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Large-scale B-mode polarization of the cosmic microwave background (CMB) is a prime target for
current and future experiments in search of primordial gravitational waves. With increasingly sensitive
instruments being deployed, secondary B-modes induced by the weak gravitational lensing of CMB
photons are becoming an important limitation and need to be removed, a process known as delensing. In
this work, we combine internally reconstructed CMB lensing maps from the Atacama Cosmology
Telescope (ACT) data release 6 (DR6) with galaxy samples from unWISE and a map of the cosmic infrared
background (CIB) fluctuations from Planck to produce a well-correlated tracer of the CMB lensing field.
Our coadded tracer, shown to be 55%—85% correlated with the true lensing convergence at multipoles
L <2000, is then convolved with ACT DR6 E-mode polarization to yield a template of the lensing
B-modes. We assess its performance on a wide range of scales by using it to delens ACT DR6 and Planck
B-modes over 23% of the sky, removing around 39% of the lensing power at 100 </ < 1500 and 47% at
30 <1 <300, respectively. Our template achieves the highest delensing efficiency to date and will be
useful for the analysis of early polarization maps from the Simons Observatory. We finally outline
prospects for further improvements by including additional large-scale structure tracers from upcoming
cosmological surveys.
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I. INTRODUCTION

Decades of cosmological observations have revealed a
remarkably simple picture of our Universe: spatially flat,
statistically homogeneous and isotropic on large scales and
well described by a six-parameter phenomenological model
with a nearly scale invariant spectrum of primordial density
fluctuations [1-3]. Yet, this apparent simplicity hints at a
deeper issue as it could not have been realized without
precisely adjusted initial conditions. Inflation, a hypotheti-
cal period of exponential expansion within the first fraction
of a second [4-11], provides an answer to this fine-tuning
question as well as a direct connection between primordial
quantum dynamics and the large-scale structure of the
Universe at later times. Within this framework, scalar
fluctuations of the field(s) driving inflation would have
been stretched from microscopic to macroscopic scales and
morphed into density variations as the origin of all cosmic
structures. Similarly, tensor perturbations resulting from
fluctuations of the spacetime metric or from the presence of
gauge fields may have produced a detectable background of
primordial gravitational waves (PGWs) [12—14]. The search
for PGWs is one of the most crucial quests in modern
cosmology, as a detection would indicate the energy scale of
inflation and shed light on fundamental physics at the
highest energies.

The imprints of primordial fluctuations are encoded in
the cosmic microwave background (CMB) [15,16], with
PGWs producing distinctive parity-odd B-mode polari-
zation patterns on large scales [17,18]. While such
B-modes have not been observed yet, measurements from
the Wilkinson Microwave Anisotropy Probe [19], Planck
[20] and BICEP/Keck Array [21] have set tight upper
bounds on their amplitude parametrized by the tensor-to-
scalar ratio r. Most recently, Ref. [21] found r < 0.036 at
95% confidence for a pivot scale of 0.05 Mpc~™! and a
slightly lower value of r < 0.032 was inferred by adding the
Planck Public Release 4 maps [22]; these results rule out
some of the simplest classes of inflation models. Next-
generation CMB experiments are expected to yield increas-
ingly stringent constraints on r in the coming decade,
aiming to test popular models such as Starobinsky [5] and
Higgs inflation [23] decisively. For example, the Simons
Observatory (SO) [24], a ground-based instrument that has
been collecting data since its first light in October 2023, is
forecasted to achieve a precision level (r = 0) < 0.003 by
the end of its initial five-year survey. Similar constraints are
anticipated from the South Pole Observatory (SPO), the
combination of the BICEP Array and the South Pole
Telescope [25]. Uncertainties on r should be further
reduced as planned SO hardware extensions come online
and could also improve with proposed upgrades of SPO;
o(r) is projected to fall below 1073 with the LiteBIRD
mission [26] in the 2030s.

Unlike past experiments, which were mainly limited by
noise, upcoming missions will be increasingly sensitive to

other contaminating sources of B-mode polarization. Besides
Galactic foregrounds, which can be distinguished from the
CMB through multifrequency observations [27-29], one
such source is the deflection of CMB photons by large-scale
structure (LSS). This weak gravitational lensing effect results
in a direction-dependent remapping of polarization anisot-
ropies, causing part of the E-mode signal produced by scalar
fluctuations to morph into B-modes [30-32]. Although
lensing-induced B-modes are not expected to bias PGW
measurements as their power spectrum is well constrained
and can be accounted for, their contribution to sample
variance increases statistical uncertainties on r. On large
scales, this effect is roughly equivalentto 5 pK-arcmin white
noise and is significant in comparison to the goal noise level
of 2 pK-arcmin for SO’s initial five-year survey
[24,33]. Reducing this additional variance cannot be done
simply by subtracting the average lensing B-mode power; it
requires modeling and removing the specific B-mode pattern
created in our sky by the actual realization of the lensing
potential. This coherent removal process, known as “dele-
nsing,” is becoming a necessity to reach the target precision
of current and future PGW searches.

Using an empirical proxy of the CMB lensing conver-
gence field «, the lensing B-mode realization in our sky can
be estimated nonperturbatively by remapping observed
polarization maps to reverse the deflection. This technique
was applied to delens Planck and Atacama Cosmology
Telescope (ACT) maps in [34,35,36], respectively; it was
also used in [37], where a delensing-related improvement in
o(r) was demonstrated for the first time on real data. The
alternative approach, which this paper focuses on, consists
of convolving the x estimator with measured E-modes in
harmonic space to obtain a gradient-order template of the
lensing B-modes [32,38]. Besides having the advantage of
a more straightforward implementation, this method was
shown to be effectively optimal for our purposes as a result
of cancellations between higher-order terms in the delensed
B-mode power spectrum [39]. In this work, we construct
the most accurate gradient-order lensing template based on
existing datasets; our results will be particularly relevant to
the delensing of early SO B-modes, and our methodology
will be straightforward to extend in order to include high-
resolution data from SO’s Large Aperture Telescope (LAT)
as it becomes available.

Our template uses E-modes and internal CMB lensing
convergence maps from the ACT data release 6 (DR6) [40].
The latter are built from quadratic estimators (QEs), which
rely on correlations between unequal modes of the lensed
CMB anisotropies. This type of estimator was first used for
delensing real data in [34] and for constraining cosmo-
logical parameters with delensed CMB power spectra
in [36]. QEs are strongly correlated with the true lensing
field on large scales, but remain limited by statistical
reconstruction noise on intermediate and small scales.
Iterative methods for internal lensing reconstruction, first
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demonstrated on data in [41], are expected to outperform
QEs and provide the dominant contribution to delensing for
future deep high-resolution surveys [42,43]. However, at
the sensitivity levels of ACT and SO, including external
LSS tracers (as proposed in [44]) can partially compensate
for the QE reconstruction noise, leading to significant
improvements in delensing performance [33].

One such LSS tracer is the cosmic infrared background
(CIB), radiation originating from dusty star-forming gal-
axies with a broad redshift distribution peaking around
z ~ 2. The significant overlap between the CIB and CMB
lensing redshift kernels makes the CIB a good proxy for ;
examples of its use for delensing are found in [45,38,35].
Maps of galaxy overdensities have also been shown to
contribute non-negligible delensing power despite cur-
rently probing a narrower redshift range [46]. In this work,
we optimize the delensing performance of our template by
combining the ACT lensing reconstruction with a CIB map
from Planck and two tomographic galaxy samples from the
unWISE catalogl [47].

This paper is organized as follows. In Sec. II, we review
the theoretical foundations of CMB lensing and introduce
our multitracer delensing framework. Section III character-
izes the datasets included in our analysis, while Sec. IV
describes our simulation suites. After outlining our tem-
plate-construction methodology in Sec. V, we present our
results in Sec. VI. In particular, we analyze the delensing
performance of our template on Planck and ACT DR6
B-modes. We then conclude in Sec. VII. Finally,
Appendixes A—C discuss, respectively, the inclusion of
additional galaxy samples, technicalities related to the
treatment of transfer functions, and internal delensing
biases.

II. THEORETICAL FRAMEWORK

A. Weak lensing of the CMB

Weak gravitational lensing deflects the paths of CMB
photons, introducing characteristic distortions into the
observed temperature and polarization anisotropies. A
review of this effect is found in Ref. [31]; here we
summarize the relevant details.

In the Born approximation, small deviations produced
by gravitational (Weyl) potentials ¥ are integrated over
comoving distance y along the unlensed line of sight 7; in a
flat universe, the total deflection angle is given by [31]

Xx X* —){ N
a:—2/ dy V¥ (yit;ng — y). 1
; P (i o = x) (1)

Here, y. corresponds to the comoving distance of the CMB
last-scattering surface, ny —y is the conformal time at

'Luminous red galaxy (LRG) samples from the Dark Energy
Spectroscopic Instrument (DESI) were also considered in Ap-
pendix A, but did not add significant delensing power.

which the photon was at position y7iz, and V represents
the covariant derivative on the sphere. Equation (1) can be
simply rewritten as a pure gradient @ = V¢, defining the
lensing potential ¢.

For scalar fields such as temperature ®, the lensing-
induced remapping is given at leading order by

O() =0 +a) =0(h) + V,pViO(R) + 0(¢*), (2)

where the tilde refers to lensed quantities. An analogous
expression can be obtained for linear polarization, which is
encoded by a rank-2 traceless symmetric tensor P,

7~Dab(ﬁ) = Pab<ﬁ) + vi¢vi7)ab(ﬁ) + 0(¢2) (3)

In this case, the tensor field is parallel transported along the

geodesic defined by the deflection vector a at 71 [48].
Considering a right-handed orthonormal basis (7, €, €,),

we can extract the spin-2 components of P,;, as follows:

—_—

P = 5 [,P(R)ete’ + ,P(R)ee’], (4)
with e, = 27'/2(é, & ié,). For the specific choice of
e, =& and &, = ¢, along the 6 and ¢ directions of a
spherical coordinate system, these functions define the
Stokes parameters ,,P = Q £iU [49].

The spherical harmonic expansion usually applied to
scalar fields such as ® and ¢ can be extended to
polarization using the spin-weight formalism developed
in Refs. [50,51]; for ()X = ©® and ,,X = ., P, we have

SX(ﬁ) = ZlemsYlm(ﬁ)' (5)
Im

The lensing-induced shifts §,X,,, = ,X,,, — X}, in temper-
ature and polarization are then obtained by taking the
spin-weighted harmonic transforms of Egs. (2) and (3),
respectively. Integrating by parts and using the known
analytical result for the triple integral of Y, () leads to

[ ! L s
05X im = (_l)m Z < / —M)FEL)I’SXl’m’d’LM’

i N T
(6)

where L and M label the spherical-harmonic multipole and
azimuthal indices of the lensing potential ¢, and the mode-

coupling function F Ez)l, is defined in Ref. [49].

Under parity, harmonic coefficients of the spin-2 polari-
zation field transform as ,P,,6 — (—l)lszle. It is
thus straightforward to extract the parity-even (E-mode)
component E,, =27'(,,P, + ,P,,) and its parity-odd
(B-mode) counterpart By, = (2i)7'(,P,, — 5P,
Assuming negligible primordial tensor perturbations, the
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lensing contribution to B-mode anisotropies then directly
follows from Eq. (6); one obtains

I 7 L 2
mp = S (L )i B
LI'Mm’
7)

where p~isOforl+ '+ L evenand —i for [ + ' + L odd.

The main implication of this result is that the weak
lensing of primary CMB E-modes generates secondary
B-modes, increasing cosmic variance and limiting the
precision of constraints on PGWs. To mitigate this effect,
we construct a gradient-order template of the lensing
B-mode realization in our sky by substituting empirical
estimates of the E-modes and lensing potential into Eq. (7).

Due to the mode-coupling encoded by F 52,, delensing the
large-scale B-modes relevant for inflationary physics
requires accurate measurements of E;,, and ¢;,, at inter-
mediate and small scales [31]. Note that, while the
derivation of Eq. (7) involves unlensed E-modes, we do
not have access to these in practice. However, using EVF is
not expected to compromise delensing efficiency: in fact,
gradient-order templates built from lensed FE-modes
lead to cancellations between higher-order terms in the
B-mode residuals [39] and generally yield a better dele-
nsing performance than nonperturbative methods.

B. Internal lensing reconstruction

In this section, we explain how the lensing potential can
be reconstructed internally from high-resolution CMB
maps, following the description in Ref. [49]. Let X and
Y be two lensed temperature or polarization fields; at first
order and for a fixed ¢ realization, their harmonic-space
covariance is given by

<le Yl’m’> = 61[’5m—m’ (_ 1 )meY
l/

e ()

where the response functions f7", are defined in Ref. [49]
and the angle brackets represent an ensemble average over
unlensed CMB anisotropies. While the first term in Eq. (8)
simply reflects the unlensed power spectrum, the second
term results from the lensing-induced couplings in Eq. (6)
and can be nonzero for [ # ['.

An estimator of ¢ can then be extracted from

these off-diagonal correlations. Defining the diagonal2

L
) ®)

*We adopt diagonal filtering here, as in the ACT DR6 analysis
[40]. We note that, even for an isotropic survey, this is slightly
suboptimal as it ignores the ® — E correlation in the filtering [52]
However, it has the virtue that temperature and polarization maps
are then separately filtered.

inverse-variance filtering X,,, = X,,,/ Cf‘ % (where C{‘ X s
the power spectrum of the noisy observed field X),
Ref. [49] introduced the form

. I L\ (=DM

XY IL]

LM:A{YZ(:w m’ —M) axv XY
)

'mm'

known as a quadratic estimator. Here, AY|y., =1,
AXY|,_, =2, and the normalization

-1

AYY = QL +1) (10)

|fXY 2
}: IL!
XY XX AVY
ll/ A Cl Cll

is set so that (¢%3,) = ¢, . The form of Eq. (9) guarantees
that the diagonal term in Eq. (8) does not contribute
0 (pry) for L>0. (DEndTh) =
811 0um (C1? + NXY) for our QE, the power spectrum
of the reconstruction noise, NXY, arises from the discon-
nected four-point function of the CMB fields (i.e., from
chance Gaussian fluctuations that mimic the effects of
lensing). We can then build a minimum-variance (MV)
estimator as a linear combination

i =D _wit b, (11)
XY

Evaluating

where XY € {00, OF, EE, EB} and the weights wi¥ are
chosen to minimize the overall reconstruction noise. Note
that an alternative, more optimal approach to constructing a
global minimum-variance QE was proposed in [52].

To reduce computational costs associated with the
harmonic-space convolution in Eq. (9), the ACT DR6
lensing map (described in detail in Sec. III A) is based on an
approximately equivalent real-space QE formulation. This
approach consists of estimating the spin-1 components of
the deflection vector

a=— [ alie, + al@e],  (12)

V2

with harmonic coefficients e, ,, = F/L(L + 1)¢y.
In Ref. [40], an unnormalized displacementlike spin-1

estimator is obtained from the following combination of
real-space maps (X €{0, ,P, ,P}:

pd(i) == X(@)[0,XV](h). (13)

s=0,%£2

Here, 0 represents the spin-raising operator; its action on
the Wiener-filtered fields is explicitly given by
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[0, XV (A Z%l—s>l+s+ 1) X0F Y, (R)
(14)
with ,XVF = EVF + iBF. The Wiener-filtering opera-

tion is performed using a set of lensed CMB power spectra
CXY generated in our fiducial cosmological model and is
expressed in harmonic space as

O Cre Cr 0\ (6,
E}YWF = C?E CfE 0 E,, |- (15)
BYF 0 o c)\B,

Decomposing the displacement vector into its gradient
and curl components

Im + iy

dp) ==y ZHM M
1
* — JL(L+1)

You(@),  (16)
we can finally extract a proxy for the lensing potential

by = R Grm- (17)

Again, the normalization factor R;! is fixed so that

(pim) = pry: as a result of the Wiener filtering in
Eq. (13), this estimator is already minimum variance and
is approximately equivalent to ¢y defined in Eq. (11)
[40]. Note that the curl component of Eq. (16) is expected
to be zero and can be used as a null test.

To build a temperature-only estimator, we select the
s =0 part of Eq. (16) and set E;,, =0 in Eq. (15).
Conversely, the polarization-only variant uses the s = £2
terms with ©,,, = 0 in the Wiener filter. Finally, all ACT
lensing reconstructions are converted into maps of the
convergence field k = —V?¢/2.

C. Large-scale structure tracers

At the ACT sensitivity level, the QE reconstruction noise
described by Eq. (10) (sourced by statistical fluctuations

of the unlensed CMB) becomes dominant over C‘}Z"S for
L = 200 [40]. As the intermediate and small scales 200 <
L < 800 are particularly relevant for delensing large-scale
B-modes, this motivates the complementary use of external
LSS tracers. The optimal linear combination of tracers is
determined by characterizing the correlation of each
individual dataset with the true lensing field and estimating
the resulting delensing power.

Similar to the CMB lensing convergence, the maps of
the CIB and of the galaxy overdensity we use here are 2D
fields on the sphere which probe the 3D distribution of
matter in the Universe. Defining the dimensionless matter
overdensity 8,, = (P, — Pm)/Pm (the bar denotes average

quantities), such projected fields can be expressed as a line-
of-sight integral

X(n) = /deX(z)ém(;((z)ﬁ,z), (18)

where y(z) represents the comoving distance back to
redshift z and the kernel Wy (z) encodes the relative
contribution of sources at z.

The CMB lensing kernel is computed using k = =V -
a/2 and substituting Eq. (1). The resulting integral involves
the angular Laplacian V?¥ of the gravitational potential,
which is linked to the matter overdensity by the cosmo-
logical Poisson equation

VN » V¥ = 4nGy* (1 4+ 2)2ppby.  (19)

Here, Vf( is the full Laplacian at comoving distance y,
and the background matter density is given by p,, =
3H3Q,,(1 4+ z)?/82G with H,, the Hubble constant. We
have dropped the radial derivatives, which is an excellent
approximation given the broad redshift kernel (see,

g., [53]). Noting the relation dy = dz/H(z), where
H(z) is the Hubble parameter and we set ¢ = 1, one obtains

_ %QmHﬁx(z) (I +2)x —x(z)

Wilz) e 7.

(20)

in a spatially flat universe. This kernel is shown as the black
line in Fig. 1; it peaks at z~2 and falls off slowly,
extending to high redshifts.

Galaxy surveys cover a more limited redshift range, with
the unWISE samples used in this work spanning 0.2 <
7< 1.8 (see Sec. Il B for a detailed description). The
galaxy density field is a biased tracer of the underlying dark
matter distribution: galaxies tend to form in overdense
regions, leading to an enhancement in the clustering signal.
On the scales of interest when delensing large-scale
B-modes, this effect is approximated by a linear bias factor
b(z), which we parametrize here as b(z) = by + b,z. Note
that galaxy bias is scale dependent in reality; however, this
is expected to have limited impact on delensing [54]. The
projection kernel

dN/dz

JdZdN/dZ @1

W;}(Z) = b(Z)

then directly follows from the normalized redshift distri-
butions, which are plotted for our unWISE maps as the blue
and green lines in Fig. 1.

For the CIB, we consider the (comoving) emissivity
density j(v,z) as a biased tracer of dark matter, with
8; = (j—J)/Jj = b5, The single spectral energy distribu-
tion (SED) model in [55] describes the dust emission
spectrum as a modified blackbody transitioning into a
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1.01
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0.6 1 CMB lensing
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0.4 cB
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0.0
00 05 10 15 20 25 30 35 4.0
z
FIG. 1. Normalized projection kernel as a function of redshift

for each LSS tracer used in our analysis: the CMB lensing
convergence [Eq. (20); black], the unWISE blue and green galaxy
samples [Eq. (21), Sec. Il B, Ref. [47]; blue and green lines,
respectively], and the CIB [Eq. (24), Sec. III C; purple].

power-law decline at a rest-frame frequency v/ ~ 4955 GHz.
Mathematically, the SED is given by

- {UﬂBu(Td)
Ly

where B, (T,) is the Planck function; f, is assumed to be
identical for all source galaxies. The effective dust temper-
ature T; = 34 K and spectral indices f = @ = 2 are chosen
in agreement with observations [55]. Considering a Gaussian
distribution of emissivity around z. ~ 2, the mean comoving
emissivity density then corresponds to

forv <V (22)
forv > v/,

_ (e=2)?

Jw.2) xxte 7 (142)7" fus) (23)

where we follow [46] and set o, = 2. With this definition, the
CIB intensity variations are given by 51, = [ dzH(z)™'(1 +
2)7j(v, 2)8; [55], leading to the projection kernel [46]

2(z ee?
Wie) = bt fo (9
This kernel, shown in purple in Fig. 1, is complementary to
that of unWISE as it has significant overlap with W(z) at
redshifts above the range typically probed by galaxy surveys.

To quantify the delensing power of a specific tracer &/,
we evaluate its correlation coefficient

KR!

Kkl CL
L= sini
KK (KR
\/CTCL

with the true lensing convergence. For L 2 100, fluctua-
tions transverse to the line of sight dominate and the power

(25)

spectra in Eq. (25) can be computed in the Limber
approximation [56]. Within this framework, the cross-
spectrum of two projected fields X (#1) and Y (i) defined
as in Eq. (18) is simplified as follows:

XY Wx(z)Wy(z) _L+1/2
i N/ deH(z) 1 (2) P<k_ x(2) Z) (26)

where P(k, z) is the (dimensional) matter power spectrum.

The main takeaway of Egs. (25) and (26) is that the
correlation between a given tracer and the true x increases
the more the tracer overlaps in redshift and scale with the
relevant matter modes and is limited by the noise level in
the autospectrum CX¥'. Combining multiple datasets with
complementary projection kernels and different noise
properties therefore allows us to surpass the delensing
performance of individual tracers. In practice, the optimal
estimator R<°™ is a Wiener filter, constructed as a weighted
sum of all considered tracers with coefficients determined

in harmonic space to maximize p*™. Ignoring correla-
tions between multipoles,3 the solution to this optimization
problem is given by [44,46]

. _ o CKK "
RE3° = Z@L I)UPEIK\ / C,AC,LR[KLM7 (27)
ij L

where we define the matrix (p; )" = pi¥.

D. Delensing performance

The final step of our analysis consists of building a
model of the lensing B-modes based on observed E-modes
and on the convergence estimator in Eq. (27); this section
investigates the expected delensing performance of such a
template.

Noise in the E-mode data is mitigated by applying a
diagonal Wiener filter

W CcrE
Ep, = WEW (28)

where hats refer to observed quantities and the noise power
spectrum N is estimated from splits of the ACT maps
(see Sec. III A). Note that this expression is equivalent to
Eg. (15) with ©,,, = 0.*

*Further optimization to account for such effects was done
in [57]. The simpler expression used in the present work, which is
optimal for isotropic surveys, is expected to be close to optimal
for the relatively large sky fraction covered by ACT.

A more complex filtering operation accounting for masking
and noise inhomogeneities is introduced in [58] and performed
in [33]. As the ACT noise levels are relatively uniform across the
survey area, we use the simpler diagonal filter to reduce
computational costs.
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We obtain our lensing B-mode template by evaluating
Eq. (7) for EVF and &< before converting the resulting
harmonic coefficients into real-space Q and U maps.
Delensing can then be performed at the map level by directly
subtracting the template from the observed B-modes.
Though conceptually simple, this approach is more sensitive
to survey nonidealities such as masking, filtering, and beam
systematics. An alternative method, demonstrated in [33,59],
extends the usual power-spectrum-based likelihood for r
inference to include all cross-spectra between the template
and the observed multifrequency CMB maps, effectively
treating the template as an additional data channel. These two
approaches were shown to yield equivalent constraints on r,
both in idealized analytical forecasts and in a full mock
analysis using SO-like simulations [59].

For a statistically isotropic survey, a first-order approxi-
mation of the ensemble-averaged auto- and cross-spectra of
the lensing B-mode template can be derived using the
following property:

<CKKLomb> <C’A<Lumb’*gomb o Zp ll{pik (29)

This relation is a consequence of the weights chosen in
Eq. (27). Convolving with the Wiener-filtered E-modes and
assuming the noise to be uncorrelated with the CMB signal
(CEE = CFE), the cross-spectrum between the template B,
and the true lensing B-modes is given by

ZlM (LI, L
= Z|M (II.L

where M(I,I', L) encodes the prefactors from Eq. (7).
As a result of the optimal tracer weighting and E-mode
filtering, Eq. (30) is identical to the lensing template
autospectrum

PP = Z|Mzz' <
ct

/ CEE Kcomb
= Z'M (L1, ez (31)

CEE CK"&comh

EE

scomb

(30)

EE> . N
CEECKcom jcoml

Expressing the delensed B-modes as B = B,,, — B!, ,
we use the equivalence of Egs. (30) and (3 1) to estimate the
remaining power after delensing,

del , ~BB B,B,

CPPel x CBE — P (32)

While the delensing efficiency Cf’B’ / C,B B is a scale-
dependent quantity, its variations with / are generally rather

small. We can then define the multipole-averaged fractional
residual B-mode power

BB
Alens =1- [BB s (33)
Cl
with C;BB,del NAlensCBB lens
III. DATA

A. ACT DR6 maps

As internal tracers, we use the publicly available ACT
DR6 CMB lensing convergence maps.5 The minimum-
variance k reconstruction is built from night-time temper-
ature and polarization data collected between 2017 and
2022 [40]. A ®-only variant is also available, which we use
to avoid mode overlap when delensing ACT B-modes in
Sec. VI. The construction of these lensing maps, which we
summarize in this section, is presented in full detail in
Refs. [40,61].

Based in the Atacama Desert in Chile, ACT produced
arcminute-resolution CMB maps over around 45% of the
sky in five frequency bands. Two of them are used in our
analysis: f090 (77-112 GHz) and f150 (124-172 GHz).
Data in each band were divided into four splits with
independent noise realizations and mapped separately.
Individual frequency maps were beam deconvolved and
coadded in harmonic space with inverse-variance weight-
ing. A 2D Fourier-space filter was then applied to the maps
in order to suppress ground pickup, removing modes with
|I,] <90 and |/,| < 50 [62].

Extragalactic foregrounds such as the CIB and the
thermal Sunyaev—Zel’dovich (tSZ) effect can bias the
®0 lensing estimator when left untreated. The baseline
ACT analysis combined multiple mitigation strategies to
reduce their impact [63]. Bright point sources and galaxy
clusters were first identified and subtracted from the
maps. In addition, the multipole range used for lensing
reconstruction was restricted to 600 < [ < 3000, with the
upper bound chosen to exclude the small scales at which
extragalactic foregrounds dominate [64,65]. Finally, a
correction known as profile hardening was applied to
Eq. (17) by constructing an estimator orthogonal to fore-
ground-induced mode couplings. This process is described
and validated in more detail in Refs. [61,63].

The lensing convergence was extracted using the
SO-LENSPIPE code developed for SO, which computes the
QEs introduced in Sec. II B. In order to avoid needing an
accurate noise model to remove power spectrum biases,

the pipeline implemented the split-based estimator (EﬁLM =

%ZK j A%} defined in [66], where the profile-hardened
variant of Eq. (17) is evaluated and averaged over pairs of

The maps and associated products can be downloaded at [60].
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-1 1

FIG. 2. ACT DR6 lensing convergence map (dimensionless) in
equatorial coordinates. This map was produced with the MV
quadratic estimator described in Sec. II B, using cross-correlations
between data splits to mitigate noise biases [61]. Masked pixels are
shown in gray, leaving an unmasked sky fraction fgy, = 0.23.

independent data splits i # j. The lower bound / > 600 was
chosen to mitigate atmospheric noise and Galactic fore-
grounds; it will also serve to avoid mode overlap between
the EB QE and the large-scale B-modes we will seek to
delens in future studies.

Masking was applied to regions of bright Galactic
emission based on Planck data at 353 GHz, as well as
to pixels with noise levels above 70 pK-arcmin. The mask
was then apodized with a 3° cosine-squared edge roll-off
[40]. Following source subtraction and inpainting, together
with the above sky cuts, the effective sky fraction shown in
Fig. 2 is fgy, =0.23 (corresponding to an area of
about 9400 deg?).

Finally, note that QEs are sensitive to the statistical
anisotropy introduced by this partial sky coverage; this
effect manifests itself as a nonzero ensemble average (¢, )
over realizations of the CMB and lensing potential. This
spurious term, known as “mean-field bias,” was estimated
from simulations and subtracted as indicated in Ref. [40].

B. unWISE galaxies

The galaxy samples used in this work are extracted from
the unWISE catalog [47,67,° including data collected by
the Wide-Field Infrared Survey Explorer (WISE) satellite
during its original one-year mission [69] and four years of
its posthibernation NEOWISE phase [70]. With approx-
imately two billion sources observed at 3.4 and 4.6 pm
(W1 and W2 bands), this dataset constitutes the deepest
full-sky infrared catalog to date.

We construct galaxy overdensity maps based on the
unWISE blue and green samples, as defined by the W1-
W2 color cuts listed in Refs. [47,67]. The corresponding

®Data available at [68].

-1 1

FIG. 3. Dimensionless overdensity field as defined in Eq. (34)
for the unWISE blue galaxy sample. Masked pixels are repre-
sented in gray. A similar result, not shown here, is obtained for
the green sample. Both maps are generated in equatorial
coordinates, using the HEALPIX equal-area pixelization [73] with
Ngge = 2048.

normalized redshift distributions, determined by cross-match-
ing with photometric redshifts from the COSMOS2015
catalog [71], are shown in Fig. 1. The blue and green samples
have mean redshifts of 0.6 and 1.1, respectively, and span the
overall range 0.2 < z < 1.8. Note that Ref. [47] also defines a
red sample, which we do not use here due to its significantly
lower number density.

The large-scale component of the unWISE mask is based
on the Planck 2018 lensing mask [35] and apodized with a
1° Gaussian kernel. Bright stars, diffraction spikes, and
regions within 2.75 arcsec of a Gaia point source are also
removed, yielding a remaining sky fraction fg, = 0.59
(see Fig. 3). As explained in [72], these additional cuts
result in smaller and variable effective areas for each pixel
of the map; measured galaxy number counts are corrected
for this effect, and pixels with less than 80% coverage are
masked.

Finally, we mitigate the two most important imaging
systematics by applying weights to remove correlations
between galaxy number counts and stellar density as well
as survey depth. The construction of these weights is
described in full detail in Ref. [72]. The galaxy overdensity
field is then defined as

g9’ —3"

7 (34)

6g; =

where g represents the weighted (unbiased) number count
in pixel i and g" is the average of g over unmasked pixels.
As an example, the blue sample overdensity map is
displayed in Fig. 3.

C. Planck CIB

Our final external LSS tracer is a CIB emission map
extracted from Planck PR2 data at 353 GHz with the
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FIG. 4. CIB intensity map extracted from Planck 353 GHz data
with the GNILC algorithm. The map is generated at ngq, = 2048
in equatorial coordinates, with masked pixels shown in gray.

Generalized Needlet Internal Linear Combination (GNILC)
algorithm [74]. This method uses a spherical form of
wavelets (known as needlets) to decompose sky maps into
different spatial scales, then computes a weighted sum of
multifrequency data at each scale to capture the CIB signal
while minimizing Galactic foreground residuals and noise
contributions [75].

The resulting CIB map has a resolution equivalent to a
5 arcmin Gaussian beam, which we deconvolve prior to our
analysis. We apply a mask based on the Planck PR2 60%
Galactic cuts with 2° Gaussian apodization and further
exclude point sources detected at a signal-to-noise ratio
greater than 5. The unmasked area, covering a sky fraction
Sy = 0.58, is displayed in Fig. 4.

While GNILC CIB maps are also available at 545 and
857 GHz [74], we restrict our analysis to the 353 GHz
channel, which has the highest correlation coefficient with
the ACT lensing reconstruction. As the other two frequency
bands are strongly correlated with the 353 GHz map,
including them would not significantly improve the quality
of our combined lensing tracer [44].

Similarly, the maps produced in [76] with the PYILC
software were found to be less correlated with CMB
lensing than the ones obtained with GNILC in the multi-
pole range of interest. Indeed, despite having the advantage
of preserving all CIB power on large scales, this alternative
needlet internal linear combination method results in
increased dust contamination at intermediate and small
scales.

IV. SIMULATIONS

For the purpose of estimating statistical errors and
understanding the impact of survey nonidealities, we
produce 100 mock lensing B-mode templates. Their con-
struction requires simulated maps of both the CMB and
appropriately correlated external lensing tracers.

A. ACT polarization and lensing

Unlensed CMB temperature and polarization anisotro-
pies are generated on the full sky by drawing Gaussian
harmonic coefficients from cAMB-produced [77] power
spectra. Our fiducial cosmology uses the Planck best-fit
parameters listed in Ref. [78] and assumes r =0 (no
primordial B-modes). Random realizations of a Gaussian
lensing potential are obtained in a similar manner, and the
PIXELL package [79] is used to lens the CMB maps.

The complex spatially varying properties of the atmos-
pheric and instrumental noise affecting ACT observations
are directly estimated from the data using differences
between independent splits. As described in Ref. [80],
these are accounted for when producing realistic ACT-like
noise maps.” Gaussian foreground realizations, including
extragalactic sources and Galactic dust emission, are drawn
from power spectra based on the Sehgal et al. [81] and
Websky [82] simulations. Both noise and foregrounds are
added to the single-frequency lensed CMB maps, which are
then filtered in Fourier space (see Sec. III A) and smoothed
with the relevant Gaussian beams.

The final versions of the simulated sky maps are
obtained by performing an inverse-variance coaddition of
the beam-deconvolved 90 and f150 bands. These maps,
saved at a resolution ngy, = 2048, are used as inputs for the
internal lensing estimation pipeline to generate realistic
ACT-like k reconstructions.

Note that we also produce a set of 100 noise- and
foreground-free CMB simulations including Fourier-space
filtering and masking; these are used to estimate transfer
functions in Sec. V and Appendix B.

B. External tracers

To mimic galaxy overdensity and CIB maps, we simulate
Gaussian fields whose correlations with the lensing con-
vergence realizations from Sec. IVA match the cross-
spectra measured between ACT lensing and our external
LSS tracers. Note that the true matter distribution probed by
unWISE and by our CIB map is non-Gaussian due to
nonlinear structure formation and galaxy bias. However,
Ref. [54] recently demonstrated that the impact of such
non-Gaussianities on the delensed B-mode power spectrum
is smaller than cosmic variance, and that any residual bias
on r can be straightforwardly absorbed by marginalizing
over a lensing amplitude parameter. While modifications to
the covariance of the delensed power spectrum remain to be
quantified in more detail, preliminary studies such as
Ref. [83] suggest that such effects are also negligible
within statistical uncertainties for SO. Gaussian simulations
are therefore sufficient to model the delensing performance
of the LSS tracers considered in this work.

"The public code used to generate these maps can be found
here: https://github.com/simonsobs/mnms.
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We obtain these simulations by applying the algorithm
mentioned in Ref. [72] and explained in full detail in
Appendix F of Ref. [84]. The method works as follows:
considering a noise-free simulated lensing field «; ;, (one of
the inputs used to lens the CMB simulations), we seek to
draw the harmonic coefficients of a tracer g;;, such that
(kem9pag) = 011 0mm CF and (g7 9rar) = 811 0mm C7-
Here, CY* and C}’ are smooth functions fitted to the
measured auto- and cross-spectra as explained in Sec. V.
The form

Jim = AL ke + gy, (35)

where u;,, is a Gaussian field uncorrelated with «j,,,
fulfills both conditions if

gK

CL
KK

CL

A = (36)

and

Cit = = (Af)*CF. (37)
The algorithm can be extended to ensure appropriate
cross-correlations for an arbitrary number of simulated
tracers R’ by setting &9,, = u?,, = k), and performing a
Cholesky decomposition
Ci¥ =[G.G[]Y (38)
for each L, where G is lower triangular. We then generate
the coefficients

Riy = ZGQj”iM’ (39)
J

where the ui 1y are independent Gaussian fields with unit
power spectra, (i, (u},,,)*) = 876, 1 Spar-

In the present work, we use the characteristics of the
two unWISE samples and of the Planck CIB to generate
three simulated Gaussian tracers for each realization
of the input k. These and the corresponding ACT-like
lensing reconstruction are then coadded in harmonic space
and convolved with the E-modes extracted from the same
realization of the ACT polarization simulations (Sec. [V A),
following the process described in the next section.

V. METHODOLOGY

The first step of our template-construction pipeline
consists of determining the optimal weights in Eq. (27)
from the cross-spectra between each pair of LSS tracers.
The latter are stored as HEALPIX maps with ngg, = 2048
and their respective masks are shown in Sec. III.

In the pseudo-C; formalism, the cross-spectrum of two
masked scalar fields is given by

1ZaLM In)"s (40)

e = (2L + 1

where aj,, and bY,, are the harmonic coefficients of the
maps multiplied by the weights »(i2) and w(#) in real
space. For statistically isotropic fields, the expectation
value of C§""" is related to the true cross-spectrum C¢”
by a mode- coupling matrix M such that

ZMLL/CL, : (41)

Cab 1w

We use the NAMASTER [85] implementation of the
MASTER algorithm [86] to compute M;;/, deconvolve
the pixel window function, and recover unbiased estimates
CZI’ of the (cross-)power spectra for each pair of LSS
tracers. Note that the mode-coupling matrix only depends
on the masks and that it is in general not invertible as a
consequence of information loss from partial sky coverage.
The algorithm therefore constructs a smaller matrix My,
by binning multipoles into bandpowers b, with L € b if
Lyin+bAL <L <Ly, + (b+ 1)AL. We evaluate the
cross-spectra of our LSS tracers over a multipole range
2 < L <2000 and set the bin width to AL = 100.

As the QEs making up our internal lensing reconstruc-
tions each contain two powers of the masked CMB fields,
we compute the mode-coupling matrix based on the square
of the ACT mask for all spectra involving the ACT lensing
map. While this does not fully capture the nontrivial way in
which the lensing reconstruction pipeline convolves the
mask with the signal, the approximation holds within
statistical uncertainties [40]. Small residuals are mitigated
by applying a multiplicative transfer function determined
from simulations; explicitly, the correction to the cross-
spectrum between ACT lensing and an arbitrary tracer &' is
given by

K <CiACTK>
L — CEK °

(42)

Here, the numerator is the NAMASTER output for the ACT-
like reconstruction RACT (associated with the square of the
ACT mask) and the input convergence x (multiplied by the
same mask as &'). The denominator is the fiducial lensing
power spectrum and angle brackets denote an ensemble
average over simulations.

To avoid biases caused by statistical fluctuations in the
measured correlations, we follow [46] and fit smooth
theoretical models (described in Sec. IIC) through the
binned tracer cross-spectra before computing the weights in
Eq. (27). For the CMB lensing power spectrum, we simply
use CRRM — Cxx L N®% where the first term is the CAMB
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FIG.5. Left: autospectrum of the ACT DR6 MV lensing map and its cross-spectra with all external LSS tracers. Right: auto- and cross-

spectra between the unWISE blue and green samples and the Planck GNILC CIB map. Circles represent mode-decoupled bandpowers
obtained with NAMASTER using a bin width AL = 100, and dotted lines correspond to best-fit theoretical models from Eq. (26). The
latter are a reasonable match to the data except for a slight deviation in the unWISE green x CIB cross-spectrum, which was shown not
to affect delensing results significantly. The CIB has units of MJy sr™'; all other fields are dimensionless. Vertical lines denote the
multipole ranges which enter our combined lensing estimator: 2 < L < 2000 for CMB lensing (solid) and 102 < L < 2000 for external
tracers (dashed). Error bars, reflecting sample variance, are computed with the analytic approximation from Ref. [87].

prediction for our fiducial cosmology and the
reconstruction noise curve N}* is determined from simu-
lations [40]. The observed power spectrum of the MV ACT
lensing map and the corresponding model are displayed as
the black circles and dotted line, respectively, in the left
panel of Fig. 5, over the range 2 < L < 2000. As expected,

X% is signal dominated on large scales and becomes noise
dominated for L > 250. Conversely, correlations involving
galaxies or the CIB are susceptible to large Galactic dust
contamination at low L; we therefore restrict the fitting
multipole range for external tracers to L > 102 in the next
stages of the pipeline.

Assuming the cross-spectra of the unWISE overdensity
maps §' (i €{1,2}) with ACT lensing to be a good proxy
for their correlation with the true x, we model these in the
Limber approximation introduced in Sec. II C. For each
sample, we parametrize the bias evolution in Eq. (21) as
b(z) = bl + bz, then use Eq. (26) to fit for b} and b} by
setting C7*™ = CY*(bi, bi). Note that we only consider
the range 102 < L < 800 for these fits as the linear bias
assumption is expected to break down at large L. However,
deviations appear to be small on the scales of interest: the
blue and green theory curves in the left panel of Fig. 5
remain a good approximation to the data up to L = 2000.

It is important to mention at this stage that the purpose of
our modeling choices for clustering statistics is only to find
smooth functions matching the observed cross-spectra. Our
model is not intended to extract any physical information
from the inferred parameter values, so its simplistic nature
is not a limitation for our analysis. For the same reason, we
do not need to consider the cosmology scale cuts cited in
Refs. [40,72]. A more detailed theoretical framework is

presented in Ref. [72] to describe correlations between
unWISE and ACT lensing.

With b and b! fixed for both unWISE samples, we now
fit their respective autospectra, which include a scale-
independent shot noise component. Explicitly, we set
TP — Y9 (b, bi) + N9, where the first term is
obtained by evaluating Eq. (26) for the relevant kernels
and the noise term is inferred separately for each sample.
Using the same form for the cross-spectrum between the
blue and green galaxy overdensity maps, we find the best-
fit shot noise amplitude to be negligible (as expected for
independent samples) and observe a slight mismatch
between the data and the model. The discrepancy arises
as a consequence of ignoring additional terms related to the
lensing-magnification bias [72], which are subdominant
due to the strong clustering signal in the autospectra but
become more significant when correlating different sam-
ples. We do not need to model these effects fully here as we
are not concerned with physical interpretation; instead, we
simply apply a multiplicative correction expressed as a
linear function of / with two free parameters. As shown in
the right panel of Fig. 5, this is sufficient to obtain an
accurate fit to the data.

We follow a similar process for the CIB as we did for
unWISE, first using its cross-spectrum with ACT lensing to
determine the normalization factor b. in Eq. (24). This
parameter is then fixed when fitting the autospectrum
model, C}"" = Cl(b,) + N" 4 A,L%, which includes
the Limber approximation term, a constant shot noise
amplitude and a power-law term encoding dust contami-
nation. The CIB auto- and cross-spectrum with lensing are
displayed as purple lines in Fig. 5.
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Finally, we fit the shot noise parameters in the cross-
spectra between the unWISE galaxies and the CIB,
I — 9" (bi, bi,b,) + NY!. Adding a dust contribu-
tion does not make any difference as the inferred amplitude
is negligible. The red and yellow lines in the right panel of
Fig. 5 are a reasonable match to the data despite a slight
deviation in the green sample measurements. Since the
unWISE maps are subdominant relative to ACT and the
CIB in the optimally combined tracer, this cross-spectrum
carries little statistical weight and has minimal impact on
the final delensing performance. Consistently, delensing
biases from modeling uncertainties in external tracer
spectra were investigated in [33] and found to behave as
small white-noise residuals; these can be mitigated by
marginalizing over a single amplitude parameter without
significantly increasing o(r) at SO’s sensitivity level.

Using all aforementioned smooth theory curves, we then
compute the coefficients from Eq. (27) and construct the
optimally weighted sum of tracers, keeping multipoles 2 <
L <2000 for the ACT lensing map and 102 < L <2000
for the external tracers. A potential concern at this stage is
the impact of extragalactic foreground contamination in the
ACT temperature-based lensing reconstruction. The pres-
ence of CIB or tSZ residuals can in principle bias the cross-
spectra measured in the left panel of Fig. 5, as well as the
delensed B-mode power spectrum. However, Ref. [64]
demonstrated that applying scale cuts (/ < 3000) and using
profile-hardened QEs reduces the bias on CfB 4 to below
SO statistical uncertainties. In our multitracer approach,
any remaining contamination is further diluted by the
relative weighting of the tracers and partially cancels
through cross-correlations with the CIB [64]. While
residual foregrounds may also bias the measured tracer
spectra and thus slightly perturb the optimal weights, the
resulting loss in delensing efficiency is a second-order
effect and is expected to be subdominant [33,44].

These arguments can be explicitly validated for the ACT
lensing maps by referring to the extensive tests performed
in Refs. [63,40]. The latter include frequency-based null
tests and comparisons with alternative foreground mitiga-
tion strategies. In particular, lensing reconstructions were
obtained with additional frequency cleaning using Planck
data to deproject the CIB, as well as with foreground-
insensitive shear estimators; both were found to be
consistent with the baseline result, indicating negligible
foreground residuals. Similar null tests for cross-correla-
tions with unWISE galaxies were presented in [72],
again finding no evidence for contamination. As an
additional targeted check, relevant in particular for the
cross-correlation between the CIB and ACT lensing, we
recompute all cross-spectra shown in the left panel of Fig. 5
using a CIB-deprojected version of the ACT internal
reconstruction. The resulting bandpowers are consistent
with the baseline measurements within statistical uncer-
tainties for all spectra. We therefore expect our tracer

weights to be close to optimal, with any residual biases on
the delensed B-mode signal being negligible.

The next stage of our analysis consists of building the
template and characterizing its correlation with the true
lensing B-modes in our sky. For this purpose, we extract
E-modes from the ACT DR6 polarization map made of
coadded data from the 90 and f150 bands. To downweight
noise-dominated scales, we apply the diagonal Wiener filter
shown in Eq. (28), where CEE and CFE + N¥E are obtained
from the average of 100 noise-free and 100 realistic ACT-
like CMB simulations, respectively. Note that both sets of
simulations are subjected to the Fourier-space filtering
described in Sec. III A.

To yield the lensing B-mode template, the Wiener-
filtered E-modes are restricted to 100 </ <2048 and
convolved with our optimal lensing convergence estimator
geomdb g indicated in Eq. (7). The lower bound of this
multipole range is set to avoid scales at which E-modes are
strongly suppressed by the k-space filter. For R$97°, we
follow [40] and remove scales below L = 40 where the
mean-field bias surpasses the internally reconstructed
lensing signal.

The cross-spectrum between our template and the
observed B-modes is computed by using NAMASTER as
explained at the beginning of this section, although the bin
width is reduced to A/ =40 and additional precautions
are taken to mitigate the mask-induced mixing of E- and
B-modes. For polarized (spin-2) fields, the harmonic
coefficients a)’ in Eq. (40) are replaced by the vector

Im
Py = (E} .B)} ) and Eq. (41) becomes

(vec(Ca>) ZM”, vec(C4P). (43)

Here, vec(é,) = (CFE,CFB CBE,CPB)T and the mode-
coupling matrix M?? is 4 x 4 for fixed multipoles / and
I'. Incomplete sky coverage therefore breaks the orthogon-
ality of polarization; as a result, E-modes (which have
significantly larger power in the primary CMB) leak into
B-modes, increasing uncertainties on their power spectrum.
NAMASTER resolves this issue by incorporating B-mode
purification, which projects out the contaminated part of
the B-mode estimator [88] before inverting Eq. (43).
We compute all cross-spectra between the template and
observed B-modes over the ACT lensing mask and increase
its apodization length to 10° to facilitate the purification
process.

Finally, the measured power spectra need to be corrected
for the effects of the Fourier-space filter applied to the ACT
maps. These manifest as a scale-dependent suppression of
power, both in the E-modes entering the template and in the
B-modes we seek to delens. The corresponding transfer
functions fFE and f%® are evaluated from simulations, by

computing the average cross-spectra C £ and CBB/ of 100
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noise-free filtered ACT-like maps with their unfiltered
counterparts before comparing to the underlying CAMB

theory (f££ = <CfE">/CfE and the same for BB). We then

propagate the E-mode suppression to the template power
spectrum Cf’B”f by substituting CfEf into Eq. (31). This
yields an estimated transfer function £\ = C%%/ /PP
whose inverse is used to rescale the template autospectrum.
Similarly, the cross-spectrum between the template and
observed B-modes is divided by f;™ x fF2. While this
approximation only holds exactly in the limit of isotropic
filtering, Appendix B explicitly verifies that the effects of
the full ACT k-space filter are accurately captured.

VI. RESULTS AND DISCUSSION

A. Multitracer lensing map

We start by presenting the results of the multitracer
lensing reconstruction step of the pipeline. The correlation
coefficients between each tracer and the true lensing
convergence, estimated by applying Eq. (25) to the best-
fit theory cross-spectra from the previous section, are
shown as continuous lines in Fig. 6. As expected, the
highest correlation at L. < 250 is achieved by the ACT DR6
MYV internal reconstruction (black solid line) which peaks
at approximately 85%, a 10% improvement compared to
the Planck 2018 lensing map [35]. This value decreases to
70% when only the ®® QE is considered (black dashed
line). The CIB (purple) has the lowest p; at low L as a
result of dust contamination, but is up to 60% correlated
with the true k on the scales that contribute the most to the
lensing B-modes (250 < L < 800). The complementarity
of these two tracers therefore allows their combination to
remain an effective proxy of « over the full multipole range
shown in Fig. 6. Including the two unWISE samples, whose
correlation coefficients with « vary between 60% and 40%,
our coadded tracers (red and orange) achieve 55% < p; <
85% and 55% < p; < 80%, respectively. Above L ~ 800,
the difference between the MV and ®-only cases becomes
negligible as the CIB and unWISE contributions dominate.
An extension of this result including additional galaxy
samples from the DESI Legacy Imaging Surveys is
presented in Appendix A.

While the true lensing convergence is not known, we can

estimate pzk”'“" by comparing the autospectrum of the
combined tracer K.mp to the fiducial Cf* from Sec. V;

according to Eq. (29), the cross-spectrum C’ZA“"‘“" is

expected to be equal to Cz“"“"'%““mb. This method is applied
to the MV and ®-only combined tracers as well as to our
simulation suites, using the NAMASTER pseudo-C; formal-
ism in the overlap area between the ACT, unWISE, and
Planck masks. Results are shown as the red and yellow
points and are overall in good agreement with the theo-
retical prediction. The slight deviations at intermediate
multipoles likely reflect a combination of modeling

1.0 T
! —— unWISE Blue —— Combined (MV QE)
! ——— unWISE Green Combined (00 QE)
—CIB — MVQE
0.81 2 o ---- 00 QE
3
Clke . dcBB /dcre
0.6
o
Q
1
041 1
i
: \\‘s
02{ V  N__ TS
h )
/2 e S
I Se—
oot

250 500 750 1000 1250 1500 1750 2000

L

FIG. 6. Correlation coefficients between the tracers used in this
work and the true lensing convergence. Lines are obtained by
evaluating Eq. (25) for the best-fit theoretical models in Sec. V;
the two unWISE samples and the CIB are displayed in blue,
green, and purple. The red and yellow curves represent the
optimal combination of these tracers with the MV (black solid)
and @-only (black dashed) ACT DR6 internal reconstructions,
respectively. The corresponding points are measured directly
from the coadded & maps using Eq. (29), with error bars obtained
from the variance of 100 simulations. The discontinuity at
L =100 appears as a result of discarding external tracers
below this multipole. The gray dot-dashed line, given by
> 30<i<300 C5<dCPB /dCE* and normalized for legibility, high-
lights the multipoles contributing the most to lensing B-modes on
large scales.

uncertainties in the tracer cross-spectra and statistical
fluctuations. Such effects were investigated in [33] and
found not to impact cosmological inference at SO’s
sensitivity level. Our results are consistent with this expect-
ation as we do not observe any significant bias in the
delensed B-mode power spectra presented in Sec. VI B.

Figure 7 illustrates the maximal delensing efficiency
achievable by various combinations of mass tracers,
assuming a template built with ideal E-modes. This
quantity is defined as the ratio between Cf’B’ [obtained
by substituting Eq. (29) into Eq. (31) for the tracer in
question] and the lensing B-mode power spectrum in our
fiducial cosmology. Its average over [ corresponds to
1 — Ajps, Where Ay, [defined in Eq. (33)] parametrizes
the fractional B-mode residual power after map-level
delensing.

On its own, the MV internal reconstruction (solid black
line) reaches a mean delensing efficiency of 21%; this value
is consistent with previous results using ACT DR4 data
[36] and represents a significant improvement compared to
the 7% achieved by the Planck lensing map [34]. Internal
delensing will continue to gain importance in the next few
years; for example, it is expected to remove up to 40% of
the lensing B-mode power by the end of SO’s initial survey
[24,33]. Furthermore, iterative lensing reconstruction
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FIG. 7. Maximum delensing efficiency C;"*/CBB and corre-
sponding Ay, achievable for different combinations of tracers,
obtained by evaluating Eq. (31) assuming ideal E-modes. Solid
and dashed lines represent combinations including the MV and
®-only ACT lensing maps, respectively. While the MV internal
reconstruction on its own can only remove up to 21% of the
lensing B-modes (A}, = 0.79), adding the unWISE samples and
the CIB allows us to reach delensing efficiencies of 38% and 52%
(Ajens = 0.62 and 0.48); this clearly illustrates the benefits of our
multitracer approach.

methods have already been shown to enhance delensing
efficiency, with an increase from 14% (using standard QEs)
to 22% reported by the POLARBEAR experiment [41].
Forecasts indicate that such approaches could reach effi-
ciencies as high as 90% for proposed ultradeep surveys
such as CMB-HD [89].

Despite these improvements in the quality of internal
lensing reconstructions, external LSS tracers currently
provide most of the power for B-mode delensing and will
remain essential as SO accumulates its first few years of
data. Adding the unWISE galaxy samples to the ACT DR6
QE (cyan line in Fig. 7) nearly doubles the achievable
efficiency, bringing it to an average of 38%. With the CIB
also included, our combined tracer is able to remove up to
52% of the lensing B-mode power (red line). Using the ©©
internal reconstruction instead of its MV counterpart results
in a moderate loss of delensing power, with predicted
efficiencies ranging from 14% (QE only, dashed black line)
to 48% (multitracer case, dashed red line).

In [46], a coaddition of the Planck lensing and GNILC
CIB maps with WISE galaxies was found to reach a
maximum delensing fraction of 43%. The higher values
obtained here are explained by the improvement in sensi-
tivity between Planck and ACT as well as by the increased
depth of unWISE compared to the original WISE catalog.

B. Delensing performance

Using the coadded tracers characterized in the previous
section, we now assess the performance of the lensing
B-mode template built as indicated at the end of Sec. V.

The maps in Fig. 8 show two versions of our template
directly projected onto the ACT DR6 unmasked sky area.
While the left panel displays the full multipole range
[ <2048, the right panel is restricted to / < 300 to focus
on the scales most relevant for primordial B-mode searches.
Both maps are consistent in amplitude throughout the
observed sky patch, taper off as expected near the edges
of the mask, and do not contain any visible foreground or
noise artifacts.

To demonstrate delensing on current CMB data, we
quantify the decrease in lensing B-mode power following
the subtraction of our template from the observed maps.
The delensed B-modes, given by Blm -Bj, = By, + ny, —
Bj, (where n;, represents an uncorrelated noise contribu-
tion), have the following power spectrum: Cf Bad _
C?E + N, - ZCfB’ + Cf’B’, where N, is the noise power
spectrum. For ACT and Planck, both this quantity and the

total measured B-mode power spectrum C? B—c ? BLN I
are noise dominated. However, taking the difference

ACBE — CBBII _ cBB — BB _ BB (44)

cancels out the noise term and allows us to detect the effect
of delensing at high levels of significance.

Our measurement of ACP# for ACT DR6 B-modes is
shown in the left panel of Fig. 9. We evaluate this quantity

by computing the power spectrum of the lensing template
B,

(Cf’B’) as well as its cross-spectrum Cf with observed
B-modes over the apodized ACT mask. The purpose of this
result is to validate our template on intermediate scales; we
therefore use the ®-only internal lensing reconstruction in
our combined tracer to avoid overlap between the EB QE
and the B-modes to delens. As shown in Appendix C and
[41,90,91], correlations resulting from such overlap would

significantly bias CfB’. While this bias is dominated by
correlated noise at current sensitivity levels, the signal
contribution will also be important for future experiments.
Note that this bias would not be an issue if our only goal
was to delens large-scale B-modes: in this case, overlap
could be avoided with a simple multipole cut (as will be
discussed below).

An analytical model for ACP? can be obtained by
substituting the E-mode Wiener filter estimated from
simulations and the relevant p; curve from Fig. 6 into
Egs. (30) and (31). Within statistical uncertainties (deter-
mined from the variance of ACPE over 100 ACT-like
simulations [80]), the points in Fig. 9 are consistent with
this theoretical prediction (yellow line). Scaling the model
by an amplitude A5, and using a diagonal covariance
matrix to encode statistical errors, we obtain a best-fit value

Aac, = 095+ 0.05(10) (45)
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FIG. 8. Lensing B-mode template constructed by convolving our combined lensing tracer (including the MV internal reconstruction)
with ACT DR6 E-modes and projected as a scalar field onto the ACT lensing mask. The left panel shows the full range of scales while

the right panel displays a low-pass-filtered version with / < 300.
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FIG. 9. Left: noise-canceling difference between the delensed and observed ACT B-mode power spectra [Eq. (44)]. Our template is
built using the ®-only ACT DR6 lensing map, the CIB, and unWISE. Points are obtained by computing the transfer-function-corrected

template auto- and cross-spectra C?’B‘ and CfB‘. The 1o error bars are estimated from the variance of AC? over 100 simulations, for
which we found the diagonal covariance to be a reasonable approximation. The gray line corresponds to perfect delensing, while the
yellow line shows the analytical prediction from Egs. (30) and (31). The mean of 100 simulations appears as the dashed red line, with the
corresponding 1o standard error as the shaded area. Right: excess residual lensing B-mode power observed when building our x map
from restricted subsets of tracers, compared to the baseline case (all combined) in red. This is given by Cf B.del (%) — Cf B,del (Reomp )» fOr &;
constructed from ACT + unWISE (cyan) and ACT only (black). Again, continuous lines are analytical predictions, points are measured

from the data, and error bars are obtained from simulations.

in the multipole range 100 < [ < 1500. This result is within
lo of our expectation (Apc, =1) and indicates that
delensing is detected with a signal-to-noise ratio of 19.7.
The mean delensing efficiency of our template is 39%,
which represents a 19% decrease compared to the 48%
achievable with ideal E-modes (see Sec. VI A). Improving
E-mode quality with the SO LAT will therefore contribute
to better delensing performance; however, while polariza-
tion noise was the main limitation for previous analyses
using Planck E-modes [35], the fidelity of the lensing map
is now the most important factor.

The dashed red line in Fig. 9 corresponds to the average
ACB® obtained for our set of 100 simulated templates and
ACT-like polarization maps, with the shaded area showing
the 1o error on the mean. This result is in excellent
agreement with the theoretical prediction at [z 300,
indicating that our measurements on intermediate and
small scales are robust to systematics induced by masking,
anisotropic filtering, and noise inhomogeneities. Such
nonidealities, which are not captured by the theoretical
model but are replicated in our simulations, may partly
contribute to the deviation observed at [ < 300. We
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therefore always consider the average of simulations to be
more representative of the data than analytical approxima-
tions. The high level of scatter at low [/ is expected as ACT’s
design and scanning strategy are optimized to produce
high-resolution maps rather than to target large-scale
B-modes.

In the right panel of Fig. 9, we investigate the loss of
delensing efficiency following the removal of external
tracers from our combined lensing reconstruction. This
is illustrated by plotting the increase in residual lensing
B-mode power, CP? del(z) — PP Ael(Romp)>  Observed
when delensing the ACT DR6 polarization map with a
subset of tracers k; instead of the full coadded set K py-
Keeping the OO internal reconstruction and the two
unWISE samples but removing the CIB (cyan), we detect
excess residuals at the level of 0.12C?2, meaning that the
delensing efficiency decreases from 39% to 27%. With the
ACT lensing map only (black), the template captures 12%
of the total lensing B-mode power.

In both cases, the observed excess residuals are con-
sistent with theoretical expectations: comparing our data
points to the cyan and black curves in Fig. 9, we obtain
reduced y? values of 1.2 and 1.3, respectively. With
35 degrees of freedom, this corresponds to probabilities
to exceed (PTE) of 0.16 and 0.09, which are within the
acceptable range. The agreement between model and
measurements, both with and without including the CIB
in our template, indicates that biases related to foreground
contamination are small within statistical uncertainties.
Possible issues arising from correlated dust residuals in
the CIB and CMB data were studied extensively in [84];
filtering out the largest scales (L < 100) and masking the
Galactic plane in the CIB map prior to building the lensing
template were shown to reduce the impact of dust on the
power spectrum of delensed B-modes. Furthermore, the
multitracer approach implemented in the present work
leads to smaller foreground-related biases than using the
CIB as the sole mass tracer.

1. Large-scale B-mode delensing

Although the results shown in Fig. 9 successfully
validate our pipeline on intermediate and small scales,
ACT B-modes at [ <400 are increasingly noisy and
downweighted by the Fourier-space filter, becoming inac-
cessible below [ ~ 100. To assess the performance of our
template on the large scales most relevant for PGW
searches, we delens the publicly available Planck PR3
spectral matching independent component analysis
(SMICA) map.8 SMICA is a nonparametric component
separation method which linearly combines data from the
nine Planck frequency channels (between 30 and 857 GHz)
to minimize foreground residuals [93]. The resulting

The PR3 Legacy CMB maps can be downloaded at [92].
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FIG. 10. Same as left panel of Fig. 9, but with CfB’ computed
by cross-correlating our template with Planck SMICA B-modes.
The coadded lensing tracer used here includes the MV ACT
internal reconstruction. The dashed line is obtained from the
cross-spectra of our simulated templates with the true lensing
B-modes in the input CMB maps. Error bars reflect cosmic
variance.

polarization maps have an effective Gaussian beam of
5 arcmin.
In Fig. 10, we plot the lensing B-mode power difference

ACP? defined in Eq. (44), with C}** corresponding to the
cross-spectrum between our template and Planck B-modes
(still measured within the ACT DR6 mask). This time,
our multitracer lensing reconstruction includes the
MV QE from ACT, which uses CMB data in the range
600 < [ < 3000. In the absence of correlated noise between
the ACT and Planck CMB maps, the internal bias induced
by mode overlap at [ > 600 (see Appendix C) becomes
negligible within statistical uncertainties; our choice of QE
is further justified as the main purpose of Fig. 10 is to
characterize our template on large scales (/ < 300), which
remain unaffected.

Our ACP? measurements are generally consistent with
the 42% mean delensing efficiency predicted by Egs. (30)
and (31) (yellow line) and exhibit significantly less scatter
than in Fig. 9 at low L This is consistent with expectations:
indeed, ACT has higher noise levels than Planck on large
scales due to atmospheric contamination. As a sanity
check, we also plot the mean ACP? obtained by cross-
correlating simulated templates with the input lensing
B-modes used to generate the associated mock CMB maps.
Assuming uncorrelated noise and no k-space filtering for
Planck, this result should be compatible with our obser-
vations. The dashed red line in Fig. 10 indeed clearly agrees
with the points and with the idealized analytical prediction,
implying negligible impact from masking and noise
anisotropies.

Over the full range of scales shown in Fig. 10, we infer
the amplitude
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AACI |30§151500 = 0.87+0.09, (46)

corresponding to a 100 detection significance. This value is
within .56 of Ay¢, = 1, indicating a reasonable agreement
with theoretical expectations; however, it may be biased
slightly low by the outlier at / ~ 750 and by the mode-
overlap bias above / > 600, driven by the shared lensing
B-modes. The outlier was not observed in the ACT
delensing results (Fig. 9) nor in the template autospectrum
(see Fig. 12 later), which suggests that the issue does not
originate from the template itself. Further tests were carried
out using different subsets of mass tracers (ACT DR6
internal reconstruction only, external tracers only, ACT +
unWISE without the CIB): the outlier appeared in all cases
when cross-correlating the template with Planck B-modes
but did not affect any other results. We therefore conclude
that this point is probably an artifact of the Planck data and
is not cause for concern. Note that the Planck BB power
spectrum is noise dominated and does not contain any
statistically significant outliers, preventing us from directly
confirming this interpretation.

Restricting our measurement to the scales of interest for
PGWs (30 <1 < 300), the best-fit amplitude

Axc,l30<1<300 = 0.99 +0.23 (47)

is in excellent agreement with theory. Our template
achieves a 47% reduction of lensing B-mode power in
this multipole range, which we detect at 4.36. These
findings can be compared to the results of [35], where a
template using E-modes and QEs from Planck in addition
to the 545 GHz GNILC CIB captured 21.7% of the low-/
lensing B-modes. On smaller scales, internal delensing with
ACT DR4 data led to a 20% reduction in lensing B-mode
power [36]. The highest delensing efficiency achieved prior
to the present paper (28% in the range 300 < [ < 2300) was
reported in [38]; although this work used a Herschel CIB
map as the sole LSS tracer, high-resolution E-modes from
SPTpol allowed for increased delensing power compared to
Planck.

The results presented here therefore constitute a signifi-
cant step forward relative to previous delensing studies.
Further improvements will be forthcoming in the next five
years, with the SO LAT and SPT-3G [94] expected to
provide E-modes and internal lensing maps of unprec-
edented quality. The upcoming Rubin Legacy Survey of
Space and Time (LSST) [95] will also produce galaxy
samples whose correlation with the true « should surpass
that of the CIB, bringing the forecasted delensing efficiency
to around 65% by the end of SO’s nominal mission [59].

C. Consistency tests

We conclude our investigation by performing additional
consistency checks to verify the robustness of our results to
various systematic effects.
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FIG. 11. Cross-spectrum between our combined lensing tracer
and the MV ACT lensing map. Error bars are obtained from the
variance of 100 simulations. As a consequence of the optimal
weighting in Eq. (27), this quantity is expected to be equal to the
fiducial C}*, shown as the dashed line.

The first test aims to assess whether our combined esti-
mator k<™ is correctly normalized and whether its corre-
lation with the true lensing convergence is consistent with
theoretical predictions. Although we do not have access to
the true «, we assume the form 2T = «;,, + nyy, for the
ACT lensing map, with n;,, being uncorrelated noise.
Setting &% = #ACT in Eq. (27), we then expect

AcumbkACT _ —1\ij jK i0
CPmet = (ehicrc
ij

=Y (Cileyick = = oy (48)
i

where C7* is the fiducial lensing power spectrum.

The cross-spectrum measured between our multitracer
map and the ACT MV internal reconstruction is compared
with the theoretical Cj* from cAMB in Fig. 11, showing
excellent agreement on the scales most relevant for lensing
B-modes. Small deviations, attributable to modeling uncer-
tainties in the tracers cross-spectra, remain within statistical
errors. This indicates that our combined lensing estimator
is robust to such residual systematics and that the map-
level coaddition of tracers does not induce any spurious
correlations.

The second test consists of comparing the autospectrum
of our template to its cross-spectrum with observed
B-modes, to verify the equivalence of Egs. (30) and
(31). In Fig. 12 (where we used the ®©® QE and ACT
B-modes), the blue points corresponding to Cf’B’ closely

follow the analytical expression represented by the solid
cyan line as well as the mean of 100 simulations shown in

dashed blue. While statistical errors on CfB’ (red points)
are significantly larger, the results are consistent with
expectations: scaling the predicted cross-spectrum by an
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FIG. 12. Template autospectrum Cf’B' (blue) and cross-

spectrum with ACT DR6 B-modes CfB’ (red), corrected for
their respective transfer functions. Our template is built using the
®-only ACT DR6 lensing map, the CIB and unWISE. The solid
cyan line shows the analytical prediction from Eq. (30), which is
identical to Eq. (31). The means of Cf’B‘ and CfB’ over 100
simulations appear as the dashed blue and red lines, respectively.
The 1o uncertainties on the points (error bars) and on the mean
(shaded area) are obtained from the variance of these simulations.

amplitude A, (with A, =1 meaning C?Br = Cffo), we
obtain the best-fit value

A, =097 £0.02, (49)

and a reduced y?> of 1.1 with 34 degrees of freedom
(corresponding to a PTE of 0.32). The red dashed line
computed from simulations is also in excellent agreement
with Eq. (30) for / Z 300 and remains within uncertainties
on larger scales. Qualitatively similar results were obtained
for the cross-spectrum between our template and Planck
B-modes.

Besides confirming that survey nonidealities such as
inhomogeneous noise, masking, and filtering only margin-
ally affect our measurements, this test is particularly useful
to rule out significant foreground biases. Indeed, correlated
dust residuals in the CIB (1), the E-modes making up the
template, and the B-modes to delens contribute higher-

point functions (EIEI), and (BEI), to Cf’B’ and CfB’,
respectively [84]. These bias terms impact the template
auto- and cross-spectrum differently, leading to deviations
from equivalence and departures from theoretical predic-
tions. The same is true for possible mischaracterizations in
the redshift distribution of galaxies [96]. The absence of
such effects in Fig. 12 indicates that Galactic dust is
sufficiently mitigated by our masking schemes and multi-
pole cuts and that the impact of anisotropic galaxy redshift
distributions is negligible at this stage. As mentioned in
Sec. VIB, more stringent foreground cleaning measures

will be implemented when delensing upcoming SO data
with lower noise levels on large scales.

VII. CONCLUSIONS AND OUTLOOK

In this paper, we characterized a lensing B-mode
template built by optimally coadding an internal lensing
reconstruction from ACT DR6, galaxy overdensity maps
based on the unWISE blue and green samples, and a CIB
map from Planck. This work is motivated by the increasing
importance of delensing for SO and next-generation CMB
experiments aiming to set tight constraints on the tensor-to-
scalar ratio.

Our combined lensing map was shown to be 55%—-85%
correlated with the true lensing convergence x and to reach
a maximum potential delensing efficiency of 52% in the
range 30 <[/ <1500, over 23% of the sky. We also
illustrated the benefits of the multitracer approach by
constructing variants based on different subsets of tracers
and quantifying the resulting loss of delensing power.

The lensing B-mode templates obtained by convolving
two versions of our coadded « estimator with ACT DR6
E-modes were then validated on existing CMB maps.
Restricting the internal reconstruction to the ®® QE (to
avoid overlap between ACT B-modes in the template and
those we aim to delens), we first demonstrated cross-spectral
delensing on ACT B-modes and observed a reduction in
power by approximately 39% at 100 < [ < 1500. Using the
MYV combination of QEs, we repeated the process with the
Planck SMICA map and removed about 47% of the lensing
power (A, & 0.53) on the scales relevant for primordial
B-mode searches (30 </ < 300). This is the highest dele-
nsing efficiency achieved on real B-modes to date.
Considering lensing B-modes to be approximately equiv-
alentto5 pK-arcmin white noise on large scales, we find that
this level of delensing could reduce o(r) by a factor 1.3 for
an ideal survey with a uniform map depth of 5 pK-arcmin
and by a factor 1.7 for SO’s five-year goal depth of
2 pK-arcmin. Note that these estimates reflect the maximum
o(r) improvement achievable in an idealized scenario; in
reality, foregrounds, noise inhomogeneities, and partial sky
coverage result in more modest gains.

In all cases investigated above, the observed effect of
delensing was consistent with theoretical expectations and
detected with high statistical significance (19.7¢ for ACT,
100 and 4.3¢ for Planck in the full and restricted multipole
ranges, respectively). Our results appear robust to various
systematic effects including uncertainties in the modeling
of lensing tracers, survey nonidealities, and Galactic fore-
ground contamination.

The delensing methods demonstrated here are directly
applicable to upcoming CMB datasets, including early
observations now being collected by SO. Cross-correlating
our template with new polarization maps could facilitate an
initial characterization of lensing B-modes, even in the
regime where the BB power spectrum remains noise
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dominated; this could serve as a useful tool to understand
instrumental systematics such as filtering and transfer
functions. The present work therefore constitutes an
important step towards future delensing analyses and
improved constraints on r with SO and other forthcoming
surveys.

Although the impact of delensing on o(r) will be modest
in the earliest stages, the steadily increasing sensitivity of
current and next-generation experiments will lead to more
significant improvements over time. As this occurs it will
be important to ensure that Galactic and extragalactic
foregrounds, which affect the CIB [84] and the internal
lensing reconstruction [64,65,97], respectively, remain
under control. Residual contamination and subsequent
biases to the delensed B-mode power spectrum will be
quantified using realistic simulations as well as null tests
involving different combinations of frequency channels and
masking schemes.

Our template-construction pipeline can also be naturally
extended to include deeper E-mode observations and x
reconstructions (for example from the SO LAT), alongside
the ACT data used here. Further gains in delensing
efficiency may be achieved by incorporating new galaxy
samples such as spectroscopically confirmed emission line
galaxies from DESI [98], as well as future data from Euclid
[99] and Rubin LSST [95,100]. Direct harmonic analysis
methods [101] may then be implemented to refine the
treatment of these discrete tracers and avoid pixelization
issues.

Finally, while the present work focuses on B-mode
delensing for PGW searches, our coadded x map is also
suitable for a broader range of uses including temperature
and E-mode delensing. This is especially important for
bispectrum analyses aiming to constrain primordial non-
Gaussianity [102]. Drawing on the wealth of high-quality
data provided by current and upcoming cosmological
surveys, multitracer delensing techniques will therefore
remain an important tool for early-Universe science in the
next few years.

The following public software packages were used in
this work: CAMB [77], HEALPY [103], CMBLENSPLUS [104],

NAMASTER [85], Numpy [105], scipy [106], and
MATPLOTLIB [107].
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APPENDIX A: INCLUSION OF DESI LRGS

In this appendix, we investigate whether a higher
delensing efficiency can be achieved by including addi-
tional galaxy overdensity maps in our analysis. We use data
from the DESI Legacy Imaging Surveys DR9 [108], which
combine images of around 20,000 deg® of the northern
sky captured in three optical and four midinfrared bands.
Specifically, we consider the main sample of LRGs
characterized in [109], which was used to select targets
for DESI [110].

This LRG sample is divided into four tomographic bins
whose redshift distributions, shown in Fig. 13, are mea-
sured using DESI spectroscopy. The survey footprint and
additional masks applied to remove bright sources are

123530-19



EMILIE HERTIG et al.

PHYS. REV. D 113, 123530 (2026)

10 4
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FIG. 13. Normalized redshift distributions of the four DESI
LRG galaxy samples.
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FIG. 14. Same as Fig. 6, with the addition of the four DESI
LRG samples. These galaxy overdensity maps have higher shot
noise levels than unWISE and are thus significantly less corre-
lated with the true k. As a result, the difference in p; between the
new combined tracer (dark red line) and the baseline case (bright
red line) is indistinguishable on this plot.

described in Ref. [109]. The DESI LRG subsamples are
highly uniform and exhibit low stellar contamination in the
remaining area. These properties, in addition to the accurate
knowledge of their redshift distributions, make them
excellent candidates for cross-correlation analyses.

Applying the steps outlined in Sec. V to model the cross-
spectra between the DESI LRG samples and our other LSS
tracers, we obtain the results shown in Fig. 14. The
correlation coefficients with CMB lensing are significantly
lower for the DESI LRGs than for unWISE, causing the
former to be heavily downweighted in the optimal linear
combination of tracers [Eq. (27)]. Overall, the coadded
lensing reconstruction is nearly identical to the baseline
case in Fig. 6, with p; values differing by less than 1% in
the multipole range plotted here.

The lack of significant impact is explained by the lower
surface density and narrower redshift distribution of the
DESI LRGs compared to unWISE, leading to increased
shot noise and reduced overlap with the CMB lensing
kernel. Correlation coefficients may be improved by using
the extended photometric sample mentioned in [109],
which has a higher number density of galaxies, and by
weighting or redefining tomographic bins to maximize
overlap with k. It will also be important to account for
possible systematics related to anisotropies in the redshift
distributions [96]; we leave a detailed exploration of these
ideas for future work.

APPENDIX B: ACT TRANSFER FUNCTIONS

In the results presented in the main text, we multiply the

measured CfB‘ and Cf’B’ by an [-wise transfer function to
correct for the Fourier-space filter applied to the ACT CMB
maps. This assumes the filtering operation is isotropic,
which is a reasonable approximation at high / but may not
be as accurate on large scales. We now investigate the
impact of transfer function anisotropy on the template
power spectrum and its cross-spectrum with observed
B-modes.

Working in 2D Fourier space, we can express the ACT
DR filtering operation as follows:

0 if |Icosdy| < I or|lsing,| <

1 otherwise,

where [ = (Il cos ¢y, [singy)! represents the wave vector,

1} =90 and £, = 50. For an isotropic CMB field X (1), the
power spectrum CX¥ is defined by

(X)X (1) = (22)25(1 - I)CXX. (B2)

Including the anisotropic filter f(I) causes the left-hand
side to depend on the direction of /; we can then compute an
analog of the power spectrum in Eq. (B2) by averaging over
¢y, obtaining

A ZH% FOXDf @)X 1) = 27)8( =1)C;.

(B3)

Evaluating Eq. (B3) explicitly and noticing that |f()|> =
f(1) leads to the relation

27 d, -
= ([T ) =nicr. w4

where the isotropic transfer function f, is given by [111]
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A f
fi=1 —% [arcsin <17x> + arcsin (%)} . (B5)

The transfer functions estimated from simulations for CF£
and CP? (see Sec. V) are in excellent agreement with this
result.

We now propagate the impact of anisotropic filtering to
power spectra involving the lensing template. The flat-sky
analog of Eq. (7) is

Blens(l) —_ /ﬂy\)([,l/)E(l/)K(l—l’),

(2r)? (B6)

where the mode-coupling function corresponds to [31]

U-(1-1)

WAl =2—>_°/

sin[2(¢; —#r)].  (B7)

The fields E(I') and k(I — ') are replaced by their Wiener-
filtered counterparts to build the lensing template. Here, we
consider a noise-free case for simplicity (so the Wiener

filters reduce to unity) and to isolate the effect of f(I); the
template autospectrum then becomes

[l asl 1) = apa-nci™ (89
0 T
with
(B/ (B! (1)) = (22)%8(1 1)
/dzl” 1"\ 1|2 1 EE ~kx
X WWU W) CEECRly-
(B9)

The cyan line in Fig. 15 is obtained by integrating
Egs. (B8) and (B9) numerically for our fiducial cosmology.
The excellent agreement with the isotropic approximation

BB]‘ dZI// _
o _ / WP FrCRECE ), (BI10)

(2z)?

represented by the dashed blue line, is consistent with
expectations: indeed, the anisotropy of f(I) becomes
negligible on the intermediate and small scales that
contribute the most to lensing B-modes.

We then compute the cross-spectrum between the
lensing template and the filtered B-modes, which we define
as follows:

/02” Wi BuyBL (1)) = (21251~ 1)CPE .

o (B11)

Here, the ensemble average is given by

55 1e=6
—— CAMB /8
e BeB: ; i
>0 C, ™, isotropic TF
CB&:, full TF
s/ ---- CBB isotropic TF
o 151~ ‘ 3
N CBB:, full TF
= " VN
S 1.0 / X
’I
1
/
1
1
0.5 J
L}
) =
e
L)
0.0 : : : ‘ : ; .
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L
FIG. 15. Impact of k-space filter anisotropy on the lensing

template autospectrum and its cross-spectrum with observed
B-modes in an idealized noise-free case. Without any filtering,
C?P would approach the fiducial C## shown in gray. The cyan
line corresponds to the autospectrum of a template built with
filtered E-modes, accounting for transfer function anisotropy
[Egs. (B8) and (B9)]. The yellow line shows the cross-spectrum
with filtered B-modes computed in a similar way [Eqgs. (B11)
and (B12)]. These results are well approximated by the isotropic
expressions in Egs. (B10) and (B13), which are represented by
the dashed blue and red lines, respectively.

(FOBWOBI (1))
le//

= (apat-0f) [ G I ECEECE

(B12)

and the result of Eq. (B11) is shown as the yellow line in
Fig. 15. Small deviations from the isotropic case (dashed
red line),

BB.f _ 7 &1’ N2 F EE frx
Co =1 | o W) PfrCRECy . (B13)

(27)? :
appear at [ <600 but remain insignificant within the
statistical uncertainties of our measurements.

Note that instrumental noise and survey masks are
neglected in the idealized computations presented here.
While Wiener filters do not break isotropy, incomplete sky
coverage may interact in a nontrivial way with the Fourier-
space transfer function. However, such effects were
included in the simulations used to validate our pipeline
and the resulting average power spectra did not signifi-
cantly deviate from analytical predictions. We therefore
conclude that our argument still holds and that k-space
filtering anisotropy only has minimal impact on the power
spectra of the lensing template and observed B-modes. This
justifies our use of isotropic transfer function corrections at
the end of Sec. V.
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APPENDIX C: INTERNAL DELENSING BIAS

As explained in Refs. [112,91], including the EB QE in
the internal lensing reconstruction can lead to a suppression
of the delensed B-mode power spectrum beyond the simple
expectation in Eq. (32). The bias arises when the multipole
range of the B-modes entering the QE overlaps with that of
the B-modes to delens. For this reason, we removed QEs
involving polarization fields when demonstrating delensing
at intermediate and small scales (Fig. 9).

The red points in Fig. 16 show the cross-spectrum of our
template with ACT DR6 B-modes when the full MV
combination of QEs is used instead. In the absence of
bias (see Sec. VIC), this result should be consistent with
the template autospectrum (blue points) and the analytical
model (light blue line). Here, a clear excess of power
appears at [ > 600, which exactly corresponds to the
minimum multipole of the CMB fields used to reconstruct

the ACT lensing map. This positive bias AC?B’ comes from
the disconnected part of the four-point function
(B x E(E B)); assuming all fields are observed by a single
telescope and the lensing reconstruction is purely based on
the EB QE, we obtain AC;” = D,C?® where 0 < D, ~
CBBl ) CBB 1 [91]. For current experiments, the main
contribution to this term stems from the noise power
spectrum N85 > CB5.

We can therefore partially mitigate AC?B’ by extracting
the B-modes to be delensed and those used for template
construction from different instruments, as will be done
for SO with the Small Aperture Telescopes and LAT.
Combining the EB reconstruction with other QEs and with
external mass tracers further reduces the remaining bias
terms. Our results are consistent with these expectations: we
do not observe a statistically significant bias when delensing
Planck B-modes with a multitracer template involving ACT
QEs (Fig. 10), and the excess power in Fig. 16 is reproduced
with simulations (dashed red line) when using correlated
noise realizations at the x reconstruction and delensing
stages (but disappears if the noise maps are independent).
While bias terms involving the B-mode signal are clearly
subdominant here, they will need to be mitigated at the
sensitivity levels of SO and stage-IV surveys.

The template autospectrum contains biases coming from
disconnected parts of the six-point function (E(E B) x

E(E B)), given by ACP® = D2CBB 4 p,CV [91]. Here,

25 le—6
Analytical C25
; B.B:
>0+ ---- Mean sim. C;
---- Mean sim. 2%
— 88
_1s] Theory C;
o~
X
3 it
S 1.0 ¥ b
N % I
0.5
o
Se e TEmg
TS0~
~>S383254,
0.0 T T T T y T T
0 200 400 600 800 1000 1200 1400

£

FIG. 16. Same as Fig. 12, but including the MV ACT DR6
lensing map in our multitracer template instead of its ®-only
counterpart. Correlated noise realizations are used in the
ACT-like CMB fields entering the template and in the simulated
B-modes to delens. The internal bias on CfB’ described in [91] is
clearly visible at [ > 600, both in the measurements and average
of simulations.

C} is the unbiased template power spectrum determined by
the Wiener filters in Eq. (31), which is small compared to

the noise-dominated C?B . The first term is also signifi-

cantly smaller than ACfB’ as D; < 1 at current sensitivity
levels. This explains why our measurements of the template
autospectrum (blue points in Fig. 16) are consistent with
theory within statistical uncertainties.

Overall, the bias on the power spectrum of delensed

B-modes CPBl — cBB _ BB 4 P is dominated

by the negative contribution of —2AC?B’; this additional
suppression can bring residuals close to zero and
deceptively mimic near-perfect delensing. While the
effect can be avoided by removing the EB QE from
the lensing reconstruction (as was done in the present
work when delensing ACT B-modes), this leads to a
non-negligible loss of delensing efficiency and will
degrade results more significantly in the future. For
upcoming PGW searches requiring powerful delensing,
the most advantageous way of mitigating internal biases
is to restrict the EB QE to a multipole range that does
not overlap with the scales of interest for inflation
(1 <£300) [91].
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