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Abstract: <p>The kinetic Sunyaev-Zel'dovich effect is a direct probe of the distribution and velocity of electrons on cosmological scales. Recent
progress in Cosmic Microwave Background observations allow statistical detections of this subtle effect originating from a number of different

tracers populations. In my talk, | will review the observational status, highlight the consequences for astrophysics and cosmology and discuss future
directions.</p>
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The missing baryon ‘problem’
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The missing baryon ‘problem’

Mogieal Baryon Frac

-
-

® Baryon content measured ~13Gyr
ago by BBN and CMB. Lyman- «

forest probes baryons at z > 2. ) et S
g o®
:L'? b L ) “.. . N
= Today ~80-90% of the baryons are £ [ . o387 R
not seen within R, for low mass goodia? s o0 f /
ngOX|eS. i . . :'!l‘n" “"‘I‘:‘Ifl‘n
. IGC 1259

m Possibility: they occupy the outskirts , , e
of galaxy and filaments in low- ooy
density Warm-Hot Intergalactic
Medium (WHIM).

® Interesting to measure baryon
profiles around clusters

® Important consequences for galaxy
formation and measurement of
power spectrum

Simone Ferraro (Berkeley)

Credit: Bregman (2012, top) - NASA (bottom)
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Cosmic velocities

m Peculiar velocity vV = d_x — (J_r — H(t)r
dn  dt
a(t,) ”(.f‘{) -
» Related to density (continuity eq):
»
d+ V- -[(14+d)v] =0 &t |
= In linear theory: g 0
1k k |
~ —_— ! [, > 1,
Az() af f, L) 2
dlnd .. v =~ 0.55 in GR
= ~ g
Growthrate fg = dlna [Q"?f-(z)] Linder (2005)

Simone Ferraro |:[‘.|‘\--\'|"‘)’)
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Growth factor as a probe of GR

| ~aHl [,
- 9 kz
N _
= -]
3 -~ .-—___—GR
E Pt , dln o
— ~ ,”l - - — —_—
= S _-=~"" DGP - Jg —
2 e dlna
< e
Q“{) 5 > e )
2 - | Growth factor:
g oneoe ime-Dependent coping | @ SE€NSItIVE probe of gravity
) . . .
« Cosmological information
] == = DGP Branewor d
| | )
| +2

Guzzo et al (20095)
DGP: Lue et al (2004); DM+DE models: Di Porto et al (2007)

Simone Ferraro (Berkeley)
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Kinetic Sunyaev-Zel'dovi
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Kinetic Sunyaev-Zel'dovich effect -

Energy shift in CMB photons due to scattering with coherently moving electrons

AT - In te=Tv.f  Sunyaev,
T = [ enTe V-1l 7edovich
kSZ (1970)

AT ' . s o, P
( T ) > / dn|(1+ §)v|- i X frree(2)
kSZ \\ T

Momentum lonized

» Preserves Black Body spectrum of CMB fraction

AT x5 —01puK X firee (Ma20oo/10¥3 M) (ve - 72/300 km s 1)

Simone Ferraro (Berkeley)
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The kSZ power spectrum n

Z < 20 contributions from velocity

10°

5_5' PRIMARY Reionization
— + late-time
=

N 1
= 10
g /

n LINEAR DOPPLER
z OSTRIKER-
S~y VISHNIAC
1

~
<1 10°

4 Ma, Fry (2002)
simone Ferraro (Berkeley) Hu, White (1996)
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Planck Intermediate Results XIlI:
Constraints on bulk flows and inhomogeneous
universes

|500 L LA S S B S B S B S S S S S S S e l Redshift z
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Need v, ~ 104 Km/s for void models

Simone Ferraro |:[‘.|‘\--\-|r-')f)

arXiv:1303.5090
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The first detection: galaxy pairs  [|EE8
Ppair(-") = <(]),j — pj) - flJ)

> i _,-(l):' T =Pyt

[)[)iliT'(I') - D)
2 i< Cij

. r; -+ I‘J'
2

E “0 20 40 60 80 100 120 140
t
Separation (Mpc)
Simone Ferraro (Berkeley) H(JH(J ()l C]l (20] 2)
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Direct detection — velocity n
reconstruction

TCMB — Tprima,ry + TkSZ + :Fn()isc =+ ...
<TCMB (5t1-> ~ (0 because of Vy — — Uy

Cubic estimator

E ~ (0e Opep T)

k / \ Pairwise sum

. T
1.2 0  andfor L Ho et al (2008)

T Shao et al (2011)
SF, Smith (in prep)
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Speciroscopic zregime n

zk
[} Az

‘Reconstruct’ | v aH f

Build a noisy kSZ template  Tisyz ~ /(171 (1 4 0)Viee - N

Compute (ToMmB TkSZ)

BONUS:
Foreground contamination
highly suppressed!

Simone Ferraro (Berkeley)
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RADIAL velocity correlation [Km/s]?

Spectroscopic z reg|me

‘Reconstruct’ | v &~
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Correlatfion coefficient

We use 2 different recgnstruction methods

Correlation coefficient
between true and
reconstructed

r~0.7

Note that rec velocities are
biased low (because of
Wiener filter) such that

frue

CMASS SOUTH mocks

credit; Kendrick Smith
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Correlation coefficient

We use 2 different reconstruction methods

Correlation coefficient
between true and
reconstructed

rec

r~0.7

Note that rec velocities are
biased low (because of
Wiener filter) such that

true

r O-txl"ll(f CMASS SOUTH mOCkS

=1

o rec

HIMEAS SRIGER (RHREY) credit: Kendrick Smith
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Forecasts for ‘Optimal’ n
analysis

m Planck + 24000 clusters: S/N ~ 7.7 on SDSS
footprint (Li et al, 2014)

= ACTPol/SPTPol + BOSS Galaxies: S/N ~ 6 for a
500 sq deg patch (about 30000 galaxies)

m ACTPol + MaxBCG: S/N ~ 5 on every 500 sg
deg patch

= Dependent on assumption about gas profile/
distribution

Simone Ferraro (Berkeley)
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The ACTPol telescope

« 6-meter Gregorian off-axis telescope in the Atacama
Desert, Chile (it is dry up there!).

Scan the sky in azimuth at constant elevation (we change
the elevation a few times).

erli™g

Sky drifts above the telescope: we observe several

Y TISIE AN LU

re courtesy of Mark Devlin

Simone Ferraro (Berkeley)
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* cemeter Gregonan off-axs &
Desert, Chile (1t 1s dry up there!)
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ACTPOL

Season 1+2 @
146GHz
660 5q deg

14 uK-arcmin noise
1.4 arcmin beam

BOSS CMASS DR11
~25500 CMASS
04<z2<0.7
M~2x10"3 M, /h
85% centrals

schaan, SF ++4 (2015)
arXivi1510.06442

Page 20/37
Pirsa: 16020089



Example: ACTPol + CMASS n

5E ‘_;l_‘,.: ‘;‘:3‘:‘ :\““'\p.“‘ iy y: t.‘:: -‘. «-.I 1 ACTPOL
op BTSNl Dt i e e Season 142 @
| e T | 14sGH:
.) 4 ;a.:- ‘:a'*‘a; ‘W;\:’f CA .'.".‘ s < 660 G deg
et l]l] : 3'{) ‘_;IJ lll] lll —ll[l ’ ]4 u K_Orcmin nOise
1.4 arcmin beam
DR12
BOSS CMASS DR11
S ~25500 CMASS
0.4<z<0.7
o M~2x10"°M,,./h
P 85% centrals
Schaan, SF ++ (2015)
Simone Ferraro (Berkeley) arXiv:1510.06442

Pirsa: 16020089 Page 21/37



Example: ACTPol + CMASS n

5E ‘_;l_‘,.: ‘;‘:3‘:‘ :\““'\p.“‘ iy y: t.‘:: -‘. «-.I 1 ACTPOL
op BTSNl Dt i e e Season 142 @
| e T | 14sGH:
.) 4 ;a.:- ‘:a'*‘a; ‘W;\:’f CA .'.".‘ s < 660 G deg
et l]l] : 3'{) ‘_;IJ lll] lll —ll[l ’ ]4 u K_Orcmin nOise
1.4 arcmin beam
DR12
BOSS CMASS DR11
S ~25500 CMASS
0.4<z<0.7
o M~2x10"°M,,./h
P 85% centrals
Schaan, SF ++ (2015)
Simone Ferraro (Berkeley) arXiv:1510.06442
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Aperture photometry ﬂ
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Example: AC Pol + CMASS
(AT, = Tt

(.57 [Mpe/h|

comoying radius at =
0B6 108 13 1 51 1473 1195

043 0.65

$ ACTPol § CMASS !
== hest fit

tSZ resid M|

GREAT
FOREGROUND
REJECTION!

Schaan, SF #++4 t'ﬂ“‘,]
arXivi1510.06447

) ) F N
FAY &) b0

flask [aremin]
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Example: ACTPol + CMASS
{ AT; =  TjVrec.i } n

comoving radius at z = (.57 [Mpc/h]
0.43 0.65 0.86 1.08 1.3 1.51 1.73 1.95

2.0
¢ ACTPol & CMASS
- == best fit
1.5t - tSZ residual |
GREAT |
L FOREGROUND l l-----
REJECTION! P
~ .-
(.5 1» -7
uu*"f” ........ S—
Schaan, SF ++ (2015)
arXiv:1510.06442
DT 15 20 25 30 35 10 L5
Simone Ferraro (Berkeley) (}disk [arcmin]
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Correlation coefficient

We use 2 different reconstruction methods

Correlation coefficient
between true and
reconstructed

rec

r~0.7

Note that rec velocities are
biased low (because of
Wiener filter) such that

true

r O-txl"ll(f CMASS SOUTH mOCkS

=1

o rec

HIMEAS SRIGER (RHREY) credit: Kendrick Smith
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Example: ACKPOI + CMASS
:-A.I", = (0% 1Py |

|
comoving radius at 0.57 [Mpe/h]|

043 0.65 0 B( 1.08 3
2 () 4 .02 080 LUg l“._

$ ACTPol & CMASS
=== hest fit

tSZ residy

Y ‘ =
@M

oF, Schaan ++ (in prep)
schaan, SF ++ (201 5)
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Example: ACTPol + CMASS
{ AT; =  TjVrec.i } E

comoving radius at = = (.57 [Mpc/h]
0.43 0.65 0.86 1.08 1.3 1.51 1.73 1.95

2.0

$  ACTPol & CMASS {N

- == best fit %@@

. S
1.0
0.5
0.0
0.5 - . - i _

1.0) 1.5 2.0 2.5 3.0 3.0 1.0 4.5

Oaisk [arcmin] SF, Schaan ++ (in prep)
Simone Ferraro (Berkeley) SC}NOOIW, SI— + (20]5)
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BT

Example: AC Pol i CMASS

‘f(lll_ |

comav m radius at .57 ‘Im

0.65 3 1.51

'Q ACTPol & CMASS
- hest fit

157 residy

L 15
Bk [arcmin| Sk Schaan ++ (in prep)
schaan, SF ++ (201 5)
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Example from Planck XXXVII

| A
I LT

8 arcmin aperture

<8T (v/0.)w> [BK]

SMICA
SEVEM

20 100

Distance (A Mpc
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Example from Planck XXXVII

CGC — LINEAR
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il Vi
— = ata . ki gy S iy BT R i &yl (BN
S 0.00 [ ki iy s ol da T
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0 o0 100 150
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Simone Ferraro (Berkeley)

Axsz (R, ””‘)

Aperture Distance

l

“"Astrophysics”

"Cosmology’
(gravity)

S/IN=3.0-3.7

arXiv:1504.03339

1
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Measuring f;.. — possible
systematics

» Cluster miscentering and satellite galaxies

m {SZ contamination: mass cut and correction

m scafter in mass / error in mass

m cluster overlap (importance of the 2-halo term)

m velocity reconstruction

Simone Ferraro (Berkeley)
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A different way (absent or n
poor redshifts)

TCMB — Tprimary + TkSZ + 111-1013(; + ...

<TCMB (51;1-> ~ () becauseof Upr — —Uy

sut... (Tems (%) du(y)) # 0

Doré et al (2003)
DeDeo et al (2005)
imone Ferraro (Berkeley) Hill, Ferraro et al (to appear)
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Example: Planck x WISE

-

Simone Ferraro

01

0.3

0.2

— Lensing

-0.3

|:[‘.|‘\--\' ey

kSZ ®©@

Lensing bias

Hill, SF ++ (to appear)
SF, Hill ++ (to appear)
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500 1000

1500 2000 2500
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Example: Planck x WISE

R — marginalized
unmarginalized
0.8

06
5 &
3 %@\%
2 0.4
0.2 Hill, SF ++ (tolappear)

SF, Hill ++ (to|appear)

O. o L L L L i
80 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Simone Ferraro (Berkeley)
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Conclusions

= Kinetic Sunyaev-Zel'dovich effect measures the
abundance and distribution of free electrons.

» Independent probe of growth of perturbation/initial
conditions

= Can use as a probe of reionization

» Great improvement over the near future:
High resolution CMB on large areas of sky

PFS (~10M gal, 1400 sq deg, 0.8 <z < 2.4)

DESI (20M gal, 14000 sq deg, z < 2)

Spherexe (300M gal, full sky, z < 1.5)

Simone Ferraro Izl‘.l‘\--\'h-')’)
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Simone Ferraro (Berkeley)
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AND MANY OTHERS!
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