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Recently, the cosmological tensions,H0 and S8 in particular, have inspired modification of both pre- and
postrecombination physics simultaneously. Early dark energy is a promising pre-recombination solution of
the H0 tension, known to be compatible with the cosmic microwave background (CMB). However, the
compatibility of early dark energy, as well as general early resolutions, with the CMB is no longer obvious
if the late Universe is also modified. Aside from cosmological parameters, the main channel through which
late Universe physics affects CMB observables is gravitational lensing. We employed a new method of
sampling functions using the Gaussian Process in the Monte Carlo Markov Chain analysis to constrain the
shape of the CMB lensing potential. We obtained the early Universe (CMB) only constraints on the full
shape of the CMB lensing potential, with the late-time Universe being marginalized over. It is found that
CMB data prefers a lensing potential shape that is ΛCDM-like at 80≲ L ≲ 400 but with enhanced
amplitude beyond this range. The obtained shape constraints can serve as a CMB-compatibility guideline
for both late and early Universe model building that modifies the lensing potential.

DOI: 10.1103/PhysRevD.108.063512

I. INTRODUCTION

One of the most important parameters in cosmology is
the Hubble constant H0, which characterizes the expansion
rate of our current Universe. It can be measured directly
through the distance-redshift relation. Using the state-of-art
Cepheid calibrated distance ladder approach, the SH0ES
group reports H0 ¼ 73.04� 1.04 km=s=Mpc [1]. On the
other hand, in a given cosmological modelH0 calibrates the
distance to the last scattering surface and can be derived
from precise cosmic microwave background (CMB) mea-
surements. The Planck satellite results yield H0 ¼ 67.37�
0.54 km=s=Mpc assuming ΛCDM [2], also confirmed by
more recent ground CMB experiments [3,4]. The > 4σ
tension, usually dubbed the Hubble tension, between the
locally measured H0 and the CMB derived ones is one of
the most significant challenges faced by current cosmology,
which might be a hint of new physics beyond ΛCDM [5,6].
Among the plethora of models proposed to alleviate

the Hubble tension, see, e.g., [7,8] for thorough reviews, a
promising class of solutions is to introduce beyond ΛCDM
modifications to the pre and near recombination evolution

(early resolution), such as early dark energy (EDE) [9–24],
see, e.g., [25,26] for recent reviews, early modified gravity
[27–30], neutrino self-interaction [31,32], nonstandard
recombination process [33–36], and modified physical
constants at early times [37].
On the other hand, there is another possible tension

between large scale structure (LSS) and CMB observations,
characterized by S8 ¼ σ8ðΩm=0.3Þ0.5, where σ8 is the root-
mean-square amplitude of thematter fluctuation in spheres of
radius 8h−1 Mpc today. Planck CMB measurement reports
S8 ¼ 0.834� 0.016 with ΛCDM [2] while weak lensing
measurements find lower values. The 3 × 2 pt analysis from
KiDS-1000 obtains S8 ¼ 0.766þ0.020

−0.014 [38] and DES-Y3
obtains 0.779þ0.014

−0.015 [39]. The most recent DES-Y3þ
KiDS-1000 result, however, gives S8 ¼ 0.790þ0.018

−0.014 which
is compatible with Planck at 1.7σ [40]. Many models that
modify the evolution of the late Universe have been proposed
to resolve this tension, see, e.g., [8,41] for recent reviews.
The S8 tension not only affects the ΛCDM model, but

also becomes a concern for EDE [42–44]. This tension is
usually exacerbated in these early resolutions as a conse-
quence of increased total matter energy density [45–48].
Recently there has been increasing interest in reconciling
EDE with LSS by paring it with other possible mechanisms
to alleviate the S8 tension, many of which are non-
negligible in the post-recombination Universe, such as
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axion dark matter [49,50], decaying dark matter [51],
neutrino mass [52,53] and dynamics of the dark sector
[20,52,54–58]. An immediate question follows is what
information about EDE we could extract from the early
Universe observations, i.e., CMB, independent of possible
modification to the evolution of the Universe after recom-
bination. Inversely, such constraints provide guidelines on
how late modification should behave to maintain compat-
ibility with CMB observations.
On the background level, many late time modifications

can be marginalized by a time dependent dark fluid
equation of state wðzÞ and it has been shown in both
ΛCDM [2] and EDE [54,58] that a ΛCDM-like, i.e.,
w ≃ −1, post-recombination Universe is preferred. On
the perturbation level, late time physics imprints itself in
the CMB observation mainly through the late integrated
Sachs-Wolfe (ISW) effect, scattering of CMB photon by
the free electrons from reionization and gravitational
lensing. It has been suggested that the CMB lensing
information can be marginalized by, e.g., parametrization
[59–64] and interpolation [65] in ΛCDM. In this paper, we
employ a new method of sampling free functions in the
Monte Carlo Markov Chain (MCMC) analysis. We draw
our functions directly from a Gaussian process (GP) which
is able to explore a wide range of function shapes while also
requiring fewer parameters than the interpolation method.
Using the new method, we build the CMB-only constraints
on the shape of lensing in the EDE models, marginalizing
over the late Universe evolution, see Fig. 1. We found that
CMB data is most constraining on the shape of lensing in

the multiple range 80≲ L≲ 400, where the constraints is
compatible with ΛCDM prediction. Beyond this region,
shape constraints deviate from ΛCDM prediction and seem
to prefer higher amplitudes of the lensing potential spectrum
on both low and high L parts, related to the possible
preference for excess lensing-like smoothing in Planck
CMB spectra (lensing anomaly) [2]. Due to the lensing
B-mode, CMB B-mode data from BICEP/Keck [66] con-
tributes non-trivial constraining power on the L > 400 tail of
the lensing spectrum, see also Ref. [67]. Our results show
that inclusion of the B-mode does not remove the preference
for a higher lensing potential on the high-L tail, see Fig. 2.
In Sec. II we describe our sampling method and datasets.

Section III reports the cosmological models studied and the
corresponding results. We conclude in Sec. IV and group
large plots and auxiliary details in the Appendixes.

II. METHODS AND DATASETS

In this paper we are interested mainly in the linear
multiple range L < 3000 and reionization effects can be
well captured by an effective optical depth τreion. In the high-
l CMB data, there is a degeneracy between τreion and the
primordial scalar power spectrum amplitude As as Ase−2τreion .
This degeneracy can be broken by the low-l E polarization
data as well as lensing [69]. Reionization happens at very
high redshift z≳ 6.5 [70], on which late time dynamics
relevant to LSS generally has marginal effect. Therefore,
aside from cosmological parameters, the main interface
between the free streaming CMB photons after

FIG. 1. Constraints on lensing spectra shape using the Planck CMB temperature and polarization data as well as Planckþ ACT DR6
lensing measurement in the ΛCDM and EDE models. Shaded areas represent the 95% distribution of the lensing spectra. Solid black
lines are the reference ΛCDM model from Planck2018 baseline bestfit [2]. Points with error bars are ACT DR6 [68] lensing bandpower
in the extended multiple range. Following Ref. [68], only lensing data in the multiple range 40 < L < 1300 is used in the shape
constraint, thus the left most two ACT data points do not contribute to the shape constraints. The derived shape constraints contain both
information from the Planckþ ACT lensing potential reconstruction and the lensed CMB temperature and polarization spectra.
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recombination and possible post-recombination modifica-
tions relevant to LSS is the late ISW effect and gravitational
lensing. The late ISW effect receives constraints from low-l
TT spectrum where data is plagued by cosmic variance.
Appendix B shows that it has marginal constraining power
on details of the late-time physics by marginalizing over the
overall strength ALISW of the late ISW effect. Therefore, we
assume standard late ISW contribution (ALISW ¼ 1) and only
focus on the CMB lensing spectrum in this paper.
Instead of the theory lensing power spectrum Cϕϕ

L;th

predicted by a model that describes the full post-
recombination evolution, we use

Cϕϕ
L ¼ AðLÞCϕϕ

L;th ð1Þ

to calculate the lensed temperature and polarization power
spectra and fit to CMB data, where AðLÞ is a free function
to be sampled from a GP, which can be thought of as a
Gaussian distribution of functions fðxÞ ∼ GP½f̄ðxÞ; K� with
f̄ the mean function and K the kernel function (“covariant
matrix”). We use the standard square exponential kernel

Kðx1; x2Þ ¼ σ2 expð− jx1−x2j2
2l2 Þ, with correlation length l

characterizing the smoothness of the function samples
and σ being the uncertainty amplitude parameter with
respect to the mean.
We use the Monte Carlo Markov Chain (MCMC)

method to sample the parameter space. One problem is
that the GP sampling process is purely random and receives
no “guidance” from any MCMC likelihoods (data) thus

will severely affect convergence speed. To remedy this, we
introduce a few nodes fXi;Aigi∈ I where Xi ≡ log10Li are
fixed multiple positions in log space and Ai ¼ AðLiÞ are
amplitudes at Li, which are varied in the MCMC analysis.
AðLÞ is then drawn from a conditional GP under the
condition that the sampled function passes through these
specified nodes. Formally, on any given finite set of
multiples fLg we define XL ¼ flog10Lg, then the GP
reduces to a conditional multivariate Gaussian distribution

AðLÞ ∼N ðĀðLÞ;ΣÞ ð2Þ

with

ĀðLÞ ¼ KðXL;XiÞK−1ðXi;XjÞAj ð3Þ

ΣL1L2
¼ KðXL1

; XL2
Þ − KðXL1

;XiÞK−1ðXi;XjÞKðXj; XL2
Þ;

ð4Þ

where common subscripts are summed over. On one hand,
nodes do not bias our function sampling because the
amplitudes Ai are free to vary in the MCMC analysis. On
the other hand, nodes aid convergence by shaping the mean
function to the data-constrained direction. Moreover, unlike
the standard interpolation method, GP still provides suffi-
cient freedom for AðLÞ to vary even one fixes the nodes
and amplitudes, which allows us to use much fewer nodes
than standard interpolation. In principle, a large number of
Gaussian realizations of AðLÞ is needed for the same
cosmology to sample the function space as much as possible.

FIG. 2. Comparison between the baseline and baselineþ BK18 68% and 95% constraints on free lensing shape in ΛCDM and
AdS-EDE. The result for AxiEDE is similar to AdS-EDE, thus constraints are only plotted for one EDE model to simplify presentation.
The reference model is the ΛCDM model from Planck2018 baseline bestfit [2]. Green constraints are produced by theory derived
lensing potential. Dashed gray vertical lines indicate the multiple range 80 < L < 400.
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On the other hand, to perform the MCMC analysis over
cosmological parameters, we cannot afford too much time at
each cosmological step (i.e., the same cosmological param-
eters). As a compromise, in one cosmological step we
oversample 2 sets of node amplitudes fAig and test over
4 random samples of AðLÞ for each set of fAig, thus in total
8 realizations of AðLÞ are sampled in each cosmological
step. Each sampled realization of AðLÞ is treated as a
separate MCMC step with its acceptance into the chain
depending on the usual MCMC criteria [71]. Increasing the
oversampling number without heavily impacting the con-
vergence speed has little effect on the final constraints. The
MCMC sampling is performed using MontePython-3.5 [59,72],
modified to implement the GP sampling method described
above [73]. Cosmological background and perturbations are
calculated using CLASS [74,75], modified to include the EDE
models and recomputation of lensing [76]. The modification
exposed the lensing module of CLASS so that it supports

redoing the lensing computation only given input vector
AðLÞ, L ¼ 2; 3;…; Lmax with Að0Þ ¼ Lmax if cosmology
keeps unchanged. For speed reasons, the actual vector drawn
from GP is the values of AðLÞ evaluated at 40 L’s log-evenly
distributed in the multiple range 10 ≤ L ≤ 1500, which is
then interpolated to the full AðLÞ. The corresponding values
of Cϕϕ

L;th and AðLÞ at the 40 L’s are output into the chain for
every step, and posterior distributions of the product (1) of
them will be later presented as the lensing shape constraint.
Our baseline datasets include:
(i) CMB T=E: CamSpec High-l TTTEEE CMB like-

lihood [77] derived from the Planck PR4 NPIPE data
[78]. Low-l CMB TT (PR3) and EE (PR4) data
from Planck [78,79].

(ii) Lensing: The combined likelihood of ACT DR6
lensing and Planck NPIPE lensing with extended
range (40 < L < 1300) [68,80,81].

FIG. 3. Comparison between the lensed and raw TTand EE spectra. Different line color indicates that the corresponding lensed spectra
is produced with the L < # section of Cϕϕ

L (others set to zero). Points with error bars are binned power spectra of Planck 2018 [2].
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With explicit mentioning, we will also use the BICEP/Keck
2018 data (BK18) [66] of CMB B-mode polarization and
the local measurement ofH0¼73.04�1.04 km=s=Mpc [1]
as a Gaussian prior (R21).

III. MODELS AND RESULTS

For ΛCDM we sample over the standard six cosmologi-
cal parameters fωcdm;ωb; H0; ln 1010As; ns; τreiong. In the
typical EDE scenario, a scalar field is initially frozen due to
the Hubble friction at some initial position with nonvanish-
ing potential energy. As the Universe cools, the scalar field
thaws and starts rolling when the Hubble parameter drops
below some critical value and the Hubble friction is no
longer able to freeze the field. For specific EDE models we
study the n ¼ 3 axion-like EDE (AxiEDE) [9] and AdS-
EDE with a fixed AdS depth αads ¼ 3.79 × 10−4 [16,82].
EDE is characterized by two additional model parameters
fzc; fedeg where zc is the redshift at which the EDE field
starts rolling and fede its energy fraction at zc. In AxiEDE
we vary one more parameter Θi describing the initial phase
of the field. See corresponding EDE papers for details. All
AxiEDE analysis presented in this paper further includes the
R21 H0 prior in addition to our baseline dataset to achieve
nontrivial EDE energy fraction [83,84]. Without such a
prior, the AxiEDE model biases toward ΛCDM and does
not represent the EDE cosmology. AdS-EDE does not suffer
this problem partially due to the existence of V < 0 (AdS),
which removes the ΛCDM (fede) best fit point from this
model because too small fede will result in the field being
confined in the disastrous AdS region and collapse the
Universe before today.
We vary amplitudes flnA1; lnA2; lnA3g with flat priors

at three nodes L∈ ½50; 200; 800� log-evenly distributed in
the lensing data multiple range. Considering that the
characteristic shape of the lensing power spectrum L2ðLþ
1Þ2Cϕϕ

L =2π is a peak, the three nodes are selected such that
the first one near the peak, the second tunes the most
constrained amplitude at the intermediate scales and the last
anchors the high-L tail [85]. Because the typical relative
variance of the lensing data used is≲10%, we fix the kernel
function parameter to σ ¼ 0.1. We also set the correlation
length parameter l ¼ 1.0 which is small enough to capture
the main features while also maintains acceptable con-
vergence speed. See Appendix C for details.
Figure 1 plots our main results of the lensing shape

constraints in the baseline dataset for ΛCDM and EDE,
see Appendix A for details of the MCMC analysis. Width
of the shaded area at a given multiple indicates the con-
straining power of data on lensing potential. One also
notes that the constraint are very similar between AxiEDE
and AdS-EDE in Fig. 1, which turns out to be general for
lensing shape constraint. Therefore, to simplify presentation,
we only present the AdS-EDE result hereafter unless explic-
itly specified. The most constrained range is roughly

80≲ L≲ 400, in accordance with the ACTþ Planck band-
power bins. The constrained bands in this region distribute
approximately evenly around AðLÞ ¼ 1, which requires that
anymodel describing the lateUniverse that is compatiblewith
data to predict lensing potential close to the concordance
model in this multiple range. This can also be seen from the
theory results (green) in Fig. 2, while EDE and ΛCDM
constraints are generally different in the high and low L tail
(mainly due to the significantly different prediction on ns in
EDE [86–89]), they overlapwith each other in 80≲ L≲ 400.
This observation agrees with the finding of Refs. [68,90]
that lensing reconstruction is compatible with Alens ¼ 1
when marginalizing over a single Alens.
However, beyond the most constrained range

80≲ L≲ 400, Fig. 1 indicates a preference, general to
ΛCDM and EDE, for enhanced lensing potential (com-
pared with the concordance model) in both the low and
high L tails. The enhancement in the low-L tail can be at
least partially attributed to the preference for additional
lensing-like smoothing in Planck data, sometimes referred
to as the “lensing anomaly.” Figure 3 shows how different
sections of Cϕϕ

L contribute to the lensed T and E spectra.
The oscillatory pattern in both spectra at high-L is the
lensing smoothing effect, which according to Ref. [2],
accounts for most of the improvement in fit for the lensing
anomaly. This is also visible in Fig. 3 where the Planck data
points have slightly higher amplitude than the “full” line
in the oscillatory region. Figure 3 shows that L < 100 has

FIG. 4. Comparison between the lensing shape constraints from
CMB temperature (CMB T) and E polarization (CMB T=E) and
CMB T=Eþ lensing reconstruction. For CMB T=Eþ Lensing,
68% and 95% posterior bands of Cϕϕ

L are plotted. For CMB T=E,
color shading plots the posterior density distribution of the Cϕϕ

L
values at 40 L’s log-evenly distributed in the range
10 ≤ L ≤ 1500, with the corresponding 68% C.L. band indicated
by green dotted lines. For CMB T, the second node is uncon-
strained from below, causing the full shape constraint to be prior
dominated. Therefore, we only plot the 68% (blue rectangles) and
95% (blue lines) constraints (upper bound for the second node) of
Cϕϕ
L at L ¼ ½50; 200; 800�, corresponding to the positions of the

three nodes flnA1; lnA2; lnA3g.
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major contribution to smoothing while the effect of
L > 400 is marginal. Figure 4 further compares the shape
constraints from CMB temperature, polarization, and
lensing reconstruction. Lensing reconstruction dominates
the constraint in the most constrained region 80≲ L≲ 400,
while lensed temperature and polarization spectra drive the
preference for enhanced lensing effect on both the low and
high L tails. E mode polarization data reduces the enhance-
ment at L < 100, which is consistent with the finding of
Ref. [2] that the lensing anomaly becomes less obvious
after inclusion of polarization spectra.
In Fig. 3, the L > 400 tail has significant contribution in

the first two bumps of the E mode plot, especially the first
bump is nearly exclusively contributed by Cϕϕ

L ðL > 200Þ.

This is due to the E to B mode conversion through CMB
lensing and has already been noticed in Ref. [16]. It will
thus be interesting to test if B-mode data provides addi-
tional constraints in the high-L tail and, inversely, if the
preferred enhancement of Cϕϕ

L at high-L can change the
derived bound on the tensor-to-scalar ratio r, defined as
the ratio of primordial tensor power spectrum amplitude to
scalar amplitude at k ¼ 0.05 Mpc−1. The enhancement at
high L of the baselineþ BK18 result (red) compared with
the baseline one (blue) in Fig. 2 shows that B-mode data
indeed contributes non-trivially to the lensing shape con-
straint in ΛCDM. On the other hand, upper bounds on r
does not shift with the addition of free lensing, i.e.,
we obtain the same r < 0.037 (95% C.L.) in ΛCDM

FIG. 5. 68% and 95% posterior distributions of relevant cosmological parameters in the ΛCDM and AdS-EDE models with and
without free lensing. The dataset used is baselineþ BK18. Dotted lines mark the position of ns ¼ 1.
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and r < 0.033 (95% C.L.) in AdS-EDE with and without
free lensing, see Fig. 5 for relevant cosmological parameter
constraints. We attribute the slightly different bounds than
Refs. [66,67,91] to the different datasets used. Another
interesting point in Fig. 5 and also Appendix-A is that the
AdS-EDE cosmological constraints seems to be more
“robust” than ΛCDM against the addition of free lensing.
This is because due to the nearly scale invariant ns [86–89],
the theoretically predicted Cϕϕ

L;th in AdS-EDE is already
close to the shape constraint at the high-L tail, see Fig. 2,
while in ΛCDM, some additional parameter shifts are
needed to accommodate the new lensing shape when free
lensing is turned on. Interestingly, including BK18 on top
of the baseline dataset in ΛCDM further increases the
enhancement in AðLÞ at high L.

IV. CONCLUSION

In this paper, we studied how CMB data alone, including
temperature and polarization spectra as well as lensing
reconstruction, can constrain the overall shape of the
lensing potential in ΛCDM and EDE. We proposed a
new function reconstruction method based on GP, which
allowed us to marginalize over late-Universe effects such as
lensing. As a consequence, the derived shape constraint
does not rely on late Universe datasets such as baryon
acoustic oscillation, SNIa and galaxy surveys which require
assuming a specific cosmological model to bridge the early
and late Universe. On the other hand, our result does
depend on the early Universe model assumed, e.g. EDE.
The lensing reconstruction data has relatively weak
dependence on models because the reconstruction pro-
cedure mainly relies on the observed spectrum. However,
as shown in Fig. 4, there is also part of the constraint
coming from the smoothing of raw CMB T=E spectra. Both
the smoothing effect and the raw spectra can depend on the
model details of the prerecombination cosmology. It is
quite interesting that AxiEDE and AdS-EDE produce very
similar shape constraints in the end. We found current CMB
lensing data can constrain the shape of lensing on a broad
multiple range and, according to Fig. 2, the most stringent
constraint is in 80≲ L≲ 400, where the cosmological
models are required to produce ΛCDM-like lensing poten-
tial. This is a strong constraint on the possible behaviors of
the late Universe during the period relevant to CMB lensing
(a broad redshift range around z ∼ 2) on these scales. On
both the high and low-L tails beyond this range, the shape
constraints are weaker but interestingly favor enhanced
lensing compared with ΛCDM prediction, which we
conclude is at least partially due to the preferred excess
lensing-like smoothing in Planck data [92]. We found
B-mode data can offer meaningful constraint on the lensing
shape at L > 400 through its constraint on the lensing
B-mode. Inclusion of B-mode does not remove the pref-
erence for enhanced lensing at L > 400. Despite different

shapes of theoretically predicted lensing potentials, the
lensing shape constraints from CMB data are very similar
in EDE and ΛCDM. However, we do notice that, with free
lensing, cosmological parameter constraints experience
nearly no change in AdS-EDE as opposed to ΛCDM
because the theory lensing potential shape in the former
is closer to the data preferred shape due to its very scale
invariant ns.
The constraints obtained in this paper can serve as a

guideline for model building. Given a late Universe physics
model, a necessary condition for such a model to be
compatible with CMB is that it should respect the most
stringent constraints in 80≲ L≲ 400 in Figs. 1 and 2. For
example, a direct observation from the constrained shape
is that any overall shift of the lensing potential amplitude
will be difficult to reconcile with CMB lensing, such as a
constant Alens or positive spatial curvature [2,93–95]. This
is in line with the observation that, despite the lensing
anomaly, lensing reconstruction in both Planck 2018 [2]
and ACT DR6 [68] supports Alens ¼ 1. Given the prefer-
ence for enhanced lensing at L > 400 and that galaxy weak
lensing surveys [38,39,96] seem to indicate reduced ampli-
tude of matter power spectrum on small scales, we are
working on generalizing the GP method presented here to
the matter power spectrum and studying how combining
CMB lensing with galaxy weak lensing can further con-
strain its shape.
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APPENDIX A: MORE MCMC RESULTS

This appendix gathers some details of our baseline (i.e.,
CMB T=Eþ Lensing) MCMC analysis. Table I lists the
priors for all varied model parameters. Figure 6 plots the

TABLE I. Priors for all model parameters varied in our MCMC
analysis.

Parameter Prior Parameter Prior

ωb Uniformð−∞;þ∞Þ fede Uniformð10−4; 0.3Þ
ωcdm Uniformð−∞;þ∞Þ lnð1þ zcÞ Uniform(7.5, 9.5)
H0 Uniformð−∞;þ∞Þ Θi Uniform(0, 3.1)
ln 1010As Uniformð−∞;þ∞Þ lnAL1

Uniformð−2; 2Þ
ns Uniformð−∞;þ∞Þ lnAL2

Uniformð−2; 2Þ
τreion Uniformð0.004;þ∞Þ lnAL3

Uniformð−2; 2Þ
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FIG. 6. 68% and 95% posterior distributions of cosmological parameters in our baseline ΛCDM, AxiEDE, and AdS-EDE models.

TABLE II. Mean and 1σ parameter constraints in our baseline ΛCDM, AxiEDE, and AdS-EDE models.

ΛCDM AxiEDE AdS-EDE

Parameters Theory Free lensing Theory Free lensing Theory Free lensing

100ωb 2.216� 0.013 2.245� 0.015 2.253� 0.020 2.276þ0.019
−0.017 2.309� 0.016 2.315� 0.019

ωcdm 0.1199� 0.0010 0.1178� 0.0013 0.1256þ0.0039
−0.0032 0.1253þ0.0028

−0.0033 0.1338þ0.0015
−0.0017 0.1342þ0.0021

−0.0023

H0 67.15� 0.43 68.24� 0.59 70.7� 1.1 71.55� 0.83 72.60þ0.51
−0.59 72.79� 0.69

ln 1010As 3.050� 0.012 3.048� 0.014 3.060þ0.15
−0.18 3.064þ0.013

−0.016 3.080� 0.012 3.087� 0.014

ns 0.9629� 0.0037 0.9740� 0.0038 0.9793þ0.0092
−0.0066 0.9911þ0.0061

−0.0053 0.9947� 0.0043 0.9981� 0.0049
τreion 0.0583� 0.0058 0.0577� 0.0066 0.0614� 0.0064 0.0595� 0.0070 0.0572� 0.0061 0.0583� 0.0065
fede Not applicable Not applicable 0.078� 0.029 0.088� 0.023 0.1140þ0.0031

−0.0078 0.1154þ0.0034
−0.0084

lnð1þ zcÞ Not applicable Not applicable 8.289þ0.345
−0.414 8.312þ0.143

−0.322 8.142� 0.058 8.120þ0.054
−0.061

Θi Not applicable Not applicable > 2.54ð95% C.L.Þ 2.79þ0.19
−0.09 Not applicable Not applicable
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posterior distributions in our baseline ΛCDM, AxiEDE
and AdS-EDE analysis. The corresponding parameter
constraints are reported in Table II. Note that AxiEDE
has a nonvanishing fede here, which is due to the
inclusion of an H0 prior (R21) on top of the baseline
datasets for this specific model, as explained in Sec. III.
In both Figs. 5 and 6, parameter posteriors with free
lensing show some shift (not statistically significant)
compared with the ones without. The shifts are

generally smaller in Fig. 5 (baselineþ BK18) than in
Fig. 6 (baseline), which we attribute to the additional
constraining power from BK18.

APPENDIX B: IMPACT OF LATE ISW

Another possible channel through which late Universe
physics can affect CMB observable is the late time ISW
effect, mainly originates from the dark energy dominated

FIG. 7. 68% and 95% posterior distributions of cosmological parameters in ΛCDM with ALISW ¼ 1 and ALISW free.

SHAPE OF CMB LENSING IN THE EARLY DARK ENERGY … PHYS. REV. D 108, 063512 (2023)

063512-9



era. To test the impact this effect, we rescale the late ISW
(z < 120) contribution to the CMB power spectra by a free
parameter ALISW and redo our baseline analysis of ΛCDM.
Figure 7 compares the cosmological parameter constraints
with ALISW ¼ 1 and ALISW free, which shows that the
constraint on ALISW is fairly weak and does not signifi-
cantly impact parameter constraints. Figure 8 further
illustrates that the lensing shape constraints are also

unaffected by fixing ALISW ¼ 1. Therefore, we fix
ALISW ¼ 1 in our baseline analysis to reduce number of
free parameters.

APPENDIX C: IMPACT OF CORRELATION
LENGTH l AND UNCERTAINTY σ

In this section, we compare the impact of different values
of the GP parameters. Using the same model setups as
described in Sec. III but with l ¼ f0.25; 0.5; 1.0; 2.0g, σ ¼
0.1 and l ¼ 1.0, σ ¼ f0.05; 0.1; 0.2g, we redo our analysis
against the baseline dataset. It is clear Fig. 9 that the choice
of l has nearly no effects on the parameter constraints. The
left panel of Fig. 10 shows that the general shape constraint
is also insensitive to the choice of l in a wide multiple
range. However, too small l means the GP will tend to
sample more functions with many random sharp features
between two nodes and are not well constrained by data.
This in practice manifests as extremely low acceptance
rates and convergence speed in the MCMC analysis. We
choose to fix l ¼ 1.0 which is a good compromise between
the acceptance rate and good shape constraints. The right
panel of Fig. 10 shows that the main constraint at L > 40 is
also stable against a change in σ. We choose to fix σ ¼ 0.1
as it represents the typical relative error of the lensing
reconstruction data.

FIG. 8. Lensing shape constraints in ΛCDM with ALISW ¼ 1
and ALISW free.
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FIG. 9. 68% and 95% posterior distributions of cosmological parameters in ΛCDM with different GP parameter l.
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101, 123505 (2020).

[33] C.-T. Chiang and A. Slosar, arXiv:1811.03624.
[34] K. Jedamzik and L. Pogosian, Phys. Rev. Lett. 125, 181302

(2020).
[35] T. Sekiguchi and T. Takahashi, Phys. Rev. D 103, 083507

(2021).
[36] L.W. H. Fung, L. Li, T. Liu, H. N. Luu, Y.-C. Qiu, and

S. H. H. Tye, J. Cosmol. Astropart. Phys. 08 (2021) 057.
[37] L. Hart and J. Chluba, Mon. Not. R. Astron. Soc. 493, 3255

(2020).
[38] C. Heymans et al., Astron. Astrophys. 646, A140 (2021).
[39] T. M. C. Abbott et al. (DES Collaboration), Phys. Rev. D

105, 023520 (2022).
[40] T. M. C. Abbott et al. (Kilo-Degree Survey and Dark Energy

Survey Collaborations), arXiv:2305.17173.
[41] E. Abdalla et al., J. High Energy Astrophys. 34, 49 (2022).

FIG. 10. Lensing shape constraints in ΛCDMwith different GP parameters. Left panel: l ¼ f0.25; 0.5; 1.0; 2.0g, σ ¼ 0.1. Right panel:
l ¼ 1.0, σ ¼ f0.05; 0.1; 0.2g.

GEN YE, JUN-QIAN JIANG, and YUN-SONG PIAO PHYS. REV. D 108, 063512 (2023)

063512-12

https://doi.org/10.3847/2041-8213/ac5c5b
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910e
https://doi.org/10.1088/1475-7516/2020/12/047
https://doi.org/10.1088/1475-7516/2020/12/047
https://doi.org/10.1103/PhysRevD.104.083509
https://doi.org/10.1103/PhysRevD.104.083509
https://doi.org/10.1038/s41550-019-0902-0
https://doi.org/10.1038/s41550-019-0902-0
https://doi.org/10.1007/s00159-021-00137-4
https://doi.org/10.1007/s00159-021-00137-4
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.1016/j.newar.2022.101659
https://doi.org/10.1016/j.newar.2022.101659
https://doi.org/10.1103/PhysRevLett.122.221301
https://arXiv.org/abs/1904.01016
https://doi.org/10.1016/j.physletb.2019.134830
https://doi.org/10.1016/j.physletb.2019.134830
https://doi.org/10.1103/PhysRevD.100.063542
https://doi.org/10.1103/PhysRevD.100.063542
https://doi.org/10.1103/PhysRevD.101.063523
https://doi.org/10.1103/PhysRevD.101.063523
https://doi.org/10.1103/PhysRevD.103.L041303
https://doi.org/10.1103/PhysRevD.103.L041303
https://doi.org/10.1103/PhysRevLett.124.161301
https://doi.org/10.1103/PhysRevLett.124.161301
https://doi.org/10.1103/PhysRevD.101.083507
https://doi.org/10.1103/PhysRevD.102.083513
https://doi.org/10.1103/PhysRevD.105.063535
https://doi.org/10.1103/PhysRevD.105.063509
https://doi.org/10.1103/PhysRevD.105.063509
https://doi.org/10.1103/PhysRevD.106.043525
https://arXiv.org/abs/2209.00011
https://arXiv.org/abs/2208.07631
https://arXiv.org/abs/2208.07631
https://arXiv.org/abs/2301.03572
https://doi.org/10.1103/PhysRevD.103.123501
https://arXiv.org/abs/2211.04492
https://arXiv.org/abs/2302.09032
https://doi.org/10.1103/PhysRevD.99.043514
https://doi.org/10.1103/PhysRevD.99.043514
https://doi.org/10.1103/PhysRevD.102.023523
https://doi.org/10.1103/PhysRevD.102.023529
https://doi.org/10.1103/PhysRevD.102.023529
https://doi.org/10.1088/1475-7516/2020/11/024
https://doi.org/10.1088/1475-7516/2020/11/024
https://doi.org/10.1103/PhysRevLett.123.191102
https://doi.org/10.1103/PhysRevD.101.123505
https://doi.org/10.1103/PhysRevD.101.123505
https://arXiv.org/abs/1811.03624
https://doi.org/10.1103/PhysRevLett.125.181302
https://doi.org/10.1103/PhysRevLett.125.181302
https://doi.org/10.1103/PhysRevD.103.083507
https://doi.org/10.1103/PhysRevD.103.083507
https://doi.org/10.1088/1475-7516/2021/08/057
https://doi.org/10.1093/mnras/staa412
https://doi.org/10.1093/mnras/staa412
https://doi.org/10.1051/0004-6361/202039063
https://doi.org/10.1103/PhysRevD.105.023520
https://doi.org/10.1103/PhysRevD.105.023520
https://arXiv.org/abs/2305.17173
https://doi.org/10.1016/j.jheap.2022.04.002


[42] J. C. Hill, E. McDonough, M.W. Toomey, and S.
Alexander, Phys. Rev. D 102, 043507 (2020).

[43] M.M. Ivanov, E. McDonough, J. C. Hill, M. Simonović,
M.W. Toomey, S. Alexander, and M. Zaldarriaga, Phys.
Rev. D 102, 103502 (2020).

[44] G. D’Amico, L. Senatore, P. Zhang, and H. Zheng,
J. Cosmol. Astropart. Phys. 05 (2021) 072.

[45] G. Ye and Y.-S. Piao, Phys. Rev. D 102, 083523 (2020).
[46] L. Pogosian, G.-B. Zhao, and K. Jedamzik, Astrophys. J.

Lett. 904, L17 (2020).
[47] K. Jedamzik, L. Pogosian, and G.-B. Zhao, Commun. Phys.

4, 123 (2021).
[48] S. Vagnozzi, Phys. Rev. D 104, 063524 (2021).
[49] I. J. Allali, M. P. Hertzberg, and F. Rompineve, Phys. Rev. D

104, L081303 (2021).
[50] G. Ye, J. Zhang, and Y.-S. Piao, Phys. Lett. B 839, 137770

(2023).
[51] S. J. Clark, K. Vattis, J. Fan, and S. M. Koushiappas, Phys.

Rev. D 107, 083527 (2023).
[52] A. Gómez-Valent, Z. Zheng, L. Amendola, C. Wetterich,

and V. Pettorino, Phys. Rev. D 106, 103522 (2022).
[53] A. Reeves, L. Herold, S. Vagnozzi, B. D. Sherwin, and

E. G. M. Ferreira, Mon. Not. R. Astron. Soc. 520, 3688
(2023).

[54] H. Wang and Y.-S. Piao, Phys. Lett. B 832, 137244 (2022).
[55] S. Alexander, H. Bernardo, and M.W. Toomey, J. Cosmol.

Astropart. Phys. 03 (2023) 037.
[56] M. A. Buen-Abad, Z. Chacko, C. Kilic, G. Marques-

Tavares, and T. Youn, J. High Energy Phys. 06 (2023) 012.
[57] H. Wang and Y.-S. Piao, arXiv:2209.09685.
[58] J. Rebouças, J. Gordon, D. H. F. de Souza, K. Zhong, V.

Miranda, R. Rosenfeld, T. Eifler, and E. Krause, arXiv:
2302.07333.

[59] B. Audren, J. Lesgourgues, K. Benabed, and S. Prunet,
J. Cosmol. Astropart. Phys. 02 (2013) 001.

[60] B. Audren, Mon. Not. R. Astron. Soc. 444, 827 (2014).
[61] P. Motloch, W. Hu, and A. Benoit-Lévy, Phys. Rev. D 95,
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