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OUTLINE:

ISW

* The Sachs Wolfe effect

* The integrated Sachs Wolfe effect: why is it so relevant for Dark Energy

* Unveiling the Sachs-Wolfe effect in CMB maps. The impact of systematics
* Observational status from cross-correlations, stacking and lensing

* Future prospects (?)

kSZ

* The thermal and the kinetic Sunyaev-Zeldovich effect

* The cosmological implications of the kSZ for Cosmology: missing baryons
and homogeneity

* Chasing the kSZ: a tiny signal with an unfortunate frequency dependence

* Recent detections, cosmological implications, and future prospects



Revisiting the CMB temperature (or intensity)

anisotropies:
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Linear theory works extremely well at z ~ 7,700 on observable scales ...

The linearised Boltzmann
equation for the CMB brightness
temperature has this form (at
linear level of perturbations, all
changes in the CMB distribution
function are independent of
frequency, i.e., the resulting
spectrum is Planckian, but with a
slightly different temperature
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Revisiting the CMB temperature (or intensity)

anisotropies:
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AD + iku AP = ¢ — ikpy equation for the CMB brightness
temperature has this form (at
+ K[ —AP + ARy + ipv, + 3P2(WIT] . [inear level of perturbations, all
changes in the CMB distribution
For each k or Fourier mode (that evolvse function are independent of
independently of other modes in linear frequency, i.e., the resulting
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™ slightly different temperature
AP, = f dte™ =~ ISP (k, 7)

0 L
Local monopole + i - L Lo, I 300
gravitational potential; S ) e ATO it "H' P ITE
Sachs Wolfe effect —_— S AWEY
— (] ] {224 — o, i
+e (¢+tj/)+g(k +4k2)+ TR

Linear theory works extremely well at z ~ 7,700 on observable scales ...



Revisiting the CMB temperature (or intensity)

anisotropies:
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Revisiting the CMB temperature (or intensity)

anisotropies:
22 0T
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e kpTcmp(1+A)

AD + ikp AP = ¢ — ikuy

+ k[ —AP + AR}y + ipv, + 3P, (WIT] ,

For each k or Fourier mode (that evolvse
independently of other modes in linear
theory), one can write an integral solution:

0
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The linearised Boltzmann
equation for the CMB brightness
temperature has this form (at
linear level of perturbations, all
changes in the CMB distribution
function are independent of
frequency, i.e., the resulting
spectrum is Planckian, but with a
slightly different temperature
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Linear theory works extremely well at z ~ 1,700 on observable scales ... kSZ term
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The Integrated Sachs Wolfe effect:
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The Integrated Sachs Wolfe effect:

5T 2 /fLss 06(r, )
dr ——
0 ar

- From Poisson’s equation: —k? a? ¢, = 47Gpp(2) 6%, with a
the scale factor, so

- In a critical Universe, d, o< a and ¢ = const
- In a A Universe, the growth of potentials is suppressed
compared to the critical case:

= positive correlation between ¢, and 67 /7j



€ U(1+1)/2m, (1uK?)

The Integrated Sachs Wolfe effect:

ISW map

map_isw_NV3SHo_10.fits: TEMPERATURE

—67.0 e—

s 852 pxK

ISW power
(subdominant, -

// and on small

sc:ales)

Multipole ¢

Since it appears on very large scales,
there are very few independent spots
on the sky, and one needs to cover
large sky areas to detect it ...

Total CMB map (including
the ISW map)

map_emb_NV5SHo_10.fits: TEMPERATURE




The Integrated Sachs Wolfe effect:
(unveiling it via cross-correlations)

Crittenden & Turok (96) suggested that, since d¢ x §, one could
detect the ISW by X-correlating CMB maps with LSS

0T = Z al,mi/l,m(ea qf’)
5Ng — Z Nz,mYE,m(Q, d’)
X-correlation function: (67'(x)0Ng(x+0)) = zi—;lC?’Ngﬂ(cos 6)

CN = (@ Vi)
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The Integrated Sachs Wolfe effect:
(unveiling it via cross-correlations)

S/N of the ISW x galaxy

survey Cross correlation:
 revisited

1.0

Pretty independently of the source redshift
distribution, the S/N of this cross-correlation
analysis tends to peak at low multipoles / large
sky areas (~90% of the S/N should lie below
elle=50 — 60), where we may have
systematics, most probably in the galaxy
templates

(<?)

e —v— Maximum S/N achievable ~ 7.3

1 10
Multipole ¢

CHM, 2010
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The Integrated Sachs Wolfe effect.
Systematics associated to the
galaxy survey

Stars Mask amplitude Seeing

CHM et al.,
2014, for the
BOSS
collab.

CMASS sample

Black: before
correction
Blue: after
correction

LowZ sample

: l i
0.90L A . /

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.60.86 0.88 0.90 0.92 0.94 0.96 0.98
ar density [10* deg™] Mask value

On large scales our measured galaxy density field maybe modulated by
artifacts, like stars, seeing, or extinction, and we must correct for this or our

clusterting estimates on the large scales will be severely biased ... i



The Integrated Sachs Wolfe effect.
Systematics associated to the
galaxy survey

CHM et al.,
Systematic correction map 201 4, for the

——— BOSS
\ . \ - collab.
This is the correction

| s 300 deg™ map s

On large scales our measured galaxy density field maybe modulated by
artifacts, like stars, seeing, or extinction, and we must correct for this or our
clusterting estimates on the large scales will be severely biased ...
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The Integrated Sachs Wolfe effect.
Systematics associated to the
galaxy survey

CHM et al.,
2014, for the
BOSS
collab.

LOWZ+CMASE

... to be added to this
map ...

Q.0 e— s 1.52+08 strad™

On large scales our measured galaxy density field maybe modulated by
artifacts, like stars, seeing, or extinction, and we must correct for this or our

clusterting estimates on the large scales will be severely biased ... i



The Integrated Sachs Wolfe effect.
(Observational status)

Planck intensity/temperature map
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The Integrated Sachs Wolfe effect.
(Observational status)

Planck intensity/temperature map vs maps of LSS from optical/radio/IR

Planck Collaboration: Planck 2015 results. XXI.
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Fig. 6. Measured ISW-LSS cross-spectra (CAPS). From left to right, snd top to bottom, the panels show the cross-correlation of the four CMB
maps with NVSS, WISE-AGN, WISE-GAL, SDSS-CMASS/LOWZ, SDSS-MphG, and Kappa. Grey areas represent +1o- uncertainities derived
from simulations. Spectra derived from the Planck CMB maps are virtually the same.

Planck Collaboration, 2016
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The Integrated Sachs Wolfe effect.
(Observational status)

Planck intensity/temperature map vs maps of LSS from optical/radio/IR

Planck Collaboration, 2016

A&A 594, A21 (2016)

Table 2. ISW amplitudes A, errors o4, and significance levels S /N = A/o 4 of the CMB-LSS cross-correlation (survey-by-survey and for different
combinations).

LSS data COMMANDER NILC SEVEM SMICA Expected
Atoy S/N Axo, S/N Ax0y S/N Ao, S/N S/N
NVSS 095036 261 094036 259 095+036 262 095+036 2.61 2.78
WISE-AGN (£iin = 9) 095+0.60 1.58 096+060 159 095+0.60 158 1.00+0.60 1.66 1.67
WISE-GAL ({in 2 9) 0.73+0.53 137 0.72+053 135 0.74+053 138 0.77+0.53 1.44 1.89
SDSS-CMASS/LOWZ 1.37+£056 242 136+056 240 137+056 243 137+£056 2.44 1.79
SDSS-MphG 1.60+0.68 234 159+068 234 161+068 236 162+068 2.38 1.47
Kappa (€nin = 8) 1.04+033 3.15 1.04+033 316 105+033 3.17 1.06+033 3.20 3.03
NVSS and Kappa 1.04+028 3.79 1.04+028 378 1.05+0.28 3.81 1.05+028 3.81 3.57
WISE 0.84+045 1.88 0.84+045 188 0.84+045 188 0.88+045 1.97 220
SDSS 149+055 273 148+055 270 1.50+0.55 2.74 1.50+£0.55 2.74 1.82
NVSS and WISE and SDSS  0.89+0.31 2.87 0.89+0.31 287 0.89+031 287 090+031 290 3.22
All 1.00+£025 4.00 099+025 396 100+0.25 4.00 1.00+£0.25 4.00 4.00

Notes. These values are reported for the four Planck CMB maps: COMMANDER; NILC; SEVEM; and SMICA. The last column gives the expected S/N
within the fiducial ACDM model.

Below S/N=3 for external galaxy surveys, combining with the internal lensing

map of the CMB yields S/N ~ 4 i



The Integrated Sachs Wolfe effect.
(Observational status)

Planck intensity/temperature map vs maps of LSS from optical/radio/IR

Planck Collaboration, 2016

X
s \aX ge
N9 B
coV® 140 C
gu o
\—SS a(© i
oo it 02 et
. "\\‘\Y Y ‘ea"e( d
B AL T e
Qe e’g’{\(\
| cha \'\'\\e Q a2 )
e\ QAN Py el L
TS T e "o
AR \DE ;
=

Below S/N=3 for external galaxy surveys, combining with the internal lensing

map of the CMB yields SIN ~ 4 -



The Integrated Sachs Wolfe effect.
(Observational status: stacking on
voids and superclusters)

There is more controversy about several results found after stacking CMB
data on the position of voids identified in spectroscopic and photometric
surveys:

Clusters

Granett, Neyrinck, Szapudi 2008
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The Integrated Sachs Wolfe effect.
(Observational status: stacking on
voids and superclusters)

Year-|
ISW with the Dark Energy Survey (DES) data
Kovacs, Sanchez, Garcia-Bellido, et al. 2017 ‘%-S Ll I ations
Rgal-world DES data for
‘v0|ds and superclusters | ATf ~ -10 UK
Filtering: 107;—_; \S/t;::jesrclusters . o.skﬁm | (data)
o .8 HI;.;“ 1.2
lij; j S[FS— e i
S ol : \
< 4 * & \
-5 } l ' L
ATf = ATin-ATout ! [ I ATf ~ -0,5 HK
-10 . . . -
Changing filter size (simulation)
- 0.5 1.0 15 2.0
© | ~§ R/R,
> RO 7
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The Integrated Sachs Wolfe effect.
(Observational status: stacking on
voids and superclusters)

=/

Year-1

ISW with the Dark Energy Survey (DES) data

Kovacs, Sanchez, Garcia-Bellido, et al. 2017
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The Integrated Sachs Wolfe effect.
(Observational status: stacking on
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The Integrated Sachs Wolfe effect.
(Summary)

ISW are generated below z=1 on the large angular scales by the decay of
the large scales gravitational potentials during the onset of the accelerated
expansion

It can be picked by cross-correlating CMB maps with gravitational potential
spatial tracers, such as galaxy surveys or projected potential/lkappa maps
from CMB lensing.

While the expected maximum S/N for ISW detection is close to 7 (~ 7.3), so
far we are at the S/IN~3 level if we rely on LSS surveys, and SIN~4 after
including Planck kappa/lensing map

There is little hope for improvement on the CMB side, and only with deeper
and wider LSS surveys we may be in the position to improve ISW
measurements. Large angle systematics must be kept under severe control

There is some signal associated to super-voids (and super-clusters) whose
ampiltude is ~10x larger than what LCDM predicts. This is all still preliminary
and under study.

24



Changing gears ...
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The kinetic Sunyaev-Zeldovich
effect.

Zeldovich to Sunyaev: how could one see an electron cloud in space?

26



The kinetic Sunyaev-Zeldovich
effect.

But what if the electron cloud moves with respect to the photon
bath?

27



The kinetic Sunyaev-Zeldovich
effect.

In electron's rest frame:
T(n)=T,(1 + v.n/c)

And the electrons must
mirror (scatter) what they
see!

But what if the electron cloud moves with respect to the photon
bath?

28



The kinetic Sunyaev-Zeldovich
effect.

AT(n) v-.n v - N v-n
= = —hprh, x Lr'I-rmu! = —Tp X L::frﬂ:r.lf = —Tp
Th e e I

If electrons are not too hot,
its Thomson scattering and
there’s NO energy exchange
at the electron’s frame ...

@ Black body CMB spectrum is 29
shifted but preserved!



The kinetic Sunyaev-Zeldovich
effect.
(The physics behind the effect)

¢ In a thermalized photon-baryon bath, in the electron’s frame, Thomson
scattering does not transfer energy but simply changes the direction of CMB

photons... _
e |f the electron cloud is moving with respect to the CMB photon bath, there is

however a net flux of momentum that affects all photons in the same way - >
there is no distortion of the (frequency independent) brightness temperature.

AT(n) v-n . v-n v-n
—— =~ —07Ne—— X Lgjoug = —Tr—— X Letoud = —Tr——
1o c & c

» However, due to its anisotropic nature, if there is a local quadrupole in the CMB

intensity distribution, it will generate (inear polarization

I 05260 0 I
Y e 2 I do’)
I, 8 0 1 I
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But if there is a energy gain/loss for
the photon, if photon frequencies
actually change in the scattering,

then we meet the tSZ ...

=<
=

8

Intensity (Mly sr I}

AT, ~k,T [ (m_c?

4]

Wavelength (mm)
& 2 1

g

g
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Summary of the interaction of CMB photons with
ionised gas clouds ...

ATygz(n) v-n

, ~ Tl X de}ud

Tﬂ C

A Frequency
ATisz(n) |
e dependent in
T ~ Te TE X Lf:!mni ~ P A Ldmtd T units]
0

E(fl) ~ 1, EMB
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Summary of the interaction of CMB photons with
ionised gas clouds ...

&Tkg;g(ll) V-1

— ~ Ny —— X Lggoud

T{] C

A Frequency
ATsz(n) s |
dependent in
T ~ Te TE A Lf:iﬂruai ~ Pe X Ldﬂud T units]
0

E(fl) ~ 1, EME

The tSZ will more easily detectable in collapsed structures, whereas the kSZ will
be detected in comoving gas, regardless it is collapsed or not.
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The tSZ vs the kSZ in halos:

Dashed lines: kSZ
Solid lines: tSZ @ 222 GHz
(two different redshifts shown: z=0,1)

CHM et al, ApJ, 2006

At low masses, the kSZ/tSZ ratio
drops, with the kSZ eventually
dominating ...

34



Addressing the missing baryon problem with the thermal el Sunyaev-Zeldovich
Y - (t82) a_nd'_kine.ti'c Su'nyaev'—ZeId_ovich'(k_SZ_) effeCts ' R

_ CHM et a.I,_Ap-J_Lette.r_s 2006

Total tSZ

— 10 2 eo— esssmmmm 4 4 log,(v)
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Addressing the missing baryon problem with the thermal el Sunyaev-Zeldovich
T - (t8Z) and kinetic Sunyaev-Zeldovich (kSZ) effects i

CHM et al, ApJLetters 2006

Diffuse tSZ

—10.2

s — 4 4 log (V)
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Addressing the missing baryon problem with the thermal el Sunyaev-Zeldovich
; ' (tSZ) and kinetic Sunyaev-Zeldovich (kSZ) effects '

CHM et al, ApJLetters 2006 S Malge S50

' ~105 J— — 4.4 108 ()
'The kSZ should be more effective In 37
finding those baryons
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0157
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0.05

The problem of the missing baryons

X rays
Rasheed, Bahcall & Bode (2010)

Gas Fraction within R, versus Mass

¢ XMM (Arnaud) *
. Chandra (Vikhlinin) &
* Chandra (Sun) *

Mean Gos Fraction @

10" 10"

UV spectroscopy
M. Shull (2015)

Probed by X-ray. Baryon Census (low-z)
lines, broad Ly

Both of these
_are uncertain |

S S \ 98 EUV radiation field
: = - Oxygen metallicity
- loniz corrections
- Cloud geometry
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The kinetic Sunyaev-Zeldovich effect:
Observational challenge

One image is more worth than one thousand words ...

a % B
¥ &% "
-1 deg & P : ; : » o
<P
| ¥
' b
“-oe ..»
\_'» ' " WM ACT @ 145 GHz
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The kinetic Sunyaev-Zeldovich effect:
Observational challenge

CMB intrinsic spots, generated at z~1,700 ...

~1 deg

ACT @ 145 GHz
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The kinetic Sunyaev-Zeldovich effect:
Observational challenge

CMB intrinsic spots, generated at z~1,700 ...

Dusty galaxies

~1 deg

\_'» ' " WM ACT @ 145 GHz
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The kinetic Sunyaev-Zeldovich effect:
Observational challenge

CMB intrinsic spots, generated at z~1,700 ...

Dusty galaxies

~1 deg

Thermal Sunyaev-
Zeldovich (tSZ) cluster

\_'» ' " WM ACT @ 145 GHz
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The need to look at the direction of galaxy
clusters and groups knowing to host ionized
gas ...

Stacked thermal SZ maps in the
direction of BCGs for different stellar
mass bins (Guo et al. 2011, Planck
PIP-XI)

Luminous Red Galaxies selected
from Sloan / BOSS

Brightest Central Galaxies selected
from Sloan /

o (deg)

Galaxy clusters and groups from
DES

LSS probed by WISE galaxies

0.0 -0, -1 ] 0.0 -0, -1 ] 0.0
4 (deg) & (deq) & (deq)
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Let’s try to count electrons by searching for the kSZ ...

=

8T ysz(R) = =T fdmmc[g -ﬁ) & G ; )

.= [din o ~

number of electrons

We are effectively observing through
cylinders of depth L___accounting for the

typical correlation length of peculiar
locities

Simple
Aperture

Photometry (AP)
T,p = <T(r<R1)> - <T(R1l<r<R2>) approach 44




The kinetic Sunyaev-Zeldovich
effect.
(implications for homogeneity)

Constraints from kSZ non detections!

45



kSZ statistics @ Oth order. Mean or average of kSZ
temperature (compatible with zero)

Using Planck data combined with the Meta Catalogue of X-ray detected Clusters of galaxies (MCXC), we address the study of peculiar motions
by searching for evidence of the kinetic Sunyaev-Zeldovich effect (kSZ). By implementing various filters designed to extract the kSZ generated at

:1303.5

1V

the positions of the clusiers, we obtain consistent constraints on the radial peculiar velocity average, root mean square (rms), and local bulk flow
amplitude at different depths. For the whole cluster sample of average redshift 0.18, the measured average radial peculiar velocity with respect
to the cosmic microwave background (CMB) radiation at that redshift, i.e., the kSZ monopole, amounts to 72 + 60 km s~ . This constitutes less
than 1% of the relative Hubble velc-mty of the cluster sample with respect to our lncal CMB frame. While the linear ACDM prediction for thc
Ypi ¥ » the upper [mit impo y p po

to 800 kms™! at 95 % confidence lf:‘iff:l i.e., about three times higher. Planck data also set strong constraints on the local bulk flow in volumf:s
centred on the Local Group. There is no detection of bulk flow as measured in any comoving sphere extending to the maximum redshift covered
by the cluster sample. A blind search for bulk flows in this sample has an upper limit of 254 kms™' (95 % confidence level) dominated by CMB
confusion and instrumental noise, indicating that the Universe is largely homogeneous on Gpe scales. In this context, in conjunction with supernova
observations, Planck is able to rule out a large class of inhomogeneous void models as alternatives to dark energy or modified gravity. The Planck
constraints on peculiar velocities and bulk flows are thus consistent with the ACDM scenario.

Key words. cosmology: observations — cosmic microwave background — large-scale structure of the Universe — galaxies: clusters: general

Planck Intermediate Results. XIll|

Rashid Sunyaev to Sarah Church:
“Sarah, look yourself, you have
clusters at z~1 and yet they are
at rest with the CMB!!”

46



kSZ statistics @ 1st order. Dipole of kSZ temperature
field (compatible with zero)

FRedshift z
0.035 0,370
. ——

Planck

Intermediate
Results. XIII. 1000 L
Looking at the ;
direction of ~1,500

|
g

1

H 4.

X-ray galaxy -:_j : :
clusters. =3 * Strongest ev:d?nce
o0l |  for the Copernican
& : Principle!
26T (R ny)
Agip(Rt) = Z5———
(- i)

i 1 i i i i il
100 1000
Sphere comoving radius [h™ Mpc]

Planck Intermediate Results. XllI|
47




The kinetic Sunyaev-Zeldovich effect.
(observational approaches)

1° statistical approach: the kSZ pairwise momentum

i< 6T; = 6T ) ci

2
Zf-:j E;”,-

Fit+7F; (ri—rj)(1 +cosf)
2

Pxsz(r) = —

=

Ci, j ]

2 [P +7r%—2rr.cosf
I I J

Pairwise momentum expresses the
mutual infall of two objects due to
gravitational interaction

Groth et al. 1981, Juszkiewicz et
al. 1998, Ferreira et al. 1999,
Hand et al. 2012

48



The kinetic Sunyaev-Zeldovich effect.
(observational approaches)

2nd statistical approach: the kSZ x velocity reconstruction

Dedeo et al.2005, Ho et al.2010
do(x)
ot

+Vrv(x)=0

We invert the density field into the peculiar
field on large scales (via the continuity
equation above), and cross correlate kSZ
temperature estimates with the “expected”
peculiar radial velocity:

s R (vj.nj)/o> [r]

0 400 500 Planck Intermediate Results
" Mpc] XXXVII (2015) 49



The kinetic Sunyaev-Zeldovich effect:
Observational status

ACT's first detection of the kSZ pairwise momentum:

1.0 —————T— Hand et
05k al. 2012 A EadJ{ﬁTf —LFI‘Tj}C{J
0.0 Pysz(r) = — f

l ;
::-zi\ﬂ/m* o =t

_1sbk | The Atacama Cosmology Telescope
collaboration provided the first detection

——
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—
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_2.0 1 L 1 1 L L 1
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oy of the kSZ by stacking estimates of
101 ST I T, filtered maps at 145 GHz on the
oof+14-4 e v positions of ~5e13 M_sun LRGs
-1o0f identified by BOSS, of typical mass .
0 20 40 60 80 100 120 140 ACT has FWHM~1.3 arcmin, where
Comoving Separation (Mpc) Planck’s best angular resolution is close

to FHWM=5 arcmin.
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The kinetic Sunyaev-Zeldovich effect:
Observational status

This was followed by Planck on Sloan local BCG sample in Planck Intermediate
Results XXXVII (2015)
p.2f T

HFI-217 GHz HFI-217 GHz HFI-217 GHz HFI-217 GHz
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'
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i
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T o " |
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We found a colour-free decrement (up to 2.5 o) for the cleaned S VEM map and

for apertures of 8 — 12 arcmin. For SEVEM @ 8 arcmin, a fit to the output of
numerical simulations yields S/N ~ 2.2 91



The kinetic Sunyaev-Zeldovich effect:
Observational status

First detection of the kSZ — velocity cross-correlation with Sloan
BCG sample :

<8T (v/0.)m> [1K]
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correlation between kSZ
temperature anisotropies
and recovered velocities

(with RMS=1)

S/N up to 3.8
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The kinetic Sunyaev-Zeldovich effect:

Finding the missing baryons

Fraction of electrons/baryons detected 71|t
around BCGs wrt all electrons/baryons < | | . ]
existing at that z: 0.10} | |

o= 0.0';....... _
‘nz CHMetal, PRL, 2015, ™!

Ta=<T(r<R1)>-<T(RI<r<R2>)

Average gas overdensity within cylinder of
a given depth Lcorr :

0.5 1.0 1.5 2.0
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The kinetic Sunyaev-Zeldovich effect:

Latest results from high-resolution experiments like
the South Pole Telescope (SPT) and the Atacama
Cosmology Telescope Pol (ACTPol)

comoving radius at z = 0.57 [Mpc/h]
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2.0 :
$ ACTPol & CMASS
- best fit
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Schaan et al. 2016, for the ACTPol
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Soergel et al., 2016,
for the SPT collab.

Highest S/N achieved so far (~ 4 — 5)
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The kinetic Sunyaev-Zeldovich

effect.

(Further developments)

Hill et al. 2016

& data
B B |ensing-subtracted residuals
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<(0T,s,)"2 0, > : it computes the correlation of

the squared CMB temperature field with the
galaxy density contrast. It is however
contaminated by CMB lensing .... They claim to
have detected ALL baryons with this
approach!
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FIG. 2: Dust null tests. Top: Cross-correlation of Tijean with
WISE galaxies. This verifies that any mean emission (e.g.,
dust or tSZ) of the galaxies is removed in Tijean. Bottom:
Cross-correlation of (TeeanTans ) with WISE galaxies. This
verifies that any WISE-galaxy-correlated dust emission (in-
cluding fluctuations) in Tiiean is sufficiently removed. Re-
scaling Tyust from 545 GHz to 100-217 GHz (a factor of
~ 400-500) yields a dust contribution to the data points in
Fig. of < 0.003 uK?2, well below the statistical errors.
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The kinetic Sunyaev-Zeldovich
effect.
(Future forecasts)

KSZ forecasts for the CORE mission:
kSZ S/N Sugiyama et al. 2016
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The kinetic Sunyaev-Zeldovich effect.
Summary.

The kSZ is caused by the peculiar motion of free electrons wrt the CMB, and is thus
sensitive to the projected peculiar momentum

It can also be used to probe large scale peculiar velocity fields, and this can set
constraints on gravity on those scales. This provides the strongest constraints on
the homogeneity in the universe

It can be used to probe baryons at any redshift of the universe. It has provided very
significant progress (if not solved completely) the problem of the missing baryons

It will be highly complementary to upcoming LSS surveys, considerably reducing the
uncertainty in cosmological parameters like the Thomson optical depth towards the
last scattering surface, or the growth function f(z)=dIn(D)/dIn(a), and even the Hubble
function and DAng
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