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We perform a comprehensive analysis of the most common early- and late-Universe solutions to
the Hop, Ly-«, and Ss discrepancies. When considered on their own, massive neutrinos provide a
natural solution to the Ss discrepancy at the expense of increasing the Hy tension. If all extensions
are considered simultaneously, the best-fit solution has a neutrino mass sum of ~ 0.4 eV, a dark
energy equation of state close to that of a cosmological constant, and no additional relativistic
degrees of freedom. However, the Hy tension, while weakened, remains unresolved. Motivated by
this result, we perform a non-parametric reconstruction of the evolution of the dark energy fluid
density (allowing for negative energy densities), together with massive neutrinos. When all datasets
are included, there exists a residual ~ 1.90 tension with Hy. If this residual tension remains in
the future, it will indicate that it is not possible to solve the Hy tension solely with a modification
of the late-Universe dynamics within standard general relativity. However, we do find that it is
possible to resolve the tension if either galaxy BAO or JLA supernovae data are omitted. We find
that megative dark energy densities are favored near redshift z ~ 2.35 when including the Ly-a
BAO measurement (at ~ 20). This behavior may point to a negative curvature, but it is most
likely indicative of systematics or at least an underestimated covariance matrix. Quite remarkably,
we find that in the extended cosmologies considered in this work, the neutrino mass sum is always
close to 0.4 eV regardless of the choice of external datasets, as long as the Hy tension is solved or

significantly decreased.

I. INTRODUCTION

The concordance ACDM model of cosmology is very
successful in explaining the large-scale structure (LSS)
of the Universe; it passes a number of precision tests and
describes well observations of the cosmic microwave back-
ground (CMB) from the Planck satellite [1]. However,
with the increasing precision and sensitivity of various
instruments, interesting tensions have emerged. A recent
direct measurement of the local value of the present day
Hubble rate Hy [2] shows a > 30 tension with the inferred
value from CMB observations [1]. Furthermore, there is a
long-standing discrepancy between LSS surveys and the
CMB determination of the quantity Sg = os(Qar/Q5),
where og is the amplitude of matter density fluctuations
in spheres with radius of 8h~! Mpc, Q,; is the relic den-
sity of matter in the Universe today, and Q%! is a normal-
ization.! Measurements of Sg from galaxy clustering and
weak lensing surveys (such as CFHTLenS [3], KiDS [4, 5],
DES [6], and Planck SZ cluster counts [7]) are all smaller
(between 20 and 40) than the CMB prediction. Finally,
the BOSS DR11 baryon acoustic oscillation (BAO) mea-
surements from the Ly-a auto-correlation analysis and
cross-correlation with quasars have a reported ~ 2.50
tension with the flat ACDM Planck prediction [8]. The
significance of this discrepancy is reduced by recent in-
creases in the size of the dataset, perhaps suggesting
a statistical fluctuation combined with a mildly non-

1 The values of Q}"\Zf and « vary between experiments, but they are
often set to 0.3 and 0.5, respectively.

Gaussian covariance matrix [9], but a 2.3¢ tension re-
mains with the latest DR12 data [10]. There have been
various efforts to resolve these tensions with different cos-
mological models, usually classified as either early- or
late-Universe solutions [11-22]. These attempts often fo-
cus on solving one of the tensions, using specific datasets
to fit simple extensions of ACDM. However, these exten-
sions are inconsistent when additional datasets constrain-
ing late-Universe expansion quantities, such as the BAO
scale or the luminosity distance from type Ia supernovae
(SNe Ia), are incorporated [2, 16, 19].

In this paper, we consider a wide range of datasets
measuring both the early- and late-Universe properties
to see if a coherent model emerges. We focus on massive
neutrino solutions® to the Sg problem, because they are
the less “theoretically costly”: oscillation experiments in-
dicate that neutrinos must have non-zero masses. More-
over, massive neutrinos reduce the growth of perturba-
tions below their free-streaming length [23], and dedi-
cated studies point to a neutrino mass sum > m, ~
0.4 eV [24-28]. Unfortunately, such a solution is in appar-
ent conflict with the local Hy measurements: the value
of > m, results in a lower Hubble rate inferred from
the CMB, ultimately exacerbating the Hj tension. We
approach the Hy, Ly-a, and Sg tensions in two ways.
We first attempt to solve all tensions simultaneously by
combining the most common early- and late-Universe ex-
tensions of ACDM. We incorporate massive neutrinos,
and we allow for an additional ultra-relativistic species

2 Another class of potential solutions involves interacting [14, 20,
21] or decaying dark matter [11-13] in an isolated dark sector.



with ANeg and an arbitrary effective sound speed 2
and viscosity speed 2. We model the dark energy (DE)
sector as a fluid whose equation of state is given by the
CPL parameterization w(a) = wg + (1 — a)w, [29]. Us-
ing Planck CMB data [30], Planck SZ data [7], and the
recent Hy measurement [2], we find that resolving the
Hy and Ss tensions simultaneously require phantom-like
DE [31] and )" m, ~ 0.4 eV. However, this conclusion is
spoiled when external galaxy BAO or SNe Ia data are in-
cluded, even in the presence of an additional relativistic
fluid.

Given this persistent inconsistency, we perform an ag-
nostic reconstruction of an exotic DE sector (ExDE) to
determine the dynamics necessary to reconcile problem-
atic low-redshift data with other cosmological probes.
While there have been similar approaches with phe-
nomenological reconstructions of the Hubble parameter
H(z) [32] and the DE equation of state w(z) [33], our
analysis differs in several ways. In the former analy-
sis [32], only data measuring the late-Universe expansion
are considered. This requires a prior on the sound hori-
zon at baryon drag 38 and diminishes the constraining
power on the matter and baryon energy densities, wy,
and wp. In the latter analysis [33], the behavior of w(z)
strongly deviates from the nominal case of a cosmological
constant with w = —1 in a manner that is not captured
by the CPL parameterization. However, by only modify-
ing the equation of state, the energy density of the fluid is
necessarily positive. In our reconstruction, we allow the
energy density Qpxpr(z) to take on both positive and
negative values. Although we assign this energy density
to the DE sector, it can also be thought of as a proxy for
any number of new species that could collectively give
rise to the arbitrarily complicated dynamics favored by
the CMB and low-redshift data. Hence, it can indicate
that the energy density in another sector must decrease
(as is the case, for instance, if part of the dark matter is
decaying or if the Universe has an open geometry). Nat-
urally, this can also indicate a strong inconsistency in the
data.

With our formalism, we are able to solve the Hy, Ly-
«, and Ss tensions and achieve compatibility with the
CMB, LSS, and either galaxy measurements of the BAO
scale or measurements of SNe Ia. There is a ~ 1.90 ten-
sion with Hy that persists when all datasets are included
in our analysis, a finding consistent with previous stud-
ies [32, 33]. This is because the BAO and SNe Ia data
prefer slightly different expansion histories at late times,
ultimately forcing the behavior of the ExDE to be very
close to that of a cosmological constant below z < 0.6. If
this residual tension remains in the future, it would indi-
cate that it is not possible to solve the Hy tension solely
with a modification of the late-Universe dynamics within
standard general relativity. We have additionally allowed
for an extra ultra-relativistic fluid, but it neither affects
the reconstruction nor helps reduce the tension. More-
over, we find that the Ly-a BAO measurements favor
negative values of Qpxpr(z) at z ~ 2.5. We discuss pos-

sible explanations of such behavior, but stress that this
may point to systematics in the data. Last but not least,
we find that the neutrino mass sum is close to 0.4 eV,
regardless of the choice of external datasets, as long as
the Hy tension is solved or significantly decreased. We
have verified that this finding remains true when includ-
ing Ajens as a free parameter [34].

This paper is organized as follows. Section II is devoted
to a preliminary discussion on the Hy and Sg tensions and
particular solutions. We perform an in-depth analysis of
a combination of the most common extensions to ACDM
advocated to solve these tensions in Section III, followed
by an agnostic approach in Section I'V. From this recon-
struction, we discuss in Section V models that explain
this behavior and therefore provide a solution to the Sy,
Hy, and Ly—a« tensions without spoiling the successful
description of other probes.

II. PRELIMINARY CONSIDERATIONS

In this section, we discuss how the present-day Hub-
ble rate Hyp and the quantity Sg are measured or inferred
from observations, and we comment on the discrepancies
seen between experiments. We then discuss the standard
extentions of ACDM that are most often invoked in the
attempt to reconcile these discrepancies. Although cer-
tain cosmological models may lessen tensions with spe-
cific data sets, no solutions are robust to the inclusion of
additional datasets such as the BAO or SNe Ia.

A. Datasets and analysis procedure

We summarize the various datasets considered in the
remainder of this work.

e CMB: In Section III, we use the Planck 2015 high-¢
TT, TE, and EE power spectra [30] with a gaussian
prior on Tyeio = 0.055 %+ 0.009, given by the SIMlow
likelihood [35]. We also include the Planck lens-
ing likelihood [36]. In Section IV, we instead use
the lite version of this dataset to decrease the con-
vergence time of our likelihood analysis. We have
verified that doing so has no impact on our conclu-
sions, apart from slightly increasing the error bars
on the fitted cosmological parameters.

e LSS: We use the measurement of the halo power
spectrum from the Luminous Red Galaxies SDSS-
DR7 [37] and the full correlation functions from
the CFHTLenS weak lensing survey [3]. We also
use the Sg measurement from the Planck SZ clus-
ter counts [38], since it is at the heart of the claimed
Sg discrepancy. Although not included in our like-
lihood analysis, we later assess whether our best
fit model can accommodate the Sg measurements
from KiDS [5] and DES1 [39].



e SHOES: We use the SHOES measurement of the
present-day Hubble rate Hy = 73.24 +0.174 [2].

e BAO: We use measurements of the volume distance
from 6dFGS at z = 0.106 [40] and the MGS galaxy
sample of SDSS at z = 0.15 [41], as well as the
recent DES1 BAO measurement at z = 0.81 [42].
We include the anisotropic measurements from the
CMASS and LOWZ galaxy samples from the BOSS
DR12 at z = 0.38, 0.51, and 0.61 [43]. The BOSS
DR12 measurements also include measurements of
the growth function f, defined by
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where oy measures the smoothed density-

velocity correlation, analogous to og = aédd) that
measures the smoothed density-density correlation.

e Ly-a: The latest lyman-o BAO (auto and cross-
correlation with quasars) at z = 1.5 [44], z =
2.33 [9] and z = 2.4 [10] are not yet public, but
are known to be in slightly better agreement with
ACDM than the DR11 data. We therefore incor-
porate them in the form a Gaussian likelihood and
have verified that it gives similar results as the full
DRI11 likelihood [8, 45].

e JLA: We use the SDSS-II/SNLS3 Joint Light-
Curve Analysis (JLA) data compilation of > 740
SNe Ia at redshifts 0.01 < z < 1.3 [46].

Our primary analysis includes all datasets simultane-
ously, since our goal is to try to find a coherent cosmo-
logical model that can explain seemingly incompatible
data. Using the public code Monte Python [47], we run
Monte Carlo Markov chain analyses with the Metropolis-
Hastings algorithm and assume flat priors on all param-
eters. Our ACDM parameters are

{wcdm7 wy, O, A87 Ns, 7'reio} .

There are many nuisance parameters for the Planck [30]
and JLA [46] likelihoods that we analyze together with
these cosmological parameters.”> We use a Cholesky de-
composition to handle the large number of nuisance pa-
rameters [48]. Using the Gelman-Rubin criterion [49], we
apply the condition R — 1 < 0.05 to indicate our chains
have converged.

3 For the nuisance parameters, we use the default priors that are
provided by MontePython.

B. The discrepancy between local distance
measurements of Hy and the CMB

Observations of the CMB provide a firm measurement
of the distance scale at decoupling:
1 e

ds (Zdec) H(Z)

= d . 2
1 4 Zdec ‘ ( )

Zdec

This represents an early-time anchor of the cosmic dis-
tance ladder. The CMB also provides an estimate of
a late-time anchor of the distance ladder: Hj, the ex-
pansion rate today (see, e.g., Chapter 5.1 in Ref. [50] for
more details). However, this measurement is indirect and
depends on the assumed cosmological model. Thus, the
direct determination of Hy at low-redshift is essential to
firmly calibrate the distance ladder in a model indepen-
dent fashion.

The SHOES survey measured the value of the present-
day Hubble rate to a precision of 2.4%, by construct-
ing a local cosmic distance ladder from Cepheids and
supernovae at z < 0.15. Their final result is Hy =
73.24 + 1.74 km/s/Mpc [2]. This direct measurement
of Hy is discrepant at the ~ 3.40 level with the inferred
value of Hy = 66.93 £ 0.62 km/s/Mpc from Planck [35]
(from the TT+TE+EE+SIMlow measurements at the
68% confidence level).

1. Early-time solutions

To resolve the tension between the Planck and SHOES
determination of Hy within ACDM by modifying the
distance ladder at early times, the CMB-inferred value
of ds(2zqec) must be reduced by a factor of ~ 6% to
10 Mpec [32]. As a result, either the sound speed in the
photon—baryon plasma must decrease or the redshift of
recombination must increase [see Eq. (2)]. To achieve
these effects, a higher primordial helium fraction Y,, or an
extra ultra-relativistic species are often invoked.? How-
ever, both these possibilities are ruled out. The CMB
and big-bang nucleosynthesis (BBN) constrain Y}, to be
close to 0.25 [32]. Extra relativistic degrees of freedom
sufficient to recover the low-redshift value of Hy are ruled
out within ACDM by Planck polarization data and BAO
measurements [17, 32].

2. Late-time solutions

Late-time solutions for this discrepancy rely on alter-
ing the expansion history, such that the expansion rate
matches the CMB at decoupling and the local rate today.

4 In principle, any species affecting the background expansion at
early times could be used. See, e.g., Ref. [51] for an alternative
attempts at solving the Hy discrepancy via an early DE compo-
nent.



Within ACDM it is not possible to accomodate both
Hy and BAO data, which fix the expansion history be-
tween z = 2.3 and z = 0.15 ; the only extra low-redshift
degree of freedom is the ratio between 2 and €2,,, which
is insufficient to allow the expansion history to change
significantly between z = 0.15 and z = 0.

Alternative standard extensions attempting to solve
the Hy discrepancy include a phantom-like dark en-
ergy (DE) component with an equation of state w <
—1 [15, 16], a vacuum phase transition [18], or interact-
ing DE [17]. However, assuming an early time cosmology
as in ACDM, it is hard to reconcile these possible solu-
tions with BAO data and JLA data [15-18].

In conclusion, when considered separately from each
other, the most common extensions to the standard cos-
mological model are too tightly constrained to explain
the tension with local Hy measurements if BAO and SNe
Ta data in agreement with Planck are included in the
analysis.

C. The discrepancy between the power spectrum
amplitude from the CMB and LSS

There is a moderate tension within ACDM between
the value of Sg measured by LSS surveyGalaxy cluster-
ing and weak lensing surveys (such as CFHTLenS [3],
KiDS [4, 5], DES [6], and Planck SZ cluster counts [7])
measure a value of Sg between 20 and 40 smaller than
that inferred from the CMB. Note that, through lensing,
the CMB measures the power spectrum amplitude not
only at z = 1100, but also over a redshift range centred
at z &~ 2. These two Planck measurements are internally
inconsistent, and the nuisance parameter Ao is used to
allow them to vary freely. Marginalising over Ajens re-
duces the significance of the Sg tension but does not re-
move it, because the lensing 4-point correlation estimator
Cl¢ ? itself does not favor high value of Ajens. Indeed, the
amount of lensing measured from the smoothing of high
multipole peaks in the TT spectrum is higher than that
measured from C'lq5 ¢ the latter being compatible with the
ACDM expectation [7, 36]. Weak lensing measurements
probe a lower redshift range, z =~ 0.4 — 1.0, compared
to CMB lensing. Furthermore, weak lensing surveys and
galaxy clusters measure Sg on smaller scales than the
Planck CMB, k ~ 0.1 Mpc and ~ 8 Mpc, respectively.

This motivates solutions that change either the growth
rate of structure for z < 2 or alter the shape of the power
spectrum on small scales [52, 53]. Interactions in the dark
matter sector helps to address the Sg problem [20, 21, 54],
but are in tension with Ly-« data [20, 55]. Here, we focus
on another possibility; massive neutrinos, which reduce
power on small scales by reducing the growth rate.

1. Solutions due to massive neutrinos

There is some weak evidence from cosmology support-
ing a non-zero neutrino mass sum. For example, Ref. [26]
found a 2.60 preference for a non-zero neutrino mass
from SDSS, and Sg constraints from galaxy cluster counts
give similar results [24, 25]. Recently, Ref. [28] com-
bined Planck CMB measurements with thermal Sunyaev-
Zeldovich (tSZ), BAO, and lensing data. They used a
suite of hydrodynamic simulations calibrated to produce
realistic cluster gas profiles [27]. Central to their analysis
was removing the internal tension between Planck CMB
and Planck lensing by marginalising over Ajens. Their
conclusions are in striking agreement with those of this
work, finding that a neutrino mass sum > m, ~ 0.4 eV
is preferred by most tSZ and lensing effects, although
details of their analysis made a formal significance chal-
lenging. Although we do not directly include tSZ data
here, we note that it would only strengthen our conclu-
sions about neutrino masses.

There are also some datasets which appear to rule out a
neutrino mass sum of the value preferred by our analysis.
Most notably, the small-scale 1D Ly-« forest flux power
spectrum can be combined with Planck to constrain the
neutrino mass sum to be > m, < 0.12 eV [56]. Note
that the forest alone constrains only > m, < 1 eV. As
the Ly-« forest is sensitive to the matter power spectrum
on non-linear scales of k = 0.1-4 h/Mpec, this constraint
requires simulations for calibration and assumes a ACDM
cosmology. Given that our models include substantial
deviations from ACDM even at z > 2, along with the
lack of a public likelihood function code, we chose not to
use this Ly-a forest dataset.

However, we note that the Ly-a forest measures a
spectral index ng = 0.9238 4+ 0.01, 2-30 lower than the
ns = 0.9655 + 0.0062 from Planck [1, 56]. Thus, the
Ly-a forest, in agreement with the rest of our analysis,
does prefer reduced power on small scales compared to
the CMB. A Ly-a forest analysis allowing for a more
general dark energy model would be an interesting check
on our conclusions, and we may address this in future
work. We also note that constraints on ) m, usually
depends on the assumed DE equation of state; they can
be very strong when w > 1 is assumed (see e.g. the re-
cent [57, 58]), but largely relaxes when negative w (as
favored by the combination of CMB and SHOES data)
are allowed [58].

III. COMBINING THE MOST COMMON
EXTENSIONS TO ACDM

We have argued that the most common extensions to
ACDM invoked in order to solve the Hy and Sg problems,
when considered separately, are not able to accommodate
all datasets currently available. In this section, we con-
sider a combination of these extensions to see if they can
achieve in concert what they could not alone. We retain



the basic framework of ACDM throughout this section,
considering only well-motivated extensions.

A. Models

We denote the standard ACDM cosmology with mass-
less neutrinos as v ACDM, and we consider the following
modifications:

e Massive neutrinos: We consider a degenerate mass
hierarchy for the neutrinos, as we find the speci-
fication of the mass hierarchy to be irrelevant for
current datasets. The exception is if one of the neu-
trinos is massless, in which case the matter power
spectrum is significantly altered [23].

e DE as a scalar field: We use the CPL parameter-
ization w(a) = wo + (1 — a)w, [29], with a pa-
rameterized post-Friedmann treatment to allow the
crossing of the phantom divide [59]. We set the
sound speed in the rest frame of the scalar field
to unity and use the priors wg € [—3,0.3] and

€ [-2,2] [16].

e Additional ultra-relativistic species: There are
many models that introduce additional relativistic
degrees of freedom ANgg. For example, extra ac-
tive or sterile neutrinos, light scalar fields, or dark
radiation in a dark sector. For a given AN.g, all of
these models have the same background effects on
the CMB, but there are a number of perturbation
effects that are model dependent (for instance, a
free-streaming species is known to induce a shift of
shifts CMB peaks towards larger scales, or smaller
angles—an effect known as "neutrino drag”).

To keep the discussion as general and model-
independent as possible, there is a postulated lin-
ear and time-independent relation between the
isotropic pressure perturbations and density per-
turbations dp/dp = ¢ (defined in the rest frame
of the ultra-relativistic species); similarly, there is a
viscosity coefficient ¢2;, that enters the source term
of the anisotropic pressure [7, 32, 60, 61]. We add
an ultra-relativistic species, which does not share
the same mass as the active neutrinos, by modifying
Negr, the effective sound speed CEH, and the viscosity
sound speed c2,,. We use the priors ANeg € [—1,1]
and %, %, € [0,1].
We refer to the model combining all these extensions as
vprwCDM+ Nyuiq-

B. Results
1.  Restricted Datasets

First, we perform an analysis that includes only the
CMB, the SHOES, and Planck SZ datasets. With these

datasets alone, an extended model can solve the ten-
sion between the CMB and SHOES and the tension be-
tween the CMB and Planck SZ simultaneously. We find
Hy =72.6 + 1.8, in agreement with local measurements,
while (og, Q) = (0.782370517.0.286270-01%), in agree-
ment with the low-z measurements. This is possible be-
cause the extra freedom allowed by our extended cos-
mological model is absorbed by the CMB. What was
previously a tension thus appears as extended parame-
ters which deviate strongly from ACDM. We have a neu-

trino mass sum Y m, = 0.6715 ]2 eV and DE param-

eters (wo,w,) = (—1.2057035, —1.49279-3%). The good-
ness of fit is Ax2, = x2,;,(loACDM)—x2 . (vpywCDM+
Niuia) = —21.08, showing that the x? does improve by
more than the additional number of free parameters.

These parameters deviate strongly from their ACDM
values and are statistically compatible with the results
from previous literature, introduced in Section II. We
note that in this restricted analysis, the neutrino mass
sum is higher than the 0.4 eV found in previous stud-
ies [24-26, 28], but the results agree within the large er-
ror bars. Note our results are not directly comparable
to these previous works, which did not allow for both an
evolving dark energy equation of state and a varying neu-
trino mass sum simultaneously, and some of them used an
earlier Planck SZ cluster measurement. We also find that
AN.g is consistent with zero, and (c2g,c2,,) are uncon-
strained, indicating that these datasets are not sensitive
to this model extension.

2. Full Datasets

We turn to a full analysis that includes all datasets
outlined in Section ITA. We compare the posterior dis-
tribution of {Hy, og, Qm, Y My, Wo, We, ANguia} to that
obtained in ACDM in Figure 1. In Tables I and II, we
report constraints on cosmological parameters, as well as
the x2,, contribution from each dataset. These addi-
tional datasets restrict the ability of our ExDE model
to resolve the tensions. The BAO and JLA data, as
shown in Table I, constrain the DE parameters to be
very close to ACDM. Additional ultra-relativistic species
are still disfavored by the data: (ANeg,c2s,c%.)
(—0.056+9:99% 0.53+9:27 0.54+9-49),

As a result, the central value of the Hy measurement
does not significantly change between the extended cos-
mology and ACDM. The tension between the CMB and
the SHOES measurement is reduced to the 2.40 level only
because of the increase in error bars. This is reflected in a
modest change in Ax?2, = —5.19 with respect to ACDM
at the expense of 5 new parameters. The improvement
to the fit is primarily due to a reduced Sy tension be-
tween the CMB and the Planck SZ data: Ax?2,;, = —4.25
from this dataset alone. The parameter freedom that al-
lows this improvement is the neutrino mass sum, which
is measured as Y m, = 0.3270%5. Note that the x2
of the power spectrum measurements from SDSS and



CFHTLenS is almost unchanged, indicating that they
are consistent with this value of the neutrino mass.

In conclusion, it is possible to solve the Sg tension with
massive neutrinos even when the Hy measurement is in-
cluded in the analysis. However, it is not possible to fully
solve the Hy tension within the vp;wCDM+ Nguiq model.
The values of (wg, w,) required to make the SHOES value
of Hy compatible with the CMB prediction are ruled out
by BAO and supernovae, even when considering a com-
bination of early- and late-Universe modifications.

Model voACDM v wCDM 4+ Nyuia
100 wp 2.24915:013 2.22970 1%
Wedm 0.116515 00076 0.1173%5:001%
100 6, 1.0427+6-00028 1.04279 50059
In10'° A, 3.02015-011 3.04210-017
s 0.9688+9-0036 0.963615-905°
Treio 0.05133+5-0951 0.057879:508
S, 0.06 0.327058
wo -1 —0.967511
wa 0 —0.662535
ANz 0 —0.0558715:993
2 1/3 0.53703"
s 1/3 054751
o8 0.795+9-0043 07761591
Qi 0.294919-0042 0.304519-5087
Hp 68.8210-34 68.5515-28

TABLE I. Constraints at 68% C.L. on cosmological param-
eters in various models including Y m., Neg and (wo,wq)
using all datasets considered in this work.

Model voACDM virwCDM + Nguia
Planck high-¢ 2460.67 2456.24
7 SIMlow 0.24 0.17
Planck lensing 11.25 11.32
SDSS DR7 45.77 46.11
CFHTLenS 97.92 98.60
BAO (DES1) z ~ 0.8 0.01 0.01
BAO z ~0.10-0.15 2.82 2.82
BAO z~0.4-0.6 7.14 7.82
BAO Ly-a+QSOs 8.71 9.40
JLA 683.95 683.94
SHOES 5.29 6.63
Planck SZ 9.14 4.89
Total X7n 3332.89 3327.70
AxZia 0 -5.19

TABLE II. The best x? per experiment for the standard
voACDM model and the vy, wCDM 4+ Nguiq -

IV. MINIMALLY PARAMETRIC
RECONSTRUCTION OF THE DARK ENERGY
DYNAMICS

In Section III, we restricted possible DE dynamics to
those allowed by the simple (wp, w,) parameterization of
the DE equation of state. We found that this parame-
terization did not allow enough freedom in the expansion
rate to reconcile BAO and local Hy measurements. In
this section, therefore, we consider what expansion rate
would be required. We use a fully general, minimally
parametric model for the ExDE density as a function
of redshift. This allows the expansion rate to change
essentially arbitrarily as a function of redshift. In par-
ticular the expansion rate can match that expected for
Hy = 69 at z > 0.15, and thus match BAO, and then
match Ho = 72 at z = 0. We emphasise that the best fit
parameters may not necessarily be realizable in a physical
model. In this section we are interested in determining
what the data requires, partly to allow an assessment of
the relative plausibility of explanations based on experi-
mental systematics.

We write the Hubble expansion rate as

H(z) = Hon/Qum(1 + 2)3 + Q.(1 + 2)* + Qrepie(2) ,
(3)
where Quypr(z) corresponds to an unknown exotic DE
species with an arbitrary density and equation of state.

Note that we do not restrict Qgxpr(z) to be positive.
This allows us to include complicated dynamics resulting
from, for example, a reduction in matter density from
decaying dark matter or curvature. This ExDE sector
is implemented by modifying the expansion rate module
in the Boltzmann code CLASS [62]. We neglect perturba-
tions in the exotic fluid and change only the background
expansion rate. Qgxpr(z) is given by a cubic spline inter-
polated between a series of values at different redshifts,
called zipots. We place a weak prior on the energy density
of the exotic fluid at the knots to be |QpxpE(Zknot )| < 4.
We have checked that our results are insensitive to this
choice. Larger values are ruled out by the CMB.

To prevent our spline fitting the statistical noise of
each dataset, we perform cross-validation (CV) [63]. It
is a standard technique in machine learning, based on
the idea that a successful theory should be predictive.
When minimizing the likelihood function, we incorporate
a roughness penalty based on the shape of the spline
function FEXDE

FgxpE = / (Qexpr(2))"dz . (4)

Zmin

In practice, we minimize the following quantity
M=—In L+ AFgswE , (5)

where A is chosen according to the CV procedure. We
remove part of the data and perform a parameter fit for
several values of A on the remaining datasets. The best-
fit parameters obtained from this limited dataset are then
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FIG. 1. The posterior distribution of {Ho, s, Qm, > My, Wo, Wa, ANauia} when fitting to all datasets considered in this work,

compared to the ACDM fit of the same dataset.

used to compute the x? associated with the removed part.
The value of A that minimizes the x? calculated on the set
of data not included in the runs is A ~ 0.1. We investigate
whether or not it is possible to solve the Hy and Sg dis-
crepancies, accommodating all datasets in Section 1T A,
and we investigate how changes in the background evo-
lution influence the measurement of the neutrino mass
sum. All analyses include the CMB, LSS, SHOES, and
Ly-a BAO datasets. We show results of fits including

only a single z < 1 dataset, either the galaxy BAO or
JLA, and a fit including them both at the same time.

A. Reconstruction from all datasets

Since we use CMB data, we include a knot at z =
1100 and a knot at the initial redshift considered in
CLASS, namely z = 10'4, whose only purpose is to en-
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sure a smooth interpolation. We also include a knot
at z = 0 for the Hy data and at z = 2.5 for the
Ly-a BAO. The remaining knots are spaced linearly at
low redshift and logarithmically at high redshift: z =
(0.15,0.3,0.5,0.8,1.0,1.5). Our knots are chosen based
on the positions of each dataset, but our CV procedure
dynamically reduces the number of degrees of freedom by
correlating neighboring knots. Thus, we expect that, as
long as a sufficient number of knots are used, the posi-
tions and number of these knots will not affect our results
once the CV roughness penalty is imposed. We discuss
the robustness of our results in sec. IV B.

Figure 2 shows the best-fit curves for the late-Universe
expansion rate H™PFE (normalized to ACDM, using
Planck TT,TE,EE4+SIMlow [35]) and reconstructed en-
ergy density Qexpg as a function of z, along with 500
curves chosen at random from the 68% confidence region.
The left panel shows the result with the neutrino mass
sum set to Y m, = 0.06 eV, while the right panel shows
the result with Y m, as a free parameter. We show ex-
pansion histories in which the neutrino mass sum is set to
>~ m, = 0.06 and those in which it is a free parameter.
We also show reconstructions which enforce a positive
value for Qpxpr(z) and those which allow Qgxpr(z) to
be negative.

QrxpE(z) is roughly constant when Qpypr(z) > 0 is
enforced. However, when Qgxpg(z) is allowed to be neg-
ative, the Ly-a BAO data make the best-fit Qpxpr(2)
negative for 2 < 2z < 2.5. The significance of this is
greater than 68%, but does not quite reach 95%. This
is unaffected by whether the neutrino mass is fixed, al-
though fixing the neutrino mass causes an increase in

energy density at z = 1.5. While it is possible that this
could result from a modified gravity model, or potentially
a decay in the dark matter density [11], the most likely
estimate is systematics in the Ly-a BAO data. Note
that by z = 1100 Qgxpr(z) is again positive, which ar-
gues against a cosmological explanation. If we remove
the Ly-a BAO, there is no data at z = 2.5 and Qgxpg(2)
is consistent with zero and ACDM at this redshift. Note
that because the DR12 BAO likelihood is not yet public,
we are using a Gaussianized version, which may underes-
timate the errors. The best explanation for this discrep-
ancy thus appears to be statistical.

If we weaken the effect of the Ly-a BAO data by, for
example, enforcing Qpxpr(z) > 0, we see that the expan-
sion history is consistent with ACDM within the error
bars. Thus, even when arbitrary DE dynamics are al-
lowed, the tension between Hy measured by SHOES and
that measured by BAO and the CMB remains. Note
however that the increased freedom in the model means
that the tension is significantly weakened to less than
~ 1.90. One reason for this is that, given the value
of Hy, the JLA and galaxy BAO measurements are in
slight (1 — 20) tension. This is illustrated in Figure 3:
at z S 0.6 each experiment pulls Qgypg(z) in a slightly
different direction, forcing an overall compromise value
close to that of a cosmological constant. The JLA data
generally agree with the local Hy data, while the BAO
measurements agree with that from the CMB. We em-
phasize that there is not necessarily any tension beyond
statistical variation between these datasets. Their agree-
ment is well within the 20 level. The different behavior
is mostly driven by the fact that fits to JLA data are



Model ACDM |ExDE + Y m, = 0.06| ExDE + >~ m, free
Prior on Qgxpp - Full | Positive | Full | Positive
Planck lite 217.35 214.20 215.98 209.20 212.66
7 SIMlow 0.24 0.06 0.06 0.11 0.01
Planck lensing 11.25 10.03 10.06 8.86 10.71
SHOES 4.75 5.4 3.32 4.28 5.10
Planck SZ 9.14 5.88 8.64 0.12 2.58
SDSS DR7 45.78 44.97 45.05 46.67 45.55
CFHTLenS 97.92 97.06 97.22 97.90 97.52
DES1 BAO 0.01 0.05 0.05 0.01 0.09
BAO Ly-a+QSOs 8.71 3.88 5.86 6.08 717
BAO iso DR11 2.81 3.03 2.33 2.05 2.39
BAO + fos DR12 7.14 4.08 4.11 4.68 5.37
JLA 683.95 686.4 687.27 683.58 684.85
o 1089.58 | 1075.05 | 1079.93 | 1064.70 | 1074.01
A2 0 -14.53 9.65 | -24.88 | -15.57

TABLE IIIL. The best x? per experiment for the reconstructed
DE dynamics with and without the neutrino mass sum as an
extra free parameter when all datasets are included.

insensitive to the value of Hy [46]. Moreover, when com-
bined together, their respective x? stays very good (see
Table III).

Interestingly, even with all datasets included, the neu-
trino mass sum is Y m, = 0.40707' eV, driven by an
improvement in the x? with the Planck SZ data, as
in Section ITI. We have checked explicitly that the pre-
ferred neutrino mass changes by less than 1o when omit-
ting galaxy BAO or JLA from the datasets, even if the
ExDE dynamics is very different from that of a cosmo-
logical constant. This is illustrated in Figure 4, where
we show the posterior distribution of {Q,,, os, Hop, > m, }
obtained when allowing for a free neutrino mass (right
panel) or fixing it to the minimal value indicated by os-
cillation experiments (left panel).

Table I1I shows the y2. for each dataset, fitting to
ACDM, ExDE with the neutrino mass sum fixed to
> m, = 0.06, and ExDE with the neutrino mass sum
left as a free parameter. For each ExDE case, the prior
QrxpE(2) is either restricted to be positive or is allowed
to take on its full range of positive and negative values.
The Ly-« data near z ~ 2.35 are better fit with the “full
prior”, pulling QgxpE to negative values: the x2, in the
“full prior” case is improved compared to the “positive
prior” by Ax2., = —5.88 when > m, = 0.06 eV and
by Ax2,, = —9.08 when the neutrino mass sum is left
free. Finally, we perform an analysis of all datasets, in-
cluding an extra ultra-relativistic fluid (AN, %, c2,;)
and letting the neutrino mass sum vary. We find that
this additional ultra-relativistic species does not reduce
the tension further, nor does it affect the reconstruction
at low-z or the determination of the neutrino mass sum.

B. Robustness of the result

We have performed a number of additional tests to as-
sess the robustness of our conclusions. First, we have
checked explicitly that our results are robust to the addi-
tion of an extra high redshift knot at z ~ 4. As expected,
we find that adding knots at this redshift and higher has
no impact. Indeed, there are no datasets sensitive to such
redshifts (except for the CMB in a very mild way through
the integrated Sachs-Wolfe effect). Moreover, our prior
on Qpxpgr ensures that the Universe is largely matter
dominated at these times. We have also made several al-
terations to the position of the low-redshift knots [e.g. we
set them at z = (0.1,0.25,0.5,0.75,1, 1.5, 2.5)] which had
no significant effects on the reconstruction. Additionally,
we replaced the cubic spline with linear interpolation to
check that our results are insensitive to our choice of pa-
rameterization.

Second, we have tested the robustness of our results
to the addition or removal of datasets. We find that our
results are robust against exchanging the Planck lite like-
lihood for the full likelihood. Although we did not imple-
ment the full KiDS and DES likelihoods for this analysis,
we checked that when the data from these experiments
are reduced to a Gaussian prior on Sg our best-fits are
fully compatible with these measurements. On the other
hand, when removing the Planck SZ likelihood, we find
that > m, < 0.48 ¢V (at the 95% confidence level) with a
best-fit around 0.2 eV, indicating that Y m, ~ 0.4 eV is
perfectly allowed. Moreover, following Ref. [19], we have
tested the possibility of removing Planck data and using
BBN data instead. As expected, doing so has no strong
impact on the late-Universe reconstruction; it simply in-
creases the uncertainty on the densities of the various
components in our Universe and reduces the H tension
to ~1.70.

Finally, we have tested our results by introducing the
extra free parameter, Ajens, which rescales the global am-
plitude of the lensing potential [34]. Ref. [28] found that
this can affect the constraining power of the lensing like-
lihood on > m,,. We still find 3" m, = 0.31701], in very
good agreement with our previous fit within error bars.
We additionally find Ajens = 1.0921‘8:81%, in agreement
with the value found by the Planck analysis [64]. This
value is discrepant at 20 with the expected ACDM value
of 1 and thus represents an internal tension in the Planck
data due to an extra smoothing of the CMB high multi-
poles, as argued previously.

V. CONCLUSIONS

In this paper we have examined two well-known ten-
sions in the ACDM cosmology: the tension between local
measurements of Hy and the CMB-inferred value, and
the tension between CMB measurements of the power
spectrum amplitude og and that measured by galaxy
clusters in Planck SZ. Many papers have focused on pos-
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sible systematic explanations for these tensions. We have
instead assumed zero systematic error and investigated
what models are required to explain these tensions taken
at face value. We show the 2D posterior distributions
of {Qn,08,Hp,> . m,} in the left panel of Figure 3 for
the various cosmological models considered in this work
when including all datasets.

We first examined whether these tensions could be re-
solved by the simultaneous adoption of standard exten-
sions to ACDM. These extensions include massive neu-
trinos, extra relativistic degrees of freedom, and a fluid
model of dark energy parameterized by a power law equa-
tion of state. Several authors have previously used these
extensions individually to resolve these tensions, but we
consider enabling them at once. We find that none of the
extensions significantly reduce the tensions, with the ex-
ception of massive neutrinos. We find that the addition of
extra relativistic degrees of freedom does not reduce the
tensions. Since the galaxy BAO and JLA data measure
the expansion history at relatively low redshift, there is
insufficient freedom in the power law equation of state to
reduce the tension with local Hy measurements.

We found that a neutrino mass sum of 0.4 eV could re-
solve the Sg tension, and this resolution persists for the
datasets we considered, as long as a model with enough
freedom to reduce the significance of the Hy tension was
used. The extra model freedom is important, because a
side-effect of a non-zero neutrino mass sum is that it in-
creases the tension between local Hy measurements and
the CMB by decreasing the inferred value of Hy from
the CMB. However, a non-zero neutrino mass sum is
well-motivated theoretically. Whenever the Hj tension
is solved or greatly decreased, the Sg value from Planck
SZ cluster count drives the neutrino mass sum to be close
to 0.4 eV. Remarkably, this result does not depend on
the exact solution to the Hy tension, which indicates that
it is relatively robust.

Since explaining the total sum of cosmological datasets
requires additional freedom in the expansion history, we
included an exotic dark energy sector, which we allowed
to have an energy density varying arbitrarily with red-
shift. We emphasize that although we have assigned this
sector to dark energy, it can be viewed as a proxy for
other more physically motivated models, such as decay-
ing dark matter or curvature. We have not attempted
to identify these models, treating the exotic dark energy
sector as a purely phenomenological parameterization of
the expansion rate. We use cross-validation to avoid over-
fitting the data. We found that the best-fit model when
all datasets was included was an expansion history rel-
atively close to ACDM. Thus the Hj tension was not
fully solved, although the extra model freedom did re-
duce the significance of the tension to less than 20. In
order to fully solve this tension, it was necessary to also
omit either the JLA data or the galaxy BAO data. FEi-
ther dataset allowed for a non-ACDM expansion history
solution, but these solutions were inconsistent with each
other.
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We found that the Ly-a BAO dataset preferred a neg-
ative density of exotic dark energy at z ~ 2.3, a be-
haviour that cannot be recovered with an equation of
state. This result is not so cosmologically bizarre as it
at first seems: for example, it could potentially be ex-
plained by an open Universe with a negative curvature
component. Although curvature is highly constrained by
the CMB, these constraints are dependent on assuming
ACDM and weaken significantly with more general mod-
els. The presence of a negative curvature, as is the case
if the Universe presents an open geometry, can naturally
lead to apparent negative energy density for the dark
sector.

Another possibility is that the exotic dark energy sec-
tor could include a decaying dark matter component. If
the decay products dilute faster than matter, the expan-
sion rate can be reduced around z ~ 2.3. However, the
simplest such model, a dark matter component decaying
into dark radiation with constant lifetime [11, 65], is in
conflict with observations of the late integrated Sachs-
Wolfe effect and lensing power spectrum [12, 13]. More-
over, we find Qgxpg becomes positive again at z < 1.5.
Thus any decaying component must be accompanied by
a later increase in energy density, tuned to restore agree-
ment with ACDM. Given that the negative energy den-
sity is driven by one dataset, some systematic in the mea-
surement or moderate under-estimate in the error bars of
the Ly-a BAO, is by far the most likely explanation. To
accommodate the data, Qpg would then need to follow
a dynamics very close to that obtained when restricting
the analysis to positive priors on Qgyxpgr. Such behavior
can be obtained from a scalar field with a peculiar phan-
tom behavior. Of course, it would be theoretically more
appealling to find a solution for which this behavior is
not due to decoupled sectors, but arise from the common
dynamics of several species related to each other. Mea-
surements of the expansion history at redshifts higher
than those currently probed (for instance via future in-
tensity mapping or 2lcm BAO experiments) can allow us
to understand whether the preference for exotic dark en-
ergy is real. If this behavior persists at higher redshifts,
it can give important insights on the dark sector. How-
ever, if it does not continue, it can cast serious doubts
regarding the validity of this interpretation of the Ly-a
measurement.

While even our most general ExDE model was unable
to solve the Hy tension, there are classes of solutions not
considered here. For example, a modification of grav-
ity such as Horndeski’s theory [66], gravity theories with
higher derivatives (e.g. f(R) gravity [67], tele-parallel”
f(T) gravity [68] or Galileon gravity [69, 70]) or nonlocal
gravity ([71]). The recently discussed “redshift remap-
ping” is another potential solution that is not covered
by our reconstruction [72]. Our reconstruction can serve
as a guide to build a model, successfully explaining all
datasets, and we may examine this in a future study. Fi-
nally, we note that it is interesting that, whenever the
Hj tension was solved or weakened, the best fit neutrino



mass sum was around 0.4 eV. Future LSS surveys, such
as Euclid and SKA, would be extremely sensitive to such
a value of the neutrino mass sum [73].
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