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Different imprints on the CMB due to the LSS
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• Integrated Sachs-Wolfe & Rees-Sciama effect
- Variation with time of the gravitational potential between us and the surface of last 

scattering
- Dark energy, curvature of the Universe 

• Lensing
- Gravitational deflection of the CMB photons due to the LSS
- Projected distribution of all the dark matter 

• Scattering: Sunyaev–Zeldovich effect
- Spectral distortion of the CMB through scattering by high-energy electrons in clusters
- Distribution and properties of the gas in the Universe
- Very important signal and foreground in cosmology and galaxy evolution 

• Scattering: screening



Screening of the CMB photons
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• CMB photons scattered in and out of the line of sight by 
 in the gas in galaxies and clusters

• Damping of the CMB anisotropies

• LOS with more  more suppressed and vice-versa 
- Damping is anisotropic
- New CMB-anisotropies
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Screening of the CMB photons
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�Tobs

T̄
=

�Ttrue

T̄
(1� ⌧)

Brings the CMB 
temperature in a 
given patch close to 
the mean



Why study screening?
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• Contributions from two epochs
- Reionization (sometimes also called patchy screening)
‣ Patchy screening is a probe of reionization

- Late-time Universe 

• Linear in gas profile
- Very useful to study distribution of the gas in the Universe
- Calibrating baryonic effects: halo-baryon connection 

• Combining with kSZ will allow to measure velocity field 
amplitude
- Cosmological parameters like growth rate,  etc.fNL



How to measure this effect?
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• Lensing causes mode coupling ➞ Quadratic estimator (QE) (Hu, Okamoto 02) 

• Screening causes mode coupling, like lensing ➞ QE (Dvorkin Smith 09)

δTobs = δTtrue − ∇ϕ ⋅ ∇δTtrue CMB lensing



QE: large-scale 𝜏
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• Local power spectrum amplitude 
gives large-scale  

• Foregrounds & lensing also modify 
the local power spectrum
➞ biases QE
➞ lensing & foreground hardening 
(Namikawa, Roy, Sherwin, Battaglia, Spergel 21) 

• Currently quantifying biases and 
noise costs from hardening

τ

Cℓ ∝ e−2τ

Credit: Emmanuel Schaan



QE: small-scale 𝜏
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•  

• “Temperature inversion” estimator 
analogous to “Gradient inversion” 
estimator  (Horowitz, Ferraro, Sherwin 19, 
Hadzhiyska, Sherwin, Madhavacheril, Ferraro 19) 

•

1 − ̂τQE(x) ∼ δT(x)
Tlong WF(x)
⟨T long WF 2⟩

1 − ̂τTI(x) ∼
δT(x)

T long WF(x)

Small-scale screening limit:
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Relationship between QE and TI
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•    

•  

•  

• Small scale QE is unbiased

• However, irreducible statistical error even with arbitrarily small 
experimental noise 

• TI, on the other hand, can have arbitrarily small error

1 − ̂τQE(x) ∼ δT(x)
Tlong WF(x)
⟨T long WF 2⟩

1 − ̂τTI(x) ∼
δT(x)

T long WF(x)

1 − ̂τQE(x) = [1 − ̂τTI(x)] Tlong WF 2(x)
⟨T long WF 2⟩

Small-scale screening limit:



TI: lensing & foreground biases
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“Temperature inversion”

1 − ̂τTI(x) ∼
δT(x)

T long WF(x)

• In cross-correlation with tracers:


• Both insensitive to foregrounds due to the sign change if  is clean


• Lensing from the tracers does not add bias nor noise


• Lensing from other objects adds noise


• Same conclusions hold for small scale approximate QE as well

Tlong



Current work and next steps

• Implementing all estimators

• Forecasting & comparing SNR

• Checking lensing & foreground biases in cross-correlation

• Clarifying the relation between all estimators

• First ever detection of this effect with the current data

Abhishek Maniyar, KIPAC Stanford



Thank you!



Screening quadratic estimator
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measure the fluctuations in ⌧ from reionization by cross-
correlating with measurements from 21cm experiments
(Meerburg et al. 2013; Roy et al. 2020).
The total S/N is calculated by summing the signal-to-

noise per ` mode,

(S/N)2 =
X

`

✓
C

XY

`

�C
XY

`

◆2

, (31)

where �C
XY

`
is theoretical error on C

XY

`
given N

⌧⌧

`
.

The exact form of �C
XY

`
we use is

�
�C

XY

`

�2
=

1

(2`+ 1)fXY

sky

[(CXY

`
)2+

�
C

XX

`
+N

XX

`

� �
C

Y Y

`
+N

Y Y

`

�
] , (32)

where fXY

sky is the fraction of sky covered, CXX

`
andN

Y Y

`

are the auto spectrum and noise term of a given tracer,
respectively. Here we assume that N

⌧⌧

`
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`
to sim-

plify Eq. 32.
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Figure 3. Forecast of signal-to-noise ratio of C⌧g
` , C⌧y

` , and
C⌧⌧

` signals with FWHM of beam for CMB-S4 like experi-
ment for Mmin = 2 ⇥ 1011 M� and Mmax = 1013 M�. The
cross-correlations are calculated using analytic halo model
and the instrumental sensitivity in temperature is set to
1 µK-arcmin. The signal-to-noise ratio increases with the
smaller beam size because the number of accessible modes
increases with resolutions of an experiment. In addition to
that, delensing of B modes help to reduce the noise in polar-
ization that lower the reconstruction noise of ⌧ fluctuations.

We use the simulations described in Section 3 to calcu-
late the cross power spectra C

⌧g

`
and C

⌧y

`
. Here the field

g refers to a number-count map where a non-zero value
is assigned at the location of each halo above a given

minimum mass, and y is a Compton-y map with the
same mass threshold. We cross-correlate the number-
count and Compton-y maps with the simulated ⌧ maps.
Then, for each redshift, we average over all simulation
realizations and add these di↵erential cross-spectra to
get the signal.
Note that all the cross-correlations have contributions

both from the high redshift (z & 5) and low redshift
(z . 5). The yy from reionization is subdominant as
the power spectrum is at least 3-4 orders of magnitude
smaller than the galaxy and cluster contributions (Hill
et al. 2015), but the amplitude of the ⌧y power spectrum
from reionization is comparable with the contributions
from halos at low redshift (though they may have dif-
ferent shapes as the characteristic scale of ionized bub-
bles and halos are di↵erent; Hill et al. (2015); Namikawa
et al. (2021)). We calculate the ⌧y signal for a fiducial
model of reionization with the characteristic bubble size
of ionized bubbles R̄b = 5 Mpc following a semi-analytic
model described in Namikawa et al. (2021). Hence, we
consider the ⌧y signal from reionization as a source of
noise in our forecasts. yg and ⌧g from high and low
redshift do not correlate as we choose the galaxy distri-
bution function at the low redshift only, so they have
di↵erent kernels.
In Figure 3, we show the total S/N as a function

of beam size for CMB-S4 like survey that has a noise
level of 1µK acrmin. The ` range we consider is from
100-5000 in polarization. For a halo mass threshold of
Mmin = 2⇥1011M� and ✓f = 1 arcmin, we find the total

S/Nf
�1/2
sky ⇡ 15 and 10 for C

⌧g

`
and C

⌧y

`
, respectively.

After delensing the lensed B-mode power spectrum at
level of 90% (Smith et al. 2012; Abazajian et al. 2019),
we find that the signal-to-noise ratio increases by 14%
and 12.5% for C⌧g

`
and C

⌧y

`
, respectively.

In Figure 4, we show the variation of ⌧y, ⌧g, and ⌧y

signals for di↵erent minimum halo mass, Mmin. The
cumulative SNRs for ⌧g, ⌧y and ⌧⌧ are 20, 16 and 5.5
corresponding to Mmin = 1011 M�. The SNRs change
to 11, 11.5 and 4 if Mmin is set to 1013 M�. We find
SNR for yg is 1710 and 950 for Mmin = 1011 M� and
1014 M� respectively.

6. FISHER FORECAST

In this section, we discuss how the future measure-
ments of these cross-correlations can be used to con-
strain the astrophysical parameters related to the pres-
sure and density of CGM. For the rest of our analysis, we
use the upper limit on the halo mass ofMmax = 1013 M�
so that we can study the properties of CGM. We assume
that the pressure and density profile is self-similar to the
redshift and mass of halos.
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Sunyaev-Zel’dovich effect
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kinetic Sunyaev-Zel’dovich effect
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