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Cosmic History

Universe started to evolve from a hot and dense plasma of particles in 
thermal equilibrium. 

Recombination: At redshift z~1100, neutral hydrogen atom formed by the 
recombination of electron and proton and universe become transparent as 
photons can travel freely!

Reionization: High energy sources (uncertain!) ionise the Universe between 
redshifts 6 (Quasar) to 11 (CMB) and 10% of CMB photons scattered again.
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Model of reionization
Ṅ
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Figure 2. The cosmic star formation rate density as a function of redshift. Blue dashed line shows the outcome for the dust-corrected
UV-inferred SFR functions integrated down to a limiting magnitude M lim

UV
≈ −17. Red lines illustrate the outcomes from our global

(UV+IR) SFR functions integrated down to UV limiting magnitudes M lim
UV

≈ −17 (dashed), −13 (solid), and −12 (dot-dashed). The

green solid line is again for M lim
UV

≈ −13 but with a ceiling in metallicity set to Z < Z⊙/2. At z ! 4 data are from: (dust-corrected)
UV observations by Schiminovich et al. (2005; cyan shaded area); far-IR observations by Gruppioni et al. (2013; red shaded area);
multiwavelength determination including UV, radio, Hα and mid-IR 24µm data collected by Hopkins & Beacom (2006; orange shaded
area). At higher redshift z " 4, we report the estimate of the SFR density inferred from: (dust-corrected) UV data by Bouwens et al.
(2015; cyan squares), stacked IR data by Rowan-Robinson et al. (2016; magenta circles), long GRB rates by Kistler et al. (2009, 2013;
green stars). The grey shaded area is the estimate of the critical SFR density for cosmic reionization from Madau et al. (1999) for the
range of values CHII/fesc ∼ 10 (upper envelope) to 100 (lower envelope) in the ratio between the clumping factor of ionized hydrogen and
escape fraction of ionizing photons from high-z starforming galaxies.
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Model of Reionization
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Figure 3. Reionization history of the Universe, in terms of the redshift evolution of the optical depth τes for electron scattering. Black
lines illustrate the outcomes from our SFR functions integrated down to UV magnitude limits M lim

UV
≈ −13 (solid) −17 (dashed) and

−12 (dot-dashed) when adopting an escape fraction of ionizing photons fesc ≈ 0.1, see § 3. For reference, the black dotted line refers to
a fully ionized Universe up to redshift z. The green shaded area shows the measurement (with 1σ uncertainty region) from the Planck

Collaboration et al. XLVII (2016). In the inset, the corresponding evolution of the ionized fraction QHII is plotted, together with upper
and lower limits from various observations as collected by Robertson et al. (2015; empty circles).
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CMB polarisation induced by Patchy reionisation
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Cross-power spectrum
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Fig. 3.— Light cone projected maps of the kSZ signal from patchy reionization for models with z̄ = 10 and our longest ∆z(left), our
fiducial ∆z(center), and our shortest ∆z (right). The overall large-scale structure is similar but the small-scale structure decreases as ∆z

decreases.
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Fig. 4.— The patchy kSZ power spectrum for various reionization
models compared to SPT constraints (Zahn et al. 2012). We show
five models, our fiducial model at z̄ = 8,10, and 12 (green, red, and
blue, respectively) and two extreme models of brief (orange dashed)
and long (light green dashed) duration reionization at a fixed z̄ =
10. The SPT constraints are illustrated by the grey arrows, with
the darker grey arrow representing the constraint ignoring the tSZ-
CIB cross-correlation and light including this correlation. All our
models fall below the constraint that allows for tSZ-CIB correlation
with an ℓ dependent shape and most of the models are below the
even tighter constraint which ignores this correlation.

a consistency check on the EE power spectrum results,
since there is no extra information. Comparing Figures 1
and 2 we find that the models with larger τ are consis-
tent with having larger EE power at low-ℓ. Like the EE
power spectrum, measuring τ places a constraint on z̄
but is unable to discern between models with small and
large ∆z.
Here the assumption is that τ is uniform in all direc-

tions, however, reionization is naturally inhomogeneous.
The optical depth as a function of the distance from an
observer to the CMB is given by the equation,

τ(l∗, n̂) = σT

! l∗

0
ne(n̂, l)dl, (6)

where σT is the Thomson cross section, n̂ is the direc-
tion normal unit vector, dl = c dt is the proper distance
along the line of sight, l∗ is the distance to the surface of

last scattering, and ne(n̂, l) is the ionized election num-
ber density at position l in the direction n̂. Previously,
there was an upper limit constraint put on the RMS fluc-
tuation in τ of, at most, a few percent of the mean value
⟨τ⟩ using published SPT data (Mortonson & Hu 2010).
Given this upper limit the patchy τ contribution to the
CMB power spectrum at high-ℓ is negligible. In a com-
panion paper (Natarajan et al. 2012), we show that four
point statistics of the CMB, in principle, can constrain
the RMS fluctuation in τ and if measured one can dif-
ferentiate between models with small and large ∆z and
possibly break this degeneracy between ∆z and z̄.

3.2. Patchy Kinetic Sunyaev Zel’dovich Power
Spectrum

The kSZ signal from patchy reionization is sensitive to
the details of reionization such as the mean redshift of
reionization and its duration (e.g. McQuinn et al. 2005;
Zahn et al. 2005; Mesinger et al. 2012; Zahn et al. 2012),
which, physically, is primarily due to the relatively steep
dependence on redshift of the signal strength and the de-
pendence of ionization bubble size on duration. In this
section, we investigate how the patchy kSZ power spec-
trum depends on our model parameters and we compare
our results against previous work and observational con-
straints. We provide a simple scaling relation for the
patchy kSZ power at ℓ = 3000 as a function of z̄ and
∆z, which makes model fitting of observational spectra
trivial.
We construct patchy kSZ maps by raytracing through

the past light cone (5.5 < z < 20). The temperature
distortion along each line of sight is given by

∆T

T
(n̂) =

σT

c

! l

lo

e−τ(l,n̂)ne(l, n̂)n̂ · vdl, (7)

where v is the peculiar velocity, τ(n̂) is from Eq. 6,
and lo is the proper distance at z = 5.5. We make flat
sky maps that are approximately 15◦ × 15◦, where the
angular size is determined by the N-body simulation box
length of 2 Gpc/h over the comoving distance out to
z = 20. Since the box length (L = 2 Gpc/h) of the N-
body simulations is approximately equal to the comoving
distance between z = 6 and z = 20, we cycle through
the projection direction coordinates approximately once
when making the maps. For each choice of parameters
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Fig. 7.— The scaling relations between the patchy kSZ amplitude at ℓ = 3000 and ∆z and z̄, here the red symbols are the values
calculated from the maps, the blue lines are the best fit, and green symbols are the values from the combined scaling law (cf. Eq. 10). Left:
The patchy kSZ amplitude at ℓ = 3000 as a function of z̄ scales like DkSZ

ℓ=3000
∝ z̄. The squares, crosses, and triangles represent ∆z = 0.2,

1.05, and 2.10, respectively. Right: The patchy kSZ amplitude at ℓ = 3000 as a function of ∆z scales like DkSZ
ℓ=3000

∝ ∆0.5
z , here z̄ = 10.

This combined scaling relation can be used to constrain EoR in secondary parameter fitting of the high-ℓ CMB measurements.

area maps are susceptible to erroneously produce more
power on all scales since there are large scale features
that these small maps do not capture.
We found that the dependence of the amplitude of the

patchy kSZ power spectrum at ℓ = 3000 on z̄ and ∆z can
be represented by simple scaling laws. Figure 7 illustrates
these dependencies of DkSZ

ℓ=3000 ≡ CkSZ
ℓ=3000ℓ(ℓ + 1)/(2π),

which is linear for z̄ and a power law for ∆z. When fit-
ting for the scaling laws we use a nonlinear least-squares
method where each value is weighted by the inverse of the
variance of the three different projections and treat the
dependence of DkSZ

ℓ=3000 on z̄ and ∆z as separable func-
tions. The scaling laws are constrained to be:

DkSZ
ℓ=3000 = 1.80µK2

!
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#
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$

, (8)

for a fixed ∆z = 1.05 and

DkSZ
ℓ=3000 = 1.80µK2
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, (9)

for a fixed z̄ = 10. The combination of Eq. 8 and 9

DkSZ
ℓ=3000 ≃ 2.02µK2
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$"
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The predicted DkSZ

ℓ=3000 from Eq. 10 compares well to
the results from our model (cf. Fig. 7). The slight devia-
tions are seen in the variation of the map power spectrum
values about the fit (right panel Fig. 7) and these devia-
tions are found at the extreme ends of parameter space.
Using Eq. 10 we find a lower limit of DkSZ

ℓ=3000 ! 0.4µK2

by taking the 2σ lower confidence interval on z̄ = 8.1
from WAMP7 and the lower limit on ∆z ! 0.07 from
EDGES. Here we have converted the EDGES definition
of∆z, which assumes a functional form of hyperbolic tan-
gent for xe(z) to our definition. This scaling law provides

a simple way to place model dependent constraints on z̄
or ∆z by including it when fitting high-ℓ CMB power
spectra measurements into the secondary models used.
However this requires additional measurements, for ex-
ample of the EE power spectrum, to break the degen-
eracies between ∆z and z̄ that occurs when just using
patchy kSZ measurements.

4. FUTURE CONSTRAINTS

Constraints on z̄ and ∆z will tighten as the preci-
sion increases on measurements of the low-ℓ EE polar-
ization and high-ℓ temperature power spectra. We fore-
cast how well these future precision measurements of τ
and Dℓ=3000 will constrain z̄ and ∆z by constructing a
likelihood surface from a χ2 grid of z̄ and ∆z around our
fiducial model. The χ2 grid is calculated following

χ2 =

!

τ − τfid
στ

$2

+

!

Dℓ=3000 −Dℓ=3000,fid

σDℓ=3000

$2

, (11)

here τfid and Dℓ=3000,fid are the values for τ and Dℓ=3000
from the fiducial model, στ is the forecasted error bar for
Planck or CMBpol on τ , and σDℓ=3000

is the hypothetical
error bar for ACT-pol and SPT-pol on Dℓ=3000. Using
our fiducial value for τ we estimate that Planck will mea-
sure τ ± 0.004 (∼ 5% error; The Planck Collaboration
2006) and CMBpol will measure τ ± 0.002 a factor
of 2 better (Zaldarriaga et al. 2008). There is still
no detection of the patchy kSZ power spectrum, only
upper limits (Reichardt et al. 2012; Zahn et al. 2012).
A detection of the patchy kSZ power spectrum will
depend upon the ability to properly model contribu-
tions from the thermal SZ power spectrum (which de-
pends on uncertain intracluster medium astrophysics
e.g. Battaglia et al. 2010; Shaw et al. 2010; Trac et al.
2011; Battaglia et al. 2012a), the homogeneous kSZ (e.g.
Ostriker & Vishniac 1986; Jaffe & Kamionkowski 1998;
Ma & Fry 2002; Zhang et al. 2004; Shaw et al. 2012),
the thermal SZ - CIB cross spectrum (Reichardt et al.

KSZ  due to patchy reionization
B

attaglia et al. 2012 



Conclusion

To measure large scale polarisation signal (EE and BB), it is very 
important to clean foreground accurately to increase S/N. 

To understand small scale anisotropies due to reionization, 
detailed physics of reionization (velocity and ionisation history) 
need to be understood. 

Next generation CMB experiments like Advanced ACT, CMB S4 will 
be able to separate late time KSZ and patchy reionization signal. 

Anisotropies in optical depth from large scale polarisation (both EE 
and BB) can be used as a tool for patchy reionization.
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Figure 3. Two-dimensional marginalized contour levels at
68% confidence for the reionization parameters: time, zre,
and duration, �zre. The redshift of reionization is obtained
by projecting PIXIE’s ⌧ constraint, while the duration gets
information via the extraction of the kinematic Sunyaev-
Zel’dovich e↵ect in small-scale S4 temperature data. The
contours are set on a fiducial value zre = 8.27 � �zre = 1,
as indicated by the cross.

and kinematic contributions. The kSZ itself is expected
to have two components: a low-redshift, “homogeneous”
term [34], sourced by perturbations in the free electron
density after reionization and caused by the peculiar ve-
locity of the intergalactic medium and unresolved galaxy
clusters, and an additional high-redshift “patchy” term
sourced by fluctuations in the ionized fraction and elec-
tron density during reionization (e.g., [35–38]).

To extract the latter contribution we follow the pro-
cedure described in Ref. [31], including the patchy kSZ
contribution in the observables by adding a template
from Ref. [32] and extending the S4 TT multipole range
to `

max

= 7000. Here we assume that the kSZ is the
only secondary emission left after foreground cleaning
but we consider the possibility of imperfect cleaning and
quantify the impact on the kSZ measurement in Sec-
tion IV. We note that with our fiducial values the ex-
pected kSZ power is 0.65µK2 and is detected at high-
significance thanks to the low noise level of the S4 data.

The combination of PIXIE and S4 forecasts a meas-
urement of both reionization parameters with:

�(z
re

) = 0.2

�(�z
re

)= 0.03 (PIXIE + S4 + Planck) , (5)

improving by orders of magnitude on current constraints
(�(z

re

) ⇡ 1, �z
re

< 2.8 at 95% confidence from a com-
bination of Planck and SPT data [39]). We show single-
experiment and combined forecasts in Figure 3. The full
potential of the PIXIE data is obtained by anchoring the
amplitude As with Planck.

B. Primordial fluctuations

The PIXIE and S4 experiments complement each other
in testing early-universe models by measuring the prop-
erties of the primordial fluctuations on di↵erent scales.
Primordial tensor fluctuations, sourcing large-scale B-

modes with an amplitude proportional to the tensor-to-
scalar ratio parameter, r, will be generated from a grav-
itational wave background that may have been produced
by inflation or some other mechanism in the early uni-
verse. The most stringent upper limits on this contri-
bution are currently set from a combination of Planck
and BICEP2/Keck data, giving r < 0.07 at 95% confid-
ence [14]. Intermediate-to-small-scale temperature and
E-modes of polarization will test the scale invariance of
the initial scalar fluctuations, as measured with the scalar
spectral index, ns. Departure from scale invariance is
currently constrained by Planck at 5� [2].
To present the most complete and robust forecasts for

primordial fluctuation parameters we extend here both
our baseline dataset and Fisher calculations: (i) we in-
clude the large-scale part of the S4 survey summarized
in Table I, with expected noise levels given in Table II;
(ii) in order to incorporate foreground uncertainties into
these forecasts, we complement our Fisher matrix predic-
tions for ns with a map-based forecasting method for r,
involving sky simulations and non-white noise for S4, as
described in Section IV.
The forecasts are shown in Figure 4. Assuming simple

foreground models, both experiments would achieve sim-
ilar individual constraints on the tensor-to-scalar ratio
parameter, with �(r)PIXIE = 6 ⇥ 10�4 and �(r)S4 =
7 ⇥ 10�4 for a fiducial r = 10�3. We must note, how-
ever, that these results assume that iterative de-lensing
has been carried out on the S4 maps as described in
Ref. [40], thus reducing the cosmic variance contribu-
tion from lensing B-modes at higher `. In the absence
of de-lensing, we forecast �(r)S4 = 2 ⇥ 10�3. This is not
needed for PIXIE, given the small contribution of lens-
ing at the angular scales probed by PIXIE (reionization
bump). On the other hand, S4 would also improve the
Planck determination of the spectral index and make a
0.2% measurement of ns. The combined forecast con-
straints on primordial parameters are therefore:

�(r) =

(
6 ⇥ 10�4 w.o. de-lensing

5 ⇥ 10�4 w. de-lensing

�(ns)= 0.0017 (6)

(PIXIE + S4 + Planck) .

We note that these experiments will bring constraints
on primordial tensor perturbations into the r ⇡ 10�3

regime, of particular interest to constrain inflationary
theories [41]. A 5� detection could be made for r �
2.5 ⇥ 10�3, and levels of r � 10�3 could be ruled out at
⇡ 5�.

A key advantage of combining PIXIE and S4 is their
complementarity in terms of the range of scales that each
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