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The cosmic microwave background (CMB) is a powerful probe of early-universe physics but is
only observed after passing through large-scale structure, which changes the observed spectra in
important model-dependent ways. This is of particular concern given recent claims of significant
discrepancies with low redshift datasets when a standard ACDM model is assumed. By using
empirical measurements of the CMB lensing reconstruction, combined with weak priors on the
smoothness of the lensing spectrum, foregrounds, and shape of any additional integrated Sachs-Wolfe
effect, we show how the early-universe parameters can be constrained from CMB observations almost
independently of the late-time evolution. This provides a way to test new models for early-universe
physics, and measure early-universe parameters, independently of late-time cosmology. Using the
empirical measurement of lensing keeps the size of the effect of late-time modeling uncertainty under
control, leading to only modest increases in error bars of most early-universe parameters compared to
assuming a full evolution model. We provide robust constraints on early-ACDM model parameters
using the latest Planck PR4 data and show that with future data marginalizing over a single lensing
amplitude parameter is sufficient to remove sensitivity to late-time cosmological model only if the

spectral shape matches predictions.
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I. INTRODUCTION

Observations of the cosmic microwave background
(CMB) have served to establish the flat lambda-cold dark
matter (ACDM) cosmological model, as the best fit to
existing observations. In this model, the Universe starts
with an inflationary phase, which creates the seeds for
structure formation, and at present times it is dominated by
a cosmological constant (A) driving the observed accel-
erated expansion, and cold dark matter (CDM) as the
predominant matter component. The most accurate param-
eter constraints within the ACDM cosmology come from
CMB observations from the Planck satellite [1]. We will
henceforth refer to this set of parameters as the Planck
cosmology.

Observations of the “late” Universe (which for CMB
scientists includes everything that happens well after
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recombination, z < 1000), generally agree with the
Planck cosmology. However, differences between obser-
vations of the “early” and “late” Universe have generated
significant interest, as they may suggest the presence of
physics beyond the ACDM model. Local measurements of
the expansion rate using the cosmic distance ladder [2,3]
measure a higher value than predicted by the Planck
cosmology at up to the 5o significance level. Indepen-
dently, some local measurements of the matter distribution
through weak gravitational lensing are also discrepant with
Planck results [4], although at a lower level of statistical
significance.

However, it is a mistake to consider the Planck parameter
constraints a result of early Universe physics alone.
Multiple effects affect the Planck CMB power spectra at
low redshift, which are commonly ignored in early versus
late discussions. Of these effects, the most important are:

(1) Integrated Sachs-Wolfe (ISW) effect [5]: The change

in energy from photons propagated through an
evolving gravitational potential. This happens dur-
ing the start of matter domination (early ISW) and
entering and during dark energy domination (late
ISW). Of these, only the latter is considered a late
Universe effect.

Published by the American Physical Society


https://orcid.org/0000-0002-4728-8473
https://orcid.org/0000-0001-5927-6667
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.107.103505&domain=pdf&date_stamp=2023-05-08
https://doi.org/10.1103/PhysRevD.107.103505
https://doi.org/10.1103/PhysRevD.107.103505
https://doi.org/10.1103/PhysRevD.107.103505
https://doi.org/10.1103/PhysRevD.107.103505
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PABLO LEMOS and ANTONY LEWIS

PHYS. REV. D 107, 103505 (2023)

(i) Reionization: free electrons after reionization scat-
ter a fraction of the CMB photons by Thomson
scattering. This effect is usually parameterized by a
single parameter 7., measuring the optical depth to
reionization.

(iii) CMB lensing: lensing alters the path of photons,
remapping the last-scattering surface into the ob-
served anisotropies. Averaged over the whole sky,
this smooths out the acoustic peaks of the CMB
spectra, but the local variations produce a significant
connected four-point function that can be used for
lensing reconstruction. Since the smoothing effect is
just the sky average of the local effect, a measured
lensing reconstruction can be used to predict the
amount of smoothing.

(iv) Foregrounds, including galactic dust, point sources,
cosmic infrared background (CIB), and the Sunyaev-
Zeldovich (SZ) effect [6-8]. These can be distin-
guished by frequency dependence, apart from the
kinetic SZ (due to bulk peculiar motions of ionized
gas) which is only a small signal for Planck and
expected to have a very smooth spectrum.

The late ISW signal is model-dependent, but is generi-
cally restricted to large scales and carries little statistical
power due to cosmic variance. The lensing and foregrounds
can be directly constrained empirically almost independent
of cosmology: lensing reconstruction can be used to
measure the lensing amplitude and hence the amount of
power spectrum smoothing expected, and foregrounds
(except kinetic SZ) can be subtracted or constrained using
the nonblackbody scaling over multiple observed frequen-
cies. By using these data constraints, and excluding the
small sensitivity to the late ISW, it is therefore possible to
model the observed CMB power spectra essentially inde-
pendently of late-time physics. The late-time background
evolution only affects the spectra via the angular diameter
distance to last scattering. The angular size today of the
comoving sound horizon at recombination is very accu-
rately measured, and so encapsulates the only constraint on
the late-time background evolution.

In this paper, we show how to build a CMB likelihood
that does not require a cosmological model to model the
late-time effects. Using this, we can robustly constrain
cosmological models at early times independently of late-
time physics, along with the comoving angular diameter
distance that determines the observed angular size of the
anisotropies.

Modeling the foregrounds empirically is standard prac-
tice, but the lensing is usually constrained using a full
model. Modeling the lensing independently of late-time
structure growth is of particular interest due to the tensions
with other data, suggesting possible inconsistencies in the
ACDM model. There is also the possible (2-3)o preference
of the Planck temperature data for more lensinglike
smoothing than predicted by the Planck cosmology fit

(high Ay, see e.g. Refs. [1,9,10] for discussion). A large
actual lensing signal is not supported by either the lensing
reconstruction or the Planck polarization spectra, but if the
apparent preference is not just a statistical fluctuation, it
could indicate some modification to the early-Universe
temperature CMB spectrum that could be explained by new
physics.

Sometimes the lensing-scaling A, parameter is varied
as a free parameter, but, if a lensing likelihood is not also
used, it allows lensing amplitudes that are ruled out by the
lensing reconstruction. If lensing reconstruction is used, in
general, it does not capture the full scale-dependence of
possible variations in the lensing spectrum and amount of
lensing smoothing. By using the lensing reconstruction
data to fit the lensing smoothing empirically, we can
constrain parameters without having to predict the cosmo-
logical dependence of the lensing signal at all. An alter-
native would be to use the reconstructed lensing potential to
delens sky at the map level [11-14], which should
ultimately be more optimal than modeling the lensing at
the power spectrum level. However, with current data this
cannot be done perfectly, leaving some cosmology-
dependent residual, and the delensed power spectrum
can have complicated statistics and Gaussian biases that
would need to be modeled [14]. Here we adopt the much
simpler approach of just modeling the lensing power,
which, as we shall show, is sufficient to provide good
robust constraints, and can serve as a baseline for any
delensing analysis. For Planck data, marginalizing over a
free lensing amplitude A, assuming late-time ACDM
evolution gives similar results to allowing greater freedom
in the lensing spectra. However, with future data, the CMB
spectra are more sensitive to the relative amounts of lensing
power on small scales, and marginalizing over a single
parameter is then only sufficient to obtain robust constraints
if the data are consistent with the ACDM prediction for the
lensing spectral shape.

Previous work has tried to separate constraints of early
and late cosmology and derive robust late-cosmology-
independent parameter summaries [15-19]. Our approach
is similar to [17], but we empirically constrain the lensing
from the four-point information (as Refs. [19,20]) rather
than marginalizing out using only power spectrum infor-
mation. We are also able to use the latest Planck PR4
lensing and power spectrum data to provide much more
powerful constraints.

Future CMB data should be able to make a precision test
of any new early-universe physics that could explain the
Hubble tension. However, models that can do this typically
also change the predictions for the late-time matter power,
often in ways that appear inconsistent with the data. It’s
therefore possible that new physics is needed in both the
early and late universe. By constraining the early-universe
model in a way that is independent of the late-time structure,
robust constraints can be placed on the early-universe model
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without making assumptions about the late-time evolution.
Any detection of a violation of early-ACDM that is robust
to the late-time evolution would be a powerful way to rule
out the ACDM standard model using just CMB data,
without making strong assumptions about the late-universe
cosmology or the complexities of astrophysical observ-
ables. Parameter constraints from early-ACDM would
also provide parameter consistency bounds for any model
of the late cosmology that leaves the early-universe physics
unmodified.

We start in Sec. II by describing the various late-time
effects that can modify the observed CMB, and how we
model, neglect, or constrain them. Then Sec. III gives early-
universe constraints on parameters from the latest Planck
data, and an example simple demonstration for possible
future data.

II. METHODS
A. Integrated Sachs-Wolfe effect

As discussed in the introduction, there are two types of
ISW, but only one is affected by late-time physics. This
late-time ISW signal is imprinted on the scale of the
evolving gravitational potentials that generate it. On small
scales, there is a near cancellation between multiple
perturbations along the line of sight, so the signal is only
important on relatively large scales. On the scale of the
current horizon there is some correlation between the ISW
and the primordial perturbations, but at # 2 30 the pertur-
bations are spatially separated and hence the ISW signal is
essentially uncorrelated, contributing to the temperature
power spectrum additively (see Fig. 1). We can conserva-
tively cut the temperature spectrum at £ < 30 to remove the
main signal. On smaller scales, we use an additive template
with an amplitude decaying with (£ +1)C, « 1/¢2,
which, as shown in Fig. 1, is a reasonable fit to the
rapidly-decaying signal in toy models with different con-
stant dark energy equation of state parameter values. For
any plausible extended model with an ISW signal allowed
by the very low-# data, the residual at # > 30 must be small
and hence does not need to be modeled accurately given the
substantial cosmic variance in this region. At multipoles
¢ > 30, we therefore model the total spectrum as the sum of
the ISW template with a free amplitude, plus the theoretical
prediction with ISW set to zero for redshifts z < 30.

B. Reionization

The effect of reionization on the high-£ CMB power
spectra can be described by a single parameter, the optical
depth to reionization 7,.. This quantifies how the amplitude
of the high-£ CMB spectrum is suppressed, by a factor
e~ %= If the primordial power spectrum amplitude is A, the
high-# CMB then only constrains the parameter combina-
tion Age e,
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FIG. 1. The contribution of the late ISW auto spectrum (solid)
and cross-correlation of late ISW with the primordial signal
(dashed), as a fraction of the ACDM temperature power spectrum
for models with a different constant equation of state (at fixed
early-universe parameters and acoustic angular scale 6,). The
vertical line shows the lower multipole included in the high-Z
Planck likelihood, and the dashed line a simple 1/£7 fit to the
shape of the small residual ISW auto spectrum above this cutoff.
Here “late ISW” is the contribution to the CMB anisotropy from
redshift z <30 in example fluid dark energy models with
constant w = P/p.

On scales comparable to the horizon size at reionization,
a large-scale polarization signal is generated (and a corre-
sponding less-important contribution to the temperature).
This allows 7 to be constrained directly from the large-scale
Planck polarization data. If the reionization history is
known as a function of redshift, this signal does depend
on the late-time cosmology. However, the reionization
history is not known in any detail, and at Planck sensitivity
there is very little time-evolution information available in the
polarization power spectrum beyond the amplitude deter-
mined by z. Keeping 7 as a free parameter can therefore
model this signal with little cosmology dependence.

Reionization happens at redshift z > 6.5 [21], and the
contributions to the optical depth decline with scale factor
as the free electrons dilute with the expansion of the
Universe. Late-time dark energy effects on perturbation
growth are therefore expected to have minimal impact. The
effect of reionization on the temperature spectrum con-
verges rapidly to e~>%= at high #, with deviation less than
1% at £ > 30 in ACDM. We therefore also neglect the
small cosmology dependence of the effect of reionization
on the temperature spectrum at £ > 30. Any change in the
ionization history at z > 6 should be included in the early-
universe model.

These approximations should be very accurate for models
where the background evolution is close to ACDM and
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modifications to perturbation growth are only important at
7z < 6. With them, we can constrain 7 (and hence A;) using
the polarization data, but we also quote final results for
Age*= which is robustly measured by the high-# spectra
independently of the reionization history.

C. CMB lensing

CMB lensing is the most complex CMB late-time
anisotropy to correct. It affects the acoustic peaks by
smoothing them and transferring power to small scales,
which we cannot cut if we want to maintain constraining
power. The impact on cosmological parameters is large:
neglecting lensing would bias parameters by many sigma at
Planck sensitivity [22]. Freely modeling the lensing
smoothing, or allowing for a single-parameter lensing
amplitude freedom A, [23], can remove much of the
model dependence at the expense of signal, but can bias
other marginalized parameter posteriors due to parameter
degeneracies, and increases parameter error bars more than
necessary.

To separate the effect of CMB lensing, we use the fact
that the CMB lensing power spectrum can be constrained in
a nearly model-independent way using the power spectrum
of quadratic estimators (or more optimal estimators) for the
lensing potential [24,25]. Since the CMB lensing redshift
kernel is broad, we assume the spectrum can be modeled by
a smooth function. We use a log-amplitude, log-multipole
spline with five or six nodes depending on the multipole
range of the data. The spline nodes are chosen to produce a
good fit to the lensing spectrum in ACDM, but allow
considerable scope for scale-dependent smooth variation.
The spline multipole nodes are taken to be at
L = {7,44,125,600, 1600,3100}, where the last bin is
dropped if there is no constraint at high multipoles (as for
Planck). We adopt broad flat priors on the spline node
amplitudes, with log amplitudes for [L(L + 1)]2C‘£¢ /27 in
the interval (—22,—14). The spline model is both con-
strained by the lensing reconstruction data and used for a
consistent lensed power spectrum prediction.

D. Foregrounds

Galactic foregrounds such as dust can largely be
separated from the CMB at the map level by using their
frequency dependence. Although extragalactic fore-
grounds are in principle predictable given a cosmological
model, for current analyses they are usually either fore-
ground cleaned or modeled empirically via smooth
spectral templates. Neither of these approaches introduce
late-time cosmological dependence, and the consistency
of the empirical foreground templates can easily be
checked via frequency differences. Foreground cleaning
on noisy maps will leave some residual foreground
signal, but this can also be modeled empirically using
smooth spectral templates.

III. RESULTS

We use the Planck PR4 Camspec likelihood [26], imple-
mented for Cobaya [27]. The CamSpec likelihood [10,26] uses
the new PR4 (NPIPE) Planck maps [28], which use ~8%
more data than the PR3 (2018) release, and a larger sky area
than the 2018 baseline likelihood. As such we obtain tighter
constraints than previous results for late-time independent
parameter constraints, even without the improvements in
lensing modeling.

The PR4 likelihood uses 143 and 217 GHz maps cleaned
of galactic dust using the high-frequency Planck channels
where the dust is much brighter. Residual foreground
power is fit with a set of power law templates with free
amplitudes and exponents for each frequency combination.
The likelihood only uses CMB power spectra at £ > 30,
and we do not use the low-/ TT likelihood to avoid
sensitivity to very low-I ISW. We do use the low-ZEE
likelihood [29] to constrain the reionization optical depth.
The Planck PR4 lensing-only likelihood [30] is used to
constrain the lensing template shape almost independently
of cosmology and is constructed on foreground-cleaned
maps. Although the lensing reconstruction relies on fiducial
CMB power spectra, it can be corrected self-consistently
for different spectra [31] and does not depend on the model
used to generate the spectra. In practice, the observed CMB
spectral shape is very well constrained by the data
empirically, so there is almost no model dependence from
the CMB power spectra when the lensing likelihood is
combined with CMB power spectrum measurements.

We use Cobaya1 code [27] to MCMC sample [32]
cosmological parameters in a ACDM cosmology using
theoretical predictions from cAaMB? [33], and analyze the
samples with Geist’ [34]. As an example, we run param-
eter chains in a ACDM cosmology, but by only reporting
the late-cosmology-independent parameters, we can extract
results that only depend on ACDM being valid at early
times (as Refs. [16,17]). In extended models with new
early-universe physics, results would have to be rerun to
capture the changed early evolution, but the early-universe
parameters would still be robustly independent of the late-
time cosmology.

For each point in parameter space sampled by the chain,
the lensing power spectrum spline amplitudes are used to
construct the lensing power spectrum. This is then used to
lens the model’s prediction for the unlensed CMB power
spectra, and the calculated lensed spectra are then used as
the theory model for the CMB likelihoods. The lensing
likelihood is used to constrain the spline model for the
lensing spectrum and is corrected at leading order for
sensitivity to CMB power by the lensed CMB power
spectra. Samples from the distribution of lensing power

'https://cobaya.readthedocs.io/en/latest/.
2https ://camb.info.
3https:// getdist.readthedocs.io/.
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FIG. 2. Planck constraints on smooth log spline fits to the CMB
lensing power spectrum. The lines show 1000 samples from the
posterior when varying five spline node amplitudes and early-
universe ACDM parameters. Errors bars show multipole range
and *1o error for the conservative bandpowers from the Planck
PR4 lensing analysis [30].

spectrum shapes are shown for Planck in Fig. 2. As
expected, we obtain lensing spectra that are consistent
with the data constraint, with smoothness ensuring broadly
plausible shapes at all multipoles where it is not well
constrained by the data. For Planck, the lensing smoothing
effect is mostly determined by the lensing power up to
intermediate scales £ ~ 200, with little sensitivity to low
or very high multipoles, and hence is well constrained
empirically by the lensing data. For future data, there is
more sensitivity to small-scale power in the lensed CMB
damping tail, but the lensing reconstruction constraint will
also be much tighter there.

A. Planck early universe constraints

As a demonstration with current data, Fig. 3 shows
Planck constraints on the parameters of an early ACDM
model, along with the 6, parameter that determines the
observed angular size of the sound horizon (which is also
constrained well independently of the late-time evolution).
By construction, the early-ACDM constraints use less data,
so the constraints are slightly weakened compared to
modeling the full evolution and lensing assuming
ACDM at all times. However, the increase in error bars
is modest, and these parameters are still very tightly
constrained. The robust numbers given in Table I could
be used as early-universe model priors when constructing
any variations in the late-time cosmology. In extended
early-universe cosmologies, parameters that quantify the
deviation from ACDM could also be constrained, with a
detection away from the ACDM value confirming new
physics independently of the evolution at late times.

To check the robustness of the early-ACDM constraints
we also run a chain with a varying constant dark energy

I Planck PR4 TTTEEE+lowE+lensing (early ACDM)
—— Planck PR4 TTTEEE+lowl+lowE+lensing (A\CDM)
rrrrr Planck PR4 TTTEEE+lowE+lensing (ACDM+Aens)

0.124
0.122
~
< 0.120
)
C o118
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Quh? Qch? ns 10°Ae~27 1006+

FIG. 3. Marginalized constraints on early-ACDM cosmological
parameters using the Planck PR4 likelihoods (filled contours),
compared to the baseline result using full ACDM modeling (red
contours). Contours contain 68% and 95% of the posterior
probability, and 6, is the ratio of the sound horizon to the
angular diameter distance, which is calculated in the chain using
background ACDM cosmology, but by construction is indepen-
dent of the late-time model when measured using fixed CMB
data. The dotted curves show the result using ACDM + A,
which for the Planck case are very similar to the early ACDM
results.

equation of state parameter w, which does change the late-
time evolution but leaves high-redshift early-ACDM evo-
lution unmodified. As expected, the results agree with those
in Table I up to shifts of the size of the small Monte Carlo

TABLE 1. Planck PR4 TTTEEE + lowE + lensing early-
ACDM constraints on cosmological parameters, which are robust
to changes in late-time structure growth and background evolu-
tion. The ACDM constraints use the full Planck PR4 TTTEEE +
lowE + lowl + lensing data combination. The lower section
Hubble parameter constraint is additionally assuming ACDM
background evolution (but not growth of structure) to relate 6,
(the ratio of the sound horizon to the angular diameter distance) to
the expansion rate today. The ACDM model approximates the
neutrino masses as a single eigenstate of mass m, = 0.06 eV.

Parameter Early-ACDM ACDM

Qph? 0.02223 £ 0.00015  0.02218 4 0.00013
Q.h? 0.1192 £0.0013 0.1198 £+ 0.0012
10°A,e7" 1.873 £0.012 1.877 £0.010
ng 0.9648 £ 0.0047 0.9633 £ 0.0039
1000, 1.04103 £ 0.00026  1.04097 £ 0.00025
Hylkm s~ Mpc™!] 67.49 +0.58 67.22 £0.45
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error. In all cases, the ISW template contribution is
empirically constrained to be <0.16 (20) of the primordial
signal at £ = 30, and has very little impact on results.

B. Planck constraints on background ACDM

The late-time evolution is now quite tightly constrained
at the background level by supernovae, baryon acoustic
oscillations and more local measurements. Some classes
of extended dark energy models can match ACDM
background evolution accurately, only modifying the
growth of structure. In this case, we can use the same
method as before, but can now also convert 6, into H, (or
equivalently €,,), constraining it from the CMB inde-
pendently of the late-time structure growth. With the same
Planck data as the other parameters in Table I we obtain
Hy=(67.4940.58)kms~'Mpc~'. This is slightly higher,
and with a slightly larger error, than the result obtained
assuming ACDM structure growth at low redshift.
However, the shift is small, suggesting uncertainties in
the physical lensing amplitude modeling cannot explain
ACDM discrepancies with the local distance ladder
measurement result Hy = (73.1540.97) km s~! Mpc~!
[35], which remains discrepant at ~5.0¢ (down from
5.5¢ assuming ACDM structure growth). The weaker
tension with other data (e.g. Ref. [2]) would be similarly
little changed.

Uncertainties in late-time evolution also arise because of
nonlinear modeling even in a full ACDM model. However,
for CMB lensing, which is a high-redshift probe where the
perturbations are mostly fairly linear, the nonlinear model-
ing uncertainty is restricted to fairly small scales in the
lensing spectrum. As such, the sensitivity of the CMB
spectra to nonlinear evolution is modest. For the lensing
spectrum, the impact is more important but can be easily
modeled robustly using more physical parametrizations of
the effect (e.g., [36]), rather than the very conservative
approach adopted here which assumes no theoretical
knowledge of the late-time evolution.

C. Future CMB constraints

The Planck CMB power spectrum data, which do not
include the B-mode power, are only sensitive to one lensing
amplitude parameter [37]. As such, very similar constraints
can be obtained by dropping low-£TT data and calculating
the lensing spectrum in ACDM, and scaling the result by a
free lensing amplitude parameter A, relative to the
ACDM prediction. The lensing reconstruction data con-
strain the lensing amplitude on a similar scale to that
relevant to the CMB spectral smoothing, so A, is
empirically constrained. However, future data starts to
constrain the CMB damping tail, where the impact of
lensing becomes more sensitive to the small-scale spectral
shape, and the lensing spectrum will have more con-
straining power on scales smaller than those relevant for

the main smoothing effect. If B modes are included, they
also have more sensitivity to smaller scales.

As a simple example, we consider temperature and
E-mode polarization parameter constraints from Simons
Observatory [38], using fake data given by theoretical
ACDM spectra and evaluating simple mean log-
likelihoods scaled to the expected ~40% sky area. The
B-mode lensing is expected to be entirely lensing, apart
from a possible small tensor signal on large scales, so we
do not consider it. We take foreground-cleaned noise
curves from the SO website.* It is unclear to what high
multipole the temperature likelihood and foreground
residual model can be relied on. Here we take [/, =
4000 with no residual modeling, which represents a
worse case in terms of sensitivity to the high-L lensing
spectrum.

There is a covariance between the lensed CMB power
and the lensing reconstruction power, which should be
included in the likelihood model to avoid double counting
lensing information [39-41]. We include the dominant
terms from the cosmic variance of the lenses:

il o ol
skyz C¢¢ 2L +1 ( ) acfﬁﬁ ’
3

(3.1)

PP

The lensing estimator C | responds to the lensing spectrum

directly, and via the N(Ll)

derivatives of N ('is calculated i 1n the flat sky approxima-
tion using the LENSITBIASES code’ [30], but only contrib-
utes a small correction. The remaining derivatives of the

lensed CMB spectra, C g V. are calculated using caMB.® The

CMB lensing auto-covariance also has an off-diagonal
contribution calculated using the N(Ll) coupling matrix.
Including these correlations does not have a large effect on
the main ACDM parameters, but does significantly weaken
constraints on the lensing spectrum, especially on small
scales. It is also important to include when running
ACDM + Ay, models, to avoid artificially tight con-
straints on the lensing amplitude. The covariance does
depend on a fiducial lensing model, however the fiducial
model can be fit to the empirical lensing data, and any
remaining model dependence of the covariance should be a
small correction on a correction.

Forecast results are shown in Fig. 4. Although discarding
the late-time information does increase error bars, there
are still good robust constraints. Of the well-constrained
parameters, the matter density parameter is most affected,
because this parameter gains the most from having lensing

bias term. The matrix of

http@ //github.com/simonsobs/so_noise_models.
https //github.com/NextGenCMB/lensitbiases.
bcamb.correlations module.
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FIG. 4. Forecast marginalized constraints on early-ACDM
cosmological parameters using a simple SO + Planck model
(filled contours), compared to the baseline result using full
ACDM modeling (red contours). Here “SO + P” refers to fiducial
Simons Observatory data over 40% of the sky plus fiducial
Planck data over 30% of the sky at £ > 30, “lowl” is a fiducial
Planck likelihood at # < 30 over 80% of the sky, and all results
include the full Planck low-ZEE constraint. The dashed lines
show the constraints assuming full ACDM evolution but with a
single free lensing amplitude parameter Aj.,,, Which are similar in
this case, since we are assuming fiducial data that match the shape
of the ACDM lensing spectrum prediction. The inclusion or
otherwise of “lowl” does not have a large effect, since with SO
data constraints on power law power spectra are dominated by
smaller-scale information.

information. Lensing information also helps to separate the
primordial amplitude from the optical depth, so removing
the lensing information increases the error bar on A; more
significantly from £1.9 x 10~"' (ACDM) to £3.4 x 107!
(early ACDM).

As atest analysis of a nonstandard model where the late-
time physics varies, Fig. 5 uses fiducial data generated in a
model with late-time dark energy-dark matter coupling.
This gives a significantly different lensing spectrum while
leaving the early-universe evolution unchanged. Speci-
fically, we use the specific simple model of Ref. [42,43]
with Tpypg/(Hop.) = 2.5, implemented in CAMB. As
expected, our early-ACDM analysis recovers the same
results independent of the late-time growth. However, if
one simply models the data using ACDM + A, the result
is biased, for example recovering ny with a bias of about
0.20. The varying A,.,, model is therefore not sufficient in
cases where the shape of the lensing spectrum can differ
significantly from ACDM. The model of Ref. [43] that we
used is of course extreme, and would likely be clearly
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FIG. 5. Forecast early-ACDM cosmological parameter con-
straints when the model data has a dark-energy/dark-matter (DE-
DM) coupling at late times, otherwise using the same configu-
rations as Fig. 4. The solid contours are virtually identical, so our
early-ACDM analysis recovers consistent results independent of
the late-time evolution as expected. Instead modeling the data
using ACDM + Ay, gives the slightly biased dashed contours: a
single lensing amplitude parameter is not sufficient to robustly
constrain the early-universe if the lensing spectral shape is
significantly different from ACDM expectations.

detected or ruled out by redshift distortion, lensing, and
other data. The ACDM + A,,,; model may remain a useful
proxy for cases where the measured lensing results
are close enough to ACDM that the single lensing ampli-
tude parameter encapsulates the posterior freedom suffi-
ciently well.

IV. CONCLUSIONS

We updated previous work on measuring early-universe
parameters independently of the late-time model, using the
latest cosmic microwave background data, and making full
use of the available empirical information about CMB
lensing. With less information, constraints are weaker than
when assuming a full model, but only to a modest extent
since the effect of lensing is empirically constrained by
lensing reconstruction. Our simple parameterized fitting
method can serve as a baseline reference for future work
developing more optimal map-level delensing approaches.
Although we only demonstrated it explicitly on early-
ACDM models, the same approach could be used with
extended models (for example, models that modify the
early-universe physics in an attempt to shift the sound
horizon and hence explain the current tension in H,
measurements).

103505-7



PABLO LEMOS and ANTONY LEWIS

PHYS. REV. D 107, 103505 (2023)

With future data, the separation of early and late-time
information can be a powerful way to test cosmological
models of early evolution independently of late-time
modeling assumptions and is a conservative complement
to full analyses assuming specific model evolution.

ACKNOWLEDGMENTS

We thank Erminia Calabrese for her suggestions. We
acknowledge support by the UK STFC Grant No. ST/
T000473/1.

[1] N. Aghanim et al. (Planck Collaboration), Planck 2018
results. VI. Cosmological parameters, Astron. Astrophys.
641, A6 (2020).

[2] W.L. Freedman, B.F. Madore, T. Hoyt, I.S. Jang, R.
Beaton, M. G. Lee, A. Monson, J. Neeley, and J. Rich,
Calibration of the tip of the red giant branch (TRGB),
Astrophys. J. 891, 57 (2020).

[3] A.G. Riess et al., A comprehensive measurement of the
local value of the Hubble constant with 1 km/s/Mpc
uncertainty from the Hubble space telescope and the SHOES
team, Astrophys. J. Lett. 934, L7 (2022).

[4] A. Amon et al., Consistent lensing and clustering in a low-
Sg universe with BOSS, DES year 3, HSC year 1 and KiDS-
1000, Mon. Not. R. Astron. Soc. 518, 477 (2023).

[5] R.K. Sachs and A. M. Wolfe, Perturbations of a cosmo-
logical model and angular variations of the microwave
background, Astrophys. J. 147, 73 (1967).

[6] Y.B. Zeldovich and R.A. Sunyaev, The interaction of
matter and radiation in a hot-model universe, Astrophys.
Space Sci. 4, 301 (1969).

[71 R. A. Sunyaev and Y.B. Zeldovich, The observations of
relic radiation as a test of the nature of x-ray radiation from
the clusters of galaxies, Comments Astrophys. Space Phys.
4, 173 (1972).

[8] R. A. Sunyaev and 1. B. Zeldovich, The velocity of clusters
of galaxies relative to the microwave background—The
possibility of its measurement, Mon. Not. R. Astron. Soc.
190, 413 (1980).

[9]1 N. Aghanim et al. (Planck Collaboration), Planck inter-
mediate results. LI. Features in the cosmic microwave
background temperature power spectrum and shifts in
cosmological parameters, Astron. Astrophys. 607, A95
(2017).

[10] G. Efstathiou and S. Gratton, A detailed description of the
camSpec likelihood pipeline and a reanalysis of the Planck
high frequency maps, Open J. Astrophys. 4 (2021).

[11] D. Green, J. Meyers, and A. van Engelen, CMB delensing
beyond the B modes, J. Cosmol. Astropart. Phys. 12 (2017)
005.

[12] N. Sehgal, M. S. Madhavacheril, B. Sherwin, and A. van
Engelen, Internal delensing of cosmic microwave back-
ground acoustic peaks, Phys. Rev. D 95, 103512 (2017).

[13] B. Yu, J.C. Hill, and B.D. Sherwin, Multitracer CMB
delensing maps from Planck and WISE data, Phys. Rev. D
96, 123511 (2017).

[14] J. Carron, A. Lewis, and A. Challinor, Internal delensing of
Planck CMB temperature and polarization, J. Cosmol.
Astropart. Phys. 05 (2017) 035.

[15] M. Vonlanthen, S. Risdnen, and R. Durrer, Model-inde-
pendent cosmological constraints from the CMB, J. Cosmol.
Astropart. Phys. 08 (2010) 023.

[16] B. Audren, J. Lesgourgues, K. Benabed, and S. Prunet,
Conservative constraints on early cosmology: An illustra-
tion of the Monte Python cosmological parameter inference
code, J. Cosmol. Astropart. Phys. 02 (2013) 001.

[17] B. Audren, Separate constraints on early and late cosmol-
ogy, Mon. Not. R. Astron. Soc. 444, 827 (2014).

[18] Y. Wang and M. Dai, Exploring uncertainties in dark
energy constraints using current observational data with
Planck 2015 distance priors, Phys. Rev. D 94, 083521
(2016).

[19] P. Motloch and W. Hu, Tensions between direct measure-
ments of the lens power spectrum from Planck data, Phys.
Rev. D 97, 103536 (2018).

[20] P. Motloch and W. Hu, Lensinglike tensions in the Planck
legacy release, Phys. Rev. D 101, 083515 (2020).

[21] X.-H. Fan, C.L. Carilli, and B. Keating, Observational
constraints on cosmic reionization, Annu. Rev. Astron.
Astrophys. 44, 415 (2006).

[22] A. Lewis, Lensed CMB simulation and parameter estima-
tion, Phys. Rev. D 71, 083008 (2005).

[23] E. Calabrese, A. Slosar, A. Melchiorri, G. F. Smoot, and O.
Zahn, Cosmic microwave weak lensing data as a test for the
dark universe, Phys. Rev. D 77, 123531 (2008).

[24] T. Okamoto and W. Hu, CMB lensing reconstruction on the
full sky, Phys. Rev. D 67, 083002 (2003).

[25] N. Aghanim et al. (Planck Collaboration), Planck 2018
results. VIII. Gravitational lensing, Astron. Astrophys. 641,
A8 (2020).

[26] E. Rosenberg, S. Gratton, and G. Efstathiou, CMB power
spectra and cosmological parameters from Planck PR4 with
CamsSpec, Mon. Not. R. Astron. Soc. 517, 4620 (2022).

[27] J. Torrado and A. Lewis, Cobaya: Code for Bayesian analysis
of hierarchical physical models, J. Cosmol. Astropart. Phys.
05 (2021) 057.

[28] Y. Akrami et al. (Planck Collaboration), Planck intermedi-
ate results. LVIL. Joint Planck LFI and HFI data processing,
Astron. Astrophys. 643, A42 (2020).

[29] N. Aghanim et al. (Planck Collaboration), Planck 2018
results. V. CMB power spectra and likelihoods, Astron.
Astrophys. 641, A5 (2020).

[30] J. Carron, M. Mirmelstein, and A. Lewis, CMB lensing
from Planck PR4 maps, J. Cosmol. Astropart. Phys. 09
(2022) 039.

[31] Planck Collaboration XV, Planck 2015 results. XV. Gravi-
tational lensing, Astron. Astrophys. 594, A15 (2016).

103505-8


https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.3847/1538-4357/ab7339
https://doi.org/10.3847/2041-8213/ac5c5b
https://doi.org/10.1093/mnras/stac2938
https://doi.org/10.1086/148982
https://doi.org/10.1007/BF00661821
https://doi.org/10.1007/BF00661821
https://doi.org/10.1093/mnras/190.3.413
https://doi.org/10.1093/mnras/190.3.413
https://doi.org/10.1051/0004-6361/201629504
https://doi.org/10.1051/0004-6361/201629504
https://doi.org/10.21105/astro.1910.00483
https://doi.org/10.1088/1475-7516/2017/12/005
https://doi.org/10.1088/1475-7516/2017/12/005
https://doi.org/10.1103/PhysRevD.95.103512
https://doi.org/10.1103/PhysRevD.96.123511
https://doi.org/10.1103/PhysRevD.96.123511
https://doi.org/10.1088/1475-7516/2017/05/035
https://doi.org/10.1088/1475-7516/2017/05/035
https://doi.org/10.1088/1475-7516/2010/08/023
https://doi.org/10.1088/1475-7516/2010/08/023
https://doi.org/10.1088/1475-7516/2013/02/001
https://doi.org/10.1093/mnras/stu1457
https://doi.org/10.1103/PhysRevD.94.083521
https://doi.org/10.1103/PhysRevD.94.083521
https://doi.org/10.1103/PhysRevD.97.103536
https://doi.org/10.1103/PhysRevD.97.103536
https://doi.org/10.1103/PhysRevD.101.083515
https://doi.org/10.1146/annurev.astro.44.051905.092514
https://doi.org/10.1146/annurev.astro.44.051905.092514
https://doi.org/10.1103/PhysRevD.71.083008
https://doi.org/10.1103/PhysRevD.77.123531
https://doi.org/10.1103/PhysRevD.67.083002
https://doi.org/10.1051/0004-6361/201833886
https://doi.org/10.1051/0004-6361/201833886
https://doi.org/10.1093/mnras/stac2744
https://doi.org/10.1088/1475-7516/2021/05/057
https://doi.org/10.1088/1475-7516/2021/05/057
https://doi.org/10.1051/0004-6361/202038073
https://doi.org/10.1051/0004-6361/201936386
https://doi.org/10.1051/0004-6361/201936386
https://doi.org/10.1088/1475-7516/2022/09/039
https://doi.org/10.1088/1475-7516/2022/09/039
https://doi.org/10.1051/0004-6361/201525941

CMB CONSTRAINTS ON THE EARLY UNIVERSE INDEPENDENT ...

PHYS. REV. D 107, 103505 (2023)

[32] A. Lewis, Efficient sampling of fast and slow cosmological
parameters, Phys. Rev. D 87, 103529 (2013).

[33] A. Lewis, A. Challinor, and A. Lasenby, Efficient compu-
tation of CMB anisotropies in closed FRW models, As-
trophys. J. 538, 473 (2000).

[34] A. Lewis, Getbist: A Python package for analysing
Monte Carlo samples, arXiv:1910.13970.

[35] A.G. Riess, L. Breuval, W. Yuan, S. Casertano, L. M.
Macri, J.B. Bowers, D. Scolnic, T. Cantat-Gaudin, R.I.
Anderson, and M. C. Reyes, Cluster cepheids with high
precision Gaia parallaxes, low zero-point uncertainties, and
Hubble space telescope photometry, Astrophys. J. 938, 36
(2022).

[36] T. Baldauf, M. Mirbabayi, M. Simonovi, and M.
Zaldarriaga, LSS constraints with controlled theoretical
uncertainties, arXiv:1602.00674.

[37] K. M. Smith, W. Hu, and M. Kaplinghat, Cosmological
information from lensed CMB power spectra, Phys. Rev. D
74, 123002 (20006).

[38] J. Aguirre et al. (Simons Observatory Collaboration), The
Simons Observatory: Science goals and forecasts, J. Cos-
mol. Astropart. Phys. 02 (2019) 056.

[39] M. M. Schmittfull, A. Challinor, D. Hanson, and A. Lewis,
On the joint analysis of CMB temperature and lensing-
reconstruction power spectra, Phys. Rev. D 88, 063012
(2013).

[40] J. Peloton, M. Schmittfull, A. Lewis, J. Carron, and O.
Zahn, Full covariance of CMB and lensing reconstruction
power spectra, Phys. Rev. D 95, 043508 (2017).

[41] P. Motloch, W. Hu, and A. Benoit-Lévy, CMB lens sample
covariance and consistency relations, Phys. Rev. D 95,
043518 (2017).

[42] M. Asghari, J. Beltrdan Jiménez, S. Khosravi, and
D.F. Mota, On structure formation from a small-scales-
interacting dark sector, J. Cosmol. Astropart. Phys. 04
(2019) 042.

[43] V. Poulin, J. L. Bernal, E. Kovetz, and M. Kamionkowski,
The sigma-8 tension is a drag, arXiv:2209.06217.

103505-9


https://doi.org/10.1103/PhysRevD.87.103529
https://doi.org/10.1086/309179
https://doi.org/10.1086/309179
https://arXiv.org/abs/1910.13970
https://doi.org/10.3847/1538-4357/ac8f24
https://doi.org/10.3847/1538-4357/ac8f24
https://arXiv.org/abs/1602.00674
https://doi.org/10.1103/PhysRevD.74.123002
https://doi.org/10.1103/PhysRevD.74.123002
https://doi.org/10.1088/1475-7516/2019/02/056
https://doi.org/10.1088/1475-7516/2019/02/056
https://doi.org/10.1103/PhysRevD.88.063012
https://doi.org/10.1103/PhysRevD.88.063012
https://doi.org/10.1103/PhysRevD.95.043508
https://doi.org/10.1103/PhysRevD.95.043518
https://doi.org/10.1103/PhysRevD.95.043518
https://doi.org/10.1088/1475-7516/2019/04/042
https://doi.org/10.1088/1475-7516/2019/04/042
https://arXiv.org/abs/2209.06217

