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Ĉ` =
1

2`+ 1

X̀

m=�`

|a`m|2

For full sky observations, ALL interesting information is contained 
in the estimator:

This estimator is unbiased and minimizes variance:
<latexit sha1_base64="9kmgUNEDSc56TJ/VwtrWbH1I0pM=">AAACDXicdZDLSgMxFIYz9VbrbdSlm2AVXJWZ2trpQih247KCbYVOKZn0tA3NZIYkI5TSF3Djq7hxoYhb9+58G9OLoKI/BH6+cw4n5w9izpR2nA8rtbS8srqWXs9sbG5t79i7ew0VJZJCnUY8kjcBUcCZgLpmmsNNLIGEAYdmMKxO681bkIpF4lqPYmiHpC9Yj1GiDerYRz4nos8B+wOicbXjA+fYl3N2vgAdO+vkyp7jFh1sTCl/6hWmxiuWPRe7OWemLFqo1rHf/W5EkxCEppwo1XKdWLfHRGpGOUwyfqIgJnRI+tAyVpAQVHs8u2aCjw3p4l4kzRMaz+j3iTEJlRqFgekMiR6o37Up/KvWSnTPa4+ZiBMNgs4X9RKOdYSn0eAuk0A1HxlDqGTmr5gOiCRUmwAzJoSvS/H/ppHPuWe5wlUhW7lYxJFGB+gQnSAXlVAFXaIaqiOK7tADekLP1r31aL1Yr/PWlLWY2Uc/ZL19AjPQmww=</latexit>
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Copi et al. Mon.Not.Roy.Astron.Soc. 451 (2015) 3 [arXiv:1310.3831]
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Copi et al. Mon.Not.Roy.Astron.Soc. 451 (2015) 3 [arXiv:1310.3831]

The low-ℓ / large-angle problem:
The vanishing of C(θ)
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Best-fit ΛCDM prediction: ~50,000
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Planck Collaboration A&A 641 (2020) A7 [arXiv:1906.02552]Copi et al., Mon.Not.Roy.Astron.Soc. 451 (2015) 3 [arXiv:1310.3831]

Best-fit ΛCDM prediction: ~50,000

• 0.03%-0.1% of realizations of the concordance model of inflationary ΛCDM have so little cut sky large-angle correlation!   
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Planck Collaboration A&A 641 (2020) A7 [arXiv:1906.02552]Copi et al., Mon.Not.Roy.Astron.Soc. 451 (2015) 3 [arXiv:1310.3831]

Best-fit ΛCDM prediction: ~50,000

• 0.03%-0.1% of realizations of the concordance model of inflationary ΛCDM have so little cut sky large-angle correlation!   
• And all low-ℓ Cl are small for most of those realizations! (which is not what the observed sky tells us!)
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• To obtain S1/2 < 1000 with the observed Cl requires varying C2, C3, C4 & C5! 
• The minimum S1/2 falls off much more slowly in the WMAP Cl than in the theory. 
• This strongly suggests that important correlations exist in the data for ℓ > 8 that do not exist in the theory.
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What is strange about the low-ℓ Cl is how the various Cl are correlated with each other.
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• And most of those are much poorer fits to that theory than is the 
current data.
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• And most of those are much poorer fits to that theory than is the 
current data.

1. “Didn’t that go away?”
2. “I never believe a posteriori statistics.” 
3. “I never believe anything less than a 5σ, 10σ,  20σ  result.”
4. “Inflation can do that”

EXPLAINING S1/2 (GLENN’S COLLECTION)
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2. “I never believe a posteriori statistics.” 
3. “I never believe anything less than a 5σ, 10σ,  20σ  result.”
4. “Inflation can do that”
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5.  New physics that correlates Cl’s
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• And most of those are much poorer fits to that theory than is the 
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1. “Didn’t that go away?”
2. “I never believe a posteriori statistics.” 
3. “I never believe anything less than a 5σ, 10σ,  20σ  result.”
4. “Inflation can do that”

EXPLAINING S1/2 (GLENN’S COLLECTION)

5.  New physics that correlates Cl’s

1. Hemispherical Power Asymmetry 
2. Quadrupole and Octopole Alignments 
3. Point-Parity Anomaly 
4. The Cold Spot 
5. …

Other CMB anomalies (many are beyond Cl):
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1. These are statistical flukes in standard  ΛCDM 
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WITH SO MANY ANOMALIES, WHAT DO WE DO?  

Making progress: 
1. Test the “fluke hypothesis” (i.e. test  ΛCDM!) 

• Philosophy: assume ΛCDM is correct and see how the measured anomalies affect predictions for 
other observables. 

2. Make reasonable phenomenological extrapolations and test them. 
• Philosophy: assume each anomaly is “physical” and guess what that implies for other observables 

3. Find a fundamental physics model, make testable predictions.

Physics explanations: 
1. These are statistical flukes in standard  ΛCDM 
2. These are not statistical flukes
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• Absence of angular correlation in temperature implies 

absence of angular correlation in polarization.
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EXAMPLE: ABSENCE OF TWO-POINT ANGULAR CORRELATION 

Phenomenological guess: 
• Absence of angular correlation in temperature implies 

absence of angular correlation in polarization.

Yoho et al., Phys. Rev. D 91, 123504 (2015) [arXiv:1503.05928]

Angular correlation function of Q and U polarizations 
with r = 0.1. The shaded regions correspond to the 
68% C.L. errors. The ranges include instrumental 
noise for a future generation PIXIE-like experiment 
and cosmic variance.

Constrained-ΛCDM QQ, UU and EE correlations
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Phenomenological guess: 
• Absence of angular correlation in temperature implies 

absence of angular correlation in polarization.

Yoho et al., Phys. Rev. D 91, 123504 (2015) [arXiv:1503.05928]

Angular correlation function of Q and U polarizations 
with r = 0.1. The shaded regions correspond to the 
68% C.L. errors. The ranges include instrumental 
noise for a future generation PIXIE-like experiment 
and cosmic variance.

Constrained-ΛCDM QQ, UU and EE correlations
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Lack-of-correlation anomaly in CMB 
large scale polarization maps:
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1. Absence of angular correlation is due to absence of spatial correlation in 3D 
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          (T, E, B?, φ, δ(z), …) x (T, E, B?, φ, δ(z’), …) 
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More phenomenological guesses: 
1. Absence of angular correlation is due to absence of spatial correlation in 3D 

Consequence:  expect low or no correlation in: 
          (T, E, B?, φ, δ(z), …) x (T, E, B?, φ, δ(z’), …) 

2. The cosmological dipole: 
• C(θ) has had the monopole and dipole subtracted 
• If C(θ>60°)~0 is physical, then the cosmological dipole must be small 
• C1 < ~200 (μK)2       (C1th ~ 3300 (μK)2) 

Q: Can you detect this dipole? 
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EXAMPLE: ABSENCE OF TWO-POINT ANGULAR CORRELATION 

More phenomenological guesses: 
1. Absence of angular correlation is due to absence of spatial correlation in 3D 

Consequence:  expect low or no correlation in: 
          (T, E, B?, φ, δ(z), …) x (T, E, B?, φ, δ(z’), …) 

1. The sky appears NOT to be a typical realization of a Gaussian random statistically isotropic field.
2. Temperature multipoles are aligned with one another and/or with the ecliptic/dipole
3. The temperature sky lacks large angle correlations
4. There are noticeable hemispherical asymmetries/differences 
5. …

SUMMARY

2. The cosmological dipole: 
• C(θ) has had the monopole and dipole subtracted 
• If C(θ>60°)~0 is physical, then the cosmological dipole must be small 
• C1 < ~200 (μK)2       (C1th ~ 3300 (μK)2) 

Q: Can you detect this dipole? 
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FUNDAMENTAL PHYSICS MODELS:
Requirements: 

1. Break statistical isotropy 

2. Affect scales that were causally disconnected until recently

Generate nonzero off-diagonal elements in harmonic-space 2-point correlations 
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It is very hard for microphysics to satisfy these conditions.
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It is very hard for microphysics to satisfy these conditions.

Simplest topologies: 
1. E3 (flat): 18 topologies with ~10 free parameters each 

2. S3 (positively curved): (countably) infinite topologies 

3. H3 (negatively curved): (uncountably) infinite topologies 
• What has been explored/constrained so far is a set of 

measure zero in the space of possible cases and 
parameter values. 

• Most of interesting/relevant cases remain to be explored/
tested/constrained. 

• Discovering nontrivial topology would have enormous 
impact on fundamental physics. 

• We’ll be doing this in the next 5-10 years.
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“While the cosmic orchestra may be playing the 
ΛCDM symphony, somebody gave the bass and 

tuba the wrong score. 

They’re trying very hard to keep quiet about it. 

We must demand an explanation.” 

Glenn Starkman


