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Probing helium reionization with Kinetic Sunyaev-Zel’dovich tomography

Selim C. Hotinli ,1 Simone Ferraro ,2’3 Gilbert P. Holder,“’5 Matthew C. Johnson,6’7
Marc Kamionkowski ,1 and Paul La Plante®>%’
"William H. Miller III Department of Physics and Astronomy, Johns Hopkins University,
Baltimore, Maryland 21218, USA
“Lawrence Berkeley National Laboratory, One Cyclotron Road, Berkeley, California 94720, USA
3Berkeley Center for Cosmological Physics, Department of Physics, University of California,
Berkeley, California 94720, USA
4Astronomy Department, University of Illinois at Urbana-Champaign,
1002 West Green Street, Urbana, Illinois 61801, USA
5Department of Physics, University of Illinois Urbana-Champaign,
1110 West Green Street, Urbana, Illinois 61801, USA
SPerimeter Institute for Theoretical Physics, 31 Caroline Street North,
Waterloo, Ontario N2L 2Y5, Canada
7Department of Physics and Astronomy, York University, Toronto, Ontario M3J 1P3, Canada
8Depanment of Computer Science, University of Nevada, Las Vegas, Nevada 89154, USA
°’Nevada Center for Astrophysics, University of Nevada, Las Vegas, Nevada 89154, USA

® (Received 23 July 2022; revised 6 October 2022; accepted 12 April 2023; published 15 May 2023)

Reionization of helium is expected to occur at redshifts z ~3 and have important consequences for
quasar populations, galaxy formation, and the morphology of the intergalactic medium, but there is little
known empirically about the process. Here we show that kinetic Sunyaev-Zel’dovich tomography, based on
the combination of cosmic microwave background (CMB) measurements and galaxy surveys, can be used
to infer the primordial helium abundance as well as the time and duration of helium reionization. We find a
high-significance detection at ~106 can be expected from Vera Rubin Observatory and CMB-S4 in the near
future. A more robust characterization of helium reionization will require next-generation experiments like

MegaMapper (a proposed successor to the Dark Energy Spectroscopic Instrument) and CMB-HD.
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Probing helium reionization'—one of the major large-
scale transitions of the intergalactic medium (IGM)—has
great potential significance for understanding the formation
of galaxies and quasar activity at early times and may open
a new window on big bang nucleosynthesis. Since photons
emitted by the first stars (sourcing the reionization of
hydrogen) are not energetic enough2 to fully ionize helium,
helium reionization occurs only after the emergence of a
substantial number of quasars. As a result, the history of
helium reionization strongly depends on the properties of
quasars, such as their luminosity function [1-5], accretion
mechanisms and other astrophysics [6], clustering, vari-
ability, and lifetimes [7,8], as well as the general growth
and evolution of supermassive black holes [9]. Since
essentially all of the helium in the Universe is ultimately
doubly ionized, the total change in the ionization fraction is
a measure of the primordial helium abundance—a sensitive

'Note that throughout this work we refer to the ionization of
the second electron of helium as the helium reionization.

*The ionization energy of the second electron in helium is
54.4 eV, while the ionization energy of hydrogen is 13.6 eV.
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probe of big bang nucleosynthesis. Probing helium reio-
nization can also improve our understanding of relativistic
species through improving the primordial helium fraction
Y, measurement and breaking the degeneracy between
number of relativistic degrees of freedom Ng and Y. The
primordial helium abundance depends on the weak inter-
action rates as well as the neutron lifetime, and improving
its measurement can allow further valuable insights into our
cosmological history.

There is evidence for quasar activity peaking around
z~3 [10], which coincides with measurements of the
helium Lya forest, suggesting the helium in the IGM
has not yet been doubly ionized [11-13]. Measurements of
the thermal history of the IGM have provided indirect
evidence for helium reionization occurring roughly
2.5 < z £ 4 [14-16], with seminumeric and hydrodynamic
simulations of helium reionization supporting a similar
picture [17-20]. Nevertheless, the precise details of the
timing, duration, and morphology of helium reionization
remain largely uncertain. Surveys of the helium Lya forest
are severely limited by intervening Lyman-limit systems at
lower redshift [21], which means it will be challenging to
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make further progress. Furthermore, measurements of
the hydrogen Lya forest can probe the thermal history
of the IGM, which provides indirect evidence for details
of helium reionization that result from photoheating.
However, such measurements are difficult in practice
and are subject to systematic uncertainties about the
inferred flux levels of the Lya forest and modeling fits
to the thermal equation of state of the IGM [22-24].
Additional probes of helium reionization will be incredibly
valuable. For example, it has been shown that future
large catalogs of fast radio bursts could probe helium
reionization [25,26].

In this paper, we propose a new way to detect and
characterize helium reionization by means of tomography
using the kinetic Sunyaev-Zel’dovich (KSZ) effect [27].
This KSZ tomography has been shown to be an effective
way to extract cosmological information (through
the reconstructed radial-velocity field) from small-scale
fluctuations in the cosmic microwave background (CMB)
and a tracer of the electron density, such as a galaxy
survey (e.g. [28-37]). Ongoing large-scale structure
surveys that access 2 < z < 5 galaxy and quasar popula-
tions such as the Dark Energy Spectroscopic Instrument
(DESI) [38] or the Rubin Observatory Legacy Survey of
Space and Time (LSST) [39] are opening a new window of
opportunity into probing the Universe at largely uncharted
epochs of structure formation. Cross-correlation of large-
scale structure (LSS) measured at these redshifts with
maps of the CMB can be a powerful probe in the near
future. We demonstrate that, by measuring the statistical
variations of the cross-correlation between the LSS and
CMB, one can probe the change in the mean ionization
fraction during the epoch of helium reionization to
high significance with upcoming surveys such as
CMB-S4 [40,41], together with DESI, LSST or the
proposed MegaMapper [42,43].

The summary of our procedure is as follows: we get the
galaxy density field from large-scale structure surveys.
We use this galaxy density field on small scales to template
the electron distribution, which we use in cross-correlation
with the CMB signal to isolate the KSZ signal and
reconstruct the large-scale radial velocity fluctuations that
the KSZ signal is subject to (this procedure is called “KSZ
tomography”). We then compare the auto- and cross-
spectra of the velocity reconstructed using KSZ tomogra-
phy and the galaxy density field from large-scale structure
surveys on large scales to measure x, in several redshift
bins (of width Lg,).

The CMB temperature anisotropy induced by the KSZ
effect from large-scale structure in a shell of width Ly, ata
redshift z = z, is

Ors2(0) = K(z.) / 0 gy (0, (1)

—Lghen/2

where g (r) = ,(r)v)(r) is the electron-momentum field,
projected onto the radial direction, r = y,0 + 17, 0 is the
angular direction on the sky, y, is the conformal
distance to the shell, 7 is the unit vector in the radial
direction, ©(#) is the fractional fluctuation of CMB
temperature, and

K(z) = —opnpx,(2)e ™ (1 + z)? (2)

is the radial weight function in units of Mpc~!. Here, o7 is
the Thomson scattering cross section, 7(z) is the optical
depth to redshift z, ny is the hydrogen number density, and
x,(z) is the number of free electrons per hydrogen atom.
The velocity field v(r) can be reconstructed at cosmo-
logical scales from its influence on the correlation between
the electron-momentum field and large-scale structure, as
shown with derivations for the box formalism we employ in
Sec. IV.E of Ref. [29] and previously for the full sky in
Sec. II B of Ref. [28]. The (inverse) noise on the recon-
structed velocity is given by [28-30]

1 - ﬁ/k\dks ( Pge(ks)2 > (3)
N (ky) Ve 2t \P EES(kS)CET’ObS f:k;@,’

where K, = K(z,), k is the three-dimensional Fourier wave
vector and the integral is over small-scale Fourier modes
ks. We represent large-scale modes with an “L” subscript.
Here, C}"°™ is the observed CMB spectrum including
foregrounds and noise, P‘g’gs(k) is the observed galaxy
power spectrum and P, (k) is the power spectrum of the
galaxy-electron correlation.

On large scales where linear theory is valid, the recon-
structed velocity fields are proportional to the cosmic
growth rate. The reconstructed velocity amplitude is
proportional to the free-electron density at a given redshift
and satisfies

Bk.2) = (7 @)/ %@l LSz B, (4)

where %,(z)/X.(z)gq 1s equal to unity for a given fiducial
cosmology with helium reionization, b(z) is the optical-
depth bias due to mismodeling of the small-scale electron-
galaxy cross-correlation as described in Refs. [28-30],
f=dInD(a)/dIna s the linear-theory growth rate, where
D(a) is the linear-theory growth factor for the matter
spectrum that parametrizes the time evolution of the matter
power spectra via P, (a) = D*(a)Pym(a = 1), a is the
scale factor and H is the Hubble parameter. As a result, the
reconstructed velocity fields probe the mean ionization
fraction: if the helium reionization is not accounted for, the
velocity amplitudes will be biased by the change of the
mean reionization fraction. The combination of the galaxy
and the velocity satisfies
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Pyg(k, i, 2) = (by(2) + f12)? P (k. 2), (5)

Puthon) = (S50 0,02 (5F) Pania). 9
- (1)

< (by(2) + f1D)Pamlkes). (7

where b,(z) is the galaxy bias which relates the matter
distribution to the galaxy.

We characterize the change in the ionization fraction
during helium reionization with a hyperbolic tangent

1 Hey _
%.(2) = § |2+ Aty + Ay tanh <W27Hy(z))] C®
y

as commonly done in the standard theory codes such as
CAMB [44]. Here, y(z) = (1 + z)*/?, AXy determines the
total change in the mean ionization fraction during helium
reionization, z5:° is the redshift halfway through the helium
reionization and A parametrizes the duration of the
transition. In what follows we will trade AXy, with Y,
and use CAMB to calculate dY ,/0AXy, and the A?e param-
eter with A?e, which we define as the duration in redshift of
the central 50% change in ionization fraction. In Fig. 1, we
demonstrate three reionization models labeled with numbers
1-3 with fiducial choices for (zf, AHe) set equal to
(3.34,0.8), (2.29,0.79) and (4.14,0.58), respectively. We
take ¥, = 0.245 for all models. These models are chosen
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FIG. 1. Fractional change in the electron fraction x,(z) during
helium reionization of the three models we consider here. The
error bars correspond to the measurement accuracy on the optical-
depth bias b)|(z), representative of the error on the amplitude of
the reconstructed radial velocity, as discussed in the text. Here,
we include forecasts for the combination of LSST and CMB-S4,
and MegaMapper and CMB-HD [49].

to roughly match models H1, H3 and H6, considered in
Ref. [45], respectively, and represent several plausible
models of helium reionization. Model H1 reproduces the
quasar abundance measured by Refs. [1-3], the typical
quasar spectrum measured by Ref. [46], and quasar cluster-
ing measured by BOSS [47]. Model H3 uses a quasar
abundance reduced by a factor of 2, which is consistent with
the measured uncertainties but yields a slightly later reio-
nization scenario. Model H6 uses a uniform UV background
rather than explicit quasar sources and reproduces the
seminumeric models of Ref. [48]. Distinguishing between
these models can provide an independent determination of
the average abundance and luminosity of quasars, which
complements direct measurements from surveys like the
Sloan Digital Sky Survey. Quasar activity also significantly
heats the IGM, which in turn affects measurements of the
low-density gas in the Ly« forest.

In order to assess the prospects to detect helium
reionization, we consider three LSS surveys: the ongoing
measurements of quasistellar objects with DESI [38], the
photometric LSST survey [39], and high-z galaxy measure-
ments from the proposed MegaMapper [42]. We describe
the survey specification of these experiments in Table 1?
We consider four redshift boxes centered at z € {1.9, 2.6,
3.45,4.45}. We assume a sky fraction of fy, ~ 0.5 which

roughly gives volumes of {150,200,220,240} Gpc® at
each redshift box, respectively.

The total CMB power gets contributions from weak
gravitational lensing, the KSZ effect (both from reioniza-
tion and late times), and other foregrounds, as well as
experimental noise satisfying

£(¢ + 1)6%WHM:|

N = sgexp| S o)

where we consider three CMB experiments with white noise
specifications matching Simons Observatory (SO) [53],
CMB-54 [40] and CMB-HD [49] as given in Table II. We
also include the frequency-dependent clustered cosmic infra-
red background (CIB), Poisson CIB and thermal Sunyaev
Zeldovich effect (tSZ) foregrounds, the blackbody late-time

A quick forecast of DESI quasars, calculating the number
density following Ref. [38] and setting the bias to satisfy
by(z) = 1.2/D(z), shows that it would be difficult to detect
helium reionization with these data due to low number density of
quasars anticipated to be observed at high redshifts. We drop
DESI from our analysis in what follows.

“Note that our forecast in this work ignores the time evolution
of power spectra and biases on the light cone inside individual
redshift boxes but is sensitive to the light-cone evolution by using
a sequence of boxes of the appropriate volume for a series of
redshift bins along the light cone. Throughout we take the
standard six-parameter LCDM model, in which the universe is
composed of dark energy, cold dark matter and ordinary matter,
with fiducial values from Planck [50] and assume reionization of
hydrogen and the first electron in helium was completed by z ~ 5.
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TABLE 1. Assumed galaxy bias b, and number density n,, at
each redshift bin. For LSST, we approxnnate the galaxy density
of the “gold” sample, with n(z) = ng((z/20)* exp(—z/20)/220
with 74y =402 and z, = 0.3, and take the galaxy bias as
b,(z) = 0.95/D(z). Our calculation of the number density and
the galaxy bias of MegaMapper, which is proposed as a follow-up
to DESI that will target Lyman-break galaxies and Lyman-alpha
emitters and use deeper LSST images, is described in Ref. [51],
which follows Ref. [38], using galaxies with threshold apparent
magnitude muv =24.5 (matching the limiting magnitude
assumed for the “idealized sample” from Ref. [38]) and using
the “linear halo occupation distribution (HOD) model” fit of
Ref. [52] at z=~3.8. For LSST, we consider the standard
anticipated photo-z error o, = 0.03(1 + z) which becomes in-
creasingly more detrimental at higher redshifts. The Y1 and Y10
correspond to our assumed galaxy number densities for LSST
after the first and tenth year of observations, respectively.

LSST z=19 26 345 445
b, 1.81 247 328 423
Nl (x10%) [Mpc3] 5.8 1.2 0.13  0.01 Y1
Ngal (x10%) [M ¢ 14.9 2.9 034 002 YI0
MegaMapper
b, 1.92 3.18 471 651
ngal(x104) [Mpc™] 11.7 34 1 0.2

and reionization KSZ, and radio sources as described in
Ref. [54].

We calculate the lensed CMB blackbody using CAMB [55].
Our internal linear combination method (ILC)-cleaning pro-
cedure is explained in Ref. [54].5

In addition to the three parameters defined above that
characterize the helium reionization, we model the galaxy
and velocity power spectra with the linear-theory growth
rate f, the amplitude og of matter fluctuations on the scale
of 8h~!Mpc, and independent galaxy and optical-depth
bias parameters b,(z) and b (z) at each redshift.® Note that,
throughout this work, we assume measurements at lower
redshifts will provide <1% priors on f and oy, although our
results for helium reionization parameters do not signifi-
cantly depend on this prior.

Figure 1 demonstrates the measurement accuracy of the
radial-velocity amplitude for combinations of LSST and
MegaMapper surveys with CMB-S4 and CMB-HD, respec-
tively. The signal-to-noise (SNR) of the KSZ tomography at
each redshift is shown in Table III for a wider selection of
CMB and LSS experimental configurations. Here, we define
the detection SNR of helium reionization as the SNR on

*Foregrounds such as tSZ, CIB or CMB lensing are found to
not be a significant source of bias for velocity tomography in
Ref. [56] since most non-KSZ secondaries are even under radial
reﬂectlon symmetry, whereas the KSZ is odd.

®The vector of parameters we consider in thls analysis is
P =1{f.08.by(21), - by(24), by (21)s -, by (24), 205, ATE, Y
where z;, ..., 24 correspond to the four redshift bins we consrder

TABLE II. Inputs to ILC noise: the beam and noise rms
parameters we assume for survey configurations roughly corre-
sponding to SO (baseline), CMB-S4 and CMB-HD [49].

Beam FWHM Noise rms pK’
SO CMB-S4 CMB-HD SO CMB-S4 CMB-HD
39 GHz 5.1 5.1 36.3" 36 12.4 34
93 GHz 2.2 2.2 15.3” 8 2.0 0.6
145 GHz 1.4 1.4 10.0” 10 2.0 0.6
225 GHz 1.0/ 1.0/ 6.6"” 22 6.9 1.9
280 GHz 0.9 0.9 547 54 167 4.6

TABLE III. The detection SNR of the (reconstructed) velocity
and galaxy-density cross-correlation P;, (k). Velocities are
reconstructed from the KSZ tomography using LSST and
MegaMapper surveys, together with CMB measurements from
SO, CMB-S4 and CMB-HD.

KSZ SNR z=19 2.6 345 445
LSST Y10 + CMB-HD 1087 879 351 51
LSST Y10 + CMB-S4 186 126 48 7
LSST Y10 + CMB-SO 87 59 23 4
MegaMapper + CMB-HD 1629 1051 453 129
MegaMapper + CMB-S4 254 154 78 31

Axf (or Y ) after marginalizing over all other parameters.
We find LSST Y1 and SO can potentially detect helium
reionization at {2¢,40,7c} significance for models 2, 1
and 3, respectively. For LSST Y 10 and CMB-S4, we find the
detection SNR will be {40,80,1305}. For the futuristic
MegaMapper and CMB-HD, the detection SNR can reach
{390, 560,87c}.

The sensitivities on the parameters describing the helium
reionization—given our fiducial model labeled 1—are
shown in Fig. 2. The blue (orange) contours correspond
to combination of LSST and CMB-S4 (MegaMapper
and CMB-HD). In both cases we assume no prior informa-
tion on the optical-depth and galaxy biases.’ The innermost
lighter-coloured contours assume 0.005 prior on the Y,
parameter, which can be provided from helium emission line
measurements [57] as well as potentially the CMB [40,50].
We find assuming priors on Y, improves the measurement
accuracy on the other helium reionization parameters, most
notably for LSST and CMB-S4. We show our forecasted
sensitivities (1o errors) in a table in Fig. 2. We find the
combination of LSST and CMB-S4 can measure the time of
helium reionization at a precision that would allow distin-
guishing between models 1 and 3 and put potentially

"Note that better sensitivity on optical depth or the galaxy
biases only marginally improves the sensitivity of these experi-
ments to helium reionization parameters, since the degeneracy
between them and the bias parameters at each redshift is broken
by the distinct redshift dependence of the models we consider.
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0.0 0.5 1.0 1.5 2 3 4
Ale zMe
Surveys o (25°)
LSST+CMB-S4 0.90 (0.71)
MegaMapper+CMB-HD (0.056 (0.057)

o(ALF)
0.80 (0.41)
0.057 (0.042)

FIG. 2. The sensitivities (1o errors) on the helium reionization
parameters from two survey combinations: LSST and CMB-S4
shown with blue- and purple-colored contours, and MegaMapper
and CMB-HD, shown with light- and dark-orange contours. The
inner contours for each experiment correspond to assuming 0.005
prior on Y ,. The table shows the 1o errors on z}¥¢ and A'®. The 16
errors on Y, (without the Y, prior) are 0.06 and 0.006,
respectively. The bracketed sensitivities correspond to assuming
0.005 prior on the helium fraction Y.

informative lower limits on duration of helium reionization.
With MegaMapper and CMB-HD, we find KSZ tomogra-
phy can measure the redshift and the duration of reionization
at much higher significance, potentially allowing distin-
guishing between similar models.

Interestingly, as demonstrated in Fig. 2, we find the
combination of MegaMapper and CMB-HD may have a
sensitivity to ¥, comparable to the accuracy of CMB and
helium emission-line measurements. In order to assess further,
we perform CMB forecasts on Y, using FisherLens, a
publicly available [58] forecasting software [59]. We take
experimental specifications matching CMB-HD and with
cosmological model parameters including the six standard
ACDM parameters in addition to N, and Y ,. We observe a
CMB-HD-like experiment including both temperature and
polarization information can be expected to achieve o(Y ) =~
0.004 sensitivity and thatadding 6(Y ) ~ 0.006 measurement
from KSZ tomography from helium reionization can improve
the erroron Y, by ~15%. We find that this improvement leads
to a ~10% reduction in N error, due to the partial breaking of
the degeneracy suffered between the two parameters, sug-
gesting KSZ measurements of helium reionization can poten-
tially improve our understanding of relativistic species.

We have omitted the potential effect of helium reioniza-
tion on the selection function of high-z quasars and galaxies.
Across helium reionization, the ionizing processes can

modulate the ultraviolet background fluctuations, the star
formation and the absorption lines used for inferring the
redshift with spectroscopic imaging surveys such as DESI
and MegaMapper. Such effects can potentially cause sig-
nificant changes that need to be taken into account in the
selection function of these surveys and likely need to be
modeled for an unambiguous characterization of helium
reionization, as well as using more accurate inputs (such as
the galaxy bias and number density) when performing
forecasts in the future.

Throughout this paper, we used the so-called “box”
formalism introduced in Refs. [28-30]. The benefit
of this formalism is its simplicity, while using redshift
bins on the light cone is likely a more accurate repre-
sentation of KSZ tomography in practice, as discussed in
Refs. [28,56,60], for example.8 Here, our goal was to
produce easy-to-reproduce forecasts that access and high-
light the prospects of detecting and characterizing helium
reionization.

The epoch of helium reionization carries a large amount
of information about astrophysics and cosmology that can
potentially be accessed in the foreseeable future. As it
occurs at lower redshifts, it allows the utilization of the
significant statistical power afforded by the LSS and CMB
cross-correlation program—a quality likely not shared with
hydrogen reionization.

Reconstructing velocities at high SNR with future
surveys will provide precise tests of fundamental physics.
We have shown here that this also provides a new path to
detecting and characterizing helium reionization. These
measurements will not require new experiments other than
those being built or proposed, offering new opportunities
and avenues for exploration for both cosmology and
astrophysics.
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