
mm Universe 2025 
University of Chicago, June 23-27, 2025

Image credit: Illustris Collaboration

Based on 2407.21094 & 2502.05260 with: 
S. Hotinli, P. Adshead, E. Kovetz, M. Madhavacheril

Avery Tishue 
Illinois Center for Advanced Studies of the Universe &  

Department of Physics, University of Illinois Urbana-Champaign

Fundamental Physics with 
kSZ Tomography



mm Universe 2025 
University of Chicago, June 23-27, 2025

Avery Tishue 
June 25, 2025

2407.21094 
2502.05260

‣ Inverse Compton scattering between CMB 
photons and free electrons moving with a 
bulk peculiar velocity [Y. Zeldovich & R. 
Sunyaev 1969] 

‣ Induces correlations between large scale 
structure and CMB
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KSZ Tomography

Kinematic Sunyaev-Zeldovich (kSZ) Effect



mm Universe 2025 
University of Chicago, June 23-27, 2025

Avery Tishue 
June 25, 2025

2407.21094 
2502.05260

3

surface of last 
scattering

clusterv
vr γ

γ
e−e−

e−

e−

kSZ Tomography: Velocity Reconstruction

‣ kSZ temperature anisotropy: 

 

‣ Temperature fluctuation correlated with 
velocity of large-scale structure 
‣ minimum variance quadratic estimator: 

 

‣ reconstruct velocities: 

 

minimize noise, unbiased  
[Smith et. al. 2018] 

‣ do cosmology

ΘkSZ( ⃗θ) = K(z⋆)∫
R

0
dr δe( ⃗x)vr( ⃗x)

̂vr ∼ ⟨gT⟩

̂vr(kL) ∼ ∫ dkS dℓ δg(ks)T(ℓ)W(ks, ℓ)

W(ks, ℓ) → ̂vr

KSZ Tomography
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Cosmology with kSZ Velocities

‣ Velocity field traces matter (clustering) and growth rate: 

 

‣  

‣  

‣ growth rate can tell us about modified gravity, dark 
energy, massive neutrinos, etc. 

‣ Observables: power and cross spectra 

‣  

‣  

‣ : kSZ is a probe of matter power and cosmic 
growth with good signal to noise on large scales

v ∼ δm
faH

k
⟨δmδm⟩ ∼ Pmm

f =
d

d ln a [( Pmm(k, a)
Pmm(k, a = 1) )

1/2

]

P ̂vr ̂vr
(k, z) = [bv(z)μ

f(k)aH
k ]

2

Pmm(k, z)

Pg ̂vr
(k, z) = bv(z)μ

f(k)aH
k

bg(k, z)Pmm(k, z)

v ∼ 1/k
kSZ noise galaxy noise

[Smith et. al. 2018]

KSZ Tomography
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‣ Specific scenario: light fields during inflation 
 

‣ More generally: large scale galaxy bias 
beyond  (from )

m ≲ H

Δb(k) ∝ 1/k2 f loc
NL

5

Two Applications of kSZ Tomography

1. PNG: “Beyond Local Type”
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‣ Familiar “local-type”:  

‣ signal: scale-dependent galaxy bias [e.g. N. Dalal et. al. 2008, M. 
LoVerde et. al. 2008]  

‣ ,      

‣ Where does kSZ come in? 
‣ galaxy survey in isolation suffers degeneracies, large-scale cosmic 

variance:   

‣ use additional tracers! [U. Seljak 2009, M. Münchmeyer et. al. 
2018] 

 

‣ But! many sources of primordial non-Gaussianity (multi-field scenarios, 
excited initial states, etc.) 
‣ beyond local type [D. Baumann 2009]  
‣ this can work for non-Gaussianity beyond local-type, too

ζNG = ζg(x) + f loc
NL [ζ2

g(x) − ⟨ζ2
g⟩]

δg = (b1 + Δb(k))δm Δb(k) ∝
f loc
NL

T(k)D(z)k2

Pgg(k, z) = b2
g(k, z)Pmm(k, z)

⟹ Pgg/P ̂vr ̂vr
∼ b2

g /b2
v

Beyond-Local Primordial Non-Gaussianity with kSZ

6

Scale-dependent galaxy bias and PNG
,δm δg

⟹

various early 
universe scenarios

primordial non-
Gaussianity

⟹

scale-dep. galaxy 
bias on large scales⟹kSZ tomography
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‣ scenario: inflaton , & light spectator  (mass ) 
[D. Baumann et. al. 2013, SPHEREx collab. 2015, D. 
Green et. al. 2023] 

‣ “Scaling exponent”  

‣ PNG  Scale-dependent bias beyond local-type 

‣ local type: , ( ) 

‣ generally: 

ϕ χ m ≲ H

Δ =
3
2

− 9/4 − m2/H2

⟹

Δb(k) ∝
f loc
NL

T(k)D(z)k2
m = 0

ΔbNG(k, z) ∝ 3f (Δ)
NL

bϕ(z)
k2T(k)D(z)

(kR⋆)Δ

Primordial Signals in Galaxy Bias: beyond local PNG
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use kSZ to 
look for this!

Beyond-Local Primordial Non-Gaussianity with kSZ
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S4 + Planck low-  forecasts 
     local 
     equilateral

ℓ

Probing beyond local-type  PNG with kSZ(Δ = 0)

‣ Fisher Forecast: CMB S4 + LSST 

‣ Improved constraints around  from 
kSZ + galaxies compared to:  

‣ galaxies alone,  

‣ Constraints tighter! 

‣ Projected CMB bispectrum constraints 

‣ kSZ outperforms CMB for range of 

fNL = 0

Pgg
2×

Δ

[P. Adshead & AJT 2024]

100

101

102

103

s
≥

f(D
)

N
L

¥

Pgg

Pgg +Pgv +Pvv

0 0.5 1 1.5 2

Dfid

1.00

1.25

1.50

1.75

2.00

2.25

2.50

s
≥

f(D
)

N
L

¥ g
g

s
≥

f(D
)

N
L

¥ g
g+

gv
+

vv

kSZ may be the best probe of 
primordial non-Gaussianity for various 
interesting early Universe scenarios!

Beyond-Local Primordial Non-Gaussianity with kSZ



mm Universe 2025 
University of Chicago, June 23-27, 2025

Avery Tishue 
June 25, 2025

2407.21094 
2502.05260

9

Detecting beyond local-type non-Gaussianity with kSZ
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‣ Assume we detect nonzero  — now what? 

‣ We need to know the shape!  

‣ Significantly degrades constraints 
from galaxies and kSZ 

‣ ‘apples to apples’ comparison with 
pure CMB is non-trivial 

‣ kSZ can reinforce CMB results on 
non-zero  

‣ kSZ improves shape constraints 
significantly — information about 
primordial scenarios!

fNL
Δ

fNL

[P. Adshead & AJT 2024]

Beyond-Local Primordial Non-Gaussianity with kSZ
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‣ Specific scenario: light fields during inflation 
 

‣ More generally: large scale galaxy bias 
beyond  (from )

m ≲ H

Δb(k) ∝ 1/k2 f loc
NL

10

Two Applications of kSZ Tomography

1. PNG: “Beyond Local Type” 2. Massive Neutrinos

‣ Improve constraints on  ? 

‣ Matter clustering, cosmic growth

∑ mν
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Why might kSZ be useful here?

Neutrino Mass Constraints from kSZ Tomography

‣ Velocity field traces matter (clustering) and growth 

rate:  

‣  

‣  

v ∼ δm
faH

k

f =
d

d ln a [( Pmm(k, a)
Pmm(k, a = 1) )

1/2

]
Pg ̂vr

(k, z) = bv(z)μ
f(k)aH

k
bg(k, z)Pmm(k, z)
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Sgd bg]mfdr sn sgd l]ssdq onvdq rodbsqtl ]s sgd oqdrdms shld ctd sn sgd ]cchshnm ne l]rrdr enq
mdtsqhmnr- Sgd sns]k l]ssdq cdmrhsx snc]x) vghbg hmbktcdr l]rrhud mdtsqhmnr ]mc c]qj l]ssdq) hr jdos “wdc ax
knvdqhmf sgd c]qj l]ssdq cdmrhsx ]ooqnoqh]sdkx- Sgd rb]kd,cdodmcdms rtooqdrrhnm nbbtqr adb]trd l]rrhud
mdtsqhmnr cn mns bktrsdq khjd bnkc c]qj l]ssdq nm rl]kk rb]kdr-

c]qj dmdqfx ’2/(- Sghr hr adb]trd sgd fqnvsg etmbshnm hr fnudqmdc ax cheedqdmsh]k dpt]shnmr vgnrd
rnktshnm cdodmcr nm sgd dwo]mrhnm ghrsnqx-

1-1-.- MnmrsWmcWpc mdtsphmnr Wmc sgdhp deedbsr- @r cdrbqhadc hm Rdbshnm 0) sgdqd ]qd l]mx
]mnl]khdr sg]s bntkc ad hmchb]shud ne mdtsqhmn nrbhkk]shnmr nudq rgnqs a]rdkhmdr hm qd]bsnq ]mc ad]l
dwodqhldmsr- Sgdrd nrbhkk]shnmr vntkc qdpthqd ] mdv l]rr dhfdmrs]sd ]rrnbh]sdc vhsg ] mdtsqhmn
vhsg mn vd]j hmsdq]bshnmr9 ] rsdqhkd mdtsqhmn- Rsdqhkd mdtsqhmnr vhsg lhwhmfr bnmrhrsdms vhsg sgd
rgnqs,a]rdkhmd KRMC dwodqhldms vntkc ad sgdql]khydc hm sgd d]qkx Tmhudqrd ]mc bnmsqhatsd sn
dwsq] qdk]shuhrshb cdfqddr ne eqddcnl ]s d]qkx shldr) ]r vdkk ]r sn !lµ -
Sgd oqdbhrd deedbs ne ]m dwsq] rsdqhkd mdtsqhmn cdodmcr nm sgd m]stqd ne sgd l]rr ghdq]qbgx

lnshu]sdc ax sgd rgnqs,a]rdkhmd qdrtks- Enq rnld b]rdr) ] rsdqhkd mdtsqhmn hr sgdql]khydc) ]eedbs,
hmf rsqtbstqd enql]shnm uh] bnmsqhatshnmr sn ansg sgd d]qkx qdk]shuhrshb dmdqfx cdmrhsx ]mc sgd
k]sd l]rrhud mdtsqhmn cdmrhsx- Enq nsgdq b]rdr) sgd rsdqhkd mdtsqhmn qdrnm]mskx fdmdq]sdr kdosnm
mtladq sgqntfg ] LhjgdxduflRlhqmnuflVnkedmrsdhm,sxod ldbg]mhrl sg]s b]m rtooqdrr sgdql]k,
hy]shnm ’20(-Gnvdudq) hm sgd etkk entq,mdtsqhmn eq]ldvnqj) sgd rsdqhkd mdtsqhmn b]m kd]c snltkshokd
qdrnm]ms,kdudk bqnrrhmfr) vghbg l]jd sgd mdtsqhmn cdmrhshdr ]mc rodbsq] tmoqdchbs]akd) fhudm btq,
qdms mdtsqhmn o]q]ldsdq tmbdqs]hmshdr ’21(- Sgd oqnrodbs ne ] etkk nq o]qsh]kkx sgdql]khydc rsdqhkd
mdtsqhmn hr hmsdqdrshmf adb]trd sgdqd dwhrsr sdmrhnm hm rtardsr ne bnrlnknfhb]k c]s] sg]s bntkc ad
ctd sn l]rrhud mdtsqhmnr ]mc.nq dwsq] qdk]shuhrshb cdfqddr ne eqddcnl) vghbg vd chrbtrr adknv-
Mdv mnmrs]mc]qc mdtsqhmn hmsdq]bshnmr) rtbg ]r ] mdv rdke,hmsdq]bshnm ’22() mdtsqhmn cdb]x

’23() nq k]sd mdtsqhmn l]rr fdmdq]shnm ’24) 25() vntkc ]krn ]ksdq sgd deedbsr ne mdtsqhmnr eqnl d]qkx
sn k]sd shldr- Rtbg b]rdr ]qd rsqnmfkx bnmrsq]hmdc ax ] bnlahm]shnm ne sgd BLA ]mc k]qfd,rb]kd
rsqtbstqd c]s] ’26) 27(- Hm o]qshbtk]q) sgd ]bntrshb og]rd rghes ctd sn eqdd,rsqd]lhmf qdk]shuhrshb
q]ch]shnm ’28( g]r addm cdsdbsdc hm ghfgfl]mftk]q qdrnktshnm BLA nardqu]shnmr ’3/() ]mc hs needqr

vvv�SmmtSjpduhdvr�npf ⃝ Mdtsphmn Ngwrhbr epnl sgd BLA Smc KPP 3.6

[K. Abazajian & M. 
Kaplinghat 2016]
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Why might kSZ be useful here?

Neutrino Mass Constraints from kSZ Tomography

‣ Velocity field traces matter (clustering) and growth 

rate:  

‣  

‣  

v ∼ δm
faH

k

f =
d

d ln a [( Pmm(k, a)
Pmm(k, a = 1) )

1/2

]
Pg ̂vr

(k, z) = bv(z)μ
f(k)aH

k
bg(k, z)Pmm(k, z)
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The Role of kSZ in Probing Massive Neutrinos

‣ important early work [E. M. Mueller et. al., 2014] 

‣ kSZ  additional, differently biased tracer of 
matter power  
‣ break degeneracy between cosmology and 

astrophysics 

 

‣ “Anchor” the galaxies  improved small scale 
sensitivity 

‣ Independent probe of cosmic growth

⟹

Pgg(k, z) = bg(k, z)2Pmm(k, z)

P ̂vr ̂vr
(k, z) = [bv(z)μ

f(k)aH
k ]

2

Pmm(k, z)

⟹

Neutrino Mass Constraints from kSZ Tomography
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[Smith et. al. 2018]
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Baseline Results: kSZ Neutrino Mass Constraints

14

Neutrino Mass Constraints from kSZ Tomography

‣ “How effective is kSZ as a sole, 
independent probe of growth?” 
‣ Remove all CMB lensing info 
‣ Marginalize over RSD bias, 

 

‣ “What does kSZ add that isn’t already 
in the galaxy and CMB survey used to 
facilitate the velocity reconstruction?” 

‣ Compare [ ] to 

[ ] 

bg ∋ brsd fμ2

S4 + Pgg
S4 + Pgg + kSZ

Key Questions:

kSZ offers about 3% 
reduction in σ(Σ mν)

[AJT et. al. 2025]
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baseline

simplified bg

Neutrino Mass Constraints from kSZ Tomography

Modeling Details: Bias Assumptions

‣ simpler galaxy bias model? (redshift- and 
scale-dependent information) — minimal 
impact 

‣ kSZ optical depth degeneracy  
‣ how do electrons trace LSS?

 

‣ biased velocity reconstruction! 
‣ Uncertainty in small scale astrophysics  

uncertainty in cosmological inference 

‣ Marginalize over  (analogous to linear 
galaxy bias ) 

Ptrue
ge (kS) ≠ Pfid

ge (kS) → ̂vr = bvvr

⟺

bv
b1

‣ galaxy bias: fine details are 
insignificant  

‣ kSZ optical depth degen. 
matters: 1% prior on  [M. 
Madhavacheril et. al. 2019] 

improvement!

bv

⟹ ≳15 %

[AJT et. al. 2025]
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Neutrino Mass Constraints from kSZ Tomography

What about CMB Lensing?

‣ Observed CMB temperature, polarization are 
necessarily lensed; extra information from  

‣ CMB lensing is a powerful probe of cosmic growth, 
massive neutrinos 

‣ gains from breaking kSZ optical depth degeneracy 
are overshadowed by CMB lensing info

Cϕϕ
ℓ

0.00 0.01 0.02 0.03 0.04 0.05

s(Âmn) [eV]

S4+BAO

S4+BAO
+Pv̂rv̂r
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+Pv̂rv̂r

+bv prior
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+Pgg+kSZ

S4+BAO
+Pgg+kSZ
+bv prior

0.0 0.5 1.0 1.5 2.0

s(Âmn)/s(Âmn)[S4(w/ lensing)+BAO+s(t)]

w/ lensing

no lensing

[AJT et. al. 2025]
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CMB HD: 
‣ no lensing info 
‣ similar to baseline (S4+LSST) results 

‣ HD + “spec-z LSST”  tighter 
constraints on  without  prior

⟹ ∼25 %

∑ mν bv

Neutrino Mass Constraints from kSZ Tomography

Looking (Way) Ahead 

Other non-kSZ probes: 
‣ KSZ & neutrino-induced galaxy bias? [Chiang et. 

al. 2018, AJT et. al. (in prep)] 
‣ “neutrino winds” [C. Nascimento & M. Loverde, 

2023] 
‣ line intensity mapping [Shmueli et. al. 2024] 
‣ etc.

[AJT et. al. 2025]
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‣ kSZ can help us search for new physics from the early universe, e.g. light particles present 
during an inflationary epoch, with scale-dependent bias from primordial non-Gaussianity 
beyond the local limit 

‣ In principle, kSZ may shed light on massive neutrinos, but in practice its use case will likely 
be more complementary than it will be distinctive 

‣ futuristic prospects look very bright!

18

Summary and Outlook
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‣ kSZ tomography: underlying signal is a 
squeezed bispectrum [Smith et. al. 2018] 

‣  
 
 
 
 

‣ Biased velocity reconstruction 
 

‣ marginalize over  (scale-independent, 
analogous to linear galaxy bias ) 

Pgv? → ⟨δgδgT⟩ ∝ Pge(kS)Pgv(kL)

Ptrue
ge (kS) ≠ Pfid

ge (kS) → ̂vr = bvvr
bv

b1

20

KSZ Tomography

cosmological 
inference

uncertainty in small-
scale astrophysics

kSZ ‘Optical Depth’ Degeneracy surface of last 
scattering

clusterv
vr γ

γ
e−e−

e−

e−

Pge(kS)?
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Primordial non-Gaussianity: Basics

‣ inflation: quantum fluctuations seeds large scale structure,  

‣ ‘generically’ Gaussian (single field, slow roll) 

‣ Observable squeezed bispectrum is small!
 

 
 
[J. Maldacena 2003] 
[P. Creminelli & M. Zaldarriaga 2004] 
[E. Pajer et. al., 2013,  P. Creminelli et. al. 2014] 

‣ “Local-type”:  

‣ Many sources of primordial non-Gaussianity (multi-field scenarios, 
excited initial states, etc.) 

‣ beyond local type! 
[D. Baumann 2009]

δϕ ∼ ζ

lim
k1→0

⟨ζk1
ζk2

ζk3
⟩ → 0

ζNG = ζg(x) + f loc
NL [ζ2

g(x) − ⟨ζ2
g⟩]

Primordial Non-Gaussianity with kSZ: Overview

ϕ

V(ϕ)

ϕ

k1

k2

k3

long-range correlation of 
short-wavelength modes

Primordial non-
Gaussianity

different primordial 
scenarios⟹

collapsed objects (galaxies)



mm Universe 2025 
University of Chicago, June 23-27, 2025

Avery Tishue 
June 25, 2025

2407.21094 
2502.05260

22

Primordial Non-Gaussianity with kSZ

Uncertainty in galaxy bias

‣ kSZ mitigates loss of 
constraining power due to 
astrophysical uncertainties
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Primordial Non-Gaussianity with kSZ

Uncertainties in CDM parametersΛ

‣ kSZ helps measure cosmological 
parameters, break degeneracies 

‣ CMB measurements pin down LCDM, 
slightly reduce efficacy of kSZ
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Primordial Non-Gaussianity with kSZ

Experimental details: galaxy survey

‣ Largest wavelengths (smallest k 
modes) are the most important
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Primordial Non-Gaussianity with kSZ
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Experimental details: CMB

‣ Higher resolution CMB experiment 
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Planck PR3+BAO: 
‣ necessarily lensed 
‣ no lensing reconstruction 
‣ similar to baseline (S4+LSST) results

Neutrino Mass Constraints from kSZ Tomography

Past…
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[AJT et. al. 2025]
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‣ LSSTY10 + CMBS4 
‣ DESI BAO 
‣ Include realistic effects (photo-z, RSD, 

galaxy bias model) 
‣ CMB includes: 
‣ White noise, moving lens and kSZ effects, 

tSZ, CIB, radio point sources 
‣ Planck optical depth prior 
‣ LSST bins:

kSZ offers about 3% 
reduction in σ(Σ mν)

Neutrino Mass Constraints from kSZ Tomography

‣ “What does kSZ add that isn’t already 
in the galaxy and CMB survey used to 
facilitate the velocity reconstruction?” 

‣ Compare [ ] to 

[ ] 

‣ “How effective is kSZ as a sole, 
independent probe of growth?” 
‣ Remove all CMB lensing info 
‣ Marginalize over RSD bias, 

S4 + Pgg
S4 + Pgg + kSZ

bg ∋ brsd fμ2

Key Questions:Details:
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Neutrino Mass Constraints from kSZ Tomography

“Minimal” Scenarios (Fewer Probes)

‣ Remove DESI BAO &  prior 

‣ constraints degrade significantly 
‣ kSZ: 5% improvement 

‣ Ignore CMB info — e.g. compare [galaxies] to [galaxies + kSZ]  
‣ “how complementary can kSZ be?” 

‣ weak constraints —   

‣ kSZ: 10% improvement over galaxies alone, mostly from 

τ

𝒪(102) meV
f(k)

Upshot: appreciable neutrino mass 
information from kSZ, mostly from 
scale-dependent growth, but it is 
overshadowed by other probes.

0.00 0.05 0.10 0.15 0.20 0.25 0.30

s(Âmn) [eV]

Pgg

Pgg+ kSZ

0.0 0.2 0.4 0.6 0.8 1.0

s(Âmn)/s(Âmn)[Pgg]


