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Introduction
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Timeline of CMB Observations

4

Snowmass CF6 Report (2022) 
arXiv:2209.08654

+ ASO

Current and future surveys

Past surveys
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PlanckNASA/JPL-Caltech/ESA
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Mark Devlin

SPTPol

Daniel Luong-Van
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Stage-5 CMB: CMB-HD
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(Snowmass 2021 CMB-HD White Paper; arXiv:2203.05728 )

CMB-HD is a proposed low-noise, high-resolution 
millimeter-wave survey over half the sky.

● 6 times higher resolution & 3 times lower noise than CMB-S4

● Will measure angular scales 30 < ℓ < 20,000 
● 7 frequencies from 30 to 350 GHz
● Will be located in the Atacama desert in Chile

Forecasts will 
assume 90 & 150 
GHz data over 
60% of the sky, 
plus delensing, 
baryonic 
feedback, and 
DESI BAO.

cmb-hd.org



CMB Anisotropies

6ESA and the Planck Collaboration (2018)

ACT Collaboration (Choi et. al., 2020)

Temperature

Polarization

ACT Collaboration (Aiola et. al., 2020)

Power spectraMaps Parameters



CMB Lensing

● Couples modes of the primary CMB
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Image: ESA and the Planck Collaboration

z = 1100

z = 0● Smooths the acoustic peaks

● Transfers power from large to small scales

● Converts E-mode polarization into B-modes

Large-scale structure

Probes the matter distribution 
using the primary CMB as the 
backlight, without relying on 
baryonic tracers.

(recombination)

(today)

A. Lewis & A. Challinor (2006)

(late Universe)



CMB Lensing Reconstruction
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Use the lensed CMB to reconstruct a map of the gravitational lensing potential

ACT collaboration (Qu et. al., 2023)

ACT collaboration (Madhavacheril et. al., 2023)

→ Measure CMB lensing power spectrum
→ Delens the CMB

A. Lewis & A. Challinor (2006); D. Green et. al. (2017) 



Baryonic Feedback
Baryonic feedback processes 
change the matter distribution 
on small scales
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X-ray: NASA/CXC/SAO
visual: NASA/STScI
radio: NSF/NRAO/VLA

S
tronger feedback

● Can be probed by 
small-scale CMB lensing

A. Mead et. al. (2020) 
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Forecasting Methods and Data
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Forecasting Methods
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Fisher matrix: baseline method
● Quick, but assumes Gaussian parameter 

posteriors 

Markov chain Monte Carlo (MCMC): 
used to check Fisher
● Slower, but can recover non-Gaussian 

parameter posteriors

8-parameter model: ΛCDM + N
eff

 + ∑mν

 + prior σ(τ) = 0.007 from Planck (2018)

Data from CMB-HD + DESI BAO 

ACT Collaboration (Aiola et. al., 2020)

(A. Aghamousa et. al., 2016)



CMB-HD Data: Power Spectra
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.......

Lensed or delensed CMB TT, TE, EE, 

BB power spectra + CMB lensing 𝜅𝜅 
power spectrum

● Multipoles ℓ ∈ [1000, 20000]

○ (Multipoles ℓ ∈ [30, 1000] from ASO)

● Combined noise + foregrounds 
from 90 and 150 GHz channels

.......



Instrumental Noise and Residual 
Extragalactic Foregrounds

 CMB noise at 90 and 150 GHz includes:
● TT, TE, EE, BB: instrumental noise
● TT: residual extragalactic 

foregrounds

13(Han & Sehgal, 2022)

On small scales, the CMB and lensing 
signals are contaminated by 
extragalactic foreground emission.
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Results
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Fisher vs. MCMC
Both methods give consistent results:
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Ratio of parameter error bars 
from Fisher vs. MCMC



Fisher Forecasts
● Residual extragalactic 

foregrounds: slight increase in 
parameter errors

● Delensing: reduces parameter 
errors

● BAO: reduces parameter 
degeneracies
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Baryonic feedback
Assume CMB-HD SZ x CMB lensing can 
constrain log

10
(T

AGN
/K) to 0.06% 

(extrapolation from points below)

● 6% constraint from KiDS lensing x 
ACT+Planck tSZ (Tröster et. al., 2022)

● CMB-HD will have 25 times sky area of 
KiDS, at least an order of magnitude 
better lensing S/N, and 20 times deeper 
sensitivity than ACT+Planck
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Baryonic feedback strength 
characterized by parameter 
log

10
(T

AGN
/K) (Mead et. al., 2020)

Marginalizing over the feedback 
model, including the SZ prior, does 

not change parameter errors



Parameter Results
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Factor of two improvement on
σ(N

eff 
) and σ(n

s 
)



Effective Number of 
Relativistic Species

Requires 

ΔN
eff

 ≥ 0.027
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Snowmass 2021 CMB-HD White Paper (2203.05728) 
original figure: Benjamin Wallisch (2018)

CMB-HD + DESI
σ(N

eff 
) = 0.014

Can detect or rule out any new light 
particle that was in thermal 

equilibrium after inflation at 2σ.

Can be ruled out 
by CMB-HD + 
DESI at 2σ



Inflation
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CMB-S4 Science Book (2016)

CMB-HD Delensing

+Large-scale 
B-modes

CMB-HD + DESI
σ(n

s 
) = 0.0013

(2 x smaller 
than precursors)

Remove 90% of B-mode lensing 
over 60% of the sky 

n
s

r



CMB-HD Forecasting Codes hdlike : 
● Compatible with CAMB and Cobaya
● Examples to easily reproduce HD 

forecasts and run new ones

hdfisher : 
● Compatible with CAMB

○ Can vary any parameter that can 
be passed to camb.set_params()

● Example notebook to reproduce 
Fisher forecasts and plots

● Example notebook + python script 
to calculate a new Fisher matrix
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github.com/CMB-HD

Both have options to include delensing, 
DESI BAO, and baryonic feedback.



Summary
● The low noise and high resolution of CMB-HD will lead to tight 

constraints on a ΛCDM + N
eff

 + ∑mν model
○ We find σ(N

eff
) = 0.014 and σ(n

s
) = 0.0013 after including residual 

extragalactic foregrounds, delensing, and DESI BAO

● CMB-HD is sensitive to the effects of baryonic feedback on the 
small-scale matter distribution

● The CMB-HD likelihood and Fisher forecasting codes are publicly 
available at  github.com/CMB-HD

22Image credit: ACT Collaboration
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Thank you!
Questions?
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Extra slides
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DESI BAO Data
Forecast combination of CMB-HD and DESI BAO data:

● Mock DESI measurements of r
s
 / d

V
(z), where
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● Derived from DESI forecasts for their baseline 
(0.65 < z < 1.85) and bright (0.05 < z < 0.45) galaxy 
surveys over 14,000 square degrees  (Aghamousa et. 

al., 2016)

(Eisenstein et al., 2005)

BOSS

r
s



Lensing Noise
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TT  for L < 5000 and 
TE, EE, EB, TB on all scales:
● H&O estimator  (Hu & Okamoto, 2002)

● Iterative delensing lowers noise 

TT for L > 5000: 
● HDV estimator (Hu, DeDeo, & Vale, 2007) 
● From simulations (Han & Sehgal, 2022)

Minimum-variance combination of TT, TE, EE, EB, TB quadratic estimators

(Hotinli et. al., 
2021)



Delensing
Use reconstructed lensing map to 
delens the observed CMB.
● Gain sharpened picture of the 

universe at z = 1100.

Combine delensed CMB TT, TE, EE, 
BB power spectra with CMB lensing 
𝜅𝜅 power spectrum to replace the 
lost lensing information.
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Fraction of lensing removed 
from the CMB power spectra:
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Covariance Matrix
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(lensed CMB)
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Off-diagonal elements are from 
lensing-induced correlations

(Diagonal elements are not shown)

Analytic 
(Hotinli et. al., 2021)

From simulations 
(Han & Sehgal, 2022)
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From simulations 
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Correlation 
matrices

(delensed CMB)
CMB-HD Data: 
Covariance Matrix

Off-diagonal elements are from 
lensing-induced correlations

(Diagonal elements are not shown)


