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We consider the hypothesis that nonlocal, omnidirectional, causally-coherent quantum entan-
glement of inflationary horizons may account for some well-known measured anomalies of Cosmic
Microwave Background (CMB) anisotropy on large angular scales. It is shown that causal coherence
can lead to less cosmic variance in the large-angle power spectrum C, of primordial curvature per-
turbations on spherical horizons than predicted by the standard model of locality in effective field
theory, and to new symmetries of the angular correlation function C(©). Causal considerations are
used to construct an approximate analytic model for C'(©) on angular scales larger than a few de-
grees. Allowing for uncertainties from the unmeasured intrinsic dipole and from Galactic foreground
subtraction, causally-coherent constraints are shown to be consistent with measured CMB correla-
tions on large angular scales. Reduced cosmic variance will enable powerful tests of the hypothesis
with better foreground subtraction and higher fidelity measurements on large angular scales.

I. INTRODUCTION
A. Primordial structure on large angular scales

In the standard cosmological model[l, 2], cosmic struc-
ture originates from perturbations generated by quantum
fluctuations during an early period of cosmic inflation.
According to this model, the large-angle anisotropy of the
cosmic microwave background (CMB)[3-11] preserves in-
tact the detailed pattern of structure created at the earli-
est times. Smoothed at an angular resolution of ©® ~ 5°,
or filtered with spherical harmonic numbers below about
¢ ~ 30, the temperature anisotropy is essentially a map
of primordial curvature on our spherical horizon[12, 13]:
on these scales, the sky preserves a high-fidelity, coherent
image of curvature perturbations imprinted by quantum
fluctuations during inflation (Figs. 1, 2).

The standard inflationary picture does not make a spe-
cific prediction for angular correlations, only for statis-
tical properties of an ensemble of possible realizations.
Stochastic waves of random 3D fluctuations create a va-
riety of different patterns, with a “cosmic variance” be-
tween different realized skies. The main prediction of
the standard quantum model of inflation, a nearly-scale-
invariant 3D power spectrum of scalar curvature pertur-
bations, is best tested at £ 2 30 , because on the largest
angular scales, the observable universe does not include
a large enough volume to measure the universal power
spectrum of 3D modes accurately.

It is well known that even allowing for cosmic vari-
ance, the standard scenario does not actually agree very
well with the measured CMB pattern on the largest an-
gular scales; that is, the pattern of the observed sky is
highly atypical of the ensemble of realizations. Start-
ing with the first measurements of primordial anisotropy
with COBE[14-16], and continuing with improved maps
from WMAP and Planck[17-19], a variety of large-scale
“anomalies” have led some authors to question whether
the standard picture is correct or complete[20-24].

The most conspicuous anomaly is a surprisingly small

angular correlation function C(©) on large angular
scales, which corresponds to an angular spectrum C,
with a remarkably small quadrupole (¢ = 2) moment
and a seemingly conspiratorially-cancelling arrangement
of higher multipoles. The largest-angle correlation at
O 2> 135° also displays a significant anticorrelation,
which appears in the angular spectrum as a prevalence
of odd-parity over even-parity fluctuations over a wide
range of angular scales up to ¢ ~ 30. In the absence of a
compelling physical explanation, these anomalies can be
(and generally are) interpreted as statistical flukes of our
particular realization, with no deep physical significance.
Thus, in spite of the pristine primordial provenance of
the actual pattern, the largest angular scales are gener-
ally omitted in model fits to cosmological data.

On the other hand, there are hints that large angle
correlations may actually have a deeper significance. One
remarkable example is a nearly exactly vanishing angular
two-point correlation function at right angles[25]:

C(90°) ~ 0. (1)

The nearly-exact null at this special angle hints that it
is due to an exact symmetry. If so, it would be evidence
that primordial large-angle two-dimensional correlations
in general are governed by precisely defined fundamental
principles, rather than by chance.

Any universal exact symmetry of angular correlation
requires departures from the standard quantum model of
inflation. In this paper, we consider the hypothesis that
the symmetry in Eq. (1), as well as other anomalies, are
due to constraints from a new physical effect: the nonlo-
cal causal coherence of quantum gravity. Although our
analysis of inflation, causality, symmetry and correlation
constraints lies entirely in the classical realm, this hy-
pothesis requires radical modification of some standard
assumptions about the quantum system that generates
inflationary perturbations.
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FIG. 1. Angular correlation function C'(©) and angular power spectrum C¢ of CMB temperature anisostropy, measured with
the WMAP and Planck satellites. Different colors show results for smoothed, unmasked maps with four different foreground
subtraction schemes: ILC9, NILC, Commander, and SMICA. Functions are defined in Sec. (IID). The left plot shows the
measured angular correlation functions of smoothed maps, together with the expectation and range of standard inflationary
realizations, shown by the shaded bands. The right plot shows measurements of the angular power spectrum Cy up to £ = 20,
a range generally excluded from fits to cosmological models. The model curve for C; shows the expectation for realizations in
the standard inflation scenario, and the band shows the “cosmic variance” of the predicted distribution. These angular and
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FIG. 2.  Foreground-subtracted smoothed average of the four different maps shows the pattern of temperature anisotropy
on the sky at © 2 5° and ¢ < 30. At this resolution and contrast scale, the map closely approximates the actual pattern of
primordial potential perturbations on our spherical horizon, apart from an unmeasured intrinsic dipole. The scale is shown in
microKelvin.



B. Causal coherence of quantum geometry

As discussed in the Appendix, our proposed depar-
ture from the standard quantum inflation model arises
from different assumptions about the emergence of local-
ity and causality from a quantum system. Measured
correlations of primordial curvature perturbations in our
picture are causal, but they are not local.

In the standard quantum model of inflation, based on
quantized amplitudes of plane wave modes with definite
classical wave vectors k , primordial structure is laid down
by coherent quantum states that live on infinite comov-
ing spacelike hypersurfaces. The thesis of this paper is
instead that geometrical states of potential are coherent
on causal horizons. The inflationary horizon of a world
line is a null surface that intersects surfaces of constant
time on compact 2-spheres, not planes.

In the small-angle regime, less than a few degrees,
where the curvature of spherical surfaces is unimportant,
coherent plane waves are a good approximation. Thus,
the two models agree about correlations at ¢ > 30, where
cosmological predictions have been precisely tested. The
two models disagree in the regime where the curvature
of spherical null surfaces is important. Differences be-
come significant on large angular scales, at £ < 10, and
on scales larger than the horizon.

A complete quantum treatment of correlations at large
angles and distances would require a holographic theory
of quantum gravity, locality and emergence. There is no
consensus on a comprehensive theory of quantum gravity,
but as discussed in the Appendix, there are indications
in some formal holographic or entropic approaches[26—
31] that quantum geometry entangles quantum states of
coherent causal diamonds, with far fewer independent
degrees of freedom in the infrared than the quantized
field theory applied to standard quantum inflation.

Our approach in this paper is to guess some symme-
tries that might govern a coherent holographic theory,
and test whether they fit the data better than the stan-
dard picture. We seek direct evidence for symmetries of
angular correlations that could arise from causal coher-
ence. We analyze how classical geometrical causal rela-
tionships among causal diamonds constrain angular cor-
relations, and compare these constraints with data. Ev-
idence for these symmetries in primordial perturbations
could provide clues to how space-time and locality emerge
in holographic quantum gravity.

C. Causal constraints on large-angle correlations

In standard quantum inflation, the initial state of a
local scalar field vacuum is specified at some initial time,
on an infinite spacelike hypersurface in an unperturbed
background. Each mode eventually collapses coherently
into a definite, classical scalar curvature perturbation
A(E) on a spacelike surface, at a time that depends on
its wavelength. The final local value of the curvature at

any point is determined by a sum of mode amplitudes at
that point. The modal contributions are acausally cor-
related at spatial separations far greater than the hori-
zon distance when a mode collapses, indeed infinitely far
for separations normal to the wave vector. These cor-
relations are baked into the random phases assigned to
modes in the initial state.

In quantum mechanics, acausal spacelike correlations
can happen, but only in systems where the state is pre-
pared causally[32-34]. In those systems, preparation and
measurement of a state by a timelike observer creates
nonlocal correlations inside a causal diamond. For the
quantum mechanics of a coupled matter-geometry in-
flation system to be consistent with causality around a
point, reduction of quantum states should occur on in-
variant null cones, so that events on a light cone always
correlate with local measurements at its apex. For this
to be possible, the local classical invariant curvature per-
turbation A(Z) must be determined by information within
the past null cone of .

This causal constraint on bulk information is a natu-
ral property of holographic space-times [26-31]. Quan-
tum states of scalar fields in effective field theory, used in
standard quantum inflation, do not have this property.
They are coherent on infinite spacelike planes, not spher-
ical null surfaces, and scalar curvature mode amplitudes
freeze out independently on surfaces of constant cosmic
time. As discussed in the Appendix, applications of this
effective-field framework also lead to difficulties in other
situations, such as well-known paradoxes for information
flow in Hawking evaporation of black holes.

We have argued previously[35-39] that causal con-
straints in holographic space-times lead to constraints on
large angular scale correlations in the cosmological sys-
tem. Here, we investigate the consequences of the specific
conjecture that the angular spectrum C, and correlation
function C(O) of primordial curvature perturbations on
spherical surfaces around any comoving world line ap-
proximate universal functions at large angles, governed
by the requirement that correlations of invariant scalar
curvature among different world lines arise entirely from
causal entanglement within their horizons. Again, this
causal constraint does not apply in standard quantum
inflation.

Causal constraints on correlated bulk information of
overlapping horizons for different observers translates
into correlations of curvature on spherical surfaces in the
angular domain. We show below that causality requires
that the angular correlation function C(©) of primordial
potential on spheres exactly vanishes not only at 90°, but
over a wide range of antihemispherical angles:

C(90° < O <135°) =0, (2)
and is negative in the antipodal region,
C(135° < © < 180°) < 0. (3)

Exact zeros can only be true for all observers if the corre-
lation function approximates a universal form, with much



less cosmic variance than the standard picture on large
angular scales.

Holographic symmetries are hidden in measured maps
of the sky, but it may be possible to measure their sig-
natures on large angular scales. Egs. (2) and (3) are
apparently not true of the real sky: there is a small pos-
itive correlation at © > 90°, as seen in Fig. (1). We will
arque that the true symmetry has been hidden from direct
measurement by the subtraction of a primordial dipole
component, and by residual error in the subtraction of
Galactic emission. For a quantitative comparison with
data over a wider range of angular scales and angular
harmonics, we construct an analytic model to approxi-
mate the 2D correlation function, based on causal rela-
tionships among intersecting horizons of different world
lines. The parameters of the model are uniquely deter-
mined by imposing causal constraints, which include a
prediction for the unmeasured dipole. We also demon-
strate a way to compare the data with causally-coherent
constraints and standard predictions without a specific
holographic model. We show that the causally-coherent
scenario agrees much better than the standard picture
with maps of CMB temperature anisotropy, on large an-
gular scales ® > 5° where the measured temperature
anisotropy preserves the primordial scalar curvature pat-
tern.

II. CAUSAL CORRELATIONS
A. Causal structure of inflationary space-time

Our framework assumes the causal structure of a stan-
dard unperturbed classical inflationary universe. The
same nearly-scale-invariant power spectrum is predicted
for £ 2 30, where holographic angular correlations are
unimportant, and where fits to cosmological parameters
are made. (As discussed in the Appendix, since holo-
graphic perturbations depend differently on background
parameters, the observational constraints on the physi-
cal inflaton potential differ from those of the standard
picture[38].)

An  unperturbed

inflationary universe has a

Friedmann-Lemaitre-Robertson-Walker metric, with
space-time interval
ds® = a®(t)[Pdn? — d¥?], (4)

where ¢ denotes proper cosmic time for any comoving
observer, dn = dt/a(t) denotes a conformal time interval,
and a(t) denotes the cosmic scale factor, determined by
the equations of motion. These are summarized in the
Appendix. The spatial 3-metric in comoving coordinates
is

d¥? = dr?® + r?dQ?, (5)

where the angular interval in standard polar notation is
d? = dh? + sin? 0d¢?. Future and past light cones from

an event are defined by a null path,
d¥ = +cdn. (6)

Causal diagrams for an inflationary metric are shown in
Figure (3). A causal diamond for an observer O with
boundary at t corresponds to an interval with equal con-
formal time before and after ¢. The end of inflation ¢ is
taken to be the time when the expansion changes from
accelerating, @ > 0, to decelerating, a < 0.

B. Causality and locality in quantum gravity

Quantum mechanics is inherently “nonlocal”: it does
not automatically include any notion of space or time,
so a model for the quantum system that creates primor-
dial perturbations also needs to include some assump-
tions about the emergence of position in space and time,
or locality, from a quantum system.

As discussed in in the Appendix, the standard ap-
proach to quantizing A during inflation adopts assump-
tions about quantum locality that are built into stan-
dard effective field theory. The scalar A is represented
by a sum of field modes, which are standing waves in co-
moving, conformal coordinates. Each mode has a fixed
space-time structure, a sum of plane waves propagating
in opposite directions from and to spacelike infinity. The
quantum wave function for the amplitude of each mode is
that of a quantum harmonic oscillator in its ground state.
Coupling of A to other quantized fields is determined by
linearized gravity. Because momenta for each mode ex-
actly cancel at each frequency along opposite directions,
momentum is locally conserved in all interactions.

This approach introduces quantum-mechanical nonlo-
cality “one direction at a time”: it describes quantum
states that are coherent at arbitrary separation along
each direction. The amplitudes and phases of the final
classical perturbation modes in orthogonal directions are
independent random variables, determined by the initial
vacuum state. A quantized local scalar field does not al-
low for coherent, causal, nonlocal entanglement of A at
each point among all directions on its past null cone.

The alternative hypothesis considered here invokes a
different hypothesis about the localization of coherent
quantum states: the structures that define A at each
point are invariant causal diamonds, composed of null
surfaces converging on the point from all directions, in-
stead of plane waves. The space-time structures of coher-
ent quantum states in the two scenarios are illustrated in
Fig. (3).

The causally-coherent hypothesis is not made up just
to explain CMB anomalies. As discussed in the Ap-
pendix, it is based on general principles motivated by a
wide range of studies. In essence, it extends to geometry
a view of causal nonlocality widely adopted for quantum
states of matter that are prepared and measured on a
timelike world line: the entangled quantum states of ge-
ometry and matter must be consistent with causal, non-
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FIG. 3. Conformal causal structure of an inflationary universe. Vertical lines represent the world lines of comoving observers
O. Horizontal planes represent spatial hypersurfaces of constant cosmic time ¢ or conformal time 7, including one at the end
of inflation, t;. The inflationary horizon H 4 is a null surface that forms the outer boundary of causal diamonds of A that end
before t;. As shown at the left, in standard quantum inflation, the amplitude A(EC) of a scalar-field plane wave mode freezes
out acausally everywhere at the time when its wavelength matches the AC horizon radius, on a 3D spacelike hypersurface.
Thus, values of A(z) at arbitrary spacelike separation in planes normal to IZ, and at longitudinal separations >> k™', are
fixed acausally (see also Fig. 23). The effect of coherent horizons is shown on the right: values of A are entangled among
all directions on the compact spherical bounding surfaces of causal diamonds in H. Values of A at locations A and C' at the
end of inflation are entangled with the causal quantum interiors of their horizons, as shown by shaded light cones. Directional
properties of perturbations are entangled between A and C where their causal diamonds overlap.

local relationships demanded by both general relativity
and quantum mechanics. This correspondence principle
is illustrated in the Appendix by thought experiments
with noncosmological systems such as EPR-type particle
decays (as in Fig. 22), black holes, and interferometers.
Because information about nonlocal space-time relation-
ships is encoded on 2D null surfaces, a causally-coherent
theory of emergent quantum locality can be called “holo-
graphic”.

A quantum theory of gravity that incorporates causal
nonlocality would lead to radical physical differences
from the standard cosmological scenario during inflation,
some of which are are discussed in the Appendix. In
spite of these differences, the principal observable conse-
quence at the end of inflation, classical perturbations A

with a nearly-scale-invariant 3D power spectrum, is not
changed.[38, 39]

This paper primarily focuses on phenomenological sig-
natures that could differ conspicuously from the standard
picture, associated with universal symmetries of correla-
tions on spherical surfaces at large angular separations.
The goal is to determine if there is real-world evidence
of causal constraints that may result from a causally-
nonlocal quantum theory of gravity.

C. Horizons and formation of perturbations

As in the standard model, there is a local invariant
curvature perturbation A(r, €)) on every comoving world
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Causally-coherent quantum states differ radically from
the standard effective quantum field model[26-31]:
causal diamonds, not wave modes, now form the coherent
quantum objects. As discussed in the Appendix, there
is no broad consensus about the nature or amplitude of
quantum fluctuations in this system, which are associ-
ated with the emergence of locality. We will assume that
their relic perturbations obey causality, but not local-
ity. Causal symmetries are defined by the classical back-
ground, so we do not need to know how the fundamental
quantum degrees of freedom of a horizon work in detail.

Fluctuations from slow-roll inflation create a variance
(A?) that depends only on the slowly-varying physical ra-
dius of causal diamond boundaries, so the 3D power spec-
trum is nearly scale-invariant, as in the standard picture.
However, the formation of perturbations is not localized
on surfaces of constant ¢, but is correlated on null surfaces
‘H that extend throughout the history of inflation. The
horizons of the different observers are entangled where
their interiors overlap. On each comoving sphere, the
largest angle relationships form from the earliest entan-
glements: they “freeze first”, as shown in Fig. (4) and
described in more detail below. The detailed pattern of A
on each sphere varies with comoving radius and location,
but as discussed below, the angular power spectrum and
correlation function vary much less than in the standard
picture.

FIG. 4. 3D view of 2D spheres that intersect comoving hori-
zons of A, B and C. The smaller B and C spheres represent
single-time slices of their horizons from a later time during
inflation than that of A. Correlations on each horizon are
controlled by quantum information in their interior. Small
angle relationships are the last to freeze; the final local, clas-
sical values of A do not freeze until inflation ends. The spheres
shown here have particular exact causal relationships; the C'
spheres are centered on the A horizon, and A has its cen-
ter on the B horizon. The latter is shown with a 45° open-
ing angle on A, which has particular causal significance for
antihemispherical symmetries. The shaded ellipses represent
great circles, or intersections with infinitely large spheres. A
universal holographic correlation function is constrained by
causal relationships and symmetries of overlapping spherical
horizons.

D. Correlations on spherical horizons

The primordial pattern of invariant scalar curvature
A(r,) at the end of inflation is still intact on the
largest scales today, and dominates the observed pattern
of anisotropy in CMB temperature. In the current analy-
sis, we assume the Sachs-Wolfe approximation[12] where
correlations of temperature and curvature are equivalent,
as discussed further below.

The pattern of A(r,Q2) for a sphere of radius r can
be described equivalently as a correlation function in the
angular domain or as a power spectrum of spherical har-
monics (Fig. 1). The two-point correlation function is
defined as an all-sky average over all pairs of points a, b
at angular separation Zab = ©:

C(0) = (Aalb) zab=6- (7)

It can also be written as an angular average,

C(0) = (A(D)(A)g g)a» (8)
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FIG. 5. 4D and 3D views of intersections of comoving spher-
ical horizons. The center of A lies on the surface of the B
horizon, and their projected 2-spheres at the end of inflation
represent footprints of null horizons from a particular time.
The relationship with the correlation function is shown at
the right: the mean on the common circle intersected by the
horizons contributes to the polar angular average in the cor-
relation function, Eq. (8). The particular B sphere shown
is chosen to have a special causal relationship with A: their
intersection lies on a great circle of B. It defines a boundary
of an exact causal symmetry, as described below.

where () g denotes an azimuthal mean on a circle at a

polar angle © about direction (). This form is helpful
for showing how frozen spherical horizons should lead to
symmetries of Ca(0) (as in Fig. 5).

In the the spectral domain, the distribution is decom-
posed into spherical harmonics Y, (6, ¢):

A(07¢7T) = Zznm(oaqs)aFM(r) (9)

4

The angular power spectrum, determined by the spheri-
cal harmonic coefficients ag,,,

1 m=-+£

2
= S laeml, !
Ce 2£+1m:4|aé\ (10)

is related to the two-point angular correlation function
C(©) by the standard formula (e.g., [16, 17, 24])
1
C(0) = — 3 (204 1)CPy(cos ), (11)
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where P, are the Legendre polynomials. Anisotropy has
odd and even parity components, with P,(0) = 0 for odd
¢, Py(0) # 0 for even £.

E. Universal holographic angular correlation

Arguments reviewed in the Appendix suggest that con-
sistency of general relativity and quantum mechanics re-
quires quantum states of a whole system to be coher-
ent on null surfaces. In a covariant formulation of holo-
graphic quantum space-time[30, 31], the coherent quan-
tum elements are causal diamonds, each defined by the

unique light cone pair associated with a world line in-
terval. For a black hole, the coherent null surface is the
event horizon. For correlations with a point, the coherent
null surfaces are light cones centered on the point.

A quantum theory of space-time predicts a definite cor-
relation function for operationally defined measurements.
A simple example discussed in the Appendix is the decay
of a particle into two null particles. In the linear, weak-
field limit, it can be proven that the gravitational wave
function, a superposition of metric distortions measured
by clocks on the spherical boundary of a causal diamond,
has a universal angular power spectrum|[41].

In causally-coherent inflation, the null surfaces are in-
flationary horizons. The “measurements” in the cosmo-
logical case are comparisons of scalar curvature A among
different world lines at the end of inflation. All informa-
tion about relationships of A(A) with other world lines
is contained within its inflationary horizon, H 4.

In the (unphysical) limit of a maximally symmet-
ric, scale-invariant cosmology— the infinitely slow-roll,
quasi-de Sitter limit of inflation— coherent causal dia-
monds are all identical quantum systems, prepared and
measured in the same way. All locations and directions
are equivalent, so the two-point correlation function of
fluctuations on the surface of a causal diamond should
not depend on the location of its world line.

These considerations motivate a concrete universality
conjecture about scalar curvature perturbations associ-
ated with an idealized, maximally symmetric, scale-free
system in holographic quantum gravity: All spheres have
the same angular power spectrum Cp. This universality
adds a holographic constraint consistent with cosmologi-
cal homogeneity and isotropy, the statistical equivalence
of all locations and directions. As in standard cosmology,
statistical homogeneity and isotropy imply a universal 3D
power spectrum A2 on infinite spacelike hypersurfaces
that depends only on the magnitude of k. A maximally
symmetric holographic system also has a universal 2D
power spectrum Cy on the compact surfaces of causal
diamonds that depends only on the magnitude of /.

The use of maximal symmetry as a foil is akin to the
use of (unphysical) eternal black holes to analyze sym-
metries and correlations created by coherent horizons[42—-
44]. In this paper, we consider a universal angular corre-
lation function as an approximation, to analyze the dif-
ferences between the holographic picture and standard
quantum inflation, especially on large angular scales.

The standard picture predicts that projected onto any
horizon sphere, there is a substantial cosmic variance in
C(©) at any large angle, from independent, previously-
frozen 3D modes larger than the horizon. By contrast,
exact causal constraints on C'(0) impose correlated con-
straints on Cy’s at all £. In general, a universal causal
constraint that extends over a range of angles requires
significantly reduced variance in Cy, especially at low £.
For actual measurements of CMB anisotropy, the two
pictures lead to simlar predictions at small angular scales
(¢ = 30), where the constrained angular phase informa-



tion is scrambled by the effects of 3D baryon motion on
anisotropy.

Even for exact universality, the detailed pattern of A
is not identical on all horizons. In the harmonic expan-
sion (Eq. 9), the agy, (r) are not the same for all r, or for
all choices of origin. Up to resolution ¢, the power spec-
trum is specified by ¢ numbers (the Cy’s), but the details
of the pattern require specification of 2¢ 4+ 1 numbers for
each ¢, the phase information represented by the ay,, har-
monic coefficients. This variation occurs because while
all causal diamonds are the same kind of quantum sys-
tem, they have different information on their 2D bound-
ary, which defines the relationship of each diamond with
the rest of the universe. The differences between spheres
(that is, skies around different observers) arise because
of different preparation of states on the surface of each
diamond.

If we assume that this picture applies to all causal dia-
monds down to the Planck length, the information in any
causal diamond is consistent with holographic gravity.
The number of degrees of freedom is the number of modes
up to some resolution scale £,,,,, which is about 2, .
The number of degrees of freedom of an inflationary hori-
zon of radius ¢/H agrees with the Bekenstein-Hawking
entropy Spy = w(R/ctp)? of a black hole horizon of
the same radius R = ¢/H, if the maximum resolution
lmaz ~ R/ctp is determined by a cut off at the Planck
length ctp = \/hG/c3. In other words, the entropy of
an inflationary horizon with universal angular correla-
tion matches the thermodynamic entropy of a black hole
event horizon, if both are regarded as coherent quantum
systems, with a minimum duration for coherent causal
diamond states equal to the Planck time. They have the
same number of different possible configurations, and the
same finite number of states in a discrete Hilbert space.

For comparison, the information in standard, indepen-
dent field states in the volume contained by the horizon
with a UV cutoff at the Planck scale is much larger, of
order (R/ctp)3. In black holes, the extra information
exceeds the thermodynamic entropy, which leads to well-
known paradoxes. In standard cosmology, the extra in-
formation is the source of the predicted cosmic variance
in the statistical properties of different horizons. If hori-
zons are indeed causally coherent, this apparent extra
information is unphysical, because it is derived from an
approximation that does not correctly account for causal
constraints on coherent quantum states.

Holographic universality implies new and surprising
symmetries of angular correlations. Because Cy is the
same for all spheres around a given point, the value of
the universal monopole Cy—q, the difference of the mean
from the center, is the same for a sphere of any size. Asin
the standard picture, this difference approaches zero as
the radius R of the sphere shrinks to a point, R — 0; but
unlike the standard picture, the value does not change
with R, so it must vanish for all R. For a scale-invariant
universal function, this requires that the monopole har-
monic Cy—q vanishes for all spheres, that is, the average

perturbation (A) on any sphere is the same as A at its
center.

This property exemplifies one apparent conspiracy re-
quired for holographic universality. For a coherent hori-
zon, such conspiracies are consistent with causality by
construction, since the spheres all intersect the same null
surface, the inflationary horizon of the center.

F. Polar angles of intersecting horizons

To translate a bulk causal constraint into constraints
on universal angular correlations, we introduce a geomet-
rical construction to characterize polar angles of intersec-
tions of causal diamonds of different world lines.

The nested comoving causal diamond surfaces around
every world-line resemble a layered “onion” of concen-
tric 2-spheres that represent the locations of its frozen
horizon from different times during inflation. Consider
relationships of points A, B, C, each one associated with
its own layered onion. As shown in Figs. (6, 7), we focus
on particular relationships for which the center of A lies
on the B horizon, and the center of C lies on the A hori-
zon. These configurations are chosen because B spheres
bound information related to the center of A, while C'
spheres bound information related to the boundary of A.
Causal boundaries of angular correlations are defined by
intersections of ABC' causal diamonds, as a function of
polar angle from a common ABC axial direction.

Thus, causal constraints on C'(0) are governed by fam-
ilies of A, B, C' spheres along a single axis, with a com-
mon intersectional circle (Fig. 8). Denote the angles sub-
tended by the common circle with respect to the common
axis from each of the centers by 04,0p,0c. The comov-
ing radii as a function of angle are related by

RB = RA/2 COS(QA) (12)
and
RC = QRA COS(ec) = Q'R,A sin(GA/Z). (13)

The projected axial separations of centers from the circle
plane are

Pa=Racos(ba), (14)

Pp =Rpcos(0p) =R.acos(204)/2cos(64), (15)
and
Pc = Recos(0c) = 2R asin?(04/2). (16)

Scaling to a universal correlation on the A horizon,
we adopt the notation © instead of 64 to refer to the
angular separation. Each value of ©® maps onto comoving
freeze-out radii in units of R4, as shown in Fig. (9).
The inverses of these give the corresponding scale factor
where they match the A horizon. Scaled projections of
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FIG. 6. At left, a causal diagram shows the cylinder swept in time by a comoving sphere of world lines that bound a particular
causal diamond of A that ends at the end of inflation. Causal diamonds are shown for several other world lines Bi, B2, B3
along a single axis, for which A lies on their bounding surfaces; for these examples, Rg/Ra = .5,1 and 2. The surfaces bound
regions of space-time causally connected with A along the AB direction, and domains of angular correlations associated with
the polar angle of the intersection. At right, slices of their comoving 2D spherical bounding surfaces are shown at the end of
inflation. Dotted lines show angles of their circular intersections with the A sphere for special angles from the AB direction,
©=7/3 and © = 7/4.
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FIG. 7. At left, a causal diagram shows the inflationary horizon of a world line C' that lies on a spherical surface centered on
A, and bounding surfaces of some of its embedded causal diamonds. At right, slices of these comoving bounding surfaces are
shown at the end of inflation. The value of A on the A surface in the C' direction is causally connected with other points in the
shared interior of causal diamonds. The series of C' surfaces is shown on a linear scale, with constant logarithmic spacing in
factors of /2. The largest shown here, with Rc = 2R 4, is also the earliest to freeze out, and the largest to causally entangle
with angular correlations on the A surface. A similar sequence continues to smaller scales over the last ~ 60 e-foldings of
inflation.

intersecting circles onto B and C spheres along the polar Ps = cos(fp) = cos(20) (18)
axis are: Ri ’
and
Pa_ cos(0), (17) Pe _ cos(fc) = sin(©/2). (19)

Re



FIG. 8.

A section of three comoving sphe
their centers A, B, and C along a single axis.
angles 04, B,c, comoving radii Ra,B,c, and polar axis projec-

tions P4, p,c are shown for their common circular intersection,
shown as a dashed line. Each circular mean contributes to the
correlation function on A and B at angles 04 and 0 = 204
respectively with respect to the polar axis defined by AC.
The complementary angle 8z = m — 05 applies for an anti-
hemispherical, parity-reversed twin of B.

The projection P controls the relationship between po-
lar values and azimuthal circular averages, and hence the
angular correlation function. These angular relationships
form the basis of causal constraints on symmetries of

(o).

III. ANTIHEMISPHERICAL CAUSAL
CONSTRAINTS

A. Vanishing correlation in the information shadow

We now show that causality requires the angular cor-
relation of curvature on spheres at the end of inflation to
vanish over an antihemispherical interval of angles:

Ca(m/2 <O < 31/4) =0. (20)

The rationale for this exact symmetry is based on causal
constraints on information entangled among causal dia-
monds.

The classical scalar A refers to a scalar perturbation
on a classical background. For causal correlations on the
null surface of a horizon, quantum information about A
is directional in relation to the apex of a null cone. It
does not become a localized classical scalar until the end
of inflation, after which it becomes measurable.

Information, bounded by causality, produces correla-
tions inside causal diamonds. A radial null trajectory
that starts on the surface of a sphere at the moment its
radius matches the horizon arrives at the center only at
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FIG. 9. Comoving sizes of horizon radii Rapc and polar-

axis projections Pagc, as a function of polar angle ©. Units
are linear, relative to the freeze-out of the A horizon. On
this plot, the history of inflation maps onto the range of polar
angles 0 < © < 7 for observer A, and the curves represent
distances to the quantum-classical boundary where horizons
intersect. A sphere that freezes out at the end of inflation
has a radius ~ % on this scale if A matches the size of our
horizon. Shaded regions bound causally entangled informa-
tion that affects angular correlations. The two branches of
B also map onto complementary, twin B spheres in opposite
hemispheres, with opposite parities. An animated scan show-
ing a cross section of the spheres and their intersections over
time can be found at this hyperlink.

the end of inflation. The same is true for points on the
great circle normal to any polar direction: there is no op-
portunity for information from a plane tangent at a pole
to causally affect correlations of A on its great circles.
Since values of A on any great circle are independent of
polar values, it follows[25, 38, 39] that C'(7/2) = 0.

More generally, causal constraints on directional infor-
mation flow at © > 7/2 are bounded by colinear A, B,
and C horizon spheres (Fig. 8). Recall that B spheres
bound the flow of information to and from the center
of A, while C spheres bound the flow of information to
points on the boundary of A. The C spheres along the
ABC axis bound regions of entangled information for an
apex C' on the horizon of A, while the B spheres bound
regions of information in relation to the A center entan-
gled with the C axis. Comoving radii Rapc/Ra and
radial projections Papc/Pa of their intersections with
A, as a function of its angular radius (Fig. 9), define
causal boundaries of entangled information in the angu-
lar domain observed by A.

It is helpful to visualize constraints on information ar-
riving from any polar direction (say, from the top as in
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FIG. 10. A 3D view of frozen 2D horizon spheres at the end
of inflation, as in Fig. (4). The spheres shown are frozen hori-
zons that intersect at © = 37w /4, with a causal history shown
in Fig. (11). The geometrical significance of antihemispheri-
cal correlations is illustrated by gnomonic projection of circles
of the 2D celestial (horizon) sphere onto an antipolar tangent
plane in the emerged 3D space. The C' center lies on the polar
axis at the top in this figure, with © defined as indicated. The
lower hemisphere at © > 7/2 lies in an “information shadow”
where all of the information from the polar ® = 0 direction
(normal to an infinitely distant B-sphere horizon) has been
“absorbed” into the mean potential (A) of the A sphere when
it freezes out to its central value, as measured by an infinitely
distant observer in that hemisphere.

Fig. 10) as an “information shadow” in the opposite
hemisphere, at © > 7/2. In the emerged 3D space,
the potential “in the polar direction” refers to an in-
finitely distant B sphere whose horizon is an equatorial
plane. Relative to a very distant world line, correlations
at © > /2 are “absorbed” as coherent perturbations of
the whole A sphere.

Figure 9 includes curves for the two families of B
spheres, those from © < 7/2 and those from © > 7/2,
that lie in opposite hemispheres, along an axis defined
by C, with opposite signs of ’ﬁc . ﬁB at each Rp. For
a range of angles that is antihemispheric for both the A
and B spheres,

/2 <O <3n/4 < w>0p>7/2, (21)
the ABC intersection circle lies between A and B:
Rp > Pa. (22)

This condition defines the information shadow for an-
gular correlations. The correlation function is controlled
by information propagating in the axis direction that en-
tangles the AB centers with the ABC' intersection circle:
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FIG. 11. 4D view of causal structure of horizons for © =
3w /4, corresponding to the 3D arrangement in Fig. (10). The
upper plane is the end of inflation, and the fiducial polar
axis direction is at the left. The bold bars indicate the AB
intersection, a great circle on B with Rp = Pa. The range
m/2 < © < 37/4, where Rp > Pa, lies in the antihemisphere
for both A and B, so no axially correlated information reaches
their intersectional circle. At © > 3m/4, axial information
from the antipodal direction leads to negative correlation.
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FIG. 12. Axial slice through the ABC' horizon spheres for
© = 37/4 and © = w. Antihemispherical anticorrelation
arises at © > 37/4, where Rp < Pa. In this range of angles,
anticorrelation arises from axially correlated information al-
ready inside the A horizon surface when it freezes out.

Causal entanglement does not occur for antihemispher-
ical angles where the AB separation is larger than the
azial distance of A to the ABC' circle plane (Eq. 22),
so correlations exactly vanish for m/2 < © < 3w /4 (Eq.
20). A correlation function with this symmetry is com-
patible with any information arriving from Rp = oc;
correlations vanish for both A and B.



FIG. 13. Twin B horizons in opposite hemispheres of A asso-
ciated with angle ©. They share the same axis and the same
value of A¢, but have opposite parity with repect to A.

B. Antihemispherical anticorrelation

On the boundary of the shadow region at © = 37 /4,
a null signal can just reach the A center from the B
equator, which is also the AB intersection, by the end
of inflation. The 3D configuration is shown in Fig. (10),
and the causal diagram in Fig. (11). Inside the shadow,
there is no causal opportunity for entanglement to create
correlations.

Closer to the axis,

3r/d <O <7 + 72 >0p>0, (23)

causal bounds on information change. Here, in contrast
to the shadow condition (Eq. 22), we have

Rp < Pa. (24)

The A and B centers now lie on the same side of their in-
tersectional plane (Fig. 12), and 65 has wrapped around
so that it again has a value less than m/2, so it no
longer has an antihemispherical relationship to the in-
tersection circle. The AB separation is now less than
Pa, so nonzero causal correlations in the antipolar re-
gion can arise from azially correlated information that is
already inside the A horizon when its mean value freezes
to match the A center. In this range of angles, overlap
of A and B horizons allows directional information to
causally entangle among circum-antipolar directions.

The antihemispherical information is entirely internal,
so it gives rise to correlations with incident information
from the C direction only via coherent displacements of
A. Tt has purely odd parity, so it adds perturbation power
only in odd harmonic components. Moreover, this power
is added only on large angular scales, dominated by low-¢
harmonics.

These properties can be understood by examining in
more detail the ABC' causal entanglement in the anti-
hemisphere. For a given polar (C) direction and polar
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angle O, consider a pair of axially aligned B spheres,
one in each hemisphere (Fig. 13), with opposite signs of
750 - Pg. They have matched circular intersections with
A, one with polar angle © and the other with polar an-
gle m — ©. Their internal polar angles are g = 20 and
0 = —20, so they map onto the same circles around
the B pole, but with opposite parity.

The twin B spheres have a mirror-image relationship:
they face the A center from opposite directions along the
same polar axis, with the same Ae. Since their spatial
relationships with A and C are parity reversed, the in-
coming C-axis information contributes equal values with
opposite signs to the correlation function (Eq. 8) at ©
and m — ©. This adds purely odd parity perturbation
power to antihemispherical correlations induced on B.
Thus, the large-angle antihemispherical correlation func-
tion is negative definite,

C3n/4 <O <7)<0. (25)

In the angular spectrum, anticorrelation introduces
more overall perturbation power in negative parity (odd)
than positive parity (even) harmonics. Moreover, the an-
tihemispherical anticorrelations arise only from a limited
range of scale factors during inflation, close to the time
a horizon freezes out. Put another way, it arises from
ABC' entanglement at a time when all three horizons
have comparable size. In this range of angles, there is no
entanglement of A with much smaller or larger C' or B
horizons: for m > © > 37/4,

2> Re/Ra = 2sin(0/2) > 1.85 (26)
and
1/2 < Rp/Ra =|1/2cos(0)] < .71. (27)

Since there is no antihemispherical entanglement with
small-scale (R/R4 < 1) horizons, small-angle corre-
lations closely approximate the independent modes as-
sumed in the standard picture. The lack of fine-scale
structure in antihemispherical anticorrelation leads to an
odd/even spectral parity asymmetry dominated by low
values of £. As discussed below, this qualitative behavior
corresponds to one of the well-known anomalies found on
the real sky.

A more specific formulation of antihemispherical anti-
correlation is promoted below to a quantitative estimate
in the context of an approximate model function. We also
propose below a direct model-independent statistical test
that can include both of the angular-domain symmetries,
Egs. (20) and (25).

IV. HOLOGRAPHIC MODEL OF THE
ANGULAR CORRELATION FUNCTION

The exact causal symmetries of the angular correla-
tion function are hidden from direct tests by measure-



ment limitations, in particular the challenge of high-
fidelity subtraction of foreground emission at large an-
gular scales. For quantitative tests, we adopt a hy-
brid approach to study hidden symmetries, by construct-
ing an approximate holographic model C(©) that incor-
porates both causal relationships and symmetry con-
straints. This approach allows us to separate some
important physical signatures from measurement arti-
facts, and to compare predictions with measurements for
both the correlation function and the power spectrum.
The construction of the model also provides physical in-
sights into how 3D relationships emerge holographically,
particularly the relationships between spherical surfaces
around different world lines. We will refer to this specific
approximate model in the following as the “Holographic
Model” (HM), to distinguish it from the more general
(and exact) causally-coherent symmetries just discussed.

1. Dipole

Our local motion generates a temperature dipole
anisotropy, so the primordial dipole component cannot
be measured in practice. We will invoke symmetries to
choose a model from a family of functions that differ from
each other by a dipolar profile.

A pure dipole corresponds to an £ = 1 harmonic per-
turbation. From Eq. (9), a dipole aligned with the z axis
has the form

A(0) = ayg cos(b), (28)

where a1¢ is the harmonic coefficient and 6 is the polar
angle. From Eq. (10), it has a power spectrum compo-
nent

C1 = afy/3, (29)

and from Eq. (11), it produces an angular correlation
function
2

Cp(®) = %C’l cos(0) = % cos(0). (30)
The correlation function is directly measured only up

to this degeneracy. It can be written as a sum of the

dipole harmonic part, and all the higher harmonics:

C(0) = Cp—1(0) + Cr=1(0). (31)

The unmeasured-dipole contribution has a pure cosine
dependence, which we will parametrize using an over-
all normalization A2 and an intrinsic dipole parameter
ai,e=1:

Cr=1(0) = ay =123 cos(O). (32)

The value of the intrinsic dipole parameter aj —; is
determined physically from the relationship of perturba-
tions on a whole horizon with external directional infor-
mation; in this sense, it resembles, but is not the same as,
a classical peculiar velocity. It is related to the other con-
tributions Cy~1 by causal symmetries, which we exploit
below to constrain the model.
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2. Match to standard perturbations at small angles

On scales small compared to any horizon, the emer-
gent 3D power spectrum is the same as in standard in-
flationary cosmology: the perturbations in three dimen-
sions have a nearly constant scale-invariant variance per
e-folding of 3D wavenumber k:

d(A%)/dInk = —e, (33)

where |¢|] < 1. The 2D angular power spectrum of the
holographic model must agree with the expected spec-
trum in standard cosmology at © < 1 and £ > 1, where
the curvature of the horizon is negligible. That is, per-
turbations approximate standard plane-wave coherence
in the limit & > 1/R where a horizon of radius R is
nearly flat.

In the ABC sphere construction, perturbations at
small angles correspond to Re < R4, so that the A
horizon curvature is negligible. The spheres represented
by the smallest layers of a C' onion in a given direction
all have the same mean offset from A, so in the limit
of small angular separation, the curvature perturbation
is coherent over circular patches which share the polar
offsets of the C' centers from A.

As in standard inflation, each e-folding of R¢ con-
tributes about the same to the total variance, so in
the small-angle limit the logarithmic derivative of C(©)
should be approximately constant at small angles. The
form of the function at small angles must approximate

(dC/dInO©)e_o ~ A2dInR¢/dIn O, (34)

where A2 is fixed by matching the standard normaliza-
tion. As discussed below, it is straightforward to include
a linear correction for a slightly tilted spectrum (e # 0),
as is observed in the real universe.

3. Integral of dipole fluctuations

As seen above, correlations are governed by the
trigonometric projections (Egs. 17, 19 and 18), which
connect polar projections and radii of horizons to mea-
sured angles.

As a first approximation, consider a correlation func-
tion with angular derivative of the form

cos(20)

dCapc(©)
de ~ sin(©/2)° (35)

This expression can be interpreted physically as the ef-
fect of B-sphere dipoles projected onto A, fluctuating
by random values of C-sphere noise, Ax. The cos(20)
factor comes from the coherent angular pattern of cor-
related distortions on A and B (Eq. 18), the sin(©/2)
factor from the scale of C' (Eq. 19). The small-angle limit
of Eq.(35) agrees with Eq. (34); the small-scale behav-
ior, dominated by the denominator, arises from coherent
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FIG. 14. Functions used to construct a model correlation
function C(0) (Eq. 42), in natural units with A} = 1. The
parameters a1 and Fo used for Cg in this plot are fixed to
approximate the exact causal null symmetry (Eq. 20) at
T/2 < © < 3n/4.

displacements of nearly-independent C horizons on the
boundary of A.

Integrating the accumulation of fluctuations over con-
formal time during inflation (Fig. 9) is the same as inte-
gration of Eq. (35) over polar angle:

/2 cos(20)

Capc(0©) :/@ do sin(©/2) (36)

This function is shown in Fig. (14).

4. Entangled-dipole shape correction

With a dipole term o cos(0) added, Eq. (36) roughly
resembles the correlation function of the real sky. The
agreement is remarkably close at angles © < 7/4, but
it is not exact at larger angles. Indeed we expect that
the simple expression in Eq. (36) cannot be the whole
story, since it assumes that the quantum interiors of the
B and C spheres are independent of each other. A holo-
graphic correlation needs to include coherent entangle-
ment of causal diamonds on all scales, so overall consis-
tency with a universal function shape requires an angle-
dependent modification of the dipolar approximation.

To approximate this effect, we add an amplitude mod-
ulation to Eq. (36) that varies slowly with angle, to al-
low for an extra consistency constraint on the even-parity
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modes of B and C' spheres:
Capc — Cg =Capc(1+Tc+ F), (37)

which includes a small tilt correction 7¢(©) discussed be-
low, and a parameterized entangled-dipole correction of
the form

F(©) = Fpcos(20) sin(0/2), (38)

which is based on the B and C dipolar projection factors
(Eqs. 18 and 19). As discussed below (see Eq. 45), we
will fix the value of the shape parameter Fy = 0.45 to
approximate vanishing correlation at 7/2 < © < 37 /4.
This modification is shown in Fig. (14). The modifi-
cation is small below © ~ 7/4, but makes a measurable
difference on large angular scales. Notice that the zeros
of F are extrema of Cagc. In particular, the modifica-
tion vanishes at ©® = 7/4 and 37/4, the angles where
circular intersections with A are great circles on B.

5. Correction for tilted power spectrum

A truly universal C'(O) assumes exact scale-invariance,
that is, all of the spherical horizons are assumed to have
C(©) of the same form, determined entirely by trigono-
metric projections. However, in the slow-roll inflation-
ary background, the expansion rate and horizon radius
change slowly with time. This leads to a small logarith-
mic tilt correction that has a measurable effect at small
angles.

A simple first-order correction can allow for the fact
that the 3D power spectrum AZ%(k) has a spectral index
ng that differs slightly from unity. The deviation is char-
acterized by a tilt parameter €,

ng —1=dnA?/dInk = —e, (39)

which has a value € = 0.035 £ 0.004 measured by Planck
[9, 10], from a fit to the spectral index at ¢ > 30. We
model the effect of tilt as a slow variation of normaliza-
tion Ag with Peo:

5A}  dInA?

dInPe =~ —eln[Pc(0©)/Pc(m)].  (40)

Az T dInPc
Eq. (16) then leads to a linear correction,
SAZ
T(O) = —A—ge ~ 2¢In[sin(0/2)]. (41)

6. Model function family with parameters

The holographic model for the measured correlation
is obtained by including all of the above elements. The
complete family of functions can be written

C(0) = A} Cg + Ajay cos(©) (42)
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FIG. 15. The family of model functions (Eq. 42) for A =1,
Fo = .45, € = 0.035, and a range of values for the cosine co-
efficient, a;. The heavy curve reveals the approximate null
symmetry at 1 < © < 37/4 used to fix a1 and Fo for the
true function. The value a1 = a1y = .889 is taken to approxi-
mate the true function. For the observed correlation function,
antipodal parity symmetry at © = 7 fixes the value of the un-
measured dipole component at aiy,¢=1 = .178, and therefore

the value a1 = a1y — a1ve=1 = .711 is predicted to fit sky
maps.
where

Ce©)=Q1Q+T.+F)Capc (43)

A function from this family is fixed by four parameters,
a1, Fo, A%, and 7.. Some examples from this family of
functions are plotted in Fig. (15), for different values of
ai.

The two shape parameters a; and Fy are fixed below,
by constraining the model to agree with antihemispher-
ical causal symmetry. The normalization parameter A2
sets the overall scale of the function in physical units, and
must match the standard cosmological normalization at
small angles. Similarly, in a slow roll inflationary back-
ground, the tilt € must agree with the value measured
by Planck on small angular scales. (As in standard in-
flation, these parameters are determined physically from
the scale and rate of change of the inflationary horizon
in Planck units, as discussed in the Appendix.) The
function thereby provides a unique approximate model
of a universal large angle correlation function that can
be compared with data.
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7. Model fized by causal symmetry

The antihemispherical null symmetry (Eq. 20) for the
true universal correlation function cannot be exact for
the approximate function we have written down (Egs.
42, 43). Even so, it can be used to fix the two shape
parameters, a1y and JFq.

The value aq for the model universal function C can be
fixed by requiring Eq. (20) to hold exactly at one angle,

C(37/4) =0, (44)

which leads to a value a; = 0.889. At this angle,
F(3m/4) = 0 so this value is independent of Fy.

The parameter Fy controls the shape of Cp. It de-
scribes the effect of entangled B and C' dipoles, and serves
to flatten the shape of the model function so that it can
nearly vanish over 7/2 < © < 3w/4. It is not precisely
fixed, because the null is not exact over for this approxi-
mate function. However, it is closely constrained by min-
imizing |C(O)| over the range 7/2 < © < 3w /4: for Fy in
the range .448 < Fp < .454, we find

C(n/2 < © < 31/4)| < .005. (45)

The corresponding fractional variations in C over this
range are less than one percent, much smaller than
the differences between different foregrounds subtracted
maps of the sky. For the fits below, we adopt Fy =
.45. (A better approximation would include higher order
terms in powers of the cosine to agree better with Eq.
(20), but this is not needed to address current data.) To
this precision, antihemispherical causal symmetry leads
to a unique model for the universal function C, up to a
physical normalization and tilt.

8. Dipole fixed by exact antipodal parity symmetry

The coefficient a; includes the sum of the dipole term
a1,=1 and an integrated contribution from dipoles over
the history of inflation ai¢~1, which arises from Cg.
Thus, a fit to actual data still has an unknown param-
eter, the part of the cosine coefficient a; ¢—; that comes
from the unmeasured dipole harmonic.

If we posit an exact antipodal causal symmetry, we can
predict the invisible dipole correlation coefficient aqy/ ¢=1,
even without a fit to the data. The model and its dipole
are both then uniquely determined by symmetries, so
that we can fit the large-angle sky with only two pa-
rameters, the normalization and tilt, that are already
constrained at small scales.

The function Cg (Eq. 43), which represents the pro-
jected sum of BC dipole fluctuations on A, has an an-
tipodal value Cg(w) = 0.178, a net positive perturba-
tion power. That means that for a particular choice
a1 = 0.178, C vanishes at the antipode, © = 7 (see Fig.
15). We posit that this value corresponds exactly to the



amplitude of the true dipole component of C:
CE(W) = ngl(ﬂ'). (46)

This antipodal correlation reflects an exact parity rela-
tionship of total perturbation power: the net positive par-
ity perturbation from Cg is exvactly canceled by the £ =1
dipole of C.

This symmetry can be interpreted in terms of our pre-
vious causal argument based on the parity of internal,
unabsorbed polar information. The dipole of the univer-
sal function is determined by the external, “shadowed”
relationships of a horizon. The antipodal parity symme-
try (Eq. 46) relates the A dipole to all the other har-
monics on A that entangle with large C' spheres in the
antihemisphere. The correlation is then zero or negative
everywhere in the antihemisphere (Eqs. 20, 25), where
the C dipole is entangled only with odd-parity perturba-
tions on A.

Antipodal parity symmetry in this model requires an
unmeasured dipole with a cosine coefficient

a17g:1 =a; — CLLﬁt = .178. (47)

The a; for a fit to the sky data is thus predicted to be
a1.fit = 711,

9. Two-parameter holographic model to fit data

After imposing these exact causal symmetries, a fit of
the holographic model to a dipole-subtracted tempera-
ture anisotropy map has two parameters, the physical
normalization AZ and tilt parameter e:

C(O©) = A2 Cp + 0.711A2 cos(0), (48)
Crp(®) = (1+T. +F) Cagc, (49)
7.(0) = 2¢In[sin(©/2)], (50)

F = .45 cos(20) sin(0/2), (51)

cos(20)
sin(©/2)° (52)

90°
Capc = / do

e
The two parameters are not arbitrary: they must match
the amplitude and tilt of the standard inflationary
power spectrum, which are already tightly constrained
by Planck data at smaller angular scales ¢ > 30. In this
sense, the large angle correlation in this model is fixed:
once the small angle part is fitted, no independent free
parameters are available to adjust the shape of C'(0) at
angles larger than a few degrees.
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FIG. 16. The holograpic model function (Eq. 48), along
with the measured Commander correlation function. In the
holographic picture, all of the predicted positive correlation
at © > 90° is due to the absence of the unmeasured dipole.
100 random realizations of the standard model are shown for
comparison. Unlike the standard picture, the holographic cor-
relation model fits well in the angular domain over the whole
range of angles from © ~ 5° to © ~ 180°, with no need (or
opportunity) for cosmic variance to match the model. The
deviation from that model is attributed mostly to imperfect
foreground subtraction.

V. COMPARISON WITH DATA
A. Curvature and temperature perturbations

The pattern of curvature A(f,¢) on the sky does
not exactly follow the pattern of temperature anisotropy
dT(0,¢): on small angular scales, the Sachs-Wolfe ap-
proximation breaks down. On scales smaller than the
horizon at recombination, the pressure of the radiation-
baryon plasma creates acoustic waves whose velocity cre-
ates Doppler anisotropy, and whose compression and rar-
efaction modify the phase relationship of the scalar con-
tributions from local gravitational redshift and tempera-
ture perturbations[45, 46].

For this reason, we compare models and symmetries
with data only on angular scales well outside the hori-
zon at recombination, > 1°, where these effects lead to
deviations of less than a few percent. To this accuracy,
the Sachs-Wolfe approximation[12, 13] works well on the
scales we fit to the data, © > 5°. By the same token, the
model power spectrum should be a good approximation
up to ¢ ~ 20. For the current analysis, smaller scales
are accommodated in the fits where needed by smoothly
fitting to actual data at © < 5°. The model is a good
fit to the data (and to the standard model) at this scale,
so the matching works well. Since the new, exotic angu-
lar correlations are only significant at even larger scales,
O 2 20° and ¢ < 9, the interpolation between our model
and the standard approach is handled consistently, with
a significant region of common overlap.



Small departures from the Sachs-Wolfe approximation
due to the Integrated Sachs-Wolfe (ISW) effect[45, 46]
and cosmic reionization [10] are expected to modify C(©)
at large angles by less than the other measurement un-
certainties, and will be ignored here.

With these caveats and appropriate normalization, a
smoothed sky temperature map, measured at © 2 5°,
should have approximately the same angular correlation
function and power spectrum as a spherical slice of the
primordial potential, so they can be directly compared
(Fig. 16).

B. CMB Data at large angular scales

Two satellite experiments, WMAP and Planck, have
published the full-sky CMB maps and angular power
spectra at ¢ < 20 with galactic foregrounds removed.
These can be used to test the prediction of the holo-
graphic model and evaluate the relative likelihood of the
of the data given the Standard Model (SM) and the Holo-
graphic Model (HM) outlined above. We use the 6 pa-
rameter ACDM model with parameters values taken from
the Planck 2018 publication [11] as the SM because ad-
ditional parameters come into play only at smaller an-
gular scales than we are considering. This also avoids
concern about tension between experiments and cosmo-
logical models.

As already noted, the unmeasured dipole and errors in
foreground subtraction limit the strength of the compar-
ison of the relative probabilities. For the specific holo-
graphic model described above, we can use the exact
symmetry of the vanishing 2-point function in the range
90° < © < 135° to predict what the dipole should be.
Alternatively, we can allow for the addition of an arbi-
trary dipole amplitude and evaluate the residual symme-
try directly in a model-independent way. We use both
approaches here.

The residual galactic foregrounds are the overriding
limitation of the comparison of models and symmetries to
the data. For most cosmological studies, the information
constraining models is concentrated at ¢ > 20 where the
foreground subtraction is a much smaller problem. The 6
parameter SM fit is almost unaffected if ¢ < 20 data is not
included. For the HM, the large angular scales are key.
We therefore are constrained to work with the foreground
subtracted maps published by the satellite experiments.
Both satellite groups warn that the bias and uncertainty
of the foreground subtraction is difficult to quantify, es-
pecially at the largest angular scales. Neither group has
published an estimate of the foreground-subtracted map
pixel-pixel covariance, thus proscribing direct quantita-
tive likelihood comparisons with models.

The empirical approach considered here takes the
foreground-subtracted maps from both satellites and uses
the map and 2-point correlation function differences as a
measure of the likely uncertainty. This procedure, while
not statistically rigorous, allows quantitative estimates of
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relative liklihood. We use the average of three different
maps from the Planck team (Commander, SMICA and
NILC) [47], and the foreground subtracted map from the
WMAP team, ILC9 [3]. Differences between these maps
shown in Fig. (17) clearly show systematic errors due to
imperfect Galaxy subtraction. The fact that these tests
are sub-optimal is motivation for better large angular
scale foreground subtraction techniques and new data.

C. Angular 2-Point Function

The holographic hypothesis predicts exact values for
correlations at specific angles so the 2-point function is
the natural basis for comparing it to data.

Figure 16 shows a fit of the HM to the average 2-point
function of foreground-subtracted maps.The fit to the
model, (Eq. 48) is good overall but closer inspection
(Fig. 18) shows important differences. Apart from the
unmeasured dipole, the variation the 2-point functions
of the four maps varies approximately as much as the
difference between the model and the data, indicating
that systematic errors in this subtraction, clearly seen in
difference maps (Fig. 17), is an important limitation.

The HM fit has two parameters: an overall amplitude
A2, and the tilt parameter, e. The fit minimizes the
residual of the HM to the 2-point function from the map
evaluated every 1 degree in angle. These points have
a large off-diagonal terms in the map noise covariance
matrix. This is not being considered in this fit. The
probability of the data given the model can therefore
not be directly computed from this fit and this is the
object of future analysis. However, with this fit tech-
nique, the parameters vary by < 5% depending on which
foreground-subtracted map is used. Of the four maps we
considered, Commander has the smallest residuals to the
model. The 2-point function residuals of the four data
sets differ from each other by more than the Comman-
der residuals with the model. Therefore, further refine-
ment of the test awaits a better understanding of the
foregrounds.

D. Direct test of antihemispherical null correlation

With coherent inflationary horizons, null correlation at
90° < © < 135° could be an exact causal symmetry. Ac-
cording to this picture, if the intrinsic dipole were mea-
sured, the symmetry would have been obvious in mea-
surements of the CMB, as shown in Fig. (18).

The standard picture does not allow any such ex-
act symmetries, so an approximate null symmetry is re-
garded as a statistical fluke. Yet especially after allowing
for an unmeasured dipole, the correlation appears to be
remarkably close to zero over a significant range of angles,
90° < © < 135°.

As seen in Fig. 18, SM realizations seldom come close
to zero at 90°, and when they do, they tend to wander
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FIG. 17. Images of the difference between each sky map and the average of the maps, with higher contrast than Fig. (2), shows
the actual pattern of Galaxy-foreground model differences at © > 5° and ¢ < 30. The differences clearly show the imprint of an
imperfectly subtracted Galaxy model over a wide range of angular scales. In the angular domain, the fine-grained differences in
the large-scale pattern, organized mainly along the Galactic plane, create prominent differences between correlation functions

at C'(© > 120°), as seen in Fig. (18). Units are uK.

away quickly at other angles. Fig. 19 shows the corre-
lation for each dataset and one set of realizations, now
adding the dipole that optimizes match to the symmetry
for each realization.

The procedure followed to evaluate the relative prob-
ability of the SM and the HM is to carry out a fit for
the four measured 2-point functions, the HM and a large
number of 6-parameter SM realizations. For each map
or realization, the fit minimizes the squared residual
6C3y 135(Ai), which measures the departure from zero
of the 2-point function allowing for an additive dipole
component controlled by a single parameter A;:

135°
50920,135(Ai) = Z [C(ej) + 4 005(93‘)]2- (53)
©,=90°

Figure 20 shows the value of the residual for the four
maps and the HM as well as the distribution of residuals
for a large number of SM realizations.

The coherent-horizon hypothesis predicts that the null
symmetry is exact in the Sachs-Wolfe approximation. In
this scenario, any measured nonzero value 6Cogg 135 > 0
for a real-sky dataset above that of the expected mea-

surement noise must be attributed to foreground emis-
sion and systematic measurement error.

The standard picture does not obey any exact angular
symmetry. It predicts a cosmic variance in the angular
correlation, so a very close agreement with the symmetry
has to be a statistical fluke. The probability of that fluke
is shown by Fig. (20) to be less than 1% for the standard
model for all of the maps, and significantly less than that
for the SMICA map. As noted above, this limit is set by
the sky subtraction uncertainties demonstrated by the
variation in the four maps.

The differences between the foreground subtracted
maps is comparable to the residual from the holographic
model. Therefore, it is plausible that the true sky is com-
patible with holographic symmetry. The strength of the
comparison between holographic and standard models is
directly related to the quality of the foreground subtrac-
tion at these scales because of the exact nature of the
holographic prediction. The holographic hypothesis can
be falsified to higher accuracy with better control of the
large angular scale measurements.

Given the variations of the current data, it would be
premature to rule out either the standard picture or the
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FIG. 18. On the left, the Holographic Model (HM, Eq. 48) is shown together with correlation functions of maps, on an
expanded scale. The data are shown with the cosine contribution of an invisible dipole correlation (Egs. 32, 47) restored,
to compare with what holographic symmetry would predict if the dipole were measured. The differences between maps are
mainly due to the Galactic contamination, visible in Fig. (17). For comparison, on the right, 100 standard-model realizations
are shown on the same scale to show the range of cosmic variance typically expected in the standard picture.

150

SMICA  we |LC9
w— NILC

= = Holographic Model
—— Commander

100

-100 ' / ///
=i =
=

0 95 100 135

—150 +
9

FIG. 19. Measured and simulated correlation functions, after
addition of an unmeasured dipole contribution that minimizes
the difference from zero for each dataset over this range of an-
gles. Correlation functions of four maps are shown, as well as
200 random standard-model realizations. Very occasionally,
a dipole-corrected realization happens to lie as close to zero
as the actual sky across this range of angles.

holographic picture based on this test. A more precise,
direct, model-independent test of antihemispheric null
symmetry should be possible with better reconstruction
of the primordial potential, especially better Galaxy sub-
traction.

E. Angular Power Spectrum at low /

Comparing the HM with data in I-space has the advan-
tage that the data points have smaller covariance. How-
ever, the foreground subtraction model parameters and
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FIG. 20. Comparison of cumulative residual correlation
0C90,135 (Eq. 53) at 90° < © < 135°. Measured residuals are
shown for the four maps. For exact antihemispherical null
symmetry, the residual is predicted to vanish, which is ap-
proximated by the holographic model. The standard model
has no angular symmetry, so a significant departure is pre-
dicted from cosmic variance. The histogram shows the cumu-
lative probability of values for standard model realizations.
Less than one percent of standard model realizations come
as close to zero as any of the galaxy-subtracted maps. The
difference between the maps, which is an artifact of Galac-
tic subtraction errors, is comparable to their differences from
zero, consistent with the null hypothesis for the true CMB
sky.

the spatially non-uniform uncertainty in the maps corre-
lates the spectral points as well. In this initial look at the
relationship of the model with the foreground subtract
data, we have ignored the off-diagonal elements in the
spectrum covariance. On the left of Figure 21 is a low-I
spectrum showing the data from the four maps (points)
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FIG. 21. Comparison in the spectral domain of holographic and standard models with different maps. Data and model maps
were first smoothed with a 3° beam to reduce aliasing from higher harmonics, which suppresses the high-¢ power slightly
compared to Fig. (1). The holographic model approximately agrees with the standard expectation at £ > 9, with the notable
new feature that it reproduces the well-known excess of odd over even parity harmonics. As shown at the right, it is a much
better match to the data, especially the Commander map, at ¢ < 8. Differences between maps in the low-¢ harmonics, especially
at £ = 3,5,7, lead to the conspicuous differences at large angles apparent in the angular domain (Figs. 18 and 17), and are
comparable to the differences from the holographic model. The even-parity harmonics, where the maps agree best, also have

the smallest residuals.

and the average of the data (black line) as well as the SM
prediction (red line) and the HM prediction (blue line).
On the right are plotted the residuals for the average
measured spectrum from the SM and the HM. The error
bars on the HM residuals with the average spectrum show
the sample standard deviation of the spectra of the four
maps. Because of the covariance between points, this can
not be used to calculate a probability of the model. Also
plotted are the 1o cosmic variance predicted for the SM
and the residual of the HM with the Commander data.

As expected, the holographic model spectrum approx-
imately matches the standard expectation at £ 2 8. One
notable difference that survives at higher ¢ is the saw
tooth pattern, the excess of odd- over even-parity power.
We do not expect agreement at ¢ 2 30, due to Doppler
anisotropy and other physical effects that have been ig-
nored here.

The largest differences between the models occur at
2 < ¢ < 8. Again, this was expected from the symmetries
imposed in the angular domain: the exotic correlations
make a significant difference only at large angular scales.
Differences include the small value of the quadrupole, as
well as the specific apparently-conspiratorial pattern of
alternating odd and even harmonics that leads to the ex-
act angular symmetries. In this range, the holographic
model matches the data better than the standard sce-
nario. These low-£ differences are mainly responsible for
the cosmic variance between the C'(©) realizations seen

in the previous plots, even for for angular separations as
small as © ~ 5°.

As expected from angular domain fit, the holographic
spectrum agrees best with the Commander map. In the
standard scenario, the Cy’s are independent of each other,
so each one can be regarded as a separate measurement
for a comparison of models. For 2 < ¢ < 8, all of the
holographic residuals are much smaller than the standard
scenario (Fig. 21), which can be interpreted as evidence
of hidden holographic symmetry.

F. Interpretation of Previously Known Anomalies

As noted in the introduction, several well-known
anomalies in the pattern of anisotropy have received de-
tailed study, both by the satellite collaborations and by
other authors [17-24]. The main contribution here is to
interpret some of these anomalies as signatures of par-
ticular new fundamental physical symmetries. The true
holographic symmetries are hidden, but still leave con-
spicuous signatures on large angular scales. As shown
above, this physical interpretation leads to precise pre-
dictions that can be tested.

The most conspicuous symmetry, the near-vanishing
of correlation at © > 90°, has been conspicuous since
the first few years of COBE DMR data[14-16]. Higher-
resolution, less noisy maps by WMAP and Planck con-



firmed this property: the anomalous character of the
large angle correlations in relation to standard expec-
tations became more sharply revealed as the precision
of the measurement and Galactic foreground subtraction
improved [17-19]. In our scenario, the suppression of
large-angle correlation arises directly from the lack of
antihemispherical causality. The anomaly is even more
striking after allowing for the addition of an unmeasured
dipole.

The spectral domain also shows anomalous patterns.
The spectrum approximately matches the standard pic-
ture when averaged over a broad band of ¢, but has very
low quadrupole amplitude, and a systematic preference
for odd parity harmonics up to ¢ ~ 30, which maps onto
a negative antipodal correlation, C'(© — 180°) < 0. This
pattern was found in WMAP data [48-50], and confirmed
by Planck [18, 19]. Again, this feature can be explained
as a direct result of the antihemispherical antisymmetry
of causally-coherent correlations.

The correlation function on its own cannot explain
apparent anomalies in the shapes and alignments of
harmonics[20-24], or in hemispherical or dipolar asym-
metry of high-¢ power. These additional hidden correla-
tions involve not just spectral power (the Cy’s) but also
spectral phases (the agy’s). In principle, some of these
patterns might arise from higher order causally-coherent
correlations, but they are not studied here.

VI. CONCLUSION

The present study shows that the measured correla-
tion function of CMB temperature anisotropy has prop-
erties that can be interpreted as exact symmetries im-
posed by the causal structure of intersecting horizons. A
generalization of causal arguments that predict an exact
null correlation at ©® = 90° accounts for specific anoma-
lous correlations over a wide range of angles, including
a near vanishing value over a large range of angles and
anticorrelation at the largest angles. A simple geometri-
cal model, constrained by precise null symmetries, agrees
quantitatively with data. These results motivate further
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investigation of the possibility that the 2D angular corre-
lation function of primordial curvature may be governed
by causally-coherent quantum gravity.

Demonstration of an exact symmetry of the two-point
correlation function on large angular scales would have
a profound significance. Instead of being an uninter-
esting, anomalous fluke of random cosmic variance, the
large-scale pattern of anisotropy could carry unique, pre-
cise signatures of basic principles underlying holographic
quantum gravity. More precise tests of this possibility,
and of specific candidate holographic models and sym-
metries using CMB data, will require better control of
Galactic foregrounds. Because ground-based surveys suf-
fer from directional sampling bias due to limited spectral
coverage, incomplete sky coverage, and constrained scan
patterns, precision probes of holographic symmetries pro-
posed here add new motivation to the science case for a
next-generation CMB satellite. [51][52]
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VII. APPENDIX

The model of causally-coherent correlations presented
here does not address the deep problems of quantum
gravity and cosmology, such as the emergence of space-
time and locality, the extrapolation to the infinite time-
like past, and specification of the initial quantum state.
We have derived some constraints of coherent causal sym-
metries on late-time correlations without appeal to a
deeper theory, based on causal and directional relation-
ships between world lines in the emergent classical sys-
tem. Indeed, our treatment does not even use quantum
mechanics: it is based entirely on the trigonometric prop-
erties of intersecting 2-spheres in 3-space, the comoving
spherical “footprints” of causal diamonds at the end of
inflation.

However, the constraints derived here do require a radi-
cal modification of the standard quantum inflation model
in some regimes. Given the remarkable success of the
standard scenario in matching observations on angular
scales smaller than a few degrees, this Appendix is in-
cluded to summarize some physical and mathematical
reasons to consider such foundational modifications.
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A. Gravitational quantum coherence and locality

The basic framework of standard quantum inflation is
based on effective field theory. Quantum coherence is
assigned to comoving momentum eigenstates of a scalar
field coupled to a scalar gravitational potential. As the
cosmic expansion cools and eventually freezes the mode
oscillations, the standing waves convert into modes of a
classical metric perturbation.

This framework has been used for almost all quan-
tum models of inflation. However, it may not be the
correct model of physical quantum gravity. In addi-
tion to widely-studied UV difficulties of effective field
theory beyond the Planck scale, often addressed using
string theory, gravity creates infrared constraints[54—56]
on field states, a sign that quantum-gravitational cor-
relations on macroscopic scales are not included in the
standard framework. Effective field theory uses approxi-
mations that do not fully account for the effects of nonlo-
cal quantum coherence on correlations of measurements
that compare the physical effects of gravity at spacelike
separations in different directions. This coherence has a
negligible effect on current laboratory measurements, but
makes a significant difference for gravitational effects of
vacuum fluctuations.

The framework for quantum inflation developed here
is based on principles derived from the requirement that
quantum states are compatible with classical relativistic
invariance and invariant causal structure. First, quantum
states underlying the matter-geometry system (and the
origin of locality) are coherent on null surfaces. And, in
particular, reduction of the quantum states of the coupled
matter-geometry system occurs on invariant null sur-
faces, so that quantum collapse correlates a light cone
state with a classical scalar localized at its apex. Geo-
metrical properties of quantum coherence then guarantee
that collapse of a particle state to a definite location in
space and time always produces a classical geometry con-
sistent with its mass-energy in that location. A quantum
matter state creates coherent gravitational correlations
everywhere in a causal diamond emanating from where a
state is prepared.

Considerations of such a general nature have motivated
previous holographic theories of quantum gravity based
on coherent quantum states of covariant causal diamonds
[26-31]. Causality and holographic scaling[57-59] are
also built into semiclassical thermodynamic or entropic
theories[60-63] where classical space-time emerges sta-
tistically, in a continuous fluid approximation, from an
ensemble of covariant null surfaces. The inflation model
developed here assumes the same kind of coherent null
holographic boundary adopted in these proposals: the
scalar potential perturbation at a point is assumed to
depend on the quantum state of its past null cone.

These proposals address a basic unsolved problem in
quantum gravity, the physical origin of locality. It is
not known how a classical localized scalar gravitational
potential emerges from a nonlocal quantum system. In
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standard quantum mechanics, preparation and measure-
ment of states is causal, even in spooky “acausal” sys-
tems such as EPR [32, 33]. Time ordering of spacelike-
separated events depends on observer motion, so col-
lapse of a quantum state onto spacelike surfaces im-
plies an unacceptable observer dependence of physical
effects[34]. Quantum coherence of geometrical causal
structures, such as horizons and causal diamonds, is
needed to avoid apparent paradoxes of causality asso-
ciated with active gravity of nonlocal quanta. The quan-
tum state of an apparatus that makes a macroscopic mea-
surement of geometry— such as a comparison of clocks at
spacelike separations in different directions, or a compar-
ison of potential differences on an inflationary horizon—
must be a coherent, Schrodinger-cat-like superposition of
possible outcomes, each one entangled with the coherent
geometrical state of the space-time it inhabits. The non-
local state of the geometry encompasses the whole causal
diamond of the measurement.

Coherent, holographic or emergent quantum gravity
has been studied in various forms over many decades[64—
66]. Holography and coherent horizons have been studied
for flat space-time[31, 67, 68], where it might have exper-
imental consequences[69, 70]; for black holes [42-44, 71—
74], where nonlocal entropy and entanglement can ad-
dress so-called information paradoxes; for early-universe
cosmology[26—29], where coherence might resolve para-
doxes associated with initial conditions; for the gravita-
tional effect of field vacuum states, where it might explain
famously wrong predictions for the value of the cosmo-
logical constant[75, 76]; and extensively in the context
of anti-de Sitter space[77, 78], where a rigid classical in-
frared boundary condition provides precise control for
studies of holographic quantum states.

In spite of much formal progress in theory, there is no
broad community consensus about physical consequences
of holographic causal coherence in quantum gravity. The
phenomenology of coherent geometrical fluctuations on
horizons and causal diamonds is still an active area of
study, with widely varying predictions.

B. Coherent gravitational fluctuations of horizons

1. Universal 2D spectrum of coherent gravitational shock
waves from particle decays

In the standard scenario, quantization of modes in
orthogonal directions occurs independently. In the
causally-coherent scenario, gravitational effects on space-
time in all directions remain entangled as part of a single
coherent, quantum system until the state of a causal di-
amond collapses. The physical effect of this directional
quantum-geometrical coherence can be calculated in a
simple system[41]: a point particle of mass M at rest de-
cays into two null particles, and their gravitational effect
far from the decay axis is measured by clocks, observed
from the world line of the body where the decay happens
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(see Fig. 22).

The linear solution for the classical metric of this sys-
tem is described in ref. [41]. The classical geometry a
time ¢ after the decay is a discontinuous spherical null
shock wave that separates an exterior Schwarzchild met-
ric at R > ct from an interior flat space-time at R < ct.
The anisotropic gravitational field on the shock wave
varies coherently on the scale of the light cone, R = ct.

The geometrical distortion of the shock wave leads to
a coherent large-angle anisotropic distortion in the ge-
ometry. It can be measured by an observer at the origin
who compares the differences d7 in elapsed time inter-
vals 7 on clocks at radius R < ct in different directions.
Far from the particle decay axis, the angular spectrum is
dominated by ¢ = 2 quadrupolar harmonic components,
whose typical values as,, are

Ap—y = (07/7)p=2 ~ GM /7>, (54)

Consider a superposition of gravitational distortions
from many decays. Each decay has a different orien-
tation, so that spherical harmonic distortion coefficients
agm from each decay pattern A(6,¢); differ. However,
the pattern from each decay is the same, and it is
the same at all separations apart from a normalization.
Thus, an arbitrary sequence of decays produces a uni-
versal 2D power spectrum of distortions. The variation
from N decays add in quadrature; for example, the typ-
ical quadrupole variation is of order

Ay ~ NY2GM /73, (55)

Gravitational distortions with this amplitude on a space-
like sphere of radius R are generated by randomly ori-
ented decays, up to a maximum number

N = Npy = *R/2GM (56)

where a black hole forms.

The macroscopic directional coherence of geometrical
states makes an enormous difference to both the nature
and the amplitude of purely geometrical quantum fluc-
tuations [38, 39]. Gravitational time distortions of vir-
tual states are dominated by the most massive, shortest
wavelength particle states. For a UV cut off at the Planck
length ctp, the quadrupolar quantum-geometrical distor-
tions on a timescale 7 are given by Eqs. (55, 56) with

M = Mpianck = \Y hC/G:
Apeg ~O0R/R ~ 67 /T ~ \/tp/T, (57)

similar to estimates derived from holographic gravity in
flat space [31, 67, 68, 78], but much larger than estimates
from effective field theory.

2. Ezxtrapolation to horizon fluctuations

The decaying-particle system is based on perturbation
of a flat space-time, but it can be continuously extrapo-
lated to estimate coherent fluctuations of solutions with
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FIG. 22. The space-time structure of the gravitational shock wave from decay of a massive particle into two null point particles,
and its effects on measurements of anisotropic time distortions, adapted from ref. [41]. The effect of the particle’s gravity is
to “drag” the space-time along with it on the null trajectory, causing an instantaneous displacement in time and velocity, with
a decay axis shown by the solid trajectory in space-time (left) and in space (right). The causal diamond at the left shows the
outgoing particle, and inward-propagating null paths from clocks at radius R = ct observed from the origin at time t = 2R/c
after the decay. The right panel shows a spatial slice at one time as the particle passes radius R. The displacement §7 on the
clock faces shows the gravitational distortion of time on the causal diamond surface. The spatial structure of the distortion
varies coherently on the macroscopic scale R of the causal diamond. The quantum state of the geometry has the same spatial
coherence as this classical solution. For an isotropic, S-wave decay, the geometry remains in an isotropic, delocalized coherent
superposition of all possible orientation states up to the duration 7 of the measured causal diamond; one such state in the
superposition, a Schrédinger-cat-like alternative macroscopic geometrical history, is shown by the dotted trajectory and the
ghostly clock faces. Gravity nonlocally entangles quantum states that describe the distribution of matter and geometry in all

directions within the radius R of the causal diamond.

physical horizons, such as black holes and inflationary
cosmologies. Suppose that the outgoing null trajectories
of the decaying particles are time-reversed, so photons ar-
rive from infinity at a point in the center. For N = Npg,
they form a black hole of radius R. By continuity, the
large-scale angular distortions of the spherical-shock so-
lution should also apply to the black hole. The fractional
distortion (Eq. 57) for N = Npp then serves as an esti-
mate of quantum-gravitational distortions of black hole
horizons.

For black holes, these distortions are associated with
the radiation of the particles by Hawking evaporation: a
typical evaporating particle is associated with a macro-
scopic distortion A ~ Gmp/7c3, where mp = \/hc/G is
the Planck mass. For gravitational radiation, the same
magnitude for the horizon distortions is also estimated
from the correspondence principle: if the quantum state
of a black-hole geometry corresponds to a coherent su-
perposition of consistent classical solutions, gravitational
radiation from a black hole of radius R is emitted at the
Hawking rate, one quantum of energy ~ he/R in a time
~ R/c. To radiate gravitational radiation with this fre-
quency and amplitude, the classical quadrupole radiation
formula requires distortions of the horizon of the same
magnitude,

(6R/R)¢—s ~ \/ctp/R. (58)

As viewed from outside the horizon, particle states in a
coherent model interact with a whole horizon as a single

quantum object[42—-44, 71, 72]. The classical trajectories
of all incoming particles are focused onto the singularity
after they enter the horizon, but in the quantum system
they are nonlocally entangled with the geometry every-
where within the horizon. A classical black hole horizon
scrambles orbits of incoming photons with a wide range
of orbital parameters, including impact parameters up
to ~ R, over a wide range of arrival times; an incom-
ing null orbit at any point can have arrived from far
away from many different directions and times. Simi-
larly, a quantum horizon nonlocally fast-scrambles and
entangles quantum states arriving from or radiating into
all directions, and over a wide range of elapsed times
7 ~ tp(R/ctp)® > R/c (the evaporation or Page time)
in the distant frame.

Quanta of any kind, not just gravitons, generate sim-
ilar gravitational distortions. The correlations on the
black hole horizon are encoded in the correlations of its
evaporative decay products far from the hole. As dis-
cussed previously, a universal 2D power spectrum of dis-
tortions is consistent with holographic information con-
tent.

Several formal arguments[31] suggest that large-angle,
coherent distortions of similar magnitude to Eqgs. (57, 58)
occur on de Sitter horizons. By extension, they should
also occur on inflationary horizons, where R = ¢ is the
horizon radius and H = 1/7 is the expansion rate during
slow roll. The assumption in this paper that is that after
inflation, the nonlocal spacelike distortions of curvature
on the quantum horizon become directly measurable as



cosmic perturbations.

In contrast to these examples, the framework of lin-
earized quantum gravity and effective field theory[79-81]
used in standard inflation produces scalar curvature fluc-
tuations that scale as

A ~ctp/R, (59)

much smaller than Eqs. (57, 58). In a black hole, this is
the typical amplitude of metric distortions for the quanta
of Hawking radiation, not the classical horizon distortion
needed to radiate them. For scalar inflationary fluctua-
tions, which describe the gravitational response to virtual
inflaton fluctuations, this value is multiplied by an addi-
tional factor that depends on the slope of the inflaton
potential. By contrast, coherent geometrical fluctuations
(Eq. 57) just depend on the Planck-scale cutoff and the
horizon size.

From a formal point of view, it is not really a mystery
why there is such a big difference between these models: a
more coherent geometry results in more coherent pertur-
bations. A particle wave packet in the standard picture is
only coherent in one direction, so broad band, transverse
components of many modes cancel. While standard cos-
mology has long adopted this approach, it is not known
which (if either) model of quantum-gravitational coher-
ence is physically correct.

C. Coherence of inflationary perturbations

1. Causally-coherent and standard quantum models of
perturbations

Standard inflation and causally-coherent inflation start
with the same basic classical framework, a homogeneous
slow-roll inflation solution of general relativity. They
both consider perturbations from this framework formed
by quantum fluctuations. The difference between them
lies in the model for the space-time coherence of the quan-
tum states. In the standard model, the quantum states
are coherent on spacelike comoving plane wave modes. In
the causally-coherent model, the quantum states are co-
herent on null surfaces, the inflationary horizons of every
comoving observer.

In both the causally-coherent and standard pictures,
the local scalar curvature perturbation at any point is not
determined classically until the end of inflation. Its value
relative to other places freezes out at different times,
depending on wavelength or location. In the standard
picture, it freezes out as mode amplitudes on coherent
spacelike surfaces, with a coherent relationship that ex-
tends acausally out to spatial infinity for each mode when
its wavelength matches the horizon size; for large wave-
lengths, the final classical mode amplitude and phase are
fixed early. In the causally-coherent picture, quantum
states are coherent on null surfaces, the light cones that
uniquely map to the local curvature on each world line
at the end of inflation; the quantities that fix early are
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the mean values of A on comoving spheres, frozen when
they pass through a horizon.

Coherent quantum gravity creates correlations among
all directions and on all spatial scales, as shown in the
decaying-particle system (Fig. 22). During inflation, the
phase of the quantum state that ultimately sets the final
value of the scalar curvature at any point is determined
by information from all directions on the past light cone
of that point. This directional coherence is not accounted
for by the independently-quantized coherent field modes
used for inflation. Indeed, it appears to disagree with
properties of local effective field theory, such as separa-
tion of scales and independence of orthogonal directions.

2. Coherence in the standard inflation model

As illustrated by the decaying-particle example, the
classical gravitational potential of mass is not distributed
like the mass itself: the gravitational time dilation effect
of a point mass extends coherently through all of space.
By contrast, for linear perturbations, the spatial distri-
bution of a mass perturbation matches its scalar poten-
tial perturbation. Apparently, an effective field theory
of scalar curvature only approximates active gravity in
the limit of small angles or high wavenumbers, that is,
in a causal diamond of size R > k~!. This restriction is
an example of the gravitational IR constraints on states
discussed above.

The critical assumption about coherence in the stan-
dard scenario arises from the promotion of a classical
scalar mode to a quantized scalar mode. Fluctuations
of the scalar potential A(E) are connected to the fluctu-
ations of the inflaton scalar ¢(l;) by classical relations,
with the same comoving spatial structure. To quantize
the system, a classical mode amplitude wuj; is identified
with a quantum operator :

up — iy = wg(n)ag + u_p(n)a' . (60)
where standard raising and lowering operators obey the
noncommuting algebra of a simple harmonic oscillator,

—

lag,a’ ] = (2m)%6(k — k') (61)
with an initial state defined by a field vacuum,
agl0) = 0. (62)

In its lowest-energy or ground state, the wave func-
tion of a harmonic oscillator amplitude has a finite width
around zero. Thus in its vacuum state, the field ampli-
tude has vanishing mean but nonvanishing variance. For
each oscillator, zero-point fluctuations of field amplitude
correspond to virtual particles of energy 6E = hw/2 at
frequency w and physical wavenumber k = w/c. Solving
the dynamical equations for comoving modes of the field
shows that the quantum fluctuations of amplitude freeze
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freeze-out

2nlkg

quéntum regrion for A(kB)

FIG. 23. Conformal causal diagram of standard inflation as in Fig.

for A(kg)

info:rmation affecting A(D)

(3), showing acausality of perturbations in standard

quantum inflation. A mode of wavelength 27 /kp freezes out with a classical amplitude A(EB) determined by its initial phase.

The classical amplitude determines the value of A(EB) for world lines arbitrarily far away, even those such as D that are out

of causal contact. Moreover, modes of all k with k normal to AD contribute coherently to A(A) and A(D) at arbitrarily large

separations AD.

to a definite value when the frequency goes below the ex-
pansion rate, the inverse of the horizon scale. The final
classical amplitude of a mode when it freezes out is fixed
by the quantum phase, which is coherent everywhere on
an infinite surface of constant conformal time 7.

This kind of quantum state does not collapse in a
causally coherent way. For example, it does not produce
large-angle correlations in causal macroscopic superpo-
sitions of position states, like the system shown in Fig.
(22). For that system, the quantum state of the geo-
metrical time distortion 7 on a sphere is an entangled
superposition of field modes in all directions. The state
collapses coherently on a light cone from its center, not
on infinite surfaces of constant time.

The spatial coherence assumed in Eq. (60) creates
acausal correlations of () at large separations, as shown
in Fig. (23). The quantization procedure quietly imports
an unphysical, acausal coherence from the unperturbed
background that extends to infinity, but affects local mea-
surements. It preserves the spatial structure of a comov-
ing standing wave mode, so it constrains coherent phases
for the counterpropagating wave components everywhere
on a spacelike hypersurface. It preserves the phase infor-
mation introduced by the initial vacuum state, and does
not allow for causally entangled quantum phase noise of
transverse directions to affect the measurement outcome.

3. Observer dependence of 3D spectral decomposition

A delocalized quantum system becomes “classical”
only when it is measured at a particular place, while a
perturbation mode of classical scalar curvature is defined
only in relation to a background defined by a spatially
infinite system. The two scalar perturbation fields ¢(Z)
and A(Z) must have the same observable linearized clas-
sical spatial structure at the end of inflation, but the
transform that uniquely connects A(Z) to A(k) depends
on an integral that extends to spatial infinity, which is
not part of the quantum system, and is not measurable.
Different spectral decompositions A(E) can describe iden-
tical observable differences of A(Z) in any finite region.
Thus, there can be an observer dependence to the 3D
spectral decomposition, which is not a property of stan-
dard quantum inflation.

In the causally-coherent picture, different observers in-
fer different decompositions into 3D modes to describe
the same distribution of A(Z) over the finite region of
space where their horizons overlap. The quantum entan-
glement of their horizons occurs while the geometrical
states are not yet localized scalars, so there is never a
physically observable contradiction between actual ob-
servables, or with causality. In the standard picture, a
well-defined universal spectral decomposition or realiza-
tion is achieved by inserting acausal correlations at the
beginning, in the initial conditions of coherent infinite



plane wave modes.

4. Interferometer analogy

In real physical systems, nonlocal quantized states of
fields depend on their directional correlations over the
whole space-time volume of a measurement[82, 83]. The
decomposition in Eq. (60) is well suited for analyzing
particle collisions and tracks, but not for coherent states
delocalized over a macroscopic volume. For example,
consider the state of quantized light fields in a Michelson
interferometer [82, 83]: when the beamsplitting element
is included to mix coherent states in different directions,
photon-number eigenstates are macroscopically delocal-
ized along two directions in a plane. “Squeezing” of these
states to reduce quantum noise in an interferometer sig-
nal, now a staple of LIGO technology, depends on the in-
jection of vacuum fluctuations with controlled phase into
the dark port[84]; there is nonlocal spacelike macroscopic
entanglement of field modes in different directions with
an entire apparatus. Similarly, the phase of zero-point
fluctuations of a field vacuum at any point is determined
by information from all directions on its past light cone:
the nonlocal quantum states of inflationary horizons en-
tangle information from all directions.

5. Black hole analogy

Causally-coherent inflation resembles a coherent quan-
tum black hole. The analog of an inflationary perturba-
tion is the back-reaction on a black hole horizon from
Hawking radiation. Viewed from outside, the coherent
quantum horizon acts like an atom— a single, delocalized
quantum object[42-44, 71, 72]. As noted above, this de-
localization of quantum information— or more precisely,
its localization to horizons and other null surfaces asso-
ciated with a measurement of a state— is likely the key
to solving black hole information paradoxes.

The same idea applies to horizons in de Sitter
space[31], and by extension to the inflationary horizon. A
coherent quantum horizon completely represents the rela-
tionship of a black hole to an outside observer. Similarly
in our model of causally-coherent inflation, the interior
of an observer’s horizon is not part of the perturbation
model: the classical concept of space-time locality melts
away for quantum fluctuations of A inside the inflation-
ary horizon. Until the end of inflation, the curvature
perturbation is nonlocal, observer-dependent and inde-
terminate.

6. Extrapolation to past timelike infinity

Standard quantum inflation allows extrapolation of
quantum fields on a classical background indefinitely to
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small scales and into the far past on any world line, pos-
sibly even to a larger, eternal multiverse[85, 86]. Quan-
tum states of local field patches are localized on trajec-
tories of proper comoving time, rather than causal di-
amonds. This model of locality can lead to conceptual
paradoxes|[87].

The proposed holographic resolution to both cosmo-
logical and black hole information paradoxes is a causal
entanglement of nonlocal quantum states. In causally-
coherent cosmology, a deeper quantum theory of geome-
try is still needed to address how space and time emerge
in the interiors of the causal diamonds[26-31], and to
specify the initial quantum state[40, 88, 89].

7. Statistical isotropy

An important symmetry of standard inflation, often
called “statistical isotropy,” is the hypothesis that 3D
mode amplitudes only depend on k£ and not on direction,
E/k. As a result, the spectral coefficients ay, are statis-
tically independent. This property is not a symmetry of
the sky, but of the model: the statistical independence
refers to independent realizations.

The causally-coherent picture also does not define any
physically preferred direction in space, since by construc-
tion, it has the same causal symmetries as relativity. In
this sense, it is also statistically isotropic. However, be-
cause it has universal symmetries in the angular domain
that apply to any realization, the as;,’s are no longer
independent of each other, and the A(k)’s are only in-
dependent of each other to a good approximation for
k> R~', where R is the size of any spatial volume. As
in standard inflation, isotropy is spontaneously broken
for a finite part of any realization. For example, pertur-
bations on any sphere define a preferred axis, that of its
intrinsic dipole. In our scenario, the large-angle unifor-
mity of the sky and the near-flatness of the universe as
a whole ultimately derive from an underlying universal
holographic symmetry of the quantum system[90].

D. Homogeneous classical inflation

A standard inflation model[l, 2] is assumed through-
out this paper for the classical background cosmology
that defines the causal relationships between world lines.
The model of mass-energy is a spatially uniform classi-
cal (that is, unquantized) inflaton field, with dimension
of mass and vacuum expectation value ¢(t), where t is
a standard FRW time coordinate. In standard notation
where i = ¢ = 1, the expansion rate H and cosmic scale
factor a evolve according to classical general relativity
and thermodynamics,

H(t) = (a/a)® = 8nG/3)(V(9) +6°/2),  (63)



where the evolution of the inflaton depends on the po-
tential V' (¢) via

b+3Hp+V' =0, (64)

and V' = dV/d¢. For slow roll inflation, the first term
is negligible and the system evolves with slowly-varying
values of H, ¢, and V', related by

3H¢ ~ -V, (65)

which produces a nearly-exponential expansion. About
60 e-foldings of a after the currently observable volume
of the universe matches the scale ¢/H of the inflationary
horizon, inflation ends, and the inflaton energy subse-
quently “reheats” with the conversion of V' (¢) to thermal
matter. This background solution provides the global
definition of surfaces of constant unperturbed cosmic
time on comoving world lines.

E. Background parameters in a holographic model

The slow-roll background solution assumed for infla-
tion here is identical to the standard picture. How-
ever, the values of parameters of the background cos-
mology during inflation, which determine the amplitude
and spectral tilt of causally-coherent perturbations, are
not the same as in the standard picture.

As an example, let us evaluate the constraints on V(¢)
for a model of causally-coherent uncertainty[38, 39] where
the perturbation power per e-folding is given by the
causal diamond radius in Planck units:

A? = d(A?)/dInt = aHtp, (66)

where « is a factor of order unity. This estimate applies
to causally-coherent states of a causal diamond that in-
clude a coherent superposition of all directional states.
The linear dependence on Htp is different from (and gen-
erally larger than) standard perturbations, which scale
like (Htp)?. Unlike standard inflaton-driven perturba-
tions, (A2) does not depend on the slope of V, only on
its value.

Let ¢¢ denote the value of ¢ when the measured co-
moving scales, comparable to the current Hubble length,
match the inflationary horizon. From Eq. (63),

A? = a(87Gt% /32 V()2 (67)
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The measured value[6, 10] A% = Ag = 2 x 107Y implies
an equivalent temperature or particle energy,

Vot~ a7 V2(3/8m) A mpc? ~ 3 x 10%GeV, (68)

where mp = (/hic/G. This is a somewhat lower value
than in many standard inflation models, although still
consistent with the idea of inflation at grand unification.

As in standard inflation, the value of H is not constant
during inflation, but varies slowly, according to Egs. (63)
and (64), with a spectrum described by a spectral index
ns: A% o< k™s~1. In the causally-coherent scenario, the
tilt in the spectrum,

_ dlnAi _ dln H

ns —l1=—€="Tk T dmk’ (69)
is related to the potential by
e=(V//V)2(167G)~ 1. (70)

Egs. (69) and (70) imply that the measured tilt depends
only on V'/V at the epoch when a scale passes through
the horizon. The measured value [9, 10] 1 —ng = 0.035+
0.004 constrains its logarithmic slope to be close to the
inverse Planck mass:

|4 V16me 1 (1—ng 1/2
(v>¢ mp S2mp (0.035) (71)

As usual, sufficient inflation to reach the current scale
of the universe requires N ~ 60 e-foldings since ¢ = ¢y,
depending on reheating and subsequent evolution. In the
slow roll approximation,

|6/¢lsy ~ H(0)/N. (72)

Combination of Egs. (63), (65), (71) and (72) leads to
a lower limit on the range in ¢ covered during inflation:

N (V' N (1-ng\"?
Sp>— | — 4 ~3.1 — . (73
¢ 8w<v>¢om” me 60<0.035> (73)

It is not trivial for a potential to satisfy experimen-
tal constraints on both N and ng. Because the rela-
tion between A? and e differs from the standard picture,
slow-roll potentials preferred in the causally-coherent sce-
nario are strongly excluded for standard models, and wvice
versa. To choose one example that does work for the
causally-coherent scenario, a potential of the simple form

V = constant x ¢, (74)

fits current measurements with N =59 + 7. A potential
of this form is now ruled out for standard inflation[11].



