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Despite the great observational success of the standard cosmological model some discrepancies in the
inferred parameter constraints have manifested among a number of cosmological data sets. These include a
tension between the expansion rate of our Cosmos as inferred from the cosmic microwave background
(CMB) and as found from local measurements, the preference for an enhanced amplitude of CMB lensing,
a somewhat low quadrupole moment of the CMB fluctuations as well as a preference for a lower amplitude
of matter fluctuations in large-scale structure surveys than inferred from the CMB. We analyze these
observational tensions under the addition of spatial curvature and a free CMB background temperature
that may deviate from its locally measured value. With inclusion of these parameters, we observe a trend in
the parameter constraints from CMB and baryon acoustic oscillation data towards an open and hotter
universe with larger current expansion rate, standard CMB lensing amplitudes, lower amplitude of matter
fluctuations, and marginally lower CMB quadrupole moment, consistently reducing the individual tensions
among the cosmological data sets. Combining this data with local distance measurements, we find a
preference for an open and hotter universe beyond the 99.7% confidence level. Finally, we briefly discuss a
local void as a possible source for a deviation of the locally measured CMB temperature from its
background value and as mimic of spatial curvature for CMB photons. This interpretation implies a ~20%
underdensity in our local neighborhood of ~10-100 Mpc in diameter, which is well within cosmic
variance.
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I. INTRODUCTION

The standard model of cosmology (ACDM) has been
very successful in reproducing the wealth of cosmological
observations conducted over the past few decades. Despite
its successes, there remain a number of smaller and larger
tensions among the data sets. Perhaps the oldest yet
relatively small discrepancy (<20) is the measurement
of a somewhat low quadrupole moment in the cosmic
microwave background (CMB) with respect to its ACDM
prediction. This was already noticed with COBE [1] and
has motivated studies of alternative cosmologies in the
three decades since. Another discrepancy in the CMB
(Z30) is observed in the imprint of the effect of weak
gravitational lensing on the CMB spectra, which is

manifests between the current amplitude of large-scale
matter density fluctuations as predicted by the cosmologi-
cal parameters inferred from the CMB and measurements
from large-scale structure surveys [4,5].

Many exotic explanations and new physics models have
been invoked to remedy these tensions (see Ref. [6] for a
recent review). But also the variation of more conventional
parameters has been considered. Specifically, the impact on
parameter constraints and cosmic tensions from nonvanish-
ing spatial curvature [7,8] or the variation of the CMB
temperature [9—12] have separately been studied. While the
variation of these parameters can reduce discrepancies
among part of the data, the preference for new parameters
is typically reduced when complementing the analysis
with other data sets. For instance, preferences in the

enhanced with respect to the lensing that would be caused
by the cosmological parameters inferred from early-time
CMB physics [2]. When considering the power spectrum of
the reconstructed lensing potential, however, the preference
for this enhancement is reduced again, which may perhaps
be another indicator of an underlying inconsistency. Clearly
the strongest tension is observed in measurements of the
current expansion rate of the Cosmos, where specifically
CMB data and the local distance ladder measurement are in
4.4¢ disagreement [3]. Finally, another discrepancy (~20)
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CMB data for spatial curvature, varied CMB temperature,
or a modified CMB lensing amplitude are suppressed when
including baryon acoustic oscillation data (BAO) or the
power spectrum of the reconstructed CMB lensing potential
[2]. As we will show in this Paper, it is crucial to vary both
spatial curvature and the CMB background temperature
simultaneously to consistently ease the tensions among all
the data sets.

We will first discuss the effects on the CMB power
spectra and cross correlations from varying spatial
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curvature and the background temperature as well as the
implications of that for the cosmic tensions. We will then
perform a parameter estimation analysis with different
combinations of CMB, CMB lensing, BAO, and back-
ground expansion data and compare the constraints inferred
on the extended parameter space against bounds from
large-scale structure surveys and the local distance ladder.
Finally, we will discuss a local void as a possible source for
a change of the locally measured CMB temperature with
respect to that of the background and apparent spatial
curvature.

II. AN OPEN AND HOTTER UNIVERSE

To understand the impact on CMB fluctuations from
nonvanishing spatial curvature and the change of the
current CMB background temperature 7y from the local
FIRAS measurement T'gras = (2.72548 £0.00057) K [13],
let us first examine how the early-time effects on the
temperature and polarization anisotropy power spectra and
cross correlations transform under these variations. Since
recombination physics is governed by the ratios between
the baryonic, cold dark matter, and photon energy densities,
it is not difficult to deduce a scaling of cosmological
parameters that keeps the oscillations in the CMB anisot-
ropies fixed. To preserve these ratios at the given recombi-
nation temperature 7,, using T, = To(1 + z.), we can
simply fix H3Q, /T3, i = m, b, where z, is the redshift of
recombination, H is the Hubble constant, and €, and Q,,
denote the fractional baryonic and total matter energy
density parameters. At a closer inspection, the situation
is more complicated, but this simple relation holds true
even for a more detailed analysis, as recently conducted by
Ref. [11]. Furthermore, the CMB acoustic peak positions
are determined by £, = zD,/s,, where D, is the angular
diameter distance to recombination and s, is the sound
horizon at recombination. To preserve these positions under
variation of T,, we can therefore either change H, or we
change the spatial curvature, giving rise to a geometric
degeneracy between these three parameters. Finally, a
variation of T, also changes the overall amplitude of the
anisotropies, which can be absorbed into a rescaling of the
initial amplitude of density fluctuations Aj.

Of course, these degeneracies only apply to the primary
anisotropies. Given the recombination temperature, the
measurement of the current CMB temperature 7T is
essentially a measurement of how much the universe has
expanded since recombination. Hence, a change in 7'y will
therefore alter the late-time integrated Sachs-Wolve (ISW)
effect and CMB lensing. Whereas the detectability of
changes in the ISW effect are strongly limited by cosmic
variance, our observations are very sensitive to changes in
the effect of CMB lensing. It is also worth noting that
varying the amount of expansion since recombination as
well as the amplitude of initial perturbations A, will change
the amplitude of current matter density fluctuations oyg.

For illustration, let us for example consider a rise in the
temperature 7 from the FIRAS value. To keep the primary
CMB anisotropies fixed, we will need to increase H3<,,
and H3Q,. We could now lower H, to keep the peak
positions fixed or we could introduce negative spatial
curvature k < 0 to keep H fixed or even raise it to bring
it into accordance with local measurements. Finally, we will
also need to raise A, to keep the amplitude of the temper-
ature fluctuations 67,/ T, fixed. In contrast, the increase of
T, changes the secondary anisotropies. By raising Q,,, we
also lower the ISW effect and reduce the small discrepancy
between prediction and measurement of the quadrupole
moment. Another interesting effect is that because we raise
A, and T, we no longer need to enhance the lensing
amplitude A; from its standard value of unity. Finally, since
higher Ty implies less expansion since recombination until
today, this also lowers oy, despite the increase of A;.

III. OBSERVATIONAL RESULTS

Given the promising phenomenological features arising
from introducing variations in spatial curvature and 7', let
us now turn to a data analysis to explore their direct impact
on the measurements. As the base data sets in this analysis
we will use the CMB temperature, polarisation, and cross
correlation data from Planck [14] (TT, TE, EE + lowE). In
addition to that, we will also perform a further analysis with
the additional inclusion of the CMB lensing power spec-
trum. The reason for the separate analyses being that we
want to study changes in the constraints on A; when
including the reconsructed lensing data and when omitting
it. We then perform a set of analyses, where in addition to
the CMB measurements, we use the BAO observations
from the Baryon Oscillation Spectroscopic Survey (BOSS)
DR12 release [15]. Finally, we compare the results from the
CMB and CMB + BAO analyses against local H, mea-
surements from Ref. [3] (R19). We also conduct analyses
using all data sets.

For the parameter estimations on this data we perform
Markov Chain Monte Carlo (MCMC) sampling using the
COSMOSIS [16] package. As our base cosmological param-
eters we choose

Hbase = {vagmvHO’ns’T’As}' (1)

We first conduct an analysis for the base parameters with
the different combinations of the data sets. We then
augment the parameter space with the additional parame-
ters: the fractional energy density parameter attributed to
spatial curvature €2, the modification of the lensing
amplitude A;, and the free CMB background temperature
Ty. The parameters are then constrained for the different
combinations of the data as well as the alternate combi-
nations in the addition of the extra parameters.

Our main result is given in Fig. 1, which shows a
preference for an open (Q, > 0) and hotter (T) > Tgras)
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FIG. 1. The combination of all data sets (Planck with lensing,

BAO, and R19) shows a preference for an open (Q; > 0) and
hotter (Ty > Trras = 2.7255) universe. The contours indicate
68.3%, 95.4%, and 99.7% confidence levels.

universe beyond the 99.7% confidence level from the
combination of all the data. We have performed two
analyses, one sampling 0,,, with A; and another with
og instead. The posteriors do not shift significantly in the T’y
vs Q; plane, but we have noted a shift of the mean of o5 to
slightly larger values when sampling in A; (og is calculated
as a derived parameter in this case). We leave this curiosity
to a future work where we consider other large-scale
structure data sets such as the KiDS cosmic shear mea-
surements [4]. Fig. 1 shows results for the sampling in Aj.

In Fig. 2, we summarize how the parameter constraints
shift under inclusion of Ay, Q;, and T, as well as additional
data. We find that with the shift to negative spatial curvature
(k <0, Q> 0) and a hotter temperature (7y > TrRras)
there is no longer any noteworthy preference for an
enhanced amplitude of CMB lensing A; > 1. This is
regardless of whether the reconstructed power spectrum
of the CMB lensing potential or BAO data is included
or not. The CMB and BAO data also favor a larger
current expansion rate H, in better agreement with local
measurements as well as a lower amplitude of matter
fluctuations oy as preferred by large-scale structure sur-
veys. In particular KiDS has reported a measurement of
Sy = 03+/Q,,/0.3 = 0.75970924 [4].

Note, however, that this constraint does not include a
variation of spatial curvature and can therefore not be
directly compared to the results in Fig. 2. A recent joint
KiDS-2dFLens-BOSS analysis [17] including spatial cur-
vature has reported Q; = 0.011700>). They also find a
positive degeneracy between ; and Sg, consistent with
our results. A DES analysis [18] furthermore reported a
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FIG. 2. With the additional variation of €, and T, there is no
longer any noteworthy preference for an enhanced amplitude of
CMB lensing A; > 1. The CMB and BAO data also favour a
larger current expansion rate H( in better agreement with local
measurements as well as a lower amplitude of matter fluctuations
og as preferred by large-scale structure surveys. A further effect is
a marginal lowering of the predicted CMB quadrupole towards
the measurement. Error bars represent marginalized 68.3% con-
fidence levels.

constraint of :O.16f8.'?2, consistent with the trend
towards an open universe exhibited in Fig. 1. Finally, a
further effect of the open and hotter universe illustrated in
Fig. 2 is a marginal lowering of the CMB quadrupole
moment towards the measurement.

IV. LOCAL VOID AS A POSSIBLE
INTERPRETATION

As a possible candidate for the enhanced CMB back-
ground temperature over its locally measured value, let us
briefly examine the effects that would arise from residing in
a local void. As a simple picture of the local underdensity,
we may consider a top-hat matter density fluctuation.
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This implies that our local universe can be interpreted within
the separate universe ansatz. The local expansion is then
described by the usual Friedmann equations, which
are however governed by the local matter density rather
than that of the background. The local and background
metrics are related by a time ¢ dependent transformation
a(t) = C(t)a(t), where @& and a denote the local and
background scale factors and C = (1 +8)~!/3 is specified
by the matter density fluctuation § [19]. Importantly, number
conservation of the black-body photon gas for its changing
volume implies 7y = T,/ C,. Thus, in an evolving local
underdensity (6, < 0) the CMB temperature is lower and the
expansion rate is higher than in the background. In contrast,
for photons entering a virialized structure, their temperature
is only affected by the local potential well.

One now has two options of interpreting the CMB data.
Either one corrects the monopole temperature, just as one
removes the dipole before inferring the cosmological
parameters. Or, less naturally, one interprets the data by
associating the local temperature to the cosmological
background, which leads to an effective cosmology.
Here, we adopt the first approach. Reference [19] adopted
the second. The two approaches are related through a
conformal metric transformation with C(¢), and thus a
change of frame [19]. Note that independently of the void,
a local conformal factor may also be motivated simply as an
available geometric freedom that must be accounted for and
observationally constrained [20]. In Ref. [19] the rescaled
expansion rate caused by the correction of the distance
anchor was approximated by the local expansion rate. More
accurately it is simply CyH,, which implies that the local
void can be less underdense than inferred in Ref. [19] and
statistically even more likely given cosmic variance. To be
clear, in this picture, the H, value measured with the
distance ladder should be considered the correct current
expansion rate of the cosmological background. However,
in either approach the CMB and local distance ladder
measurements of H, agree as long as one does not mix the
two approaches. Finally, it is also worth noting that the
angular diameter distance will rescale via D, = C,D, and
gets elongated. To preserve the measured CMB angular
peak positions, which remain unaffected by the conformal
transformation, one can thus change H, or €;. Hence,
omitting the effect of the local void can mimic spatial
curvature, although with different magnitudes for data at
different distances.

To give a more quantitative picture, we can adopt the
mean value of T, = 2.95 K obtained from our Planck
analysis with lensing and BAO included (blue squares in
Fig. 2) to infer a local void of §; = —0.21. The size of the
void cannot be inferred from our data, and we leave its
computation and statistical significance for future work.
It is worth pointing out, however, that Ref. [19] found a
void of size ~10-100 Mpc in diameter to be sufficient to
reconcile the Hubble constants of R19 and Planck, and

measurements of galaxy groups [21] and clusters [22] as
well as peculiar velocities [23] in such a neighborhood
indeed show a preference for a local underdensity.
Analysing the supernovea data used in the distance ladder,
Refs. [24,25] found an upper bound on the radius of the
local void of R < 100 Mpc.

V. FURTHER COMPARISONS

Our Planck analysis with lensing, BAO, and fixed
A; =1 yields Hy = 70.05 £ 1.73 km/s/Mpc for free T,
and Q. This is consistent with R19 at about the 2o-level
such that the inclusion of the constraint in the analysis is
justified. One may also consider the inclusion of further
data sets such as Lyman-a constraints, which when
combined with BAO measurements, prefer a low value
of H,. Ref. [26] finds Hy = 68.1 £ 1.1 km/s/Mpc. In
principle, this is consistent with our constraint, and more-
over, Ref. [26] does not vary spatial curvature, which if
done would increase error bars and the consistency among
the two values. We stress however the importance of
carefully reassessing the assumptions made in a measure-
ment before comparing the inferred parameter values and
combining data sets. In the case of the Lyman-a constraint
of Ref. [26], Big Bang Nucleosynthesis (BBN) constraints
on Q,h? are used to infer the sound horizon at the baryon
drag epoch r, o H™!'. For consistency, these must be
rescaled to account for the change of Ty from Tgrag, just
as it equivalently rescales QA% inferred from the CMB
oscillations. We can infer from Eq. (3.2) in Ref. [26] that
this implies a rescaling of r, by approximately Cy!'1474
and hence for the change of temperature considered here an
enhancement of the Lyman-a H, measurement by 9.5%.
Note that temperatures at BBN do not change, but rather
the extrapolation from the local temperature 7, differs
from a homogeneous one when accounting for the local
inhomogeneity.

VI. CONCLUSIONS

Concordance cosmology has been very successful in
reproducing our cosmological observations, but some
smaller and larger discrepancies in the inferred parameter
constraints have manifested among a number of our data
sets. We analyzed these observational tensions under the
addition of spatial curvature and a free CMB background
temperature allowed to deviate from its locally measured
value. The inclusion of these parameters produce a trend
in the constraints inferred from CMB and BAO data
towards an open and hotter universe with larger current
expansion rate, standard CMB lensing amplitudes, lower
amplitude of matter fluctuations, and marginally lower
CMB quadrupole moment. This trend consistently eases
the individual tensions among the cosmological data sets.
As a consequence, when combining the data with local
distance measurements, we found a preference for an open
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and hotter universe beyond the 99.7% confidence level.
We then briefly discussed how a local void may serve as an
explanation for the deviation of the CMB background
temperature from its locally measured value and mimic
spatial curvature for CMB photons. This interpretation
implies a ~20% underdensity in our local neighborhood of
~10-100 Mpc in diameter, which is well within cosmic
variance.
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