PHYSICAL REVIEW D 108, 123533 (2023)

Anisotropic distance ladder in Pantheon+supernovae
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We decompose Pantheon+ Type Ia supernovae (SN) in hemispheres on the sky finding angular
variations up to 4 km/s/Mpc, corresponding to a statistical significance up to 1.9, in the Hubble constant
H both in the SHOES redshift range 0.0233 < z < 0.15 and in extended redshift ranges. The variations are
driven largely by variations in absolute magnitude from SN in Cepheid hosts but are reinforced by SN in the
Hubble flow. Hy, is larger in a hemisphere encompassing the CMB dipole direction. The variations we see
exceed the errors on the recent SHOES determination, H, = 73.04 £+ 1.04 km/s/Mpc, but are not large
enough to explain early versus late Universe discrepancies in the Hubble constant. Nevertheless, the
Cepheid-SN distance ladder is anisotropic at current precision. The anisotropy may be due to a breakdown
in the cosmological principle, or mundanely due to a statistical fluctuation in a small sample of SN in

Cepheid host galaxies.
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I. INTRODUCTION

The cosmological principle (CP), vis-a-vis the assumption
that the Universe is described by a Friedmann-Lemaitre-
Robertson-Walker (FLRW) spacetime, constitutes the bed-
rock of modern cosmology. Consistency demands that H,
is observationally a constant. Nevertheless, as remarked by
Steven Weinberg, we adopt the CP for a practical reason:
“The real reason for our adherence to the CP is not that it is
surely correct, but rather, that it allows us to make use of the
extremely limited data provided to cosmology by observa-
tional astronomy.” Within this setting, the cosmic micro-
wave background (CMB) constitutes our most powerful
data set [1]. Nevertheless, the amplitude of the dipole
(Z = 1) temperature anisotropy is orders of magnitude larger
than higher order multipoles (£ > 1). As a result, it is
interpreted as a feature due to relative motion. Once the
dipole is subtracted, this defines the CMB as the rest frame
of the Universe, which necessitates correcting observed
redshifts for our relative motion.

The CP is traditionally reflected upon whenever large
structures are discovered [2—7], most recently a giant
arc [8], or whenever mysterious alignments are found at
cosmological scales [9-13]. In recent years, the Ellis-
Baldwin cosmic dipole test [14], which leverages aberra-
tion to infer our velocity, has steadily returned an amplitude
excess in the matter dipole relative to CMB expectations
[15-20] (see also [21,22]). This finding is countered
elsewhere [23]. However, if substantiated, this suggests
that the Universe’s isotropic and homogeneous rest frame
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either does not exist or has been misidentified. Notably,
NRAO VLA Sky Survey radio galaxies [24] and CatWISE
quasars [25], observables that are prone to different
systematics, now agree on the result [26]. Nevertheless,
since the Ellis-Baldwin test is common to all these studies,
theoretical systematics can negate the result [27,28]. For
this reason, one must build a science case beyond the Ellis-
Baldwin test, and this process has begun [29].

Indeed, in the local Universe (z < 0.1) claims of anoma-
lously large coherent peculiar motions, or bulk flows, exist.
Most notably, exploiting the kinematic Sunyaev-Zeldovich
effect, a “dark flow” that does not converge to the Hubble
flow was reported on scales <3002~! Mpc [30,31].
This result is contested by the Planck Collaboration [32].
More recently, the credence of the dark flow has been
boosted by anomalies in galaxy cluster scaling relations at
redshifts z < 0.1 that apparently track the CMB dipole
direction [33,34]. If not due to systematics, one expects
confirmation in Type Ia SN. Historically, tests have been
performed with SN, and anisotropies have been docu-
mented in directions aligned [35-39] or closely aligned
[40,41] with the CMB dipole. These directional anomalies
become more pressing as the size and statistical power of
Type Ia SN samples improve.

Here, we upgrade an earlier analysis [42], where angular
variations of order AH,~ 1 km/s/Mpc were noted in
the Pantheon sample [43], to the Pantheon+ SN sample
[44,45]. We recover consistent results pointing to a larger
H, in hemispheres encompassing the CMB dipole direction
(see also [46,47]). We find variations in H, exceeding the
errors on the latest SHOES determination H, = 73.04 +
1.04 km/s/Mpc [48] in the same redshift range that are
nevertheless too small to fully explain H, tension. The H,
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variations are driven by angular variations in the absolute
magnitude of SN in Cepheid hosts, but since H, in SN
cannot be defined without M, one concludes that the
Cepheid-SN distance ladder is anisotropic at current pre-
cision. Our results are consistent with angular H, variations
in SN samples reported elsewhere [49,50]. Despite the
Pantheon+ sample undergoing some of the most sophisti-
cated redshift corrections for expected and peculiar motions
[51] to ensure SN are in the Universe’s rest frame, H
remains larger in the CMB dipole direction [42,46,47]. Since
the local Universe has rich structures, including documented
bulk flows toward the Shapley supercluster [52-55], angular
H,, variations in our cosmic backyard [56] are expected. In
particular, [57] notes that the Hubble flow is more uniform in
local group than CMB frame on scales <150A~! Mpc.

II. PRELIMINARIES

Our analysis follows [42,58,59]. Concretely, we truncate
the Pantheon+ sample of 1701 data points to a subsample
comprising 77 data points in Cepheid host galaxies in the
redshift range 0.00122 <z <0.01682 and SN at larger
redshifts, i.e., deeper in the Hubble flow. We assume the
(flat) ACDM cosmology,

H(z) = Ho\/1-Q, +Q(1 +2)% (1)

where H|, is the Hubble constant, and €,, denotes matter
density at z = 0. Next, we define the likelihood,

-

)(2 = QT : (Cstat+sys)_1 : Qv (2)

where Cgyp5ys denotes the Pantheon+ covariance matrix
appropriately cropped to include all SN in Cepheid
hosts and SN in the Hubble flow in the redshift range
of interest. In contrast to [59], the truncated covariance
matrix includes off-diagonal entries correlating SN in
Cepheid hosts with SN in the Hubble flow. We further
define the vector,

{ m; — M — u;, i € Cepheid hosts, 3)

i m; — M — pinoqel(2i), otherwise.

Here, m; is the apparent magnitude of the SN, M is the
absolute magnitude, and p,0401(z) is the ACDM distance
modulus:

d(z
/"model(z) =5 IOg I\I;Ii)g + 257
z d7
=c(1 . 4
dL(Z> C( + Z) 0 H(Z’) ( )

The basic rationale for (2) and (3) is that M can be
determined from SN in Cepheid host galaxies at lower

redshifts z <0.01, thereby breaking the degeneracy
between M and H,, in the model (4).

To test angular variations, following [42], we convert
right ascension (R) and declination (D) angles on the sky
into vectors through the identity:

v = (cosDcos R, cos Dsin R, sin D). (5)

We decompose the sky into a grid of points, defined by
angles (R, D), as illustrated by the smaller black dots
in Fig. 1, and for each dot or direction on the sky, we
construct the corresponding vector 17sky from (5). Our grid
includes both the point (R, D) and the antipodal point on
the sky, (R + z, —D). We next identify the vectors corre-
sponding to all our SN #;, before determining inner
products, ﬁsky -¥; and separating SN into hemispheres
on the basis of the sign of the inner product. We then
construct the likelihood (2) for SN in the northern (N)
and southern (S) hemispheres, extremize the likelihood to
identify the best-fit (M, H,, Q,,) subject to uniform priors,
M e[-21,-19],H, € [0, 150], and Q,, €0, 1]. Finally, we
record the absolute difference,

AH, = HY — HS, (6)

and an estimate of the statistical significance of the
difference,

HN _ HS
0= 0 0 (7)

OH)? + (5H)?

where 5H6V S denote Hf)v S errors. Following [58], we
estimate our errors from a Fisher matrix,

_1352(M. Hy, Q)
apiapj

ij D)

FIG. 1. Variations in absolute differences AH, (6) over the sky
in the SHOES [48] redshift range 0.0233 < z < 0.15. Small black
dots denote sampled points before interpolating AH|, values at
sampled points for visualisation purposes. The large black circle
and triangle denote the directions of the CMB dipole and the
Shapley supercluster.
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where p, € {M, Hy,Q,,}. Concretely, we invert the matrix,
and the errors (6M,8H,,5Q,,) are extracted from the
square root of the diagonal entries. Each hemisphere has
its own Fisher matrix as we scan over the sky. Note, for
each black dot in Fig. 1, we form two hemispheres and
identify both AH, (6) and o (7). Our grid of angles is
31 x 11-dimensional, but only 341 — (2 x 30) — 11 = 270
of the black points are independent. There are 31 points at
D = +7 that reduce to a single point, while 11 points at
‘R = 2x are the same as R = 0. Further taking into account
antipodal points, this leaves us with 135 independent
directions. Nevertheless, the main point here is that we
construct 135 independent hemisphere decompositions in a
full sky scan. Throughout, we decompose all the SN,
including SN in Cepheid host galaxies. Note, since our scan
includes both points and antipodal points on the sky,
the average value of AH, is zero by construction. In the
Supplemental Material [60], we illustrate a hemisphere
decomposition of the sky with D = +7. Once we have
performed the scan over the sky, we employ a cubic
interpolation of the differences using the Python SciPy library
scipy.interpolate.griddata and this interpola-
tion forms the basis of our plots.

Finally, in both the Pantheon and Pantheon+ samples,
evolution of ACDM parameters beyond z = 0.7 has been
noted [59,61], so we restrict redshifts below z = 0.7. This
removes high redshift SN, but any reduction in statistical
power is small; in the Pantheon+ sample of 1701 SN, only
75 are removed. Our objective here is to be conservative
and ensure that differences in H, due to redshift evolution
do not mimic angular variations. Removing 75 high red-
shift SN removes documented traces of evolution from the
Pantheon+ sample.

III. RESULTS

In Figs. 1 and 2, we show variations in the Hubble
constant in the SHOES [48] redshift range 0.0233 < z <
0.15. From Fisher matrix analysis, essentially extremizing
the likelihood (2), for the all sky sample in the same redshift
range, we have H, = 73.60 & 1.10 km/s/Mpc. In addi-
tion, Markov Chain Monte Carlo (MCMC) marginalisation
of the likelihood (2) gives Hy = 73.587] 14 km/s/Mpc.

-0.5
-1.0

-1.5

FIG. 2. Same as Fig. 1 but AH, (6) replaced with o (7).

TABLE 1. Various Pantheon+ subsamples, the maximal H
variation and direction on the sky. A summary of results is in
the text.

Redshift AH, (km/s/Mpc) c (R,D)

z€(0.0233,0.15) 75.55-71.64 =391 1.87 (168° —54°)
z€(0.01,0.7) 7470 = 71.62 =3.08 1.60 (288° —18°)
2€(0.06,07)  75.19-7232=287 142 (288°,-36°)
z€(0.1,0.7) 7497 —-71.61 =3.36 1.46 (144°,—18°)

Both are in reasonable agreement with SHOES, H, =
73.04 + 1.04 km/s/Mpc [48]. The main point here is
that the H, errors are comparable. One notes that H is
up to 4 km/s/Mpc larger in a hemisphere enclosing
the CMB dipole direction and the Shapley supercluster.
From the points we sample (black dots), the maximum
AHy, =391 km/s/Mpc (o = 1.87) occurs at (R,D) =
(168°, —54°). We summarize these results in Table I. In the
CMB dipole direction, (R, D) = (168° —7°), the differ-
ence is AHy = 2.62 km/s/Mpc (¢ = 1.18). It is interest-
ing to consider Shapley because of observations of bulk
flows in that direction [52-55], which of course may
continue beyond. The size of the variation in H, we see
is consistent with earlier findings [49]. In Fig. 2, we employ
(7) to estimate the statistical significance of the discrep-
ancy, finding that it is at the 1.5¢ level at various points on
the sky. This is comparable to the statistical significance
of H, variations in the full Pantheon sample [42], but
Pantheon+ has greatly increased the statistics at low
redshifts relative to Pantheon, so the discrepancy is evident
at much lower redshifts. Observe that whether we use the
ACDM model with two parameters (1) or a cosmographic
expansion with two parameters in the same redshift range,
the result is not expected to change. In other words,
we expect the AH, variations observed in Fig. 1 to be
independent of the cosmological model.

Note that we are splitting the Cepheid-SN distance
ladder on the sky. If one is investigating anisotropies or
directional anomalies, it is imperative to perform clean
directional splits. Nevertheless, it is possible that the
variations we see in H( are driven more by variations in
M from SN in Cepheid hosts and not from SN deeper in the
Hubble flow. Since there are only 77 SN in Cepheid hosts,
this means that a statistical fluctuation in a small sample
can explain our results. However, since there are anomalies
in other observables in the local Universe [29], seen
holistically, it is prudent to keep a physical explanation
on the table. In the Appendix, we study exclusively SN in
Cepheid hosts and document variations in M in the sample.
In line with earlier findings [42,49], we conclude that M
variations from Cepheids largely explain the anisotropy
we see, but the feature is enhanced by SN deeper in the
Hubble flow. A statistical fluctuation in a small Cepheid
host sample could explain the finding, but so too could a
Hubble flow that is more uniform in local group than
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FIG. 3. Same as Fig. 1 but with redshift range 0.01 < z < 0.7.
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FIG. 4. Same as Fig. 2 but with redshift range 0.01 < z < 0.7.

CMB frame at low redshifts [57]. Low redshift
differences disproportionably affect H, through the low-
est rungs of the distance ladder.

In Figs. 3 and 4, we extend the redshift range to
0.01 < z < 0.7. We find that absolute variations in excess
of AHy = 3 km/s/Mpc persist with comparable statistical
significance, but the anisotropies in H are visibly less
pronounced when higher redshift data 0.15 < z < 0.7 are
included. The maximum variation AH, = 3.08 km/s/Mpc
(6 = 1.60) occurs at (R, D) = (288°, —18°). The difference
in the CMB dipole direction is AHy=1.32km/s/Mpc
(6 = 0.64). There may be a simple explanation for H
variations becoming less pronounced. Of the 800 SN in the
range 0.15 < z < 0.7, 204 are in the same hemisphere as the
CMB dipole direction, whereas 596 are not. In contrast,
neglecting SN in Cepheid host galaxies, there are 705 SN in
the range 0.01 < z < 0.15, which are split more evenly with
312 SN in the same hemisphere as the CMB dipole and
393 SN in the opposite hemisphere. In short, if there is a
difference in hemispheres, it is important to keep an eye on
the statistics, as evidently if H, is lower in the antipodal
direction to the CMB dipole, having three times as many SN
in one direction than another will increase the weighting for a
lower H, value.

Finally, it was noted in [42] that the removal of lower
redshift z <0.1 SN had a pronounced effect on the
observed anisotropy. One also sees similar variations in
the Pantheon+ sample if one fits a dipole [62]. At low
redshifts, the Shapley supercluster can be found in the
redshift range 9, 000-18, 000 km/s [63], corresponding to
0.03 < z < 0.06. In Figs. 5 and 6, we show the statistical

0.5

0.0

-0.5

-1.0

FIG. 5. Same as Fig. 2 but with redshift range 0.06 < z < 0.7,
thereby removing the Shapley supercluster.

-0.5

-1.0

-1.5

FIG. 6. Same as Fig. 2 but with redshift range 0.1 < z < 0.7.

significance of the H( discrepancy in the redshift ranges
0.06 <z < 0.7 and 0.1 < z < 0.7, respectively. In Fig. 5,
the maximum AH, = 2.88 km/s/Mpc (¢ = 1.42) occurs
at (R, D) = (288°,—36°), whereas in Fig. 6, the maximum
AH, =3.36 km/s/Mpc (o = 1.46) occurs at (R,D) =
(144°,—18°). In Fig. 5, the difference in the CMB dipole
direction is AH, = 0.81 km/s/Mpc (¢ = 0.36), whereas
in Fig. 6, the difference is AH, = 0.48 km/s/Mpc
(6 =0.20). We omit plots of the absolute differences
AH,, as they are similar only with a change of scale;
cf. Fig. 1 versus Fig. 2. Evidently, the feature becomes less
pronounced as lower redshift SN are removed, leaving
patches on the sky where at most ~1¢ variations in H are
evident. This outcome is expected, because as we see from
Fig. 7, sky coverage beyond z = 0.1 is not as good with
visibly fewer SN in the same hemisphere as the CMB

FIG.7. The Pantheon+ sample separated into SN with redshifts
above (blue) and below (red) z = 0.1. Sky coverage becomes
patchy above z = 0.1.
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dipole. Given the poorer sky coverage, it becomes more
difficult to sample H, angular variations in hemispheres on
the sky. Nevertheless, one take-home message is that the
removal of SN below z = 0.06, which could be influenced
by the Shapley supercluster, does not fully remove the
variations in H, seen. Note that our sample still includes
SN in Cepheid hosts, which exhibit large variations in M
(see the Appendix). Nevertheless, a comparison of Figs. 5
and 10 reveals distinct differences in pattern and coloration.
Thus, if the variations AH|, are physical, e.g., due to a local
bulk flow, any bulk flow continues beyond Shapley, as the
dark flow narrative [30,31] and anomalies in cluster scaling
relations [33,34] already suggest.

IV. DISCUSSION

The Pantheon+ sample [44,45] has improved the red-
shift corrections [51] from the Pantheon sample [43]. In
particular, great care has been taken to make sure that SN
are in CMB frame, the putative rest frame of the Universe.
Nevertheless, as is evident from Figs. 1-4, variations in the
Hubble expansion up to AH, ~ 4 km/s/Mpc remain, even
in the SHOES range 0.0233 < z < 0.15. As we explain
in the Appendix, variations in M in Cepheid host SN
contribute to the variation seen in H, but since one cannot
infer H, directly from SN without a calibrator, the
distinction may be moot. Ultimately, our work highlights
H,, variations from decomposing the Cepheid-SN distance
ladder on the sky. At one end of the spectrum of
interpretations, one finds an anisotropic Hubble expansion,
e.g., [56,57], and at the other, an effect that may be driven
by a statistical fluctuation in a small sample of Cepheid host
SN. In the middle, one finds an explanation in terms of
systematics [58], even potentially a connection to rotational
velocity [64]. A potential implication is that the SHOES
Collaboration are averaging an anisotropic Hubble expan-
sion to get the result Hy = 73.04 + 1.04 km/s/Mpc [48].
In short, if one is quoting ~1% errors on H, then the
Hubble expansion in the local Universe appears anisotropic
at this precision; we may already be looking at a departure
from the textbook Hubble-Lemaitre Law in the Cepheid-
SN distance ladder.

It should be noted that this finding may not be isolated.
At the other end of the Universe, two independent studies
[65,66] have recently highlighted sizable swings in the
ACDM Hubble constant H, when the CMB is masked.
This too seems at odds with final Planck results, Hy, =
67.4 + 0.5 km/s/Mpc [67], implying that one is averaging
over an anisotropy in CMB data. As highlighted in [29], a
well-documented CMB anomaly, the hemispherical power
asymmetry (HPA) [68,69], could be a plausible explanation
for H, variations in the CMB as the HPA dipole aligns with
the axis of the maximum H|, variation. In contrast, in the
local Universe, there is a tangible flow in the direction of
the Shapley supercluster [52-55]. Our analysis suggests
that lower redshift SN in Cepheid hosts make a definite

contribution to the anisotropy in H, but it persists beyond
redshifts associated to Shapley, so Shapley is not expected
to explain the feature. Of course, this is consistent with
both the original dark flow claim [30,31] and anomalies in
galaxy cluster scaling relations [33,34], which both suggest
bulk flows out to ~500 Mpc. In addition, contrary to the
theoretical expectation in the literature that the Universe
should isotropize, e.g., [70], FLRW may be unstable to the
growth of such anisotropies [71].

As highlighted in the introduction, there are now just too
many apparent anisotropies in different observables [29]
tracking the CMB dipole direction, despite being in CMB
frame, for this to be a fluke. The only question is whether
these anisotropies are due to a local effect, such as an
anomalously large bulk flow in the range z<O0.1
[30,31,33,34], or whether they impact cosmology on larger
scales. Regardless, no matter how one views it, there is a
mismatch between CMB and Pantheon+ SN on the rest
frame of a homogeneous and isotropic universe, as AH, ~
4 km/s/Mpc variations, corresponding to 5% swings, may
be challenging if current precision is 1.4%. The features
we see in H variations can be modeled through a dipole
[62,72,73], but it is likely the local Universe is more
complicated, necessitating a study of higher order multi-
poles in SN data [74,75]. Note, our hemisphere decom-
position constitutes a minimal ansatz that is only sensitive
to a dipole. More elaborate ansatzes, e.g., [74,75], can
be expected to dilute further the marginal (<1.90) signal
we report.
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APPENDIX: VARIATIONS IN M FROM
CEPHEID HOST SN

In this section, we take a look at the 77 SN light
curves in Cepheid host galaxies. In Fig. 8, we document
their location on the sky. In Fig. 9, we show the variation

FIG. 8. The location on the sky of SN in Cepheid host galaxies.
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FIG. 9. Variations in differences in absolute magnitude M from
SN in Cepheid host galaxies on the sky. Small black dots denote
sampled points before interpolating. Large black circle and
triangle denote the directions of the CMB dipole and the Shapley
supercluster.

of M, AM = MN — MS, where MN-S denote absolute
magnitudes in the hemisphere aligned and antialigned
with the direction of interest on the sky. The statistical
significance in Fig. 10 is estimated through
o= (MN—M5)/\/(6MV)? + (SM%)?, where the errors
are estimated through a Fisher analysis. Variations in

0.0

-0.5

-1.0

-1.5

FIG. 10. Same as Fig. 9 but showing an estimate of the
statistical significance of absolute magnitude M variations.

absolute magnitude M up to 0.075 mag, corresponding to
variations up to 1.5, are evident. In a small sample, such
variations may be expected. Comparison of Figs. 9 and 10
directly with Figs. 1 and 2, respectively, reveals that the
variation in M makes a contribution to variations in H,,.
Nevertheless, the feature is visibly more pronounced in
Figs. 1 and 2, so there is also a contribution from SN
deeper in the Hubble flow. This is in line with findings
reported elsewhere [49] (see also [42]).
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