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The standard cosmological model: ACDM

e Framework: Standard Model + Cold Dark Matter (CDM) + cosmological constant A
+ Initial conditions for perturbations + gravity
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Open questions: inflation

e \What caused the initial fluctuations?
e What sourced inflation?

 Probe with non-Gaussianity of initial conditions

* Local non-Gaussianity

Gaussian ¢ Non-Gaussian ¢

b= pg+ N DG

far ~ O:  single field inflation

fnr ~ O(l):  muilti field inflation
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Current constraints

Planck constraint

e Current constraints: fy; = —0.9 5.1 |
from Planck CMB bispectrum :

--—— Single field inflation
-===Multi field inflation

=

 There are not enough modes in the —20 —10 10 20

CMB to get to o( fy;) < 1 A
7 ~ O: single field inflation

v ~ O(1):  multi field inflation
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fyr and galaxy clustering

» The best way to constrain fy; is the large-
scale galaxy distribution

(65(k)35(K)) = Pyy(k) = b°P,,, (k)

» In presence of non-zero fy; , galaxies cluster .
differently on large scales (Dalal et al 2007) |

InL 7 T
Large scales k[Mpc™] Small scales

« Large-scale galaxy surveys are attempting to reach of( f}\?LC) <1

Fluctuation variance {686%)

« Tightest constraints from DESI: f; = — 3.61“8:(1), Chaussidon et al 2025
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Large-scale challenges

» Galaxy clustering is sensitive to fj; on large scales

ne

NG G
b Nb(l‘Fﬁ)

(Dalal et al 2008)

* Clustering is hard to measure on large scales for (at least) two reasons:
cosmic variance and additive systematics.

« Cosmic variance: P, (k) 1
0(P,,(k)) . +E
o Systematics: A
y P, (k) = P, (k) + Pyy(k)

¢« kSZ measurement can help with both.
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* Clustering is hard to measure on large scales for (at least) two reasons:

cosmic variance and additive systematics. ] ——
/ Largest scales have

fundamental CV error even
P, (k ] .' :
58 . for noiseless measurements |

AN
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6Py (k) O
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0(P,,(k)) . I
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fundamental CV error even |
. for noiseless measurements |

| Additive systematics are |
_ problematic on large scales



Overview

The kSZ effect
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CMB-electron scattering

Years after the Big Bang
e
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CMB-electron scattering
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CMB-electron scattering

e Atz ~ 10 — 6, Hydrogen was ionized

Years after the Big Bang
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CMB-electron scattering

e Atz ~ 10 — 6, Hydrogen was ionized

Years after the Bia Banag
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CMB-electron scattering

e Atz ~ 10 — 6, Hydrogen was ionized

 The CMB photons could scatter again: Sunyaev—Zel’dovich effect

Years after the Bia Banag
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The Sunyaev-Zel'dovich (SZ) effect

 \We can use the CMB light to “see” late-Universe electrons!

ompton-scattered
MB photon

CMB photon Electrons in the — :
a}=

late Universe T T

 New probes of electron distribution, thermodynamics, and bulk motion
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The Sunyaev-Zel'dovich (SZ) effect

 \We can use the CMB light to “see” late-Universe electrons!

~ = ompton-scattered
e g MB photon
©MB photon Electrons in the t—
late Universe n o omn

* New probes of electron distribution, thermodynamics, ang
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Kinematic SZ (kSZ) effect

 Temperature signal sourced by velocity and electron density

 New probes of electron distribution, thermodynamics, and bulk motion

AT(R)
T

04
oy

— J dxvradial( 7, ﬂ) ( 7, fl)
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Kinematic SZ (kSZ) effect

 Temperature signal sourced by velocity and electron density

 New probes of electron distribution, thermodynamics, and bulk motion

AT(#) = temperature 1 AT(H) o o | 7
fluctuation in direction 7 | - = Jd% pHaftE(y, n)a()(, ) d_)( = differential optical depth

Fiona McCarthy, BCCP Seminar, 10th Mar 2026



Kinematic SZ (kSZ) effect

 Temperature signal sourced by velocity and electron density

 New probes of electron distribution, thermodynamics, and bulk motion

AT(7n) = temperature
fluctuation in direction 7

dt
—— = dlfferential optical depth

dy

AT(R) J

. ot |
d Vradlal ’ ﬂ , ﬁ
T 44 (¥ )—a (¥ )

24

e If we “know” velocity ‘ distribution (eg
kSZ velocity-weighted stacking)

o |[f we “know” electron distribution we can probe large-scale velocity (eg kSZ
tomography)

» |Lots of interesting non-Gaussian effects in this signal! Can also probe
reionisation (see Smith & Ferraro 2017 and Ferraro & Smith 2018)
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KSZ and velocity measurements

CMB photon

AT(G . |
‘- | (I’l) _ d)(vradlal( v, ’;\l)_T ( v, ﬁ)

CMB phOton -ll | l-l- ,
Low-energy
electron gas with
bulk velocity

u

o See Deutsch et al 2017; Smith et al 2018; Cayuso et al (incl FMcC) 2023;
Conteras, FMcC, Johnson 2023; Kvasiuk and Munchmeyer 2023
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KSZ and velocity measurements

z Doppler-boosted |
* / CMB photon = density

CMB photon mouom

Low-energy
electron gas wi
bulk velocity

u

o See Deutsch et al 2017; Smith et al 2018; Cayuso et al (incl FMcC) 2023;
Conteras, FMcC, Johnson 2023; Kvasiuk and Munchmeyer 2023
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KSZ and velocity measurements

z Doppler-boosted |
* / CMB photon = density

~

CMB photon " ]

Low-energy
electron gas wi
bulk velocity

Measure Measure

u

o See Deutsch et al 2017; Smith et al 2018; Cayuso et al (incl FMcC) 2023;
Conteras, FMcC, Johnson 2023; Kvasiuk and Munchmeyer 2023
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KSZ and velocity measurements

W Doppler-boosted |
* / CMB photon = density

CMB photon r

Low-energy
electron gas wi
bulk velocity

Measure [Infer Measure

o See Deutsch et al 2017; Smith et al 2018; Cayuso et al (incl FMcC) 2023;
Conteras, FMcC, Johnson 2023; Kvasiuk and Munchmeyer 2023
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KSZ and velocity measurements

W Doppler-boosted |
* / CMB photon p = aensity

~

CMB photon R
[ ow-ener
9y . Measure Infer Measure
electron gas wi o e o
: ompilication: ectlrons are narda to measure
bulk veloci ty SO measure galaxies instead

o See Deutsch et al 2017; Smith et al 2018; Cayuso et al (incl FMcC) 2023;
Conteras, FMcC, Johnson 2023; Kvasiuk and Munchmeyer 2023
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Overview

kSZ velocity reconstruction
Background; first measurements; C;"; CMB datasets
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kSZ Velocity Reconstru

Cosmological radial velocity field v
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kSZ Velocity Reconstru

Cosmolog/cal radial velocity field v

SIMONS ¥

YBA\W OBSERVATORY
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First kKSZ velocity measurements with ACT+DESILS

2~ 045 ’ ‘ gy a0 , 2~05
~ O 6 ' ‘Q al 3 * . ‘ g 065
Z : . ® ?
\\\ . ~‘ ™

FMcC et al 2025a (JCAP)
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A new large scale probe: peculiar velocity

* Velocity tells us about
large scale cosmology
similar to large scale
galaxy surveys!

 New velocity probe is
independent of previous
large scale measurements

 With galaxy surveys, large
scales are hard - kSZ velocity

cleaner Image from the lllustris Simulation
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2-Dimensional angular clustering

Redshift bins used for kSZ velocity reconstruction

17. 5- 100 Mpc [comoving]
5 Y 0.45 (~velocity coherence length)
15.0¢
oA = SE #B o -
\ b 12.5? z;lf:lc estimate
v alo0f ,
. 751
[ — Bin 1 :
. d 04 . 5.0;— — Bin 2 Il
v(0) = sz y v(z, 0) 25F g%nj R}\h\
< e 5
D’(()).(J 0.2 0.4 0.6 0.8
yA
payP . . . 74
. Angular power spectrum CL qguantifies fluctuation variance over angles L ~ 5
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L arge-scale v from small-scale g, 1

» |arge-scale statistical power comes from better measurement of smalli
scales

1()5§'lI

signal

- == Reconstruction noise -

signal-+noise

[ Reconstruction noise é 10%F ~Planck + unWISE
| from chance correlations |- §
" in a Gaussian signal BT (See Bloch + Johnson
‘ é arXiv:2405.00809)
1005
10" 10° 102
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L arge-scale v from small-scale g, 1

» |arge-scale statistical power comes from better measurement of smalli

scales |
10 signal _
) — == Reconstruction noise -
10 signal4-noise
S 15 ST e
/| Reconstruction noise |2 107 ~ACT + DESILS
| from chance correlations |-
_in a Gaussian signal 1S 10! (See FMcC et al 2025
| a+b; Lai et al 2025)
10°
10_1.. | S | S
10Y 101 102
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L arge-scale v from small-scale g, 1

» |arge-scale statistical power comes from better measurement of smalli

scales
5
10 — signal _
) - == Reconstruction noise -
10 —— signal+noise
S 10°%
[ Reconstruction noise ‘ é 1) ————————— N = Future experiments!
| from chance correlations | .~
. in a Gaussian signal (57 10
10"
10_1 " | L L L L L e a1 L L L L L e a1
100 101 102
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How to measure kSZ7? On small scales
« kSZ dominates over prlmary CMB at z/” 6()00

10°

T kSZ power Spectrum
10 —— ACDM CMB power spectrum

Planck era ——— Planck CMB power spectrum

Dy [puK?]
2,

—— SO instrumental white noise levels (2pK-arcmin)

101 SO.era

101

2 . N . L
107 102 10° 104

(
We are measuring the CMB on small scales with ACT and SO!! kSZ

measurements will get really good
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The Atacama Cosmology Telescope

e Observed from 2007-2022 in
the Atacama Desert in Chile

* 90 GHz, 150 GHz, 220 GHz

 DR6, 2025: maps of the CMB
over ~30% of the sky (Naess et
al 2025, Coulton et al 2023)

« Resolution ~ 1 arcmin

 Typical depth ~ 10 uK arcmin

o Typical kSZ signal: ~ 1 uK over 1 arcmin
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SO and k§Z measurements

¢« kSZ measurements will be more
precise (typical depth ~ 2.5uK- Taking data right now!

-

arcmin) 3 | ¥ .
e SO LAT will be a kS§SZ machine!

\

va

FMcC: SO kSZ co-lead with
Boryana Hadzhiyska

. (l also co-lead Foreground WG so please |
\ also talk to me about that if interested) )

SO Large Aperture Telescope
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Initial SO data

Image credit: SO collaboration

‘ v — b _.7' e ’..l.“n - .‘L. .-( > 7.5_- a'N¥ ‘
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1lal SO data

N

44 hours)

1

SO LAT at 90 GHz

SO collaboration

t:

]

Image cred
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Overview

Analysis with ACT+DESILS

Results from McCarthy et al 2025 a+b; Other progress in the field;
Foregrounds
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ACT DRG

NILC

ACT & Planck

Planck - SMICA

—+— ACT & Planck - HILC

L.

L
.
-

‘....IICI.‘“.'...

Temperature data

‘et s

L P

 \We use the ACT DR6 temperature map from Coulton et al 2023

’
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300
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Figures from Coulton et al 2023

10°

10°
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Galaxy data: DESILS

* \We use the DESI-legacy extended sample from Zhou et al 2023

DESI LRG distribution (photo-z)

L
1 13.5265

e These are at redshift ~0.4 <z < 1

o(2) 0027 | 27,253,833 objects |
1 +7 ~ Y . 18,000 square degrees |

Photometric redshift error
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First kKSZ velocity measurements with ACT

z~ 045 . g \ & Fa é z~ 0.5
# % ) s
- 0.6 ™ al Y8 7~065
| "
- \
FMcC et al 2025 (JCAP)
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z ~ 0.45

z~ 0.6

Fiona McCarthy, BCCP Seminar,
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Cross-correlation measurement

* Cross correlate with a galaxy survey
* Currently less noisy than kSZ estimate - will not always be the case!

- 7 N H\\*‘“
RN
& : ¥a
> % ¥ : . ‘ - { Ry %5, %, ﬁ‘% $
\ - I ‘
] 5
. . Indirect velocity estimate
kSZ-estimated velocity y

from galaxy survey
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Cross-correlation measurement

* Cross correlate with a galaxy survey
* Currently less noisy than kSZ estimate - will not always be the case!

’ I .
- ’ N ‘ $
\ = I
& "
kSZ-estimated velocity Indirect velocity estimate

from galaxy survey
« FMcC et al 2025a: use SDSS for the indirect estimate (large redshift and fsky

overlap penalty)
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Cross-correlation measurement

* Cross correlate with a galaxy survey
* Currently less noisy than kSZ estimate - will not always be the case!

kSZ-estimated velocity /”d;;' g‘gj ;legil;ysifggz/ate

« FMcC et al 2025a: use SDSS for the indirect estimate (large redshift and fsky

overlap penalty)
o FMcC et al 2025b: improve SNR by using DESILS for indirect estimate
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Indirect velocity measurement

* (Galaxies move in a gravitational field -> infer the velocity from density (using
GR + continuity equation)

. To differentiate from V<% | refer to this as vO™

/. external \

| Continuity equation:

S S O,

I
-0.98906 1.39557
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Indirect velocity measurement

* (Galaxies move in a gravitational field -> infer the velocity from density (using
GR + continuity equation)

. To differentiate from V<% | refer to this as vO™

/. external \

Continuity equation:
- N 58
| ik ik (vya) = - aHf

I ]

-0.00128291 0.000796999
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Weak first detection

* FMcC et al 2025a (ACT-DESILS-SDSS):

Weak first detection

’,/
PR T D S T TR T B I__L—l—’l

Signal amplitude b,

A kSZ. . cont .
VAV N vy, fiducial
o} b,C’

3.80 significant!
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Combined measurement: ACT DR6 + DESI LRGs X BOSS ‘

— Reweighted theory |
¢ Co-added datapoints -




Optical depth bias

 We use galaxies to trace electrons. There is a modelling step in the velocity
estimator )
b 1 “Galaxies trace electrons” se _ s s
e £ (88 ¢
%) C5

. C;g is not perfectly known!! This introduces a bias

kSZ __ true — g7 gt __ grtrue  ~gr,assumed
V b,v b, = b,(ACT") AC" = C) C
. Importantly, b S scale mdependent on Iarge scales

o “Strong feedback” =— CTg suppressed on scales of interest =— b < 1,
weaker signal than expected
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"Strong feedback ™ (?)

Comoving distance [Mpc/h] at z = 0.7
0.5 1.0 1.5 2.0 2.5 3.0

¢ kSZ stacking measurements are indicating
. . T
suppression in small-scale C;’ for 0!

DESILS (eg, Hadzhiyska et al 2025) k:

e | will use the “TNG-300” curve with ;zé 1038
similar modelling assumptions to = 10° &
Hadzhiyska et al for fiducial theory & ++++ Gas traces dark matter s

{  Main DR9 + DRI10 all 2 bins S
=== TNG300-1 (low feedback) »

+ We expect b, < 1 (a manifestation of — - Mhustrie-1 (high foedbeck) 10
the same signal as Hadzhiyska et al) 1 2 }i’% - Z]l 5 6

Hadzhiyska et al 2025
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Ongoing progress in the field

e Since our first detection, several
iIncreasingly high-significance
measurements have been made:

105 CMASS NGC + ACT DRbS
= 9.0- :{
C
1 5 | I ¥
."IS. .04 | I l ) 5 - — Model prediction (b, = 2.2, b, = 0.39)
o [150 GHZJ ===+ Maodel prediction ( fxr, = 100)
§\:/ 0.5 - ® 7/ I el S RCLELTL Model prediction ( fx, = —100)
iy + &) X no z-bin subtraction
< e g 3 ¢ (ACT DR5) x (DESILS-LRG)
| 0.0 = S ’+ x° = 8.2, Naor = 8, SNR=10.3
L0010 002 00 av,l S e
Lagué et al 2025 = e JRAN
/ - g . e,
11 ,’1/4.

0.00 0.01 0.02 0.03 0.04 0.05

Hotinli et al 2025
Fiona McCarthy, BCCP Seminar, 10th Mar 2026

» Bloch and Johnson 2024: ~ lo
o [agué etal 2025: ~ |o

o Hotinli et al 2025: ~ 110

e Laietal 2025: ~ 1lo
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N
lllll
1111

Lai et al 2025



Recent measurement: ACT-DESILS-DESILS

* High-significance measurement of cross-correlation between
velocity template and kSZ reconstruction

» Cosmological constraints on f,;

VA%
Co-added C |
. L | fau=—180.278¢%
0.065— —— Arbitrary theory C;' :
o | ¢ Rescaled and Coadded datapoints 5
S 0.05F )
o> ;
N 0.04F
7o) L
4 :
E:)Q 0.03F
o\ 0.02F
~ 0.01F
0.00
001 . .\ . -
0 20 40 60 80 . : g :
L —400 —200 0 200 400
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bin 1 x bin 1 |{
b, =0.168 [T

bin 2 x bin 2 |}
by =0.218 |1

T

bin 3 X bin 3

bin 4 x bin 4 ]
b, =0.72 + b, =0.419

] 8

bin 5 x bin 5]
b, =0.163 |{

bin 6 x bin 6]
b, =0.369 |{

bin 7 x bin 7]
b, =0.576 |}

bin 8 x bin 8
b, =0.505 |

bin 9 X bin 9 (]
b, =0.203 1

bin 10 x bin 10 |]
b, =0.144 1

*bin 11 x bin 11 (]

bin 12 x bin 12
by =0.325 |

b, =0.465 |}

bin 13 x bin 13 4+
b, =0.535 |}

bin 14 x bin 14 +
b, =0.217 |}

b, =0.268 |1 by, =0.318 |1

bin 15 x bin 15 4 + bin 16 X bin 16 -
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L2 CVkSZVCOHt

L

0.05}
0.04f
0.03]
0.02f
0.01}
0.00

—0.01F

Cross-correlation measurement

0.06

Co-added C;”
—— Arbitrary theory C;**
¢ Rescaled and Coadded datapoints 5

T v v r 3




Redshift resolution

* Intrinsic signal size depends on redshift resolution

* \Wide bin: radial modes average down
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Redshift resolution

* Intrinsic signal size depends on redshift resolution

* \Wide bin: radial modes average down

S —p
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Redshift resolution

Normalized redshift distributions, N = 16 bins
. . M
 Wide bin: rz , x (Mpd

* Intrinsic sigl

NSNS S & & 8§
SESESESESESESESESES S 5 S5
30T
ahd
| dN
20-  zphoto
‘ﬁl—f (Gaussian estimate)
10
..... . X ".:&\
0.2 0.4 1.2

Z
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Cross correlation measurement

» Cross correlation between kSZ velocity
and continuity equation velocity

------------

ttttttttt

30

- hoto
20 dz*

dN
dz

(Gaussian estimate)

0.2
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i
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b, =0.369 1

b, =0.576
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b, =0.217 |1

bin 13 x bin 13 }
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bin 15 x bin 15 |}
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Hint of auto measurement

« Auto spectrum of the kSZ velocity C;"

bin 10 x bin 10| [bin 11 x bin 11 H  [bin 12 x bin 12

o 4 ]
=
X 3
2 2 + batoge o Hit%i_tuf_’_ + 4 ”.# "’_..._-E
2 | 1+ R st hssee T3 EF RIEY
S T e atylalotieets

O —_— s

ol bin 14 x bin 14 bin 15 x bin 15 bin 16 x bin 16 |
z Y j
X 3F + & +_
2 FENRAXYYX] +L*-- ML RS R R A e
o 2F +i ¢ o ¥l __+_£_+__ f LX) _+_f*-*+*_ é 4 |
| AR TCI A S

0 — 50 1000 1500 50 1000 1500 50 100 150

0 50 100 50 1000 150 0 50 1000 150 0 50 100 150 L L L L
L L L L
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Hint of consistent auto measurement

 Amplitude of auto is consistent with the cross

From auto alone From auto + cross
combined: b7 = 0.089 £ 0.042 Cross only: Cv° 0™ . b, = 0.339 £+ 0.034
— NGC: b; = 0.11 + 0.064 Auto only: CV°70: 0.21 < b, < 0.37
S -2 =007R +~0050 | 4 187 kSZ . KkSZ. .cont
SGC: b, = 0.078 + 0.059 Auto + cross: CP= 1 CP= ™. p, = 0.329 + 0.029

/ '\

01 00 0.1 0.2 03 0.1 0.2 0.3 0.4 0.5

b? b,
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Scale- and binning dependence

* Most signal-to-noise is at large scales Dependence of SNR on L.

10-' | kSZ _ . cont . , |
_ _ _ _ _ : — (7} v diagonal
* Increase in SNR with finer binning | —— C¥™ diagonal + first off-diagonal
8..
: —— 4bi
. 6. ?ns
. : — & bins .
| —— 16 bins _
9l
O. M M | 2 " 2 M | M M 2 2 | M M M 2 1 M
10 20 30 4()
Lmin

Fiona McCarthy, BCCP Seminar, 10th Mar 2026



Modeling C}” for v;°™

o Within ACDM, we can model peculiar velocity p————————
ol bin 1 X bin 1
> | (— )
Val(h) = / W (x)vr(x. h), = | ooty
v truth
Czav[g _ / dy dXZWa (XI)W'B (x2) % - . truth x kSZ reconj
Kdk i R
X 37(L(X19 k)«L(X29 k)Plin(XhXQ,a k) . a )
(27) Ve — theor
y
7(‘{ (X, k) — 47TlL f(X) (X)a(X) (L]L_l(kX) 2- bin1l X bin 1 truth
(2L + 1)k = cont
—(L+1)jr+1(kx)), ; . truth x cont
* This model works when applied to L N
. . ) | |
N-body sims - but v°°™ is suppressed | Theory modelling from a
modified version of ReCCO-
— 1 =——————————— see Cayuso et al 2023
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¢ Use N-body+HOD sims

(AbacusSummit light cone; see
Maksimova et al 2021; Hadzhiyska
et al 2022) to calibrate a “transfer

cont

function” for C;"

a,,p,cont a,,p
vy _ af v
;v = T1C)

SGC
— NGC
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¢ Use N-body+HOD sims
(AbacusSummit light cone; see
Maksimova et al 2021; Hadzhiyska
et al 2022) to calibrate a “transfer

cont

function” for C;"

a,,p,cont a,,p
vy _ af v
;v = T1C)

SGC
— NGC
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¢ Use N-body+HOD sims
(AbacusSummit light cone; see
Maksimova et al 2021; Hadzhiyska
et al 2022) to calibrate a “transfer

cont

function” for C;"

a,,p,cont a,,p
vy _ af v
;v = T1C)

a,kSZV p.cont p

(Then C; = b\?TLaﬂCZ% )

SGC
— NGC
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UV.UT

1.0

0.2F

0.2F

Modeling C}” for v;°™

0.8F
0.6F

0.4F

bin 9 X bin 9
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1.0
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0.4F
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Comparison of model to data

combined:

| b, = 0.339 = 0.034
|~ NGC: b, = 0.287 £+ 0.052
| SGC: b, = 0.372 = 0.042

05

0.6

spec  constraint (combined)  SNR  Njging Xiin (b3) PTE (bY)
NGC 0.287 = 0.052 5.53 64 55.49 0.21
SGC 0.372 + 0.042 8.78 64 33.6 0.21
Joint 0.339 £ 0.034 10.04 128 129.25 0.13
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0.04}

0.02f

L2Cy

—0.02}
—0.04}

—0.06 —+———

0.04:-

L*C

0.00 14

—0.02}
0.06}

0.04:-

5 i
@ 0.02_

—U.U2:'
0.04F
0.02F

. i
$3 0.004
A |

—0.02}

—0.04F

—0.06

0.00

- i
=~ (.02 [

bin 1 x bin 1/

b, =0.168 {}

bin 3 X bin 3
b =0.72

bin 4 x bin 4 ]
b, =0.419

bin 5 x bin 5]
b, =0.163 |}

bin 6 x bin 6]
b, =0.369 |{

bin 7 x bin 7]
b, =0.576 |

bin 8 x bin 8 |]
b, =0.505 |

bin 9 x bin 9]
b, =0.203 1

bin 10 x bin 10|]
b, =0.144 1

bin 11 x bin 11|
b, =0.465 |}

bin 12 x bin 12
b, =0.325 |

+ bin 13 x bin 13 }

bin 14 x bin 14 |}
b, =0.217 |1

bin 15 x bin 15 }
b, =0.268 |1

+ b, =0.535 |1

bin 16 X bin 16 -
by =0.318 :




Co-add across redshift bins

xo-r = I ——
: Reweighted theory 0.06 _ —_— Arbitrary theory C’I!:"l-?}l :
3F _ : - . L !
| d $  Coadded datapoints | - : ¢ Rescaled and Coadded datapoints 5
| | S 0.05F 7
- 21 % i
5 | _ N 0.04}
o> [ ] L Z
1F o ¢ - .
—_ ' ] - :
Cl] 1 | T : 0.01F
| 3 0.00|
_9t : :
: —0_01 : . . . 1 . . . | . . . 1 . . . -
S S - 0 20 4() 60 80
0 10 20 30 40 50

L L
1st measurement, 2025a (ACT_DESILS_SDSS) [ atest measurement, 2025b (ACT‘DESILS-DESILS)
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Non-Gaussianity constraint

. C; 7 issensitive to fy, from b,

- - 5
Continuity equation:  —ik - v — ik (vHﬁ) _ aHf?g

EE— fN|_ = —1802tg%%

frue

cont,true __ cont,estimated

v = v
pfid

/

400 =200

00 400

0 2
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Comparison to other work in 3-D

. See Hotinli et al 2025: f,;, = — 3()t40 » Possible explanation: different scale
+ JNL _133
coverage although 3-D vs 2-D

comparison is not a fully solved

B 90 GHz
BN 150 GHz problem
Bl Joint
101 Scales used in this analysis
o K ——— This work L. ;./x =6/x
[ | ==mm-- Kras —— Krywonos et al Ly /x = 2/x |
TSI —— Lagutotal
T o — Ilotinli et al '
- - 1 .
oy R Chaussidon et al
= 107%F T ;
0.7 F — e :
o< LT ]
~~ ! .
0.6 - Y . |
—
04F
1073} : .
0.3 r : :
l l l l l [ r AAAAA A S .
—200 0 200 0.3 04 05 06 0.7 0.4 0.5 0.6 0.7 0.3 0.9 1.0
Z
NL b,
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_ kSZ.,,cont kSZ
Large scale cross-correlation: C; " or CZ 57
e From kSZ, we get v}fSZ ~ T8

« Estimate v°°™ from the solving the continuity equation on the large-scale
galaxies

L 5,

kSZ kSZ.,cont
. Two options: Measure <v}fSZ§§> (C, ) or (VESEpeonty (7
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kSZ cont k
Large scale cross-correlation: C; or C;

. From kSZ, we get v;°% ~ T¢58

» Estimate v°°™ from the solving the continuity equation on the large-scale

galaxies 0%

L 5,

kSZ kSZ. cont
. Two options: I\/Ieasure< k525g> (C, ) or <vzvcont> c; )

N .
fﬁ‘s'
e Tt o pa—

' Much messier to model and |

Easy to model and
| interpret (v°™ is not perfect) |

lnterpret
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kSZ cont k
Large scale cross-correlation: C; or C;

. From kSZ, we get v;°% ~ T¢58

» Estimate v°°™ from the solving the continuity equation on the large-scale

galaxies 0%

L 5,

kSZ kSZ. cont
. Two options: I\/Ieasure< k525g> (C, ) or <vzvcont> c; )

N .
&'
e Tt o pa—

' Much messier to model and |

Easy to model and
| interpret (v°™ is not perfect) |

mterpret

kSZ

. We chose <v CO‘“)' Why’? Foregrounds not automatically

suppressed in <vLSZ(35 > ~ <TS5§55 >
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Foregrounds in ¢ ~ <TS5§5LG>

. <T55§55 > contains a foreground contribution
T=T%"+FG

» Extragalactic foregrounds (eg CIB, tSZ) are non-Gaussian on small scales
and trace the density field

o (FG6887) ~ (56,2688 ) - this signal is non-zero due to

gravitationally-induced non-Gaussianity of 0

. These are suppressed by the filtering that goes from 58 — vi°™ (6 — 71 - —0)
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S L
S e — -
YKSZg | | | Cy ¢ bin5 x bin 5 C} ? bin 6 x bin 5
. C was not stable to analysis choices s t ]
- A TRERE
- T 5 ; 0~0: 11 o e N
* Foregrounds visibly affected “diagonal” I - + !
a,,x "‘:a\gz ’ &
C> " measurement 3 -05) + . [ H
( \ —l.('):' +
¢ MV NILC : C?""9 bin 5 x bin 6 CY"" bin 6 x bin 6
¢  tSZ-deprojected NILC 0.5} |
}  y-mep 2 | t S SR T A
X 0.0 T O .
—  Best fit theor - ' | | : '*
\ Y J Z:,q + + | ? +
= —osk| 1 .
* Blue and orange inconsistent and | ’
green not consistent with null ~10f
0 20) 40 60 S0 0 20 40 60 8()
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Redshift resolution and structure

* \elocity and density are out-of-phase . (v“g“) — ()
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Redshift resolution and structure

* \elocity and density are out-of-phase . (v“g“) — ()
. “Off-diagonal” correlations are important . <v0‘g“+1> + ()
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kSZ
. C; © was not stable to analysis choices

Foregrounds in ¢ ~

vvvvvvvvv

vvvvvvvv

_ €9 bin 5 x bin 5
o - ' 0.5} ?
» Foregrounds visibly affected “diagonal” . + { + 0 +
a,,x — -t |
C> " measurement X ool BERR
2 .
4 N Sl [}
¢ MV NILC =
¢  tSZ-deprojected NILC 10|
¢' y-map ’ kSZ
| C; “bin5 x bin 6
—— Best fit theor sl - ~
\_ y ) ) 0.: [ +I
* Blue and orange inconsistent and X ooH=t== B
green not consistent with null | +
_ —JLSP 1
——11):

0 20 40 60 80 0
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Foregrounds In C;¢ ~ ( Ty686]

kSZ
. C; © was not stable to analysis choices

0.5F

* Foregrounds visibly affected “diagonal” .
Cf " 'measurement

s ¢ MV NILC A

¢  tSZ-deprojected NILC

b y-map |
— Best fit theory 51
u \ Y 0.5

5

0.0

- 7 x 10

RS2

—0.5F

L

—-1.0F

+ L oty Hi

* Blue and orange inconsistent and
green not consistent with nulli

(‘).(‘): ........ T e S . j_.{} W
| + + 2 + {

o5kl % o
» One option: use just off-diagonal. But | 3
worried about non-zero redshift ~1.0} J

ove rI a p 0 20 40) 60 80 0 20 40 60 80
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Foregrounds In €8 ~ ( Ts585,

kSZ
V8 nt etahla tA anahicie ~A~hAi~ace I e R . ]
* Foreground  SSSSSSSSES
CgavameaSL SIS NSNS &N
L 30 -
i
. dN
20 i  zphoto
| ¢¥ (Gaussian estimate) — =
C; “bin6 x bin 6
| \
10} R BRI I
e Blueand oo —+- L_ﬁ
green not | ‘ + i " !
3 . < 5
e One Optior 0 0.2 0.4 0.6 0.8 1.0 1.2 »
. yA
worrled aLVU‘ 1INV &a\vwil VWV I AL G

40 60 80 0 20 40 60 80

overlap 0 20 . .
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Foregrounds in ¢ ~

kSZ. ,cont

» C; " passed foreground null tests

-

\_

I-o-o—-o-

\
MV NILC
tSZ-deprojected NILC

y-map

Best fit theory y

* Blue and orange consistent and
green consistent with null
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Redshift structure

* Foregrounds and signal display distinctly different parity properties
o Neglecting redshift evolution, <g“vﬁ> = — <gﬁv“>
. For foregrounds, <g0‘FGﬁ> = <gﬁFG“>

- — -
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Redshift structure

* Foregrounds and signal display distinctly different parity properties
o Neglecting redshift evolution, <g“vﬁ> = — <gﬁv“>
. For foregrounds, <g0‘FGﬁ> = <gﬁFG“>

S —p

- ————
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Redshift structure

VU
Cr

84

Antisymmetric in a, [} Symmetric in Q, 3
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 Embil Villagra et al in prep: a study of foreground contamination

. a,f P o
« Definition of a mitigation strategy: fit only CZ 5 — CZ 5

« Applying this allows us to find a good fit with Czkszg for the

first time Carmen Embil Villagra

o o+1

Vg a+1 o
— measurement from C;

v¥T g
~C}

cont,a,,kKS7Z,«
— measurement from C7; "
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Foreground mitigation

With antisymmetric combination
akSZ

5 BKSZ
CL 5 CLV & we have

consistent results

We find a good fit with C?" & for
the first time
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—— Analytical y? distribution, 104 DOF

a at1
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T Xm1n7

— Analytlcal v? distribution, 44 DOF
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Overview

Forecasts for Simons Observatory(+LSST)
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Large-scale challenges

» Galaxy clustering is sensitive to fj; on large scales

arge scales
6 ~ oy
(Dalal et al 2008)

* Clustering is hard to measure on large scales for (at least) two reasons:

cosmic variance and additive systematics.

« Cosmic variance: P, (k)\ 1
0(P,,(k)) . I

e Systematics: A B
g P gg(k) =P gg(k)

¢« kSZ measurement can help with both.
Fiona McCarthy, BCCP Seminar, 10th Mar 2026

[ Largest scales have
fundamental CV error even |
. for noiseless measurements |

| Additive systematics are |
_ problematic on large scales



Sample variance cancellation

o kSZ will provide us with a measurement of P, (k)

1

Recall statistical error decreases with /N samples: T
N

e Cosmic variance:
P,(k) 1

88
o(P (k) o —— +—

Gets very large on large scales - not many modes available.

» Seljak 2008: sample variance cancellation: simultaneously measure P, (k)
and ng(kk)

P, (k)
P, (k)

P, (k) = b*(k)P,, (k) = = bk =
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Sample variance cancellation

o kSZ will provide us with a measurement of P, (k)

1

Recall statistical error decreases with /N samples: T
N

e Cosmic variance:
P,(k) 1

88
o(P (k) o —— +—

Gets very large on large scales - not many modes available.

 Seljak 2008: sample variance cancellation: simultaneously measure £°...(k)

and P ( kk) ‘ No stqchas_ticity here, |
58 | cosmic variance cancels out! |

P, (k) = b*(k)P,, (k) = = b’k
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Sample variance cancellation

 Munchmeyer et al 2018: combining kSZ with galaxy survey you can improve
constraining power

- (Galaxies + kSZ
101 - | Galaxies

kSZ combination can bypass |
fundamental cosmic variance limit! |s

107° 10~ 1073 1072 1071
Ngal [Mpc‘3]

Plot from Munchmeyer et al 2018
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Large-scale systematlcs

» Gal r are hard to § = otellar '
ma aXYrSU XGIYf I contamination :(SQ —— Galaxy P(k), fyp =0
easure on large scales S| — Galaxy P(K), fap >0 |

08 =08+ s § |

» Systematics: < |

68 = galaxy S |

A A density fluctuation S |

<5858> — (585%) + (s5) 4 St

S

S |

3§

L |

Large scales Small scales
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Large-scale systematlcs

» Gal r are hard to § = otelar ;
ma aXYrSU XGIYf I contamination :(SQ —— Galaxy P(k), fyp =0
easure on large scales S| — Galaxy P(K), fap >0 |
58 = 58 4 o q (55)

» Systematics: < |

68 = galaxy S |

A A density fluctuation &}

<5858> — (585%) + (s5) 4 St

S

2 |

3 F

L |

Large scales _Small scales

(ss) often looks like the
JnL Signal on large scales! |
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Large-scale systematlcs

s = Stellar  __ :
* (alaxy surveys are hard to contamination % | Galny PO g =0
S0 | ’ :
measure on large scales S | Galaxy P(k). fug >0 -
08 =68 + s § 5 (55
» Systematics: 2 |
0% = galaxy S|
< S 5Ag> — (5855 + (s5) density fluctuation _§
. Independent signal 6™ contains uncorrelated L%’
contaminants -L / Sl som)
: : : arge scailes malil scaies
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Forecast for SO-LSST
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Additional interest
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Comparison to 3-D

. See Hotinli et al 2025: f,;, = — 3074
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Comparison to 3-D

* Possible explanation: different scale coverage although 3-D
vs 2-D comparison is not a fully solved problem
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Pnhotometry vs spectroscopy

 With spectroscopy we get very good redshift measurements of galaxies

. Work in 3-D. Y = k

Redshift bins used for kSZ velocity reconstruction

» Observable is 3-dimensional P, (k) or P, (k) 7 =" " _.
_ (~velocity coherence length) ;
* With photometry we can get ~ few-percent 18 0F ;
accuracy on redshifts 125 dN11 ‘;
S gatoof f
e Workin2+1-D. 6O,a— L.M, o .
* Observable is 2+1-dimensional -} — Bin3 :
e Vagﬂ . — Bin4 HH\ILLL
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 EXpect good measurements of
overall redshift distribution
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