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Cosmic structure is a relic of quantum fluctuations during inflation
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The cosmic background pattern on large scales preserves an intact image of the primordial quantum state 

Its angular correlations preserve signatures of the quantum system that underlies space and time 

Symmetries hidden in current data could provide unique clues to how quantum gravity works 
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Standard inflation scenario 

CMB photons come from a photosphere at  redshift  
~1000 

Temperature anisotropy comes from distortions in 
gravitational potential formed during early inflation 

Preserves original  pattern at large angles 

Quantum system and perturbations 

Field modes have vacuum fluctuations 

Due to expansion, modes stretch and slow 

Gravity of each  mode “freezes” into a classical 
perturbation when its oscillation falls below the 
expansion rate  

3D power spectrum agrees amazingly well with data 
over a wide range of scales

Comoving conformal causal diagram of standard inflation 
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Standard inflation scenario 

Works great! What’s the problem? 

two related theory problems: 

acausal initial state 
IR inconsistency of quantum field theory with  gravity 

data problem: 

anomalies of large angle anisotropy 

These  problems could be related!



constant comoving time 
surface 
(coherent modes)  

each mode independently 
“freezes” everywhere 
all at once
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Penrose diagram of standard quantum inflation:  
acausal initial coherent mode states extend to spacelike infinity

inflationary horizon   ℋ

initial field vacuum

observer’s  
world line

end of inflation

another  
world line

causally connected  
diamond   during  inflation
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Standard scenario is also based on a flawed quantum theory 

Effective field theory  is inconsistent with gravity in the infrared 

Degrees of freedom =  amplitudes of  plane wave field modes 
particles                   =  mode excitations 
States                       =  superpositions of quantum oscillators 
Vacuum                    =  ground state of oscillators 

omits gravitational entanglement with causal structure

paradox summarized by Hollands and Wald (2004): 

“[because of] the holistic nature of renormalization theory...
an individual mode will have no way of knowing whether its own           
subtraction is correct unless it `knows’  how the subtractions are being 
done for all other modes.”

Important for long waves and large angular scales
This is also where the model does not agree with data
Would a causally coherent model work better?



CMB temperature anisotropy 

Usually analyzed with the angular power spectrum   
fits to “concordance cosmology” work amazingly well 
Most cosmological fits are based on   
“cosmic variance”  dominates formal measurement error up to  
data at  (angular scales larger than )  are often treated differently or omitted 

Cℓ, %ℓ

ℓ ≳ 100
ℓ ∼ 103

ℓ ≲ 30 ∼ 5∘

CMB anomalies after Planck 3
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Figure 1. Angular band power (top) and residual angular band power (bottom) of
the cosmic microwave temperature anisotropies as presented in the Planck 2015 release
[17]. The error bars show the sum of measurement error and cosmic variance, the latter
being the dominant source of uncertainty at large angular scales.

total angular-momentum `.‡

During the last two decades, ground-based, balloon-borne and satellite CMB

experiments led to an improved understanding of those temperature anisotropies. The

WMAP and Planck space missions played a special role, obtaining full-sky measurements

that enabled us to investigate a large range of angular scales, from the dipole ` = 1 to

` ⇠ 2500, more than three decades in `. The band power spectrum as published by

Planck is shown in Fig. 1.

These temperature fluctuations are believed to have been generated from quantum

fluctuations in the very early Universe [18] by a (nearly) scale-invariant mechanism. The

most prominent context is cosmological inflation [19, 20]. If inflation lasts long enough,

the spatial geometry of the Universe is generally predicted to be indistinguishable from

Euclidean, and the topology of the observable Universe is expected to be trivial (simply

connected). Even more importantly, inflation predicts that the CMB temperature

fluctuations should be: (i) statistically isotropic, (ii) Gaussian, and (iii) almost scale

invariant. It also predicts: (iv) phase coherence of the fluctuations; (v) for the simplest

models, a dominance of the so-called adiabatic mode (strictly speaking it is not only

adiabatic but also isentropic); and (vi) the non-existence of rotational modes at large

scales. Finally, depending on the energy scale of cosmological inflation, there might

be (vii) a detectable stochastic background of gravitational waves [21] that also obeys

‡ This analogy from quantum physics is useful to describe the spherical harmonic analysis of
temperature fluctuations in terms of well-known physical concepts.

Planck satellite data 
and standard fit



Pattern at   (or ) is a nearly  intact map of primordial gravitational potential on a sphere       
But the particular pattern has no significance in standard theory 
Large angles have the fewest modes and the most cosmic variance 

  Spectrum of standard theory fits data well enough, consistent with cosmic variance

ℓ ≲ 30 Θ ≳ 5∘



 

Each curve is an equally probable 
realization in standard quantum  inflation 

 at large angles is  dominated by  
small  harmonics 

cosmic variation in realizations  is 
dominated by long wavelength 
perturbations, some larger than the 
horizon  

(spoiler: we will argue that this variation is 
unphysical)

C(Θ)
ℓ

Equivalent information in the angular domain: the angular correlation function  

transform of   : 

 

where  are Legendre polynomials

C(Θ)
Cℓ

C(Θ) = 1
4π ∑

ℓ
(2ℓ + 1)CℓPℓ(cos Θ)

Pℓ

 of standard expectation and 100 random standard realizations C(Θ)

https://arxiv.org/abs/1910.13989
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Fig. 2. N -point correlation functions determined from the Nside = 64 Planck CMB 2015 temperature maps. Results are shown
for the 2-point, pseudo-collapsed 3-point (upper left and right panels, respectively), equilateral 3-point, and connected rhombic
4-point functions (lower left and right panels, respectively). The red dot-dot-dot-dashed, orange dashed, green dot-dashed, and
blue long dashed lines correspond to the Commander, NILC, SEVEM, and SMICA maps, respectively. Note that the lines lie on top
of each other. The black solid line indicates the mean determined from 1000 SMICA simulations. The shaded dark and light grey
regions indicate the corresponding 68 % and 95 % confidence regions, respectively. See Sect. 4.3 for the definition of the separation
angle ◊.

with

vk(‹) = exp(≠‹
2
/2)Hk≠1(‹), k Æ 2, (13)

v3(‹) = e
≠‹2

erfc
!
‹/

Ô
2
" , (14)

and

Hn(‹) = e‹2/2
3

≠ d
d‹

4n

e≠‹2/2
. (15)

The amplitude Ak depends only on the shape of the power
spectrum C¸ through the rms of the field ‡0 and its first

derivative ‡1:

Ak = 1
(2fi)(k+1)/2

Ê2
Ê2≠kÊk

3
‡1Ô
2‡0

4k

, k Æ 2, (16)

A3 = 2
fi

3
‡1Ô
2‡0

42
, (17)

where Êk © fi
k/2

/�(k/2 + 1).
Since this factorization is still valid in the weakly non-

Gaussian case, we can use the normalized MFs, vk, to focus
on deviations from Gaussianity, with a reduced sensitivity
to cosmic variance.

Apart from the characterization of the MFs using full-
resolution temperature sky maps, we also consider results
at di�erent angular scales. In this paper, two di�erent ap-
proaches are considered to study these degrees of freedom:
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Figure 5. Angular correlation function of the full-sky WMAP ILC map is shown
(heavy black curve). For comparison, the angular correlation function for the
best-fit ΛCDM model is also shown (thin black curve), along with the associated
68% and 95% confidence ranges, as determined by Monte Carlo simulations.
The angular correlation function of the full-sky map is seen to be within the 95%
confidence range of the best-fit ΛCDM model. This angular correlation function
was computed from the Cl power spectrum, but is nearly indistinguishable from
a pixel pair computation. Either way, there is no evidence of a lack of large-scale
power.

C(θ ) can be estimated by averaging all temperature pairs in the
sky separated by an angle θ :

C(θ ) = 〈TiTj 〉| # ij=θ , (8)

where the brackets indicate an average over directions i and j
such that # ij = θ (to within a bin). Another approach is to
estimate the angular power spectrum Cl and to compute C(θ )
using Equation (7).

The angular correlation function over the full-sky ILC map
from Equation (7) is shown in Figure 5. As can be seen, C(θ ) lies
within the 95% confidence range of the best-fit ΛCDM model for
all θ , as determined by Monte Carlo simulations. This supports
the conclusion that there is no statistically significant lack of
large-scale power on the full sky.

Spergel et al. (2003) applied the pixel-pair estimator to the
first-year WMAP data and found an almost complete lack
of correlated structure at angles >60◦ for the sky, but that
calculation was with a Galactic foreground cut. A foreground
cut was made because of the concern that additional power
from within the Galactic cut may arise from foregrounds. For
regions outside the cut, it was appreciated that systematic errors
and residual Galactic foregrounds are far more likely to add
correlated power to the sky maps than to remove it. They
quantified the lack of large-angular-scale power in terms of
the statistic

S1/2 ≡
∫ 1/2

−1
C2(θ )d cos θ (9)

and found that fewer than 0.15% of simulations had lower values
of S1/2. A low S1/2 value persists in later WMAP sky maps.

Copi et al. (2007) and Copi et al. (2009) claimed that
there is evidence that the WMAP temperature fluctuations
violate statistical isotropy. They directly computed the angular
correlation function from pixel pairs, as in Equation (8), omitting
from the sum pixel pairs where at least one pixel was within the
foreground mask. The KQ85 foreground mask (at that time)

removed 18% of the pixels from the full sky (now 22% for
KQ85y7), while KQ75 removed 29%. Copi et al. found p-values
of ≈ 0.03% for their computation of S1/2, concluding that the
data are quite improbable given the model. The exact p-value
depended on the specific choice of CMB map and foreground
mask. Cayón (2010) finds no frequency dependence to the
effect.

Efstathiou et al. (2010) find that the value of S1/2 is sensitive to
the method of computation. For example, Efstathiou et al. (2010)
computed the angular correlation function using the estimator

C(θ ) = 1
4π

∑

ll′

(2l + 1)M−1
ll′ C̃l′Pl(cos θ ) (10)

where

Mll′ = 1
2l + 1

∑

mm′

|Klml′m′ |2 (11)

and Klml′m′ is the coupling between modes (lm) and (l′m′)
induced by the sky cut, and C̃l′ is the pseudo-power spectrum
obtained by transforming the sky map into spherical harmonics
on the cut sky. This estimator produced a significantly larger
value for S1/2 than the estimator in Equation (6).

Efstathiou et al. (2010) also reconstructed the low-l multi-
poles across the foreground sky cut region in a manner that was
numerically stable, without an assumption of statistical isotropy.
Their method relied on the fact that the low multipole WMAP
data are signal dominated and that the cut size is modest. They
showed that the small reconstruction errors introduce no bias
and they did not depend on assumptions of statistical isotropy
or Gaussianity. The reconstruction error only introduced a small
“noise” to the angular correlation function without changing its
shape.

The original use of a sky cut in calculating S1/2 was motivated
by concern for residual foregrounds in the ILC map. We now
recognize that this precaution was unnecessary as the ILC
foreground residuals are relatively small. Values of S1/2 are
smaller on the cut sky than on the full sky, but since the full
sky contains the superior sample of the universe and the cut sky
estimates suffer from a loss of information, cut sky estimates
must be considered sub-optimal. It now appears that the Spergel
et al. (2003) and Copi et al. (2007, 2009) low p-values result from
both the a posteriori definition of S1/2 and a chance alignment of
the Galactic plane with the CMB signal. The alignment involves
Cold Spot I and the northern tips of the other fingers and can
also be seen in the maps that will be discussed in Section 7.

Efstathiou et al. (2010) corrected the full-sky WMAP ILC map
for the estimated ISW signal from redshift z < 0.3 as estimated
by Francis & Peacock (2010). The result was a substantial
increase in the S1/2. Yet there is no large-scale cosmological
significance to the orientation of the sky cut or the orientation
of the local distribution of matter with respect to us; thus the
result from Spergel et al. and Copi et al. must be influenced by
a chance alignment of the ISW effect and a posterior statistical
bias in the choice of statistic.

More generally, Hajian et al. (2005) applied their bipolar
power spectrum technique and found no evidence for a violation
of statistical isotropy at 95% CL for angular scales correspond-
ing to multipole moments l < 60.

The low value of the S1/2 integral over the large-angle
correlation function on the cut-sky results from a posterior
choice of the statistic. Further, it is a sub-optimal statistic in
that it is not computed over the full sky. There is evidence for a
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WMAP 2011

Planck 2016

 shows a conspicuous  “lack of large-angle correlation” compared to standard predictions  

It is one of several long-known “anomalies” not apparent in the power spectrum—- 

interpreted in standard theory as a meaningless statistical fluke 

C(Θ)

tion maps, generated from independent radiometer combi-
nations that have uncorrelated noise, we mitigate the lead-
ing systematic error. For this reason, results of temperature-
polarization correlations between the I and Q maps, i.e.,
temperature-polarization (TE) correlations, are much less
sensitive to systematic effects than polarization signals
alone, so we are able to report those results.

Figure 12 shows the TE cross-power spectrum. Kogut et
al. (2003) report a detection of TE correlations on both large
angular scales (from reionization) and small scales (from
the adiabatic fluctuations). The TE power spectrum, shown
in Figure 12, is discussed in detail by Kogut et al. (2003). In
the TE angular power spectrum, the antipeak is !35" 9
lK2 at ‘ ¼ 137" 9, and the peak is 105" 18 lK2 at
‘ ¼ 329" 19 (Page et al. 2003c).

The detection of the reionization of the universe corre-
sponds to an optical depth ! ¼ 0:17" 0:04 (0:09 $ ! $ 0:28
at 95% CL). Although WMAP measures the integrated
optical depth, the epoch and redshift of reionization can be
derived from the integral optical depth within the context of
a model of the reionization process. A single instantaneous
step function in the ionization fraction from zero to a steady
fixed value is physically unlikely. For more likely models,
Kogut et al. (2003) conclude that the redshift of reionization
is zr ¼ 20þ10

!9 (95% CL), corresponding to an epoch of reio-
nization of tr ¼ 180þ220

!80 Myr (95% CL) after the big bang.
Cen (2003) presents a detailed model of a reionization pro-
cess and predicts an integral value of the optical depth,
! ¼ 0:10" 0:03. This is low compared to the newly mea-
sured value but would be higher and consistent if the
assumed cosmological parameters in the model were
adjusted to the values of the newWMAP best-fit parameters
(see x 9.1).

The measured optical depth means that reionization sup-
pressed the acoustic peak amplitudes by 1! e!2! & 30%.
While accounted for in our model fits (x 9), this suppression
was not accounted for in previous CMB parameter determi-
nations. The anticorrelations observed in the TE power
spectrum directly imply superhorizon fluctuations, a new
result in support of inflation-like theories, as discussed in
x 9.3.

9. COSMOLOGICAL INTERPRETATION

In this section we summarize the cosmological interpreta-
tion of WMAP first-year results, which are discussed in
more detail by Spergel et al. (2003), Peiris et al. (2003), Page
et al. (2003c), and Kogut et al. (2003). The methodology
used in the model fits is described by Verde et al. (2003).

Spergel et al. (2003) show that a cosmological model with
a flat universe, seeded with a scale-invariant spectrum of
adiabatic Gaussian fluctuations, and with reionization is an
acceptable fit not only to theWMAP data but also to a host
of astronomical data. These data are smaller angular scale
CMB anisotropy data from ACBAR (Kuo et al. 2002) and
CBI (Pearson et al. 2003), the Hubble Space Telescope
(HST) Key Project value of H0 (Freedman et al. 2001), the
accelerating universe seen in Type Ia supernovae (Riess
et al. 2001), the shape and amplitude of the large-scale struc-
ture seen in clusters and superclusters of galaxies (Percival
et al. 2001; Verde et al. 2003), and the linear matter power
spectrum seen in the Ly" forest (Croft et al. 2002). There
has been mounting evidence in the direction of this model
for years (Peebles 1984; Bahcall et al. 1999). The optical
depth since reionization is a new, but not surprising, compo-
nent of the model. The WMAP data establish this model as
the standard model of cosmology by testing the key assump-
tions of the model and by enabling a precise determination
of its parameters.

The WMAP data test several of the key tenets of the
standard model. The WMAP detection of temperature-

Fig. 13.—Top: CMB temperature correlation function of the WMAP
and COBE data. The WMAP correlation function is computed using a
combination of the Q-band, V-band, and W-band maps with the Kp0 cut
sky and the MEM Galactic model subtracted. The COBE correlation
function is computed using the ‘‘ custom cut ’’ sky. The running index
!CDM model that is fitted to the power spectrum is shown with a Monte
Carlo–determined gray band indicating 1 #. The model is, overall, an
excellent fit to the WMAP power spectrum. However, a correlation plot
emphasizes the low-‘ power. The discrepancy between the model and data
illustrates that there is surprisingly little anisotropy power in the WMAP
and COBE maps at large angles. Bottom: The lower two plots display the
correlation function of the difference between the COBE DMR and
WMAP maps with a jbj ¼ 10' Galactic plane cut. A synthesis of the
WMAP Q- and V-band maps was made to approximate a 53 GHz–like
map to compare with the COBEDMR 53 GHz map. The COBEDMR 90
GHzmap is compared directly, without corrections, to theWMAPW-band
map. These plots emphasize the consistency of the WMAP and COBE
measurements. The slightly higher than expected deviations at 53 GHz are
likely to be due to Galactic contamination, arising from outside the cut
regions and from the construction of the synthesizedWMAP 53GHzmap.

No. 1, 2003 WMAP FIRST-YEAR RESULTS 23

WMAP 2003



11

Planck Commander
WMAP
Standard Model Prediction

Could small   actually be due to a physical symmetry? 

 Maybe primordial correlation is not just small, but actually zero 

Symmetries of   do not occur in the standard picture 

A true angular symmetry  would  be a clue to new  fundamental physics

`` As far as I can see, all a priori statements in physics have their origin in 
symmetry.’'  

 —- Hermann Weyl

C(Θ)

C(Θ)
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 Challenge for measurement of precise angular symmetries on the real sky:    
foreground Galactic emission

Reconstructed Planck CMB sky with two different foreground models 
(note problem with SEVEM in the Galactic plane)
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Planck and WMAP  correlation functions near ,  with no masks, 
show agreement of maps from different satellites and  foreground models 

Range at    is remarkably small, and consistent with exactly zero 
  
zero is  a special number,  is a special angle

Miracle or symmetry?

Θ = 90∘

90∘

90∘

Planck Commander
WMAP
Standard Model Prediction

Symmetries of CMB Temperature Correlation at Large Angular Separations
Hagimoto, Hogan, Lewin, Meyer, 2020
https://arxiv.org/abs/1910.13989 
The Astrophysical Journal Letters, Volume 888, Number 2

https://arxiv.org/abs/1910.13989
https://iopscience.iop.org/journal/2041-8205
https://iopscience.iop.org/volume/2041-8205/888
https://iopscience.iop.org/issue/2041-8205/888/2
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Hidden symmetry at other angles: effect  of dipole subtraction 

Because of a large dipole  from our peculiar motion, the primordial dipole is not measured 

Primordial dipole contributes  correlation of the form ,  which vanishes at  

Dipole subtraction changes  measured  correlation by   

Allowing for the unobserved dipole and Galactic contamination, data are consistent with zero angular 
correlation  not only at  , but over a wide range of angles

this symmetry of the real sky is extremely improbable in standard inflation

Could it be  a new angular symmetry of quantum gravity?

δT ∝ cos(θ)

δC(Θ) ∝ cos(Θ) 90∘

δC(Θ) ∼ − cos(Θ)

Θ = 90∘
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Large angle pattern is sensitive to  long wavelength modes  

Standard quantum inflation model based on field theory is acausally coherent on constant time surfaces 

Radical alternative proposed here: coherence on causal diamonds

Comoving conformal causal diagram of standard inflation 



Suppose quantum geometrical states are coherent on causal diamonds 
instead of constant-time surfaces 

black hole and inflationary horizons are then coherent objects



inflationary horizon
incoming light cone that 

arrives at the end of inflation 

observer’s  
world line

17

causally coherent inflationary horizon

constant time 
surface

standard coherent mode



solution: coherent  gravitational states on causal diamonds 

coherent horizons and causal diamonds are like atoms: coherent quantum objects 

a black hole horizon that radiates and 
absorbs  independent local field modes 
has too much information to be 
consistent with black hole entropy

same problem for standard quantum 
model of the inflationary horizon



Quantum gravity somehow has to include nonlocal,  coherent, causal 
directional correlations of geometry itself
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that can be combined into a quantity that scales like ✏ijkxk`P , in the same way as the exotic correlation on each
hypersurface.

In a Sagnac interferometer, the path of light is a closed circuit. The light follows the same path in two directions and
the signal records their phase di↵erence at the beamsplitter. Let ⌧

+ and ⌧
� denote a�ne parameters along the path

in the two directions. Denote the classical path of the interferometer in space, in the rest frame of the beamsplitter,
by x

+
i (⌧) and x

�
i (⌧), in the two directions around the circuit. Here i = 1, 2, 3 again denotes the 3D spatial indices,

although below we will assume a planar apparatus for simplicity. The functions x
+
i (⌧) and x

�
i (⌧) can be visualized as

the trajectories of “tracer photons” in each direction around the circuit; they map positions on the circuit in 3-space
to points on an interval on the real line, (�C0, +C0), where C0 denotes the circumference (or perimeter) of the circuit,
the origin maps to the beamsplitter, and ⌧ represents a time interval in the proper time of the beamsplitter. The
e↵ects of quantum geometry on the measured correlation ⌅(⌧) depends only on the classical path, defined by x

+
i (⌧)

and x
�
i (⌧), the positions of a pair of tracer photons that begin and end their circuit at the same time. The tangent

vector to the path in each direction is @x
±
j /@⌧ .

It will be convenient to express a general form for the functional dependence of ⌅(⌧) on the classical path in terms
of the “swept-out area”, A(⌧), similar to the concept used in Kepler’s second law of planetary motion. Define Ai(⌧)
as an oriented area in the inertial rest frame, swept out by lines between the beamsplitter and the tracers in the two
directions (see Fig. 2). The areas from the beamsplitter to the two tracers change as:

dA
+
i /d⌧ = ✏ijk[x+

k (⌧)dx
+
j /d⌧ ] (27)

dA
�
i /d⌧ = ✏ijk[x�

k (⌧)dx
�
j /d⌧ ]. (28)

These quantities are completely determined by the geometrical configuration of the apparatus.
In general a transverse swept area can also be defined from from the swept area between the two tracers, adding

additional cross terms:

dA
⇥
i /d⌧ = ✏ijk

1

2
[dx

+
j /d⌧ + dx

�
j /d⌧ ][x+

k (⌧) � x
�
k (⌧)]. (29)

This component corresponds to shear, rather than rotation about the beamsplitter. We therefore assume here that
the emergent rotational component just depends on a combination of the two terms directly related to rotation about
the observer/beamsplitter world line, Eqs. (27) and (28). This assumption is also testable: if present, the shear terms
would be detectable in a Michelson interferometer[15, 16], which is not sensitive to the rotational terms measured in
a Sagnac device. Experiments in both configurations would distinguish the modes, and explore the full character of
transverse exotic position fluctuations.

The exotic correlation amplitude in the signal is given by the projection of the exotic transverse position correlation
represented by the apparatus. The swept area provides this: relations between dA

±
i (⌧)/d⌧ , x

±
k (⌧) and dx

±
j /d⌧ combine

into a function of ⌧ that depends on the exotic correlation ✏ijkxk`P on each hypersurface, but where the spatial indices
have all contracted.

The projection can be visualized geometrically (Fig. 2). The essential assumptions are just the holographic scaling
of transverse position correlations, and the standard projective properties of emergent space-time that relate R, t and
⌧ . Assume for simplicity a planar apparatus, and thereby suppress directional indices for Ai. The swept area rates
dA

±
/d⌧ are proportional to separation from the origin at any point on the path, and to the projection of the path

on the transverse direction at that point. Denote the angle between the light path tangent and position vectors by
✓

0(⌧). This angle determines the a�ne mapping between t and ⌧ via dt/d⌧ = sin ✓
0, and the swept area via

dA
±

/d⌧ = sin ✓
0
dA

±
/dt = R(⌧) sin ✓

0
, (30)

where R(⌧) = |xi(⌧)|. The contribution to the exotic signal correlation at each ⌧ , apart from a constant o↵set fixed
by the boundary condition determined by closure of the circuit, is also fixed by a projection onto the path, in this
case of transverse position variance (Eqs. 26, A13) :

(⌅(⌧) + constant) = h�x
2
?i1/2

R(⌧) sin ✓
0 = `P R(⌧) sin ✓

0
. (31)

Since this also scales linearly with R(⌧), the swept area rate is simply related to the signal correlation by

(⌅(⌧) + constant) = `P dA/cd⌧. (32)

Define the total swept area A(⌧) as a sum of the rotational components in the two directions, so that

|dA/d⌧ | = |dA
+
/d⌧ + dA

�
/d⌧ |, (33)

“…in the gravitational theory we should be able in principle to dispense with the 
concepts of space and time and take as the basis of our description of nature the 
elementary concepts of world line and light cone.” 

  — John Wheeler, 1946
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Original example of  “spooky” nonlocal  entanglement: 
Einstein-Podolsky-Rosen (EPR) system (1935) 

Positronium atom decays by annihilation 
Photons travel in opposite directions 
Their states are “entangled” (Schrödinger) 

spooky correlations between entangled “EPR pairs” have been 
measured with Earth-scale separations 1

1p
2
| " iA | # iB +

1p
2
| # iA | " iB (1)

�x?�p? = ~/2 (2)
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Nobel Prize in Physics, 2022

Clauser, Aspect, Zeilinger: experiment proof 
of nonlocal, spooky entanglement 

Spatially separate events are not 
independent: nothing happens at a definite 
place and time 
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Quantum nonlocality, “spooky” entanglement, and coherence in the EPR system 

Measurement of “one” nonlocally affects the state of the “other” 
Two particles are not really separate: they are a single  “coherent” system 
Preparation and measurement are causal 
Projection of state is set by measurement (e.g., ↘︎↖︎, ⤾⤿, ↑↓, …)

1
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?iP = ��/�P ⇡ 1029 (5)

+
|↑〉    |↓〉    

|↓〉    |↑〉    

A B

22



EPR system:  spooky nonlocal entanglement of past and future 

Quantum state of “two” photons lives on a light cone  
Causal coherence extends indefinitely on the  light cone in all directions 
Nonlocal spacelike correlation of directions has real-world applications

10

that can be combined into a quantity that scales like ✏ijkxk`P , in the same way as the exotic correlation on each
hypersurface.

In a Sagnac interferometer, the path of light is a closed circuit. The light follows the same path in two directions and
the signal records their phase di↵erence at the beamsplitter. Let ⌧

+ and ⌧
� denote a�ne parameters along the path

in the two directions. Denote the classical path of the interferometer in space, in the rest frame of the beamsplitter,
by x

+
i (⌧) and x

�
i (⌧), in the two directions around the circuit. Here i = 1, 2, 3 again denotes the 3D spatial indices,

although below we will assume a planar apparatus for simplicity. The functions x
+
i (⌧) and x

�
i (⌧) can be visualized as

the trajectories of “tracer photons” in each direction around the circuit; they map positions on the circuit in 3-space
to points on an interval on the real line, (�C0, +C0), where C0 denotes the circumference (or perimeter) of the circuit,
the origin maps to the beamsplitter, and ⌧ represents a time interval in the proper time of the beamsplitter. The
e↵ects of quantum geometry on the measured correlation ⌅(⌧) depends only on the classical path, defined by x

+
i (⌧)

and x
�
i (⌧), the positions of a pair of tracer photons that begin and end their circuit at the same time. The tangent

vector to the path in each direction is @x
±
j /@⌧ .

It will be convenient to express a general form for the functional dependence of ⌅(⌧) on the classical path in terms
of the “swept-out area”, A(⌧), similar to the concept used in Kepler’s second law of planetary motion. Define Ai(⌧)
as an oriented area in the inertial rest frame, swept out by lines between the beamsplitter and the tracers in the two
directions (see Fig. 2). The areas from the beamsplitter to the two tracers change as:

dA
+
i /d⌧ = ✏ijk[x+

k (⌧)dx
+
j /d⌧ ] (27)

dA
�
i /d⌧ = ✏ijk[x�

k (⌧)dx
�
j /d⌧ ]. (28)

These quantities are completely determined by the geometrical configuration of the apparatus.
In general a transverse swept area can also be defined from from the swept area between the two tracers, adding

additional cross terms:

dA
⇥
i /d⌧ = ✏ijk

1

2
[dx

+
j /d⌧ + dx

�
j /d⌧ ][x+

k (⌧) � x
�
k (⌧)]. (29)

This component corresponds to shear, rather than rotation about the beamsplitter. We therefore assume here that
the emergent rotational component just depends on a combination of the two terms directly related to rotation about
the observer/beamsplitter world line, Eqs. (27) and (28). This assumption is also testable: if present, the shear terms
would be detectable in a Michelson interferometer[15, 16], which is not sensitive to the rotational terms measured in
a Sagnac device. Experiments in both configurations would distinguish the modes, and explore the full character of
transverse exotic position fluctuations.

The exotic correlation amplitude in the signal is given by the projection of the exotic transverse position correlation
represented by the apparatus. The swept area provides this: relations between dA

±
i (⌧)/d⌧ , x

±
k (⌧) and dx

±
j /d⌧ combine

into a function of ⌧ that depends on the exotic correlation ✏ijkxk`P on each hypersurface, but where the spatial indices
have all contracted.

The projection can be visualized geometrically (Fig. 2). The essential assumptions are just the holographic scaling
of transverse position correlations, and the standard projective properties of emergent space-time that relate R, t and
⌧ . Assume for simplicity a planar apparatus, and thereby suppress directional indices for Ai. The swept area rates
dA

±
/d⌧ are proportional to separation from the origin at any point on the path, and to the projection of the path

on the transverse direction at that point. Denote the angle between the light path tangent and position vectors by
✓

0(⌧). This angle determines the a�ne mapping between t and ⌧ via dt/d⌧ = sin ✓
0, and the swept area via

dA
±

/d⌧ = sin ✓
0
dA

±
/dt = R(⌧) sin ✓

0
, (30)

where R(⌧) = |xi(⌧)|. The contribution to the exotic signal correlation at each ⌧ , apart from a constant o↵set fixed
by the boundary condition determined by closure of the circuit, is also fixed by a projection onto the path, in this
case of transverse position variance (Eqs. 26, A13) :

(⌅(⌧) + constant) = h�x
2
?i1/2

R(⌧) sin ✓
0 = `P R(⌧) sin ✓

0
. (31)

Since this also scales linearly with R(⌧), the swept area rate is simply related to the signal correlation by

(⌅(⌧) + constant) = `P dA/cd⌧. (32)

Define the total swept area A(⌧) as a sum of the rotational components in the two directions, so that

|dA/d⌧ | = |dA
+
/d⌧ + dA

�
/d⌧ |, (33)

World line of sample
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Quantum mechanics nonlocally entangles the past and the future on causal diamonds

State is reduced nonlocally by  measurement on spacelike surface 
Quantum gravity  must be consistent with the mass distribution for any measurement choice 

Coherence of  causal structures must match coherence of matter states  

Wave function of space-time  is causally coherent

10

that can be combined into a quantity that scales like ✏ijkxk`P , in the same way as the exotic correlation on each
hypersurface.

In a Sagnac interferometer, the path of light is a closed circuit. The light follows the same path in two directions and
the signal records their phase di↵erence at the beamsplitter. Let ⌧

+ and ⌧
� denote a�ne parameters along the path

in the two directions. Denote the classical path of the interferometer in space, in the rest frame of the beamsplitter,
by x

+
i (⌧) and x

�
i (⌧), in the two directions around the circuit. Here i = 1, 2, 3 again denotes the 3D spatial indices,

although below we will assume a planar apparatus for simplicity. The functions x
+
i (⌧) and x

�
i (⌧) can be visualized as

the trajectories of “tracer photons” in each direction around the circuit; they map positions on the circuit in 3-space
to points on an interval on the real line, (�C0, +C0), where C0 denotes the circumference (or perimeter) of the circuit,
the origin maps to the beamsplitter, and ⌧ represents a time interval in the proper time of the beamsplitter. The
e↵ects of quantum geometry on the measured correlation ⌅(⌧) depends only on the classical path, defined by x

+
i (⌧)

and x
�
i (⌧), the positions of a pair of tracer photons that begin and end their circuit at the same time. The tangent

vector to the path in each direction is @x
±
j /@⌧ .

It will be convenient to express a general form for the functional dependence of ⌅(⌧) on the classical path in terms
of the “swept-out area”, A(⌧), similar to the concept used in Kepler’s second law of planetary motion. Define Ai(⌧)
as an oriented area in the inertial rest frame, swept out by lines between the beamsplitter and the tracers in the two
directions (see Fig. 2). The areas from the beamsplitter to the two tracers change as:

dA
+
i /d⌧ = ✏ijk[x+

k (⌧)dx
+
j /d⌧ ] (27)

dA
�
i /d⌧ = ✏ijk[x�

k (⌧)dx
�
j /d⌧ ]. (28)

These quantities are completely determined by the geometrical configuration of the apparatus.
In general a transverse swept area can also be defined from from the swept area between the two tracers, adding

additional cross terms:

dA
⇥
i /d⌧ = ✏ijk

1

2
[dx

+
j /d⌧ + dx

�
j /d⌧ ][x+

k (⌧) � x
�
k (⌧)]. (29)

This component corresponds to shear, rather than rotation about the beamsplitter. We therefore assume here that
the emergent rotational component just depends on a combination of the two terms directly related to rotation about
the observer/beamsplitter world line, Eqs. (27) and (28). This assumption is also testable: if present, the shear terms
would be detectable in a Michelson interferometer[15, 16], which is not sensitive to the rotational terms measured in
a Sagnac device. Experiments in both configurations would distinguish the modes, and explore the full character of
transverse exotic position fluctuations.

The exotic correlation amplitude in the signal is given by the projection of the exotic transverse position correlation
represented by the apparatus. The swept area provides this: relations between dA

±
i (⌧)/d⌧ , x

±
k (⌧) and dx

±
j /d⌧ combine

into a function of ⌧ that depends on the exotic correlation ✏ijkxk`P on each hypersurface, but where the spatial indices
have all contracted.

The projection can be visualized geometrically (Fig. 2). The essential assumptions are just the holographic scaling
of transverse position correlations, and the standard projective properties of emergent space-time that relate R, t and
⌧ . Assume for simplicity a planar apparatus, and thereby suppress directional indices for Ai. The swept area rates
dA

±
/d⌧ are proportional to separation from the origin at any point on the path, and to the projection of the path

on the transverse direction at that point. Denote the angle between the light path tangent and position vectors by
✓

0(⌧). This angle determines the a�ne mapping between t and ⌧ via dt/d⌧ = sin ✓
0, and the swept area via

dA
±

/d⌧ = sin ✓
0
dA

±
/dt = R(⌧) sin ✓

0
, (30)

where R(⌧) = |xi(⌧)|. The contribution to the exotic signal correlation at each ⌧ , apart from a constant o↵set fixed
by the boundary condition determined by closure of the circuit, is also fixed by a projection onto the path, in this
case of transverse position variance (Eqs. 26, A13) :

(⌅(⌧) + constant) = h�x
2
?i1/2

R(⌧) sin ✓
0 = `P R(⌧) sin ✓

0
. (31)

Since this also scales linearly with R(⌧), the swept area rate is simply related to the signal correlation by

(⌅(⌧) + constant) = `P dA/cd⌧. (32)

Define the total swept area A(⌧) as a sum of the rotational components in the two directions, so that

|dA/d⌧ | = |dA
+
/d⌧ + dA

�
/d⌧ |, (33)

Mass is 
here

Mass is not here

Mass is 
here

Mass is not here
https://arxiv.org/abs/1412.1807
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Causally coherent classical gravity   

null gravitational shock of photon 

photon with momentum   creates 
discontinuous  shift of position and 
causal structure 

  

p

δτ = δx/c = Gp/c4

25

δx
p

δτ



⃗pA

tA

A

Gravity of the EPR system (two-photon decay)  
axially symmetric displacements on spherical gravitational null shock 
nonlocal anisotropic “gravitational memory” extends indefinitely  on a light cone 
angular spectrum of measured clock displacement is dominated by large angles: 

          independent of distance 

Implies spooky macroscopic coherence of causal diamond for quantum  EPR geometry 

δτ2 = dℓ=2(θ) = 5
24

GM
c3 (cos2θ − 1)

Mackewicz and Hogan 2022 
https://arxiv.org/abs/2108.03264

https://arxiv.org/abs/2108.03264
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tP ≡ ℏG/c5 = 5.4 × 10−44 sec

Quantum geometry is controlled by the Planck scale

But its quantum coherence is not confined to the Planck scale 

Quantum gravity is  coherent on macroscopic scales

“If it is true that vacuum fluctuations include virtual black holes, then the 
structure of space-time is radically different from what is usually thought.” 
—- G. ’t Hooft,  Found Phys (2018) 48:1134 
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In emergent, entropic, thermodynamic,  or holographic gravity,  states of 
causal diamonds are macroscopically  and causally coherent 

Quantum vacuum fluctuations have large-angle coherence on surfaces of 
causal diamonds    

2

cal, compact region setting of the holographic analysis, but it
proceeds directly in spacetime, making no use of holography.

II. AREA DEFICIT AND GENERAL RELATIVITY

Einstein’s field equation,

Gab = 8⇡GTab, (1)

relates the Einstein curvature tensor Gab to the energy-
momentum tensor of matter, Tab. Central to our story is the
equivalence of (1) to the statement that the surface area deficit
of any small, spacelike geodesic ball of fixed volume is pro-
portional to the energy density in the ball [22]. We begin by
demonstrating this lovely relation.

At any point o in a spacetime of dimension d, choose an
arbitrary timelike unit vector u

a, and generate a (d � 1)-
dimensional spacelike ball ⌃ by sending out geodesics of
length ` from o in all directions orthogonal to u

a. The point
o is the center of the ball, and the boundary @⌃ is the surface
(see the grey region of Fig. 1). Choose a Riemann normal co-
ordinate (RNC) system based at o, launched from an orthonor-
mal basis formed by u

a and d � 1 spacelike vectors tangent
to ⌃. Let the timelike coordinate be x

0, and let the spacelike
ones be {xi}. The signature of the spacetime metric is taken
here to be (�+++), and units are chosen with c = 1.

We will assume the radius of the ball is much smaller than
the local curvature length,

` ⌧ Lcurvature (2)

and work to lowest nontrivial order in their ratio. The volume
variation at fixed radius, relative to flat space, is then given by

�V |` = � ⌦d�2`
d+1

6(d� 1)(d+ 1)
R, (3)

where R = Rik
ik is the spatial Ricci scalar at o [23], and the

area variation of @⌃ is given by d�V/d`, i.e.

�A|` = � ⌦d�2`
d

6(d� 1)
R. (4)

We will also be interested in the area variation at fixed vol-
ume, rather than at fixed geodesic radius. When the radius
of the ball varies, the volume and area variations have the
additional contributions �rV = `

d�2
R
�r d⌦ and �rA =

(d � 2)`d�3
R
�r d⌦. Choosing

R
�r d⌦ so that the total vol-

ume variation vanishes, we obtain the area variation at fixed
volume,

�A|V = �A� d� 2

`
�V = � ⌦d�2`

d

2(d2 � 1)
R. (5)

This is smaller by the factor 3/(d + 1) than the variation at
fixed radius (4).

To connect now with spacetime and the Einstein equation,
note that the spatial Ricci scalar at o is equal to twice the RNC
00-component of the spacetime Einstein tensor:

R = Rik
ik = R� 2R0

0 = 2(R00 � 1
2Rg00) = 2G00. (6)

� �
��

�
�

FIG. 1. Causal diamond, in a maximally symmetric spacetime, for
a geodesic ball ⌃ of radius ` with center o and boundary @⌃. The
dashed curves are flow lines of ⇣, the conformal Killing vector field,
whose flow preserves the diamond and which vanishes at the top and
bottom vertices and on @⌃. The vectors show ⇣ at four points of ⌃.

The area deficit (5) can thus also be expressed as

�A|V = �⌦d�2`
d

d2 � 1
G00. (7)

Then, using the Einstein equation (1), we see that the area
deficit is proportional to the energy density,

�A|V = �8⇡G⌦d�2`
d

d2 � 1
T00. (8)

Conversely, this simple geometrical relation contains the full
content of Einstein’s equation, if it holds at all spacetime
points and for all timelike unit vectors.

The evidence that the Einstein equation implies maximal
vacuum entanglement can now be stated in a qualitative, in-
tuitive fashion. Suppose the ball has a Bekenstein-Hawking
entropy A/4~G, arising from vacuum entanglement, and we
try to increase the entropy by placing an entangled qbit in the
ball. To localize the qbit within a region of size ` we must
give it an energy of at least ~/` which, according to (8), will
contribute an area deficit of order ~G, hence a surface entropy
decrease of order unity, offsetting the added qbit. It would
not help to use a “highly entropic object” with many internal
states, because the existence of such objects makes its mark in
the vacuum as well, diluting the entropic effect of adding the
object to the ball. Indeed, in the context of the Rindler wedge,
it was argued that �S  �E/T , where T is the Unruh temper-
ature ~/2⇡ and �E is the change of boost Killing energy, since
a thermal state maximizes entropy at fixed energy [24, 25]. We
now proceed to make this link between the Einstein equation
and maximal vacuum entanglement more precise.

III. CAUSAL DIAMOND AND CONFORMAL ISOMETRY

To evaluate the variation of the entanglement entropy in a
spacelike geodesic ball ⌃ it is helpful to consider the space-

T. Jacobson, Phys.Rev. Lett. 116 (20) (2016)
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τ

coherence produces  much larger fluctuations in causal structure 
than standard zero point fluctuations of fields 

angular structure has fewer independent degrees of freedom, 
associated with universal  angular symmetries 

coherent virtual shocks with zero mean and Planck variance lead to  
                                            

   

~ square root of field fluctuation variance 

they are comparable to the “standard quantum uncertainty” for 
measurements of duration  

                  

⟨Δ2⟩ ∼ ⟨δτ2⟩/τ2 ∼ tP/τ

τ

⟨Δx2⟩ > ℏτ/m > > (ℏ/mc)2

https://arxiv.org/abs/1312.7798
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We looked for coherent geometrical fluctuations in 
the lab with the Fermilab Holometer 

We did not see Planck scale holographic noise 

We may have had the wrong layout to detect it 

New experiments are under development



A holographic horizon is like an atom

it has a discrete spectrum of directionally coherent states 

whole horizon fluctuates and interacts coherently  
ground state transitions have low angular harmonics 

has a finite (discrete, holographic) number of discrete transitions  

creates nonlocal correlations of quantum fluctuations in  the emerged metric 

 https://arxiv.org/abs/1908.07033

⃗pA

tA

A

https://arxiv.org/abs/1908.07033


classical inflationary horizon = a sharp edge in space-time defined by a spherical null surface 

Vacuum fluctuations create causally coherent perturbations on the incoming  light cone 

New principles: 

pattern is coherent on spherical boundaries of causal diamonds

pattern is determined by projections of displacements on horizons

⃗pA

tA

A



  t0

AA

coherent quantum region for state of mode   k

freeze-out  for Δ(k)

CMB surface

2π/k

ℋA

 causal past of a point 
on A’s horizon

inflationary 
era

ℋA

To build a model, replace coherent plane wave perturbations with coherent shocks on horizons 

Standard picture:  
coherent spacelike waves 
fluctuations are acausal

Holographic picture:  
coherent null surfaces 
fluctuations are causal

causal past of A



Standard cosmological conformal causal structure 
causal diamonds define comoving intersections of horizon footprints 
these determine observed displacements

ℋA

A

 A  horizon footprint

ℋA

AC

ℋC

 C  horizon footprints



CMB anisotropy ~ causal distortion on horizon 
footprint of A 

Total distortion= sum of virtual shocks in many 
directions 

Consider  single coherent shock along a 
particular axis 

Consider  circular intersections of spherical 
causal diamond boundaries 

(=  horizon footprints)  
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A BC



Axially symmetric distortions on circular intersections of causal diamond boundaries 

B and C horizons control incoming and outgoing causal relationships with A 
A is on  B’s footprint 
C is on  A’s footprint
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circular 
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2θθ
π − θ

2
A BC

ℛA

ℛC ℛB

dA(θ)

dA(θ)

ℛB sin(2θ)ℛB sin(2θ)

Projected displacements at the 
intersection are determined by A,B,C  
horizon footprints
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Angles map onto times during inflation 
via comoving radii of horizon footprints

Comoving radii of footprints where they intersect, 
 as a function of axial angle viewed from A
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C lies on A footprint 

Fluctuations on C horizons continue to end of 
inflation: dominate small angular scale distortion 

ℋA

AC

ℋC

ℛC = 2ℛA

inflationary 
era

A ℛC = 2ℛAC

Horizon footprints of a 
point C on A’s CMB 
surface at the end of 
inflation

 C  horizon footprints



ℋA

A
B(ℛ = ℛA/2)

ℋB

B(ℛ = ℛA/ 2)
B(ℛ = 2ℛA)

ℛA

A lies on B footprints 

In-common displacement of A  and B 
footprints subtracts from observable 
distortion 

A

B ⃗Ω

Θ
ϕ

circular 
intersection

polar axis of 
shocks

B footprints 
at end of 
inflation

A

B(ℛ = ℛA/ 2)

B(ℛ = 2ℛA)

B(ℛ = ℛA/2)



A

B(ℛ = ℛA/ 2)

B(ℛ = 2ℛA)

B(ℛ = ℛA/2)

Causal “shadow” from in-common displacement   

For ,  the A center lies in the same 
hemisphere of B as the AB intersection circle 

A and B causal diamonds share the same axial 
displacements:  no observable displacement 

π/4 < Θ < 3π/4

Θ

Θ

A

B

ℛB = 3A

Polar direction for ℛB = ∞

information 
shadow 

ℛA



Response kernel for one shock 

Observable displacement on A is the 
product of: 

[accumulated displacement along ABC axis] 
which is 
[difference of AB and AC displacements] 

and  

[projection of axial displacement] 
which is 
[projected difference of A and its horizon] 
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Axially symmetric coherent displacement kernel based on standard horizons in slow-roll inflation 

observed AB projection (projections onto A and B footprints, multiplied by difference of A and B displacements)


       


Axial displacement (accumulated difference of A  from B and C horizons over inflationary history)


        


                 the terms come from the ratios of  horizon footprint radii with a tilted spectrum:

                              ,    


                  includes factors for tilted slow roll inflation in opposite directions

                              ,    ,   


total transfer function: observable displacements in the two hemispheres,  allowing for subtraction of projected B displacement


          

        

Determines  unique angular spectrum and correlation function with no cosmic variance

dAB(θ) = cos(θ)cos(2θ)[cos(θ) − sin(2θ)
2 ]

PABC5(θ) = PAB(θ)5AB(θ) − PAC(θ)5AC(θ)50/ 2

PAB = aA/aB = 1/2 sin(θ) PAC = aC /aA = 1/2 sin(θ/2)

5AB(θ) = 1 − ϵ
2 ln [PAB] 5AC(θ) = 1 − ϵ

2 ln [PAC] 50 = 5AB(π/2)/5AC(π/2)

d+(θ) = PABC5(θ)[dAB(θ) − 5AB(θ)dAB(2θ)]
d−(θ) = PABC5(θ)dAB(θ)
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Result: unique angular spectrum of displacement on spheres, with no cosmic variance

Small-scale  power spectrum matches standard theory 

Everything in late-time cosmology that only depends on the power spectrum  stays the same 

Which is to say,  the successes of concordance cosmology remain 

But directions are not independent: they are causally connected 

The pattern is modified at large angles where curvature is important 

Causal symmetries are preserved  



Angular Spectrum


Holographic model  produces universal 
spectrum with no cosmic variance on a thin 
sphere 

Resembles sky data at large angles 

Disagrees with standard picture at   
because of causal coherence 

Approximates gravity-only, thin-sphere 
standard model on small scales 

Reionization will suppress at  

small extra odd parity out to  
  
Data show systematic measurement error 
from Galactic modeling: detailed agreement 
with data is not expected

ℓ ≲ 7

ℓ ≥ 7

ℓ ∼ 30
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CMB anomalies after Planck 3
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Figure 1. Angular band power (top) and residual angular band power (bottom) of
the cosmic microwave temperature anisotropies as presented in the Planck 2015 release
[17]. The error bars show the sum of measurement error and cosmic variance, the latter
being the dominant source of uncertainty at large angular scales.

total angular-momentum `.‡

During the last two decades, ground-based, balloon-borne and satellite CMB

experiments led to an improved understanding of those temperature anisotropies. The

WMAP and Planck space missions played a special role, obtaining full-sky measurements

that enabled us to investigate a large range of angular scales, from the dipole ` = 1 to

` ⇠ 2500, more than three decades in `. The band power spectrum as published by

Planck is shown in Fig. 1.

These temperature fluctuations are believed to have been generated from quantum

fluctuations in the very early Universe [18] by a (nearly) scale-invariant mechanism. The

most prominent context is cosmological inflation [19, 20]. If inflation lasts long enough,

the spatial geometry of the Universe is generally predicted to be indistinguishable from

Euclidean, and the topology of the observable Universe is expected to be trivial (simply

connected). Even more importantly, inflation predicts that the CMB temperature

fluctuations should be: (i) statistically isotropic, (ii) Gaussian, and (iii) almost scale

invariant. It also predicts: (iv) phase coherence of the fluctuations; (v) for the simplest

models, a dominance of the so-called adiabatic mode (strictly speaking it is not only

adiabatic but also isentropic); and (vi) the non-existence of rotational modes at large

scales. Finally, depending on the energy scale of cosmological inflation, there might

be (vii) a detectable stochastic background of gravitational waves [21] that also obeys

‡ This analogy from quantum physics is useful to describe the spherical harmonic analysis of
temperature fluctuations in terms of well-known physical concepts.
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Previously known odd-parity preference 
seen in harmonics up to   

unlikely in standard inflation at ~0.2% 

Opposite sides of the sky “know about” 
each other, even on small scales 

In the coherent model, antipodes are 
connected by causal diamonds even for 

ℓ ∼ 30

ℓ > > 1
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Fig. 19. The ratio RTT(¸max) for Commander (red), NILC (or-
ange), SEVEM (green), and SMICA (blue) determined at Nside =
32. The shaded grey regions indicate the distribution of the
statistic derived from the SMICA MC simulations, with the dark,
lighter, and light grey bands corresponding to the 1, 2, and 3 ‡
confidence levels.

point-parity preference has previously been observed in the
WMAP data releases (Land & Magueijo 2005a,b; Kim &
Naselsky 2010a,b; Gruppuso et al. 2011) and the Planck
2013 results. Here, we investigate the parity asymmetry in
the 2015 temperature maps at Nside = 32. We consider the
following estimator:

R
TT(¸max) =

D
TT
+ (¸max)

D
TT
≠ (¸max)

, (36)

where D+(¸max) and D≠(¸max) are given by

D
TT
+,≠ = 1

¸
+,≠
tot

+,≠ÿ

¸=2,¸max

¸(¸ + 1)
2fi

C
TT
¸ , (37)

¸
+,≠
tot is the total number of even (+) or odd (≠) multipoles

included in the sum up to ¸max, and D
TT
¸ is the temperature

angular power spectrum computed using a QML estimator
(Gruppuso et al. 2011). The ¸(¸+1)/(2fi) factor in Eq. (37)
e�ectively flattens the spectrum across the ¸-range of the
Sachs-Wolfe plateau (up to ¸ = 50) in a �CDM model.

Figure 19 presents the ratio, R
TT(¸max), for the 2015

component-separated maps, together with the distribution
determined from the SMICA MC simulations which serves
as a reference for the expected behaviour of the statis-
tic in a parity-neutral Universe. The distributions for the
other CMB maps are very similar. The four component-
separation products are in good agreement, indicating an
odd-parity preference at very large scales for the multipole
range considered in this test.

Figure 20 shows the lower-tail probability for the data as
compared to simulations as a function of ¸max. The results
are in good agreement with those in PCIS13. The cleaned
CMB maps yield generally consistent profiles which signify
an anomalous odd-parity preference in the multipole region
¸max = 20–30. The minimum in the lower-tail probability
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Fig. 20. Lower-tail probability of the point-parity estimator
for Commander (red), NILC (orange), SEVEM, (green), and SMICA

(blue).

occurs at ¸ = 28 corresponding to a value of 0.2 % for NILC,
SEVEM, and SMICA, and 0.3 % for Commander.4

As a first attempt to quantify any a posteriori e�ects in
the significance levels, we consider how many MC simula-
tions appear in the lower tail of the MC distribution with
a probability equal to, or lower than, 0.2 %, for at least one
¸max value over a specific range. For ¸max in the range 3–50,
the total number of simulated maps with this property is
less than 20 over 1000 MC maps, implying that, even con-
sidering the LEE, an odd-parity preference is observed with
a lower-tail probability of less than 2 %.

5.5. Mirror-parity asymmetry

For the Planck 2013 data release, we studied the proper-
ties of the temperature data at a resolution of Nside = 16
under reflection with respect to a plane to search for mir-
ror symmetries. Such a symmetry might be connected to
non-trivial topologies (Starobinsky 1993; Stevens et al.
1993; de Oliveira-Costa et al. 1996). In Planck Collab-
oration XXIII (2014), we reported evidence for an anti-
symmetry plane, with a perpendicular direction given by
(l, b) = (264¶

, ≠17¶), However, the probability of the results
was slightly dependent on the method of foreground clean-
ing, with a p-value ranging from 0.5 % for Commander-Ruler

to 8.9 % for SMICA. The same direction was also found in
the WMAP 7-year data (Finelli et al. 2012), and is close
to that determined for the dipole modulation in the Planck
2013 data release (PCIS13), suggesting possible connections
between the two directional anomalies.

We now proceed to reanalyse the status of mirror sym-
metries using the Planck 2015 full mission temperature data
at both Nside = 16 and Nside = 32. In order to avoid pos-
sible bias introduced by the use of the Galactic mask5 the
results are derived from the full-sky Commander, NILC, and
4 In the case where we would like to test the probability of
finding a Universe with either odd or even parity preference, the
probability would be higher by a factor of about two.
5 The Galactic mask induces a preferred direction in the analy-
sis of the MC simulation ensemble, which a�ects the significance
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Figure 7. Parity asym-
metry in the Planck 2015
data [7]. Shown is the
p-value significance, based
on a power-spectrum statis-
tic sensitive to parity for
the four foreground cleaned
Planck maps (Comman-
der, NILC, SEVEM and
SMICA) as a function of
the maximum multipole
used in the analysis.

of WMAP maps was extended by [63, 64, 65] who studied the even and odd parity maps,

T+(ê) =
T (ê) + T (�ê)

2
, T�(ê) =

T (ê) � T (�ê)

2
. (10)

Using a suitably defined power spectrum statistic – the ratio of the sum over multipoles

of D` for the even map to that for the odd map – they found a 99.7% evidence for the

violation of parity in WMAP7 data in the multipole range 2  `  22. The analysis

was finally extended to Planck by [43, 7], who confirmed the results from [63] based on

WMAP, but also found that the significance depends on the maximum multipole chosen,

and peaks for `max ' 20 � 30, but is lower for other values of the maximum multipole

used in the analysis; see Fig. 7. The corresponding p-values of the Planck 2015 analysis,

also including the ‘look elsewhere’ e↵ect with respect to the choice of `max, are reported

in Tab. 1. Planck also studied the mirror symmetry, finding less anomalous results than

those for the point-parity symmetry [7].

In [66] it was shown for WMAP 7-years data that the directions of maximal

(minimal) parity asymmetry for multipole moments up to ` ⇠ 20, and excluding the

m = 0 modes from the analysis, seem to be normal (parallel) to the direction singled

out by the CMB dipole. The direction that maximizes this parity asymmetry is also

close to the direction of hemispherical asymmetry when including the lowest multipole

moments. Thus parity asymmetry and hemispherical asymmetry might be linked to

each other.

Whether the observed parity asymmetry is a fluke, an independent anomaly, or a

byproduct of another anomaly, is not clear at this time. The parity asymmetry appears

to be correlated with the missing power at large angular scales, as the wiggles in the

lowest multipoles, seen clearly in the top panel of Fig. 7, combine to nearly perfectly

cancel the angular two-point correlation function above 60 degrees [37].



Angular correlation function


Angular relationships preserve boundaries 
of primordial causal relationships 

Standard realizations seldom resemble the 
data 

Causally coherent model fits the data 

Hidden exact causal null symmetry appears 
when the dipole is included: 

          C(45∘ < Θ < 135∘) = 0

47



48

Compare relative agreement of maps 
with models 

Residue= sum of the squared 
differences from measured correlations 
over all angles 

Compare maps with the holographic 
model and with  standard 
realizations 

Fewer than  of standard 
realizations have residues as small as 
the holographic model 

Evidence for causal coherence

106

7 × 10−5

Cumulative histogram of summed residues for standard 
realizations from average CMB maps



Takeaways

CMB at  large angles preserves the primordial pattern of gravitational quantum fluctuations 

“Anomalous”  small  correlations could signify profound holographic causal symmetries 

A causal-shock noise model fits the large angle data much better than the standard picture 

CMB  could show the first direct evidence for causal coherence of quantum gravity 

This interpretation would require a radical revision of the quantum model of inflationary 
fluctuations and initial conditions, but little change in successful concordance cosmology 

Laboratory experiments could measure similar holographic noise
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