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Reionization, Recombination, and the CMB

Patchy kSZ effect: 
CMB photons scatter on expanding 
bubbles of ionized gas, imprinting 

ionization history in anisotropy.

Rayleigh scattering:

CMB photons scatter on neutral H and He at a 

redshift after recombination, imprinting 
additional cosmological information in the CMB 

anisotropy.
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Science with High-Frequency CMB Measurements
Rayleigh ScatteringkSZ Effect 4

FIG. 3: Rayleigh contributions to the temperature power
spectra at Planck frequency channel notional central frequen-
cies (in GHz, colours). Solid lines are the Rayleigh-primary
cross correlation (scaling approximately / ⌫4), dash-dot lines
show the Rayleigh-Rayleigh power spectra (scaling / ⌫8).
Dotted lines show the naive error per �l = l/10 bin in the
cross-correlation (no foregrounds). Only the cross-correlation
signal is potentially detectable by Planck.

This e↵ect is very small, ⇠ 0.04% (in agreement with
Refs. [1, 2, 15]), and can be neglected for current obser-
vations (and is anyway not frequency dependent). The
slowing of baryon cooling is also negligible because the
energy transfer in recoil from hydrogen is much lower
than from a much lighter electron. For further discus-
sion and a more detailed semi-analytic discussion of the
approximate form of the Rayleigh scattering temperature
signal see Ref. [2].

IV. POLARIZATION

Rayleigh scattering is also polarized: in the classical
limit the scattering from the induced dipole has the same
d�R / |✏1 · ✏2|2 structure as Thomson scattering, where
✏i are the polarization vectors. This should be a good
approximation to energies much larger than those of rel-
evance for the CMB since spin-flip scattering events are
highly suppressed even at high energies [17]. Hence the
Rayleigh polarization can be handled in a Boltzmann
code in exactly the same way as Thomson scattering,
e.g. following Refs. [18–20].

Since the Rayleigh visibility peaks at later times, the
horizon size there is larger, and the large-scale polar-
ization signal in E-modes from Rayleigh scattering of

FIG. 4: Lensed polarization power spectra at low frequencies
where Rayleigh scattering is negligible (solid) and 857GHz
(dashed). The latter high frequency is chosen to see the
Rayleigh contribution by eye but may not be observable in
practice. The low-l reionization and lensing signals are hardly
changed, but the 10 . l . 100 polarization power is signif-
icantly boosted, along with a significant suppression in the
damping tail at high l.

the quadrupole has more power on large scales, giving
a frequency-dependent boost to the power beyond the
reionization bump; see Fig. 4. There is also a suppres-
sion of power on small scales for the same reason as in
the temperature spectrum. The large-scale bump in the
spectrum is due to Thomson scattering at reionization
where Rayleigh scattering is negligible, and hence re-
mains essentially unchanged. Corresponding fractional
di↵erences to the power spectra are shown in Fig. 5. For
the polarization there are di↵erences at the several per-
cent level on both large and small scales.
A quadrupole induced by gravitational waves entering

the horizon at recombination would also Rayleigh scatter,
giving a similar Rayleigh contribution to the BB tensor-
mode power spectrum. In contrast the B modes pro-
duced by lensing of E modes originate from polarization
at recombination from a wide range of scales, where the
Rayleigh signal has varying sign. The Rayleigh contribu-
tion to the lensed BB spectrum therefore partly averages
out giving a significantly smaller Rayleigh contribution to
the lensing BB power spectrum on large scales as shown
in Fig. 4.

V. POWER SPECTRA

The in-principle direct observables are the angular
power spectra between all the fields and frequencies:

CXiY j

l = hXi⇤
lmY j

lmi, (4)

where X is T, E, or B, and i labels the frequency. At very
high frequencies ⌫ & 800GHz where the Rayleigh scatter-
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formed at much lower redshift (z . 10) [41]. However,
recombination also produced hydrogen and helium by
which photons can also be scattered through Rayleigh

scattering. This process is governed by the Rayleigh
scattering cross section that can be written as [30, 31]:
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where ⌫1j and f1j are the Lyman series frequencies and
oscillator strengths and �T is the Thomson scattering
cross section. Note that the cross section for Rayleigh
scattering depends on the frequency of the photons while
Thomson scattering does not.

Around recombination, it is a good approximation to
treat typical CMB photons as having frequency much
smaller than any of the Lyman series transitions. By
defining ⌫e↵ =

p
8/9R1c ⇡ 3.102 ⇥ 10

6
GHz ⇡ 12.83 eV,

with R1 the Rydberg constant, we can expand Eq. (1)
as follows:
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where ↵ ⇡ 2.626 and � ⇡ 5.502 (exact values can be
found in [30]). We recover the leading ⌫

4 scaling (which
is familiar from scattering of solar photons by our atmo-
sphere) with higher-order contributions becoming relevant
at higher frequencies. After recombination, densities of
the neutral species will evolve as (1 + z)

3 and the fre-
quency of CMB photons as (1+z), making the probability
of Rayleigh scattering / (1 + z)

7 (at leading order). Con-
sequently, Rayleigh scattering events remain localised
around recombination.

Notice that on average, Rayleigh scattering is as likely
to scatter photons into our line of sight as it is to scatter
photons out of our line of sight. As a result, there is no
monopolar distortion of the CMB frequency spectrum
due to Rayleigh scattering, just as Thomson scattering by
free electrons present after reionization does not change
the mean temperature of the CMB.

Rayleigh scattering induces two major changes to the
recombination history. First, it increases the overall cou-
pling between baryons and photons, and second, it intro-
duces a frequency dependence. We will briefly review the
consequences of these changes in the next section.

B. Effects of Rayleigh scattering on the
recombination history.

a. Increased comoving opacity Including Rayleigh
scattering in the CMB photons Boltzmann equation in-
creases the comoving opacity in a frequency-dependent
way, i.e.

⌧̇ = ane�T

! ⌧̇(⌫) = ane�T + a(nH + RHenHe)�R(⌫), (3)

FIG. 1. Contributions to the comoving opacity for Thom-
son scattering (black) and Rayleigh scattering for different
frequencies at the leading ⌫

4 order. Dotted lines represent
contributions including both ⌫

4 and ⌫
6 orders. The vertical

dashed line shows the last scattering surface.

where RHe ⇡ 0.1 accounts for Rayleigh scattering by
Helium atoms being less efficient than Hydrogen [30, 31].
Note that heavier elements as well as ionized species
also scatter photons but their contribution to Rayleigh
scattering is suppressed by their low abundance. Fig. 1
shows the evolution of the comoving opacity ⌧̇ for
both Thomson and Rayleigh scattering as a function
of redshift. The Rayleigh scattering opacity increases
around recombination (z s 1100) as neutral hydrogen
becomes more abundant and decreases after recombina-
tion (/ (1 + z)

7) when the photon frequency redshifts
and neutral hydrogen becomes more dilute.

b. Shift of the visibility function The visibility func-
tion is defined as:

g (z) = ⌧̇e
�⌧

. (4)

Due to Rayleigh scattering, the visibility function
becomes frequency dependent. More importantly, since
the total coupling between baryons and photons is
increased, the last scattering event (irrespective of it
being Thomson scattering on a free electron or Rayleigh
scattering on a neutral species) will be shifted towards
later times. This leads to a (frequency-dependent) shift
of the visibility function towards later times (lower
redshift), as illustrated in Fig. 2.

c. Increase of diffusion damping The amplitude
of diffusion damping [42] is directly controlled by the
photon mean free path in the plasma. The shorter the
mean free path, the smaller the effect. As described
earlier, the photon mean free path is shortened by
Rayleigh scattering which reduces the diffusion length
and consequently the amplitude of diffusion damping.

Planck TT

Rayleigh 
signal 

increases with 
frequency

Lewis, 1307.8148
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Figure 2. The best-fit baseline model plotted against the SPT 95, 150, and 220GHz auto- and cross-spectra. We also show
the relative power in each component of the model.

Two terms in the modelling describe the kSZ and tSZ
power spectra. We model the tSZ power as a free am-
plitude (defined by the power at ` = 3000 and 143 GHz)
that scales the Shaw et al. (2010) tSZ model template.
We assume the non-relativistic tSZ frequency scaling. In
§6.1.3, we also check if the results depend on the tem-
plate chosen. Similarly, we describe the kSZ power by an
amplitude parameter (defined by the power at ` = 3000)
that scales a template constructed by setting the power
of the CSF6 homogeneous kSZ template from Shaw et al.
(2012) and patchy kSZ template from Zahn et al. (2012,
hereafter Z12) to be equal at ` = 3000. Slightly di↵er-
ently than the tSZ case, we test the data’s sensitivity
to the exact angular dependence of the kSZ power in
§6.1.3 by simultaneously fitting separate amplitudes for
the homogeneous and patchy kSZ terms.
We include two parameters to describe the radio Pois-

son power: the amplitude of the radio Poisson power
at 150GHz and ` = 3000, and the spectral index ↵rg

for the radio galaxies. Unlike in G15, we do not place

6 Simulations that included cooling and star formation.

a prior on the radio galaxy power as the 95GHz data
constrains it well.
In the baseline model, we include five parameters to

describe the DSFGs that make up the CIB. Three of
these parameters are amplitudes, respectively of the
Poisson, one-halo clustering, and two-halo clustering
power at ` = 3000 and 150GHz. As in G15, the one-
and two-halo clustering templates are taken from the
best-fit halo model in Viero et al. (2013). The other two
parameters are the grey-body indices � for the Poisson
and clustering power respectively. We assume that there
is no di↵erence in the frequency scaling between the one-
and two-halo clustering terms.
Finally, we include the expected anti-correlation

between the CIB and tSZ power spectra. An anti-
correlation is expected below the peak of the CMB
black body because a dark matter over-density will be
associated with an over-density of DSFGs (positive sig-
nal) and hot gas (negative tSZ signal). We take the
angular dependence of the anti-correlation to be de-
scribed by the form found by Z12, when looking at the
Shang et al. (2012) CIB simulations. However, we al-
low the magnitude of this anti-correlation to float freely
from -1 to 1, with the magnitude defined at ` = 3000.
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plitude (defined by the power at ` = 3000 and 143 GHz)
that scales the Shaw et al. (2010) tSZ model template.
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that scales a template constructed by setting the power
of the CSF6 homogeneous kSZ template from Shaw et al.
(2012) and patchy kSZ template from Zahn et al. (2012,
hereafter Z12) to be equal at ` = 3000. Slightly di↵er-
ently than the tSZ case, we test the data’s sensitivity
to the exact angular dependence of the kSZ power in
§6.1.3 by simultaneously fitting separate amplitudes for
the homogeneous and patchy kSZ terms.
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for the radio galaxies. Unlike in G15, we do not place
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a prior on the radio galaxy power as the 95GHz data
constrains it well.
In the baseline model, we include five parameters to

describe the DSFGs that make up the CIB. Three of
these parameters are amplitudes, respectively of the
Poisson, one-halo clustering, and two-halo clustering
power at ` = 3000 and 150GHz. As in G15, the one-
and two-halo clustering templates are taken from the
best-fit halo model in Viero et al. (2013). The other two
parameters are the grey-body indices � for the Poisson
and clustering power respectively. We assume that there
is no di↵erence in the frequency scaling between the one-
and two-halo clustering terms.
Finally, we include the expected anti-correlation

between the CIB and tSZ power spectra. An anti-
correlation is expected below the peak of the CMB
black body because a dark matter over-density will be
associated with an over-density of DSFGs (positive sig-
nal) and hot gas (negative tSZ signal). We take the
angular dependence of the anti-correlation to be de-
scribed by the form found by Z12, when looking at the
Shang et al. (2012) CIB simulations. However, we al-
low the magnitude of this anti-correlation to float freely
from -1 to 1, with the magnitude defined at ` = 3000.

Reichardt, et al., 2002.06197

kSZ

CIB foreground

• Measurement requires high resolution and 
low noise at frequencies >150 GHz to 
remove CIB foreground.


• Science drivers:


1. Independent CMB-only probe of 
duration and redshift of reionization


2. Totally independent measurement of 
optical depth to reionization: improves 
limiting systematic for neutrino mass 
and light relics

• Rayleigh cross section frequency scaling 
strongly favors observing bands 
>150GHz:


• Science driver: beat cosmic variance in 
CMB-based cosmological parameters3



Future Experimental Landscape

Figure: Mark Devlin / Mike Niemack

CMB-S4 / Simons Observatory LAT
CMB-S4 85-tube cryostat concept

• CMB experimental landscape 
in the 2020s is dominated by 
CMB-S4 and its predecessors 
(e.g. SPT-3G, BICEP Array, 
Simons Observatory)


• CMB-S4 has 500,000 TESs 
observing at 27-270 GHz with 
complex cryogenic multiplexing 
electronics


• Conservative and costly design 
choices have generally been 
emphasized to reduce risk and 
eliminate R&D… opportunities 
to innovate still exist! 

• Example: TES detector density 
limited by available space for 
wirebonds on perimeter…

SPT-3G Wafer
with full wiring
(FNAL)

Wire-bonds
(double row,
100 um pitch)

flex cables 
to cryogenic 
multiplexers
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MKID Advantage for CMB
• Mapping speed per pixel 

optimized for ≥ 2 Fλ 

• But smaller pixels enable more 
detectors per array, so mapping 
speed per array maximized for 
small pixels


• CMB-S4 220/270 GHz dichroic 
band is limited to ~2000 
detectors / wafer


• 2-3x increase in sensitivity 
possible by moving to smaller 
pixels

5



MKID Advantage for CMB
• Mapping speed per pixel 

optimized for ≥ 2 Fλ 

• But smaller pixels enable more 
detectors per array, so mapping 
speed per array maximized for 
small pixels


• CMB-S4 220/270 GHz dichroic 
band is limited to ~2000 
detectors / wafer


• 2-3x increase in sensitivity 
possible by moving to smaller 
pixels

Above 150 GHz, MKIDs enable 
denser arrays + more detectors
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• New cryostat on South Pole 
Telescope (SPT) with MKID 
focal plane for reionization 
science + galaxy clusters + 
Rayleigh scattering


• 24,000 detectors observing 
at 225, 285, and 345 GHz


• Modular optics tubes for 
future upgrade to 
spectrometer arrays (see K. 
Karkare talk)


• MKIDS enable reaching 
some S4-level science 
targets faster and at 
much lower cost

SPT-4 Concept

225 GHz

280 GHz

345 
GHz

6



• See P. Barry talk this session for more details!


• Horn-coupled, dual-polarization pixel with 
direct absorption


• Compact design with simple fabrication 
achieves 2.3mm pixel diameter across all 
three bands with 1-2 GHz readout bandwidth


• 225 GHz single-pixel devices fabricated and 
tested in the lab, design developed and 
simulated for 285 and 345 GHz


• 7 wafers with 3500 detectors each 

Detectors for SPT-4
2.3mm diameter

interdigitated capacitor

inductor

low cross-pol

high in-band 
efficiency

simulation Bands defined 
by horn 

waveguide and 
free-space filter

K. Dibert (Chicago), P. Barry (Argonne)
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• Adapting “ICE” platform developed 
by McGill for readout of TESs in 
SPT-3G and radio receivers in 
CHIME


• Digital feedback in TES firmware for 
linearizing SQUIDs is 
straightforward to adapt to tone-
tracking


• Maintain legacy motherboards while 
swapping RF mezzanine based on 
the AD9082 chip:


• 4x DACs (12 GSPS) and 2x ADCs 
(6 GSPS) per board, supporting 
2048x multiplexing at baseband


• Enables reuse of full software stack 
developed for SPT-3G TESs: major 
reduction in effort!

Next-Generation Microwave Readouts
Hundreds of ICE boards deployed 

in the field (1608.06262)
ICE motherboard

8



• Adapting “ICE” platform developed 
by McGill for readout of TESs in 
SPT-3G and radio receivers in 
CHIME


• Digital feedback in TES firmware for 
linearizing SQUIDs is 
straightforward to adapt to tone-
tracking


• Maintain legacy motherboards while 
swapping RF mezzanine based on 
the AD9082 chip:


• 4x DACs (12 GSPS) and 2x ADCs 
(6 GSPS) per board, supporting 
2048x multiplexing at baseband


• Enables reuse of full software stack 
developed for SPT-3G TESs: major 
reduction in effort!

Next-Generation Microwave Readouts
Hundreds of ICE boards deployed 

in the field (1608.06262)
ICE motherboard

Already used as our primary workhorse system 
for characterizing test detector devices at 

Fermilab

M. Rouble (McGill)
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RFSoC Readout Platform
Xilinx ZCU111

2MHz per signal tone

noise is 
-140dBc

ADC

DAC

overlapped 
polyphase 

filterbank deMUX

DDS

downsampler network + 
DAQ

tone tracker

X

X

DDS

2 MHz / tone target ~ 200 Hz

generate 1024 tones

• Xilinx UltraScale+ RFSoC ZCU111 demo 
board (now old) has 8x ADCs (DACs) at 4 (6) 
GSPS


• MKID firmware developed at Fermilab (G. 
Cancelo, L. Stefanazzi, ++) demonstrated 
1024x MUX over 2GHz bandwidth with 
adequate noise performance (path to 8k 
channels / board)


• Tone-tracking capability in development; 
drastically improves detector linearity, which 
is important for ground-based operations


• Key enabling technology for much larger 
MKID arrays in the future!
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SPT-4: kSZ and Reionization
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Combined kSZ 2-pt and 4-pt function constrains optical depth 
comparable to Planck, but totally independent → improves 

neutrino mass from CMB

with S. Raghunathan (UCLA); see 
also Alvarez, et al. (2006.06594)
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SPT-4: Rayleigh Scattering

perfect foreground cleaning 

K. Dibert (Chicago)

no foreground cleaning 

sensitivity range

SPT3G + SPT-4 
(~2028)

CMB-S4-Wide 
(~2036)

CMB-S4-Deep 
(~2036)

Comparable or better sensitivity than CMB-S4, with a first 
detection of Rayleigh scattering ~8 years faster11



• Modular optics tubes 
enable upgrades to any 
detector that uses RF 
readout


• Mm-wave KID 
spectrometers 
demonstrated in SPT-
SLIM could be installed 
when available (see K. 
Karkare talk this session)


• Dedicated access to SPT 
in world’s most stable site 
for mm-wave 
observations provide 
unique environment to 
demonstrate these 
technologies

Platform for Future Technology
225 
GHz

285 
GHz

285 
GHz

285 
GHz

345 
GHz

225 
GHz

225 
GHz

Measured Spectra

Wheeler et al. 2016

...can also move band around and tune the channel spacing 

Funded!  NASA APRA 2019-2022
R~1000 @ 300 GHz, R~300 @ 1 THz
Other lines possible, e.g. [OIII]

Next-Gen mm-wave 
Intensity Mapping with 
On-Chip Spectroscopy

Kirit Karkare
Grainger/KICP Fellow, University of Chicago

CCA Intensity Mapping Workshop, 2019-02-21

Figure: Erik Shirokoff
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• Modular optics tubes 
enable upgrades to any 
detector that uses RF 
readout


• Mm-wave KID 
spectrometers 
demonstrated in SPT-
SLIM could be installed 
when available (see K. 
Karkare talk this session)


• Dedicated access to SPT 
in world’s most stable site 
for mm-wave 
observations provide 
unique environment to 
demonstrate these 
technologies

Platform for Future Technology
225 
GHz

285 
GHz

285 
GHz

spectro
meters?

345 
GHz

spectro
meters?

225 
GHz

Measured Spectra

Wheeler et al. 2016

...can also move band around and tune the channel spacing 

Funded!  NASA APRA 2019-2022
R~1000 @ 300 GHz, R~300 @ 1 THz
Other lines possible, e.g. [OIII]

Next-Gen mm-wave 
Intensity Mapping with 
On-Chip Spectroscopy

Kirit Karkare
Grainger/KICP Fellow, University of Chicago

CCA Intensity Mapping Workshop, 2019-02-21

Figure: Erik Shirokoff
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• Rayleigh scattering and precision measurements of 
the kSZ effect are powerful probes of the physics of 
recombination and reionization


• Background-limited MKIDs offer a fundamental 
sensitivity advantage vs. TESs for observations above 
150 GHz


• Using a simple MKID architecture and modern highly 
multiplexed readout, SPT-4 is able to reach Rayleigh 
scattering and kSZ sensitivities comparable to CMB-
S4 ~8 years sooner


• SPT-4 cryostat is a valuable platform for 
demonstrating early-stage detector technology

Conclusions

14
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• CMB experimental landscape in the 
2020s is dominated by CMB-S4 and 
its predecessors (e.g. SPT-3G, BICEP 
Array, Simons Observatory)


• Broad science capabilities, but 
increasingly narrowly optimized for 
inflationary B-modes (r) and light 
relics (Neff)


• Common experimental design:


• TESs observing at 27-270 GHz, 
with complex cryogenic 
multiplexing electronics


• Mix of large 5-10m aperture 
telescopes, and small 0.5m 
refractors


• For CMB-S4, conservative and costly 
design choices have generally been 
emphasized to reduce risk and 
eliminate R&D… opportunities to 
innovate still exist!

CMB Science Goals
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Figure 8. Forecast of CMB-S4 constraints in the ns–r plane for a fiducial model with r = 0. Also shown
are the current best constraints from a combination of the BICEP2/Keck Array experiments and Planck
[5]. The Starobinsky model and Higgs inflation are shown as small and large orange filled circles. The lines
show the classes of model that naturally explain the observed value of ns. The corresponding potentials all
either polynomially or exponentially approach a plateau. The scale in field space over which the potential
approaches the plateau is referred to as the “characteristic scale” (see Ref. [3] for more details). We show
di↵erent values, M = MP/2, M = MP, M = 2MP, and M = 5MP. Longer dashes correspond to larger
values of the scale M . The Planck scale plays an important role because the gravitational scale and the
characteristic scale share a common origin. The number of e-folds N⇤ chosen for the figure corresponds to
nearly instantaneous reheating, which leads to the smallest values for r for a given model. Other reheating
scenarios predict larger values of r and are easier to detect or exclude.

Fig. 7, and the entire class of models is shown in Fig. 8. The second class consists of models in which the
potential V (�) approaches a plateau, either polynomially or exponentially. The potential for models in this
class has a characteristic scale over which the potential varies [3].2 The sensitivity of CMB-S4 is chosen to
exclude all models in this class with a characteristic scale that exceeds the Planck scale. The Planck scale
constitutes an important threshold because the scale of gravitational interactions and the characteristic
scale may share a common origin and be linked to each other, such as in the Starobinsky model [7], in Higgs
inflation [8], or more general models involving non-minimally coupled scalar fields. As a consequence, even
in the absence of a detection CMB-S4 would significantly advance our understanding of inflation, and would
dramatically a↵ect how we think about the theory. The classes of model that naturally predict the observed
value of ns, together with current constraints and constraints expected for CMB-S4, are shown in Fig. 8.

1.2.2 Primordial density perturbations

CMB-S4 can also seek to characterize the primordial Universe by searching for well-motivated signatures in
the scalar fluctuations, in the primordial power spectrum, and non-Gaussianities.

2This characteristic scale was introduced in Ref. [3] and should not be confused with the field range or the energy scale of
inflation. For a discussion see Refs. [3] and [20].
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Figure 2: The evolution of the universe, adapted from [35]. SPT4 aims to study the universe after cosmic recombination
using measurements of Rayleigh scattering of the CMB off neutral Hydrogen; through cosmic reionization from the imprint
of ionized bubbles on the CMB through the kSZ effect; and by discovering early galaxies and proto-clusters from their far-
infrared dust emission, and early galaxy clusters through their distortion of the CMB via the tSZ effect.

years with no major shutdowns, and enjoys world-class logistical support from NSF/OPP and the Antarctic
support contractors. The SPT scientific and technical team has successfully deployed three cameras (SPT-
SZ, SPTpol, SPT-3G) on the telescope, consistently producing groundbreaking results across cosmology and
astrophysics demonstrated in nearly 200 refereed scientific and technical papers with over 10,000 citations.
This same team proposes to build SPT4.

The SPT4 science goals will be achieved by conducting surveys of large areas of the Southern sky using
the powerful new camera described in Section 2.2. The camera is anticipated to operate for four years. From
roughly April through November, SPT4 will be used to observe the 1500 deg2 field currently being observed
with SPT-3G. The high-frequency data from SPT4 will be combined with the 95 and 150GHz data from
SPT-3G for most of the science goals described here. From December through Polar sunset (March 21),
the sun is close enough to the SPT-3G/SPT4 1500 deg2 survey field to interact with diffraction sidelobes
from the gaps in the segmented primary mirror, and we see clear sun-related features in maps of that field
during those times. Thus from December to March, we plan to use SPT4 to undertake a 7000 deg2 survey
of the Milky Way and the Magellanic Clouds. This Galactic survey will deliver an combination of depth,
spatial resolution, and (crucially) polarization sensitivity that is unprecedented in sub-mm Galactic studies.
The data from this survey will be used to answer key questions about star formation in molecular clouds,
particularly illuminating the role of magnetic fields. The expected map noise levels for the main and Galactic
surveys are summarized in Table 1.

Survey Area 225 GHz T noise 225 GHz fwhm 285 GHz T noise 285 GHz fwhm 345 GHz T noise 345 GHz fwhm
[deg2] [µK-arcmin] [arcmin] [µK-arcmin] [arcmin] [µK-arcmin] [arcmin]

Main 1500 2.9 0.8 5.6 0.6 28 0.5
Galactic 7000 13 0.8 25 0.6 130 0.5

Table 1: Description of the two main surveys to be conducted with the SPT4 camera.
The following pages elaborate on each of the main science goals, and include detailed forecasts for

results from the planned SPT4 observations.
Reionization and the kinematic Sunyaev-Zel’dovich effect: The kSZ effect is caused by CMB photons
scattering off electrons introducing a Doppler shift proportional to electron velocity. The two largest sources
of kSZ anisotropy are expected from: 1) patchiness in the ionization fraction during cosmic reionization at
6 < z < 20 (“patchy kSZ”), and 2) the bulk motion of massive halos in the low-redshift (0 < z ⇠< 3) universe
(“late-time kSZ”). High-fidelity kSZ measurements can provide a wealth of information on the optical depth
and duration of reionization [52, 21, 4], as well as the growth of cosmic structure and dark energy [43].

While future low-noise CMB data is expected to improve constraints on the kSZ power spectrum, the
presence of astrophysical foregrounds, in particular dust emission from the CIB and the tSZ effect, pose sig-
nificant challenges. The high-frequency (⌫ � 200 GHz) sensitivity of SPT4 will constrain these foregrounds
and enable unprecedented constraints on the epoch of reionzation. In Fig. 3, we compare the expected resid-
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