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CMB lensing maps probe the mass distribution in projection out to high redshifts, but significant
sensitivity to low-redshift structure remains. In this paper we discuss a method to remove the low-redshift
contributions from CMB lensing mass maps by subtracting suitably scaled galaxy density maps, nulling
the low redshift structure with a model-insensitive procedure that is similar to delensing. This results in a
high-z-only mass map that can provide a probe of structure growth at uniquely high redshifts: if systematics
can be controlled, we forecast that CMB-S4 lensing combined with a Rubin-LSST-like galaxy survey can
probe the amplitude of structure at redshifts z > 3.75 (z > 5) to within 2.3% (3.3%). We then discuss other
example applications of such high-z CMB lensing maps. In standard analyses of CMB lensing, assuming
the wrong dark energy model (or wrong model parametrization) can lead to biases in neutrino mass
constraints. In contrast, we show with forecasts that a high-z mass map constructed from CMB-S4 lensing
and LSST galaxies can provide a nearly model-independent neutrino mass constraint, with only negligible
sensitivity to the presence of nonstandard dark energy models, irrespective of their parametrization.
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I. INTRODUCTION

As the cosmic microwave background (CMB) photons
travel from the surface of last scattering to our telescopes,
they are deflected by the gravitational influence of matter in
our Universe (See Ref. [1] for a review). This lensing effect
leads to a remapping, by typically a few arcminutes, of
the observed CMB anisotropies on the sky. The lensing is
sensitive to structures over a broad range of redshifts: most
of the signal arises from between redshifts z = 0.5 and
z =5, although structures at higher redshifts also contrib-
ute to the signal; CMB lensing is hence a unique direct
probe of the mass distribution at redshifts above z ~ 4.
However, our ability to constrain these still unexplored
high-redshift contributions with CMB lensing alone is
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limited by degeneracy with uncertainties in low-z structure
growth and geometry (e.g., uncertainties in the dark energy
model) as well as sample variance from low-redshift
structures. To accurately and precisely probe high-redshift
structure, and for several other applications, it can hence be
useful to isolate only the high-redshift contributions to the
CMB lensing data. To achieve this, in this paper we propose
to clean the low redshift contributions from the lensing
field by subtracting suitably-scaled correlated tracers such
as galaxy density (or galaxy lensing) maps. Our method
for nulling the low-z structure uses a process similar to
delensing and similar to related approaches proposed
by [2], with the difference that we do not account for
noise in the process since our goal is to null the signal; this
leads to more effective cleaning. (Related “nulling” ideas
have also been presented in [3] and in the galaxy lensing
literature [4—8]; our work focuses on galaxy density maps
rather than intensity mapping lensing and does not assume
perfect knowledge of the galaxy kernel to perform the
cleaning.) We forecast how well such a high-z mass map
and lensing spectrum can be measured with upcoming
surveys; we also discuss why our methodology is only
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weakly sensitive to the detailed properties (e.g., galaxy
bias) of the galaxy tracer used for cleaning.

Our method should be contrasted with cross-correlation-
based approaches (e.g., [9] involving CMB lensing, cosmic
shear, and galaxies, [10] involving CMB lensing and
galaxies), where a joint likelihood is constructed for all
auto- and cross-spectra of galaxy survey observables
together with CMB lensing. While such approaches can
also provide powerful and indeed optimal constraints on
high-z structure, the constraints obtained generally involve
also modeling the behavior of low-z structure (or at least the
shape of low-z spectra if a free amplitude is marginalized
over), whereas our approach explicitly nulls all low-z
contributions at the cost of potentially increased errors.
For example, if we wish to constrain neutrino masses using
a standard cross- and autospectrum analysis despite uncer-
tainties in the properties of dark energy, a model must be
constructed for the low-redshift dark energy behavior and
the constraints may be biased if the model is incorrect or
incomplete; in contrast, our cleaning procedure reduces our
sensitivity to such model biases insofar as they appear only
in the redshifts that are removed. Our method also has
the advantage that the high-z mass map, once constructed,
can be easily used to perform a variety of high-z cross-
correlation and other analyses. This is analogous to the
construction of foreground-cleaned ILC maps in CMB
analyses [11-13], where using a cleaned map is often more
convenient and robust than performing a full joint analysis
of spectra at all frequencies.1

As an example application of our high-z lensing map (as
previously mentioned), we will discuss in detail how one can
use it to determine the unknown neutrino mass sum with
reduced model dependence. The sum of the masses of the
three neutrino species, »  m,, is a key cosmological observ-
able that can be determined via the suppression of the CMB
lensing signal it produces. While a cosmological detection
of the sum of neutrino masses is expected within the next
decade with high-resolution CMB experiments such as the
Simons Observatory (SO) [14], SPT-3G [15], and CMB-S4
[16], these constraints are generally derived assuming a
standard ACDM cosmological model. Neutrino masses can
also be determined in extended models with more complex,
wy — w, dark energy behavior, especially if galaxy survey
data are included [9,17-19], albeit with somewhat degraded
constraints; however, there is always some degree of model-
dependence even in fixing an appropriate parametrization

'A toy picture of the difference between cross-correlation
tomography and redshift-cleaning is as follows: imagine that we
directly observed the 3d matter power spectrum in thin redshift
shells P(k, z;) for 3d wave-number k and redshift bin z;. Cross-
correlation tomography would be equivalent to constructing a
likelihood for the entire dataset (including the low redshifts),
whereas our approach is akin to simply throwing out the low-
redshift bins and only modeling the remainder. Of course, in
practice, projection, galaxy bias and other effects make the real
situation slightly more involved.

of dark energy models, given that the physics of dark energy
(or modified gravity leading to similar phenomenology) is
still not fully known. In contrast, we discuss in this paper
how neutrino mass can be determined from the power
spectrum of the aforementioned high-z lensing map without
being biased by assuming standard (or fixed wy, — w,) dark
energy or Einstein gravity; in this case, we need only to
assume that at sufficiently high redshifts the effects of dark
energy or modified gravity can be neglected, with the matter
component dominating the energy density.

In an Appendix B, we also discuss another application of
partial delensing of a CMB lensing mass map to modify its
effective redshift origin: reducing the error on cross-
correlation of CMB lensing with tracers restricted to only
a certain narrow redshift range.2

Our paper is structured as follows. We first present our
lensing cleaning technique in Sec. II; in Sec. III we
introduce the datasets used and the cleaning method
applied in the context of amplitude of structure measure-
ments. In Sec. IV, we explain, with forecasts of biases, why
using a high-z-only lensing map is a promising approach
for neutrino mass measurements with minimal dark energy
model dependence. We conclude in Sec. V, outlining other
potential applications of our cleaning method. Finally,
Appendix A discusses how this cleaning method removes
potential degeneracies in the determination of neutrino
mass sum with effects induced by models of modified
gravity and Appendix B explores the cleaning method in
the context of improving the signal-to-noise ratio of lensing
cross-correlations with galaxy fields.

Throughout this paper, unless stated otherwise, we
assume a ACDM cosmology in a flat universe with fiducial
parameters 1000y,c = 1.0409, Q,h”> =0.0223, Q.h* =
0.1198, 7 = 0.06, n, = 0.9645, A, = 2.2 x 107, Y- m, =
0.06 eV, which give the values of the approximated
acoustic angular scale at recombination, the physical
baryon density, the physical cold matter density, the optical
depth at recombination, the slope and amplitude of pri-
mordial scalar fluctuation at a pivot scale of 0.05 Mpc™!
and the neutrino mass sum, respectively.

I1. OBTAINING A HIGH REDSHIFT LENSING MAP
A. Basic methodology

In practice, we do not have direct access to high-redshift-
only lensing field measurements; galaxy lensing surveys

’In particular, motivated by the fact that the cleaning method
introduced here is flexible and can isolate any redshift range when
an appropriately correlated tracer is used, we explore briefly the
prospects of using the cosmic infrared background (CIB) to
delens the high redshift content of the lensing map. This is useful
in the context of cross-correlation analyses [20-23]. The low
redshift lensing map is expected to have a higher correlation with
low redshift galaxy tracer and can lead to better constraints
on cosmological parameters such as the linear bias b; and low
redshift amplitude of structure A,,.
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are generally restricted to z < 2 — 3 due to challenges in
observing well-characterized source galaxies in large num-
bers at high redshifts, and CMB lensing measurements are
sensitive to a projection over a wide range of redshifts.
However, introducing an external tracer field X which is
correlated with the CMB lensing field at low redshifts can
allow us to remove the low-z portion of the CMB lensing
field. The external mass tracer can either be a galaxy
density field or a galaxy lensing map; although our methods
are also applicable for galaxy lensing maps, we will
consider the Rubin Observatory—Legacy Survey of
Space and Time (LSST) [24] galaxy density maps as a
representative example, assuming these can be approxi-
mated as linearly biased on the large scales of interest.

How can we best remove the low-z portion of the CMB
lensing field using external large-scale structure tracers?
We note that a similar, but slightly different goal was
studied in analyses of delensing using large-scale structure
(LSS) tracers [25-27]. For B-mode delensing, the aim is to
minimize the variance of the total field after a suitably
filtered LSS tracer has been subtracted; whether this
variance arises from lensing signal or noise is irrelevant
to the computation. In contrast, our goal in obtaining a
high-z-only lensing map is only to remove the low-z signal;
the effect of the (we assume, well-understood) noise is
irrelevant for this cleaning. However, the formalism that
must be applied is very similar. To clean out the low-
redshift signal, we can simply apply standard LSS dele-
nsing methodology, with the important difference that we
set noise to zero in our filtering, since we care primarily
about minimizing signal power rather than minimizing the
total power including noise.

Therefore, drawing on this simple modification of the
previous delensing study [25], we can write down expres-
sions that will give the best performance in removing the
low-z portion of the CMB lensing field. If we have a single
tracer field, the lensing cleaning proceeds as follows:

~clean _ 2 _ Clix )"( (1)
Ky, = KL, Ci(X L»

where &1, is the original CMB lensing convergence,
and we adopt the convention that quantities with/without

a hat represents quantities with/without noise, i.e. C}:( g
CYY + N¥Y. This expression can be simply derived by
minimizing the power spectrum of the linear combination
ky, — c¢(L)Xy, with respect to the cleaning coefficient c,
assuming no noise in the maps.

To see how the above accomplishes our goal in the
removal of the low redshift portion of the lensing field let us
decompose k = Kigy, + Kpigh into two uncorrelated low and
high redshift pieces and assume, for illustration, that the
galaxy field X is perfectly correlated with the low redshift
part via a scaling function 7;, X; = T Kiow.L-

The power spectrum of the cleaned lensing field,
assuming noiseless &, and X, fields is given by

(T, Cp" )2

Ckclean Keclean
L T2 CK]ow Kiow
L>~L

__ (highKnigh KiowKlow

(2)

We see that the last two terms of Eq. (2) cancel out, leading
to the perfect subtraction of the low-z contribution of the
lensing power spectrum. In practice, one does not expect
the external tracer signal to be perfectly correlated with the
CMB lensing signal arising from a certain low redshift
range, but, especially if LSS tracers in several narrow
redshift bins are available, a sufficiently high signal
correlation can still be achieved, enabling the subtraction
of much of the unwanted contribution to the lensing map.

To maximize the subtraction of the low-z contribution to
the CMB lensing kernel, we can combine different galaxy
redshift bins to form an effective tracer map:

X = ZC:’,L@'L (3)
i

where g; is the galaxy field of bin i. Following the methods
in [25], but with the key difference that in the weights
we only include signal power without (shot) noise, the
coefficients ¢; which maximize the correlation coefficient
between the signal part of X and the lensing field are
given by

Cip = Z(COVig 7 C. (4)

J

Here, Covy’; is the element of the covariance matrix
between galaxies in bin i and bin j. (Note that if galaxy
bins are combined using the weights of Eq. (4), this
automatically implies that the ratio C{X/CyX =1.)
Although all spectra used to construct the weights can,
in principle, be obtained empirically (or at least with a fit of
a model to data), for forecasting it is worth having fully
analytical expressions for these spectra. The signal part of
the galaxy spectra is then given explicitly in the Limber
approximation [28] as

w _ [dzH(2) . i 7L+é
Covp = /—)(2(1) Wi (z)W (Z)P<k = ,z). (5)

Here H(z) is the Hubble parameter, y(z) is the comoving
angular diameter distance to redshift z and P(k, z) is the
matter power spectrum with wave number k and redshift z.
For the ith galaxy bin, the window function is given by

i o bi(Z>d1’li/dZ
Wi(z) = TdZdnd? (6)
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The bias b; and the redshift distribution dn;/dz used in our
forecasts are specified in detail in Sec. III A below.

As indicated above, the difference with the approach
introduced for delensing is that we are interested in nulling
the CMB signal in the cleaning case, and variance
minimization is not the primary concern. Therefore, we
emphasize again that we do not include galaxy shot noise
N%g’ = §;;/n; in the above covariance matrix.

Finally, the lensing auto/cross spectra are computed in a
similar manner as

aff dZH(Z) a —
CL / 722 4 (Z)Wﬂ(Z)P(k

x(2) ’Z>’ )

where a, € (k, g;)-
For CMB lensing, the convergence kernel W*(z) is
given by

WAE) = g 1+ 20200) (B2 )

where H, and €,, are the Hubble parameter and matter
density today, respectively, and y, is the comoving
distance to the last scattering surface. The publicly avail-
able Boltzmann code cAMB [29] was used to calculate the
above auto- and cross spectra.

B. Potential limitations: Uncertainty in the galaxy
survey properties

In the cleaning method above, an important step is the
calculation of the weights ¢; in Eq. (4) used to maximize the
correlation between the galaxy fields and lensing. When
doing so, a model is assumed for the lensing cross spectra
C}”" and auto spectra C¥'¥% of the galaxy fields. Although
good measurements are achievable for the LSST survey,
the true spectra, in particular, the true cross spectra C}”
between the galaxy fields and CMB lensing are not known
precisely. The fact that we do not know the true galaxy
cross- and auto spectra is a potential problem for two
reasons: first, a misestimation of the weights can lead to a
wrongly weighted galaxy field X and hence give a residual
Cyeen"ean which is insufficiently (suboptimally) cleaned of
low-z contributions; second, even if the weights are chosen
optimally, our ignorance of the spectra and other properties
of the galaxy tracer such as biases and redshift distributions
implies that the interpretation of the cleaned lensing signal
(including, e.g., its redshift distribution) is complex.

We will begin by discussing the first challenge: to what
extent does uncertainty in the weights lead to suboptimal
cleaning performance? We will show that the effects of
fluctuations in the lensing-galaxy cross spectra result only
in sub-percent changes in the cleaned spectra, which are
negligible for our example analysis. We do this by gen-
erating 1000 Gaussian realizations of the cross-correlation
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FIG. 1. Standard deviation of the cleaned lensing power spectra

constructed from different realizations of the weights used to
clean out the low redshifts (blue); the weights are, in turn,
obtained from different realizations of C}” measurements in two
broad multipole L bins (obtained by perturbing the fiducial model
by a realistic amount). It can be seen that the uncertainty due to
the weights is negligible, as it is only a small fraction of the total
uncertainty of the cleaned lensing spectra (red).

spectra C}” curves, all of which are consistent with the

forecast CMB-S4 and LSST errors (see the data section
Sec. IVA), and use these to construct perturbed weights ¢;
of Eq. (4). From these weights we obtain 1000 realizations
of Cj™ =" which can then be compared with the fiducial
one CKc]eaanleamﬁd‘

» L

The mean fractional difference between the cleaned
power spectrum obtained from these perturbed weights
and that of the fiducial cleaned spectra is shown in Fig. 1,
where we have applied a broad multipole binning with
edges at (40, 190, 340). We see that this difference is close
to zero, with a standard deviation of 0.02 and 0.007 in the
first and second bin respectively. These correspond to only
32% and 16% of the total uncertainties of the cleaned
lensing spectra.

Why are the deviations in the cleaned, high-redshift
lensing spectra small? We will attempt to explain this by
computing the effect that the uncertainty in the weights
has in the final cleaned lensing spectrum. The perturbed
cleaned lensing field is given by

gilean = Ry, — > "E[C (1 + €2)]g;. (9)

where ab stands for every possible auto- and cross-
spectrum of the LSS tracers and the CMB lensing field.

The weights ¢;, which are a function of the true
spectra C;”, are chosen to minimize the power spectrum
of the cleaned lensing field Cye=*c=,

Since the optimal weights are the result of a minimiza-
tion of the cleaned signal power, the cleaned power has no
linear sensitivity to small changes in the weights; this
implies that the cleaned power also has no linear sensitivity
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to small changes €*’(¢) in the fiducial spectra that are
used to construct the weights. It follows that the signal in
the cleaned lensing spectra only has a second-order
dependence on small inaccuracies in the fiducial spectra:

CKclcan Kelean
L

— Czclcaanlcan-ﬁd + (/)( (eab)Q) . (10)

This explains the result we saw in Fig. 1: even moderate
uncertainties in the spectra used to weigh the tracers do
not prevent the construction of a high-z mass map, since
fractional errors only enter quadratically. Therefore, for
weighting, our cleaning procedure can be applied without
requiring precise knowledge of the tracer redshift distri-
bution (or other properties), relying only on observed
spectra at modest precision. As previously mentioned,
there is a good analogy between our cleaning method
and the ILC methods [11,12] commonly used for fore-
ground cleaning in CMB data analysis; in both cases, the
cleaning can be performed using only observed spectra.

Of course, suboptimal weighting due to incorrectly
assumed spectra is not the only concern when applying
the cleaning procedure we have described. An additional
complication is that, even if an optimal weighting is
applied, there may be remaining uncertainty in modeling
the cleaned spectra, because the bias and redshift distri-
bution of the galaxy sample used for cleaning may be
uncertain. Unfortunately, for redshift uncertainty, this is an
obstacle that must be overcome by directly characterizing
the redshift origin of the galaxies, as without knowledge of
the galaxy redshift distribution the redshift origin of the
cleaned field must remain uncertain as well. On the other
hand, our cleaning procedure naturally accounts for the
unknown bias, assuming that the bias is linear and simply
rescales the spectra in a narrow bin (within which we can
assume a redshift evolution). To see this, we note that the
cleaning tracer is given by

X= Zcigi = ZcibiAi (11)

where we have divided out the linear bias b; from
the projected galaxy density field to give the projected
matter density fluctuation A;. Our expression for the

weights ¢; = 3 ;(Cov¥);; C,” implies that the resulting
cleaning tracer (and hence the cleaned map) is independent
of the linear bias, which can be seen as follows:

X == Zcig,- — Z(Covgigj)_lczgjbiAi
i ij
1 AAN-1p KD
= ZW(COV ! /) bjCL biAi
ij v

=Y (Covia)Cia, (12)

1

where the bias has canceled out. Of course, this is only true
if our cleaning weights are correct; however, we note that
by our previous argument, our results are insensitive to
small errors in the weights, and our cleaning procedure
should be able to derive the weights sufficiently well from
the measured spectra.

III. MEASURING THE AMPLITUDE OF
STRUCTURE WITH HIGH REDSHIFT
LENSING MAPS

To illustrate our cleaning method, we will forecast
the ability to use a high-z only lensing map to probe the
amplitude of the high-redshift structure. We first introduce
the CMB-S4 lensing and LSST galaxy survey specifica-
tions we consider throughout this paper.

A. Forecasting data used

1. Lensing specifications

For CMB lensing, we use a CMB-S4-like [30] experi-
ment with the following specifications: beam FWHM =
1.4, noise levels Ay = 1 pK’, Ap = 1.4 pK/, and sky area
fsy = 0.4. We use lensing reconstruction noise curves
assuming an optimal (“iterative’’) measurement pipeline for
CMB-S4, which is expected to have better performance
than the standard quadratic estimator [31]. For temperature,
we restrict the CMB multipoles to a range 50 < £ < 3000
to minimize foreground biases and increase this range to
' max = 5000 for polarization, since polarization data are
less contaminated by extra-galactic foregrounds. For
Sec. IV we will also include information from the primary
CMB temperature and polarization power spectra to break
degeneracies between parameters [32]. The minimum
variance reconstruction noise from combining the different
temperature and polarization channels for the different
CMB experiments is shown in Fig. 2.

2. LSST specifications

For the Rubin-LSST galaxy survey, we use the Gold
sample of galaxies with the following redshift distribution:

dn 1 Z 2 2
Cx— (=) e, 13
dz . 220 <Zo> ¢ ( )

with z, = 0.3. This corresponds to 7 = 40 arcmin™2. We
split the LSST kernel into 13 tomographic bins with bin
edges z=10,1,1.2,1.4,1.6,1.8,2,2.3,2.6,3,3.5,4,4.5,5].
The above splitting provides enough freedom to rescale the
galaxy kernels to match the profile of the CMB lensing
kernel while still having a high signal to noise in each
individual galaxy bin. For each bin i, we assume the linear
galaxy bias is given by b;(z) = B;(1 + z), where B; is the
overall bias amplitude with a fiducial value of B; = 1. To
reduce the sensitivity of our forecasts to the uncertainties of
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FIG. 2. CMB lensing power spectrum C}* (solid blue) and
expected reconstruction noise N7 for an AdvACT-like, SO-like,
and CMB-S4-like survey. The noise curves for AdvACT- and SO-
like surveys were computed using tempura assuming quadratic
estimator lensing reconstruction on the full sky with the spec-
ifications beam FWHM = 1.4/, A; =15 pK’, Ap = 15.3 pK/,
fsky = 0.3 and beam FWHM = 1.4, Ay =8 puK’, Ap = 11.3 pK’
and fg, = 0.3 respectively. The CMB-S4 noise arises from
forecasts of iterative lensing reconstruction performance [30].

nonlinear modeling, we remove modes in the highly
nonlinear regime by setting a small scale cutoff in ki,
(for each redshift bin, 0.3k Mpc™!). A survey area of
18,000 deg? corresponding to Sy = 0.4 is adopted; moti-
vated by the planned survey regions, we assume that this
has complete overlap with the CMB lensing survey. We
partially account for photometric redshift errors by con-
volving the window function with the probability distri-
bution function p(z,,|z) of the photometric redshift 7, ata
given z which is taken to be a Gaussian [33]. The modified
redshift distribution in each bin is then given by:

dn; ldn 2=z Z—Zi+1)]
=—— |erf —erf 14

dz 2dz [ < 20Z> ( V20, (14)

where 6, = 0.05(1 + z) is the width. Figure 3 shows the

LSST redshift distribution for the overall Gold sample and
that of the 13 tomographic bins.

B. Measuring high redshift amplitude of structure

We proceed to forecast the performance of high-z-only
lensing maps obtained using the above LSST galaxies
and following the procedure introduced in Sec. II to delens
the low redshift contribution to the lensing field. Although
the individual LSST galaxy window functions might not
match well with the CMB lensing kernel, combining the
samples using Eq. (4) results in an effective galaxy field
X =Y. c;g; that has a window function WX = >". ¢, W¥
which closely follows the CMB lensing kernel, as illus-
trated in Fig. 4.

These high-z only lensing maps translate into high-z
lensing spectra from redshifts (z > 0, 1.5, 1.9, 3.75 and 5)

—— LSST Gold

10! 4

10°4

[arcmin=2]
5

dn
dz
5

FIG. 3. The redshift distribution of the LSST Gold galaxy
samples. We use 13 tomographic redshift bins in the range
0<z<5.

that can be determined (assuming tracers can be used
up to wave numbers of 0.32 Mpc™!, which translates into
cleaned lensing spectra with L., = 200) at a signal-to-
noise ratio of (83,33,29,18,13). The different lensing
spectra are shown in Fig. 5; the spectra of the cleaned
lensing fields can be compared with the spectrum of the full
lensing field in green. As expected, the removal of the low-
Z structure leads to spectra with a lower amplitude and with
the peak shifted to smaller scales (due to lensing occurring
at greater distances).

The reduction in sensitivity of these cleaned lensing
fields to low-z structures enables a tomographic measure-
ment of the amplitude of structure, og at multiple redshifts,
which can be determined at a precision given by ~2 times
the lensing signal-to-noise ratio. This follows from the fact
that each lensing field is sensitive to the amplitude of
structure og, and hence the lensing power spectrum C}* is
directly proportional to o%, assuming all other parameters
are held fixed. (Fixing other parameters appears to be a
reasonable approximation for this forecast since we are

= CMB lensing kernel
—— Galaxy X kernel

FIG. 4. Lensing window function in black and the effective
galaxy window function obtained by combining the LSST galaxy
bins up to z ~ 5 using weights calculated with Eq. (4) overlaid on
top (blue).
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4.0 :
—4— Lensing convergence
—4— Lensing convergence with z<1.5 cleaned
3.0 —f— Lensing convergence with z<1.9 cleaned
—4— Lensing convergence with z<3.75 cleaned
Lensing convergence with z<5 cleaned
5\' 2.01

1.0 1

10 50 100 150 200

FIG. 5. Forecast CMB lensing power spectra with low redshifts
cleaned; the different colored curves show the results of cleaning
with LSST galaxy density maps extending only to a certain redshift
z. The fiducial uncleaned lensing power spectrum (green) is shown
as areference. As a comparison, the dashed line corresponds to the
lensing spectra obtained using the lensing window function with
the low redshift contribution perfectly removed.

only testing for several-percent-level departures from
ACDM structure growth at high redshift, and other
relevant parameters should be determined to much higher
precision by the time the final CMB-S4 and LSST datasets

Using lensing alone, one can probe the amplitude of
structure at redshifts (z =0, 1.5, 1.9, 3.75, 5) to within
~(0.6,1.4,1.5,2.3,3.3)% respectively and ~(0.3,0.8,0.9,
1.4,1.8)% if using L, =400 instead of L, = 200.
CMB lensing alone hence can probe the growth history
over a range of uniquely high redshifts where the ACDM
model has not yet been tested extensively.

We can further check that we are indeed insensitive to the
low-z information after cleaning by examining the effect on
the lensing window function W*, which appears quadrati-
cally in the computation of the power spectra as described
by Eq. (7). Denoting W*(z) as the analogous term to
(W*)? appearing in the cleaned lensing spectra, one can see
that the effect of cleaning is to reduce and shift the peak of
this kernel to higher redshifts

Welt(z) = (Wr)? — wXw* (15)
The above can be obtained by looking at the window
function appearing in the cleaned lensing spectra, which in

the noiseless limit is given by

KK,C __ (KK KX
CL - CL - CL

dzH(z L+1
:/ ) ey yemyp (1 = o
are available). x°(2) x\z
The top panel of Fig. 6 shows the determination of oy as dzH(z) o L+ %
a function of the redshift up to which cleaning is performed. - @) W (k)P k= 7)) Z (16)
1.03
T 1021
8]
S
S 1.01 A 1
| RN
~ 1.00 |
< I —— Fiducial effective lensing kernel
5 099+ —— z<1.1cleaned
~ 1 —— z< 1.5 cleaned
% 0.98 1 —— z<2.45 cleaned
S z< 2.8 cleaned
0.97 A —— z<3.25 cleaned
0.12 4 z<3.75 cleaned
. —— z<4.25 cleaned
0.10 A z<5.0 cleaned
0.08
0.06
S
“’g 0.04
0.02
0.00 1~ S S e T
-0.02 ; ; \/
—0.04 A . . .

FIG. 6. Top panel: 1o constraints on oy at high redshifts after cleaning the low-redshift contribution to CMB-S4 lensing maps using
LSST galaxies. Each measurement is placed at a redshift where the effective lensing kernel peaks (see bottom panel). The smaller/larger
errors corresponds to using lensing L,,,, = 400 and L,,,, = 200 respectively. Bottom panel: Effective lensing window function We'' for
the fiducial uncleaned lensing in green and for lensing fields cleaned using LSST galaxies.
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The bottom panel of Fig. 6 shows the resulting W*T. As
seen already in Fig. 4, the galaxy window function WX
follows closely to W* at low redshifts, such that the
effective window function in Eq. (15) is close to zero in
the redshift range where cleaning is applied and with the
peak at z = 2 shifted toward higher redshifts. The small
oscillations around zero arise because the shapes of the
galaxy windows functions do not match perfectly with that
of the lensing kernel; furthermore, some overlap exists
between the galaxy bins, which leads to over-or under-
subtraction of the lensing window. Perfect nulling can be
achieved in the ideal case when the galaxy bins are
nonoverlapping bins that are either much narrower than
the distance over which the CMB lensing kernel varies or
that have a redshift distribution that perfectly matches the
CMB lensing kernel over the bin range.

IV. WEIGHING NEUTRINOS WITH HIGH
REDSHIFT ONLY LENSING MAPS

A key goal of current cosmology and particle physics
experiments is the measurement of the unknown mass of
neutrinos [34]. Neutrinos initially behave as relativistic
radiation in the early universe; as their temperature falls,
they become nonrelativistic, giving an energy density that
evolves like cold dark matter (CDM).

A clear signature of massive neutrinos is a scale
dependent suppression in the matter power spectrum,
which can be understood as follows. On all scales,
massive neutrinos contribute significantly to the total
mean energy density of the universe, increasing its late-
time expansion rate beyond the massless neutrino case;
this increased expansion tends to suppress structure
growth. However, on large scales, this is fully compen-
sated by a corresponding increase in the strength of
clustering and gravitational driving, causing massive
neutrinos to produce the same structure growth as
CDM. In contrast, on small scales, the growth suppres-
sion is not compensated because, due to the large thermal
velocities that neutrinos have, they free-stream, erasing
perturbations in the neutrino component.

Measurement of this suppression is the primary way in
which the neutrino mass sum ) _ m,, can be measured with
cosmological observations [17,35]. This can be achieved by
comparing the initial high redshift amplitude of structure
obtained from the CMB power spectrum (via measure-
ments of the optical depth) against a low redshift probe like
CMB weak lensing [36,37]. However, one caveat is that,
because CMB lensing probes the total projected matter
distribution down to z = 0, it (along with nearly all other
probes) is also sensitive to the growth suppression effects
induced by dark energy. The suppression effect of neutrinos
on the growth rate of the overdensity dcpy during matter

domination is described by Scpy « [a]' ¥/ on scales much
smaller than the neutrino free-streaming scale [35,37],

where f, is the fraction of matter-energy density in
neutrinos, proportional to the neutrino mass.

Dark energy can similarly cause a suppression of the
growth of matter structure, often described as follows:
Scpm < [ag(a)], where g(a) is a scale-independent damp-
ing factor (with a value < 1 as the dark energy density
becomes significant). Since both neutrino mass and dark
energy result in a suppression of structure growth, non-
standard dark energy physics could lead to a biased
determination of the neutrino mass.

We will here consider applying our cleaning method to
obtain a high-redshift-only lensing map, and use this to
constrain Y m,. This is motivated by the fact that the
damping factor due to dark energy g(a) differs only from 1
when the dark energy density is non-negligible; hence,
assuming that dark energy is only relevant below a certain
low redshift, removing the lower redshift information
means that the suppression effects in the matter power
spectrum are due to neutrinos alone.

We expect the use of a high-z lensing map to not greatly
decrease the precision of a neutrino mass measurement
for two reasons: first, upcoming measurements of neutrino
mass are limited by our knowledge of the high-redshift
amplitude of structure via the CMB optical depth, so that
they are only weakly sensitive to a reduction in the
precision of lower-redshift measurements; second, because
the suppression signal is only logarithmic in a or redshift
so that the size of the effect is similar regardless of whether
we measure the low-z amplitude of structure at z = 0.5
or z =3.

We will test this expectation quantitatively in the next
section, performing forecasts to investigate whether a
high-z lensing map can give high-precision neutrino mass
measurements with minimal dark energy model depend-
ence. Before doing so, we can gain some intuition about
why delensing the low redshift content helps decrease
the neutrino mass bias by examining the lensing power
spectrum Eq. (7), written out again for clarity

KK o H(Z) K 2 _ L—%
‘I _A deZ(Z) W) Pas <k_ x(2) ’2’)' {17

The presence of dark energy can affect the above in

two ways:

(1) The matter power spectrum Pg; is obtained from the
primordial scale independent power spectrum by
applying the appropriate transfer function 7 (k)
(which accounts for the fact that growth is suppressed
for modes which enter the horizon during radiation
domination) and is also linearly proportional to a
scale-independent damping factor g(z) [38]. This
damping factor g(z) describes the suppression of
growth in the presence of dark energy (due to
potential decays on all scales); it is normalized such
that it is unity during matter domination.
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(2) Dark energy can also affect the geometry of the
universe by changing the redshift dependence of the
radial comoving distance, y(z) — y'(z). We will
argue in the following paragraphs that the effect
of this on lensing is expected to be small at high
redshifts once we fix the angular scale of the sound
horizon; this scale is effectively fixed when we
combine our lensing measurements with those of
the primary CMB, which constrain the angle sub-
tended by the sound horizon at very high precision.

By delensing the low redshift matter perturbations,

we remove completely the effects that dark energy has
on growth since there are no longer any affected matter
perturbations contained in the high redshift lensing maps.
The only possible effect that dark energy can have is on
geometry by altering the radial comoving distance to
redshift z given by

2 d7

= ; m (18)

x(2)

However, because the distance to recombination
- =x(1100) is fixed to high accuracy by including
CMB power spectrum data (via their measurement of
the angular scale of the acoustic peaks) [39], in such an
analysis y(z) at high redshifts is well constrained and
nearly unaffected by dark energy. One can see this by
writing y as

w d7
L HE) (19)

X (Z) =X~

The integral contains only z > zpg and the Hubble

parameter at these high redshifts is unaffected by dark

energy since (we assume) its energy density is negligible at
these redshifts.

A. Data used and forecasting method

1. Experimental setup

We employ the same CMB-S4 specifications for primary
CMB and CMB lensing introduced in Sec. III A and also
assume the same LSST galaxy sample for cleaning. In
some cases, where we wish to include high redshift BAO in
our forecasts, we include futuristic BAO measurements
from spectroscopic surveys achievable in the next decade
with Megamapper [40]. We do not use Ly-a BAO from
DESI as these do not significantly improve the constraints
compared to the lensing-only case at high redshifts. Since
these surveys can measure structure on relevant scales at
redshifts of z > 2 with SNR > 1, we approximate the
corresponding errors of d,(z) and H(z) by simply scaling
the results forecast for DESI [41] by the volume surveyed
by Megamapper at each redshift bin to estimate the required
fx = ry/dy uncertainties.

2. Fisher matrix analysis

We consider a setup where > m, is allowed to vary
along with the other ACDM parameters in a flat universe
with K = 0. We write the parameters in the vector:

0 = {Oyc. Qh?. Q.2 7.n ALY m)} (20)

The information from the primary CMB is included by

computing the Fisher matrix FMB as
FEMB
ij
_ sz + lf Tr oCgMP (COMB)-1 acgMP (COMB)-1
— 2 N eem o0/ 7
(21)
where CSMB is the covariance matrix of the CMB
TT  ~TE
com _ (€0 o) (22)
‘ CIE CEE

Here, CET is the power spectrum of the temperature
anisotropies including noise, CEF is the power spectrum
of the E-mode anisotropies, and C}F is their cross-
spectrum. We will use the unlensed primary power spectra
here to avoid overcounting the lensing information which
will come from the lensing Fisher matrix F** (our estimate
is therefore slightly conservative for lensing-derived
parameters), given explicitly as

aCKK aCKK
P = L opt —L 23
ij ; ael L aej ( )

where the lensing covariance matrix C§* =2 x (C¥* +
N$¥)?/fay/(2L +1) is diagonal and contains lensing
reconstruction noise; whenever the cleaned lensing field
is used, we simply replace the lensing spectra by the LSST-
galaxy-cleaned versions. In addition, we include the
effective galaxy shot-noise N7X =>".c?N%, obtained
by weighting using Eq. (4) the shot-noise N¥ of each
galaxy bin as part of the covariance matrix

CKK — CKcleaanleun NKK NXX 2 24

L fbky<2L+1)X[ L + L+ L] ( )
so that the Fisher matrix for the cleaned lensing field is
given by

acicleunkcleun aCKcleuanleun
=y Loyt =l (25
zL: 0, " 00 (25)

F’_CL:ICE)“ Kclean
)

The above setup also ignores the cross power spectra
of CMB lensing with CMB temperature and E mode
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polarization, as these are only nonzero on very large scales
via late-time effects on the CMB such as the integrated
Sachs-Wolfe effect, which are unlikely to significantly bias
neutrino mass constraints. The combined setup of the
2-point and 4-point functions is consistent with the
CMB-S4 experiment as laid out in Sec. III A 1 above.
We include a Gaussian prior with width o(7) = 0.005 for
7, the optical depth from reionization. Assuming that these
datasets are independent, the total Fisher matrix used is thus

Fij — FijCMB + FinK + C—l

prior;j (26)
where Cyio, 1s the sum of the 7 and, where applicable, BAO
prior obtained from Megamapper. BAO is sensitive to the
sum of the neutrino and CDM density, hence its inclusion
allows for reducing the errors on Y m, by breaking the
degeneracy between CDM and > m, of the CMB data.

The 1o errors on the parameters i, marginalized over the
other parameters, are given by

(27)

B. Bias induced in the inference of the neutrino mass

Primary CMB measurements and lensing from Planck
combined with BAO have placed constraints on the total
neutrino mass of »_ m, <0.12 eV [39] at the 95% level.
Using the above Fisher formalism, combining CMB-S4
lensing and primary CMB as well as large-scale structure
observations from the full DESI BAO would place tighter
bounds on the neutrino mass sum with constraints of
~20 meV. However, as discussed already in [9,17], the
constraints of ~20 meV are derived in the framework of the
ACDM model and are hence, to some extent, model-
dependent; extending the model by including effects like
dark energy and curvature, which are degenerate with the
effects produced by massive neutrinos, can degrade the
constraints on neutrino mass significantly. These exten-
sions are often required for robust measurement of ) m,
because the true lensing power spectrum could include
unknown effects induced by nonstandard dark energy at
low redshifts, which differs from the lensing power
spectrum computed assuming ACDM. Such deviations
might mimic the neutrino mass signature leading to a
biased inference of > m,,.

Rather than extending the ACDM model, we produce
forecasts of constraints on »_ m, assuming ACDM, but
with a lensing map that only contains high redshift
information. This approach has the advantage of being
agnostic about the dark energy model—assuming only that
dark energy is negligible at sufficiently high redshifts—and
is simpler to implement than the alternative of taking into
account all the possible dark energy scenarios in the model.
The intuition behind our method is that since (we assume)

the effect of dark energy becomes dominant only at low
redshifts, cleaning the low redshift contribution of the
lensing maps removes the degeneracy caused by dark
energy, leading to an unbiased measurement of »_ m,.
Assuming Gaussian errors, we can quantify the bias B;
induced in the inference of a parameter #; using the Fisher
formalism as [42—45]3

aC
F_1§ -1 4
Bi =1rIy s ACL&COV [Cf, Cf] —a ; . (28)

Here F;; is the Fisher matrix of Eq. (26) obtained from
the power spectra assuming ACDM parameters and AC}* is
the change in the lensing power spectrum due to dark
energy effects.

ACH = Clpg — CF| scpm- (29)

Here we are making the approximation that the CMB
power spectra are unaffected by the change in dark energy
at fixed Oy, since keeping the sound horizon angle
constant means that the power spectrum can only be
minimally affected by late-time physics. This assumption
was numerically verified using cCAMB, where only percent-
level deviations are observed in the 2-point function at very
low multipoles at # < 50. Deviations are otherwise neg-
ligible at higher multipoles; we note that for our forecast
we restrict CMB-S4 primary CMB multipoles to larger
than £ > 100.

Including the effect that dark energy has on lensing and
BAO, the bias expression becomes

2L+1, 9C  ACK 1 0f,

B, =Fj [ Foy LSt Afim .
j ZL: 2 90, (O 4 N5¥)2 o2 00

(30)

To test our cleaning procedure, we will consider that,
although our analysis is performed assuming standard
ACDM, the true cosmological model is well described
by a simple model of dynamical dark energy using the
standard Taylor expansion in the scale factor

w(a) = wy+w,(1 —a). (31)

Despite this example, we emphasize that we expect our
cleaning method to be generally applicable, regardless of

*Note that Ref. [44] assumes that the data is biased. On the
other hand, this paper assumes that the theoretical model to be
fitted to data is biased. Thus, we compute the covariance and the
Fisher matrix in the equation with biased theoretical spectra.
More explicitly, the theoretic spectra used here assume the
ACDM model while the true model describing the data is given
by an extension of ACDM with dark energy parametrized by w,
and w,.
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FIG.7. Biasinduced in the neutrino mass sum A »  m, measurement due to incorrectly assuming ACDM when the true cosmology is
described certain wy — w, dark energy model. The bias in meV is shown as a function of the maximum redshift to which we have cleaned
the lensing map using the LSST galaxies. A conservative scale cut of k., = 0.34Mpc™! and lensing multipole L,,,, = 200 is assumed.
It can be seen that by cleaning the low-z contributions from the lensing map to a sufficiently high redshift, unbiased measurements of the
neutrino mass can even be obtained if we assume the wrong dark energy model. 16 measurement errors are indicated with the blue

shaded region.

the details of the dark energy model. Indeed we will also
test that the method works well with dark energy models
with arbitrary w = w(z) dependence.

C. Results

Figure 7 shows the biases on neutrino mass due to a
range of nonstandard dark energy models. The dashed lines
represent the base cases in which no cleaning is applied,
whereas the solid lines correspond to the bias when our
cleaning procedure is applied using galaxy bins up to a
certain z only, following the prescription laid in Sec. II

above. It can be seen that in agreement with our intuition in
Sec. IV, including all the LSST galaxy bins up to redshift 5
effectively reduces the neutrino mass sum bias to close to
zero, with only minimal increase in the statistical error
shown as the green bands. Even in an extreme case where
we have assumed ACDM but the “true” dark energy model
iswy = —0.8 and w, = 0.20, removing the z < 5 portion of
the lensing map reduces the bias from —48 meV to zero.
The slight increase in bias observed around z = 1.5 can be
explained by the fact that the effect of dark energy on the
lensing spectra is not a monotonic function with respect to
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the amount of low redshift removed. Hence removing only
the very low redshifts can still exacerbate the difference
between the true cosmology and ACDM compared to the
case where no cleaning is applied; the reduction in bias
only starts to occur when all the low redshifts containing
significant dark energy contributions are removed.

The lensing multipoles L used in the above forecast
range from 20 to 200. The L, multipole is set by the scale
cut of the lowest galaxy bin (for the conservative forecast,
we use kyy = 0.32Mpc~!) which corresponds to L, =
kewx(zg,) ~ 200 since angular scales above this Ly,
contain low redshift lensing signal which is not removed

—e- No cleaning Lmax = 200

wo: —0.8w,:0.01

—e— cleaning with LSST clustering Lmax = 200

Wo: —0.8wy:0.1

by the galaxies in the first redshift bin. The above forecast,
which only contains CMB-S4 primary CMB and z > 5
lensing will provide neutrino measurements with (> m,) =
62 meV. This is comparable to the forecast obtained
using CMB-S4 primary CMB and lensing alone of
6(>_m,) =53 meV [17] (when including L, = 3000),
but with the main difference that our method should be
nearly model-independent. Our goal of obtaining a nearly
model-independent constraint on »_ m, also limits our
ability to exploit the full constraining power of BAO
surveys (since current high resolution BAO are mostly
at low redshifts which could be affected by dark

—e- Nocleaning Lmax =400  —e— cleaning with LSST clustering Lmax = 400

wo: —0.8w,:0.15 wo: —0.8w,;:0.2
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FIG. 8.

As in Fig. 7, but now also including a futuristic BAO survey such as Megamapper (constraints assuming L., of 200 and 400

are shown in green and blue). It can again be seen that by cleaning the low-z contributions from the lensing map to a sufficiently high
redshift, unbiased measurements of the neutrino mass can even be obtained if we assume the wrong dark energy model. The slight
increase in bias at around z = 2 is produced by the introduction of the high redshift BAO, which also incurs a negative bias in the

determination of neutrino mass sum.
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FIG. 9. Top panel: example of a (toy model) dark energy
equation of state evolution which does not follow the conven-
tional wy — w, parametrization. Bottom panel: as in Fig. 7, the
bias induced in the neutrino mass sum A )" m, as a function of
the maximum redshift cleaned with LSST galaxies. The results
show that even with a highly nonstandard dark energy evolution
at low redshifts, unbiased results on neutrino mass can be
obtained with our cleaning procedure.

energy modeling); however, using a futuristic high
redshift BAO measurement from Megamapper will
allow neutrino constraints of order o(}_ m,) = 39 meV
(6(>_m,) =34 meV if using L,,,, = 400, corresponding
to ascale cutof k., = 0.6h Mpc~!) as shown in Fig. 8. Here
we only include the BAO at redshifts equal or greater to the
redshifts over which we use the LSST galaxies, which
explains the broadening of the errors at higher redshifts.

Figure 9 illustrates that this cleaning method is flexible
and can also work when the true cosmology has dark
energy more complicated than that given by the wy — w,
parametrization. The dark energy equation of state in the
upper panel, which is a toy example that oscillates with
redshift, is not described using the wy — w, framework, but
the bias on the neutrino mass is still suppressed when using
cleaned lensing maps.

V. DISCUSSION AND CONCLUSIONS

In this work, we discuss the production and application
of a lensing map containing only high redshift information.
A high-z mass map can be constructed in a model-
insensitive manner by subtracting suitably scaled correlated
tracers, such as galaxy density maps, from the lensing field.
Our lensing cleaning method is similar to that of delensing,
with the critical difference that instead of minimizing the
variance of the resultant delensed field including noise, we
minimize only the lensing signal at low z.

The resulting high-z lensing map allows us to probe the
growth of structure at redshifts which are currently not
accessible to other cosmological probes. With CMB-S4
lensing and Rubin-LSST galaxies (and a scale cut of
k = 0.3hMpc~!, which corresponds to a usable L,
of 200), we forecast measurements of the amplitude of
structure at high redshifts z > 3.75 and z > 5 to within
2.3% and 3.3% respectively. We explore the impact of
uncertainties in the lensing-galaxy cross spectrum in
determining the cleaned lensing map and find that these
uncertainties do not greatly affect the results.

The high redshifts probed by the cleaned lensing maps
also correspond to periods when dark energy, modification
to general relativity and nonlinear effects due to baryonic
physics are often assumed to be subdominant or at least less
important than at lower redshifts. As an example applica-
tion of this, we note that a high-z mass map could provide a
clean and arguably less model-dependent constraint on the
neutrino mass sum; we forecast that a high-z mass map
constructed from CMB-S4 and Rubin-LSST galaxies
can provide a competitive neutrino mass determination
(6(>_m,) =62 meV or 39 meV including future high-z
BAO), and show that this measurement has only negligible
sensitivity to the presence of nonstandard dark energy
models. Furthermore, the same cleaning method also
removes potential degeneracies in the determination of
neutrino mass sum with effects induced by many modified
gravity models, as discussed in detail in Appendix A, and
may reduce sensitivity to baryonic feedback (as in [2]) and
matter nonlinearities.

There are other potential applications of variants of our
CMB lensing redshift-cleaning method. In Appendix B, we
discuss cleaning certain redshifts to improve the signal-to-
noise-ratio of lensing-galaxy cross-correlations. In particu-
lar, we find that removing the high redshift information
from a lensing map using the CIB significantly improves
the determination of parameters at low-z, such as linear bias
and growth factor, by 40%—-60% for current and upcoming
CMB surveys. Our redshift-cleaning technique might also
be useful for mitigating the intrinsic alignment contami-
nation to the cross-correlation between CMB lensing and
cosmic shear, if contributions to CMB lensing from source
galaxy redshifts can be removed. We hope to explore these
and other applications of redshift-cleaning methods and
their implementation in data in future work.
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APPENDIX A: HIGH REDSHIFT LENSING MAP
AND ITS SENSITIVITY TO MODIFIED GRAVITY

An additional advantage of our low-z cleaning procedure
is that it can make constraints from the cleaned lensing field
insensitive to modified gravity effects. This is especially
relevant at low redshifts where nonstandard effects are
particularly well motivated due to the still poorly under-
stood cosmic acceleration [46,47]. Theories that propose
deviations from general relativity can have both different
background evolution equations and different growth of
structure on scales where the neutrino mass suppression
occurs. We will argue in the following paragraphs that any
degeneracy of neutrino mass with low-z modified gravity
effects can similarly be broken when the low-z information
about the growth of structures is removed, as described
previously.

Modified theories of gravity differ from general
relativity in two primary ways (e.g., [48]). First, they
change the relationship between the two scalar potentials
of the perturbed Friedmann-Lemaitre—Robertson—Walker
metric. With a metric in the conformal Newtonian gauge for
scalar perturbations, ds? = (1 + 2y)ds?> — a?(1 — 2¢)dx?,
the relation = ¢ is no longer true even in the absence of
anisotropic stress. Second, the relation between the poten-
tial and density perturbations, as related by the Poisson
equation, is also modified. In the following discussion, we
consider modified gravity theories that can be parametrized
by the following two equations [491*

V2 (1.x) = 42Gpnll + u(2)5(x. %),

Y x) = [1+Z()Wer(x. %),

where ¥ = (y + ¢)/2 is the so-called Weyl potential [1]
entering into the lensing potential and the subscript “GR”
indicates the quantity in general relativity. The functions u
and X are exactly zero in the standard ACDM model. Here,
we ignore the scale dependence of x4 and Z, although it is
straightforward to apply the following discussion to the
case where y and X vary slowly with scale.

Now we calculate the lensing mass field & from the
modified Weyl potential (A2) above. The first term of (A2)

(A1)

(A2)

4https://wwwmpa.mpa—garching.mpg.de/~k0matsu/lecturenotes/
Alex_Barreira_on_Modified_Gravity.pdf.

results in the lensing convergence in general relativity, «,
while the second term changes the lensing convergence by:

H(z)W(z)

Ax(R) = V? A " dZX—ZKZ(;()V‘Z(S(;(,)(ﬁ), (A3)

where V is the covariant derivative on the unit sphere. We
assume that X varies slowly with y so that we can pull Z out
of the integral. Furthermore, we assume that the modifi-
cation is only important at low redshifts. Then, the lensing
convergence above could be written as
AKL = ZKIOW,L’ (A4)
where we have moved X outside of the integral. Under
modified gravity, and in the notation of the draft, the CMB
lensing field is therefore affected as:
R = Knigh + Kiow (1 +2) (AS)
On the other hand, a galaxy tracer will be affected by
modified gravity through the Poisson equation and the
growth of the density perturbations changes [49].
Assuming that the modification changes the growth of
the linear perturbation by an overall amplitude, we can
write the galaxy tracer at low z as X = (1 + D)X where X
represents the case of standard cosmology.

If the galaxy tracer is originally correlated with the low-z
lensing field by 7; in general relativity, the galaxy tracer is
given by:

Xy =TL(14 D)k 1. (A6)
If we require that the weights for cleaning are consistent
with the measured spectra, our cleaning procedure will
be immune to these scaling functions. To see this, we note
that the observed spectra, C5* and C¥¥, are rescaled,
respectively, by (1 +ZX)(1+D) and (1+ D)% The
observed galaxy tracer, X, is also rescaled by (1 + D),
the second term in Eq. (1) becomes (1 + X)ki,, which
exactly cancels with the modified low-z lensing conver-

gence involved in the first term of Eq. (1) [i.e. the second
term in Eq. (A5)].

APPENDIX B: SELECTIVE DELENSING IN THE
CONTEXT OF CROSS-CORRELATIONS

We explore the prospects of using the lensing cleaning
method discussed above in applications related to cross-
correlations. The lensing kernel contains information about
the integrated mass distribution up to the last-scattering
surface. However, most photometric and spectrometer
galaxy surveys are restricted to lower redshifts. Taking
the cross-correlation of the lensing field with late time
galaxy probes C}’ helps constrain parameters such as the

123540-14


https://wwwmpa.mpa-garching.mpg.de/%7Ekomatsu/lecturenotes/Alex_Barreira_on_Modified_Gravity.pdf
https://wwwmpa.mpa-garching.mpg.de/%7Ekomatsu/lecturenotes/Alex_Barreira_on_Modified_Gravity.pdf
https://wwwmpa.mpa-garching.mpg.de/%7Ekomatsu/lecturenotes/Alex_Barreira_on_Modified_Gravity.pdf
https://wwwmpa.mpa-garching.mpg.de/%7Ekomatsu/lecturenotes/Alex_Barreira_on_Modified_Gravity.pdf
https://wwwmpa.mpa-garching.mpg.de/%7Ekomatsu/lecturenotes/Alex_Barreira_on_Modified_Gravity.pdf
https://wwwmpa.mpa-garching.mpg.de/%7Ekomatsu/lecturenotes/Alex_Barreira_on_Modified_Gravity.pdf

PROBING EARLY STRUCTURE AND MODEL-INDEPENDENT ...

PHYS. REV. D 107, 123540 (2023)

growth of structure and galaxy bias at late times. Assuming
Gaussian errors, the expected error in these cross-
correlation spectra is given by

ACY =

The linear bias b; which we assume to be scale and
redshift independent can be obtained from the following
relationship: b; « C¥//C}’ with an error proportional to
AC}? if we ignore the error in determining C%/ which is
usually smaller than the cross-correlation error of C}’. We
can see that if we could reduce the cosmic variance due to
C7*, this could lead to smaller errors in the cross-correlation
error and subsequently a smaller error in the linear bias.
To do so requires increasing the correlation between
the lensing and the galaxy field since the high redshift
portion of the lensing field has little correlation with the
galaxy field, and its presence only increases the cross-
correlation error.

Similar to the case of the neutrino application, here we
can form a low redshift only lensing map using the CIB as a
proxy of lensing at high redshifts.

o ar i
N7

kclean

L =Ry (B2)

where Ky, is the original CMB lensing convergence. We
note that, since our goal, in this case, is here to minimize the
low-redshift variance, the weights must include noise,
similar to the standard delensing case.

1. Modeling the lensing-CIB correlation

Since the goal here is to null the high redshift contri-
bution to the lensing map, we need to take a highly
correlated tracer with CMB lensing and subtract that from
it. An ideal candidate for such as tracer is the cosmic
infrared background (CIB) [50] which is strongly corre-
lated with the CMB lensing potential due to their extensive
overlap of the redshift kernels of both fields [25]. The
resulting cleaned lensing spectrum can be obtained by
estimating the correlation coefficient of the CIB with
lensing p,, and it is given by C¥ — C¥<(1 — p?).

To model the CIB, we adopt the single energy distribu-
tion (SED) model of [51] with the following kernel:

2 Y
(1 f_ 2)2 exXp |:_ (Z ZGZZC) :|fu(l+z)’ (BB)

Z

WP () = b,

where b, is the normalization obtained by matching the
C§™B*x gpectrum with the empirical spectrum obtained from
the Planck 545 GHz channel and z. = o, = 2 describes the
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FIG. 10. Correlation coefficients of the CIB with CMB lensing.
The orange curve is obtained from the SED model, with
parameters fitted to match the Planck CIB-lensing cross-
correlation spectrum. The green curve is the correlation obtained
from the GNILC CIB map.

redshift distribution of the CIB intensity. f, describes the
SED of the CIB source

— 1)~ if v<v/

(el
fl/ = h/ 1 3
(exr — 1)"WPH (5 v>

with 7 =34 K, a = # = 2 and the power law transition
occurring at v/ ~ 4955 GHz.

The correlation coefficient for this CIB with lensing in
orange is shown in Fig. 10, where we find a high degree of
correlation reaching nearly 0.8 for a large range of multi-
poles illustrating that the CIB is an excellent tracer of CMB
lensing. Shown in green is a more conservative correlation
coefficient which we also test in the cleaning procedure.
The correlation is obtained from maps of CIB constructed
via the generalized needlet internal linear combination
(GNILC) algorithm) at 353 GHz with shot noise and
contribution from galactic dust emission included [52].
Large Galactic dust residuals contaminate the large scales
of this CIB auto and cross spectra, and hence only scales
L > 100 are included.

2. Forecasting method
a. Angular power spectra

To illustrate the above intuition, we use a toy galaxy
field, the CIB field (See Appendix B 1 for details about
its modeling) and the lensing convergence field to
construct the 2-point angular power spectra: C5<, C}?, C5C1B,
C“® = [ and C$"™BCB. In the Limber approximation, the

angular power spectra are given by
dzH [+
C(;ﬁ :/ Z2 (Z) W(I(Z)Wﬂ(Z)P<k: 2’
x°(2) x(2)
where a, f € (k, g, CIB).

z> , (B4)
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The CIB window function is shown in Eq. (B3). For the
galaxy field, we consider a Gaussian galaxy density field
with mean redshift zy = 0.1 and width ¢, =2 with a
galaxy density of 7z = 1.06 arcmin’ and window function
W, given by

biA,
V276>

W = (B5)

Here b, is the linear bias with a fiducial value of b; = 2,
A, is a redshift dependent amplitude which is degenerate
with b; and in this example we take as values A, = 1.2
for z < 0.5 and Ay, = 1.2 for z > 0.5. This factor is
applied to the CIB and lensing kernels as well.

b. Fisher analysis

For the CIB delensing application, we also consider
lensing experiments with higher noise levels up to 10 pK’
attainable by a Simons Observatory-like experiment with
the specifications: beam FWHM = 1.4, A, =8 puK/,
Ap =113 pK’ and fg, = 0.3 and lensing experiments
attained with current ground-based observations such as
AdvACT [53] with beam FWHM = 1.4, A; = 15 pK/,
Ap =153 pK’ and fgy, = 0.3. The minimum variance
reconstruction noise by combining the different temper-
ature and polarization channels for the different experi-
ments is shown in Fig. 2.

The observables we consider are the lensing-galaxy
cross spectrum C}’, the galaxy auto spectrum C¥’ and
the CMB lensing auto spectrum, Cj° or the high
redshift cleaned version C;* which is related to the
uncleaned one via the CIB-lensing correlation p;,
C;* = C(1 —p?). In the above example, since the
overlap between the galaxy field and the CIB field is
very small, we assume that C;*Y ~ C}’. We use a Gaussian
covariance matrix Covi‘f if’Zﬁ 2 where a;,.p1, € (k,9).
For the CMB lensing convergence and the auto and cross
power spectra entering the covariance matrix we take into
account the lensing reconstruction noise N} and the shot
noise Ny’ = 1/#.

% improvement by
g & 3 &

IS
&

% improvement A,
N owow oA s g ow
88 8 & 84

N
>

200 250 300 350 400 450 500 550 600

FIG. 11. Top panel: reduction in the forecasted errors on the
linear bias. Bottom panel: similar improvements were observed in
the constraints on the amplitude of structure. The forecast is
performed for the cross-correlation between a low-z Gaussian
galaxy sample and the lensing field cleaned with CIB. The solid
line uses the SED CIB model, and the dotted lines use the CIB
that has a more conservative correlation coefficient with CMB
lensing, see Fig. 10.

We construct the Fisher matrix as

aC(z]ﬁ] _ acflzﬁz
Fiy =22 "5 [COVZ'fi},aZﬁZ] =L (Bo)

& 00; 00,

j
af
where @ = {by, Ajyy, Apign } are the parameters that we vary.

3. Results and interpretation

Fig. 11 shows that for a CMB-S4 CMB experiment, our
method of removing the high redshift content of the lensing
map can lead to 60% improvement in the determination of
the linear bias and 50% improvement in a measurement
of the amplitude of structure. The main factor in tightening
the constraints still comes from the degree of correlation
between the CIB and lensing. This improvement is
degraded when using the CIB field with a smaller degree
of correlation. For those cases, the CMB noise levels are
not that important, with experiments like SO and AdvACT
achieving similar improvements of 20%-30%.
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