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2 ESTIMATING THE KSZ SIGNAL

The CMB temperature anisotropy along the line of sight unit vector,
û, can be written as:

�T ⇤ �T
T

(û) = ⌃T

Z
dz c (dt/dz) e�⇥e(z)neû · v , (1)

where ⌃T is the Thomson scattering cross section, ⌥e(z) is the
Thomson optical depth to redshift z in the direction û, v(û, z) is
the peculiar velocity, and ne(û, z) is the electron number density.

In our investigations, we split up the integral in eq. (1) into the
post-reionization, low-redshift component – the OV signal – and
the high-redshift, patchy kSZ reionization component. In order to
standardize the comparison of the patchy kSZ from different reion-
ization scenarios, the patchy kSZ signal is defined in this study as
the total kSZ from z > 5.6, even in cases for which reionization
completed much earlier than z = 5.6. However, the patchy reion-
ization signal typically dominates the total kSZ from z > 5.6 and
so this somewhat arbitrary definition makes little difference. While
the patchy kSZ signal is the focus of this paper, we discuss both the
patchy and OV components in turn below.

The statistic we concentrate on is the kSZ angular power spec-
trum CkSZ

l ⇤ T 2
cmb|�̃T (k)|2, where �̃T is the Fourier transform of

�T and Tcmb ⌃ 2.7 K is the temperature of the CMB. This statistic
is what is the final analysis product of the relevant CMB observa-
tions. We will use the notation [�kSZ

l ]2 ⇤ l2CkSZ
l /(2⌅), such that

the logarithmic integral over [�kSZ]2 yields the RMS temperature
fluctuation level. It is intuitive to relate in the flat sky approximation
CkSZ

l to the 3D ionization and density field:

CkSZ
l ⌃ T 2

cmb

3

Z
d⇤
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T n̄e(z)2

»
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l
⇤
)
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l
⇤
)

–
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where we use the Limber approximation and also the approxima-
tion that the cosmological velocity flows are coherent over much
larger scales than those of interest, l ⌃ 3000 (e.g., Ma & Fry
2002). Here, ⇤ is the conformal distance from the observer, vrms(z)
is the RMS amplitude of the peculiar velocity, n̄HII is the cosmic-
averaged density of free electrons, and PXY is the 3D cross power
spectrum of the overdensity in X with the overdensity in Y where
the relevant overdensities are in the ionized fraction, x, and the
density, ⇧. During reionization the patchy term dominates, i.e., the
term that arises from Pxx. For a constant Pxx with redshift and
a constant ionized fraction, the integral in equation (2) grows as
(1 + zmax)

3/2 for zmax ⌥ 1, where zmax is the maximum in-
tegrated redshift. Thus, the same ionization topology at z = 10
contributes slightly more to the kSZ anisotropy than this topology
at z = 7. However, this dependence is relatively weak for plausi-
ble zmax, and doubling the duration of reionization (while fixing
the sizes of the structure) approximately doubles the patchy kSZ
signal, Cpatchy

l .
As a final remark, we have argued that reionization almost

certainly occurred in a patchy manner, consisting of ionized and
neutral regions. Even without any knowledge of Pxx other than
that reionization was patchy, there is an integral constraint on the
contribution to CkSZ

l from this term because if the ionization field
is zeros and ones

R
k2dk/(2⌅2) Pxx = x�1

i � 1, where xi is the
mean ionized fraction. Thus, fixing the reionization history and in
the Limber approximation,

R
l2dl Cpatchy

l /2⌅ =
R

dl [�patchy
l ]2

is just a single number independent of the reionization morphology.
This constraint shows that smaller bubbles result in a smaller signal

since [�kSZ
l ]2 ⇧ (characteristic l)�1 ⇧ bubble size, assuming a

fixed reionization history.

2.1 kSZ from patchy reionization

To model the patchy kSZ signal, we use the publicly available
21CMFAST code5. This code uses perturbation theory (PT) to gen-
erate non-linear density and velocity fields, and PT plus the excur-
sion set formalism of (Furlanetto et al. 2004) to generate the ioniza-
tion fields (for the kSZ signal, we do not use the code’s additional
features developed for the cosmological 21cm signal). We summa-
rize some main points below; for further details on the simulation
see Mesinger & Furlanetto (2007) and Mesinger et al. (2011).

We first create a Gaussian random field in a simulation box
which is 500 Mpc on a side, sampled onto a 18003 grid. This field
is then mapped onto a lower-resolution (for more efficient usage of
available RAM) 4503 Eularian grid at a given redshift using first-
order Lagrangian PT (Zel’Dovich 1970) to compute what we re-
fer to as the “nonlinear density field” and corresponding velocity
field. The statistical properties of the density and velocity fields
have been shown to match those from a hydrodynamic simula-
tion remarkably well over the range of scales relevant for the kSZ
(Mesinger et al. 2011). Our ionization fields are generated directly
from the non-linear density field, with the excursion-set prescrip-
tion of Furlanetto et al. (2004), slightly modified according to Zahn
et al. (2011) (see their ’FFRT’ scheme). Fundamentally, this algo-
rithm compares the number of ionizing photons to the number of
neutral atoms within a given volume. Specifically, a simulation cell
at coordinate x is flagged as ionized if

fcoll(x, z, R) ⌅ ⇥�1 , (3)

where ⇥ is an ionizing efficiency parameter (described later) and
fcoll is the fraction of mass residing in dark matter halos inside a
sphere of radius R and mass M = 4/3⌅R3⇧̄[1 + ��NL R], with
mean physical density ⇧̄[1+ ��NL R], centered on Eulerian coordi-
nate x. This tabulation includes all halos above a set virial temper-
ature threshold, Tvir. We do not explicitly compute individual halo
locations (as in Mesinger & Furlanetto 2007), but instead use the
non-linear density field when computing fcoll (Zahn et al. 2011).
Following the excursion-set approach (e.g., Bond et al. 1991; Lacey
& Cole 1993), we decrease the filter scale R, starting from some
maximum value Rmax. A physical choice for Rmax corresponds
to the mean free path of ionizing photons, Rmfp (Furlanetto & Oh
2005; Choudhury et al. 2009; Alvarez & Abel 2010). If at any fil-
ter scale the criterion in equation (3) is met, this cell is flagged as
ionized. We also take into account partially ionized cells by setting
the cell’s ionized fraction to ⇥fcoll(x, z, Rcell) at the last filter step
for those cells which are not fully ionized. The resulting ionization
fields are found to agree well with those generated with cosmo-
logical radiative transfer algorithms on scales relevant for the kSZ
(Zahn et al. 2011; Mesinger et al. 2011).

In this study, our reionization models have three free parame-
ters6:

5 http://www.astro.princeton.edu/⇥mesinger/Sim.html
6 The details of reionization would most certainly be better character-
ized with additional free parameters, allowing greater subtlety in describ-
ing the complex processes of star formation, feedback and propagation of
ionizing photons. However, modeling such a large dimensional parameter
space would be computationally inefficient. Additionally, large-scale sig-
nals, such as those which source the kSZ, can likely be parameterized by
fewer parameters since they depend on ensemble averaged properties of
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2 ESTIMATING THE KSZ SIGNAL

The CMB temperature anisotropy along the line of sight unit vector,
û, can be written as:

�T ⇤ �T
T

(û) = ⌃T

Z
dz c (dt/dz) e�⇥e(z)neû · v , (1)

where ⌃T is the Thomson scattering cross section, ⌥e(z) is the
Thomson optical depth to redshift z in the direction û, v(û, z) is
the peculiar velocity, and ne(û, z) is the electron number density.

In our investigations, we split up the integral in eq. (1) into the
post-reionization, low-redshift component – the OV signal – and
the high-redshift, patchy kSZ reionization component. In order to
standardize the comparison of the patchy kSZ from different reion-
ization scenarios, the patchy kSZ signal is defined in this study as
the total kSZ from z > 5.6, even in cases for which reionization
completed much earlier than z = 5.6. However, the patchy reion-
ization signal typically dominates the total kSZ from z > 5.6 and
so this somewhat arbitrary definition makes little difference. While
the patchy kSZ signal is the focus of this paper, we discuss both the
patchy and OV components in turn below.

The statistic we concentrate on is the kSZ angular power spec-
trum CkSZ

l ⇤ T 2
cmb|�̃T (k)|2, where �̃T is the Fourier transform of

�T and Tcmb ⌃ 2.7 K is the temperature of the CMB. This statistic
is what is the final analysis product of the relevant CMB observa-
tions. We will use the notation [�kSZ

l ]2 ⇤ l2CkSZ
l /(2⌅), such that

the logarithmic integral over [�kSZ]2 yields the RMS temperature
fluctuation level. It is intuitive to relate in the flat sky approximation
CkSZ

l to the 3D ionization and density field:
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where we use the Limber approximation and also the approxima-
tion that the cosmological velocity flows are coherent over much
larger scales than those of interest, l ⌃ 3000 (e.g., Ma & Fry
2002). Here, ⇤ is the conformal distance from the observer, vrms(z)
is the RMS amplitude of the peculiar velocity, n̄HII is the cosmic-
averaged density of free electrons, and PXY is the 3D cross power
spectrum of the overdensity in X with the overdensity in Y where
the relevant overdensities are in the ionized fraction, x, and the
density, ⇧. During reionization the patchy term dominates, i.e., the
term that arises from Pxx. For a constant Pxx with redshift and
a constant ionized fraction, the integral in equation (2) grows as
(1 + zmax)

3/2 for zmax ⌥ 1, where zmax is the maximum in-
tegrated redshift. Thus, the same ionization topology at z = 10
contributes slightly more to the kSZ anisotropy than this topology
at z = 7. However, this dependence is relatively weak for plausi-
ble zmax, and doubling the duration of reionization (while fixing
the sizes of the structure) approximately doubles the patchy kSZ
signal, Cpatchy

l .
As a final remark, we have argued that reionization almost

certainly occurred in a patchy manner, consisting of ionized and
neutral regions. Even without any knowledge of Pxx other than
that reionization was patchy, there is an integral constraint on the
contribution to CkSZ

l from this term because if the ionization field
is zeros and ones

R
k2dk/(2⌅2) Pxx = x�1

i � 1, where xi is the
mean ionized fraction. Thus, fixing the reionization history and in
the Limber approximation,

R
l2dl Cpatchy

l /2⌅ =
R

dl [�patchy
l ]2

is just a single number independent of the reionization morphology.
This constraint shows that smaller bubbles result in a smaller signal

since [�kSZ
l ]2 ⇧ (characteristic l)�1 ⇧ bubble size, assuming a

fixed reionization history.

2.1 kSZ from patchy reionization

To model the patchy kSZ signal, we use the publicly available
21CMFAST code5. This code uses perturbation theory (PT) to gen-
erate non-linear density and velocity fields, and PT plus the excur-
sion set formalism of (Furlanetto et al. 2004) to generate the ioniza-
tion fields (for the kSZ signal, we do not use the code’s additional
features developed for the cosmological 21cm signal). We summa-
rize some main points below; for further details on the simulation
see Mesinger & Furlanetto (2007) and Mesinger et al. (2011).

We first create a Gaussian random field in a simulation box
which is 500 Mpc on a side, sampled onto a 18003 grid. This field
is then mapped onto a lower-resolution (for more efficient usage of
available RAM) 4503 Eularian grid at a given redshift using first-
order Lagrangian PT (Zel’Dovich 1970) to compute what we re-
fer to as the “nonlinear density field” and corresponding velocity
field. The statistical properties of the density and velocity fields
have been shown to match those from a hydrodynamic simula-
tion remarkably well over the range of scales relevant for the kSZ
(Mesinger et al. 2011). Our ionization fields are generated directly
from the non-linear density field, with the excursion-set prescrip-
tion of Furlanetto et al. (2004), slightly modified according to Zahn
et al. (2011) (see their ’FFRT’ scheme). Fundamentally, this algo-
rithm compares the number of ionizing photons to the number of
neutral atoms within a given volume. Specifically, a simulation cell
at coordinate x is flagged as ionized if

fcoll(x, z, R) ⌅ ⇥�1 , (3)

where ⇥ is an ionizing efficiency parameter (described later) and
fcoll is the fraction of mass residing in dark matter halos inside a
sphere of radius R and mass M = 4/3⌅R3⇧̄[1 + ��NL R], with
mean physical density ⇧̄[1+ ��NL R], centered on Eulerian coordi-
nate x. This tabulation includes all halos above a set virial temper-
ature threshold, Tvir. We do not explicitly compute individual halo
locations (as in Mesinger & Furlanetto 2007), but instead use the
non-linear density field when computing fcoll (Zahn et al. 2011).
Following the excursion-set approach (e.g., Bond et al. 1991; Lacey
& Cole 1993), we decrease the filter scale R, starting from some
maximum value Rmax. A physical choice for Rmax corresponds
to the mean free path of ionizing photons, Rmfp (Furlanetto & Oh
2005; Choudhury et al. 2009; Alvarez & Abel 2010). If at any fil-
ter scale the criterion in equation (3) is met, this cell is flagged as
ionized. We also take into account partially ionized cells by setting
the cell’s ionized fraction to ⇥fcoll(x, z, Rcell) at the last filter step
for those cells which are not fully ionized. The resulting ionization
fields are found to agree well with those generated with cosmo-
logical radiative transfer algorithms on scales relevant for the kSZ
(Zahn et al. 2011; Mesinger et al. 2011).

In this study, our reionization models have three free parame-
ters6:

5 http://www.astro.princeton.edu/⇥mesinger/Sim.html
6 The details of reionization would most certainly be better character-
ized with additional free parameters, allowing greater subtlety in describ-
ing the complex processes of star formation, feedback and propagation of
ionizing photons. However, modeling such a large dimensional parameter
space would be computationally inefficient. Additionally, large-scale sig-
nals, such as those which source the kSZ, can likely be parameterized by
fewer parameters since they depend on ensemble averaged properties of
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5. OBSERVABILITY OF PATCHY REIONIZATION
WITH FUTURE CMB EXPERIMENTS

In this section, we assess the observability of patchy reioniza-
tion with future experiments. ACTand SPTshould be able to dis-
tinguish different reionization scenarios with high significance
by measuring temperature power spectra. In their cosmological
parameter analyses, all-sky experiments such as Planck will
have to account for patchy reionization as a possible source of
bias and need to rely on their polarization data in order to obtain
proper constraints.

5.1. Power Spectral Constraints from ACT and SPT

The effect of patchy reionization on the CMB power spectrum
is of a magnitude similar to that of the Doppler effect induced by
variations in the mean density. The first source population is
heavily biased so the patchy reionization signal peaks on larger
angular scales. Figure 2 shows that for the regime in which the
ionization fraction is roughly 50% (which is where most of the
signal comes from) the bubbles reach sizes of tens of comov-
ing Mpc. In Figure 8 we plot the different contributions to the
Doppler power spectrum. Patchy reionization in model C with
! ¼ 12–200 lasts from redshifts 20 to 7. The signal imprinted in
the CMB from this epoch is shown by solid curves. At later
times, the universe is homogeneously reionized, and the dashed
curve shows the kSZ effect for this period.

Inverse Compton scattering in galaxy clusters leads to a
larger signal than that caused by Doppler scattering. Because
only a small fraction of the CMB photons present are likely to
scatter inside the cluster medium (’1% for a massive 15 keV
cluster), the distribution does not thermalize to that of the
hot gas. The effect has a characteristic frequency dependence,
and it can be distinguished from Doppler scatterings that leave
the frequency distribution of the photons unchanged. The dot-
dashed line in Figure 8 shows the combination of the sec-
ondary signal with the primordial CMB, once the thermal SZ
effect with its characteristic frequency distribution has been
removed.

On scales on which patchiness during reionization contributes
more to the total signal than the Doppler effect due to modu-
lations in the density (l < 4000), the primordial anisotropies
dominate. To study the secondary anisotropies created during
reionization, one has to observe angular scales on which photon
diffusion smooths out the primary anisotropies.

Upcoming experiments such as ACTand SPTwill observe the
sky in a number of frequency bands with comparable sensitivity
and angular resolution. ACT (Kosowsky 2003) will observe in
three frequency bands: 145, 225, and 265 GHz, with FWHM
beamwidths "FWHM of 1A7, 1A1, and 0A9, respectively. We use the
specifications of the 225 GHz channel for our power spectrum
analysis because the thermal SZ effect almost vanishes in this
frequency regime, its zero point being at # ’ 218 GHz. The
sensitivity per resolution pixel for this channel is $ ¼ 2 %K.
SPT (Ruhl et al. 2004) will observe in five bands, at 95, 150,
219, 274, and 345 GHz. The 219 GHz channel will have an
angular resolution of "FWHM ¼ 0A69 and a sensitivity of 10 %K.7

We assume sky coverages of 0.5% and 10% for ACT and SPT,
respectively.

From these specifications and a template for the power spec-
trum of primary and secondary anisotropies at arcminute scales
(which we obtain from our simulations), we can calculate the

errors in the Cl determination, including noise as additional
random field on the sky; Tegmark 1997):

!Cl ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

fsky 2l þ1ð Þ

s

Cl þ
fsky

wB2
l

" #
; ð7Þ

where we assume errors bars corresponding to a Gaussian map,
w ¼ ("FWHM$)

%2, and Bl is a beam profile (assumed Gaussian)
given by Bl ¼ e%"2

b
l(lþ1)=2 [with "b ¼ "FWHM/(8 ln 2)1

=2].
We assume that experiments such as the Atacama Large

Millimeter Array (ALMA)8 will lead to a good understanding of
the point-source frequency spectrum and angular clustering. In
more pessimistic scenarios in which only the frequency depen-
dence or nothing is known about point sources, they can strongly
degrade our ability to detect the kSZ effect (Huffenberger &
Seljak 2005; we included their estimate for the IR source power
spectrum at 145 GHz in Fig. 8). On the other hand, the as-
sumption of perfect cleaning of the thermal SZ effect is safer
because we understand its frequency dependence well.

To compare the experimental constraints with the power
spectra extracted from our simulations on degree patches on the
sky, we bin the errors into bands of width !l ¼ 360. The pre-
dicted measurements errors are plotted in Figure 9, together with
power spectra generated from the ‘‘cleaned’’ maps of primordial
CMB and kSZ combined. Since the kSZ appears almost fea-
tureless on the scales accessible to the next generation of ex-
periments, reionization models can be distinguished by their
average amplitude on these scales. The error bars in the relevant
band powers of ACT are combined using $2

tot ¼ (
P

i $
%2
i )%1. It

follows that the overall amplitude can be measured with an ac-
curacy of $!T ¼ 0:011 %K (we assumed a 1% calibration un-
certainty). Given that the plateau of the extended patchy model
(model C) lies at !T ’ 2:407 %K, while model A has an aver-
age amplitude on these scales of !T ’ 2:076 %K, the two will
be distinguishable at the 30 $ level with ACT, if we ignore

Fig. 8.—Different contributions to the total Doppler signal (kSZ) in our ex-
tended patchy reionization model C, showing the contribution to temperature
anisotropies from the patchy regime alone at z ¼ 7–20 (solid curve), the Doppler
effect from density modulations at homogeneous ionization out to z ¼11 (dashed
curve), the sum of those contributions to the total Doppler signal (dotted curve),
and the total temperature fluctuations, cleaned of the thermal SZ and IR sources
(shown at 145GHz by the thin dashed lines) (dot-dashed curve). These curves are
smoothed versions of the power spectra generated from 50 maps.

7 J. E. Ruhl 2004, private communication. 8 See http://www.eso.org/projects/alma/science/alma-science.pdf.
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TABLE 4
kSZ Predictions from Simulations

Paper D3000 [µK2]

Unnorm. Cosm Cor. Box Cor.
WHS02 3.00 1.57 3.91
H09 7.40 8.50 9.45

B10, NR 2.50 2.42 4.03
B10, AGN 1.50 1.45 2.42

TBO11, adiabatic 2.50 2.70 2.70
TBO11, standard 2.10 2.27 2.27
This work, DM · · · · · · 3.44
This work, NR · · · · · · 3.24
This work, CSF · · · · · · 2.19

Note. — The amplitude of the kSZ power predicted
by hydrodynamical simulations in previous work. We show
the results from the SPH simulations of White et al. (2002,
WHS02), the ENZO simulations of Hallman et al. (2009,
H09), both the non-radiative (NR) simulations and those
including cooling, star-formation and AGN feedback from
Battaglia et al. (2010, B10) and the ‘adiabatic’ and ‘stan-
dard’ models from the N-body plus semi-analytic approach
of Trac et al. (2011, TBO11).

5.4. Comparisons with Observations

To date, the kinetic SZ effect has not yet been de-
tected observationally. However, both the Atacama Cos-
mology Telescope and the South Pole Telescope have
placed upper limits on the amplitude of the kSZ power
at ! = 3000. From 296 deg2 of data, Dunkley et al.
(2010) obtained a 2σ upper limit of D! = 8µK2. More
recently Shirokoff et al. (2011) obtained an upper limit
of D! = 6.5µK2 (also 2σ) from 210 deg2. Therefore, ob-
servations do not currently constrain any of the models
that we have presented in this work, although the pre-
dictions of the simulations of Hallman et al. (2009) are
inconsistent with the most recent measurements.
The main difficulty in measuring kSZ power lies with

disentangling the signal from both the thermal SZ effect
and bright foregrounds, primarily dusty, star-forming
galaxies (DSFG). Unfortunately, the angular shape of
both the tSZ and DSFG power spectra is similar to that
of the kSZ signal, so it is difficult to separate these
signals in !-space. However, each has a very different
frequency dependence; multifrequency observations will
be extremely effective in separating these components.
Combining SPT or ACT data with Planck and Herschel
should enable a significant detection of kSZ power in the
near future.

6. DISCUSSION & CONCLUSION

The kinetic SZ (kSZ) power spectrum is generated by
the coupling between large scale velocity flows and small-
scale density perturbations. To predict its amplitude and
shape it is necessary to understand the behavior of the
power spectrum of gas density fluctuations over the range
of scales corresponding to 0.1 ≤ k ≤ 10 hMpc−1. In this
work, we have introduced a new model for the kinetic SZ
power spectrum that accounts for the effect of baryonic
physics on the power spectrum of gas density fluctuations
and thus on the kSZ power spectrum.
To this end, we defined a window function, W 2(k) =

Pgas(k)/PDM(k), to provide a mapping between dark
matter and gas density power spectra in our calculations.
We utilized hydrodynamic simulations – run in both the
non-radiative regime and including radiative cooling and
star-formation – to measure the window functions and
investigated their effect on the kSZ power spectrum. We
have presented three models for the kSZ power spec-
trum: DM (dark matter), in which gas density fluctu-
ations follow those of the dark matter at all scales, NR
(non-radiative) and CSF (cooling & star-formation) in
which we use the window functions measured in our hy-
drodynamic simulations.
There is only a small difference between the DM and

NRmodels. Gas density fluctuations in our non-radiative
simulations are suppressed at spatial scales smaller than
those that contribute significantly to the kSZ power spec-
trum (for ! < 10, 000). At ! = 3000, the NR model pre-
dicts D! = 3.24µK2, only 0.20µK2 below the DM model.
However, the CSF power spectrum has a significantly
lower amplitude as well as a much flatter shape than
either the NR or DM models. At ! = 3000, the CSF
model predicts D! = 2.19µK2, 1.25µK2 below the DM
model. The reduction in power is driven by the decrease
in the mean gas density in group and cluster mass halos
due to the high-levels of cooling and star-formation in
our simulation. This in turn reduces the amplitude of
the gas density power spectrum and thus the kSZ power
spectrum.
We have argued that our NR and CSF models provide

reasonable upper and lower limits to the effect of astro-
physical processes on the kSZ power spectrum. The NR
model is calibrated from a simulation that included no
cooling and star-formation and thus no means of reducing
the gas density. On the other hand, our CSF model is cal-
ibrated to a simulation that suffers from the over-cooling
problem, i.e., from excessive cooling and star-formation.
Hence, we expect our CSF model to underestimate the
true kSZ signal. Nevertheless, the difference between the
NR and CSF models at ! = 3000 is only 1µK2. Taking
the mean of these two models, we find that the astro-
physical uncertainty on the kSZ power spectrum ampli-
tude is roughly ±20%. This is significantly less than that
of the thermal SZ power spectrum, for which the cur-
rent theoretical uncertainty on the amplitude is ±50%
(Shaw et al. 2010; Trac et al. 2011).
There are two caveats to this argument. Firstly, our

fiducial models assume helium remains neutral at all
epochs. Singly or doubly ionized helium would increase
the amplitude of our models by up to 33%, depending on
the redshifts at which helium reionization occurs. Sec-
ondly, the amplitude of the kSZ power spectrum is sensi-
tive to cosmological parameters, namely σ8, Ωb, H0 and
τ (and, equivalently, zrei). We have investigated the scal-
ing of our models with cosmological parameters, finding
that D3000 ∝ σ4.5

8 Ω2.1
b H1.7

0 τ0.44 for the CSF model. The
current 1σ uncertainty on σ8 obtained from cluster num-
ber counts (Vikhlinin et al. 2009) translates to a ±15%
uncertainty on D3000.
We have compared our models with predictions made

directly from hydrodynamic simulations (White et al.
2002; Hallman et al. 2009; Battaglia et al. 2010;
Trac et al. 2011). These studies measured the kSZ
power spectrum using synthetic kSZ maps constructed

Shaw+2011	


PkSZ
OV~ 2-3µK2 	




STP and ACT	


Large diameter (fine resolution) telescopes:	

•  Atacama Cosmology Telescope (ACT)	

•  South Pole Telescope (STP)	


Constraints on reionization kSZ power at l~3000 from SPT (Reichardt
+ 2012):	

•  PkSZ

patchy <~ 1 µK2 (95% CL) assuming no tSZ-CIB correlation	

•  PkSZ

patchy <~ 4 µK2 (95% CL) allowing tSZ-CIB correlation	

A (marginal) detection (Crawford+2013):	

•  PkSZ

patchy = 0.9 ± 1.5 µK2 	

	

Limits include a conservatively small contribution from OV of 2 µK2	


 	

Caution: constraints are sensitive to the choice of prior	




Interpreting the patchy reionization signal	


Can construct empirical models (e.g. Zahn+2012, Battaglia+2013) à 	

•  fast, adaptable to MCMC 	

•  however unclear physical insight 	

•  must be careful not to over-interpret results from unphysical models	


Challenges:	

•  Large-dynamic range: need to capture small ionization structure  

(~Mpc) and go out to large scales to capture the velocity field (~Gpc)	

•  Very little is known about reionization -> large parameter space to 

explore	




Interpreting the patchy reionization signal	


Or: use 21cmFAST (Mesinger & Furlanetto 2007; Mesinger+2011) to do 
astrophysical parameter exploration	

•  Combination of Lagrangian perturbation theory and excursion-set 

formalism	

•  Generates realizations of reionization in minutes, allowing true 

parameter space studies of physical models	

•  Tested extensively against cosmo sims	

•  Publicly available	


Challenges:	

•  Large-dynamic range: need to capture small ionization structure  

(~Mpc) and go out to large scales to capture the velocity field (~Gpc)	

•  Very little is known about reionization -> large parameter space to 

explore	




Interpreting the patchy reionization signal���
(Mesinger, McQuinn, Spergel 2012)	


3 free parameters:	

•  ζ - ionizing efficiency of high-redshift galaxies. 

for example: ζ = fesc f* Νγ/(1+nrec) 
•  Tvir – minimum virial temperature of halos which 

can host stars 
•  Rmfp – mean free path of ionizing photons inside 

ionized IGM (set, e.g. by LLSs). Rmfp~30-50Mpc 
at z~6 



Modeling reionization (~>100 realizations)	
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Spectra as one varies parameters	
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Compute the power at l~3000	


Easiest to detect or rule out (i.e. largest signal):	

models driven by small galaxies which form early, evolve slowly, and 
where ionization is retarded by abundant absorption systems	


Mesinger, McQuinn, Spergel (2012)	




Including constraints from WMAP and QSOs	




Mfp slices	




Zeta slices	




Tvir slices	




Empirical parameters, Δzre and zre	


power	
 logarithmic slope	


zre – redshift when <xHI> =0.5	

Δzre – redshift duration from <xHI> =0.75 to <xHI> =0.25	
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caution:  the kSZ power is not a singly defined function of Δzreand  zre    	




What is sourcing the signal?	

•  Early to mid stages source the bulk of the l~3000 power.	


caution: the end of reionization cannot be directly constrained by	

 kSZ (e.g. Zahn+2012)	


•  A “fiducial” model has 
half of patchy power 
imprinted already when 
xHI >0.75.	


•  By xHI >0.5, 85% of the 
kSZ power is in place	




What about X-ray reionization?	


•  Due to their long mean free paths X-rays can have 
a dramatic impact on reionization morphology:	


	

no fiducial “swiss cheese” morphology?	


?	

HII	


HII	


HI	
 X-ray	
source	


Cream cheese morphology?	
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ABSTRACT
With their long mean free paths and efficient heating of the intergalactic medium (IGM),
X-rays could have a dramatic impact on the thermal and ionization history of the Universe.
Here we run several semi-numeric simulations of the Dark Ages and the Epoch of Reioniza-
tion (EoR), including both X-rays and UV radiation fields, attempting to provide an intuitive
framework for interpreting upcoming observations. We explore the impact of X-rays on var-
ious signals: (i) Reionization history: including X-rays results in an earlier, slightly more
extended EoR. However, efficient thermal feedback from X-ray heating could yield an ex-
tended epoch in which the Universe was ⇡ 10% ionized. (ii) Reionization morphology: a
sizable (⇠10%) contribution of X-rays to reionization results in a more uniform morphol-
ogy, though the impact is modest when compared at the same global neutral fraction, x̄HI.
Specifically, X-rays produce a dearth of fully neutral regions and a suppression of small-
scale (k ⇠> 0.1Mpc�1) ionization power by a factor of ⇠< 2. However, these changes in mor-
phology cannot be countered by increasing the bias of the ionizing sources, making them
a robust indicator of an X-ray contribution to the EoR. (iii) The kinetic Sunyaev-Zel’dovich
(kSZ) effect: at a fixed reionization history, X-rays decrease the kSZ power at l = 3000 by
⇡ 0.5µK2. Our extreme model in which X-rays entirely drive reionization is the only one
which is marginally consistent with the recent upper limits on this signal from the South Pole
Telescope, assuming no thermal Sunyaev-Zel’dovich (tSZ) – dusty galaxy cross-correlation.
Since this extreme model is unlikely, we conclude that there should be a sizable tSZ-dusty
galaxy cross-correlation. (iv) The redshifted 21cm signal: the impact of X-rays on the 21cm
power spectrum during the advanced stages of reionization (x̄HI ⇠< 0.7) is modest, except in
extreme, X-ray dominated models. The largest impact of X-rays is to govern the timing and
duration of IGM heating. In fact, unless thermal feedback is efficient, the epoch of X-ray heat-
ing likely overlaps with the beginning of reionization. This results in a 21cm power spectrum
which is ⇠10–100 times higher at x̄HI ⇠< 0.9 than obtained from naive estimates ignoring
this overlap. On the other hand, if thermal feedback is efficient, the resulting extended epoch
between X-ray heating and reionization could provide a clean probe of the matter power spec-
trum in emission, at redshifts more accessible than the Dark Ages.

Key words: cosmology: theory – intergalactic medium – early Universe – reionization – dark
ages – X-rays:galaxies

1 INTRODUCTION

Cosmic reionization is the last global baryonic phase change, and
acts as powerful probe of early Universe physics and the first gen-
erations of galaxies. Although the details remain unclear, it is gen-
erally accepted that reionization is mostly driven by stellar sources
inside dwarf galaxies that accrete gas via molecular or atomic hy-
drogen line cooling. The relatively soft ultraviolet (UV) spectra of
such stellar sources results in a reionization which is “inside-out”
on large scales: ionized bubbles grow around the first, highly clus-
tered sources, with their eventual coalescence signaling the com-

? email: andrei.mesinger@sns.it

pletion of reionization (e.g. Furlanetto et al. 2004; McQuinn et al.
2007; Trac & Cen 2007; Zahn et al. 2011). Such UV-driven reion-
ization scenarios result in a very inhomogeneous ionization field,
where the large-scale clustering of galaxies determines the ioniza-
tion morphology.

On the other hand, reionization would be noticeably different
if it were driven by higher energy, X-ray photons. Firstly, reioniza-
tion morphology would be more uniform, due to the relatively large
mean free path for X-rays (e.g. McQuinn 2012):
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Here x̄HI is the mean neutral fraction of the intergalactic medium
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X-ray reionization	


Mesinger, Ferrara, Spiegel (2013)	


“fiducial” model (UV driven reionization)	


“extreme” model (X-ray driven reionization)	

vs	




Reasonable X-ray models have only a mild impact on kSZ	


0.5µK2 decrease	

by ~50% contribution	


Crawford+2013, 2σ	


Crawford+2013, 1σ	


Crawford+2013	




Conclusions	


•  Despite wide parameter space exploration, the patchy kSZ signal 
at l=3000 only ranges from 1.5—3.5 µK2 (when including 
WMAP and QSO constraints)	


•  Observed SPT limits (2 σ) are just at this border, under 
conservative assumptions	


•  Largest power (first to be ruled out) comes from early/extended 
reionization scenarios (minihalos + abundant sinks)	


•  Bulk of the signal is sourced from early to mid stages of 
reionization à kSZ does not tell us about the end of reionization	


•  X-rays can decrease the kSZ power by <~0.5 µK2	


•  Slope is useful in breaking the degeneracy between different 
ionization morphologies with the same l~3000 kSZ power	


•  kSZ might be the only near-term indirect probe of z >~ 10	



