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CMB and the next 
generation observations 

• Brief history of the cosmic microwave background (CMB)


• How to model measurements of the CMB and estimate 
parameter constraints


• The physics of the cosmic microwave background ( CDM + 
extensions)


• The “anatomy” of the CMB

Λ

Covered topics

NAO

• Faculty at Swarthmore College near Philadelphia


• My research mainly focuses on constraining early 
universe extensions of LCDM


• Models that attempt to address the Hubble tension 
(mostly in collaboration with Vivian Poulin)


• Recently I have been very interested in understanding 
whether near future CMB measurements will be 
decisive for pre-recombination extensions


• Another part of my research is on pulsar timing 
arrays, searches for anisotropies, and constraints to 
modified gravity


• I love film photography 


• I’ve been to GGI once before (2008 I think…) and 
didn’t go to any museums! But I did read 
Machiavelli’s Florentine Histories…. 

Who am I?
• Introduce yourselves to your neighbors (you will be working with them 

a bit today)


• Suggested discussion topics


• Your home institution


• What got you interested in cosmology


• Non-physics things you plan to do while in Florence 


• The World Cup 

Who are you?



• Homogeneous evolution governed by the Friedman equation

Cosmology 101
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• In LCDM universe is filled with radiation (photons+neutrinos), matter 
(baryons+cold dark matter), and a cosmological constant 

• Homogeneous evolution governed by the Friedman equation
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• In LCDM universe is filled with radiation (photons+neutrinos), matter 
(baryons+cold dark matter), and a cosmological constant 

• Imagine a Gaussian random variable  with mean  and variance x μ σ2

Gaussian statistics 101

⟨x⟩ = μ

Var(x) ≡ ⟨(x − ⟨x⟩)2⟩ = ⟨x2⟩ − ⟨x⟩2 = σ2

• If we have a collection of statistically independent measurements from 
this distribution, , we have {xi}

⟨xi⟩ = μ

⟨xixj⟩ = μ2 + δijσ2

• Using these measurements we can write down an estimator for the 
mean

̂μ =
1
N

N

∑
i=1

xi

• What is the variance of the estimator, ? ̂μ

⟨ ̂μ⟩ =
1
N

N

∑
i=1

μ = μ
‘Unbiased estimator’
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(From the perspective of a CMB photon)
Thermal history of the universe



A brief history of CMB science
• In the late 1940s-1960s there was an intense debate between whether the 

universe changes in time (Fred Hoyle vs. George Gamov; steady state vs big 
bang)


• In a paper by Alpher and Herman (“Remarks on the evolution of the expanding 
universe” 1949) 


• They use BBN to predict that the CMB temperature today is about 5 K!

A brief history of CMB science
• A more precise treatment uses 

measurements of D/H which gives 



• The Planck line is constructed 
from the measured CMB 
temperature and 


• The consistency is one of the 
major triumphs of the standard 
cosmological model

η ≃ 6 × 1010

ρb,0

A brief history of CMB science
• Standard expectation: CMB photons will have a blackbody spectrum

≃ 100 GHz• Peak will be νpeak = 2.82
kBTCMB,0

h

A brief history of CMB science
• 1965 Penzias and Wilson report ‘excess 

noise temperature’ of ‘about  at 
’

3.5 K
νPW ≃ 4 GHz

• We know that  so this 
measurement was made in the 
Rayleigh-Jeans tail

νPW ≪ νCMB,peak

•  — this made the 
inference of the temperature 
straightforward 

Iν = 2kBTν2/c2

• Excess radiation was ‘isotropic, unpolarized, and free from seasonal 
variations’. 

• “At one point, new suspects emerged. Two pigeons had set up housekeeping inside the guts 
of the antenna. Maybe their droppings were causing the noise? Wilson and Penzias had the 
birds trapped and then cleaned the equipment, but the signals continued.”



A brief history of CMB science
• 1992 COBE satellite was the first to measure the CMB black body 

spectrum 

TCMB,0 = 2.728 ± 0.004 K

Chluba arXiv:2502.05188

A brief history of CMB science
• Measurement of the spectrum has interesting implications for new 

physics!

• But, I am far from an expert in this… 

A brief history of CMB science
• COBE also the first to measure temperature anisotropies in the CMB

A brief history of CMB science
• Why go to space?

• Second, water vapor:
• First, to get a ‘full sky’ map



A brief history of CMB science
• WMAP 2003 and Planck 2008… improvements in resolution and noise

• Atacama Cosmology 
Telescope (ACT) and South 
Pole Telescope are in high 
and dry places

• CMB has fluctuations in both 
temperature and polarization

A brief history of CMB science

From maps to spectra… Brief introduction to the angular power spectrum

T( ̂n) aT
ℓm ≡ ∫ d2nT( ̂n)Y*ℓm( ̂n)

θ ≃
π
ℓ

 roughly 
divides the sky 
into four parts: 

ℓ = 2

2π/4 = π/2



Introduction to the angular power spectrum

T( ̂n) = ∑
ℓ,m

aT
ℓmYℓm( ̂n) aT

ℓm = ∫ d2nT( ̂n)Y*ℓm( ̂n)

θ ≃
π
ℓ

• The CMB fluctuations are stochastic and expected to be statistically 
homogeneous and isotropic

⟨T( ̂n)T( ̂n′￼)⟩ = C( ̂n ⋅ ̂n′￼)
Rotationally 
invariant 

⟨aT
ℓma*T

ℓ′￼m′￼
⟩ = δℓ,ℓ′￼

δm,m′￼
CTT

ℓ

(Analogous to Fourier 
series: )x = 2π/k

• On a small patch of the sky it is a Fourier transform:

T( ⃗θ) ≃ ∫
d2ℓ

(2π)2
ei ⃗ℓ ⋅ ⃗θ

Introduction to the angular power spectrum

• The variance within a flat patch of radius  is θ

• When we look at a CMB map our eyes are drawn to the patches 
with the highest variance (contrast)

σ2(θ) = ∫
∞

0
d ln ℓ

ℓ2Cℓ

2π
W2(ℓθ) W(ℓθ) = 2

J1(ℓθ)
ℓθ

Introduction to the angular power spectrum
• The variance within a patch of radius  is θ

σ2(θ) = ∫
∞

ℓmin

d ln ℓ
ℓ2Cℓ

2π
W2(ℓθ)

W
(ℓ

θ)

ℓ

σ2(θ) ≃ ∫
1/θ

ℓmin

d ln ℓ
ℓ2Cℓ

2π

• This gives us a way to understand how detector noise appears in 
the observed CMB power spectrum

• We can now try to read off what kind of 
structure(s) we might see in a map from the 
power spectrum that generated it

Introduction to the angular power spectrum

σ2(θ) ≃ ∫
1/θ

ℓmin

d ln ℓ
ℓ2Cℓ

2π

≃ 1∘θ ≃ π/ℓ

https://github.com/tsmith2/GGI_cosmology_notebooks

Open then copy Notebook 1



Introduction to the angular power spectrum

• The variance within a patch of radius  is θ σ2(θ) ≃ ∫
1/θ

ℓmin

d ln ℓ
ℓ2Cℓ

2π

• Each pixel will have some (uncorrelated) noise ( rms pixel noise):n =

=
n2

πθ2/Ωpix
σ2

noise(θ) = Variance per pixel
# of pixels in patch

Nℓ = n2Ωpix

• The telescope has some finite resolution,  (often called a ‘beam’)σb

• The observed power spectrum is: Cℓ,obs = CℓB2
ℓ + Nℓ

• Approximating it as a Gaussian we have Bℓ = e− 1
2 ℓ(ℓ+1)σ2

b

A (theorist’s) guide to CMB sensitivity 

ĈTT,dec
ℓ ≡

ĈTT
ℓ − NTT

ℓ

B2
ℓ

• The data that comes out the telescope is  which can be 
transformed to 

Tobs( ̂n)
aT

ℓm,obs

• This can be written: aT
ℓm,obs = BℓaT

ℓm + nT
ℓm

• We can write an initial estimator for the power spectrum:

ĈTT
ℓ =

1
2ℓ + 1 ∑

m

|aT
ℓm,obs |2

• This is a biased estimator, so we transform it once more (‘deconvolve’)

• The variance in this estimator is

Var (ĈTT,dec
ℓ ) =

2
(2ℓ + 1) (CTT

ℓ + NTT
ℓ eℓ(ℓ+1)σ2

b)
2

fsky ℓmin ≃ f −1/2
sky

Average over m ⟨ĈTT
ℓ ⟩ = B2

ℓCTT
ℓ + NTT

ℓ

⟨aT
ℓma*T

ℓ′￼m′￼
⟩ = δℓ,ℓ′￼δm,m′￼CTT

ℓ ⟨aT
ℓmnℓ′￼m′￼⟩ = 0

noise amplitude = n2/fsky

A (theorist’s) guide to CMB sensitivity 

See also Tanvi Karwal’s lectures on parameter estimation!

Map -> power spectrum -> parameters



Current LCDM parameter constraints
What the universe is made of

Current expansion rate 
of the universe

Late-time re-ionization 
of the universe Cosmic inflation

Current LCDM+ parameter constraints

Forecasted LCDM+ parameter constraints A bit more on polarization
• CMB light has fluctuations in its polarization from place to place

• The detectors measure linear polarization in perpendicular 
directions 

Q U

• These polarizations do not have definite parity… but physics cares 
a lot about parity, so (in harmonic space) we define linear 
combinations:

E( ⃗ℓ ) ≡ Q( ⃗ℓ )cos 2ϕℓ + U( ⃗ℓ )sin 2ϕℓ

B( ⃗ℓ ) ≡ − Q( ⃗ℓ )sin 2ϕℓ + U( ⃗ℓ )cos 2ϕℓ

Even parity (scalar perts)

Odd parity (vector/GWs)



Beyond the ‘primary’ power spectra
• If the CMB fluctuations were purely Gaussian, the power spectrum 

would contain all of the statistical information….

• Lensing of CMB photons by intervening clumps of matter 
introduces a non-Gaussian contribution

• (There are more exotic— hypothesized— sources of non-Gaussian 
features that I won’t discuss)

• The photons are deflected: T( ̂n) → T( ̂n + ⃗∇ ϕ)

• Modulates the power spectra, mixes the two polarization modes, 
and generates a non-Gaussian contribution to higher order 
correlations

Unlensed temperatureLensed temperature

Unlensed Q and U polarization
Q U

Lensed Q and U polarization



Lensing potential power spectrum
• Lensing potential power spectrum is estimated from the four point 

correlation function
⟨aT

ℓ1m1
aT

ℓ2m2
aT

ℓ3m3
aT

ℓ4m4
⟩ = ⟨aT

ℓ1m1
aT

ℓ2m2
aT

ℓ3m3
aT

ℓ4m4
⟩G + ⟨aT

ℓ1m1
aT

ℓ2m2
aT

ℓ3m3
aT

ℓ4m4
⟩ϕϕ

c

Forecasted LCDM+ parameter constraints

BUT SO claims !σr ≃ 0.001
https://arxiv.org/pdf/2512.15833



CMB-HD collaboration arXiv:2203.05728

Forecasted LCDM+ parameter constraints

arXiv: 1710.03747

Information matrix calculations
• A very useful way to estimate constraints on parameters without 

the real data

• There are a few different ways to discuss this— see Tegmark et al. 
ApJ 480:22-35, 1997

• Here we will do the simple thing: imagine our data are the power 
spectra and that they are Gaussian distributed:

Information matrix calculations

• Imagine varying the parameters by some small amount about their 
best fit values:  ⃗θ → ⃗θ* + δ ⃗θ

• The likelihood can then be written approximately as

lnℒ(θ) ≃ ln ℒ(θ*) +
∂ ln ℒ

∂θi *

δθi +
∂2 ln ℒ

∂θiθj *

δθiδθj

Vanishes at max

Information matrix calculations

Cov−1(θi, θj) =

• The likelihood can then be written approximately as

Vanishes 
at max



A useful way to re-write the Information Matrix

https://github.com/tsmith2/GGI_cosmology_notebooks

Notebook 2

https://github.com/tsmith2/GGI_cosmology_notebooks

Notebook 3



We are neglecting the effects of foregrounds

https://lambda.gsfc.nasa.gov/product/foreground/


