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COSMIC MICROWAVE BACKGROUND (CMB)
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Our standard model for the fluctuations (inflation): 
• Sky is statistically isotropic 
•          are independent Gaussian random variables
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For full sky observations, all interesting information is contained 

in the estimator:

Angular Power Spectrum
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6-parameter fit to ≫6 points

- This is ASTONISHING experimental accomplishment.

- It shows REMARKABLE agreement with theory.

Planck Collaboration A&A 641 (2020) A5
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BUT!

Shouldn’t we check these?
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See: 
E. Abdalla et al., JHEAp 34 (2022) 49-211 
Schwarz, Copi, Huterer, Starkman, Class.Quant.Grav. 33 (2016) 18

In preparation: 
Comprehensive and critical invited review for Physics Reports 
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 0.1%

(almost) all imply violation of statistical isotropy

Almost everyone agrees now that these are real features on 
our CMB temperature sky and are not instrumental noise 

(as both WMAP and Planck found them) or foreground 
effects (as all component-separated maps found them). 

Question: 

Should we care? Are they hints of new physics?
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J. Jones, C. J. Copi, G. D. Starkman, Y. A. [arXiv:2310.12859]

- No cherry-picking or fine-tuning 
- We took the statistics exactly as they were being used before

The sky appears NOT to be a typical realization of a 
Gaussian random statistically isotropic field.

jointly > 5σ significant!
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108 realizations of CMB in best-fit  ΛCDM 

triplet correlations

pairwise correlations

J. Jones, C. J. Copi, G. D. Starkman, Y. A. [arXiv:2310.12859]
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Are the anomalies correlated in ΛCDM?

Answer: only weakly 

Our conclusion:

A Gaussian random statistically isotropic universe 
is falsified at >5σ in CMB TT correlations! 

J. Jones, C. J. Copi, G. D. Starkman, Y. A. [arXiv:2310.12859]
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• first 9 consecutive pairs C2ℓ+1>C2ℓ, ℓ=1,…,9; 

estimate p~2×2-9≈0.004 (w. look-elsewhere) 

SQO – quadrupole-octupole alignment, p≃4×10-(2-4)  
Look elsewhere: 
• ?? 
Look more closely: 
• “axis of evil” 𝓁=2-5 [Land & Magueijo PRL95 (2005) 071301] 

• “uncanny correlation of azimuthal phases between 𝓁=3 
& 𝓁=5. (ibid.) 

• oriented areas 𝓁=2-8 inconsistent at 0.2% [Copi, Huterer, 
Starkman PRD 70 (2004) 043515]

Look-elsewhere penalties vs. look-more-closely rewards 
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8ARE THE ANOMALIES (TAILS) CORRELATED?

1. You can’t believe data without a model, i.e., you can’t falsify a model without an alternative
2. Look-elsewhere penalties, i.e., you can always find anomalous statistics

DISCUSS:

S1/2  – lack of large-angle correlations, p≃10-3 

Look elsewhere: 
• why 600? why 1800?  why C(θ)2? why dcosθ? 

Look more closely: 
• p(S1/2EE) ~ 10-3 [Chiocchetta et al., JCAP 08 (2021) 015]

σ216 –  low northern variance, p≃3×10-3 
Look elsewhere: 
• why N? why ecliptic? why Nside=16? 
Look more closely: [Planck 2013 Isotropy and Statistics] 
• ecliptic not optimum, galactic also ~0.003 
• p(low (north) skewness, Nside=32) = 0.02-0.03 
• p(high kurtosis, Nside=32)  = 0.03

RTT  – odd-parity preference, p≃0.01-0.05 

Look elsewhere: 
• why 𝓁max=27?  why odd>even not even>odd 

Look more closely: 
• first 9 consecutive pairs C2ℓ+1>C2ℓ, ℓ=1,…,9; 

estimate p~2×2-9≈0.004 (w. look-elsewhere) 

SQO – quadrupole-octupole alignment, p≃4×10-(2-4)  
Look elsewhere: 
• ?? 
Look more closely: 
• “axis of evil” 𝓁=2-5 [Land & Magueijo PRL95 (2005) 071301] 

• “uncanny correlation of azimuthal phases between 𝓁=3 
& 𝓁=5. (ibid.) 

• oriented areas 𝓁=2-8 inconsistent at 0.2% [Copi, Huterer, 
Starkman PRD 70 (2004) 043515]

Look-elsewhere penalties vs. look-more-closely rewards 

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. 

But we must demand an explanation.
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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 (like CMB polarization, large-scale structure, etc). 

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



/1210TROUBLES IN OUR (ISO)TROPICAL PARADISE  

FUNDAMENTAL PHYSICS MODELS TO EXPLAIN CMB ANOMALIES
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 
<latexit sha1_base64="9QKthJA96yOdbdNkp3iVOfZAeV8=">AAAB8nicdVBNS8NAEN3Ur1q/qh69LBbBU0lqa9Nb0YvHKvYD0lA22227dJMNuxOllP4MLx4U8eqv8ea/cdNWUNEHA4/3ZpiZF8SCa7DtDyuzsrq2vpHdzG1t7+zu5fcPWlomirImlUKqTkA0EzxiTeAgWCdWjISBYO1gfJn67TumNJfRLUxi5odkGPEBpwSM5HVv+HAERCl538sX7GLNtZ2KjQ2pls7cckrcSs11sFO05yigJRq9/Hu3L2kSsgioIFp7jh2DPyUKOBVslusmmsWEjsmQeYZGJGTan85PnuETo/TxQCpTEeC5+n1iSkKtJ2FgOkMCI/3bS8W/PC+BgetPeRQnwCK6WDRIBAaJ0/9xnytGQUwMIVRxcyumI6IIBZNSzoTw9Sn+n7RKRee8WL4uF+oXyziy6Agdo1PkoCqqoyvUQE1EkUQP6Ak9W2A9Wi/W66I1Yy1nDtEPWG+fHqaR1g==</latexit>)

<latexit sha1_base64="Pr2+o9piZnWyJquaUDyaGMBw7Kw="></latexit>

C`m`0m0 ⌘ ha`ma⇤`0m0i
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It is very hard for microphysics to satisfy these conditions.
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cosmic topology
Our best bet: change of boundary conditions
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COMPACT Collaboration, JCAP 03 (2024) 036
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It is very hard for microphysics to satisfy these conditions.

COMPACT Collaboration, arXiv:2210.11426, arXiv:2306.17112
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AN EXAMPLE:

cosmic topology
Our best bet: change of boundary conditions
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Goals 

Motivations 

Search strategies
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CONCLUSIONS
12

There are (large-scale) anomalous features in the CMB temperature sky that are unexpected or extremely unlikely in  ΛCDM. 

These cosmic anomalies are real and are not instrumental noise or foreground effects. 

Their significance is 2.5σ - 4σ individually, but their joint significance in the tails of their distributions is > 5σ. 

The typical justification of a 5σ threshold for discovery is that it overwhelms even strong look-elsewhere concerns. 

Almost all of them imply violation of statistical isotropy. 

One can/should study them further by testing the standard  ΛCDM model, making phenomenological extrapolations, and 
finding fundamental physics models. 

We need to study CMB polarization data, as well as other cosmological observables (LSS, 21cm, etc), to shed light on the 
nature of anomalies. 

We should continue studying the anomalies and try to find more.


