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Abstract. The Hubble Tension is a well-known issue in modern cosmology that refers to the
apparent disagreement in inferences of the Hubble constant Hy as found through low-redshift
observations and those derived from the ACDM model utilizing early universe observations.
Several extensions to ACDM have been proposed to address the Hubble Tension that involve
new ingredients or dynamics in the early universe. Reversing the effects of gravitational lensing
on cosmic microwave background (CMB) maps produces sharper acoustic peaks in power
spectra and allows for tighter constraints on cosmological parameters. We investigate the
efficacy of CMB delensing for improving the constraints on parameters used in extensions of
the ACDM model that are aimed at resolving the Hubble Tension (such as varying fundamental
constants, contributions from early dark energy, and self-interacting dark radiation). We
use Fisher forecasting to predict the expected constraints with and without this delensing
procedure. We demonstrate that CMB delensing improves constraints on Hy by ~ 20% for
viable models and significantly improves constraints on parameters across the board in the
low-noise regime.
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1 Introduction

The cosmic microwave background (CMB) has been instrumental in shaping our modern
understanding of the evolution of the universe. With the increase of precision CMB observa-
tions available, temperature and polarization anisotropies have become more finely measured,
leading to more precise inferences of the contents and history of the universe. The physical
mechanisms driving the formation of the CMB and its anisotropies are well understood,
leading to a robust prediction for the form of the angular power spectra for any specific
cosmological model. Based on ever-improving measurements of the CMB anisotropies, the
cosmological parameters driving these models have become more tightly constrained [1].

Acoustic oscillations in the primordial plasma prior to recombination imprinted a series
of peaks and troughs in CMB power spectra. The expansion history and plasma properties
before recombination set the physical scale of the sound horizon, the expansion history after
recombination sets the distance to the surface of last scattering, and the combination of the
two sets determine the angular scale of the sound horizon at recombination. Measurements
of the CMB acoustic peak positions allow for a direct measurement of the angular size of
the sound horizon at recombination. Additionally, the relative peak heights allow for an
inference of the parameters that determine the scale of the sound horizon within a given
cosmological model. Combining this information allows for an inference of the integrated
expansion since recombination, including in particular the present expansion rate, the Hubble
constant Hy [2]. While this is a useful qualitative picture for how constraints are derived
from CMB observation, in practice, the parameter constraints for any particular cosmological
model are obtained from a full likelihood analysis of the model given the CMB data.

The past decade has seen an ever-growing tension in the value of Hy as determined from
local measurements [3] and as inferred from early universe observations like the CMB [1]
within ACDM cosmology. Today, this “Hubble Tension” is driven primarily from the SHOES
(Supernovae and Hj for the Equation of State of dark energy) collaboration’s cosmic distance
ladder measurements and the Planck collaboration’s CMB observations [4]. This apparent



discrepancy may be due to some unaccounted systematic error in one or more of the measure-
ments, or it may point toward some physics that is left out of our current cosmological models.
Many attempts at resolving the tension take the route of new physics [5]. In this work, we
have found that implementing CMB delensing leads to significantly improved constraints on
the parameters defining models aimed at resolving the Hubble tension, and these improved
constraints remain valid even if the Hubble Tension does not end up directly involving
new physics.

Between the CMB surface of last scattering and our telescopes, large scale structure
gravitationally deflects incoming photons, producing non-stationary statistics of the CMB
fluctuations. At the level of the power spectra, this lensing effect smooths acoustic peaks, mak-
ing their angular scale more difficult to measure and thus makes some parameter constraints
less precise than they otherwise would be [6]. Current measurements allow for a detection
of the effects of CMB lensing at a significance of 400 with Planck data [7], with similar
precision from ACT [8] and SPT [9]. For future low-noise CMB data, such as that expected
from Simons Observatory [10], CMB-S4 [11, 12], and PICO [13], lensing will be measured
at much higher significance, and peak smoothing will hinder some parameter constraints.
Fortunately, the off-diagonal mode correlations induced by lensing allow for the reconstruction
of a lensing potential map [14, 15], which can be used to reverse the effects [16-18]. Delensing
temperature and polarization maps generates spectra with sharper acoustic peaks, more
prominent damping tails, and other clearer features, thereby allowing for tighter parameter
constraints [19, 20].

Here, we provide a quantitative look at the improvements made possible by CMB
delensing, specifically in regard models aimed at resolving the Hubble Tension. Many
proposed solutions to the tension take the form of extensions to the ACDM model. By
introducing new physics that modify the sound horizon, a shift can be made in the inferred
value of Hy, aligning it more closely with local measurements [4]. We have considered three
broad categories of early universe solutions to the Hubble Tension: those involving a variation
of fundamental constants at early times, those involving early dark energy, and those involving
self-interacting dark radiation. We generate TT, TE, FE, and ¢¢ power spectra from the
best-fit values of model parameters that most ease the Hubble Tension, we implement iterative
delensing to produce delensed spectra for these models, and we perform Fisher forecasts to
determine the expected parameter constraints from upcoming CMB observations. We show
that CMB delensing leads to significantly tighter forecasted constraints on models aimed at
resolving the Hubble Tension.

In section 2, we outline the Hubble Tension and how Hj is inferred from the CMB.
We briefly overview how iterative delensing works and affects constraining power derived
from CMB observations in section 3, and we also provide the details of our forecasts there.
In section 4, we show the degree to which CMB delensing improves constraints across the
proposed solutions. Section 5 concludes.

2 The Hubble Tension

There is a growing tension in the value of the current expansion rate of the universe, the Hubble
Constant Hy, as inferred from early universe observations and from local measurements. The
tightest local measurements utilize the Cepheid-calibrated cosmic distance ladder, and the
SHOES team provides a constraint of Hy = 73.2 £ 1.3 km/s/Mpc [3]. Alternatively, early
universe observations like those of the CMB can be used to infer the Hubble constant within a
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Figure 1. Derivatives of CMB power spectra (T'T, TE, and EE) and lensing power spectrum (kk)
from ACDM with respect to Hy. In this figure and below, Hj is taken to be measured in units
of km/s/Mpc. Acoustic features like peak positions allow us to infer the angular size of the sound
horizon [21], so by shifting D%, a phase shift is made on power spectra features. Note the sharper
peaks of the unlensed spectra lead to larger derivatives with respect to Hy.

particular cosmological model, and the Planck collaboration gives Hy = 67.4 + 0.5 km/s/Mpc
in ACDM cosmology [1].

To measure the Hubble constant from early universe observations, one evaluates the
likelihood of parameter values given some set of measurements to match theoretical and
observational findings. It is enlightening to consider qualitatively how the CMB power spectra
can be used to constrain Hy [2]. This involves calculating the sound horizon r} at the CMB
and its angular size 0} to determine the comoving angular diameter distance to the surface of
last scattering D% = %. The size of the comoving sound horizon at the CMB last scattering

surface is
b dt © dz
= ——cs(t) = cs(t), 2.1
= 0= mge (21)

where t, and z, refer to the time and redshift values associated with the CMB surface of last
scattering. The sound horizon is dependent on the time of recombination, the sound speed in
the primordial plasma c4(t), and the Hubble parameter H(z) prior to recombination (which is
dependent on the energy budget of the universe). The Fourier modes of density perturbations
in the primordial plasma underwent damped and driven oscillations, and the angular size of
the sound horizon 6} can be directly observed from the peak spacing of the Fourier modes in
CMB spectra [21]. The comoving angular diameter distance to the surface of last scattering
can then be determined from r} and ;. The comoving angular diameter distance to the
surface of last scattering is given by D% = [} %, thereby allowing a determination of Hy
for a given cosmological model.




The tension in the Hy inference is not restricted to the comparison of local measurements
with CMB data. Constraints on Hg derived from the combination of baryon acoustic oscillation
data and measurements of the primordial light element abundances agree with the inferences
from the CMB and show a tension with the SHOES constraint [22-24], with a recent analysis of
primordial deuterium abundance and SDSS DR16 data giving Hy = 68.3+0.7 km/s/Mpc [25].
The basic idea of these constraints is that baryon acoustic oscillation measurements provide
joint constraints on Hy, €2,,, and wp, and adding the tight constraint on wj; obtained from
observing the abundance of deuterium produced during big bang nucleosynthesis allows for
a precise inference of Hy. This combination of data is independent of CMB observations,
indicating that the Hubble tension is very unlikely to be due to a systematic error in the
CMB observations.

Similarly, local measurements other than those based on Cepheid-calibrated supernovae
can be used to constrain Hy [26]. An approach based on the distance ladder calibrated with
the tip of the red giant branch rather than with Cepheids provides a measurement of Hy that
agrees with both the early universe and SHOES values [27]. Inferences of Hj from strong
lensing time delays tend to agree more closely with the SHOES measurement, though the best
fit value and size of the confidence interval depends on modeling and analysis choices [28-31].

The persistent discrepancy between local and early universe measurements of Hy has
prompted a wide range proposals for new cosmological models aimed at resolving the tension [4,
5]. Proposed solutions to the tension often take the form of extensions to the ACDM model
that alter one or more aspects of the cosmological history and shift our inference of Hy. This
typically involves modifying the sound horizon of the CMB at last scattering with additional
energy contributions or by modifying one of the other assumptions built into the ACDM
model (such as the time of recombination). Such changes modify early universe dynamics and
impact the inference of Hy (see figure 1). These types of models can often shift the inferred
value of Hy to be closer to the value obtained by SHOES, but the changes to the cosmological
model also impart other changes to the CMB anisotropies, which leads to constraints on these
proposed solutions.

One possible resolution to the Hubble tension is that something is wrong with one
or more of the measurements involved in obtaining the differing values of Hy or that the
uncertainties in those inferences have been underestimated. Our goal for this paper is not to
assess whether the Hubble tension requires new physics or to evaluate any particular model.
Rather, we demonstrate that for a broad class of models aimed at resolving the Hubble
tension, CMB delensing provides a means by which we can obtain tighter constraints on the
parameters defining those models.

3 Delensing and forecasting

Gravitational deflection of CMB photons by the cosmological structure intervening between
the surface of last scattering and our telescopes distorts our view of CMB anisotropies [6].
This deflection can be both a help and a hindrance, as it allows for a means to determine
the distribution of matter, but also distorts the primary anisotropies of the CMB. Lensing
remaps the CMB temperature and polarization along some direction n by a deflection angle
d(n) such that T'°"(n) = T"(n + d(n)), and similarly for the Stokes @ and U parameters
defining linear polarization. Gravitational lensing modifies the statistics of CMB anisotropies,
inducing correlations between fluctuations of different angluar sizes. By considering quadratic
combinations of CMB fields (such as the minimum variance quadratic estimator), a map of



gravitational deflection can be estimated, thereby providing a map of the integrated matter
density throughout the universe [14, 15].

Delensing aims to utilize this understanding of the effects of gravitational lensing from
measured CMB maps (such as T°) to estimate lensing deflection d°P
of lensing. Iterative delensing is the process whereby one alternates lensing reconstruction and
delensing, obtaining a better lensing estimate and more thoroughly delensed CMB maps at
each step [16-18, 20]. For this paper, we utilize the publicly available code CLASS_delens! as
described in ref. [20] (a modified version of the Boltzmann solver CLASS [32]), which computes
the power spectra expected from performing an iterative delensing procedure to CMB maps.

Our forecasts were carried out using the FisherLens code,? described in ref. [20]. We
conduct forecasts for a range of noise levels, and for all configurations, we utilized a beam size
of 1.4arcmin, sky coverage of fg, = 0.5, and a range of 30 to 5000 in ¢ in our analysis (though
we restricted the range for TT spectra to 30 to 3000 in ¢ since astrophysical foregrounds are
expected to contaminate the observed intensity on smaller scales). Imposing a cut-off on the
range of angular scales in our analysis does not require detailed modeling of astrophysical
foregrounds and has been shown to produce forecasts that are in reasonably good agreement
with a more complete treatment (see for example refs. [10-12]). We take noise in polarization
to be given by Ap = v/2Ar, as is expected from fully polarized detectors. For each model, we
chose fiducial values for the cosmological parameters that best reduced the Hubble Tension
according to analyses of those models in the references given below. We impose a prior
constraint on the optical depth to reionization of o(7) = 0.007, consistent with the current
measurement derived from Planck data [1]. An improved measurement of the E-mode
polarization on large angular scales, as expected from future CMB satellites like LiteBIRD [33]
and PICO [13], are expected to improve the measurement of the optical depth to near the
cosmic variance limit of o(7) ~ 0.002. Utilizing a tighter prior on the optical depth does
not significantly change the forecasts presented below, so we use the existing measurement
uncertainty as it is the more conservative choice.

Our forecasted constraints include the effects of lensing-induced non-Gaussian power
spectrum covariances as described in refs. [19, 20]. In conducting forecasts for some models
(particularly those involving varying fundamental constants), constraints for some param-
eters and configurations derived from delensed spectra with lensing-induced non-Gaussian
covariances included were marginally smaller than those derived from delensed spectra with
purely Gaussian covariances. We expect non-Gaussian covariance to weaken the constrain-
ing power [19, 20, 34-37], so, in these cases, we reported the larger errors neglecting the
non-Gaussian covariance. This discrepancy is likely due to our approximation of the lensing-
induced non-Gaussian covariance (see the technical details in refs. [19, 20]). We expect that,
since delensing acts to reduce the non-Gaussian covariance for well-measured modes, the error
introduced by neglecting it is small. We leave a more complete and robust treatment of the
lensing-induced non-Gaussian covariance for future work.

We carry out forecasts both with and without the Baryon Acoustic Oscillation (BAO)
information anticipated from DESI (Dark Energy Spectroscopic Instrument) [38]. We con-
structed a Fisher matrix for BAO observables following the prescription given in ref. [39].
Forecasts with BAO included simply add this Fisher matrix to the one obtained from the
CMB. As shown below, the improvement in constraints from CMB delensing is smaller,
though still non-trivial, when BAO information is included.

and to reverse the effects

"https://github.com/selimhotinli/class_ delens.
2https://github.com/ctrendafilova/FisherLens.
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Figure 2. Derivatives of CMB power spectra (T'T, TE, and EE) and lensing power spectrum (kk)
with respect to the variation of the electron mass dm., the variation of the fine structure constant dc,
and the spatial curvature parameter ;. The larger derivatives for unlensed (and therefore delensed)
spectra compared to lensed spectra indicate CMB peaks and features could be better isolated and
more Fisher information could be obtained, so tighter constraints could be found with delensing.

4 Results

As the precision of both local distance ladder measurements and ACDM inferences have
improved, and the Hubble Tension has grown more statistically significant, a number of
solutions have been proposed. We consider models that were found to perform well for
reducing the tension according to the survey of models described in ref. [4]. In that work,
a wide variety of models and modifications were investigated, involving early- and late-
universe physics, and we focus on representative examples of the three broad classes of early
universe solutions: varying fundamental constants, early dark energy, and self-interacting
dark radiation.

4.1 Varying fundamental constants

One class of proposed models that is effective at reducing the Hubble Tension comes in the
form of varying fundamental constants, particularly those affecting recombination. By positing
a time-varying electron mass and fine structure constant, the energy levels of Hydrogen atoms,
the Thomson scattering cross-section, and other physics of the CMB at recombination are
shifted [40-42]. These changes affect the energy and temperature at which recombination
occurs, indicating a strong degeneracy of those parameters and the time of recombination ..
This leads to a change in the comoving size of the sound horizon, meaning the inference of
Hj can be made more compatible with local measurements [41, 43]. In these models, it is
assumed that the fundamental constants shift to their currently measured values sometime
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after recombination, but well before reionization. Observable impacts of this model should
be visible in CMB power spectra, as a shifted time of recombination implies oscillations
in the primordial plasma ‘froze’ at a different point in their development, thereby shifting
acoustic peaks (see figure 2). CMB delensing produces sharper peak locations, meaning
tighter constraints for these parameters could be found. For a discussion of more general
changes to recombination and its effects on the CMB, see refs. [44, 45].

We define the time-varying parameters

me,early’ S = Hearly (41)
Me obs Qobs

ome =

where the early values of these parameters are time-independent throughout recombination,
but change to their current, observed values at z = 50 following the treatment in ref. [40].

In figure 3 we show the results for 8-parameter forecasts where we allow for varying,
non-unity values of dm, and da in addition to the ACDM parameters. From left to right, the
panels show constraints for Hy, dm., and dc, respectively, across a range of CMB noise levels.
At decreasing noise levels, delensing provides a significant improvement in the constraints. The
improvement from lensed to delensed constraints is shown in table 1 for various combinations
of fixed parameters.



Model With BAO Without BAO
Hy da Oom. Hj da dme
ACDM + da+d6m, 1.9 10.8 58 30.6 16.3 30.9

ACDM + da 5.8 9.0 9.1 10.9
ACDM + éme 2.1 3.9 26.1 26.4
ACDM 2.2 4.6

Table 1. Table displaying percent improvement in error from delensing in the case of varying
fundamental constants. This is computed with 100 x (1 — %) at 1 pK-arcmin (the approximate noise
level of CMB-S4). Empty cells indicate parameters fixed at their fiducial values.

In figure 4, we show the forecasted uncertainty and degeneracy of parameters of the
ACDM + dm, + 6 model (without BAO) before and after delensing. Delensing provides a
significant tightening of constraint contours for all parameters of interest. Additionally, there
is a strong degeneracy between dm,. and Hy which is partially broken by delensing, as can be
seen in the second and fourth rows of table 1.

Note, in the middle panel of figure 3 (and indeed for all constraints involving dm.
or degenerate parameters), the delensed spectra give tighter constraints than the unlensed
spectra. In the limit that there is perfect knowledge of the lensing spectrum, this would be
senseless, but with noisy lensing reconstruction (as computed in our analysis), this is a valid
result. If one considers a parameter for which the observable impact is entirely contained in
the lensing (and not the primary CMB), without lensing reconstruction tighter constraints
would undoubtedly be found from lensed spectra rather than unlensed spectra. With a noisy,
sub-optimal lensing reconstruction, one would still find tighter constraints from the lensed
spectra (and noisy reconstruction) than the unlensed spectra (and noisy reconstruction), as
the poorly reconstructed components of the lensing spectrum still influence the lensed CMB
data, while no information for the parameter is found in the unlensed data. Likewise, the
delensed spectra should produce tighter constraints than the unlensed spectra, as only the
lensing modes that are well-measured are removed. In the opposite limit, with a parameter
that affects the primary CMB and not the lensing spectrum, the unlensed CMB spectra
would outperform the lensed and delensed spectra regardless of reconstruction fidelity. For
parameters that impact both the primary CMB and lensing spectrum, it does not necessarily
hold that the unlensed spectra error should always be smaller the delensed spectra error, so
delensing actually produces tighter constraints than the unlensed CMB would. More generally,
when considering constraints on several cosmological parameters, with varied and partially
degenerate impacts on the primary and lensing spectra, delensing should always improve
constraints compared to analyses using lensed spectra, and in some cases delensed spectra
may provide tighter constraints than unlensed spectra, so long as the reconstructed lensing
spectrum is included in the analysis.

4.1.1 Spatial curvature

In ref. [42], a non-zero spatial curvature was also found to ease the Hubble Tension by shifting
D for the CMB. We utilize a fiducial value of ) = —8.9719 x 1073, as guided by ref. [4].
In figure 5 we show the results for 8-parameter forecasts with varying dm. and € in addition
to ACDM parameters. From left to right, the panels show constraints for Hy, dm., and
respectively, as a function of noise. At decreasing noise levels, delensing provides a significant
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Model With BAO Without BAO
H() da 5m€ Qk Ho oo 5me Qk
ACDM + dar + dm. + €, 124 105 144 147 187 11.5 203 19.2

ACDM + da + dme 19 108 5.6 214 114 21.7
ACDM + dax + 4.8 104 5.9 199 11.0 20.6
ACDM + da 6.4 9.1 9.6 109

ACDM + éme + Qp 13.0 14.4 15.0 18.0 19.8 19.1
ACDM + dm, 2.2 3.8 21.0 21.2
ACDM + Qy, 1.1 44 193 20.5
ACDM 2.6 4.9

Table 2. Table displaying percent improvement in error from delensing in the case of varying
fundamental constants with non-zero curvature. This is computed with 100 x (1 —22) at 1 uK-arcmin
(the approximate noise level of CMB-S4). Empty cells indicate parameters fixed at their fiducial values.

improvement in the constraints. The improvement from lensed to delensed constraints is
shown in table 2. Note that the model which most significantly reduced the Hubble Tension
in ref. [4], ACDM + ém, + 6€ has an improvement in the Hy error from delensing of 18.0%,
which is roughly on par to reducing the noise of lensed observations from 10 to 1 uK-arcmin,
which would require a hundred-fold increase in the number of detector-years of observing.

In figure 6, we show the forecasted uncertainty and degeneracy of parameters of this
ACDM + ém, + Qi model (without BAO) before and after delensing. As with zero curvature
models, delensing provides a significant tightening of constraint contours for all parameters
of interest.

4.2 Early dark energy

Early dark energy refers to a class of models aimed at resolving the Hubble Tension by
including a scalar field initially frozen-in due to Hubble friction that performs damped
oscillations around its local minimum once the Hubble parameter drops below a critical value.
Physically, this describes an axion-like field that once behaved like a cosmological constant,
but began to decay at some critical redshift z. [46]. By increasing the Hubble parameter for
a limited time in the early universe, the sound horizon and diffusion damping scale decrease,
and field perturbations have additional pressure (which produces signature effects on CMB
spectra, as seen in figure 7) [47]. By involving an increase in the expansion rate around
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Figure 7. Derivatives of CMB power spectra (TT, TE, and FE) and lensing power spectrum (kk)
with respect to effective early dark energy parameters: the fractional early dark energy density at
the transition redshift fgpg, the critical reshift when the early dark energy field becomes dynamical
log1(2¢), and the initial axion misalignment angle ;. Note the larger derivatives for unlensed compared
to lensed spectra (especially for fgpg), indicating that delensing could serve to better isolate CMB
peaks and features associated with the parameters, just as in the case of varying fundamental constants.

matter /radiation equality due to this ACDM extension, the Hubble Tension can be somewhat
alleviated without spoiling the fit to Planck measurements [4].

For our analysis, we utilize the extremely light field and potential of the form V(¢) =
m?2f2(1 — cos(¢/f))" + V. Instead of particle physics parameters f and m, we utilize the
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at 1 pK-arcmin.

corresponding effective early dark energy parameters log;q(z¢), the critical redshift at which
the field becomes dynamical, and fgpg, the fractional energy contribution of the field at said
redshift. We additionally include parameter 6;, the initial axion misalignment angle. We
utilize the fiducial best-fit values of frpg = 0.098, log;((z.) = 3.63, and #; = 2.58 taken from
ref. [48] that are found to best reduce the tension. We incorporated the treatment of early
dark energy from ref. [48] into CLASS_delens to perform the forecasts presented here.

In figure 8 we show the results for ACDM + frpg + log;(2) + 6; cosmology forecasts.
The percent improvement from lensed to delensed constraints is shown in table 3. In figure 9,
we show the forecasted uncertainty and degeneracy of parameters of the ACDM + fgpg +
logo(zc) + 6; model (without BAO data) before and after delensing. Delensing provides a
significant tightening of constraint contours for all parameters of interest.

3https://github.com/mwt5345 /class__ede.

- 11 -


https://github.com/mwt5345/class_ede

Model With BAO Without BAO

Hy fepe logio(ze) 6 Ho fepe logig(ze) 0
ACDM + fepg +loggo(ze) +6; 81 93 107 7.8 95 105 107 9.9

ACDM + frpr + loggo(2c) 8.3 9.4 10.9 8.1 9.8 10.8

ACDM + log;o(zc) + 0; 2.0 10.4 7.8 5.8 10.2 9.2
ACDM + log;o(2c) 2.0 10.5 4.1 10.4

ACDM + fgpg + 6; 79 9.0 8.0 9.3 10.0 10.0
ACDM + fepr 79 9.0 80 94

ACDM -+ 6; 2.2 8.0 6.1 9.4
ACDM 2.0 4.3

Table 3. Table displaying percent improvement in error from delensing in the case of early dark energy.
This is computed with 100 x (1 — Z%) at 1 pK-arcmin (the approximate noise level of CMB-54).
Empty cells indicate parameters fixed at their fiducial values.

Model With BAO Without BAO
Hy Nigr Hp Nigr

ACDM + Ny, 7.9 111 7.1 11.2
ACDM 2.0 4.4

Table 4. Table displaying percent improvement in error from delensing in the case of self-interacting
dark radiation. This is computed with 100 x (1 — M) at 1 pK-arcmin (the approximate noise level of
CMB-S4). Empty cells indicate parameters fixed at their fiducial values.

4.3 Self-interacting dark radiation

Some of the most well-known extensions to the ACDM model take the form of free-streaming
massless relics (dark radiation). Such extensions are relatively well-constrained by the
CMB [4, 49], but there is no physical necessity that these relics are free-streaming. While
free-streaming and self-interacting species would contribute equally to the energy budget
of the universe and CMB damping tail, only free-streaming particles induce the observed,
characteristic phase shift in the anisotropies [49, 50], meaning there may be non-free-streaming
particles at play that are not as well constrained. Such self-interacting species would form a
relativistic fluid that changes the expansion rate during radiation domination, similarly to
the early dark energy of section 4.2, therefore influencing the size of the sound horizon at last
scattering and shifting the inference of Hy (see figure 10).

We utilize the fiducial best-fit value of Njg, = 0.3867 from ref. [4], where Nig, is the
contribution of self-interacting dark radiation to the effective neutrino number N.g. The
percent improvement from lensed to delensed constraints is shown in table 4.

4.3.1 Dark radiation-dark matter scattering

Additionally, it is possible that this self-interacting dark radiation futher interacts with dark
matter. Such a cosmology is then additionally dependent on I'g, the present rate of momentum
transfer between the dark matter and dark radiation [51]. In this case, we utilize the fiducial
best-fit values of Nig, = 0.4290 and Ty = 2.371 x 1078 Mpc ™! from ref. [4]. Figure 11 shows the
results for the forecasts of ACDM and the 2-parameter extension of Vg, and I'g. In figure 12,
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Figure 10. Derivatives of CMB power spectra (T'T, TE, and EFE) and lensing power spectrum (kk)
with respect to the energy density in interacting dark radiation Vi, and the present rate of momentum
transfer between the dark matter and dark radiation I'g. Note the larger derivatives for unlensed
compared to lensed spectra, indicating that delensing could serve to better isolate CMB peaks and
features associated with the parameters. Here and below, Ty is reported in Mpc ™.
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Figure 11. Forecasted constraints on Hy, Niq;, and 'y in an 8-parameter ACDM + Njq, +I'y cosmology.

we show the forecasted uncertainty and degeneracy of parameters of the ACDM + Nijq, + I'g
model (without BAO data) before and after delensing. The improvement from lensed to
delensed constraints is shown in table 5.

5 Conclusion

The CMB is a key tool in understanding the foundational development of our universe.
With higher precision measurements of CMB temperature and polarization anisotropies,
more precise constraints for ACDM parameters have been made with remarkable levels of
confidence [1]. Discrepancies like the Hubble Tension may point the way toward novel physics
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Model With BAO Without BAO
Hy Ny To Hop DNa T
ACDM + Nyg, +I'g 81 11.0 4.5 7.3 109 6.1

ACDM + Niqy 79 11.1 7.1 111
ACDM + Ty 1.9 46 5.9 6.3
ACDM 2.0 4.4

Table 5. Table displaying percent improvement in error from delensing in the case of self-interacting

dark radiation with dark matter scattering. This is computed with 100 x (1 — Z9<) at 1 pyK-arcmin

(the approximate noise level of CMB-S4). Empty cells indicate parameters fixed at ‘their fiducial values.
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Figure 12. Forecasted errors and degeneracy of parameters of ACDM + Njq, + Iy cosmology at
1 pK-arcmin.

in the early universe [4], and it is valuable to test these ACDM extensions with observations.
As more low-noise CMB data becomes available, delensing will be a valuable tool to increase
the cosmological constraining power provided by our observations.

It is important to note that there are datasets beyond those considered here that may
show signatures of the cosmological models aimed at resolving the Hubble Tension. Other
observables, such as large-scale structure and cosmological recombination radiation may be
able to further weigh in on the proposed solutions to the Hubble Tension. For example, a
combined CMB and large-scale structure analysis dissolves the concordance of early dark
energy models [48]. And models involving varying fundamental constants or early dark energy
would leave distinct features in the cosmic recombination radiation, making it a rewarding
test for these and other models that impact the physics of recombination [52, 53].

In this work, we provided a quantitative look at the improvements on constraints related
to models aimed at addressing the Hubble Tension made possible by iterative delensing
of the CMB. We implemented three broad categories of early universe solutions (varying
fundamental constants, early dark energy, and self-interacting dark radiation), estimated the
effects of map-level delensing on generated power spectra, and forecasted constraints on model
parameters. We demonstrated that constraints on Hy derived from delensed spectra can be
about 20% tighter than from lensed spectra in the models we studied for upcoming CMB
surveys like Simons Observatory and CMB-S4. Delensing provides significantly improved
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constraining power for model parameters across the board and is an analysis technique that
does not require any instrumental design changes to implement with future data. CMB
delensing proves an invaluable tool to glean as much information as possible about the early
universe, regarding the Hubble Tension and beyond.
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