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~80% of volume uncharted!
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Fig. 1.— An exaggerated example of the lensing effect on a 10◦ × 10◦ field. Top: (left-to-right) unlensed temperature field, unlensed
E-polarization field, spherically symmetric deflection field d(n). Bottom: (left-to-right) lensed temperature field, lensed E-polarization field,
lensed B-polarization field. The scale for the polarization and temperature fields differ by a factor of 10.

gravitational waves.

2. LENSING

Weak lensing by the large-scale structure of the Universe
remaps the primary temperature field Θ(n̂) = ∆T (n̂)/T
and dimensionless Stokes parameters Q(n̂) and U(n̂) as
(Blanchard & Schneider 1987; Bernardeau 1997; Zaldar-
riaga & Seljak 1998)

Θ(n̂) = Θ̃(n̂ + d(n̂)) , (1)

[Q ± iU ](n̂) = [Q̃ ± iŨ ](n̂ + d(n̂)) ,

where n̂ is the direction on the sky, tildes denote the un-
lensed field, and d(n̂) is the deflection angle. It is related
to the line of sight projection of the gravitational potential
Ψ(x, D) as d = ∇φ,

φ(n̂) = −2

∫

dD
(Ds − D)

D Ds
Ψ(Dn̂, D) , (2)

where D is the comoving distance along the line of sight in
the assumed flat cosmology and Ds denotes the distance to
the last-scattering surface. In the fiducial cosmology the
rms deflection is 2.6′ but its coherence is several degrees.

We will work mainly in harmonic space and consider suf-
ficiently small sections of the sky such that spherical har-
monic moments of order (l, m) may be replaced by plane
waves of wavevector l. The all-sky generalization will be

presented in a separate work (Okamoto & Hu, in prep).
In this case, the temperature, polarization, and potential
fields may be decomposed as

Θ(n̂) =

∫

d2l

(2π)2
Θ(l)eil·n̂ , (3)

[Q ± iU ](n̂) = −
∫

d2l

(2π)2
[E(l) ± iB(l)]e±2iϕleil·n̂ ,

φ(n̂) =

∫

d2L

(2π)2
φ(L)eiL·n̂ ,

where ϕl = cos−1(x̂ · l̂). Lensing changes the Fourier mo-
ments by (Hu 2000b)

δΘ(l) =

∫

d2l′

(2π)2
Θ̃(l′)W (l′,L) , (4)

δE(l) =

∫

d2l′

(2π)2

[

Ẽ(l′) cos 2ϕl′l − B̃(l′) sin 2ϕl′l

]

W (l′,L) ,

δB(l) =

∫

d2l′

(2π)2

[

B̃(l′) cos 2ϕl′l + Ẽ(l′) sin 2ϕl′l

]

W (l′,L) ,

where ϕl′l ≡ ϕl′ − ϕl, L = l − l′, and

W (l,L) = −[l · L]φ(L) . (5)

Here δΘ = Θ − Θ̃ for example. In Fig. 1, we show a toy
example of the effect of lensing on the temperature and po-
larization fields (see also Benabed et al. 2001). The effect
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CMB secondaries: landscape & next frontier

CMB lensing at 60𝜎  Planck+ACT+SPT Qu+25 
Need full-sky, foreground control, high-sensitivity, Kimmy Wu's talk 

>10k tSZ clusters, first relativistic tSZ measurements 
Need full sky, uniform selection, gas temperature, control dust & radio, high redshift 

kSZ hints at large feedback in galaxy formation Schaan+21, Hadzhiyska+24 
Need tSZ to measure non-thermal pressure, energy injection in gas 

Dark energy & neutrinos call for tau re-measurements Sailer+25, Jhaveri+25 
Need largest scale, L2 thermal stability, two independent handles on tau (EE & kSZ), 
Daniel Green's talk 

→ Need space stability & largest scales, large frequency range 
→ CMB Probe+



Full-sky tSZ cluster census, with temperatures

CMB Probe+: 150k tSZ clusters (VS 30k for SO) 
Space → Full sky, uniform selection 
Frequency coverage → control dust & radio contamination 
Relativistic SZ → gas temperatures 
CMB lensing → internal mass calibration 
Northern hemisphere → overlap with DSA2000 FRBs, DESI, Spec-S5, etc  
 
→ 𝜎8, dark energy, structure formation beyond cosmic noon, protoclusters
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Feedback in galaxy formation: tSZ x everything

Ground-based resolution ideal for kSZ gas density profiles 
Space-based freq coverage ideal for tSZ, rSZ, dust & radio profiles 
→ Full gas thermodynamics inside halos, non-thermal pressure, energy 
injection 

tSZ power spectrum to 0.1% on large & small scales 
→ Cosmology & feedback 

Full sky enables overlap & tSZ x shear/CMB lensing/galaxies, function of z 
→ Break degeneracies

CMASS
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Reionization beyond one integral: when, how long, high-z tail?

𝜏 from 2 independent channels: EE & kSZ 
→ Crucial cross-checks for most challenging cosmological parameter 

kSZ 2pt & 4pt provide independent integrals over ionization history  
→ Time, duration, potential high-z tail 

Foreground subtraction (CIB & tSZ) from multi frequencies: crucial 
→ CMB Probe+ is ideal 

Synergy with JWST, Roman

0.045 0.060

ø

-1.5

0.0

1.5

3.0

¢
z re

kSZ 2-pt

FoM:
14
22

17
210

0.045 0.060

ø

kSZ 4-pt

FoM:
4
245

80
971

0.045 0.060

ø

kSZ vs CVL-ø

FoM:
83
541

298
3587

SO S4-Wide S4-Ultra deep CMB-Probe CVL-ø Figure: Raghunathan



Conclusions: Secondaries with CMB Probe+

Full-sky CMB lensing at 600𝜎, foreground cleaned, from T & P 
→ Delensing, tomography with Euclid, Roman, Spec-S5, 21cm 

Full-sky 150k tSZ clusters with masses & temperatures, foreground 
cleaned 
→ 𝜎8, dark energy, structure formation beyond cosmic noon, protoclusters 

Cosmology & galaxy formation from tSZ x everything 
→ Full gas thermodynamics, non-thermal pressure, energy injection in gas 

𝜏 & reionization time, duration, high-z tail 
→ Redundancy from EE VS kSZ, crucial input for dark energy, neutrinos 

➡ CMB Probe+ transformative!




