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Correlated signals

• Expect 21 cm and kSZ 
contribution from EoR to be 
correlated


• Same physical processes 
giving rise to both signals


• Positive kSZ from underdense 
regions, like 21 cm


• kSZ is inherently 2d,             
21 cm is 3d

Alvarez & Kaehler
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Not so simple!
• kSZ


• signal has sign information


• velocities average out – cross-correlation is small


• 21 cm


• calibration is difficult


• the wedge…
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Making Maps

• Use same (large) simulation 
volume for kSZ and 21 cm


• Optional: filter maps


• For bispectrum:


• Convert 21 cm to 2d field
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Figure 4. Visualization of the evolution of the 21 cm brightness of the simulation
cube. Left: a coeval sub-box at 50% ionization fraction with side length of
500 Mpc h−1 for long (top), fiducial (middle), and short (bottom) reionization
scenarios. Right: the corresponding light cone cube, which includes evolution
of the ionization field. The x-axis on the right shows the redshift instead of the
comoving distance, with the center of the box placed at the redshift equaling
50% ionization by mass. We notice that the 21 cm signal initially follows the
underlying matter fluctuations at the side of the box farther from the observer
where it is almost entirely neutral, then gradually fades to zero brightness as
the IGM becomes increasingly ionized. For the long reionization scenario, the
coeval case has smaller bubble sizes at 50% reionization, and the light cone
effect is not as pronounced. For the short reionization scenario, the coeval case
has very pronounced bubbles of ionized gas at 50% reionization, and the light
cone effect is quite dramatic.
(A color version of this figure is available in the online journal.)

the relation between the 21 cm brightness temperature and the
matter overdensity field, but also because it is related to the
sources of reionization.

4. LIGHT CONE EFFECT

The light cone effect on 21 cm power spectra has been
examined semi-analytically in Barkana & Loeb (2006) and
numerically in Datta et al. (2012). The previous numerical
work was concerned only with relatively small volumes, and
found that the light cone effect is an O(1) effect on their largest
scales. We examined the impact of the light cone effect on
volumes larger than those used by Datta et al. (2012), and we
conclude that this effect is an essential consideration for 21 cm
measurements.

In essence, the light cone effect is due to evolution of the signal
along the line of sight. Although the coeval power spectrum is
easy to compute in a simulation volume, it is not representative
of a 3D power spectrum that would be observed. Given a flat

ΛCDM cosmology, the comoving distance from an observer
today can be calculated as a function of redshift:

r(z) =
! z

0

c

H (z′)
dz′. (8)

As an example, if the center of the 2 Gpc h−1 box is placed at
a comoving distance corresponding to a redshift of z = 10 for
our particular cosmology (i.e., the 21 cm signal at the center
of the box has a redshift of 10 relative to an observer), then a
signal from the far side of the box (from the perspective of the
observer) has a redshift of z ∼ 21, whereas the near side of
the box has a redshift of z ∼ 6. The duration in redshift space
spanned by the box is much larger than the ∆z50 for all of the
reionization histories of our model. This means that, even for
very extended reionization scenarios, the far side of the box
would correspond to a totally neutral universe, and the near side
would be completely ionized. The matter overdensity field also
evolves from z ∼ 21 to z ∼ 6. Intuitively, one would expect
that such a radical change could affect the power spectrum of
21 cm, because the signal is dependent upon the presence of
neutral hydrogen. In other words, the evolution along the line
of sight is non-negligible for these large volumes.

To produce the light cone effect, we divided the full simulation
volume into a series of cubes with smaller dimensions, since
2 Gpc h−1 spans a redshift range that always exceeds the
duration of reionization in our model. We treated these different
sub-boxes as fully independent because the matter overdensity
field, which generates the reionization field, has the same
statistical values (e.g., mean value, standard deviation, σ8,
etc.) in each sub-volume, with some acceptable fluctuation.
Specifically, we cut the 2 Gpc h−1 box into sub-volumes of
500 Mpc h−1, 250 Mpc h−1, and 125 Mpc h−1. This yields 64,
512, and 4096 independent cubes, respectively. We placed the
center of the sub-boxes at the redshift corresponding to 25%,
50%, or 75% neutral hydrogen fraction by mass. For each cell
in the simulation volume, the comoving distance r from the
observer is calculated along with the redshift corresponding to
that distance z(r), the inverse of Equation (8). Then, the mass
of the cell is linearly interpolated from the snapshots of coeval
mass density arrays from the bracketing redshifts, just as is done
for the coeval case. Finally, the 21 cm brightness temperature is
computed as in Section 3.2.

Figure 4 shows the evolution of the 21 cm signal in the
simulation volume as a function of redshift. One can see that the
late-time portion (left side of the box) contributes almost nothing
to the signal, and the earlier times (right side) has variation in
the temperature proportional to the fluctuations in the matter
overdensity field.

4.1. 3D Power Spectrum with the Light Cone Effect

To determine the impact the light cone effect has on the 3D
power spectrum, we find the power spectrum of each individ-
ual sub-box, take the average, and then compute the standard
deviation to get the corresponding 1σ values. Because the sim-
ulation volumes were constructed in this way, periodicity was
explicitly broken which altered the power on large scales. How-
ever, we found that this does not greatly affect the computation
of the power spectrum. Furthermore, many of these results in-
volve ratios between power spectra that are both affected by the
problem of broken periodicity, so the problems introduced do
not significantly change the predictions. Also note that when
computing the 3D power spectrum with the light cone effect,
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Higher-Order Statistics
• Use bispectrum to compute 

cross-correlations of kSZ-
kSZ-T21


• Gets around cancellation of 
kSZ signal


• Probes non-Gaussianity


• Use squeezed triangle limit


• Short baselines from HERA, 
maps from SPT/Simons 
Observatory

kkSZ1

kkSZ2

kT21𝜽12



Analytic Estimate
• Can use linear theory to expand expression for 21 cm-

kSZ-kSZ bispectrum


• Analyze contribution from different cross spectra (density 
field, ionization field, 21 cm field)


• Compare with brute-force estimate
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Trispectrum Proxy

• Trispectrum is hard 
(theoretically and 
computationally)


• Proxy: normalized cross-
spectrum of 21 cm and kSZ


• Square fields in real space: 
convolution in Fourier space


• Hope: signal peaks around 
typical bubble size
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Conclusions

• Higher order statistics are going to be an important cross-
check of power spectrum measurements


• Different systematics from 21 cm power spectrum


• Compare bispectrum with analytic estimates from linear 
theory


• Compute noise estimates — might be doable in near 
future!


