−8 Hz. Although not currently a tight constraint on
theoretical models, this first attempt lays the groundwork for future investigations using
more precise astrometric data.
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1 Introduction

Precision cosmology and astronomy have opened up the exciting possibility of testing fun-
damental physics through observations of the universe. A particularly interesting prospect
is that of searching for violations of basic symmetries of nature.

A fascinating example is parity violation which, if present in gravitational or other physics
in the early universe, might give rise to a range of different phenomena. This possibility
has been explored in a number of recent papers that exploit birefringence in the Cosmic
Microwave Background (CMB) [1–3] and measurements of the galaxy four-point correlation
function to provide constraints on parity-violating physics [4, 5]. In this paper, we focus on
the potential signatures of parity violation in gravitational waves (GWs).

Recent reports from pulsar timing array (PTA) collaborations [6–11] indicate a signal
consistent with a nanohertz stochastic gravitational wave background (SGWB) at a statistical
significance of approximately 3σ. A definitive claim of this discovery requires more precise
measurements and longer observation times. However, as has been the case with the discovery
of other backgrounds in the universe, such as the CMB, the most significant consequence of
this finding may be its potential as a unique probe of new physics. Beyond its fundamental
importance, applying these results to provide constraints on parity violation may also offer
insights into the unresolved question of the origin of any SGWB.

Astrophysically, the SGWB could arise from supermassive black hole binaries emitting
nanohertz GWs during their inspiral phase. From a cosmological perspective, GWs gen-
erated in the early universe, such as those produced by inflation, alternative cosmological
models, or phase transitions occurring before Big Bang Nucleosynthesis (BBN), could also
contribute to this background [12, 13]. Under the assumption of general relativity, the
astrophysical background is expected to exhibit only a subdominant level of parity violation,
arising from Poisson fluctuations in the number of unresolved sources [14]. However, parity-
violating theories — such as Chern-Simons gravity, parity-violating extensions of ghost-free
scalar-tensor theory, symmetric teleparallel gravity, and Horava-Lifshitz theory — could
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lead to modifications in both the generation and propagation of GWs in compact binaries
and predict a parity violating astrophysical background [15–17]. For cosmological origins,
example models that might produce parity violating signals in the nanohertz frequency band
include a pseudoscalar field interacting with a U(1) gauge field and rolling for several e-folds
during inflation [18, 19], the non-Abelian gauge field driven inflation [20], a parity-violating
magnetogenesis model [21], and a Chern-Simons pseudoscalar active during inflation [22].
Leptogenesis [23] and non-Abelian field-driven inflation [20] are also naturally accompanied
by a parity-violating gravitational sector. Thus, detecting parity violation in the SGWB
could provide critical insights into the fundamental nature of gravity and high-energy physics.

One obstacle to this program is that, as pointed out in [24–26], PTA systems are not
sensitive to parity information if the SGWB is isotropic. In such cases, the influence of
GWs on pulsar measurements is entirely represented by a scalar quantity — the residuals
of photon arrival times — in the all-sky map. Since a scalar map alone cannot capture
parity information, additional data are necessary to tackle this limitation. One potential
solution is to relax the assumption of an isotropic background. Anisotropy in the SGWB
could provide directional information on the sky map, thereby allowing for the extraction of
parity information [27–29]. Another approach involves the concept of a pulsar polarization
array [30]. By measuring the polarization vectors of pulsar signals, it is possible to construct
a vector map that captures parity information effectively.

The focus of this paper is on astrometry, which provides independent and complementary
constraints on the SGWB beyond those obtained from PTAs. Astrometry employs precise
measurements of the positions and motions of celestial objects from modern missions such
as Gaia and VLBA, and offers a powerful framework for probing the SGWB in the same
frequency range as PTAs [31–35]. Notably, it has been proposed that astrometry is also
sensitive to a parity-violating background [26]. Assuming an isotropic SGWB with a parity-
violating component in the nanohertz band, the idea is to decompose the deflection vectors
of the individual proper motions of stellar objects into vector spherical harmonics to detect a
non-vanishing EB correlation (i.e. a correlation between the parts of the vector field analogous
to the electric and magnetic parts of an electromagnetic field) in the two-point correlation
function of stellar position deflections.

In this paper, we present the first analysis of the third Gaia data release (DR3) [36–38]
and VLBA [39] data to obtain astrometric constraints on parity-violating SGWB. We analyze
the same quasar-based datasets as those that have been used to provide the upper limit on the
parity-even isotopic SGWB for Gaia DR3 [40] and VLBA [41]. From the spheroidal-toroidal
(namely EB) correlation of the proper motions in these datasets, we use the quadrupole, as
the leading-order term, to set our constraints. Although this technique does not presently
yield tight constraints on theoretical models, this analysis should serve as a template for
the analysis of future datasets, ultimately aiming to detect parity violation and to explore
new fundamental physics in the gravitational sector. We also compare our results to those
previously obtained for a parity-even SGWB, and address the potential of future data releases
to further refine our constraints.

Before presenting the details of our analysis, we would like to highlight another difference
between PTAs and astrometry regarding their respective abilities to place bounds on GWs
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at lower frequencies. Pulsar timing measurements are most sensitive to GWs at frequencies
inversely related to the observation time Tobs. This is also true for astrometry when using
time-series measurements of proper motions, which are expected to be provided in Gaia
DR4. To claim a detection of GWs in the future, it is essential to observe at least one
cycle of GW oscillation using time-series measurements, setting the minimum observable
frequency range to be greater than T −1

obs. However, current DR3 data only provide time-
averaged proper motion values. Nevertheless, constraints on the amplitude of GWs can still
be established by placing an upper bound for very low frequency GWs (f < T −1

obs ∼ 10−8

Hz), since these induce a quadrupole pattern in proper motions that evolves linearly over
time. For frequencies that are lower than the inverse of the minimum distance among
the sources — such as the Hubble distance for quasars — these GWs do not produce
noticeable quadrupole patterns. As a result, astrometric measurements are insensitive to
frequencies below H0 ∼ 10−18Hz. For frequencies that are within the sensitivity range, such
GWs contribute equally to astrometric measurements and the quantity that observations
will constrain is the total

∫
f<T −1

obs
df ln(f) ΩGW(f) [35]. Thus the resulting bound on the

amplitude of GWs within the sensitivity range is frequency-independent. Note that this
argument does not apply to standard PTA observations, since the linear evolution of the
timing residuals is typically subtracted when determining the intrinsic spin-down rate of
each pulsar. Consequently, a dedicated analysis is required to constrain the lower frequency
range using PTA measurements, and sensitivity drops with a dependency ΩGW ∝ f−2 as
we move to these lower frequencies [42–45].

The outline of this paper is as follows. In section 2, we introduce the observable
describing parity violation in an astrometric system. We compute the proper motion EB

correlation using the quadrupole approximation and derive the relation between the signal
and the amplitude. In section 3, we discuss the methodology and conduct the data analysis,
presenting the 1σ and 2σ bounds on parity violating signals in the Gaia DR3 and VLBA
data sets. We then discuss our results and conclude in section 4.

2 Parity violating effects in astrometry

In this section, following [26, 35], we begin by reviewing the formalism through which parity-
violating effects can be measured using astrometry. We then show how to express the resulting
observable in terms of Stokes parameters, and connect this to quantities conventionally used
in GW physics.

We begin by writing a plane GW as

hij(t, x⃗) =
∑

S=+,×

∫ d3k⃗

(2π)3 hS(t, k⃗)eS
ij(k̂)eik⃗·x⃗ =

∑
S=+,×

∫
d2k̂

∫ ∞

0

dk

2π

k2

(2π)2 hS(t, k⃗)eS
ij(k̂)eik⃗·x⃗ ,

(2.1)
where S denotes the +, × polarization mode, k = |⃗k| = 2πf is the absolute value of the
momentum, k̂ = k⃗/k is the direction of the propagation, and the polarization tensors satisfy
eS

ij(k̂)eS′ij(k̂) = 2δSS′ . The plane wave assumption guarantees that

hS(t, k⃗) = e−ikthS(k, k̂) . (2.2)
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The SGWB can be described by the two-point correlation functions in Fourier space [24,
26] 〈

h∗
S(t, k⃗)hS′(t, k⃗′)

〉
= (2π)3δ(3)(k⃗ − k⃗′)PSS′(k) = δ(f − f ′)

f2 δ(2)(k̂, k̂′)PSS′(k) , (2.3)

PSS′(k) =
(

P++(k) P+×(k)
P×+(k) P××(k)

)
= 1

2

(
I + Q U − iV

U + iV I − Q

)
SS′

, (2.4)

where [PSS′(k)] = [k−3] is the power spectrum.1 Here, I, U , V , and Q are the Stokes
parameters [24]. The parameter I represents the intensity of the GW and corresponds to the
parity-even part of the signal. The U and Q parameters characterize the linear polarization
state and vanish for an isotropic background. The parameter V quantifies the difference
between the left-moving and right-moving modes in the circular polarization basis that
is defined by eR

ij = (e+
ij + ie×

ij)/
√

2 and eL
ij = (e+

ij − ie×
ij)/

√
2, thereby characterizing the

asymmetry in circular polarization amplitudes.
The energy density and the fractional energy density of GWs are then given by [46]2

ρgw = 1
32πG

〈
ḣij(t, x⃗)ḣij(t, x⃗)

〉
= 1

32πG

∑
S=S′

∫ ∞

0
df 32π3f4PSS′ , (2.5)

Ωgw(f) = 1
ρc

dρgw
d log f

= 8π3

3H2
0

∑
S=S′

f5PSS′ = 8π3

3H2
0

∑
S=S′

f2ASS′

∆ ln f
, (2.6)

where ρc = 3H2
0 /8πG is the critical density of the universe. Here we have used k = 2πf to

obtain the equivalent momentum-space expression, and ASS′ is the dimensionless amplitude
defined as

ASS′ =
∫

dk
k2

(2π)3 PSS′(k) ≈ k3∆ ln k

(2π)3 PSS′(k) . (2.7)

As discussed later, ASS′ can be related to the angular deflection angle of the stellar object,
and all frequencies (or momenta) with f < T −1

obs contribute to the induced proper motion.
However, it is more convenient to provide observational constraints for each logarithmic
frequency bin. Therefore, in the second step of eq. (2.7), we approximate the GW contribution
as coming from the interval between ln k and ln k + ∆ ln k.

It is then convenient to define the matrix quantity

ΩSS′(f) ≡ 8π3

3H2
0

f2ASS′

∆ ln f
, (2.8)

for which the diagonal components Ω++(f) and Ω××(f) correspond to the fractional energy
densities in GWs with + and × polarizations, respectively, and contribute in eq. (2.6). Note
that the off-diagonal components are expressed as combinations of the U and V components
and do not directly correspond to their energy densities. Equivalently, we can define

ΩU = 2Re(Ω×+), ΩV = 2Im(Ω×+) , (2.9)

to analogously describe the fractional energy densities of U and V .
1For an isotropic background, we can relate PSS′ (k) to the spectral density quantity Sh(f) in [46] by

P++(k) = P××(k) = Sh(f)
4πf2 .

2Note that there is a factor of two in comparison with the results in [46] that arises from a summation over
polarization states.
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The angular deflection angle that is induced by the GW is [26]

δnI(t, n̂) = eI
µδnµ(t, n̂) = RIJK(n̂, k̂)hJK(k⃗)e−ikt , (2.10)

where
RIJK(n̂, k̂) = n̂I + k̂I

2(1 + k̂ · n̂)
n̂J n̂K − 1

2δIJ n̂K , (2.11)

with n̂ being the line of sight unit vector from the observer to the stellar object. Then, the
two-point correlation function can be expressed as〈

δnI(t, n̂)δnJ (t, n̂′)〉 =
∑
S,S′

ASS′

∫
d2k̂RIKL(n̂, k̂)RJMN (n̂′, −k̂)eS

KL(k̂)eS′
MN (−k̂) , (2.12)

where ASS′ is the dimensionless amplitude defined in eq. (2.7), and the remaining part denotes
the angular correlation between quasar pairs in the astrometry system. The integration over
d2k̂ accounts for the contributions from GWs arriving from all directions.

The parity violation term A×+ = A∗
+× contributes to the two-point correlation matrix

among different stellar objects. It is convenient to describe this correlation by decomposing
the angular deflection angle in eq. (2.10) in vector spherical harmonics, as

δn⃗(t, n̂) =
∑
ℓm

[
δnEℓm(t)Y⃗ E

ℓm(n̂) + δnBℓm(t)Y⃗ B
ℓm(n̂)

]
, (2.13)

where E, B stand for the spheroidal (or electric) and toroidal (or magnetic) modes, respectively.
The EB correlation is proportional to A×+ for even ℓ and to A+× for odd ℓ, which vanish in
a parity conserving theory. We only use the quadrupole contribution, as it is the dominant
term [26]

2∑
m=−2

⟨δnE2mδn∗
B2m⟩ = 20π2

9 A×+ . (2.14)

Analyzing astronomical data by directly applying this equation is challenging, since computing
the angular deflection angle of a given astronomical object involves defining its unperturbed
position. However, working with the proper motions provided by astrometric surveys, as it is
done in [40] and [41], removes the need for such definition. Moreover, since δn⃗ is a real-valued
vector field, we can express the time derivative of eq. (2.13) as

δ ˙⃗n(n̂) =
∞∑

l=1

(
δṅEl0Y⃗ E

l0 (n̂) + δṅBl0Y⃗ B
l0 (n̂) (2.15)

+
l∑

m=1

[
δṅRe

ElmY⃗ E,Re
lm (n̂) + δṅRe

BlmY⃗ B,Re
lm (n̂) − δṅIm

ElmY⃗ E,Im
lm (n̂) − δṅIm

BlmY⃗ B,Im
lm (n̂)

])
,

where the superscripts Re and Im stand, respectively, for the real and imaginary parts of
the coefficients or spherical harmonics basis.

In a similar way to the analyses in [40, 41], we define the quadrupole power for the
mixed modes as

P̃ ×+
2 ≡

2∑
m=−2

⟨δṅE2mδṅ∗
B2m⟩ = 20π2

9 k2A×+ , (2.16)

– 5 –
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where the last step follows from eq. (2.14). Note that here, P̃ ×+
2 denotes the mass dimension

2 quadrupole power, which is distinct from the power spectrum PSS′ . From eq. (2.4), we
know that the imaginary part of P̃ ×+

2 is related to the Stokes parameter V , while its real
part is related to the Stokes parameter U , which encodes additional information about linear
polarizations and whihc vanishes under the assumption of an isotropic SGWB.

Substituting this result into eq. (2.14) and eq. (2.8), we obtain

Ω×+(f) = 3
10π

P̃ ×+
2

H2
0

= 0.000438 P̃ ×+
2

(1 µas/yr)2 h−2
70 , (2.17)

where we have assumed that the signal is the dominant feature over an order of magnitude
in frequency (∆ ln f = 1), and have fixed the value of the Hubble constant to be H0 ≈
14.67h70 µas/yr. Also note that, while Ω×+(f) is a complex number in general, under the
assumption of an isotropic SGWB, it is purely imaginary.

3 Data analysis

The formalism of the previous section allows us to directly apply the posterior probability
distributions obtained in [40] to yield novel constraints. We refer the reader to [40] for
a detailed description of the methodology and dataset construction. In this section, we
summarize the key aspects of the method and datasets used and present our results.

3.1 Methodology

In order to set observational constraints, datasets with the positions and proper motions
of a set of quasars (QSOs) are used. Then, a generic proper motion field (eq. (2.15)) up
to the quadrupole moment (ℓ = 1, 2) is fitted to this data. When no signal is present and
we are essentially fitting random noise, higher-order modes do not add useful information.
Despite the fact that only the quadrupole coefficients are needed to derive GW constraints,
it is nevertheless important to account for the dipole component, which does not carry
any GW information but can bias the derived quadrupole coefficients if it is not treated
carefully [40, 41].

The fits are carried out via a Bayesian approach, using the Markov chain Monte
Carlo (MCMC) algorithm implemented in the Python package emcee [47]. Generous uni-
form priors of [−100, 100] µas were used for each of the 16 coefficients, where 6 coefficients
correspond to the dipole (3 for each mode E, B) and 10 to the quadrupole. In addition, a
specific statistical treatment to reduce the weight of outlier sources [48] was used, which, in
practice, amounts to substituting the standard, quadratic log-likelihood by

ln L = const. +
N∑

i=1
ln
(

1 − e−R2
i /2

R2
i

)
, Ri = Di − Model

σi
, (3.1)

with Di being a data point of uncertainty σi. Finally, the convergence of the algorithm
was secured by running for a number of iterations greater than 100 times the maximum
autocorrelation time.

The statistical significance of the parameter estimation was quantified through both
the Bayes factor and the Z score, which quantifies how many standard deviations separate
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the data from the pure noise hypothesis (see [40, 49] for a detailed definition and statistical
properties). Since the algorithm does not find any relevant signal in the data and no detection
can be claimed, we instead provide constraints at the 95% credible level. We perform a
similar analysis to that in [40] here, with the particularity that constraints on ΩU and ΩV

are presented instead of on Ωgw = Ω++ + Ω××.

3.2 Datasets

The datasets considered in [40] consist of quasar positions and proper motions from either
Gaia DR3 or VLBA, the latter being originally from [39, 41].

3.2.1 Gaia DR3 dataset

In [40], four datasets based on Gaia DR3 are produced and analyzed. The reason to consider
four datasets was the lack of an official quasar catalog for Gaia DR3 at the time. The Quaia
catalog [50], released subsequently, has been used for astrometric constraints in [51]. Using
diverse information from the source classification of extragalactic sources provided by the Gaia
collaboration [52], the authors in [40] considered different criteria to generate four selections
of sources with high probability of being quasars, aiming to minimize contamination from
non-QSO sources. Comparing the results across these datasets demonstrated that the derived
constraints were robust and not significantly influenced by the specific source selection.

In this paper, we only use the cleanest dataset among these four (the dataset called
“intersection”), which is obtained by selecting the common sources from the “pure” and
“astrometric” selections provided by Gaia [52], and by setting a threshold on the parameter
classprob_dsc_combmod_quasar, which represents the probability of the source of being a
quasar. Further details on how to construct these datasets are provided in [40], while the
exact queries to download them from the Gaia Archive3 are given in [53]. A skymap showing
the distribution of these sources is provided in the left panel of figure 1, which has been
plotted using HEALPix (Hierarchical Equal Area isoLatitude Pixelization)4 [54, 55].

3.2.2 VLBA-based datasets

Despite the more recent launch of Gaia, the Very Long Baseline Array (VLBA) currently
offers better constraining power than Gaia DR3 due to its greater observing time (22.2 years
for VLBA vs 2.84 years for Gaia DR3). In [41], two VLBA-based datasets are considered:
the proper motions of 711 quasars obtained from VLBA, and updated proper motions for
508 of these sources together with the information from Gaia DR1. In [40], these constraints
were revisited using the same datasets, showing that the original constraints in [41] were
too optimistic. In this work, we consider both of these datasets. The distribution of these
sources in the sky is shown in the right panel of figure 1.

3.3 Parity violation constraints

In this paper, we derive constraints on ΩU and ΩV from the posterior probability distributions
for the multipole coefficients. Note that ΩU should vanish for an isotropic SGWB. However, in

3https://gea.esac.esa.int/archive/.
4https://healpix.sourceforge.io.
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0 5Number of sources VLBA only VLBA+Gaia DR1

Figure 1. Left: skymap with the number of sources per pixel of the Gaia DR3 dataset, using
a HEALPix scheme of level 8 (786,432 pixels, with each of them covering an area of around 189
arcmin2. Right: skymap with the positions of all the VLBA (blue and red) and VLBA+Gaia DR1
(red) datasets.

the presence of anisotropies, a non-zero ΩU corresponds to the real part of the EB correlation.
Therefore, in addition to ΩV , we also provide constraints on ΩU .

To obtain constraints on ΩU and ΩV , we need to extract the EB correlation, whose
posterior distributions have already been obtained in the analysis of [40]. Therefore, no
additional parameter estimation runs are required. The corner plots corresponding to the
datasets considered in this work are provided in appendix A.

In particular, the definitions in eq. (2.9), together with eq. (2.17), imply

h2
70ΩU = 0.000876

(1 µas/yr)2

{
δṅE20δṅB20 + 2

2∑
m=1

(
δṅRe

E2mδṅRe
B2m + δṅIm

E2mδṅIm
B2m

)}
, (3.2)

h2
70ΩV = 0.000876

(1 µas/yr)2

{
2

2∑
m=1

(
δṅIm

E2mδṅRe
B2m − δṅRe

E2mδṅIm
B2m

)}
, (3.3)

which directly relate the posteriors shown in appendix A to the quantities that we aim
to constrain.

The probability distributions for these quantities for the Gaia DR3, VLBA and the
VLBA+Gaia DR1 dataset are shown in figures 2, 3 and 4, respectively. Proper motion
correlations are translated to h2

70ΩU and h2
70ΩV using eqs. (3.2) and (3.3). As expected,

the values are consistent with zero since no SGWB detection was found from these data.
Then the variance of each distribution provides a constraint on the parity-violating SGWB
amplitude. The 2σ constraints obtained from these distributions are listed in table 1. The
tightest constraints come from VLBA, which yields h2

70ΩV = −0.004 ± 0.010 at 2σ credible
level. The constraints from VLBA+Gaia DR1 are less powerful because of the smaller number
of sources. Note that in this context, the energy density values can take negative values,
simply due to our definition in eq. (2.9). This arises because V denotes the difference between
left- and right-handed polarizations; specifically, V = I corresponds to fully left-handed
polarization, while V = −I corresponds to fully right-handed polarization.
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Figure 2. Probability density functions for h2
70ΩU (left) and h2

70ΩV (right) computed from the Gaia
DR3 dataset. The vertical dashed lines represent the median (orange), the 1σ credible interval (green),
and the 2σ credible interval (red), respectively.
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Figure 3. Probability density distributions for h2
70ΩU (left) and h2

70ΩV (right) computed from the
VLBA dataset. The vertical dashed lines represent the median (orange), the 1σ credible interval
(green), and the 2σ credible interval (red), respectively.
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Figure 4. Probability density distributions for h2
70ΩU (left) and h2

70ΩV (right) computed from the
VLBA+Gaia DR1 dataset. The vertical dashed lines represent the median (orange), the 1σ credible
interval (green), and the 2σ credible interval (red), respectively.
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Dataset h2
70Ω2σ

U h2
70Ω2σ

V h2
70Ωup,95%

gw from [40]
Gaia DR3 −0.007 ± 0.035 −0.020 ± 0.025 0.087

VLBA 0.000 ± 0.010 −0.004 ± 0.010 0.024
VLBA+Gaia DR1 −0.004 ± 0.015 −0.007 ± 0.014 0.034

Table 1. The 2σ credible intervals for the distributions shown in figures 2–4. For reference, the
95% credible upper bounds for the parity-even case Ωgw computed in [40] are also provided in the
last column.

4 Discussion and conclusion

In this paper, we have used the Gaia DR3 and VLBA datasets to obtain the first constraints on
parity-violating signals in the underlying SGWB. Although neither experiment provides time-
series data at this stage, they can still be used to set an upper limit on the SGWB amplitude.
The constraint is valid for frequencies between H0 ∼ 10−18 Hz and 1/Tobs ∼ 10−8 Hz because
the linear proper motion is induced by the quadrupole moment. We have derived the
relationship between the EB correlation of the proper motion and a parity-violating amplitude,
and have computed the corresponding probability density distributions by seeking this
signal in the datasets. The tightest constraint arises from the VLBA data, which yields
h2

70ΩV = −0.004 ± 0.010 at the 2σ level. Since PTA observations are not sensitive to
a parity-violating signal in an isotropic background, our results provide complementary
information to PTA measurements. This work should provide a template for such analyses,
and we look forward to future time-series data releases. Finally, while this work was being
performed, a new approach that uses the Hellings-Downs curve of the data [51] was proposed
to further refine the parity-even astrometric constraints. Implementing such a method for a
parity-violating SGWB could potentially improve our constraints by a similar factor (2–3),
a direction we leave for future investigation.
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A Corner plot of MCMC runs

In this appendix, we provide the corner plots corresponding to the posterior distributions
obtained in [40] for the three datasets considered in this article. This information is summa-
rized in figure 5, together with the posterior probability distributions for ΩU and ΩV . Here,
we use the notation slm ≡ δṅElm, tlm ≡ δṅBlm, matching that in [40] and [41].
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Figure 5. Corner plots for the three datasets considered in this article, together with the posterior
probability distributions for ΩU and ΩV .
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