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We forecast the sensitivity of future correlations between cosmic microwave background (CMB) lensing
and the Lyman-α forest power spectrum. This squeezed-limit bispectrum probes the connection between
the Lyman-α transmission and the underlying large-scale matter density field. We recover the measured
signal-to-noise (SNR) ratio obtained with Planck × BOSS, and forecast a SNR of 10.3,14.8 and 20.2 for
DESI combined with ACT, SO, and CMB-S4, respectively. For DESI and SO/CMB-S4, the correlation
should be detectable at SNR ≥ 5 in 5 redshift bins, useful for distinguishing our signal from several
contaminants. Indeed, our forecast is affected by large theoretical uncertainties in the current modeling of
the signal and its contaminants, such as continuum misestimation bias or damped-Lyman-α absorbers.
Quantifying these more accurately will be crucial to enable a reliable cosmological interpretation of this
observable in future measurements. We attempt to enumerate the features required in future Lyman-α forest
simulations required to do so.
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I. INTRODUCTION

The bright light from distant quasars acts a backlight for
the large-scale structure. Fluctuations of the matter density
field, accompanied by fluctuations in the neutral hydrogen
density, imprint shadows on this backlight, in the form of
the Lyman-α absorption at a rest-frame wavelength of
121.6 nm. The redshifted Lyman-α absorption produces a
forest of lines in the quasar spectrum—the so-called
Lyman-α forest. Such “skewers” of the neutral hydrogen
density are one of the best probes of the matter density
fluctuations on the smallest scales. As such, they have
produced some of the tightest constraints on the masses of
neutrinos and warm dark matter [1–4]. By cross correlating
the Lyman-α absorption across lines of sight, and with
other tracers of the matter (e.g., quasars themselves), the
Lyman-α is also a powerful probe of the large-scale matter
fluctuations at high redshift, including the baryonic acous-
tic oscillations [5–10].

Crucially, all these cosmological results rely on under-
standing the connection between matter density and
Lyman-α absorption. One generally assumes the neutral
hydrogen causing the absorption to be in photoionization
equilibrium in a uniform UV background, with no addi-
tional source of entropy in the hydrogen gas. This leads to
the fluctuating Gunn-Peterson approximation [11], rou-
tinely implemented in numerical simulations [12,13].
However, many complex physical effects are expected to

affect the matter-Lyman-α absorption relation. They
include Jeans smoothing, thermal broadening, and non-
linear peculiar velocities on small scales, the ionization
from the proximity with UV sources (including the quasars)
on large scales, and any source of entropy in the gas
equation of state [14–16]. Measuring empirically the
matter-Lyman-α connection would therefore be valuable.
To do this, we follow Refs. [17,18] and consider a

different imprint of the large-scale structure on a different
backlight: the lensing distortion on the cosmic microwave
background (CMB) [19]. The CMB lensing convergence is
a direct probe of the matter overdensity field, integrated
along the line of sight. [20] Cross-correlating it with the
Lyman-α forest is thus a direct way to measure their
connection [17,18,21,22].
Unfortunately, this direct cross-correlation is difficult in

practice. Uncertainty in the quasar continuum, i.e., the quasar
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spectrum we would see in the absence of any Lyman-α
absorption, is largely degenerate with the large-scale density
Fourier modes along the line of sight. Without these large-
scale modes, one cannot estimate the mean absorption on a
given Lyman-α forest, which would most directly correlate
with the CMB lensing convergence. While this may be
possible in the near future with new quasar continuum
techniques, we here focus on a way to reconstruct the mean
absorption along the Lyman-α forest indirectly, via its non-
linear coupling to the small-scale modes we can measure in
the Lyman-α forest [23–25]. Physically, nonlinear evolution
under gravity causes the small-scale Lyman-α power spec-
trum to respond (linearly at first order) to the mean over-
density on the same line of sight. Estimating the κ-Lyman-α
correlation thus requires to face the same issues as for
correlations between line intensity mapping and any inte-
grated quantity such as CMB lensing or tSZ. Indeed, the
large-scale modes are also suppressed in LIM due to galactic
contaminants and most of the findings about the κ-Lyman-α
bispectrum should apply on LIM cross correlations.
In this paper, we revisit existing models for this cross-

correlation and its contaminants, following Refs. [18,26],
highlighting the modeling challenges and the ingredients
which need to be simulated in order to accurately interpret
the signal. We perform a signal-to-noise estimation for
current and upcoming experiments and find that DESI-Y5
and CMB lensing reconstructions from ACT, SO, and
CMB-S4 will lead to a significant detection of the signal in
multiple redshift bins.

II. INTENSITY MAPS WITH MISSING MODES:
ENABLING CROSS-CORRELATIONS WITH

2D FIELDS

To measure the Lyman-α absorption within a given
forest, one compares the observed, absorbed quasar spec-
trum with an estimate of the quasar continuum, i.e., the
unabsorbed spectrum. While the quasar continuum is
uncertain, it can be assumed to be smooth. As a result,
the uncertain quasar continuum is degenerate with the
large-scale line of sight modes of the one-dimensional
Lyman-α power spectrum. These Fourier modes are thus
typically discarded. However, these are specifically the
Fourier modes needed to measure the mean Lyman-α
absorption on the corresponding line of sight. Without
these modes, the Lyman-α forest can thus not be correlated
with two-dimensional tracers of the matter density such as
CMB lensing.
This feature is generic for many line intensity maps, both

in absorption (Lyman-α forest) or emission (e.g., 21 cm,
CO, CII, Hα, or Lyman-α lines). For emission line intensity
maps, the issue if often continuum foregrounds, such as the
zodiacal light, the Milky Way or the cosmic infrared
background. These foregrounds are typically assumed to
be spectrally smooth, and thus only degenerate with the
large-scale Fourier modes along the line of sight. These

modes are thus typically discarded, making it impossible to
correlate these observables with 2D maps. This is unfortu-
nate, as such cross-correlations would be valuable in
ascertaining the cosmological nature of observed line
intensity mapping signals, and would constrain their con-
nection to the matter density field.
This issue can be circumvented by better modeling the

foregrounds, or the quasar continuum in the case of the
Lyman-α forest. Another solution is to use the Lyman-α
forest or the intensity map as a light source whose lensing
can be reconstructed [27,28]. This lensing can then be
correlated with 2D maps. Yet another solution is to
reconstruct the missing line-of-sight modes, using their
coupling to the small-scale Fourier modes which are
directly observable. This is generally done with a quadratic
estimator, and called position-dependent power spectrum
or tidal reconstruction [18,23,29].
In this paper, we follow this approach. We use the small-

scale 1D Lyman-α power spectrum as a quadratic estimator
for the large-scale density field, and correlate it with
CMB lensing (see Fig. 1). This cross-correlation is thus

FIG. 1. Because of the nonlinear evolution under gravity, the
amplitude of the Lyman-α power spectrum on small scales
responds to the large-scale matter overdensity. We look for this
signal by cross-correlating the CMB lensing convergence, probe
of the matter overdensity, with the 1D Lyman-α forest power
spectrum. This amounts to reconstructing the large-scale Fourier
modes from the small-scale modes, with a quadratic estimator in
the Lyman-α forest, akin to tidal reconstruction [29].
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effectively a bispectrum measurement. We model this
bispectrum following the position-dependent power spec-
trum formalism, as used in the derivation of the super-
sample variance [30–32].

PLyαðkk; r⊥Þ ¼ PLyαðkkÞ þ
dPLyαðkkÞ

dδ̄
δ̄ðr⊥Þ ð1Þ

where r⊥ is the angular position on the studied slice. As a
result,

hPLyαðkk;k⊥Þκ�ðk0⊥Þi ¼
dPLyαðkkÞ

dδ̄
P2D
δ̄κ
ðk⊥Þ ð2Þ

where P2D
δ̄κ
ðk⊥Þ is given by

P2D
δ̄κ
ðk⊥Þ ¼ hκðk⊥Þδ̄ðk⊥Þi: ð3Þ

In order to evaluate these expressions for our signal of
interest, we start with the CMB lensing convergence in
Sec. III. We then focus on the Lyman-α forest power
spectrum in Sec. IVand its response to a matter overdensity
in V, highlighting the important theoretical uncertainty in
the expected signal.

III. CMB LENSING FROM PLANCK, ACT, SO,
AND CMB-S4

The signal of interest is a correlation of the one-
dimensional Lyman-α power spectrum with the lensing
convergence measured in the same line of sight. We
therefore seek an estimator for the lensing convergence
on a given line of sight that minimizes its mean-squared
error with respect to the true lensing convergence. The
estimator linear in the convergence map which minimizes
this mean-squared error is the Wiener filter

κWF
lm ¼ Wlκlm; ð4Þ

where Wl ¼ Cκκ
l =ðCκκ

l þ Nκκ
l Þ.

In principle, one could instead explores the scale depend-
ence of the Lyman-α -Lyman-α -CMB lensing bispectrum,
as a function of the separation between the separation
between the position in the CMB lensing map and the
Lyman-α forest line of sight. However, this scale dependence
is likely trivial, given by the CMB lensing-matter correlation
function, which is better probed directly with CMB lensing
alone. As a result, we choose to compress the information
(and the signal-to-noise) from this scale-dependence into an
optimal point estimate for the CMB lensing convergence, the
Wiener-filtered convergence.
The resulting filtered map κWFðn̂Þ will therefore be a

smoothed version of the original map with a typical
smoothing scale θWF. We demonstrate in Appendix B 2
that even if we have multiple Lyman-α forest lines of sight
separated by less than θWF (i.e., with a highly correlated

CMB lensing measurement) we do not lose constraining
power on the κ − Lyα bispectrum. In the following we will
show forecasted signals and errors for different dataset
combinations. We will use the Planck 2018 lensing
measurement to compare the result of our forecast with
previous measurement on the data (using Lyman-α forests
from BOSS in [18]). We will present forecasts for combi-
nations that use the recent ACT DR6 lensing measurements
[33,34], and the upcoming Simons Observatory [35] and
CMB-S4 [36] measurements. The noise power spectra used
in this analysis are shown in Fig. 2.
Figure 3 shows the Wiener filter in real space as well as

the correlation function of the Wiener filtered convergence
maps. We choose to quantify the correlation length of the
Wiener filtered κ convergence map with ξðθWFÞ ¼ 0.5,
which means that two directions separated by more than
θWF have less than 50% correlation. We obtain θWF ¼ 0.53,
0.44, 0.27, 0.18 degrees for Planck, ACT DR6, SO, and
CMB-S4 respectively. This scale is relevant, as it gives us
an idea of the typical size of patches of roughly con-
stant κWF.
Table I displays the standard deviation of the conver-

gence map (i.e., the value of the correlation function for
θ ¼ 0). Note that the experiments with small noise power
spectra have higher variance. Indeed the Wiener filter
roughly set to 0 the signal on noise dominated scales.
The second column shows the squared SNR, ie the ratio of
the variance coming from the signal, and the variance
coming from the noise.
We can express the lensing convergence κ in Eq. (3) as

the integrated matter density perturbation, such that the
two-dimensional power spectrum becomes

FIG. 2. Planck, ACT, SO, and CMB-S4 will measure the CMB
lensing convergence power spectrum with ever lower noise power
spectrum (colored curves). The CMB lensing measurement is
signal dominated per Fourier mode at every multipole L where
the noise power spectrum is below the expected lensing power
spectrum (black curve, from a fiducial Planck 2018 TTþ TEþ
EE cosmology).
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P2D
δ̄κ
ðk⊥Þ ¼ Λκð−k⊥Þ

Z
χmax

χmin

dχ0Wκðχ0ÞFðχ; χ0;k⊥Þ; ð5Þ

where

Fðχ; χ0;k⊥Þ ¼
Z

dq
2π

Pδδðq;k⊥Þsinc
�
qΔχ
2

�
eiqðχ0−χÞ: ð6Þ

The quality of the CMB lensing reconstruction appears
only as the Wiener filter in Fourier space Λκð−k⊥Þ in
Eq. (5) (see Appendix A for more details.) It implies that
the higher the lensing signal-to-noise is, the higher the
bispectrum signal [Eq. (2)] between CMB lensing and the
Lyman-α power spectrum will be.

IV. LYMAN-α FOREST FROM BOSS AND DESI

The one-dimensional Lyman-α power spectrum P1D
Lyα does

not explicitly enter the expression for the κ − Lyα bispectrum

as shown in Eq. (2). However, it directly enters the covariance
of the bispectrum. This can be approximated as:

covðBκ;LyαÞ ¼ covðP1D
LyαÞ × covðκ̂WFÞ; ð7Þ

which depends on the variance of the κ convergence field and
the variance of the one-dimensional Lyα power spectrum.
This expression holds when the two quantities κ and PLyα are
approximately independent. This is verified by computing
their correlation coefficient for an individual line of sight.
This correlation coefficient is effectively the SNR per line of
sight for our effect, which is very small.
We thus average a large number line of sights to improve

the signal-to-noise on the bispectrum. Forecasting this thus
requires knowing the number of l.o.s. per redshift bin.
Figure 4 displays the total number of l.o.s. for the 9 redshift
bins considered in this analysis. We assumed a survey area
of 1500 square degrees for the ACTþ DESI − Y1 forecast
and 5000 square degrees for the SOþ DESI − Y5 forecast.
The overlaping area between DESI and CMB surveys
mostly depend on the sky covered by the DESI survey, and
therefore we selected these two values to illustrate the
constraining power from early and final DESI data. The
total number density of the assumed quasars redshift
distribution is 51 l.o.s. per square degree. The number
density for BOSS is computed assuming that the total
number of forests is 87,085 as quoted in [18] to enable a fair
comparison with that measurement of the bispectrum.
Different lines of sight with small angular separation will

be multiplied by highly correlated values of κWF in our
bispectrum estimator. One may worry that the total SNR
would therefore not scale as

ffiffiffiffiffiffiffiffi
Nlos

p
, but instead as the

FIG. 3. We apply a Wiener filtering to the lensing convergence
maps to maximize the local signal-to-noise ratio. In real space,
the Wiener filtering is a smoothing of the map with a kernel
(dashed lines). We then compute the angular correlation of the
filtered signal (solid lines) for Planck 2018 (blue), ACT DR6
(yellow) and Simons Observatory (red).

FIG. 4. Number of galaxies per redshift bin for DESI [Obtained
from the public GitHub repository [37] ]. If we integrate the
number density, it corresponds to 51 lines of sight per square
degree. We show here the total number of galaxies per redshift bin
considering different survey areas. To get the correct number
density for our Planckþ BOSS forecast we rescaled this density
to get the same total number of lines of sight than in Ref. [18].

TABLE I. Standard deviation of the Wiener-filtered conver-
gence field. As the CMB lensing sensitivity improves with
Planck, ACT, SO, and CMB-S4, fewer and fewer scales are
filtered out by the Wiener filter, thus increasing the ratio of signal
to noise (right column) and increasing the overall variance
(middle column).

Experiment σðκ̂WFÞ σsignal=σnoise

Planck 0.0152 0.58
ACT DR6 0.0210 0.80
SO baseline 0.0302 0.99
CMB-S4 0.0422 1.41
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shallower
ffiffiffiffiffiffiffiffiffiffi
NκWF

p
, where NκWF is the number of patches with

independent values of NκWF. In Appendix B we demonstrate
that this is not the case and that we indeed expect the signal-
to-noise on the bispectrum to improve with

ffiffiffiffiffiffiffiffi
Nlos

p
and not

with the number of independent κ patches.
The variance of the one-dimension power spectrum is

given by

covðP1D
LyαÞ ¼

2ðP1D
Lyα þ Pnoise=W2

spectroÞ2
Nmodes

; ð8Þ

where Nmodes ¼ Δk � Δχ=ð2πÞ is the number of modes per
k bins and Wspectro ≡ exp ð−k2kσ2R=2Þsincðkkδχ=2Þ is the

spectrograph window function accounting for resolution
effects. Throughout the paper, we use a spectrograph
resolution σR ¼ 0.77 Mpc=h estimated from Ref. [38]
for BOSS data, and a typical pixel size δχ ¼ 2π=kkmax

with kkmax ¼ 6 h=Mpc. We account for DESI’s higher
spectral resolution (50% improvement with respect to
BOSS [39]), by rescaling the spectrograph resolution
quoted above. Our baseline model for the one-dimensional
power spectrum is the NPD13 template [38]. The model
power spectra are shown in Fig. 5 for different quasar
redshifts.
The noise power spectrum is given by

Pnoiseðk; zÞ ¼
c

ðSNRQSOÞ2λLyαHðzÞ ; ð9Þ

where SNRQSO is the wavelength-averaged SNR of indi-

vidual quasar spectra in unit of 1=
ffiffiffiffi
Å

p
. The mean SNR used

in this forecast, averaging over all redshift bins is 3.0 Å−0.5.

We find it to be in agreement with SNR values quoted in the
literature for DESI [40,41]. We expect the spectrograph
noise to mostly matter at low-z and at small scales along the
line-of-sight. Indeed we have checked that rescaling the
SNR2

QSO by a factor of 2 induces a 30% variation of
the forecasted bispecrum SNR for the lowest redshift bin,
and only of order 10% for the highest redshift bins. We
perform average within the redshift bins considered in the
analysis to get the noise power spectrum used to compute the
variance of the one-dimensional power spectrum in that bin.

V. RESPONSE OF THE LYMAN-α POWER
SPECTRUM TO A LOCAL OVERDENSITY

The response dP1D
Lyα=dδ̄ of the one-dimensional Lyman-α

power spectrum to a local matter overdensity is needed to
evaluate the bispectrum as expressed in Eq. (2). As we show
in this section, there are large theoretical uncertainties on the
modeling of this quantity. These uncertainties propagate to
uncertainties in our forecasted SNR, and will limit our abi-
lity to interpret future measurements. Narrowing down the
theoretical uncertainty, e.g., with simulations [26], will
therefore be crucial. In this section, we outline the theoretical
ingredients needed and their uncertainties.

A. Baseline model: Separate-Universe simulations from
Chiang et al.

Our baseline model for the P1D
Lyα response to a large-scale

overdensity comes from Ref. [26]. It uses the separate
Universe approach [22,42] to estimate the signal, shown in
Fig. 2 of Ref. [26].
Figure 6 displays Rðk; zÞ ¼ d logP1D=dδ̄ evaluated for

forests centered on different redshifts. Reference [26]
provides simulations of this quantity at z ¼ 2.2, 2.4, 2.6,
2.8, and 3.0 displayed as thick lines. To estimate the
response at an arbitrary redshift, we use bilinear interpo-
lation for 2.2 ≤ z ≤ 3.0. To compute the response outside
of this redshift range, we have extrapolated the quantity
Rðk; zÞ=Rðk; zrefÞ where zref is a reference redshift (set to
z ¼ 3 in the following). The extrapolation model is defined
as Rðk;zÞ

Rðk;zrefÞ ¼ kaðzÞebðzÞ where

aðzÞ ¼ a1

�
1þ z
1þ zref

− 1

��
1þ z
1þ zref

�
a2
; ð10Þ

and

bðzÞ ¼ b1

�
1þ z
1þ zref

− 1

�
: ð11Þ

We fitted a1 ¼ 8.8, a2 ¼ 4.9 and b1 ¼ −4.9 at a reference
redshift zref ¼ 3.0. The interpolated and extrapolated quan-
tities are shown in Fig. 6 as thin dashed lines. We choose to
interpolate the logarithmic response of the one-dimensional
Lyα power spectrum d lnP=dδ̄ ¼ dP=dδ̄=P rather than

FIG. 5. In order to forecast the uncertainty on the κ − Lyα
bispectrum, we need to estimate the uncertainty on the one-
dimensional Lyman-α power spectrum. We choose the NPD13
model [38] for the 1D power spectra, shown here for the bin
center used in this forecast.
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dP=dδ̄ to be less affected by potential differences in the
absolute amplitude of the power spectrum P between the
simulations and the model that we are using in this paper
[38]. The arbitrary choices made during extrapolation do
not impact significantly the forecasted signal-to-noise
presented in this paper because the signal-to-noise in the
highest redshift bin (z ≥ 3) is small (see Sec. VI).
The simulations on which this model is based model a

number of complex physical effects. These include Jeans
smoothing where baryonic pressure support erases fluctu-
ations on small scales, thermal broadening of the Lyman-α
absorption lines due to local thermal velocity dispersion,
redshift-space distortions on large scales (Kaiser effect) and
small scales (fingers of God), and finally the nonlinear
structure formation under gravity. Many of these effects
require an accurate modeling of baryonic physics, includ-
ing feedback from galaxy formation, which are highly
uncertain. Furthermore, simulations with complex and
realistic UV background fluctuations would be valuable
in assessing how much these additional sources of fluctua-
tions in the neutral hydrogen density could be detectable in
our cross-correlation with CMB lensing. In order to
improve the modeling of the signal, ideally one would
measure the squeezed bispectrum BκLyman−α from simula-
tions with a range of baryonic models over the scales of
interest (0.1 ≤ kk ≤ 1.5 h=Mpc) and redshifts of interest
(2 ≤ z ≤ 3.6) for DESI. Short of this, separate universe

simulations with varying baryonic models would be useful
to get a better estimate of the response of the one-dimen-
sional Lyman-α power spectrum to a large-scale over-
density, over the same range of scales and redshifts.
Furthermore, several contaminating signals will have to
be disentangled from our signal, in order to accurately
interpret it. We discuss these below.

B. Contaminant 1: Continuum fitting

If the continuum fitting error was only an additive term,
it would only affect the large scales in the Lyman-α forest,
which we are already discarding. Instead, the continuum
fitting also enters in the normalization of the Lyman-α
forest on all scales, including the small scales we con-
sider here.
Indeed, as derived in Appendix A 4, the continuum

variation across quasars is perfectly degenerate with the
mean flux transmission along each quasar. Moreover, this
mean flux transmission normalizes the fractional trans-
mission fluctuation δF. This causes an additional term in
the response of the power spectrum to an overdensity,
which we estimate following Ref. [26]. A misestimation of
the continuum affects the observed flux perturbation δ̂F
such that δ̂F ¼ δFð1 − ΔFÞ, where δF is the true Lyman-α
flux perturbation, and ΔF is the mean flux transmission
along the given Lyman-α forest, lost due to the continuum
misestimation. This produces the following first-order
correction to the measured power spectrum

P̂FFðkk; r⊥Þ ¼ hδ̂Fδ̂Fi
¼ PFFðkkÞ½1 − 2ΔFðr⊥;ΔχÞ�: ð12Þ

Since the mean flux transmission ΔF correlates with the
matter overdensity, and hence with the CMB lensing con-
vergence, this leads to a bias in the κ − Lyα bispectrum [26]

hP̂LyαðkkÞκðr⊥Þibias
¼ −2PLyαðkkÞ

Z
d2k⊥
ð2πÞ2 e

−ik⊥r⊥P2D
ΔFκ

ðk⊥Þ: ð13Þ

C. Contaminant 2: Damped Lyman-α systems

High column density Lyman-α absorbers are among the
main astrophysical contaminants to the Lyman-α signal.
Light from distant quasars may be absorbed by dense neutral
hydrogen clouds on the line of sight. High column density
absorbers are defined given a neutral hydrogen HI density
threshold ofNHI

≥ 1.6 × 1017 atom:cm−2. A particular class
of high density absorbers are the damped Lyman-α absorbers
(DLAs) with NHI

≥ 2 × 1020 atom:cm−2 (see Ref. [43] for a
review). These not only saturate the Lyman-α absorption at
the wavelength corresponding to their redshifts, but they also
affect nearby wavelengths due to their damping wings. If not

FIG. 6. Logarithmic response of the Lyman-α one-dimen-
sional power spectrum as measured in Ref. [26] from separate
universe simulation as described in Refs. [22,42]. The re-
sponse measured on simulations in C18 are displayed in bold
lines for z ¼ 2.2, 2.4, 2.6, 2.8 and 3.0. For the purpose of this
forecast, we interpolate the response in the range 2.2 ≤ z ≤
3.0 and extrapolate it outside using the fitting formulas
Eqs. (10) and (11). The thin lines correspond to our
interpolation/extrapolation of the response for redshifts
z ¼ 2.01, 2.15, 2.29,2.44, 2.59, 2.73, 2.88, 3.03, and 3.18.
One should note that the redshifts discussed here correspond
to the center of the forest z̄forest.
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accounted for, absorption from the damping wings of these
absorbers will be incorrectly attributed to the presence of
neutral hydrogen at these neighboring redshifts.
In an overdense region, we expect the number of high

column density absorbers to be larger than in underdense
line of sights. This effect will correlate to the κ convergence
field which probes matter density along the line of sight,
and therefore be a nuisance for the measurement of the
κ-Lyman-α bispectrum.
As discussed in Appendix A 5, adapted from Ref. [26],

the effect of the high column density absorbers on the
κ-Lyman-α bispectrum may be modeled as

ΔBDLA
κLyαðkkÞ ¼ bDLAPDLA

1D ðkkÞσ2κδ̄ ð14Þ

where PDLA
1D is the contribution of residual DLAs [including

sub-DLAs and Lyman limit systems (LLS)] to the one-
dimensional power spectrum. We follow the prescription of
Ref. [26] and consider only LLS with 1.6 × 1017 ≤ NHI

≤
1 × 1019 atoms:cm−2 and sub-DLAs with 1 × 1019 ≤
NHI

≤ 2 × 1020 atoms:cm−2. This assumption holds as
long as the higher density absorbers have been correctly
identified and masked. To estimate the DLA contribution to
the one-dimensional power spectrum, we use the fitting
functions from Ref. [44] and bDLA ¼ 2.17 from Ref. [45] as
done in Ref. [26].

VI. FORECAST RESULTS

In Sec. V we have described our method to estimate the
response of the one-dimensional Lyman-α power spectrum
to a large scale matter overdensity. We have calculated
the uncertainty on P1D

Lyα in Sec. IV and on the lensing
convergence variance on the line of sight in Sec. III. We are
now in a position to compute the forecasted SNR given a
lensing noise power spectrum and a survey area. In Fig. 7
we display the forecasted bispectrum along with the
associated error bars as a purple line, for SO and DESI
(see Figs. 8 and 9 for other data combinations). The
underlying cosmological signal is displayed as a solid
yellow line and the contribution of contaminants is dis-
played as dashed and dotted lines. One can note that the
contribution of the cosmological signal to the total bispec-
trum decreases with redshift. As depicted in Fig. 7, the
different contributions to the total bispectrum do not have
the same redshift dependence. Therefore, it will be neces-
sary to measure this signal in several redshift bins to be able
to disentangle the underlying cosmological signal and the
contaminants in order to provide the best constraints on the
P1D response to a large-scale matter overdensity. Focusing
on cosmological information, assuming that there are no
contaminants, we measure a SNR of 4.3, 4.6, 4.03, 3.76,
and 1.77 for the redshift bins presented in Fig. 7 in
ascending order. This forecast shows that upcoming cos-
mological data from SO and DESI will enable such a

FIG. 7. Forecasted κ − Lyα bispectrum from the combination
Simons Observatory lensing measurements with DESI − Y5Lyα
forests. The signal-to-noise ratio is visibly sufficient to detect the
correlation in five redshift bins. However, the contaminating signals
are comparable to the signal of interest, or even larger at the higher
redshifts. They will need to be accurately modeled and subtracted.
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measurement of the κ − Lyα bispectrum with high signifi-
cance (SNR > 5) in several redshift bins.
Our expression Eq. (7) for the covariance of the

bispectrum does not assume any correlation between
k-bins. In order to compute the signal-to-noise ratios
presented in Table II, we have assumed a correlation
structure interpolated from Ref. [18]. We explore variation
from this assumption in Appendix B 3, defining three
different scenarios: no correlation (i.e., a diagonal covari-
ance matrix), a constant 30% correlation and a structured
correlation matrix inspired from Ref. [18] (see Table III).

VII. CONCLUSIONS

The cross-correlation signal between the Lyman-α forest
absorption and CMB lensing has been detected in Ref. [18]
and may be a powerful probe to test the connection between
the Lyman-α transmission and the matter density field. This
is crucial for applications of the Lyman-α forest which aim
at constraining neutrino masses or deviations to the ΛCDM
model such as warm dark matter.
Another motivation for developing estimators and under-

standing this bispectrum, is to use the Lyman-α forest as a
sandbox for the correlations of future intensity maps with
projected quantities such as CMB lensing. Indeed, the
problem of missing the large-scale Fourier modes along the
line of sight is very generic to line intensity mapping and
prevents from correlating line intensity maps with 2D
projected maps like CMB lensing or thermal Sunyaev
Zel’dovich (SZ). For the Lyman-α forest, these modes are
lost because they are degenerate with the continuum
spectrum of the quasars. In 21 cm intensity mapping,
the large-scale modes are lost because they are degenerate
with Galactic foregrounds. Thus, the method considered
here, which effectively reconstructs the large-scale modes
from quadratic combinations of the small-scale modes,
should have applications to perform cross-correlations of
CMB lensing or SZ with most of line intensity maps.

Investigating the complexity and the limitations in the case
of the Lyman-α forest is a useful first step toward enabling
line intensity mapping × CMB lensing correlations.
The goal of this study was to forecast the SNR for current

and upcoming surveys, and to highlight the various sources
of uncertainties in the theoretical modeling of this observ-
able, so as to serve as a guide for future modeling efforts.
Our forecast finds that the signal can be measured at a high
signal-to-noise ratio (SNR ≥ 5) in five redshift bins using
DESI-Y5 Lyman-α forests and the Simons Observatory
CMB lensing. Despite the large uncertainties in the
modeling of the signal itself, our forecasted analysis
recovers the signal-to-noise ratio (SNR) obtained in the
existing Planck × BOSS measurement [18] within 15%
(4.4σ forecasted vs 5.0σ measured).
As mentioned above, our analysis highlights the large

current uncertainty in the modeling of the signal itself as
well as its contaminants. First, we would need a proper
modeling of the impact of the linear and nonlinear
clustering bias as well as the impact of RSD and their
response to a large-scale matter overdensity. For the
purpose of this work, we relied on simulations to quantify
these effects. To get an accurate modeling of the κ-Lyman-α
bispectrum signal measured from DESI Lyman-α forests,
one would need to have a set of separate universe
simulations (with scales spanning the range 0.1 ≤ k ≤
1.5 h=Mpc) for 2.2 ≤ z ≤ 3.6 or simulations from which
the bispectrum with CMB lensing can be estimated directly
(though it may require a larger simulation box). The
resolution along the line of sight should match the DESI
resolution. As discussed above, some contaminants, such
as continuum misestimation or DLAs, are comparable in
size to the signal of interest. Thus having a proper modeling
of these effects would be a useful addition to the simu-
lation. Finally, it may be interesting to have different
implementations of baryonic effects, including the feed-
back from galaxy formation, to study their impact on the
κ-Lyman-α bispectrum measurement and see if this observ-
able is able to discriminate between them.
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APPENDIX A: MODELING THE SIGNAL
AND BIASES

The purpose of this appendix is to give more details
about the modeling of the bispectrum between the Lyman-α
forest and CMB lensing Bκ;Lyα ¼ hPLyακi.

TABLE II. Signal-to-noise ratios in different redshift bins. We
display the SNR computed using a covariance matrix with a
structure following what is shown in Douxþ 15. We use several
redshift bins z1 (2.20 ≤ z ≤ 2.35), z2 (2.35 ≤ z ≤ 2.51), z3
(2.51 ≤ z ≤ 2.67), z4 (2.67 ≤ z ≤ 2.99), z5 (2.99 ≤ z ≤ 3.63)
and also show the signal-to-noise for the coadded bispectrum.
As an illustration, we also quote the combined SNR under the
assumption of uncorrelated redshift bins.

SNR

Dataset z1 z2 z3 z4 z5 Combined

Planckþ BOSS 1.9 2.2 2.0 2.2 1.5 4.4
ACTþ DESI − Y1 2.4 2.8 2.6 2.8 1.9 5.7
ACTþ DESI − Y5 4.5 5.1 4.8 5.1 3.5 10.3
SOþ DESI − Y5 6.3 7.2 6.8 7.4 5.1 14.8
CMB − S4þ DESI − Y5 8.5 9.8 9.3 10.2 7.1 20.2
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1. Variation of the forest power spectrum

The one-dimensional Lyman-α forest power spectrum
will be modulated by large scale density fluctuations. We
model this effect with the position-dependent power
spectrum

PLyαðkk; r⊥Þ ¼ PLyαðkkÞ þ
dPLyαðkkÞ

dδ̄
δ̄ðr⊥Þ; ðA1Þ

where r⊥ is the angular position on the studied slice and
δ̄ðr⊥Þ is the 2D projected large scale density fluctuation,
expressed as the average of the underlying density field
along the line of sight

δ̄ðr⊥Þ ¼
1

Δχ

Z
χmax

χmin

dχ0δðχ0; r⊥Þ: ðA2Þ

2. Lensing in the studied slice

The lensing convergence κ, can be described as a
weighted average of the matter density field, introducing
the lensing kernel WðχÞ such that κðr⊥Þ ¼

R
dχWðχÞ×

δðχ; r⊥Þ. To maximize the signal to noise of the CMB
lensing signal, we apply a Wiener filter on the lensing κ
maps such that κ̂ ¼ Λκ � κ þ n. Accounting for this oper-
ation, the 2D projected CMB lensing convergence is there-
fore

κðr⊥Þ ¼
Z

χmax

χmin

dχ0
Z

d2r0⊥δðr0ÞWκðχ0ÞΛκðr0⊥ − r⊥Þ ðA3Þ

3. 3-pt correlation function between PLyα and κ

Given Eq. (A1), we can derive an expression for the
bispectrum in Fourier space in the transverse direction

hPLyαðkk;k⊥Þκ�ðk0⊥Þi ¼
dPLyαðkkÞ

dδ̄
P2D
δ̄κ
ðk⊥Þ ðA4Þ

where P2D
δ̄κ
ðk⊥Þ is given by

P2D
δ̄κ
ðk⊥Þ ¼ hδ̄ðk⊥Þκ�ðk⊥Þi

¼ Λð−k⊥Þ
Z

χþΔχ
2

χ−Δχ
2

dχ0Wðχ0Þ

×
Z

dq
2π

Plinðq;k⊥Þsinc
�
qΔχ
2

�
eiqðχ0−χÞ; ðA5Þ

which can be derived from Eqs. (A2) and (A3).
Finally, the κ − Lyα bispectrum is given by

hPLyαðkkÞκi ¼
dPLyαðkkÞ

dδ̄

Z
d2k⊥
ð2πÞ2 P

2D
δ̄κ
ðk⊥Þ: ðA6Þ

Pδ̄κðk⊥Þ ¼ Λð−k⊥Þ
Z

χþΔχ
2

χ−Δχ
2

dχ2Wðχ2Þ

×
Z

dq
2π

Plinðq;k⊥Þsinc
�
qΔχ
2

�
eiqðχ2−χÞ ðA7Þ

4. Continuum misestimation bias

As done in Ref. [26], the observed Ly-α flux can be
modeled as

Fðχ; r⊥Þ ¼ Aðr⊥ÞC̄ F̄ðr⊥Þð1þ δFðχ; r⊥ÞÞ ðA8Þ

where A is the brightness of the quasar, C̄ is the mean
continuum, F̄ is the true mean flux, and δF is the true
fluctuation around F̄.
An estimator of A can be written as

Âðr⊥Þ ¼
1

Δχ

Z
χþΔχ=2

χ−Δχ=2
dχ0

Fðχ0; r⊥Þ
C̄ðχ0ÞF̄ðχ0Þ

¼ Aðr⊥Þ
�
1þ 1

Δχ

Z
χþΔχ=2

χ−Δχ=2
dχ0δFðχ0; r⊥Þ

�
; ðA9Þ

from which we can derive an estimator for δF

δ̂Fðχ0; r⊥Þ ¼
Fðχ0; r⊥Þ

Âðr⊥ÞC̄ðχ0ÞF̄ðχ0Þ
− 1 ¼ 1þ δFðχ0; r⊥Þ

1þ ΔFðr⊥;ΔχÞ
− 1

¼ δFðχ0; r⊥Þ½1 − ΔFðr⊥;ΔχÞ� − ΔFðr⊥;ΔχÞ:
ðA10Þ

The Ly-α forest power spectrum is then

P̂FFðkk; r⊥Þ ¼ hδ̂Fδ̂Fi ¼ PFFðkkÞ½1 − 2ΔFðr⊥;ΔχÞ�;
ðA11Þ

Such that the biased measurement of the bispectrum is

hP̂LyαðkkÞκðr⊥Þi ¼
dPLyαðkkÞ

dδ̄

×
Z

d2k⊥
ð2πÞ2 e

−ik⊥r⊥P2D
δ̄κ
ðk⊥Þ− 2PLyαðkkÞ

×
Z

d2k⊥
ð2πÞ2 e

−ik⊥r⊥P2D
ΔFκ

ðk⊥Þ: ðA12Þ

5. DLA bias

In Ref. [44], the effect of DLA contamination on the 1D
power spectrum is modeled as

P1D
tot

PLyα
¼ αF þ

X
i≠F

αiðzÞ
Pi

PLyα
ðA13Þ
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where

Pi

PLyα
¼

�
1þ z
1þ z0

�
−3.55 1

ðaðzÞebðzÞkk − 1Þ2 þ cðzÞ ðA14Þ

In Ref. [26], they only consider contributions from subDLA
and LLS as major contributions have already been removed
in the data. Therefore, the total Lyα power spectrum is

Pbiased
Lyα

Punbiased
Lyα

¼ αF þ αsubDLA
PsubDLA

Punbiased
Lyα

þ αLLS
PLLS

Punbiased
Lyα

ðA15Þ

The bias introduced by DLAs in the Lyα power spectrum
can be expressed as

ΔPDLA
Lyα ¼ Pbiased

Lyα − Punbiased
Lyα ¼ Pbiased

Lyα

Punbiased
Lyα

Punbiased
Lyα − Punbiased

Lyα

ðA16Þ

¼ Punbiased
Lyα

�
Pbiased
Lyα

Punbiased
Lyα

− 1

�
ðA17Þ

¼ Punbiased
Lyα

�
αF − 1þ αsubDLA

PsubDLA

Punbiased
Lyα

þ αLLS
PLLS

Punbiased
Lyα

�
:

ðA18Þ

This bias will affect the one-dimensional power spec-
trum as

P̃1D
Lyαðkk;r⊥Þ¼P1D

Lyαðkk;r⊥Þþð1þbDLAδ̄ðr⊥ÞÞΔPDLA
Lyα ðkkÞ;
ðA19Þ

resulting in an additional contribution to the bispectrum

ΔBDLA
κLyαðkkÞ ¼ bDLAΔPDLA

Lyα ðkkÞσ2κδ̄: ðA20Þ

We chose to set the value bDLA ¼ 2.17, following Ref. [26].

APPENDIX B: ESTIMATING THE COVARIANCE

1. Estimating the variance of the cross-correlation and
reducing it by subtracting the means

Here, we explain why subtracting the mean κ and P
reduces the variance on the correlation hκPi. Indeed, for
any random variables κ and P, the variance of the correlator
is given by

Var½κP� ¼ hðκPÞ2i − hκPi2
¼ hκ2ihP2i − hκi2hPi2 if κ⊥⊥P

¼ ðκ̄2 þ σ2XÞðP̄2 þ σ2PÞ − κ̄2P̄2

¼ σ2κσ
2
P þ κ̄2σ2P þ P̄2σ2κ|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

additional variance frommeans

: ðB1Þ

In the noise dominated regime, the assumption that the
lensing convergence field κ is independent from the one-
dimensional power spectrum along the line of sight is a
good approximation.

2. Effect of lensing correlation between
neighboring galaxies

Our analysis correlates the measured κ value at the
positions of forests with the 1D power spectrum of the same
Lyman-α forests. However, the Wiener-filtered conver-
gence κ has a nonzero correlation length, such that lines
of sight roughly within a correlation length will have
correlated values of κ. We can think of splitting the
Wiener-filtered convergence map into patches of indepen-
dent κ. In the regime where each patch of independent κ
contains many forests, we may worry that our uncertainty
on the correlation hκPi would scale as 1= ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Npatches
p

instead
of 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ngalaxies

p
, contrary to our assumption.

In this appendix, we explain that this is not the case, as
long as the average 1D power spectrum P̄ has been
subtracted from the measured Pi of each forest i.
Indeed, our estimator Ĉ for the correlation between κ and

P can be expressed as

Ĉ≡ 1

Ngalaxies

XNgalaxies

i¼1

κiPi: ðB2Þ

We now consider a toy model where the convergence
field is constant within patches whose sizes are given by
the correlation length of the Wiener-filtered convergence.
We define Nα the number of galaxies in each patch

α ¼ 1;…; Npatches, such that
PNpatches

α¼1 ¼ Ngalaxies. Our esti-
mator can thus be rewritten as

Ĉ ¼ 1

Ngalaxies

XNpatches

α¼1

κα

�XNα

i¼1

Pi

�
: ðB3Þ

The convergence is constant with value κα within the patch
α, and independent across patches: κα⊥⊥κα0 for α ≠ α0. We
further assume that the noise on the 1D power spectrum is
independent across galaxies, Pi⊥⊥Pj for i ≠ j. Finally, we
assume that the noise on Pi and κα are independent for all
i and α. With these assumptions, we can compute the
variance of the correlation estimator Ĉ
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VarðĈÞ ¼ 1

N2
galaxies

XNpatches

α¼1

Var

�
κα

�XNα

i¼1

Pi

��

¼ 1

N2
galaxies

XNpatches

α¼1

�
hκ2αi

��XNα

i¼1

Pi

�2	
− hκαi2

�XNα

i¼1

Pi

	
2
�

¼ 1

N2
galaxies

XNpatches

α¼1

f½κ̄2 þ σ2κ �½ðNαP̄Þ2 þ Nασ
2
P� − κ̄ðNαP̄Þ2g

¼ 1

N2
galaxies

XNpatches

α¼1

fσ2κN2
αP̄2 þ ½κ̄2 þ σ2κ �Nασ

2
Pg

¼ 1

Ngalaxies
ðκ̄2 þ σ2κÞσ2P þ 1

N2
galaxies

� XNpatches

α¼1

N2
α

�
σ2κP̄2:

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
only term dependent onNpatches andNα

ðB4Þ

From the last equation, we can see that the variance has an
additional term, function of Npatches and Nα, only if P̄ ≠ 0.
Thus, by subtracting the average power spectrum to the
value measured along each forest, we avoid this term
completely. This way, the variance indeed scales as
1=Ngalaxies. In particular, when subtracting both the average
P̄ and κ̄, the expression above simplifies to the intuitive
expectation

VarðĈÞ ¼ 1

Ngalaxies
σ2κσ

2
P if κ̄ ¼ 0 and P̄ ¼ 0: ðB5Þ

If, on the other hand, we do not subtract the mean
convergence and the mean power spectrum, and in the
simplifying case where each patch α contains roughly the
same number of galaxies Nα ≃ Ngalaxies=Npatches, we get

VarðĈÞ ¼ 1

Ngalaxies
ðκ̄2 þ σ2κÞσ2P þ 1

Npatches
σ2κP̄2; ðB6Þ

where the extra term indeed scales as 1=Npatches.
In summary, by subtracting the average P̄ and κ̄, we

ensure that the covariance scales as 1=Ngalaxies rather than

1=Npatches. In other words, even though the κ values are
correlated across lines of sights, the fact that the P values
are not means that we can consider the various lines of sight
as independent.

3. High correlation of the measured data points

TABLE III. Signal-to-noise ratios of the inverse variance
weighted signal on the full redshift range. We display the
SNR in 3 different cases: without any correlation between k
bins, with a constant correlation (30%), and with a custom
correlation inspired from the correlation matrix shown in
Ref. [18].

SNR

Dataset
No

correlation
30% constant
correlation

Custom
correlation
(Doux et al.)

Planckþ BOSS 7.8 4.7 4.4
ACTþ DESI − Y1 10.8 5.9 5.7
ACTþ DESI − Y5 19.8 10.7 10.3
SOþ DESI − Y5 28.4 15.4 14.8
CMB − S4þ DESI − Y5 39.0 21.1 20.2
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APPENDIX C: FORECASTS FOR ACT/CMB-S4 AND DESI

FIG. 8. Forecasted κ − Ly α bispectrum from ACT DR6 lensing
and DESI − Y1Ly α forest.

FIG. 9. Forecasted κ − Lyα bispectrum from CMB-S4 lensing
and DESI − Y5Lyα forest.
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