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Standard rulers such as the baryon acoustic oscillation (BAO) scale serve as workhorses for precision
tests of cosmology, enabling distance measurements that probe the geometry and expansion history of our
Universe. Aside from BAO measurements from the cosmic microwave background (CMB), most standard
ruler techniques operate at relatively low redshifts and depend on biased tracers of the matter density field.
In a companion paper [H. Fronenberg, A.S. Maniyar, A.R. Pullen, and A.C. Liu, companion paper,
Phys. Rev. D 109, 123518 (2024).], we explored the scientific reach of nulling estimators, where CMB
lensing convergence maps are cross-correlated with linear combinations of similar maps from line intensity
mapping to precisely null out the low-redshift contributions to CMB lensing. We showed that nulling
estimators can be used to constrain the high redshift matter power spectrum and that this spectrum exhibits
discernible BAO features. Here we propose using these features as a standard ruler at high redshifts that
does not rely on biased tracers. Forecasting such a measurement at z ~ 5, we find that next-generation
instruments will be able to constrain the BAO scale to 7.2% precision, while our futuristic observing
scenario can constrain the BAO scale to 4% precision. This constitutes a fundamentally new kind of BAO

measurement during early epochs in our cosmic history.
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Introduction.—At the time of recombination (z ~ 1100),
the first atoms formed and photons streamed freely through
the universe. Today, we observe those photons as the
cosmic microwave background (CMB), a map which
provides unparalleled insight into the early moments at
the surface of last scattering. These photons, however,
have not traveled unimpeded. Weak gravitational lensing
of the CMB arises when photons from the surface of last
scattering are deflected by the gravitational potentials they
encounter on their way to us, resulting in distortions to
the statistics of the CMB. With the use of lensing estimators,
one can reconstruct the gravitational potential of the pro-
jected mass distribution along the line of sight (LOS) [1,2].
Reconstructing the lensing potential, or equivalently the
convergence, yields direct constraints on the total matter
distribution of the universe, both baryonic and dark, without
the use of a biased tracer. As such, the CMB convergence has
the ability to probe the growth of matter fluctuations, place
limits on primordial non-Gaussianity, constrain the sum of
the neutrino masses, and even test theories of modified
gravity [3-6].

This information, however, is projected onto a single
observable and the high-redshift contribution to the con-
vergence is dwarfed by that of the low-redshift universe
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(z < 2). This places limitations on the inferences that can be
made about the matter density field. Most notably, the fact
that the convergence is a LOS integrated quantity results in
the washing out of baryon acoustic oscillations (BAOs).
During the radiation-dominated era, dark matter began to
cluster while the photon-baryon fluid continued to oscillate,
producing BAOs which were then left imprinted on the
CMB at recombination. Through large-scale structure
formation, the BAO scale remains embossed in the dis-
tribution of galaxies, and provides a standard distance
measure across cosmic time.

Luckily, line intensity maps (LIMs) also experience
weak lensing by the large-scale structure. These lines,
however, are only lensed by a portion of the large-scale
structure that lenses the CMB, namely, the low redshift
universe. In Ref. [7], it has been shown that by using the
lensing information of two LIMs, one could not just
suppress, but exactly null out the low redshift contribution
to the CMB convergence. This nulling method has been
explored in the context of galaxy lensing [8—10] and has
been shown to be able to remove the imprint of various
effects from CMB lensing maps for which the physics is
uncertain [11-13]. While never implemented with real data,
these techniques can be an important new tool for studying
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the high redshift universe. What is more, Ref. [7] shows
that the CMB x LIM-nulling convergence spectrum,
(RRpuin)» 1s free of LIM interloper bias. Most recently, we
showed in Ref. [14] that the CMB x LIM-nulling con-
vergence can be compared to traditional CMB lensing
constraints, and that such comparisons can serve as
model-independent tests of cosmology beyond ACDM.
Additionally, we explicitly showed that the CMB x LIM-
nulling convergence probes high-redshift modes of the
matter power spectrum, which can in turn be used to place
limits on the matter power amplitude, the matter transfer
function, and measure important features of the matter
power spectrum. These results suggest that performing
LIM nulling of CMB lensing observations has the potential
to probe a vast amount of high-redshift information.

In this Letter, we propose a new method to detect
BAOs using the CMB x LIM-nulling convergence spec-
trum which can be used as a standard ruler over a large
cosmological window (z > 2). This method, in principle,
allows one to directly probe the matter density field during
cosmic noon, the epoch of reionization (EoR), cosmic
dawn, and even during the cosmic dark ages. The procedure
to measure BAOs in this cross-convergence spectrum is
similar to that of using the matter power spectrum or the
galaxy correlation function; however, this probe has unique
benefits. In Fig. 1, the window in which CMB x LIM
nulling can be used for studying the high-z universe is
shaded in grey. LIM surveys typically have fine spectral
resolution and are conducted over a large bandwidth. This
therefore allows for direct, large-scale studies of the matter
density field over a vast and relatively unexplored cosmic
window, filling a void between BAO measurements from
7z < 3 and high-z CMB measurements [15-23].

CMB convergence and LIM nulling.—The CMB acts
as a source image which is lensed by the intervening
matter density field. The deflection of CMB photons
produces correlations between the otherwise uncorrelated
CMB spherical harmonic coefficients, a,,,. Just like the
CMB, lower redshift LIMs also incur such correlation as a
result of lensing and, most importantly, LIMs and the CMB
share common low redshift induced correlations. With
the use of quadratic estimators (or more advanced tech-
niques [25,26]), the lensing convergence can be estimated.
This estimated quantity is related to the total matter density
integrated along the line of sight. The convergence « is
given by

cd?
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where z, is the redshift of the source, W(z, z;) is the lensing
kernel, H(z) is the Hubble parameter, c is the speed of light,
x denotes the comoving distance, and §,,(r, z) is the matter
overdensity field. The lensing kernel for a source at a single
comoving slice is given by
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FIG. 1. Current and projected BAO measurements as a function

of redshift. Current measurements from galaxy, quasar, and
Lyman-a surveys are shown at z < 3 using solid markers [15-23].
Forecast constraints are shown with a hollow marker. The
dark green diamond shows the projected measurement from
CMB x LIM nulling while the remaining constraints are from
high-z LIM surveys [24]. The grey shaded region denotes
the redshifts where LIM nulling can be performed for high-z
studies (2 < z < 14).
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where H|, is the Hubble constant, €2, , is the matter fraction
today, a is the scale factor, c is the speed of light, and y(z,)
is the comoving distance to the source. One can then
compute the angular power spectrum C’ZKj of any two
convergence maps k; and «;, given by
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where P,, is the matter power spectrum in the Limber
approximation, and i and j index the maps. These maps
might, for example, be constructed from the linear combi-
nation of multiple convergence maps from different probes.

From Eq. (1), it should be clear that it is possible to
construct some W;(z, z5) that vanishes over the low redshift
interval [0, z,,;]. Since W is quadratic in y, a linear
combination of three such kernels suffices to find a
nontrivial null solution for the coefficients of this poly-
nomial. As shown in Ref. [7], using convergence maps
estimated from two LIMs and from the CMB at redshifts
71 < 25 < Zcwme, respectively, the LIM-nulling kernel is
given by
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FIG. 2. Top: fractional difference between convergence spectra
computed with the linear power spectrum and with the no-wiggle
Eisenstein and Hu fitting function for regular CMB lensing
(black) and CMB x LIM nulling (red). Middle: the CMB con-
vergence spectrum C5¥ (solid black) and the CMB x LIM-nulling
convergence spectrum C5™! (solid red). The dot-dashed black
line corresponds to the CMB x LIM-nulling convergence spec-
trum computed with the no-wiggle Eisenstein and Hu fitting
function. Bottom: the plot shows the integrand of Eq. (3) I at
increasing redshifts from top (z = 1) to bottom.

Woar = W(z, zems) + aW(z,22) = (1 + )W (z,24),  (4)

where a = [1/x(zems) = 1/2(20)]/[1/2(21) = 1/x(22)]-

Figure 2 shows the relevant estimated convergence
spectra. The CMB convergence spectrum, C¢*, is smooth
with no discernible BAO features which is due to the
angular evolution of the BAO wiggles which is depicted in
the bottom panel. Examining the integrand of Eq. (3)
evaluated at several redshifts, one can see that the BAO
wiggles evolve to lower L as z decreases which, when
integrated over, results in the washing out of BAO wiggles
in C8¥. While C5* can provide information about the scale
of structures which dominate the deflection of CMB
photons, it cannot act as a standard ruler.

In the CMB x LIM-nulled convergence spectrum, Cik"““,
acoustic peaks emerge, which is apparent in the top panel of
Fig. 2 where the fractional difference between the wiggle
and no-wiggle spectra is plotted. This BAO feature is the
result of the much slower angular evolution of the BAO
scale at early times. Again, referring now to the bottom
panel of Fig. 2, the pale high-z curves share largely
overlapping acoustic peaks compared to the darker low-z
curves whose peaks and troughs mix.

What we argue is that the acoustic peak in the
CMB x LIM-nulling spectrum is, to good approximation,
a proxy for measuring the BAO scale at z = z,,;;. Since the
nulling kernel is sharply peaked near z,,; and the matter
transfer function is monotonically increasing, the matter
density field is weighted most heavily near this redshift.
Therefore, the location of the BAO wiggles in the
CMB x LIM-nulling spectrum can be used to measure
the BAO scale at z ~ z,,. To test this hypothesis, we
perform an Alcock-Paczynski (AP) test on a mock dataset
in order to place constraints on the BAO scale.

BAO model and AP test.—To model the CMB x LIM-
nulling convergence spectrum, one can write down the
spectrum using Eq. (3) with i =CMB and j=LIM
nulling, and parameterize the matter power spectrum using
Poodel(k, 2) = Py (k, 2) + APgpo (K = wk,z) where the
BAO wiggles are independently parameterized by A and
. These parameters control the amplitude and location of
the wiggles, respectively. The BAO spectrum is given by
Pgpao = Py — P, Where Py, and P, are the Eisenstein
and Hu linear and no-wiggle fitting functions computed
using the publicly available code NBODYKIT [27,28]. Using
this power spectrum model, we fit our two BAO param-
eters, A and w. The parameter A is the amplitude of the
BAO wiggles in the matter power spectrum and o stretches
the position of the wiggles as a function of wave number «.
The parameter w is of particular interest since a change in
the configuration space BAO scale is captured by our
dilatation parameter .

We perform an AP test on mock CMB x LIM-nulling
convergence spectra in order to make use of the BAO
wiggle as a standard ruler. Such a test constitutes altering
the location of features at some wave number k to k/a.
Typically the AP parameter a is decomposed into LOS,
ki /e, and perpendicular modes, k, /o, and these are
related to the following physical parameters via the
relations

_ ng(z)rd
B DA(Z>rgd

Hfid(z)rl;id
H(z)ry

(5)

a| (XH =

where H is the Hubble parameter, D, is the angular
diameter distance, r,; is the acoustic scale, and the super-
script “fid” denotes the value of the parameter in the
fiducial cosmology.

When nulling is performed with a single pair of LIMs,
however, we are only sensitive to the perpendicular AP

parameter. This is because C; ™' is a LOS integrated
quantity. Thus, instead of fitting for both AP parameters,
we focus on «a; since this is precisely our parameter w.
While in this work we focus on a single LIM-nulling pair, it
is in principle possible to perform LIM-nulling tomography
at several different redshifts, using pairs of frequency
channels from two LIM experiments, to access the LOS
information and «. Given the high spectral resolution of
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current and upcoming LIM surveys, which resolve the
BAO scale in the LOS direction, one can perform nulling at
several redshifts, subtract the nulled convergence maps, and
build a CMB convergence cube instead of just a single map.
We leave the full 3D convergence estimation and analysis
for future work.

Mock data and MCMC setup.—We simulate nulling
performed with Lyman-a (Ly-a) and ionized carbon
([CII]) observations from z = 3 and z = 5, respectively.
Line interlopers (where other spectral lines may redshift into
one’s observational bands) can be a serious concern for LIMs.
Here we include H-a and CO (J = 4-3) as line interlopers
for Ly-a and [CII], respectively. We simulate the auto- and
cross-spectra of these lines using the publicly available code
Halogen [29] which uses a halo model formalism based on
conditional luminosity functions [30].

We define Next Generation and Futuristic observing
scenarios. For the former we simulate noise from Cosmic
Dawn Intensity Mapper (CDIM) for Ly-a observations,
the Stage II instrument for [CII] observations, and the
Simons Observatory (SO) for CMB observations, over a
100 deg” field (the nominal survey area for these LIM
experiments) [14,31-33]. We assume interloper residuals to
be at the 5% level and we perform LIM lensing
reconstruction using ' pvmax = 10000. For the Futurisic
scenario, we model noise from CDIM, Stage II and from
CMB Stage-4 (CMBS4), over one quarter of the sky
(f sky = 0.25) [34]. In this scenario we assume 1% interloper
residuals and perform LIM lensing reconstruction with

CLimmax = 20000. For the SO noise, we use N';CMB from
the SO noise calculator [35] and for CMBS4 the lensing
noise is obtained from the CMBS4 Wiki [36]. Throughout,
our fiducial cosmology is that of Planck 2015 [37].
Additional details can be found in Sec. IV of Ref. [14].

Using Eq. (3), our power spectrum model, and the line
and instrument models discussed above, we generate mock
C'zk"““ data and draw Gaussian random noise consistent with
the CMB x LIM-nulling reconstruction variance, Vari’%““”,
which we derive in Appendix A of Ref. [14]. In both cases,
the data samples multipoles L,,;, = 30 to L., = 1500. We
define a Gaussian likelihood £

]nﬁ(ﬂi) _ _EZ [CdLata _ CTOdel(ﬂi)]z (6)

data
24 vary’

where C$@ s the dataset used to constrain the model
Crodel(2,) with parameters 1; = {A,a,} in our case.
We sample the likelihood using the PYTHON package
EMCEE [38] and impose a prior on A that it be non-negative,
A > 0. Given that the BAO scale has been measured to the
percent level by galaxy and quasar surveys and to the
subpercent level by Planck, we place a Gaussian prior on
a; with 10% error which is consistent with current
observations yet conservative.

TABLE 1. Posterior on the BAO model parameters for Next
Generation and Futuristic cases with 68% credibility error bars
and corresponding relative percent errors.

A ay
Best fit 0% Best fit 0%
Next Gen. 512730 59.6 0.970% 7.2
Futuristic 1.671048 27.5 0.9910% 4.0

Results.—We present the forecast sensitivities on the
model parameters A and « | in Table I and we show the one-
and two-dimensional posterior distributions for these
parameters in Fig. 3. In both the Next Generation and
Futuristic observing scenarios a BAO detection is possible
albeit with relatively low signal to noise. The parameter A
which characterizes the amplitude and therefore the exist-
ence of BAO features in the spectrum is weakly constrained
in both scenarios, but nonetheless rules out a featureless
spectrum at over 3.6¢ in the optimistic case and 1.7¢ in the
moderate case. For the AP parameter a, the situation is
more encouraging. In the Next Generation scenario, the
BAO scale can be measured with a precision of 7.2%. In the
Futuristic scenario, things are even more promising. It is
possible with future generation experiments to measure the
BAO scale with 4% precision solely using CMB lensing
information. These constitute BAO scale measurements at
z ~ 5. While there is still a small amount of decorrelation of
BAO wiggles due to the evolution of the comoving distance
at z > 5, our tests (which involved artificially aligning the
BAO features in the bottom panel of Fig. 2) indicate that
this is a negligible effect. This test also indicates that any
smearing to the effective redshift of this measurement due
to the extended kernel is also negligible.

To put these results in context, we comment on the
current status of BAO measurements from high-redshift
LIM surveys. While there are currently no BAO detections
at 3 < z < 1100, there have been a number of forecasts
around z~35 to which we can compare our results.
Reference [39] explores the possibility of a BAO detection
with CO and [CII] line emission and show that while
current generation experiments will be unable to achieve a
detection, next-generation and more futuristic experiments
could achieve 5% and ~1% level detection, respectively,
contingent on the intensity of the line emission.
Reference [24] shows that using SPHEREx H-a measure-
ments at z = 4.52 it is possible to measure ; to a precision
of 7.0%, the same level as our Next Generation scenario.
Using SPHEREX Ly-a they show it is possible to reach a
level of precision of 5.2% at z = 5.74. They too include a
conception of a futuristic CO mapping instrument which,
similar to Ref. [39], is able to achieve a 1.5% level detection
at z = 5.3. While we do not achieve quite this level of
precision in our Futuristic scenario, it should be noted that
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FIG. 3. Projected 68% (darker colour) and 95% (lighter colour)
credibility contours for the BAO model parameters A and a; for
Next Generation (green) and Futuristic (blue) scenarios. The
black line denotes the fiducial values.

lensing measurements are not subject to the same astro-
physical modeling biases to which LIM BAO measure-
ments are subjected. Since lensing is an unbiased tracer,
there is no disentangling the matter power spectrum
component from the astrophysical components of the
measured spectrum as is the case with LIM surveys.

Considering now BAO forecasts from HI experiments,
square kilometer array (SKA) will not be capable of
making a BAO detection from the angular direction at
frequencies below 800 MHz (z > 0.78) [40]. This is due to
the angular smoothing of BAO features by the SKA beam.
SKA will, however, be able to make a BAO detection in the
radial direction out to z ~ 3. The detection of velocity-
induced acoustic oscillations (VAOs) in the HI power
spectrum has also been shown to be a promising standard
ruler at cosmic dawn; however, VAOs are damped and
undetectable by z ~ 12 though some work has suggested
their signature may persist to lower z [41-44]. Measuring
the BAO scale during and soon after reionization is indeed a
challenging feat.

While the constraints we present here are already
competitive with existing forecasts, they can still be
improved upon. Our forecast here uses just a single pair
of LIM frequency channels. By making use of the fine
spectral resolution of LIM experiments and combining this
spectral information while nulling, it is possible to yield a
higher significance detection. The precise gain in SNR
one would obtain from combining spectral information
we leave for future work. In addition, the tried and
true methods for increasing one’s constraints apply

here. Increasing the survey areas, performing lensing
reconstruction with higher 7., and improving foreground
removal techniques for line interlopers can all lower the
CMB x LIM-nulling variance. Of course, another avenue
would be to place more stringent priors on the fit, although
care must be taken to ensure that the posterior is not prior-
dominated.

Conclusion.—We have shown that it is possible to
measure the BAO scale over a wide redshift range from
a CMB lensing observable. The BAO features that emerge
in the CMB x LIM-nulling convergence spectrum serve as
a proxy for the BAO features at z ~ z,,;.- Using next
generation instruments, we have shown, by way of an
AP test, that the detection of this feature can act as a
standard ruler, and can constrain the perpendicular AP
parameter, |, to the 4% level in a Futuristic observing
scenario and to 7.2% in the Next Generation scenario.
These constrains are competitive with existing high-z
forecasts of BAO measurements from LIM surveys. This
technique may be used to tease out information about the
matter density field over a large period of cosmic history
from difficult to reach redshifts purely using information
from lensed CMB photons.
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