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Under ACDM, recent baryon acoustic oscillation (BAO) distance measures from DESI, which
favor a low matter density €2,,, are in moderate 2 — 30 tension with cosmic microwave background
(CMB) observations. This tension appears alternately as a preference for the sum of neutrino masses
dropping below the Y~ m, = 0.06 eV value required by neutrino oscillation measurements to formally
negative values; a discrepant value of Q,,, at 0.06 eV; or preference for dynamical dark energy beyond
ACDM. We show that this tension largely arises from the CMB lensing constraints on the calibration
of the sound horizon for geometric measurements and relies on the measurement of the reionization
optical depth 7 from large-angle CMB polarization to set the lensing amplitude. Dropping these
constraints removes the neutrino tension at Y m, = 0.06 eV entirely, favoring 7 = 0.091 £ 0.011 in
ACDM. Beyond ACDM, it brings the preference for wy — w, dynamical dark energy to below 95%
CL. We explore the freedom in interpreting the low-¢ EE polarization constraint due to analysis
choices and reionization modeling beyond the standard step-function assumption and find that this
drops the neutrino tension in ACDM to below 95% CL. Alternately, this raising of 7 can also be
achieved by the same reduction in large-scale curvature fluctuations that also ameliorates the low-£

temperature anomaly.

I. INTRODUCTION

Within the highly successful ACDM cosmological
paradigm, the sum of the neutrino masses M, =
> -m,/eV can be measured by its cosmological influ-
ence on the expansion history and the suppression of
the growth of structure below the neutrino free-streaming
scale (see [1, 2] for recent reviews). On the other hand,
neutrino-oscillation experiments precisely measure the
splittings in the squared masses and consequently con-
strain the minimum M,,. For normal ordering, where the
smaller solar-oscillation splitting is between the lightest
states, this minimum is M, = 0.06, and for the inverted
ordering where it is between the heaviest states, the min-
imum is M, ~ 0.1 [3].

Recent measurements of the expansion history by the
Dark Energy Spectroscopic Instrument (DESI) [4] us-
ing baryon acoustic oscillations (BAO), when combined
with cosmic microwave background (CMB) measure-
ments, have called into question the compatibility be-
tween these minimal masses and ACDM [5-13]. The pos-
terior probability of M, peaks at zero and if formally con-
tinued, would favor unphysically negative values. With
the recent second data release of DESI, this unphysical
continuation gives M, g = —0.10115027 when combined
with the CMB [8], which implies a fairly significant ten-
sion with even the normal ordering bound under ACDM.
This tension can alternately be viewed as supporting a
dynamical dark energy extension of the paradigm.

In fact, the origin of the CMB + BAO preference for
low M, in ACDM, or dynamical dark energy beyond it,
both originate from the BAO preference for a low value
of Q,,, [7, 14], the matter density in units of the critical
density, which includes the neutrino contribution. With
recent improvements in CMB lensing measurements, the
CMB prefers a significantly higher value of 2,,, under the

standard analysis, with the overall tension in ACDM ris-
ing to the 2.30 level if M,, = 0.06 [8]. This can alternately
be phrased as a preference for raising the CMB lensing
amplitude through an artificial rescaling parameter Ap,
[15] at a similar significance [6, 10, 16].

Within the 6-parameter ACDM paradigm, the optical
depth through reionization 7 is the only parameter that
could substantially change these conclusions and recon-
cile CMB, BAO, and neutrino oscillation measurements.
It has long been known that 7 affects the interpretation
of the lensing amplitude and hence the bound on M,
[17, 18].

The optical depth is also the most difficult of the
ACDM parameters to measure, as it mainly involves the
very lowest multipoles of the CMB E-mode polarization.
It was first detected by WMAP in cross-correlation with
temperature as 7 = 0.17 £ 0.04 [19]. Improvements in
the measurements have steadily revised the bounds since
its detection: from 7 = 0.089 £ 0.014 (WMAP9 [20]) to
7 =0.097£0.038 (Planck 2013 [21]) to T = 0.079+0.017
(Planck 2015 [22]) to 7 = 0.0544 &+ 0.00755 (Planck 2018
23)).

These analyses assume a simple model of reionization
where the ionization fraction changes nearly instanta-
neously from essentially neutral to full hydrogen ioniza-
tion, such that reionization can be described by a single
parameter. More generally, low-¢ EE polarization data
depends on 5 principal components of the ionization his-
tory [24]. Taking this into account can both systemati-
cally raise the mean optical depth by allowing a high red-
shift component and broaden its modeling uncertainty.
For example, with Planck 2015 data, the bound rises to
7 = 0.092 + 0.015 [25]. Furthermore, post Planck 2018,
the SRoll2 reanalysis to improve foreground and system-
atic effects raises the bounds to 7 = 0.0592 + 0.0062
[26] while still assuming a single-step reionization model.



When combined with the principal-component analysis
into RELIKE (Reionization Effective Likelihood), the
value rises to 7 = 0.0619 £+ 0.0062 [27]. The revision
to the Planck FlexKnot general reionization analysis [23]
(errata; v3) is also compatible with RELIKE. Finally, in
models beyond slow-roll inflation, the low-¢ EE polar-
ization power can be suppressed to simultaneously ac-
commodate the low large-angle temperature spectrum,
requiring an even higher 7 to match observations [28].

In light of these considerations, we conduct a thor-
ough investigation of the role of 7 and the leeway pro-
vided by data and modeling assumptions on the ten-
sion between CMB 4 BAO within ACDM given neutrino-
oscillation measurements. We begin in Sec. II with the
datasets and methodology. In Sec. 111, we systematically
analyze the relationship between phrasing this tension in
ACDM in terms of M,, Q,,, Ar, or 7. We address the
leeway allowed by various analyses of 7 in Sec. IV, show-
ing that minimal-mass neutrinos can be reconciled with
ACDM within the 95% CL. Dropping the low-¢ EE con-
straint entirely completely removes the tension in ACDM
and also weakens the preference for dynamical dark en-
ergy with M, = 0.06 to below 95% CL. Finally, we dis-
cuss these results as well as the implications for replac-
ing BAO with Type IA supernovae distance measures in
Sec. V.

Throughout this work, in addition to defining M, to
omit the units of eV in the sum of the neutrino masses,
we also omit units for the current expansion rate Hy =
100k km/s/Mpc as a shorthand convention.

II. DATA AND METHODOLOGY

We are primarily interested in reconciling CMB and
BAO datasets with minimal neutrino masses within
ACDM, but also test against the alternative of combining
CMB and SN datasets. Our fiducial analyses therefore
involve the following datasets:

e CMB: We use the Planck 2018 [23] PR3 low-¢ TT
and EE and plik high-¢ TTTEEE likelihoods. To
these, we add Planck PR4 lensing [29] and ACT
DR6 lensing [30], including their cross-correlations.
We also add SPT-3G MUSE lensing data [16] as
an independent data set since the cross-correlations
are expected to be negligible considering the small
but deep sky coverage [31].

e BAO: We use BAO data from DESI DR2 [8, 32]
with a likelihood based on Table 4 in [32], us-
ing Dy /rq for the lowest redshift bin and Dps/rqg,
Dy /rq, and their cross-correlation 77,y for all
other bins.

e SN: We use the DESY5 Supernovae distance mod-
uli [33].

These datasets are the currently most constraining
representations of their respective classes and cause the

greatest tension in ACDM with their different €2,,, infer-
ences [14]. In this work, we take them all at face value,
but see Refs. [10, 12, 16, 32] for analyses of alternate
subsets, likelihoods, and surveys.

Aside from M,, we restrict the parameter space to
the six standard ACDM parameters: the physical cold
dark matter density Q.h?; physical baryon density Qyh?;
the angular scale 6, of the sound horizon; the amplitude
Ay (varied as In10'°A;) and tilt ng of the initial curva-
ture power spectrum; and the optical depth 7 through
reionization. We use broad, flat priors as well as all rec-
ommended nuisance parameters for the various datasets
(e.g. [23]). We use the approximation of 3 degenerate-
mass neutrinos throughout, which for current cosmologi-
cal data is sufficient to model the actual mass eigenstates
of both the normal and inverted orderings [34, 35].

As we shall see, leeway in raising M, to at least its
minimum value is provided by relaxing the CMB lens-
ing data, or almost equivalently, relaxing constraints on
the optical depth through reionization 7 from low-¢ EE
CMB polarization data. For lensing, we use the standard
parameter characterizing the lensing tension, Ay, where
the projected gravitational potential Cf(b is rescaled as

A LC“LM) in parameter space for all CMB power spec-
tra; separately we consider the results from omitting the
CMB lensing reconstruction data.

We are particularly interested in exploring the robust-
ness of the tension to constraints on 7 from different data,
analysis, and modeling choices. We first drop all low-/¢
EE data and constraints by removing it from the CMB
likelihoods. We then test against the SRoll2 modifica-
tions to the low-¢ EE Planck 2018 data and analysis that
improve the foreground and systematic errors [26].

Finally, we test the standard modeling of reionization
and inflation. For reionization, we take the 7 constraint
from the principle-component analysis of RELIKE using
the SRoll2 data. For inflation, we follow Planck 2013-
2018 in testing an exponential suppression of large-scale
curvature power Pr by multiplying the initial curvature
spectrum by [36]

1— e Vh/ke (1)

with a flat prior on In(k. Mpc) € [—-12, -3].

These modifications from the baseline CMB analysis
are denoted as CMB (X), where the modification X is
given by:

e CMB (AL): lensing power amplitude A;, marginal-
ized over for both lensing reconstruction and the
smearing of peaks in CMB primaries

e CMB (no lens recon): no CMB lensing reconstruc-
tion from Planck PR4, ACT and SPT

e CMB (no low-¢ EE): no low-¢ EE constraint of any
kind

e CMB (low-¢ EE): 7 = 0.0544 &+ 0.00755 prior re-
places low-¢ EE data [23, 27]



e CMB (SRoll2): 7 = 0.0592 4 0.0062 prior [20]
e CMB (RELIKE): 7 = 0.0619 %+ 0.0062 prior [27]

e CMB (Pgr): curvature power suppression scale k.
marginalized with SRoll2 data and standard reion-
ization

Due in part to the preference for less than minimal
mass neutrinos with CMB + BAO in ACDM, we use a
mix of Bayesian and frequentist methods in our analysis.
For both methods, we use the Boltzmann code CLASS
(Cosmic Linear Anisotropy Solving System) to compute
the power spectra and distances [37]. We use functional-
ity already built into CLASS to provide an externally cal-
culated array for the initial curvature power spectrum for
power-suppression tests. For our Bayesian explorations,
we use Metropolis-Hastings Markov Chain Monte Car-
los (MCMC) with MontePython [38, 39] and Cobaya [40].
We use the Python package GetDist [41] to analyze the
chains.

While Bayesian methods are more efficient at provid-
ing multi-dimensional parameter constraints and incor-
porating prior knowledge, to address the preference in
the data for less than minimal mass neutrinos, we use
Procoli [42] to obtain likelihood profiles and optimize
x? values to compare model parameters. Procoli uses
simulated-annealing optimizers and has been employed in
other instances where prior effects are important [10, 43—
47].

We report Ax? values for various datasets against a
common model where M, = 0.06 to illustrate the ab-
solute improvements in the fit. When changing the as-
sumptions involving lensing and 7, we isolate the portion
that comes from data excluding all low-¢ EE information
(X=no low-¢ EE) and denote this as A(x? — x2).

III. SHIFTING TENSIONS: M,, Q., AL, T

We show here that the tension between CMB and BAO
datasets, which originates from the BAO preference for
low §2,,, in ACDM, can be alternately phrased as tensions
with minimal neutrino masses (Sec. III A), CMB lensing
amplitude (Sec. 111 B) or the optical depth through reion-
ization (Sec. ITT C). While lowering the neutrino mass or
raising the lensing amplitude is not physically possible in
ACDM, the optical depth is a physical parameter that
can be raised were it not for the CMB low-¢ EE con-
straints in the standard analysis.

A. Neutrino masses M,

We begin with the usual way of casting the tension be-
tween CMB and BAO datasets in ACDM as a preference
for neutrino masses that are significantly below the mini-
mum allowed by oscillation experiments (M, = 0.06) and
even formally negative [5-13, 35].
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FIG. 1. M, — Q,, posterior constraints for CMB and

CMB + BAO datasets. Along the CMB degeneracy of AM, =~
2.5A0,/Qm , the BAO data favor M, to be below the min-
imal values of 0.06 and 0.1 for normal and inverted ordering
respectively (vertical dashed lines).

This tension originates from the BAO preference for a
low value of Q,, = 0.2975 4+ 0.0086 [32] when combined
with the well-measured angular scale 6, = rs/Da(z.) of
the CMB acoustic peaks, where 75 is the sound hori-
zon and D4 is the angular diameter distance to the
redshift of recombination z,. Neutrinos that are rela-
tivistic at recombination count as radiation for ry and
matter for D4 and 2,,, which dictates their role in ge-
ometric constraints (e.g. [7]). To the extent that the
energy densities of various components at recombina-
tion are fixed, 7, is fixed in Mpc™'. D4(z,) is then
also fixed by the precise measurement of #,. Thus, the
addition of the neutrino matter density at low redshift
pv o (14 2)3Q,h% < (14 2)2M,,/93.1 implies that the
Hubble constant Hy must decrease as M, increases to
compensate the change in distance (e.g. [21]). This leads
to the strong scaling between M, and (), , and conse-
quently €,,, at fixed CMB geometry despite the small
fraction of the matter contained in neutrinos for sub-eV
masses (e.g. [7]).

This can be seen in Fig 1, where we show posteri-
ors for M, and Q,, with and without BAO data. CMB
data alone follow an approximate degeneracy which al-
low changes of AM,, =~ 2.5AQ,,/Q,,. This degeneracy is
restricted by the BAO preference for low ,,. To com-
pensate for this, M, decreases below its minimum possi-
ble value. Without the BAO data and a physical prior of
M, >0, 50% of the M, posterior lies above M, = 0.06,
whereas with BAO only 5% does. The inverted-ordering
minimal mass of 0.1eV would then be strongly ruled
out. Moreover, with the BAO data, the posterior peaks
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FIG. 2. Likelihood profiles shown as Ax? along M, for

CMB + BAO and CMB (no low-¢ EE)+BAO datasets with
the zero point defined by the CMB + BAO M, = 0.06 model
in Tab. I (horizontal dashed line). While CMB + BAO are in
tension with both the normal and inverted-ordering minimal
masses (vertical dashed lines), removing the optical depth 7
information from low-¢ EE restores consistency with both.
Shaded bands represent a range of quadratic fits to extrapo-
late the profile to M, < 0 (see text).

sharply at M, = 0, implying that the preferred neutrino
mass would be negative if that were physically possible.

In Fig 2, we ascertain this by extrapolating a pro-
file likelihood for M, to the unphysical negative mass
regime with CMB 4+ BAO. To extrapolate the profile be-
low M, = 0 and find the minimum, we perform a
quadratic fit. We find that the minimum lies between
—0.035 < M, < —0.022. The upper and lower values
come from fitting the profile points with Ax? < 4 and
< 9 above the physical minimum respectively and reflects
the uncertainty in our extrapolation. For comparison, us-
ing a parameterized extension to M, g < 0, Ref. [8] ob-
tains M, o = —0.10175-047 for a case where their profile
extrapolation gives M, = —0.036.

In Tab. I, we also extract the Ax? between the M, =
0.06 and the physical minimum M, = 0 cases, where all
other parameters have been adjusted to minimize Ay?.
Note that the values of Ax?2 for all cases in Tab. I are
given with respect to the CMB + BAO fiducial model
with M,, = 0.06 in order to compare the goodness of
fit. For CMB + BAO

x*(M, = 0) — x*(0.06) ~ —4.5, (2)

and a substantial part of this preference for lowering M,
comes from the contribution of the low-¢ EE likelihood
Ax? ~ —1.7. This already highlights the role of the
optical depth 7 in this tension as we shall explore in detail
below.

Since we cannot reconcile CMB and BAO data within
ACDM with M,, constraints from oscillation experiments,
another way to do so is to allow more freedom in the
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FIG. 3. ACDM geometric tension in €2, — Hp at the minimal
M, = 0.06. With neutrino masses fixed, the CMB geometric
degeneracy is AQp/Qm ~ —3AHy/Hy and tension between
Q. values with CMB and CMB + BAO reflect the calibration
of the sound horizon in the former.

calibration of the sound horizon r;. In Fig. 3, we fix
M, = 0.06 and highlight the problem in the Q,, — Hy
plane. Throughout the figures here and below, when
we have fixed M, to the minimal value required in nor-
mal ordering and shifted the tension elsewhere, we use
the label “normal ordering M, = 0.06.” With neutri-
nos fixed, the CMB geometric constraint on 6, requires
constant Q,,h3, and this degeneracy is broken by mea-
surements of the cold dark matter density Q.h? and
baryon density ,h? that calibrate ry [48]. Adding the
BAO constraint pulls €, down and Hy up, reflecting
the same tension that drives the neutrino mass con-
straint but now directly in Q,,. With CMB + BAO at
M, = 0.06, Q,, = 0.3024 £ 0.0036, whereas with only
CMB ,, = 0.3163 £ 0.0067 which is a 2.50 tension in
the update difference in means (Eq. (53) in [49]). We
shall see that the information from CMB lensing and
consequently 7 plays a substantial role in determining
this calibration.

B. CMB lensing rescaling Ay,

CMB lensing data plays a significant role in the ten-
sion between CMB and BAO datasets [6], and its sig-
nificance has increased with the recent ACT and SPT
measurements [16, 30]. This tension can be quantified
as a preference for excess lensing Ay > 1, where Ay, is
a parameter that rescales the lensing power spectrum as
CP? — ALCP? for each set of ACDM parameters [15].



M, T Ax? A2 ARG —x3)
CMB+BAO  0.06 0.065 0 0 0
0 0.061 4.52 -1.65 2.87
AL 0.06 0.050 -10.05 3.64 6.41
0 0.050 -10.42 -3.63 -6.79
no low-¢{ EE  0.06 0.092 5.87 - 5.87
0 0.082 6.32 - 6.32
low-¢ EE 0.06 0.066 0.10 0.33 0.23
0 0.063 4.22 0.72 -3.49
SRoll2 0.06 0.066 0.05 0.30 0.26
0 0.064 4.25 0.25 -4.00
RELIKE 0.06 0.070 045 1.23 “1.68
0 0.066 -4.30 0.21 451
Pr 0.06 0.070 -1.96 0.99 2.96
0 0.064 6.41 -0.91 -5.50

TABLE 1. Ax? for the relaxation of tension between minimal neutrino masses M, = 0.06 and 0. All Ax? values are relative
to the CMB + BAO M, = 0.06 model and minimized with respect to ACDM parameters for each of X alterations in datasets
and methodology: CMB (X)+BAO with X=Ay for optimizing the lensing-rescaling parameter; no low-¢ EE for dropping all
low-¢ EE constraints; low-¢ EE for replacing the data with the corresponding 7 prior; SRoll2 for its 7 prior; RELIKE for SRoll2
priors with general reionization models; Pz for an exponential truncation of the power spectrum at k.. Ar and no low-¢ EE
cases resolve the tension similarly with optimized values of Ay, = 1.09, 1.07 or 7 = 0.092,0.082 for M, = 0.06, 0 respectively.
For, Px the optimized values are In(k. Mpc) = —8.56 , —8.75 respectively and we use the SRoll2 likelihood for Ax2. See Sec. II

for details.

Note that when comparing Ay, values with 2, marginal-
ized or maximized over across different datasets, the in-
terpretation of Ay for the lensing power spectrum itself
changes, but the results can still be compared to the ex-
pectation that Ay = 1.

The relationship between the geometric CMB + BAO
constraints and lensing comes about from the need to
compensate the changes due to low 2,,. Compensation
in Cf‘z’ occurs along the geometric M, — Q,, degener-
acy, since lowering M, removes the suppression of CEW’
below the neutrino free-streaming scale whereas lowering
Q,,, suppresses the gravitational potential fluctuations re-
sponsible for lensing.

At fixed 0., the relationship between a change in M,
and the change in lensing is roughly AM, ~ 2.5AIn Czw
([17], their Fig. 4 below the free-streaming scale). This
implies that to restore the minimal mass of 0.06 from
0, we would need to raise the amplitude of lensing by a
factor of ~ 1.024, which agrees with the shift in Ay, in
Tab. I. Extrapolating the degeneracy line to bring the
preferred value back to A, = 1 would require M, =
—0.15. This is another way of extrapolating to negative
neutrino mass and it provides a more negative value than
the profile extrapolation in Fig. 2.

We see this degeneracy between M, and Ay, in the top
panel of Fig 4. While in the M,, — Ay, plane at M,, — 0,
Ay, =1 is still barely allowed at 95% CL, for M, = 0.06
the exclusion is much higher. In Fig. 5 for M, = 0.06,
we show that with CMB data alone 3% of the posterior
lies below Ay, = 1 whereas with CMB+BAO this value is
too far in the tails to reliably measure with the MCMC.

Moreover, it has been shown that this tension is now
driven by Cfd’ measurements rather than the smoothing
of the acoustic peaks [6, 16].

When marginalizing Ay, in Fig. 6, M, > 0.06 repre-
sents 52% of the posterior compared to just 5% without
Ap. Correspondingly in Tab. I, for CMB (Ar) + BAO,

AX*(M, = 0) — Ax?(0.06) ~ —0.4, (3)

which is a negligible difference compared with that of
CMB +BAO in Eq. (2). The overall improvement in
Ax? ~ —10 reflects a large component from removing
the optical depth penalty of Ax2 ~ 3.6 in the fiducial
model. The values of A(x? — x2) ~ —6.4 and ~ —6.8 for
M, = 0.06 and M, = 0 respectively reflect the part of
this improvement from omitting the low-¢ EE data. As
we shall see below, this represents the maximum improve-
ment possible by relaxing 7 constraints. Notice that this
is achieved by setting 7 ~ 0.05 which is slightly below the
0.0544 central value of the CMB (low-¢ EE) (see Sec. II)
constraint. This is because part of this constraint comes
from the peak smoothing anomaly which is removed by
marginalizing Ay. The Planck 2018 primary CMB con-
straint with Ay, marginalized is 7 = 0.0492J_r8:88§§ [23].
Of course, Ay, is an artificial parameter designed to
monitor tension between the lensed and unlensed CMB
in ACDM. In the context of ACDM, the strong constraint
on the amplitude of C?? with CMB + BAO instead pro-
vides a constraint on Q.h? given the high sensitivity at
fixed 6.: AlnC?? ~ 20AQ.h% [17]. CMB lensing now
forms a substantial part of the constraint on the sound
horizon 7 involved in the CMB 4+ BAO geometric tension
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FIG. 4. CMB+BAO tension with minimal neutrino mass
from normal and inverted orderings (vertical lines) is relaxed
by either rescaling lensing with A, or by removing the low-/
EE constraint on 7 due to the degeneracy AM, =~ 5AT ~
2.5A In A L-

with €,,. Relaxing this by allowing the lensing ampli-
tude to vary then shifts the neutrino tension to a lensing
tension.

C. Optical depth 7

While adjusting the lensing amplitude to accommo-
date the lensing tension through Ay, is unphysical, there
is a standard ACDM parameter that has the same effect:

Normal ordering M, = 0.06
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FIG. 5. Posterior constraints on lensing-rescaling parameter
Ap, with CMB and CMB + BAO. With the addition of BAO,
Ar becomes strongly inconsistent with the ACDM value of
Ap =1, with a maximum likelihood value of A;, = 1.09.

CMB + BAO
== CMB (A,) + BAO
== CMB (no low-{ EE) + BAO

0.0 0.3

FIG. 6. Posterior distributions for M, for CMB -+ BAO
vs. CMB (AL)+BAO and CMB (no low-¢ EE)+BAO. The Ay,
and no low-¢ EE extensions resolve the tension with minimal
masses (vertical lines) similarly.

the optical depth 7 through reionization. Measurements
of the acoustic peak amplitudes constrain Ase~2", where
A, is the amplitude of the initial curvature power spec-
trum. Raising 7 increases the inferred A; and hence the
amount of lensing. In fact, measurement and modeling
uncertainties on 7 have long been known to be an im-
portant issue for measuring M, (e.g., [17, 18]). From the
perspective of lensing measurements, this amplitude de-
generacy can be cast as a degeneracy with Ay, that leaves
Ape™?7 fixed.

In the absence of low-¢ EE data, this resolution would
work equally well as Ay,. In Fig. 4 (lower panel) we show
the posterior constraints in M, — 7 for CMB (no low-¢
EE) 4+ BAO. Notice that the degeneracy line follows

AM, ~5AT =~ 2.5AIn Ay, 4)
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FIG. 7. Resolving the ACDM geometric tension in €2,, — Ho
at fixed M, = 0.06 with 7 (cf. Fig.3). With CMB (no low-¢£
EE), constraints on the sound horizon r, weaken and allow
for the low €, and high H, preferred by BAO.

as expected and so a shift from 7 ~ 0.054 to 0.092 works
comparably well as Ay, ~ 1.09 in Tab. I. More specifically,
with CMB (no low-¢ EE)+ BAO

Ax*(M, = 0) — Ax*(0.06) =~ —0.5, (5)

and is again insignificant when compared with that of
CMB +BAO in Eq. (2). Moreover, for both M, val-
ues, the A(x? — x2) ~ —6 is comparable to that with
Aj, optimized, reflecting a similar level of relaxation of
the CMB 4 BAO tension but now within ACDM. Corre-
spondingly, M, > 0.06 is allowed and is 48% of the pos-
terior in Fig. 6 (bottom panel). Furthermore, M, > 0.1
is 25% of the posterior such that the inverted ordering is
no longer ruled out. In Fig. 2, the M, profile peaks near
M, = 0 and M, = 0.06 remains in the flat portion of the
curve.

Finally with fixed M, = 0.06, we obtain the following
posterior constraints:

7 = 0.091+0.011 CMB (no low-¢ EE)+BAO,
— 0.080+0.016 CMB (no low-¢ EE). 6)

We can trace the physical reason for the change in CMB
geometric inferences back to the €, — Hy plane in Fig. 7.
Compared with Fig. 3, the impact of omitting low-¢ EE
information is a substantial broadening of the allowed
range of ,,, or equivalently, the calibration of 4 that
now allows the favored low €2, without lowering M, .
Along the 6, degeneracy, the additional consequence is
that larger Hj is allowed by the CMB and preferred by

Dynamical dark energy, M, = 0.06
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FIG. 8. Preference for dynamical dark energy with M, =
0.06 drops from substantially above 95% CL in CMB+BAO
to below 95% CL in CMB (no low-¢ EE) +BAO. Note that
ACDM lies at the intersection between the two dashed lines
at wo = —1,we = 0.

BAO

Hy 68.69 £ 0.31 CMB (no low-¢ EE)+BAO,

= 68.15+0.69 CMB (no low- EE). (7)

Given that CMB (no low-¢ EE)+BAO is compatible
with ACDM and minimal M, removing the low-¢ EE
data also reduces the preference for dynamical dark en-
ergy in these datasets. In Fig. 8, we show the usual
wo —w, dynamical dark energy extension where the dark
energy equation of state is w(a) = wp + wy (1 —a). With
CMB + BAO, the ACDM model (where wy = —1,w, =
0) is excluded at greater than 95% CL whereas with
CMB (no low-¢ EE) it is within the 95% confidence re-
gion. Conversely, it is known that beyond ACDM, due
to the degeneracy in C’f(b with dark energy [17], the neu-
trino mass tension relaxes and is insignificant if wg — w,
is marginalized [8].

Of course, the actual low-¢ EE data disfavor this 7 res-
olution in ACDM. In Fig. 9 (top panel) we compare the
low-¢ EE constraint on 7 from the posterior of the CMB
analysis without lensing reconstruction data to these in-
ferences. The 1.40 level agreement between CMB (no
low-¢ EE) and the low-¢ EE data becomes a 2.7¢0 ten-
sion with the inclusion of BAO. This tension motivates
a study of the robustness of the low-¢ EE constraint on
T next.
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FIG. 9. Prior and posterior distributions for 7 for the minimal
M, = 0.06. Top panel: CMB (no low-¢ EE) and CMB (no
low-¢ EE)+BAO are compatible at higher values of 7 but in
tension with the low-¢ EE constraint from the primary CMB
anisotropies (no lens reconstruction). Bottom panel: priors
on 7 from alternate analyses: low-¢ EE prior that matches
its constraint (vertical line highlights the alignment given the
small asymmetry of the data constraint); RELIKE extended
reionization models with SRoll2. RELIKE 7 prior partially
relaxes the tension with BAO.

IV. ELEVATING THE OPTICAL DEPTH

Within the ACDM model, the way of reconciling CMB
and BAO data without violating neutrino-oscillation con-
straints is to raise the optical depth 7. On the other hand,
as we have seen in the previous section, the tension with

the low-¢ EE measurement of 7 is at 2.70 compared with
CMB (no low-¢ EE) + BAO.

Setting aside the possibility of systematic errors in the
Planck 2018 low-¢ EE data, there are analysis and mod-
eling choices that affect the inferences of the same data
for 7. As we have seen in Sec. II, the SRoll2 analysis
provides a higher central value for 7 but with smaller er-
rors. In the bottom panel of Fig 9, we can see that this
relaxes the tension slightly to 2.50. The RELIKE reion-
ization analysis with SRoll2, which allows for variations
from the step-like reionization form further relaxes the
tension to 2.30. While these changes do not allow a full
reconciliation, they do weaken the preference for lower
than minimal mass neutrinos.

To quantify this weakening in a way that can more eas-
ily be mapped to changes in the constraints on 7, we con-
sider these modifications to be priors on 7 in the CMB (no
low-¢ EE) analysis. This general approach is useful for
comparing to other types of (non-CMB) constraints on 7,
for example from direct high-z observations (see Sec. V)
that may suggest similar shifts in the future.

The one drawback to this approach is that the CMB

CMB + BAO
= = CMB (RELIKE) + BAO
== CMB (no low-{ EE) + BAO

>

0.3

FIG. 10. Posterior distributions for M, with CMB + BAO
vs CMB (RELIKE)+BAO and CMB (no low-¢ EE)+BAO.
While the RELIKE 7 prior only partially relieves tension
with minimal neutrino masses (vertical dashed lines) when
compared with no low-¢ EE constraint, it improves the prob-
ability of M, > 0.06 by a factor of 1.35 and the exclusion falls
below the 95% CL.

prior from no low-¢ EE actually reflects all 7 constraints
from the primary CMB, including the smoothing of the
acoustic peaks. While this is a small component of the
constraint, if we add it back to the analysis of primary
CMB anisotropies as a prior, we double-count this peak-
smoothing information.

To quantify this double-counting, we compare
the CMB (low-¢ EE prior)+BAO analysis to the
CMB + BAO analysis (which includes low-¢ EE data by
default). In Tab. I, we see that double counting shifts the
best fit 7 from 0.065 to 0.066 and changes Ax? between
M, = 0 and M, = 0.06 by 0.2 and that of A(x? —x2) by
0.4. Since the preference for higher 7 is driven by lensing
reconstruction and BAO, as this small shift shows, we can
interpret the impact of analysis changes while neglecting
this small double-counting. We reserve a full analysis for
future work.

With just SRoll2, the combination of higher =
and smaller error bars leaves only a small effect on
the neutrino mass tension as quantified in Tab. I.
The RELIKE model has a larger impact and brings
CMB (RELIKE)+BAO to

Ax?(M, = 0) — Ax?(0.06) ~ —3.85, (8)

and allows an improvement of A(x? — x2) = —1.7 over
the fiducial model. The posterior shift in 7 is a more
substantial change from 7 = 0.065 to 0.07 for the best-
fit.

While small, this changes the posterior probability M,
as shown in Fig. 10. In particular, the probability of
M, > 0.06 increases by a factor of 1.35 and reduces the
exclusion to the 93% CL level, i.e. below the nominal 95%
CL of a tension.

Apart from freedom in reionization models and anal-
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FIG. 11. CMB (Pz)+BAO with M, = 0.06, where the

curvature power spectrum is suppressed for k < ke (see
Eq. (1)) and the SRoll2 likelihood [26] is used for the low-
¢ EE data. Large-angle temperature anomalies prefer a value
of In(k. Mpc) between —8 and —9, where the low-¢ polariza-
tion suppression allows larger 7.

yses, there is also some leeway in inflationary models to
raise 7 further. Beyond slow-roll inflation has the ability
to do this by reducing the power Pgr in curvature fluctu-
ations on large scales [50], which is also mildly preferred
by the large-angle anomalies in the TT spectrum. This
can boost the central value of 7 by ~ 0.01, and equally
importantly, broaden its tail to high values [28].

As a proof of principle for the impact of Pz , we ana-
lyze the exponential-cutoff model of Eq. (1) with SRoll2
data as CMB (Pgr)+BAO in Fig. 11. Notice that the
same preference from the low-¢ TT power anomalies for
a finite In(k. Mpc) ~ —8.5 also allows larger 7 due to the
suppression of low-¢ EE power [50]. In Tab. I, we show
the impact of of k. on the neutrino mass tension with
CMB (Pr)+BAO

AX*(M, = 0) — Ax?(0.06) ~ —4.4. (9)

This a slightly larger difference than in Eq. (8). Con-
versely, the A(x? — x2) between M, = 0 and M, = 0.06
of CMB (Pr)+BAO (—2.5) is slightly better than that
of CMB (RELIKE) + BAO (—2.8). Therefore, while Eq.
(9) reflects a penalty from Ax?, the difference mainly
comes from the improvement of the fit at M, = 0 rather
than a degradation at M, = 0.06. Likewise, both models
have a better Ax? and A(x?—x2) than their non-k, alter-
natives in part due to the ability to adjust parameters to
account for the low TT power anomaly. The consequence

for the current tension is that k. has a comparable abil-
ity as reionization modeling for raising the best-fit optical
depth, which becomes 7 = 0.07 for M, = 0.06 and 0.064
for M, = 0.

The combination of reionization and inflaton model
freedom could therefore double the change in 7 and bring
these values closer to the 7 ~ 0.09 preferred by the no
low-¢ EE case. In fact, when optimized over any inflation-
ary model, Ref. [28] showed that the two combined can
essentially directly add their separate freedoms. While
currently these improvements do not justify the added
model complexity, should the tension become stronger
with future data, using a combination of reionization
and/or even more complex inflationary model freedom
could be favored. We leave these explorations for future
work.

V. DISCUSSION

We have shown that the CMB + BAO tension with
minimal-mass neutrinos in ACDM can be transferred to a
tension in the optical depth 7 at M,, = 0.06, which raises
the predicted amount of lensing in the CMB. To fully
resolve the tension with reionization, the optical depth
would need to rise to 7 = 0.091+0.011 from its low-¢ EE
and standard-reionization result of 7 = 0.0592 4+ 0.0062
with slow-roll inflation. In ACDM, this shifts the geo-
metric calibration of the sound horizon and consequently
also raises Hy. Beyond ACDM, shifting 7 would also re-
duce the CMB + BAO preference for wy — w, dynamical
dark energy to below 95% CL.

Employing the enhanced optical depth of the SRoll2
reanalysis and the extended reionization modeling of RE-
LIKE only allows 7 = 0.0619 4 0.0062 but does increase
the posterior probability of M, > 0.06 by a factor of 1.35
which removes the 95% CL exclusion. Alternately, chang-
ing the initial curvature power spectrum in a manner pre-
viously suggested for large-angle temperature anomalies
would allow a comparable effect on 7. The combination
of reionization and inflation modeling as in Ref. [28] could
resolve the optical depth tension even further. Finding a
concrete model beyond single-field slow-roll inflation that
does so would be interesting in the future.

In spite of this relaxation of the tension within ACDM,
the optical-depth solution cannot simultaneously resolve
the tension between CMB, BAO and SN that leads
to a joint preference for dynamical dark energy, even
if we altogether drop the low-¢ EE constraint on 7.
While CMB (no low-¢ EE) can accommodate the pre-
ferred range on 2, of either BAO or SN, the BAO and
SN preferences are themselves in tension [14, 32]. We
show this in Fig. 12 along with the correlated prefer-
ence for high and low 7 respectively. Tension between
the three datasets is reduced in the wy — w, dynami-
cal dark energy space but only fully if the dark energy
evolves across the phantom divide of w = —1, or with a
more complicated dark sector which mimics that expan-
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FIG. 12. SN vs. BAO combinations with CMB (no lowL EE)
for Q,, — 7. Removing the low-¢ EE constraints in CMB can
bring ,, and 7 into consistency with either BAO or SN but
not both.

sion history [51]. This resolution also relaxes the tension
with minimal-mass neutrinos [8].

Given the theoretical problems and implications of
such a phantom solution, it is still important to exam-
ine the weak links in this chain of inferences as we have
done here with 7 for CMB 4+ BAO. Upcoming measure-
ments of 7 will help clarify the compatibility of ACDM
with these datasets. Using the CMB, the ground-based
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Cosmology Large Angular Scale Surveyor (CLASS) tele-
scope [52] aims to measure 7 to near cosmic variance
precision [53], and has already reported measurements in
cross correlation with Planck [54]. Further in the future,
the proposed satellite LiteBIRD [55] could measure the
principal components of the ionization history itself [56].

Beyond the CMB, direct high-redshift observations
may prove incisive on these tensions. For example, within
standard models of reionization, 21lcm measurements are
projected to improve constraints on 7 substantially and
break the CMB degeneracy with M, (e.g. [57, 58]). Con-
versely, measurements of the suppression of structure be-
low the free streaming scale will isolate the neutrino ef-
fects (e.g. [8] and references therein). In fact, JWST
measurements of high-redshift galaxies [59-62] may al-
ready be providing hints (e.g. [63]) for higher 7 and ear-
lier reionization.

Note added: After completion of this work, Ref. [64]
appeared which reaches related conclusions about remov-
ing optical depth constraints.
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