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The Dark Energy Spectroscopic Instrument (DESI) is a massively parallel spectroscopic survey on the
Mayall telescope at Kitt Peak, which has released measurements of baryon acoustic oscillations determined
from over 14 million extragalactic targets. We combine DESI Data Release 2 with CMB datasets to search
for evidence of matter conversion to dark energy (DE), focusing on a scenario mediated by stellar collapse
to cosmologically coupled black holes (CCBHSs). In this physical model, which has the same number of free
parameters as ACDM, DE production is determined by the cosmic star formation rate density (SFRD),
allowing for distinct early- and late-time cosmologies. Using two SFRDs to bracket current observations,
we find that the CCBH model: accurately recovers the cosmological expansion history, agrees with early-
time baryon abundance measured by BBN, reduces tension with the local distance ladder, and relaxes
constraints on the summed neutrino mass »_ m,. For these SFRDs, we find a peaked positive > m, <
0.149 eV (95% confidence) and Y m, = 0.106f8:8§8 eV, respectively, in good agreement with lower
limits from neutrino oscillation experiments. A peak in > m, > 0 results from late-time baryon
consumption in the CCBH scenario and is expected to be a general feature of any model that converts

sufficient matter to dark energy during and after reionization.

DOI: 10.1103/yb2k-kn7h

Introduction—The last three decades have seen a large
and concerted effort to understand the observed late-time
accelerating expansion of the Universe. Early measure-
ments of accelerating expansion were most easily under-
stood in the context of a cosmologically constant energy
density A. When paired with cold dark matter (CDM), the
ACDM model was successful in explaining a multitude
of observations. However, from a fundamental physics
perspective, the measured value of A made little sense
(e.g., Ref. [1]). Now, recent observations have begun to
raise tensions with the ACDM model (e.g., Ref. [2])
and a consensus is emerging that A should be understood
as an approximation to a dynamical species termed dark
energy (DE).

The first year results from the Dark Energy Spectro-
scopic Instrument (DESI DR1), using baryon acoustic
oscillation (BAO) measurements from galaxies and quasars
at 0.1 < z < 2.1 [3,4] and auto- and cross-correlations of
the Lyman-a forest and quasars at 2.1 < z < 4.2 [5], have
found tentative evidence for DE dynamics. A follow-up
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full-shape (FS) analysis of the power spectrum supports the
initial BAO results [6,7]. The evidence for dynamic DE has
strengthened in the just released results (DESI DR2) [8,9],
reaching 3.1c when combined with the cosmic microwave
background (CMB) data from Planck [10] and the Atacama
Cosmology Telescope (ACT) [11]. The addition of super-
novae (SNe) cosmology data gives evidence up to 4.20,
depending on the dataset [12—16].

It is known that DE and neutrino mass can be degene-
rate (e.g., Refs. [17,18]), and tensions with DESI DR2
have also emerged with respect to the summed neutrino
masses. By convention, neutrino masses are labeled m,
m,, and ms, with m; < m,. Neutrino oscillation measure-
ments [19] show that at least two of the neutrinos have
nonzero masses and that the squared mass differences
Am3; = m7 —mj, are given by Amj ~7.5x 107 eV?
and |Am3,| ~2.5 x 1073 eV2. Thus, two of the masses,
m; and m,, are close to each other, while m; is either much
larger than m; and m,, referred to as normal ordering (NO),
or much smaller than m; and m,, referred to as inverted
ordering (IO). It follows that the smallest summed mass
allowed by normal (inverted) ordering is 0.05898 +
0.0003 eV (0.09982 + 0.0006 eV). DESI DR2, however,
reports »_ m, < 0.0642 eV at 95% confidence [20], in
tension with these lower bounds. When allowing an
effective negative mass [21-25], this tension increases to
>30. Because neutrinos cannot acquire mass via the Higgs
mechanism, the origin of neutrino mass is unknown.
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Proposed mechanisms for producing neutrino mass can
be distinguished by whether the mass eigenstates satisfy
NO or 10. Measurement of the summed neutrino mass
therefore gives crucial insight into new physics beyond the
standard model.

Departures from ACDM are often parameterized using
an effective DE equation of state weg(a) = wy + w, (1 — a),
where a is the cosmological scale factor, and wy and w, are
constants. Although originally developed to study a single
minimally coupled scalar field [26], the wyw, model has
become a “common ground,” upon which specific physical
models are interpreted as if they were a single species
evolving cosmologically in isolation. A salient feature of
the best-fit DESI DR1 and DR2 wyw,CDM models is
the presence of a “phantom crossing,” where the DE
equation of state wey < —1 becomes we > —1. If
taken literally, this feature of wyw, is acausal but can be
understood from the source-free conservation relation:
Weit = —1 — (a/3p)dp/da. When physical densities in an
expanding universe remain constant or dilute in time, then
wegr > —1. However, if the data demand that dp/da > 0,
then weg(a) < —1. In other words, weg appears phantom if
stress energy is injected from other species. Physical
models for dynamic DE have been proposed in which
baryonic or dark matter, or both, is converted to DE over
cosmic time (e.g., Refs. [27-33]). By construction, the
energy injected into the DE species from matter gives
increasing DE density over time, so the underlying physics
remains causal. Furthermore, because these models
exchange matter for DE, during cosmological parameter
estimation they can relax bounds on the other nonrelativ-
istic species at late time: neutrinos.

In this Letter, we examine one such model where
conversion of baryons to DE occurs during the collapse
of massive stars to regions of energized vacuum, i.e.,
nonsingular black holes (BHs) [34-38]. It has been shown
that nonsingular BHs can become cosmologically coupled
(CCBHys) [39,40], contributing in aggregate as a DE species
(as opposed to a matter species) with equation of state
Wphys = —1 [41,42]. CCBH models that recover plausible
expansion histories deplete baryonic density consistent
with late-time censuses (e.g., Refs. [43-45]) and are in
harmony with both the DESI DR1 BAO measurements [36]
and with studies of supermassive black hole assembly in
galaxies [46—48]. Using data from DESI DR2 and CMB,
we show that CCBH models fit as well as ACDM, while
simultaneously giving physically reasonable values for
>~ m,, the baryon abundance today and at recombination,
and an H closer to local distance ladder measurements.
The End Matter details various technical points of our
analysis. Throughout, we assume spatial flatness and set
¢ =1 when convenient.

Theory—A number of exact general relativity (GR)
solutions describing nonsingular BHs with wyp,, = —1
(energized vacuum) interiors have been found (e.g.,
Refs. [49-58]). The conversion of baryonic material at

supranuclear densities into energized vacuum during stellar
gravitational collapse is analogous to the time reversal of
inflationary reheating (e.g., Refs. [59-62]). It has been
established from the Einstein-Hilbert action that ultra-
compact regions of energized vacuum can become cosmo-
logically coupled [41,42], impacting global dynamics in
aggregate as a wyp, X —1 species. Locally, each BH
becomes tightly coupled to the embedding cosmology and
grows in mass m « a¥, independently of accretion or merger.
The cosmological coupling strength k := —3wpp. [34] is
determined in GR by the particular CCBH model solution
adopted [63]. Models with wy, o = —1 exhibit m o a’ so
that, modulo additional BH production, dilution in number
density o 1/a® gives a cosmologically constant physical
density. Because BHs are formed via the collapse of massive
stars, which have short lifetimes compared to the reciprocal
expansion rate after star formation begins at a; ~ 1/20, the
DE density will grow, tracking the star formation rate (cf.,
Refs. [64,65]).
We model DE production via baryon consumption,
Cal™

a3 a<ai

pb = prroj E a l// k) (1)
/
s _a3/ da' g a=zai

a;

where C is a dimensionful constant, H is the Hubble rate,
is the observed comoving star-formation rate density
(SFRD), and

o' = 7 py(a,)al. 2)

Thus, @b is the baryon density today that would be
expected from measurements at recombination a,, if there
were no new physics at late times. By definition, oy, is the
baryon density at a = 1, and s0 w, < @} * due to con-
version of baryons into DE. The single CCBH model
parameter E encodes the initial amount of BH mass
generated from baryon conversion, per unit of baryon mass.
During parameter estimation, H, (or equivalently the angu-
lar scale of the first CMB peak 1006,) becomes a derived
parameter. Thus, the CCBH model has the same number of
free parameters as ACDM. Conservation of stress-energy
VKT, = 0 requires a source term from the baryons,

dppe B
= . 3
da Ha* v (3)

Note that we have set k:=3 for the CCBH species,
appropriate for the energized vacuum interiors of simple
nonsingular BHs. “Thawing” occurs when k < 3, a scenario
that we consider in the Discussion.

Methods—Our primary dataset is the DESI Data
Release 2 (DR2). DESI is a massively parallel 3.2-degree
field spectroscopic survey on the Mayall telescope at Kitt
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Peak [66-68]. It is capable of capturing nearly 5,000
simultaneous spectra from preselected targets in the
Legacy Survey [69-71], using robotic fiber positioners
in an optically corrected focal plane [72—74]. DEST’s five-
year observational campaign aims to collect more than
40 million galaxy and quasar spectra, along with spectro-
scopic classification and redshift measurements [75-77].
Publicly available catalogs [78] include the Early Data
Release [79], which followed a successful survey validation
stage [80], and data release 1 (DR1) [81].

We augment these BAO data [8,82] with Planck
PR4 CMB spectra likelihoods LOLLIPOP and HILLIPOP
(L-H) [83] for TT, TE, EE, lowE, and COMMANDER
2018 for lowTT. Although slower than CAMSPEC [84],
foreground modeling in L-H allows inclusion of 100 GHz
skymap data. We will refer to this combination of like-
lihoods as “Baseline.” Because of possible microlensing
systematics from CCBH along SNe lines of sight [85,86],
we do not include SNe datasets [12,15,16] in Baseline, but
examine their impact in the Discussion. We also exclude
CMB lensing likelihoods from Baseline for technical
reasons discussed in the End Matter.

To estimate the impact of uncertainties in the SFRD, we
consider at z > 4 both the Trinca [87] and Madau y
[88,89]. These SFRDs are based on observational HST
data and, in the case of Trinca y, JWST data and a matched
semianalytic model. For z < 4, the SFRD shape is well
described by Madau y. We normalize based on synchrotron
emission in protostellar disks [90], a measurement immune
to obscuration effects. These data, as a function of redshift,
were converted to physical units (luminosities, space
densities) using a fiducial ACDM with Q= 0.3 and
Hy =70 kms~! Mpc~!. The impact of this fixed calibra-
tion is negligible for all cosmologies considered. We adopt
a single neutrino species with a degeneracy of 3 and a
present-day temperature 7, determined from the FIRAS
measurement of the CMB [91].

We perform MCMC parameter estimation with COBAYA
[92] using an augmented version of the Einstein-Boltzmann
code CLASS (further details are given in the End Matter).
The posterior distributions were computed using GETDIST
[93]. We evaluated the goodness of fit with y? from
BOBYQA [94-96], starting from the maximum a posteriori
points (MAPs) of our MCMC chains. Performance relative
to ACDM is reported with Ay3jap = —2L 0 and reflects
the impact of all priors.

Results—Figure 1 shows the DESI DR2 BAO data,
expressed as deviation of transverse comoving distance
Dy, Hubble distance Dy, and volume-averaged distance
Dy = (DyD3;z)'/? from fiducial Planck TT + TE + EE +
lowE 2018 ACDM values. This already suggests dynamical
DE, because the projected ACDM does not match when
refined with BAO. The goodness of fit to these data and
CMB, with marginalized posteriors for Hy, > m,, and

baryon survival fraction @, /@} *, is given in Table I (priors

LoF . . —
0 e DESI DR2
= 0.5F
: i
£ 00 T e
S =TIy s
—0.5
0.5F
? 00.. ............................................................
=
jas]
2 -0.5 ——- CCBH Madau ¢ 1
< —— CCBH Trinca ¢
—Hor ACDM 1
0.5F
S
<
—0.5 .
0 1 2 3 4 5 6
Redshift z
FIG. 1. Differences in BAO observables, relative to the

Planck fiducial Y m, = 0.06 eV ACDM cosmology. Displayed
are transverse comoving distance D,;, Hubble distance
Dy « 1/H, and volume-averaged distance Dy in units of the
sound horizon at the end of baryon drag r4. DESI measured DR2
BAO measurements (black, 68% confidence) are used to compute
Dy values (light blue). We show CCBH Trinca y (blue, solid
line), Madau y (purple, dashed line), and ACDM (orange, dash-
dotted line) fit to DESI DR2 + CMB with floating > m,,.

in the End Matter). Relative to Baseline ACDM, we find
that CCBH Trinca v is statistically indistinguishable, while
Madau v is disfavored at ~2¢ based on Ay3,p. This is
driven primarily by BAO with a small contribution from the
high-# CMB.

In Fig. 2, we show the consistency of CCBH with BAO
and CMB in the Hyry — Y m, plane. Unlike ACDM,
CCBH scenarios can recover the same Hyry from CMB
and BAO, independently, within a specific astrophysical
model. The CCBH framework allows for scenarios that can

TABLE 1. Goodness of fit and posterior distributions (68%) for
expansion rate H,, summed neutrino mass Y m,, and baryon
survival fraction @/} for bracketing star formation rate
densities in our Baseline analysis. We compute Ay3;,p relative
to ACDM with the same combination of datasets and likelihoods
(see Methods).

SFRD Ay, Hy (km/s/Mpc) S m, (V)  ap/af™
Trincay 0.7 69.37£0.36  <0.149 (95%) 0.74-09!
Madau y 6.1 70.03 £ 0.40 0.106730%0  0.50105%
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FIG. 2. Consistency between DESI BAO (green) and CMB
(orange) in summed neutrino mass »_ m,, and the expansion rate
today Hr4. Probability density is shown via opacity and contours
at [0.2,04, ..., 1.4]6. The CMB centroid of ACDM (bottom) is
offset from BAO. CCBH Trinca y (middle) aligns posterior
maxima, without degrading the posterior width, through more
rapid transition to accelerated expansion via baryon conversion to
DE. CCBH Madau y (top) consumes twice as many baryons,
coming into tension with BAO from the other side. In contrast to
ACDM, inclusion of SNe (blue without BAO, purple with BAO)
pulls Y m, toward plausible values. DESY5 maximizes the effect
for visualization.

resolve the tension in Hyry between CMB and BAO
measurements. As shown in Fig. 2, the CCBH Trinca y
model successfully aligns the posterior maxima from both
datasets, resolving a tension that is present in the baseline
ACDM analysis. The figure also demonstrates, however,
that this alignment is sensitive to the star-formation history
as the Madau y model overcorrects this tension. CCBH
scenarios increase Hgry relative to Baseline ACDM
because DE is added as matter is removed, speeding the
transition to accelerated expansion. We find Gaussian
tensions with SHOES’ H, measurement [14], defined as

12 T T T : -
—== (CCBH Madau ¢

_ —— CCBH Trinca ¢ |
\ ACDM

—
o
T
—

N

Posterior Probability Density
=

g
E ad
= ’
4FE 7 |
€| /7 "8
g <
2 = S
2 -% ﬁ \\\ g
23 o \\
e} — \~~~
0.00 0.05 0.10 0.15 0.20 0.25 0.30

2 myleV]

FIG. 3. Posterior probability densities for summed neutrino
mass »_ m, under CCBH and ACDM (orange, dot-dashed line).
Trinca y (blue, solid line) and Madau y (purple, dashed line) give
peaks with > m, <0.149 (95%) and 3" m, = 0.106100%,
respectively. We shade exclusions from neutrino oscillation
experiments, indicating values consistent with the NO m; <
m, < my (dark green) and 10 my < my; < m, (light green). All
fits use Planck PR4 L-H CMB and DESI DR2 BAO.

the difference between mean values divided by their
uncertainties summed in quadrature, i.e., (Hy — Hspogs)/

A /0%1,0 + 6240rs» reduced from 4.26 — 3.36 (Trinca y) and

2. 76 (Madau y).

Figure 3 shows posterior probability densities for the
summed neutrino mass » , m, under CCBH as compared to
ACDM, a main result of this Letter. The central feature is
that > m, for CCBH peaks at positive mass, about 0.05 eV
(0.1 eV) for Trinca w (Madau ), while ACDM peaks at
negative mass. This occurs because conversion of matter to
dark energy in CCBHs allows larger summed neutrino
mass without changing the total matter density preferred by
observations. The decrease in baryon density allows the
model to remain consistent with the expansion history
measured by DESI and CMB data while simultaneously
resolving the tension on the summed neutrino mass seen in
the ACDM analysis. From Eq. (3), DE production per unit
baryon is more efficient at higher z. Trinca y features more
abundant star formation at z > 4, and therefore requires
less baryon consumption than Madau . The higher value
of the ) m,, posterior mass peak from Madau y relative to
Trinca y is due to this ~2x higher consumption of baryons
(see Table I). Trinca y provides a novel explanation for the
observational “Missing Baryons Problem” /@b ~ 0.7
[45], while the Madau scenario is at ~2¢ with respect to
constraints from fast-radio bursts [97]. The actual SFRD is
plausibly somewhere between Madau and Trinca y, which
brackets the 10-excluded region.

Discussion—Similar to ACDM (e.g., Ref. [8], Fig. 10),
the addition of SNe degrades Ay3;,p for both SFRDs (End
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TABLEII. Goodness of fit and posterior distributions (68 %) for
H, and ) m,, for our Baseline analysis plus supernovae. We
compute Ayz;p relative to ACDM with the same combination of
datasets and likelihoods (see Methods).

SFRD Ay}ap Hy (km/sMpc) > m, (eV) SNe

Trinca y  5.14 69,21j8§§ 0.07 5j8:87222 Union3
6.28 69.16 £+ 0.35 0.076* 8:862;‘ Pantheon+
9.65  6897+036 008870040  DESY5

Madau v 143 69.80 4+ 0.40 0,121f8:865§ Union3
16.4 69.71 £0.39 0,127f8:86537 Pantheon+
21.8 69.49 +£0.39 0.144£0.06 DESY5

Matter, Table II). In the context of wyw,, this tension can be
relieved by DE “thawing,” i.e., decaying in density at late
times. The CCBH model can accommodate similar internal
dynamics if the individual BHs are not purely energized
vacuum, so that k < 3. Allowing k to float in Baseline
recovers k = 2.74 £ 0.14, consistent with energized vac-
uum non-singular BHs at 1.9¢. Including Pantheon+ SNe
recovers k =2.70 £0.10 increasing the preference for
thawing to 30. However, in both cases H, decreases,
uncertainty in ) m,, increases, and a positive peak is lost.

In the CCBH scenario, neutrino masses can rise toward
observational lower bounds because baryons at late time
are converted into DE. This allows neutrino masses to
increase without decreasing the expansion rate. In princi-
ple, similar physics should be present in models that
convert CDM into DE during and after reionization. We
have focused on baryons because the CCBH scenario
directly links the independently measured SFRD to the
rate of baryon conversion to DE, whereas the internal
dynamics of CDM remains relatively unconstrained.

Summary—DESI DR2 has provided compelling evi-
dence for the evolution of DE. The conversion of matter
to DE allows the summed neutrino mass to increase while
increasing H,. Using two measured SFRDs as approximate
bounds on the rate of star formation, we fit the CCBH
model to DESI DR2 and Planck PR4 data. With the same
number of free parameters and goodness of fit as ACDM,
the CCBH model recovers positive peaks in the summed
neutrino mass consistent with the lower bounds from
neutrino oscillation experiments.
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End Matter

Appendix—In the absence of a preferred first-order
model for the evolution of CCBH DE perturbations, the
version of CLASS we have used pins the CCBH
fractional density perturbation to zero. This is a
reasonable approximation for the eventual spatial
distribution of CCBHs, which are expected to disperse
in aggregate at scales <kyp [63]. We note that any
nontransient instability at first order would exclude a
CCBH scenario. Our Letter should be interpreted as
applying to CCBH species with an effective sound speed
squared ¢?~1/3, as expected from a population of
rapidly spinning CCBHs [[63], Sec. 4.4].

Our omission introduces a systematic error in the
computation of the Newtonian gravitational potential v,
because the baryon density perturbation is diminished by
background baryon depletion without any initial compen-
sating DE perturbation. This can underestimate the total
density perturbation at z <4 by at most (Madau y)
/2wy = 7.5%, conservatively. One might expect that
this diminished gravitational potential in the late-time
universe contributes less lensed smoothing of the CMB,
and so would shift A} < 1.

We test whether more accurate tracking is required by
floating A; while fitting our Baseline to ACDM, Trinca v,
and Madau y. We find A;, equal to 1.068f8'8;‘79 (ACDM),
1.0767005% (Trinca), 1.101 £0.066 (Madau), all within
1 — 20 of A;, = 1. Although consistent, movement in Ay, is
opposite to that expected. This may result from late-time
baryon consumption increasing the ratio w./w} > in the
overall fit, relative to ACDM. This quantity roughly tracks
potential well depth before recombination, because baryons

have pressure but CDM does not. We find that /@)
tracks A; . So Madau has the deepest wells, implying more
smoothing, and so the greatest A;. A full-shape study,
where the CCBH density perturbation is sourced from the
baryon overdensity and gauge terms related to energy
injection at background order, as well as a properly sinked
baryon density contrast, will be presented in a sec-
ond paper.

In all analyses, we set N, :=0.00441 as correct for
cLass (cf. Ny =0.00641 as generated by COBAYA-
COSMO-GENERATOR), and adopted the following
priors: @} €U[0.005,0.1]; @, €U[0.001,0.99]; 7 €
U[0.01,0.8]; n,eU[0.8,1.2]; In;gA,€U[1.61,3.91];
m, €U[0,1.667] [eV]; w, €U]0.01,0.99] (ACDM-only);
EeU]0.87,1.85] (CCBH Trinca y); and E €U[5.26,6.23]
(CCBH Madau y). We ran four chains until a Gelman-
Rubin R — 1 < 0.025 was obtained and then burned 30% of
these chains to obtain posterior samples. Priors for 2 and
w, have been set to the same width to allow a meaningful
comparison of Ay3,p between models. Because ACDM is

not a parameter limit of CCBH, and the two models
have the same number of degrees of freedom, the quoted
o from Ayi;.p is determined from the likelihood ratio
exp(=Axiiap/2)-

Einstein-Boltzmann (EB) codes typically define the
early-universe densities in terms of a present-day energy
scale set by Hy. In the CCBH scenario, H, is dynamically
determined by stellar evolution physics, so it is not known
a priori. We have adjusted a version of the EB code CLASS
[102] to operate “h-less,” using the projected physical
densities @!"” in place of the critical density fractions
at the present epoch ;. Within CLASS, background
quantities are computed on grids and then interpolated.
However, often within baryon-dependent code, an explicit
scaling o 1/a® was implemented for speed, instead of
doing table interpolation. This becomes incorrect when
baryons are depleted, so we have shifted most calculations
to table interpolations. An exception is the second and third
derivatives of the optical depth, which we retained for
simplicity. The extant calculations remain correct in the

I Trinca ¢ L-H+DESI+Lensing

I Trinca ¢ CamSpec+DESI
Madau v L-H+DESI+Lensing

[ Madau ¢ CamSpec+DESI

0.0224 F = 1
— \,‘
g 0.0222 1
a3.:
0.0220 - 1
0.0218 F 1

0.1 0.2 0.0219 0.0224 69 70 71

proj
Y my, wy, Hy

FIG. 4. Impact of variations in CMB likelihood on summed
neutrino mass »_ m,, projected baryon density wf ", and ex-
pansion rate today H,. We consider CMB lensing (four-point
constraint) and CAMSPEC, which handles skymap foregrounds
differently than Baseline’s L-H. Because of approximations
within our Einstein-Boltzmann code, high ¢ multipoles will be
increasingly inaccurate where CMB lensing has greatest con-
straining power. The effect is to reduce ) m, by ~0.04 eV for
both SFRDs. The impact of the camspEC likelihood is nearly
identical to L-H with CMB Lensing.
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lead-up to, during, and after recombination. However,
interpolation during reionization will be slightly less
accurate. Similarly, the nonlinear codes for HALOFIT and
HMCODE were not stripped of projection assumptions, so
we have omitted lensing (four-point function constraint)
from Baseline.

To gauge the robustness of our results, we investigated
the sensitivity of both SFRDs to SNe, CMB lensing four-
point constraint, and CMB TTTEEE likelihood. The results
for SNe are shown in Table II, where all SNe datasets
degrade the quality of the fit. This similarity to ACDM is
expected because the CCBH scenarios mimic ACDM (e.g.,
Fig. 1). We investigated whether degradation was driven by
7z < 0.1 SNe, but found little sensitivity.

The impact of CMB likelihoods is displayed in Fig. 4.
In general, we expect degradation of performance both
because we explicitly omit nonlinear corrections, and

perturbations at small scales are less accurate due to the
instantaneous dispersal approximation. For CMB, we con-
sider two variations. First, we replace L - H with PR4 NPIPE
CAMSPEC [103] for TTTEEE and sIMALL for lowE. Second,
we study the impact of Planck PR4 lensing on L- H. We find
that the impact of caAMspEC and CMB Lensing is nearly
identical, shifting posterior »  m,, for Trincay ~ —0.05 eV
and Madau y ~ —0.04 eV. Increased > m, decreases
potential wells during structure formation, which
reduces the amount of smoothing due to gravitational
lensing, implying lower A;. It has been shown that L-H
have a lower A; compared to CAMSPEC [[83], Figure 18],
which suggests some of the offset between Figs. 3 and 4
could be due to Ay . The interplay between Y m, and A;
will be investigated in future work through a full-shape
analysis.
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