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Quantum systems, entanglement, and correlations

Whole quantum system =  superposition of states 
Every subsystem of a whole is entangled with every other 

A measurement  of one subsystem affects the state of others 
The observer is also part of the system 

Theory only predicts correlations among observables 
Specific outcomes are “indeterminate” 
Nothing happens at a definite place or time: no “locality” 
(“spooky” outcomes still obey causality: no magic signals) 
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entangled subsystems: cat and poison
state of the cat subsystem
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Classical space-time and quantum matter
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Classical space-time is continuous, observer independent, deterministic, 
and based on locally defined quantities 

It couples to  quantum mass-energy with quantized action, observer-
dependent states, indeterminacy, and nonlocality 

Nobody knows how this works 

Maybe space-time emerges from a quantum system at a deeper level 
Deep degrees of freedom are not fields, particles or waves 
Gravity = excited states of those deep degrees of freedom 
Space-time positional relationships are quantum observables 

Correlations of quantum geometry might be accessible to real experiments
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Quantum gravity happens at the Planck scale

ħ reduced Planck constant from quantum mechanics
c speed of light from special relativity 
G gravitational constant from general relativity
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At the Planck length, single quanta = black holes 

Smaller lengths are impossible 

What happens to the “local” inertial frame?
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Exotic Rotational Correlations in Quantum Geometry

Craig Hogan
University of Chicago and Fermilab Center for Particle Astrophysics

Estimates are presented of correlated large scale rotational fluctuations in a flat space-time as-
sembled from noncommuting quantum elements at the Planck length lP . They are visualized as
“quantum twists of space” about any observer: the orientation of a nonrotating inertial frame at
separation R fluctuates relative to more distant space at an angular rate ! with vanishing mean,
but with an exotic variance h!2i ⇡ c2lPR

�3 on a timescale ⇡ R/c. It is shown that the expected
exotic centrifugal acceleration matches observed cosmic acceleration on the scale where rotational
displacement matches the strong interaction scale.

It seems unavoidable that new exotic quantum cor-
relations, not present in a continuous, infinitely divisi-
ble space-time, should occur if geometry emerges from a
quantum system at the scale of the Planck length

lP ⌘ ctP ⌘
p
~G/c3

, as generally occurs in theories of quantum gravity.
However, in the extensive literature on quantum exten-
sions of general relativity[1–4], there is no generally ac-
cepted model of exotic geometrical correlations.

Exotic correlations are not generally confined to the
Planck scale. Large scale quantum gravitational correla-
tions are negligible in standard field theory, or in theo-
ries of its ultraviolet completion, such as string theory[5].
However, that feature could be an artifact of the ap-
proximations used to quantize fields on a classical back-
ground. General arguments[6–8] suggest that quantum
geometry a↵ects large systems, even in flat space-time,
much more than field theory predicts— with a reduced
information content that scales holographically, like the
square, rather than the cube of the system size— but the
nature of this modification is not known.

Arguments sketched here, from extrapolation of quan-
tum mechanics and gravity, show that the inertial frame
at the Planck scale is a quantum superpostion of states
corresponding to fluctuations in rotation at the Planck
frequency, t�1

P . The inertial frame measured on scales
much larger than Planck fluctuates from the expected
classical frame assumed in standard theory, a new e↵ect
that can be visualized as exotic di↵erential rotational
twists of space. A covariant statistical model[9], based
on local Planck scale entanglement on an observer’s light
cones, leads to exact predictions for correlations in phys-
ical quantities, including measurable signals in interfer-
ometers now under construction.

It is shown here that these exotic rotational correla-
tions reduce the information content of quantum fields
su�ciently to reconcile the mass of their virtual states
with gravity. In a cosmological setting, it is shown that
their statistical kinematic e↵ect formally includes a fluc-
tuating but always positive radial acceleration, whose ex-
pected value matches the observed cosmic acceleration
at the scale where rotational displacements match the
strong interaction scale of the Standard Model vacuum.
These coincidences hint that the cosmological constant
could be explained from known scales of physics.

Fluctuations of the inertial frame at the Planck scale—
General relativity provides a complete classical theory of
space. In particular, the gravitational field of matter ev-
erywhere causally influences the local nonrotating frame
via frame dragging. In classical physics, no additional
theory is needed to account for relationships between lo-
cal and distant directional motion. However, it is a chal-
lenge for a quantum theory of gravity to account for the
coincidence of local and global frames. In a fully quan-
tum space-time[1–3], all positions and motions, indeed
all observables, are defined by relationships of quantum
elements. There is no absolute reference standard to de-
fine the local frame apart from those elements, so the
relationship between local and global measurements is
a↵ected by quantum indeterminacy.

In classical relativity, the rate of change of any direc-
tion can be measured locally, relative to local absolute
space. The inertial frame that defines local rotation is
precisely defined at all scales. Without quantum me-
chanics, a measurement of the local inertial frame (say,
with Newton’s bucket of water) scales to infinitesimal
size, with no modifications to the concept of absolute
space.

We now know that Newton’s bucket itself, or any other
measuring device, as opposed to the space it inhabits,
is actually governed by quantum mechanics. Rotational
states in standard quantum systems are still defined rela-
tive to absolute, classical space. But at the Planck scale,
gravity intervenes: the measurement system (a quantum
“bucket”) cannot be separated from the measured quan-
tity (absolute classical space).

A measuring device of Planck size has about the mass,
size and maximal spin as a black hole, but it also has
about the same mass, size and angular momentum (⇡ ~)
as a single elementary particle. Like a particle, its angu-
lar momentum is a superposition of quantum states, as
described by a quantum spin algebra. It can have a def-
inite spin about at most one axis; the other components
are indeterminate. Moreover, general relativity predicts
that a Planck size spinning bucket produces frame drag-
ging comparable with a maximally spinning black hole, in
which the local inertial frame rotates relative to distant
space at frequency ! ⇡ t�1

P . The quantum indeterminacy

of spin is therefore not confined just to the measuring de-

vice, but is inherited by the space itself. Thus, extrap-

Planck length ~ 10-35 meters
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Rotation and direction are not defined 
at the Planck length
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Quantum Black Hole

Single quantum drags 
frame like a maximally 

rotating black hole 



Space is a physical entity with measurable effects 
Newton’s proof of “absolute”space: centrifugal effect in a 
rotating vessel of water 
Also measurable with atoms, interferometers, etc. 

Rotation in classical space
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Newton’s idea survives in general relativity and 
quantum theory: the “local inertial frame”

Rotation is locally defined and measurable 

Spins of quantum particles are measured relative to 
the local inertial frame 

Inertial frame is defined to infinitesimal scales 
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Absolute space in general relativity

Space still defines an absolute local inertial frame 
A new effect in GR:  “Frame dragging” or “Lense-Thirring” 

local inertial frame is “dragged” by dynamical space-time 
local frame rotates relative to the distant universe 

Drag is measured in the solar system 
It becomes extreme near  black holes
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Apache Point Observatory lunar laser ranging Gravity Probe- B



Indeterminacy of the inertial frame

A quantum measuring device drags space 
Indeterminate spin drags the inertial frame 
The inertial frame is a quantum superposition

+
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“Local” inertial frame is a statistical property 
that emerges on scales >> the Planck length

Rotation is “not a thing” at the Planck scale 

Same goes for space, time, and directions: they all  
emerge only statistically, in larger systems 

Planck scale degrees of freedom produce Planck 
scale deviations from classical trajectories 

Symmetries of space-time on larger scales are shaped 
by correlations of Planck scale systems
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 Information and correlations 
Correlation <=>  limited information

Entropy of black hole event horizons: geometrical 
information is holographic 

 ~ 1 bit per Planck area of causal diamond 

Less information than volume scaling expected for 
independent Planck scale systems 

Holographic information implies exotic nonlocal 
correlations (lack of independence) on all scales 

(even if nothing “moves” farther than a Planck length 
and no correlation lasts longer than a Planck time) 
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Exotic large scale correlations

Even flat space-time is “made of” Planck scale quanta 

Quantum geometry ~ Planck length displacements 

Those displacements are nonlocally correlated on 
scales much larger than the Planck length 

Normalization is fixed by holographic gravity 

Correlation is constrained by Lorentz invariance  

~ rotational fluctuations in the inertial frame

15



Lorentz invariant exotic rotational correlations

• Information density = Planck bandwidth in proper time on a 
measurement world line 

(displacements  correlated within a Planck time) 

• Transverse spacelike displacements on light cones 

(Planck length displacement everywhere on light cones)

https://arxiv.org/abs/1607.03048
http://arxiv.org/abs/1509.07997



Craig Hogan, University of Chicago and Fermilab 17

Spacelike displacements ~ Planck length, timelike 
correlations localized within ~ Planck time 
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that can be combined into a quantity that scales like ✏
ijk

x
k

`
P

, in the same way as the exotic correlation on each
hypersurface.

In a Sagnac interferometer, the path of light is a closed circuit. The light follows the same path in two directions and
the signal records their phase di↵erence at the beamsplitter. Let ⌧+ and ⌧� denote a�ne parameters along the path
in the two directions. Denote the classical path of the interferometer in space, in the rest frame of the beamsplitter,
by x+

i

(⌧) and x�
i

(⌧), in the two directions around the circuit. Here i = 1, 2, 3 again denotes the 3D spatial indices,
although below we will assume a planar apparatus for simplicity. The functions x+

i

(⌧) and x�
i

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

i

(⌧)
and x�

i

(⌧), the positions of a pair of tracer photons that begin and end their circuit at the same time. The tangent
vector to the path in each direction is @x±

j

/@⌧ .
It will be convenient to express a general form for the functional dependence of ⌅(⌧) on the classical path in terms

of the “swept-out area”, A(⌧), similar to the concept used in Kepler’s second law of planetary motion. Define A
i

(⌧)
as an oriented area in the inertial rest frame, swept out by lines between the beamsplitter and the tracers in the two
directions (see Fig. 2). The areas from the beamsplitter to the two tracers change as:

dA+
i

/d⌧ = ✏
ijk

[x+
k

(⌧)dx+
j

/d⌧ ] (27)

dA�
i

/d⌧ = ✏
ijk

[x�
k

(⌧)dx�
j

/d⌧ ]. (28)

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

additional cross terms:

dA⇥
i

/d⌧ = ✏
ijk

1

2
[dx+

j

/d⌧ + dx�
j

/d⌧ ][x+
k

(⌧) � x�
k

(⌧)]. (29)

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

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

i

(⌧)/d⌧ , x±
k

(⌧) and dx±
j

/d⌧ combine
into a function of ⌧ that depends on the exotic correlation ✏

ijk

x
k

`
P

on each hypersurface, but where the spatial indices
have all contracted.

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

i

. The swept area rates
dA±/d⌧ are proportional to separation from the origin at any point on the path, and to the projection of the path
on the transverse direction at that point. Denote the angle between the light path tangent and position vectors by
✓0(⌧). This angle determines the a�ne mapping between t and ⌧ via dt/d⌧ = sin ✓0, and the swept area via

dA±/d⌧ = sin ✓0dA±/dt = R(⌧) sin ✓0, (30)

where R(⌧) = |x
i

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

(⌅(⌧) + constant) = h�x2
?i1/2

R(⌧) sin ✓0 = `
P

R(⌧) sin ✓0. (31)

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

(⌅(⌧) + constant) = `
P

dA/cd⌧. (32)

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

|dA/d⌧ | = |dA+/d⌧ + dA�/d⌧ |, (33)

world line of observer 

3

theory, di↵usion, or statistical random walks, which describe the projection of a 1D time series onto two dimensions
of direction. The estimated e↵ect can be expressed as a variance in transverse position and direction at distance R:

hX2
?iR = `P R , (1)

h�✓2iR = `P /R , (2)

with a normalization approximately equal to the standard Planck length, `P ⇡ lP . The emergent system displays
exotic rotations— fluctuations or “twists” in the inertial frame— that correspond to displacements of this magnitude
on a timescale R/c. These fluctuations could have observable e↵ects on propagating light.

The quantitative model here defines the physical elements of this picture much more sharply than the scenario
for emergence of inertial frames sketched in ref.[17]. We present an operational definition of rotation— in e↵ect, a
concrete operational model of quantum measurement for an emergent geometry. This model captures details of the
unique constraints imposed by preserving exact causal structure at Planck resolution, and allows us to make exact
predictions for exotic statistical correlations in experiments with only one parameter, the Planck correlation scale `P .

B. Assumptions

We start from the idea that an entire physical system, including space and time, obeys quantum mechanics. Space
and time are relational, that is, all spatial relationships are derived within a quantum system made of elements or
subsystems at the Planck scale. The relative positions of what emerge as classical events are associated with how
the Planck scale elements entangle to produce a whole system. Quantum decoherence leads to random Planck length
displacements between elements, modeled as classical random variables. Entanglement of the elements produces
correlations, expressed in our model as a covariance among the random variables. The covariance is confined to
within a Planck length of future light cones defined by each event on the world line of an observer. This structure is
used to derive the exotic large scale correlations of observables. As light propagates through this system it entangles
with the geometrical state and inherits a projection of the exotic Planck scale phase correlation. The di↵erence from
classical behavior manifests as an exotic “spooky” correlation of the phase of the light, not present in standard theory.
It can a↵ect the signal in an instrument that measures a di↵erence in phase from two di↵erent paths, such as an
interferometer. The statistical result depends only on the shape of the light path, although the actual noise signal
depends on the world line where the phases are converted into a signal— the “collapse” of the wave function of the
space-time in a particular situation.

The model has no dynamics, but is based only on classical statistics and geometry. This generic model of correlations
shows how Planck scale quantum elements can entangle to create emergent classical inertial frames, in a way that is
highly constrained by known symmetries of causal structure. The correlations quantitatively describe the relationship
between local and global inertial frames in quantum gravity— the quantum deviations from the classical Machian
agreement between local and global measures of rotation. They account for how chaotic and indeterminate directions
at the Planck scale can emerge to approximate a determinate classical space-time on large scales.

C. Covariance of Random Displacement on Future Light Cones of an Observer

Light cones (or null cones) are the covariant objects that define causal structure; they define the sharp classical
boudaries between past, present and future, and between timelike and spacelike separation of events. We base our
model on the principle that classical causal structure is respected on all scales larger than the Planck length. In the
frame of an observer O, we define a “light cone time” coordinate variable,

TO = tO � |xO|
c

. (3)

A surface of constant T in 3+1D represents a 2+1D light cone emanating from an event on an observer’s world line,
a 3-surface defined in conventional coordinates by t = |x|/c. Although we will choose to calculate in the rest frame of
an observer, the causal relationships defined by the actual light cones are independent of the choice of frame and have
a Lorentz invariant physical meaning. In the following, we drop subscripts until they are needed later for comparing
measurements from more than one observer.

To connect with physical observables we develop a model of the geometrical character of random variables, which
will allow us to compute how the random displacements a↵ect physical quantities. The exotic departure from the
classical system is described as a random variable with variance `2P :

�X?(T) ⇠ N
�
0, `2P

�
. (4)

spooky spacelike correlations 
everywhere on a light cone

Light-cone foliation of space-time



All of space twists randomly back and forth 

The only thing that does not “move” is the observer 

The motion is not really motion, but quantum noise in the 
differentiation of space and time 

All “motions” are ~ Planck length 

Directions on all scales fluctuate on a light crossing time 

The rotation rate diminishes in a long time/large volume 
average

A way to visualize exotic correlations

18



Mean rotation vanishes, mean square does not 

Rotational fluctuation diminishes at  large R: 

Exotic rotational  correlations on spacelike surfaces

6

Exotic Correlations of Transverse Position and Direction

The arguments just given provide estimates of the amount of information, and the scale of entanglement of geometry
and field states. However, they do not reveal the origin or nature of the entanglement. Based on these estimates
alone it is possible to imagine that the entanglement may be of a very subtle nature. The following arguments
more specifically suggest that new Planckian quantum behavior in large systems may appear as long-range, nonlocal
geometrical correlations of the world lines of massive bodies. They take di↵erent complementary approximations to
the emergent space but all approximately agree on the magnitude and character of exotic Planck correlation, related
to a transverse width for the geometrical position wave function of a geometrical position operator x̂ that depends on
separation R approximately as

⌅(c⌧ = R) ⇡ hx̂2
?i

R

= R`
P

, (10)

or equivalently, a wave function of emergent direction with a separation-dependent width,

h�✓2
P

i
R

⇡ hx̂2
?i

R

/R2 = `
P

/R (11)

A consistent toy model of a quantum algebra to describe geometrical states with these properties is reviewed in the
Appendix.

Quantum Geometrical Information

Quantum mechanics imposes a number of fundamental limits on the precision of position measurements[22]. One
of these[39] enforces a minimum amount of energy associated with measurement of any time interval between events:
the time it takes a quantum system to go from one state to an orthogonal state is greater than or equal to ⇡~/2E,
where E is the expectation value of the energy of the system above the ground state energy. This result has been
used to show[40] that in any volume there is a maximum number of distinguishable events, such that the density of
clocks and signals used to measure their separation, GPS-style, not exceed the density of a black hole. In a spacetime
volume of radius R and duration ⌧ in Planck units, the bound on the number of events is about R⌧ . Since c⌧ ⇡ R for
a covariantly defined volume (such as a causal diamond), this is the same amount of information as the holographic
estimates from statistical gravity just discussed. Indeed, this argument has been used as a statistical basis for general
relativity[40]. Note that the area here combines spatial and temporal dimensions, R and ⌧ .

This argument is not airtight; for example, the measurement bounds might not apply to unmeasured degrees of
freedom if position information is subject to subtle squeezing. However, it does use an exact formulation of quantum
information that applies specifically to event positions. It suggests that large scale exotic Planckian correlations indeed
appear in measurements of relative positions of events and world lines, that could be measured by light reflecting o↵
of macroscopic objects.

Planck Di↵raction Limit on Directional Resolution

Holographic entanglement of fields in emergent geometry may be governed by a Planckian bound on directional
information. An estimate of the directional spread follows directly from the relativistic wave equation, @

µ

@µ = 0. For
waves of frequency ! propagating in a beam— a stationary, monochromatic wave state proportional to e�i!t (x, y, z),
transversely localized in x and y and extended in z— the wave equation becomes

[@2
x

+ @2
y

� 2i!@
z

] = 0, (12)

the same equation used to model laser beams. The minimum transverse angular spread is thus the di↵raction limit
for a Planck frequency beam[18], setting ! ⇡ m

P

c2/~:

h�✓2
P

i ⇡ `
P

/R . (13)

Physically, the role played by sharp longitudinal boundary conditions (mirrors) in a laser cavity is played in emergent
geometry by causal structure: the requirement that radial position and causal structure have Planck length precision
at all separations. The degrees of freedom can be divided into radial information, which describes causal structure,
and directional information, which describes two-dimensional angular orientation and transverse position. One factor
R/`

P

of holographic information content describes causal, longitudinal degrees of freedom; the other factor of R/`
P

19
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world lines, A and B. An observable correlation is a local
comparison of arrival times or phases of light wave fronts
at a single world line.

For example, in the setup of Figure (2), consider light
that travels from B to C and back again along the same
path. At every point in the path the two directions have
opposite signs for cos(✓) in the integrand, so the total
round trip variance SRT , as measured at B using A’s
clock pulses, is

SRT =

ˆ
BCB

dtA(dS0/dtA) = 2tP

ˆ
BC

dtA sin2(✓). (4)

In the case of transverse propagation, sin(✓) = 1, so the
variance accumulates like a Planck random walk over a
macroscopic distance. For a radial path, sin(✓) = 0, there
is no e↵ect.

A real world example is the signal of an interferometer,
which measures light phase di↵erence between two paths
that travel nonlocally through space, but begin and end
at the same beamsplitter. A statistical analysis of the
exotic e↵ect on propagating light in interferometers[8]
makes exact predictions for signal correlation functions
that depend only on the shape of the light path. As
seen above, the component of light that propagates in
a transverse direction accumulates an exotic phase dis-
placement that grows like a Planck random walk. The
predicted amplitude of the e↵ect is large enough to detect
with the sensitivity already achieved by a correlated, su-
perluminally sampled dual interferometer system[10, 11].

E. Rotational Fluctuations

Exotic rotational correlation can be visualized as
distance-dependent statistical fluctuations in rotation of
the inertial frame. The fluctuations can be quantified
by the variance in longitudinal displacement of an entire
light path. The accumulated variance over an infinite
light path tangent to a sphere of radius R, from integra-
tion of Eq. (3), yields S0 = ⇡tP R/c, dominated by the
part of the path at separations not much larger than R.
The directional variation on scale ⇡ R over a time ⇡ R/c
is then about

h�✓2i ⇡ S0c
2/R2 ⇡ lP /R. (5)

Directions at separation R fluctuate on timescale R/c
with a variance in rotation rate

h!2(R)i ⇡ c2lP R�3. (6)

The exotic directional fluctuations and information
content in this model qualitatively agree with earlier ex-
trapolations of gravity and quantum mechanics[12–14]
based on causally constrained wave solutions with Planck
frequency bandwidth, or other holographic bounds on
information. Here, the added constraints of statistical
Lorentz invariance and exact causal symmetry remove

ambiguities in predictions for the spatial character of the
states and fix the relationship between emergent space
and time. The only parameter is the overall normaliza-
tion fixed by the physical value of the Planck length,
which is given by gravitational theory.

IV. GRAVITATIONAL EFFECTS

Exotic rotational displacements in this model are based
on a fixed, classical causal structure of infinite flat space-
time. The model should precisely predict correlations in
interferometers, which are much smaller than the gravi-
tational radius of curvature.

Because the model does not include any matter, dy-
namics or curvature, it does not describe quantum grav-
ity. However, in a thermodynamic interpretation of
gravity[5–7], the quantum degrees of freedom of flat
space-time are the same as those of curved space-time;
they represent di↵erent configurations of the same ge-
ometrical quantum system. The number of degrees of
freedom in our model associated with a proper time in-
terval, the area bounding its invariant causal diamond in
Planck units, has been normalized to agree with the holo-
graphic information content of gravity. In this picture,
the flat-space model describes the degrees of freedom of
quantum gravity for systems close to the ground state.
It can be extrapolated to estimate how rotational corre-
lations a↵ect quantum states of fields, and how field ex-
citations a↵ect emergent macroscopic causal structure.
The extrapolations suggests specific mechanisms to re-
solve two related infrared gravitational catastrophes of
virtual field states: how the vacuum avoids fluctuating
spontaneously into black holes [15], and how its e↵ective
mean gravitating density comes to have a nonzero value
vastly smaller than the characteristic energy density of
virtual field states[16].

A. Gravity of Virtual Field States

Exotic rotational correlations in quantum field states
add new correlations in the infrared that can resolve long
standing infrared inconsistencies of e↵ective field the-
ory with gravity in large volumes[15]. A quantum field
system includes all possible states of a field, including
nonzero occupation numbers for all of its modes. A free
field up to some ultraviolet cuto↵ scale with wavenum-
ber k = mc/~ has about (Rk)3 independent modes in a
volume of size R. In a state where each mode has mean
occupation number of order unity, the number of par-
ticles per volume is about (mc/~)3. The energy of the
particles in this state matches the gravitational binding
energy in a macroscopic volume at an idealized Chan-
drasekhar radius[17]:

RC/lP ⇡ (mP /m)2, (7)
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Exotic correlations have real physical effects
Everything rotationally fluctuates a little 

Correlated displacements  affect trajectories 

Instead of Newton’s bucket (centrifugal acceleration), 
measure rotation with light 

Transverse propagation gets an exotic displacement 

No effect is observable locally: requires measurement of 
a closed path in space-time (e.g., interferometers) 

The accumulated effect is much larger than a Planck 
length

20



Interferometers are now good enough to 
study exotic space-time correlations

Albert Michelson

Signal ~  difference of lengths of optical paths along two 
arms that begin and end at a beamsplitter 

 Response to exotic correlations (or lack thereof) probes 
the relationship between quantum fields and quantum 
geometry
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Thank YouThank You
 An instrument that measures Planck scale correlations:  

the Fermilab Holometer
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First results: PRL 117, 111102 (2016) 
https://arxiv.org/abs/1703.08503    final shear constraints 
https://arxiv.org/abs/1611.08265    instrument design 
https://arxiv.org/abs/1611.05560    gravitational wave bounds



Fluctuation noise power spectral density of fractional 
length distortions:

To reveal exotic correlations, this quantity must be 
measured with a precision smaller than  the Planck time 

For a measurement limited by quantum photon noise, 
sensitivity ~ (laser period)/ number of photons 

Planck sensitivity is achieved  with ~ 1029 photons

Planck sensitivity to correlations
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1. Introduction

The Fermilab Holometer is an instrument built to enable ex-
perimental studies of exotic correlations of macroscopic trajec-
tories through space-time, associated with new physics at the
Planck scale. It consists of two co-located, but independent
and isolated, 40m power-recycled Michelson interferometers,
whose outputs are sampled faster than the light-crossing time.
Correlations, determined by the layout of the two interferom-
eters, are measured in the time dimension represented by the
signal streams at both spacelike and timelike separations.

In recent years, large interferometers, developed primarily
to detect gravitational waves [1], have crossed a remarkable
threshold in precision measurement of relative positions of bod-
ies (specifically, mirrors) at macroscopic separation. The sensi-
tivity can be expressed as a strain noise power spectral density
h2, the spectral variance of apparent fractional position fluctua-
tions �L/L for mirrors separated from a center optic by distance
L:

h2( f , t) ⌘
Z
1

�1

*
�L(t)

L
�L(t � ⌧)

L

+
e�2⇡i⌧ f d⌧ (1)

In the above equation, the brackets indicate the expectation over
the distribution of random signal �L(t), which need not be sta-
tionary. For a stationary signal, Eq. 1 reduces to an explicitly
time-independent form, h2( f , t) = h2( f ).

Interferometric measurements of this noise density, which
has the units of time, can now achieve sensitivity below the
Planck time,

tP ⌘
p
~G/c5 = 5.391 ⇥ 10�44 sec (2)

Thus there is an opportunity for experiments to search for de-
partures from classical space that might be produced by quan-
tization of space-time, by measuring with Planck precision the
coherence of world lines on large scales. The Holometer em-
ploys this strategy, measuring the strain noise power spectral
density of correlated position variations with systematic and
statistical errors smaller than a Planck time.

At the Planck scale, quantum e↵ects of gravity are thought to
invalidate the conventional physical interpretation of time and
space. While there is no generally-accepted quantum theory of

2



Holometer design principles
Similar to LIGO and GEO-600:  

power-recycled Michelson interferometers 
positions of mirrors measured to ~10-18 m 

But with some differences:  

fast signal sampling and correlation to match bandwidth 
of predicted noise spectrum (spacelike ->“superluminal”)

correlate two separate nearby interferometers to separate 
geometry from environmental and standard quantum noise 

Modest size for simplicity and affordability 

24
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Holometer/MP8 Laser Lab



East arms of original vacuum system configuration



Ben Brubaker bolting the holometer vacuum system together



C. Hogan

Vacuum compatible optics mounts

29

Beamsplitter

Power-
recycling 
mirror

In-vacuum mounts are actuated by UHV picomotors

Seismic 
isolation 
stage



Craig Hogan, University of Chicago and Fermilab

The Holometer in High-Power Operation

30

(The science signals)
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Real, Planck 
precision data!

Dual-interferometer 
cross-spectral density 
(CSD):

Integrated over 704 
hours
Binned at 250 kHz 
frequency resolution

Each data point is a 
statistically 
independent 
measurement
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1� Region
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3� RegionShear correlations: departures 
from classical space-time are 
constrained to be  far below a 
Planck length 

Constrains a symmetry of 
quantum gravitational degrees 
of freedom 

Proves the viability of the 
measurement technique 

No constraint on rotational 
correlations



Craig Hogan,  University of Chicago and Fermilab

Exotic rotational correlations will be 
measured with reconfigured Holometer

Signal is predicted by  Lorentz invariant model 

One parameter= Planck length, determined by gravity 

Holometer is now reconfigured for rotational response 

It should have enough sensitivity to measure the 
predicted signal 
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Craig Hogan, University of Chicago and Fermilab

New experimental layout is sensitive to 
rotational fluctuations

34

Bends the east arms 90° at 
their midpoint 
Light no longer propagates 
purely radially relative to the 
beamsplitter
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that can be combined into a quantity that scales like ✏
ijk

x
k

`
P

, in the same way as the exotic correlation on each
hypersurface.

In a Sagnac interferometer, the path of light is a closed circuit. The light follows the same path in two directions and
the signal records their phase di↵erence at the beamsplitter. Let ⌧+ and ⌧� denote a�ne parameters along the path
in the two directions. Denote the classical path of the interferometer in space, in the rest frame of the beamsplitter,
by x+

i

(⌧) and x�
i

(⌧), in the two directions around the circuit. Here i = 1, 2, 3 again denotes the 3D spatial indices,
although below we will assume a planar apparatus for simplicity. The functions x+

i

(⌧) and x�
i

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

i

(⌧)
and x�

i

(⌧), the positions of a pair of tracer photons that begin and end their circuit at the same time. The tangent
vector to the path in each direction is @x±

j

/@⌧ .
It will be convenient to express a general form for the functional dependence of ⌅(⌧) on the classical path in terms

of the “swept-out area”, A(⌧), similar to the concept used in Kepler’s second law of planetary motion. Define A
i

(⌧)
as an oriented area in the inertial rest frame, swept out by lines between the beamsplitter and the tracers in the two
directions (see Fig. 2). The areas from the beamsplitter to the two tracers change as:

dA+
i

/d⌧ = ✏
ijk

[x+
k

(⌧)dx+
j

/d⌧ ] (27)

dA�
i

/d⌧ = ✏
ijk

[x�
k

(⌧)dx�
j

/d⌧ ]. (28)

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

additional cross terms:

dA⇥
i

/d⌧ = ✏
ijk

1

2
[dx+

j

/d⌧ + dx�
j

/d⌧ ][x+
k

(⌧) � x�
k

(⌧)]. (29)

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

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

i

(⌧)/d⌧ , x±
k

(⌧) and dx±
j

/d⌧ combine
into a function of ⌧ that depends on the exotic correlation ✏

ijk

x
k

`
P

on each hypersurface, but where the spatial indices
have all contracted.

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

i

. The swept area rates
dA±/d⌧ are proportional to separation from the origin at any point on the path, and to the projection of the path
on the transverse direction at that point. Denote the angle between the light path tangent and position vectors by
✓0(⌧). This angle determines the a�ne mapping between t and ⌧ via dt/d⌧ = sin ✓0, and the swept area via

dA±/d⌧ = sin ✓0dA±/dt = R(⌧) sin ✓0, (30)

where R(⌧) = |x
i

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

(⌅(⌧) + constant) = h�x2
?i1/2

R(⌧) sin ✓0 = `
P

R(⌧) sin ✓0. (31)

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

(⌅(⌧) + constant) = `
P

dA/cd⌧. (32)

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

|dA/d⌧ | = |dA+/d⌧ + dA�/d⌧ |, (33)

New layout: bend arm to 
measure  rotational 
fluctuations 



“Spooky” entanglement of causal diamonds: nearby 
interferometers see correlated rotational fluctuations 

leads to cross correlations of signals in separate but 
nearby interferometers



Craig Hogan, University of Chicago and Fermilab 37
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Reconfigured vacuum system



Craig Hogan, University of Chicago and Fermilab 39

Model of signal response 
predicts detectable spectrum of 
exotic noise with Planck 
normalization

arXiv:1607.03048

Predicted signal in reconfiguration



Craig Hogan, University of Chicago and Fermilab
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Summary

Planck scale rotational quantum fluctuations in the inertial 
frame could be observable 

A Lorentz invariant model of Planck scale rotational 
degrees of freedom predicts statistical properties of 
interferometer signals 

It will be tested with the reconfigured Holometer 

Oh, and one more thing: Rotational fluctuations might 
account for the observed cosmological constant—

41



Cosmic acceleration is 
supported by a wealth 
of  precise data 
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Craig Hogan,  University of Chicago and Fermilab

Cosmological constant created by 
rotationally fluctuating geometry

Cosmological constant ~ “dark energy” of the vacuum 

Field theory  vastly overestimates the dark energy 
density of the quantum field vacuum  

We need to explain both why it is so small, and why it is 
not exactly zero 
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Craig Hogan,  University of Chicago and Fermilab

Why is the cosmological constant so small? 

In emergent model, flat space-time is the ground state 
with no matter fields 

Causal structure is an exact symmetry of the ground 
state: null intervals are not changed by excitations 

Light cones extend to spacelike infinity 

Approximate symmetry in quantum gravity: small 
excitations preserve nearly zero curvature on all scales
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Craig Hogan,  University of Chicago and Fermilab

Actual  quantum gravity includes fields as well as 
geometry 

Field vacua slightly change causal structure  

Geometrical correlations entangle with these states 

Breaks the scale invariance of gravity 

Why is the cosmological constant not exactly zero?
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Craig Hogan,  University of Chicago and Fermilab

Equate cosmic information flow with information of field vacuum

Entropy of cosmic horizon:  

Cosmic data give:  

cosmic information matches field information with a cutoff at 

Cosmic information closely matches the strong interactions

Similar to coincidences known to e.g. Dirac, Eddington, Zeldovich, 
Bjorken:          

m3
pion ~ H0   in Planck units

Compute the value of the cosmological constant  

46

6

Notice now a possibly profound coincidence, that the
actual value of R⇤ needed to explain cosmic accelera-
tion emerges naturally from the Standard Model vacuum.
From Eqs. (6) and (10), we find

R⇤/lP ⇡ (H⇤tP )�2/3, (11)

the Chandrasekhar radius (Eq. 7) for particle mass

m⇤/mP ⇡ (R⇤/lP )�1/2 ⇡ (H⇤tP )1/3. (12)

Remarkably, this particle mass scale m⇤ derived from
cosmic acceleration is about equal to the QCD chiral
symmetry breaking scale mQ ⇡ 200MeV/c2, where states
of the strong interaction vacuum change from massless
to massive behavior. Cosmic acceleration with the ob-
served properties occurs if, in quantum gravity, exotic
rotational fluctuations of vacuum states with wavenum-
ber  mQc/~ create real centrifugal fluctuations of order
h!(RC)2i at their Chandrasekhar radius, RC(mQ). A
cosmic horizon forms on the scale c/H⇤ from the inte-
grated e↵ect of many small, R⇤-scale regions fluctuating
at angular velocity ! ⇡ H⇤. Although the cosmological
constant is predicted to fluctuate in this model, the scale
R⇤ ⇡ RC(mQ) ⇡ 60 km is so small that the predicted
spatial and temporal fluctuations make no detectable dif-
ference from a uniform, classical cosmological constant.

The coincidence of kinematic behavior and scale hints
at a physical connection between the cosmological con-
stant and strong interactions, as contemplated long ago
by Zeldovich[21], and more recently by Bjorken and
others[22–26]. Causal symmetry provides a physical ra-
tionale for why the QCD vacuum might make kinematic
e↵ects of exotic rotational fluctuations real at the scale
where virtual particles acquire mass, but remain virtual
at scales where they are massless. Classical centrifugal
acceleration from rotation at rate ! relative to the iner-
tial frame can be interpreted in the rotating frame as a
linear radial gradient of time dilation, an apparent curva-
ture with radius c/!. The exotic shift in vacuum phase
around a closed loop of dimension ⇡ R⇤ creates a dis-
placement ⇡ ~/mQc2. This shift emerges as a real gravi-
tational time dilation between world lines with this sepa-
ration, because the QCD vacuum at low energies, unlike
the light paths considered above, does not obey the null
symmetry of the geometry. Massive particles can form
clocks and local oscillators, which can measure exotic ra-
dial time dilation between separate clocks in the rotating
frame. That cannot happen with particles moving only
on null trajectories; photons on their own cannot be used
to measure time.

Although the full quantum gravity system presumably
obeys unitarity, the QCD field subsystem on its own does
not appear to conserve information, because it is entan-
gled with geometry via exotic departures from classical
time, such as those discussed above. Timelike states at
low energy cause information to be lost from fields on the
scale R⇤, where it is “swallowed” by the geometry.

The measured value of ⇤ can thus be compared di-
rectly with measurements of mQ in terms of information
flow. The gravitational holographic entropy, or informa-
tion “lost” over the cosmic horizon, should match a tiny
departure from unitarity defined in classical time at the
level of field states. Suppose that some wavenumber kQ

marks a sharp boundary between timelike and null in-
formation in field degrees of freedom. The holographic
entropy S is one quarter of the area of the cosmic event
horizon in Planck units:

S = ⇡t�2
P H�2

⇤ . (13)

Dividing by the 3-volume gives the holographic informa-
tion density, I⇤ = S(3H3

⇤/4⇡c3) = 3H⇤/4t2P c3. The
density of free field modes per 3D volume with an ultra-
violet cuto↵ at wavenumber k is If (k) = k34⇡/3(2⇡)3.
A free scalar field therefore matches cosmic informa-
tion (that is, I⇤ = If (k)) for a field cuto↵ at kQ =
k⇤ ⌘ (H⇤9⇡2/2)1/3. Taking an estimate[27] of H⇤ =

⌦1/2
⇤ H0 = 0.99 ± 0.018 ⇥ 10�61t�1

P from a typical fit to
current cosmological data[28, 29], we find that the cosmic
information matches field information with a cuto↵ at

kQc~ = 1.65±0.01 ⇥10�20mP c2 = 201±1.2 MeV, (14)

remarkably close to mQ estimated from laboratory
measurements[29].

These physical arguments are based on comparing sep-
arate extrapolations from quantum field theory in classi-
cal space-time, and exotic rotational correlations in flat,
empty space-time. They hint that a full quantum theory
that includes both fields and space-time might provide a
link between the QCD vacuum in its field-theory limit,
and the cosmological constant in its general-relativity
limit. It appears that if exotic rotational correlations
are shown experimentally to exist, an explanation based
on conserved information in the whole system could nat-
urally account for the absolute value of the cosmological
constant from already known constants of physics, with-
out additional parameters, scales, or fields.

Because mQ also approximately determines atomic
masses, the cosmic acceleration timescale H�1

⇤ in this
scenario depends on approximately the same combina-
tion of physical constants as a stellar lifetime[30]— al-
beit, for very di↵erent physical reasons. Thus, there may
be a natural solution to what is sometimes called the
“why now” problem of dark energy, that does not need
to invoke anthropic selection from a multiverse. In this
picture, all of the cosmic large numbers can be attributed
to logarithmic running of coupling with energy scale[31].
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This formula can be derived by summing the extra contributions from each straight photon path segment around
a circuit. Let �t denote the “extra” propagation time for a photon— the extra time to the next reflection, say— in a
small interval of a straight path, due to the fact that the apparatus is rotating. It is related to the transverse rotation
d�x? = R!0d⌧ in the same interval by

cd�t/d�x? = sin ✓0, (39)

using the notation shown in Fig (5). Combining with the swept area (Eq. 30), the net time lag around a circuit is

c

ˆ
d�t = 2!0A0/c. (40)

The total Sagnac e↵ect is twice this amount because it is the total di↵erence between opposite directions.
The exotic e↵ect produces the tiny fluctuations around this value, due to the imperfect definition of the frame. The

exotic correlation amplitude for a Sagnac device on any scale (Eq. 36), which is a mean square displacement, is equal
to the classical displacement for an apparatus rotating at angular velocity !0 = c/2P0, times the Planck length. Once
again, the exotic phase displacement resembles approximately the value of displacement in a Planckian random walk,
but with symmetries and projection factors appropriate to rotation. Notice that both the exotic fluctuation / A0/P0

and classical lag / !0A0 are defined entirely in terms of properties of the light path, which have a clear invariant
meaning.

V. EXOTIC ROTATIONAL CORRELATIONS AND COSMIC ACCELERATION

The properties of the Planck scale rotational correlations are scale-free power laws, apart from the Planck scale itself.
Systems in the real world have scales determined by the physics of matter fields. The previous discussion considers
the e↵ects of entanglement with geometrical states on field degrees of freedom, including the reconciliation with
holographic gravity, and small phase displacements measurable in interferometers. The latter calculation is definite
enough for a precise experimental test. We now consider estimates of the complementary e↵ect: how entanglement
of field vacuum and geometry could break the scale invariance of gravity, and account for the value of the scalar
cosmological constant in the emergent classical field equations.

The Cosmological Constant and Cosmic Acceleration

The Einstein field equations of general relativity can be contracted with the metric tensor g
µ⌫

to yield a scalar
relation,

⇤ =
2⇡G

c4
(T + 2R), (41)

where ⇤ denotes the cosmological constant, R ⌘ R(c4/16⇡G) denotes the Ricci curvature scalar R ⌘ gµ⌫R
µ⌫

in units
of 16⇡G/c4, R

µ⌫

denotes the Ricci curvature tensor, and T denotes the trace of the classical energy momentum tensor
of matter, T

µ⌫

. Within general relativity, there is no mathematical di↵erence between ⇤ and a component of the
matter field vacuum with T

µ⌫

proportional to g
µ⌫

. In standard theory, ⇤ is a new constant of nature, unconnected
to other properties of gravity or matter[28]. Its value is also mysterious and arbitrary in holographic theories of
gravity[43, 58].

Cosmic data suggest that the expansion of the universe is accelerating[59–62]. This phenomenon can be interpreted
in classical General Relativity as an e↵ect of ⇤. In addition to the standard attractive gravity of normal forms of
matter expressed in T , the cosmological term produces an additional repulsive acceleration between two bodies at
separation r,

r̈ = H2
⇤r, (42)

proportional to their separation r in Newtonian coordinates, where H2
⇤ ⌘ ⇤/3. In cosmological models where matter

has T > 0, H⇤ is the asymptotic value of the Hubble expansion rate in the far future, after other forms of matter have
thinned out due to the expansion. In other models, cosmic acceleration is caused by exotic new forms of “dark energy”
with T < 0, whose gravity creates acceleration even with ⇤ = 0. Those models also introduce new fundamental scales
of mass, generally unconnected with known physics [61–63].
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others[22–26]. Causal symmetry provides a physical ra-
tionale for why the QCD vacuum might make kinematic
e↵ects of exotic rotational fluctuations real at the scale
where virtual particles acquire mass, but remain virtual
at scales where they are massless. Classical centrifugal
acceleration from rotation at rate ! relative to the iner-
tial frame can be interpreted in the rotating frame as a
linear radial gradient of time dilation, an apparent curva-
ture with radius c/!. The exotic shift in vacuum phase
around a closed loop of dimension ⇡ R⇤ creates a dis-
placement ⇡ ~/mQc2. This shift emerges as a real gravi-
tational time dilation between world lines with this sepa-
ration, because the QCD vacuum at low energies, unlike
the light paths considered above, does not obey the null
symmetry of the geometry. Massive particles can form
clocks and local oscillators, which can measure exotic ra-
dial time dilation between separate clocks in the rotating
frame. That cannot happen with particles moving only
on null trajectories; photons on their own cannot be used
to measure time.

Although the full quantum gravity system presumably
obeys unitarity, the QCD field subsystem on its own does
not appear to conserve information, because it is entan-
gled with geometry via exotic departures from classical
time, such as those discussed above. Timelike states at
low energy cause information to be lost from fields on the
scale R⇤, where it is “swallowed” by the geometry.

The measured value of ⇤ can thus be compared di-
rectly with measurements of mQ in terms of information

flow. The gravitational holographic entropy, or informa-
tion “lost” over the cosmic horizon, should match a tiny
departure from unitarity defined in classical time at the
level of field states. Suppose that some wavenumber kQ

marks a sharp boundary between timelike and null in-
formation in field degrees of freedom. The holographic
entropy S is one quarter of the area of the cosmic event
horizon in Planck units:

S = ⇡t�2
P H�2

⇤ . (13)

Dividing by the 3-volume gives the holographic informa-
tion density, I⇤ = S(3H3

⇤/4⇡c3) = 3H⇤/4t2P c3. The
density of free field modes per 3D volume with an ultra-
violet cuto↵ at wavenumber k is If (k) = k34⇡/3(2⇡)3.
A free scalar field therefore matches cosmic information
(that is, I⇤ = If (k)) for a field cuto↵ at kQ = k⇤ ⌘
(H⇤9⇡2/2)1/3. Taking an estimate[27] of

H⇤ = ⌦1/2
⇤ H0 = 0.99 ± 0.018 ⇥ 10�61t�1

P (14)

from a typical fit to current cosmological data[28, 29], we
find that the cosmic information matches field informa-
tion with a cuto↵ at

kQc~ = 1.65±0.01 ⇥10�20mP c2 = 201±1.2 MeV, (15)

remarkably close to mQ estimated from laboratory
measurements[29].

These physical arguments are based on comparing sep-
arate extrapolations from quantum field theory in classi-
cal space-time, and exotic rotational correlations in flat,
empty space-time. They hint that a full quantum theory
that includes both fields and space-time might provide a
link between the QCD vacuum in its field-theory limit,
and the cosmological constant in its general-relativity
limit. It appears that if exotic rotational correlations
are shown experimentally to exist, an explanation based
on conserved information in the whole system could nat-
urally account for the absolute value of the cosmological
constant from already known constants of physics, with-
out additional parameters, scales, or fields.

Because mQ also approximately determines atomic
masses, the cosmic acceleration timescale H�1

⇤ in this
scenario depends on approximately the same combina-
tion of physical constants as a stellar lifetime[30]— al-
beit, for very di↵erent physical reasons. Thus, there may
be a natural solution to what is sometimes called the
“why now” problem of dark energy, that does not need
to invoke anthropic selection from a multiverse. In this
picture, all of the cosmic large numbers can be attributed
to logarithmic running of coupling with energy scale[31].
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Notice now a possibly profound coincidence, that the
actual value of R⇤ needed to explain cosmic accelera-
tion emerges naturally from the Standard Model vacuum.
From Eqs. (6) and (10), we find

R⇤/lP ⇡ (H⇤tP )�2/3, (11)

the Chandrasekhar radius (Eq. 7) for particle mass

m⇤/mP ⇡ (R⇤/lP )�1/2 ⇡ (H⇤tP )1/3. (12)

Remarkably, this particle mass scale m⇤ derived from
cosmic acceleration is about equal to the QCD chiral
symmetry breaking scale mQ ⇡ 200MeV/c2, where states
of the strong interaction vacuum change from massless
to massive behavior. Cosmic acceleration with the ob-
served properties occurs if, in quantum gravity, exotic
rotational fluctuations of vacuum states with wavenum-
ber  mQc/~ create real centrifugal fluctuations of order
h!(RC)2i at their Chandrasekhar radius, RC(mQ). A
cosmic horizon forms on the scale c/H⇤ from the inte-
grated e↵ect of many small, R⇤-scale regions fluctuating
at angular velocity ! ⇡ H⇤. Although the cosmological
constant is predicted to fluctuate in this model, the scale
R⇤ ⇡ RC(mQ) ⇡ 60 km is so small that the predicted
spatial and temporal fluctuations make no detectable dif-
ference from a uniform, classical cosmological constant.
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symmetry of the geometry. Massive particles can form
clocks and local oscillators, which can measure exotic ra-
dial time dilation between separate clocks in the rotating
frame. That cannot happen with particles moving only
on null trajectories; photons on their own cannot be used
to measure time.

Although the full quantum gravity system presumably
obeys unitarity, the QCD field subsystem on its own does
not appear to conserve information, because it is entan-
gled with geometry via exotic departures from classical
time, such as those discussed above. Timelike states at
low energy cause information to be lost from fields on the
scale R⇤, where it is “swallowed” by the geometry.

The measured value of ⇤ can thus be compared di-
rectly with measurements of mQ in terms of information

flow. The gravitational holographic entropy, or informa-
tion “lost” over the cosmic horizon, should match a tiny
departure from unitarity defined in classical time at the
level of field states. Suppose that some wavenumber kQ
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formation in field degrees of freedom. The holographic
entropy S is one quarter of the area of the cosmic event
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Dividing by the 3-volume gives the holographic informa-
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find that the cosmic information matches field informa-
tion with a cuto↵ at

k⇤c~ = 1.65±0.01 ⇥10�20mP c2 = 201±1.2 MeV, (15)

remarkably close to mQ estimated from laboratory
measurements[29].

These physical arguments are based on comparing sep-
arate extrapolations from quantum field theory in classi-
cal space-time, and exotic rotational correlations in flat,
empty space-time. They hint that a full quantum theory
that includes both fields and space-time might provide a
link between the QCD vacuum in its field-theory limit,
and the cosmological constant in its general-relativity
limit. It appears that if exotic rotational correlations
are shown experimentally to exist, an explanation based
on conserved information in the whole system could nat-
urally account for the absolute value of the cosmological
constant from already known constants of physics, with-
out additional parameters, scales, or fields.

Because mQ also approximately determines atomic
masses, the cosmic acceleration timescale H�1

⇤ in this
scenario depends on approximately the same combina-
tion of physical constants as a stellar lifetime[30]— al-
beit, for very di↵erent physical reasons. Thus, there may
be a natural solution to what is sometimes called the
“why now” problem of dark energy, that does not need
to invoke anthropic selection from a multiverse. In this
picture, all of the cosmic large numbers can be attributed
to logarithmic running of coupling with energy scale[31].
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find that the cosmic information matches field informa-
tion with a cuto↵ at
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remarkably close to mQ estimated from laboratory
measurements[29].

These physical arguments are based on comparing sep-
arate extrapolations from quantum field theory in classi-
cal space-time, and exotic rotational correlations in flat,
empty space-time. They hint that a full quantum theory
that includes both fields and space-time might provide a
link between the QCD vacuum in its field-theory limit,
and the cosmological constant in its general-relativity
limit. It appears that if exotic rotational correlations
are shown experimentally to exist, an explanation based
on conserved information in the whole system could nat-
urally account for the absolute value of the cosmological
constant from already known constants of physics, with-
out additional parameters, scales, or fields.

Because mQ also approximately determines atomic
masses, the cosmic acceleration timescale H�1

⇤ in this
scenario depends on approximately the same combina-
tion of physical constants as a stellar lifetime[30]— al-
beit, for very di↵erent physical reasons. Thus, there may
be a natural solution to what is sometimes called the
“why now” problem of dark energy, that does not need
to invoke anthropic selection from a multiverse. In this
picture, all of the cosmic large numbers can be attributed
to logarithmic running of coupling with energy scale[31].
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This formula can be derived by summing the extra contributions from each straight photon path segment around
a circuit. Let �t denote the “extra” propagation time for a photon— the extra time to the next reflection, say— in a
small interval of a straight path, due to the fact that the apparatus is rotating. It is related to the transverse rotation
d�x? = R!0d⌧ in the same interval by

cd�t/d�x? = sin ✓0, (39)

using the notation shown in Fig (5). Combining with the swept area (Eq. 30), the net time lag around a circuit is

c

ˆ
d�t = 2!0A0/c. (40)

The total Sagnac e↵ect is twice this amount because it is the total di↵erence between opposite directions.
The exotic e↵ect produces the tiny fluctuations around this value, due to the imperfect definition of the frame. The

exotic correlation amplitude for a Sagnac device on any scale (Eq. 36), which is a mean square displacement, is equal
to the classical displacement for an apparatus rotating at angular velocity !0 = c/2P0, times the Planck length. Once
again, the exotic phase displacement resembles approximately the value of displacement in a Planckian random walk,
but with symmetries and projection factors appropriate to rotation.

V. ROTATIONAL FLUCTUATIONS AND COSMIC ACCELERATION

The properties of the Planck scale rotational correlations are scale-free power laws, apart from the Planck scale itself.
Systems in the real world have scales determined by the physics of matter fields. While we have discussed the e↵ect
of geometrical entanglement on field degrees of freedom, including the small phase displacements in interferometers,
we have not yet estimated the e↵ect of the matter vacuum on emergent quasi-classical geometry. It could be that the
matter vacuum determines the value of the scalar cosmological constant in the classical field equations.

The Cosmological Constant and Cosmic Acceleration

The Einstein field equations of general relativity can be contracted with the metric tensor g
µ⌫

to yield a scalar
relation,

⇤ =
2⇡G

c4
(T + 2R), (41)

where ⇤ denotes the cosmological constant, R ⌘ R(c4/16⇡G) denotes the Ricci curvature scalar R ⌘ gµ⌫R
µ⌫

in units
of 16⇡G/c4, R

µ⌫

denotes the Ricci curvature tensor, and T denotes the trace of the classical energy momentum tensor
of matter, T

µ⌫

. Within general relativity, there is no mathematical di↵erence between ⇤ and a component of the
matter vacuum with T

µ⌫

proportional to g
µ⌫

. In standard theory, ⇤ is a new constant of nature, unconnected to other
properties of gravity or matter[28]. Its value is also mysterious and arbitrary in holographic theories of gravity[43, 58].

Cosmic data suggest that the expansion of the universe is accelerating[59–62]. This phenomenon can be interpreted
in classical General Relativity as an e↵ect of the cosmological constant ⇤. In addition to the standard attractive
gravity of normal forms of matter expressed in T , the cosmological term produces an additional repulsive acceleration
between two bodies at separation r,

r̈ = H2
⇤r, (42)

proportional to their separation r in Newtonian coordinates, where H2
⇤ ⌘ ⇤/3. In cosmological models where matter

has T > 0, H⇤ is the asymptotic value of the Hubble expansion rate in the far future, after other forms of matter have
thinned out due to the expansion. In other models, cosmic acceleration is caused by exotic new forms of “dark energy”
with T < 0, whose gravity creates acceleration even with ⇤ = 0. Those models also introduce new fundamental scales
of mass, generally unconnected with known physics [61–63].

Cosmological Constant from Entanglement of Planckian Fluctuations with the Strong Vacuum

Cosmic Centrifugal Acceleration

This description of global dynamics is at the classical level. If matter and geometry are subsystems of a single
quantum system, the standard distinction between matter (T ) and geometry (R) becomes ambiguous on scales where
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they are significantly entangled. As shown above, that happens in an energy dependent way for matter fields, at the
Chandrasekhar radius for a given particle energy. It is natural to suggest that the value of ⇤ is set by entanglement
of a special scale of the matter vacuum with geometry.

We propose to interpret cosmic acceleration as an emergent kinematic property of space, associated with rotational
fluctuations in the inertial frame and their entanglement with known matter fields. In this interpretation, the scale
of cosmic acceleration is determined by known length scales already built into physics, the Planck scale and the
strong interaction scale. On cosmological scales, the average e↵ect is the same as a classical constant ⇤. The most
direct evidence for this mechanism would come from interferometric measurement of Planck rotational fluctuations
on laboratory scales.

The starting point is to draw a simple comparison with Eq. (42): in a classical system rotating at a rate !, a body
at separation r from the axis of rotation experiences a centrifugal acceleration,

r̈ = !2r. (43)

Like cosmic acceleration (Eq. 42), it is independent of mass, always directed outwards, and is proportional to r.
The two outward accelerations agree if ! = H⇤. However, it is well known that cosmic acceleration cannot simply

be due to a classical centrifugal acceleration from rotation on a cosmic scale. Classical rotation is not isotropic,
and the centrifugal e↵ect from rotation at a rate ! = H⇤ would cause large amplitude, large scale anisotropy of
cosmic radiation and expansion that is not observed. Cosmic acceleration could however be associated with rotational
fluctuations on a much smaller scale. These average out in a large scale time or space average, so they do not conflict
with cosmic isotropy data. Even if rotation has zero mean and fluctuates in random directions, its fluctuations always
push outwards, so the mean square fluctuating component creates a net, secular centrifugal acceleration. Colloquially,
we can say that the universe shakes apart.

Of course in Newtonian physics, an acceleration entails a force. Centrifugal acceleration can refer to a real force,
as one experiences in a spinning merry-go-round, or a fictional one, as in a noninertial rotating frame. They refer to
the same e↵ect: because of the noninertial relationship between radial and tangential components of position, a body
that moves at a velocity that maintains a constant direction in a rotating frame accelerates outwards in the inertial
frame. In an emergent geometry, the definition of an emergent acceleration is bound up with the definition of emergent
position. Here, rather than interpreting cosmic acceleration as a new force, we interpret it as an emergent kinematical
e↵ect of exotic rotational correlations that describe Planckian deviations from inertial motion— the mismatch between
the local and cosmic inertial frames. The rotational fluctuations average to smaller values at large scales and long
durations, but there may be a very small residual systematically outward-directed emergent radial acceleration.

Clearly, quantum-geometrical fluctuations in rotation do not have such an e↵ect on all scales. If they did, everything
would fly apart at the Planck rate. But there is a scale where the Planckian rotational acceleration matches the
observed cosmic acceleration. As it turns out, that scale coincides with the geometrical entanglement scale for ⇤�1

QCD

,
the structural scale of the strong interaction vacuum. This heuristic model suggests an explanation for the value of
the cosmological constant.

Absolute Value of the Cosmological Constant, ⇤

As a rough estimate, start with the root-mean-square rate of Planckian rotational fluctuations at separation R
given by Eq. (24) in Planck units, !

R

= R�3/2. Centrifugal acceleration thus matches cosmic acceleration— that is,
!

R

= H⇤— for fluctuations of spatial extent

R⇤ ⇡ H
�2/3
⇤ . (44)

This is the Chandrasekhar-Planck entanglement radius (Eq. 8) for particle mass

m(R
C

= R⇤) = R
�1/2
⇤ ⇡ H

1/3
⇤ . (45)

It has long been noticed that in Planck units, H
1/3
0 approximately coincides with a proton or pion mass. A direct

physical relationship between cosmological ⇤ and a strong interaction scale— m
⇡

⇡ H
1/3
⇤ — was posited long ago by

Zeldovich[64], and more recently by Bjorken and others[65–69]. In the picture here, the connection is established, and
the scale is set, via entanglement of the matter vacuum with geometrical rotational states. We conjecture that on
small scales, rotational fluctuations are “virtual” in the sense that a net outward acceleration is not generated in the
emergent space, but that above a scale R⇤ connected with strong interactions, entanglement with the matter vacuum
produces a universal secular radial acceleration. At a spatial scale of R⇤, rotational fluctuations on a light crossing
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where mP =
p

~c/G denotes the Planck mass. In a
volume with a size larger than RC(m), the virtual field
state has a mass larger than that of a black hole of the
same size, which is of course an impossible physical state,
inconsistent with general relativity.

In ref. [15] it was suggested that new kinds of quantum
correlations somehow prevent this infrared catastrophe.
Exotic correlations in the background geometry provide
a specific mechanism to accomplish this: the correlated
twists of light cones add spacelike correlations to field
amplitudes on large scales that would be independent in
a standard classical background. Using Eqs. (5) and (7),
the accumulated twist matches a particle wavelength for
volumes larger than RC(m), and thereby naturally leads
to an e↵ective cut-o↵ at the right scale. In the field-state
description, it prevents the catastrophe by reducing the
e↵ective number of degrees of freedom. The overall state
of the combined system (fields and geometry) can then
in principle have a consistent quantum description.

B. Cosmological Constant

The observed acceleration of the cosmic expansion[18–
20] can be interpreted in general relativity as an e↵ect
of a nonzero cosmological constant ⇤ in Einstein’s field
equations, whose value is precisely measured from cosmo-
logical data. A nonzero value of ⇤ produces a positive
acceleration, in the absence of other sources of gravity,
proportional to the separation r of two bodies in Newto-
nian coordinates,

r̈ = H2
⇤r, (8)

where H2
⇤ ⌘ ⇤/3. The same e↵ect can be interpreted as a

“dark energy” of a field vacuum, with a gravitating den-
sity ⇢⇤ = 3H2

⇤/8⇡G. If interpreted in terms of a standard
e↵ective potential, the field responsible for the observed
cosmic dark energy must have a scale wildly di↵erent
from those of known fields. Moreover, a straightforward
estimate of the energy density of vacuum fluctuations in
field amplitude with a Planck scale cuto↵ yields a dark
energy density or value of ⇤ that is too large by a factor
of about (H⇤tP )�2— about 122 orders of magnitude[16].

There are thus at least two problems to solve: why
⇤ is so small in Planck units, and why it does not ex-
actly vanish. The exotic rotational correlations may solve
both of these problems: the causal symmetry of quantum
gravitational degrees of freedom could account for the
near vanishing of gravity from field fluctuations, while at
the same time, the vacuum states of known fields could
slightly break the scale invariance of quantum gravity in
the right way, and by the right amount, to account for
the observed cosmic acceleration.

In the thermodynamic interpretation of general rela-
tivity, curvature of any kind is a collective phenomenon
that only acquires meaning on scales much larger than
the Planck length, and gravity occurs as a statistical be-
havior in an excited system[5–7]. The ground state is a

flat space-time, with the possible addition of an arbitrary
cosmological constant. This idea is consistent with our
flat-space model of exotic rotational correlations: quan-
tum fluctuations of geometry have no e↵ect on causal
structure, and therefore produce no curvature. If the
same symmetry applies to the degrees of freedom of quan-
tum gravity, excitations associated with virtual particles
would still preserve local causal structure, so that the
ground state curvature of the vacuum nearly vanishes.
The causality-preserving symmetry of purely rotational
degrees of freedom would naturally account for a near-
absence of gravity from vacuum field fluctuations, in the
same way that it suppresses foamlike fluctuations of cur-
vature and topology at the Planck scale.

At the same time, small e↵ects of a field vacuum would
be expected in quantum gravity that are not included
in the flat model. As seen above, because correlated
light cone twists extend indefinitely in space-time, exotic
rotational correlations significantly alter trajectories on
macroscopic scales ⇡ RC , where the Planck holographic
information of space-time becomes comparable to that
in fields. In the cosmic context, rotational degrees of
freedom, when entangled with field vacuum degrees of
freedom, could lead to cosmic acceleration.

Ordinary classical rotation creates a kinematic cen-
trifugal acceleration that in some ways resembles cosmic
acceleration. In a classical system rotating at a rate !, a
body at separation r from the axis of rotation experiences
a centrifugal acceleration

r̈ = !2r. (9)

Like cosmic acceleration, it is proportional to r, and al-
ways positive. It also a↵ects all bodies equally, inde-
pendent of mass or other properties: it depends only on
position.

In the case of exotic rotational fluctuations, the time
and space averages h!i vanish, so the anisotropy of accel-
eration associated with rotation around a particular axis,
and the inhomogeneity associated with random spatial
variations in !, average to zero in a large system. How-
ever, exotic rotational fluctuations still have h!2i > 0, so
if they represented real classical motion they would pro-
duce a spatially and temporally fluctuating centrifugal
acceleration. The time averaged radial component hr̈/ri
depends on scale; from Eqs. (8), and (9), it equals cosmic
acceleration on the scale R⇤ where variance (Eq. 6) is

h!(R⇤)2i = H2
⇤ = ⇤/3. (10)

The integrated radial component of exotic rotational fluc-
tuations thus statistically mimics cosmic acceleration on
large scales. The observed cosmic acceleration would nat-
urally arise if centrifugal acceleration in the emergent
space-time remains “virtual” at separation scale R < R⇤,
but behaves like a real fluctuation with hr̈/ri ⇡ h!(R)2i
at separation scale R > R⇤. Heuristically, we could
say that the rotationally fluctuating vacuum on the scale
⇡ R⇤ statistically “shakes space apart” on large scales.
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tion emerges naturally from the Standard Model vacuum.
From Eqs. (6) and (10), we find

R⇤/lP ⇡ (H⇤tP )�2/3, (11)

the Chandrasekhar radius (Eq. 7) for particle mass

m⇤/mP ⇡ (R⇤/lP )�1/2 ⇡ (H⇤tP )1/3. (12)

Remarkably, this particle mass scale m⇤ derived from
cosmic acceleration is about equal to the QCD chiral
symmetry breaking scale mQ ⇡ 200MeV/c2, where states
of the strong interaction vacuum change from massless
to massive behavior. Cosmic acceleration with the ob-
served properties occurs if, in quantum gravity, exotic
rotational fluctuations of vacuum states with wavenum-
ber  mQc/~ create real centrifugal fluctuations of order
h!(RC)2i at their Chandrasekhar radius, RC(mQ). A
cosmic horizon forms on the scale c/H⇤ from the inte-
grated e↵ect of many small, R⇤-scale regions fluctuating
at angular velocity ! ⇡ H⇤. Although the cosmological
constant is predicted to fluctuate in this model, the scale
R⇤ ⇡ RC(mQ) ⇡ 60 km is so small that the predicted
spatial and temporal fluctuations make no detectable dif-
ference from a uniform, classical cosmological constant.

The coincidence of kinematic behavior and scale hints
at a physical connection between the cosmological con-
stant and strong interactions, as contemplated long ago
by Zeldovich[21], and more recently by Bjorken and
others[22–26]. Causal symmetry provides a physical ra-
tionale for why the QCD vacuum might make kinematic
e↵ects of exotic rotational fluctuations real at the scale
where virtual particles acquire mass, but remain virtual
at scales where they are massless. Classical centrifugal
acceleration from rotation at rate ! relative to the iner-
tial frame can be interpreted in the rotating frame as a
linear radial gradient of time dilation, an apparent curva-
ture with radius c/!. The exotic shift in vacuum phase
around a closed loop of dimension ⇡ R⇤ creates a dis-
placement ⇡ ~/mQc2. This shift emerges as a real gravi-
tational time dilation between world lines with this sepa-
ration, because the QCD vacuum at low energies, unlike
the light paths considered above, does not obey the null
symmetry of the geometry. Massive particles can form
clocks and local oscillators, which can measure exotic ra-
dial time dilation between separate clocks in the rotating
frame. That cannot happen with particles moving only
on null trajectories; photons on their own cannot be used
to measure time.

Although the full quantum gravity system presumably
obeys unitarity, the QCD field subsystem on its own does
not appear to conserve information, because it is entan-
gled with geometry via exotic departures from classical
time, such as those discussed above. Timelike states at
low energy cause information to be lost from fields on the
scale R⇤, where it is “swallowed” by the geometry.

The measured value of ⇤ can thus be compared di-
rectly with measurements of mQ in terms of information
flow. The gravitational holographic entropy, or informa-
tion “lost” over the cosmic horizon, should match a tiny
departure from unitarity defined in classical time at the
level of field states. Suppose that some wavenumber kQ

marks a sharp boundary between timelike and null in-
formation in field degrees of freedom. The holographic
entropy S is one quarter of the area of the cosmic event
horizon in Planck units:

S = ⇡t�2
P H�2

⇤ . (13)

Dividing by the 3-volume gives the holographic informa-
tion density, I⇤ = S(3H3

⇤/4⇡c3) = 3H⇤/4t2P c3. The
density of free field modes per 3D volume with an ultra-
violet cuto↵ at wavenumber k is If (k) = k34⇡/3(2⇡)3.
A free scalar field therefore matches cosmic informa-
tion (that is, I⇤ = If (k)) for a field cuto↵ at kQ =
k⇤ ⌘ (H⇤9⇡2/2)1/3. Taking an estimate[27] of H⇤ =

⌦1/2
⇤ H0 = 0.99 ± 0.018 ⇥ 10�61t�1

P from a typical fit to
current cosmological data[28, 29], we find that the cosmic
information matches field information with a cuto↵ at

kQc~ = 1.65±0.01 ⇥10�20mP c2 = 201±1.2 MeV, (14)

remarkably close to mQ estimated from laboratory
measurements[29].

These physical arguments are based on comparing sep-
arate extrapolations from quantum field theory in classi-
cal space-time, and exotic rotational correlations in flat,
empty space-time. They hint that a full quantum theory
that includes both fields and space-time might provide a
link between the QCD vacuum in its field-theory limit,
and the cosmological constant in its general-relativity
limit. It appears that if exotic rotational correlations
are shown experimentally to exist, an explanation based
on conserved information in the whole system could nat-
urally account for the absolute value of the cosmological
constant from already known constants of physics, with-
out additional parameters, scales, or fields.

Because mQ also approximately determines atomic
masses, the cosmic acceleration timescale H�1

⇤ in this
scenario depends on approximately the same combina-
tion of physical constants as a stellar lifetime[30]— al-
beit, for very di↵erent physical reasons. Thus, there may
be a natural solution to what is sometimes called the
“why now” problem of dark energy, that does not need
to invoke anthropic selection from a multiverse. In this
picture, all of the cosmic large numbers can be attributed
to logarithmic running of coupling with energy scale[31].
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world lines, A and B. An observable correlation is a local
comparison of arrival times or phases of light wave fronts
at a single world line.

For example, in the setup of Figure (2), consider light
that travels from B to C and back again along the same
path. At every point in the path the two directions have
opposite signs for cos(✓) in the integrand, so the total
round trip variance SRT , as measured at B using A’s
clock pulses, is

SRT =

ˆ
BCB

dtA(dS0/dtA) = 2tP

ˆ
BC

dtA sin2(✓). (4)

In the case of transverse propagation, sin(✓) = 1, so the
variance accumulates like a Planck random walk over a
macroscopic distance. For a radial path, sin(✓) = 0, there
is no e↵ect.

A real world example is the signal of an interferometer,
which measures light phase di↵erence between two paths
that travel nonlocally through space, but begin and end
at the same beamsplitter. A statistical analysis of the
exotic e↵ect on propagating light in interferometers[8]
makes exact predictions for signal correlation functions
that depend only on the shape of the light path. As
seen above, the component of light that propagates in
a transverse direction accumulates an exotic phase dis-
placement that grows like a Planck random walk. The
predicted amplitude of the e↵ect is large enough to detect
with the sensitivity already achieved by a correlated, su-
perluminally sampled dual interferometer system[10, 11].

E. Rotational Fluctuations

Exotic rotational correlation can be visualized as
distance-dependent statistical fluctuations in rotation of
the inertial frame. The fluctuations can be quantified
by the variance in longitudinal displacement of an entire
light path. The accumulated variance over an infinite
light path tangent to a sphere of radius R, from integra-
tion of Eq. (3), yields S0 = ⇡tP R/c, dominated by the
part of the path at separations not much larger than R.
The directional variation on scale ⇡ R over a time ⇡ R/c
is then about

h�✓2i ⇡ S0c
2/R2 ⇡ lP /R. (5)

Directions at separation R fluctuate on timescale R/c
with a variance in rotation rate

h!2(R)i ⇡ c2lP R�3. (6)

The exotic directional fluctuations and information
content in this model qualitatively agree with earlier ex-
trapolations of gravity and quantum mechanics[12–14]
based on causally constrained wave solutions with Planck
frequency bandwidth, or other holographic bounds on
information. Here, the added constraints of statistical
Lorentz invariance and exact causal symmetry remove

ambiguities in predictions for the spatial character of the
states and fix the relationship between emergent space
and time. The only parameter is the overall normaliza-
tion fixed by the physical value of the Planck length,
which is given by gravitational theory.

IV. GRAVITATIONAL EFFECTS

Exotic rotational displacements in this model are based
on a fixed, classical causal structure of infinite flat space-
time. The model should precisely predict correlations in
interferometers, which are much smaller than the gravi-
tational radius of curvature.

Because the model does not include any matter, dy-
namics or curvature, it does not describe quantum grav-
ity. However, in a thermodynamic interpretation of
gravity[5–7], the quantum degrees of freedom of flat
space-time are the same as those of curved space-time;
they represent di↵erent configurations of the same ge-
ometrical quantum system. The number of degrees of
freedom in our model associated with a proper time in-
terval, the area bounding its invariant causal diamond in
Planck units, has been normalized to agree with the holo-
graphic information content of gravity. In this picture,
the flat-space model describes the degrees of freedom of
quantum gravity for systems close to the ground state.
It can be extrapolated to estimate how rotational corre-
lations a↵ect quantum states of fields, and how field ex-
citations a↵ect emergent macroscopic causal structure.
The extrapolations suggests specific mechanisms to re-
solve two related infrared gravitational catastrophes of
virtual field states: how the vacuum avoids fluctuating
spontaneously into black holes [15], and how its e↵ective
mean gravitating density comes to have a nonzero value
vastly smaller than the characteristic energy density of
virtual field states[16].

A. Gravity of Virtual Field States

Exotic rotational correlations in quantum field states
add new correlations in the infrared that can resolve long
standing infrared inconsistencies of e↵ective field the-
ory with gravity in large volumes[15]. A quantum field
system includes all possible states of a field, including
nonzero occupation numbers for all of its modes. A free
field up to some ultraviolet cuto↵ scale with wavenum-
ber k = mc/~ has about (Rk)3 independent modes in a
volume of size R. In a state where each mode has mean
occupation number of order unity, the number of par-
ticles per volume is about (mc/~)3. The energy of the
particles in this state matches the gravitational binding
energy in a macroscopic volume at an idealized Chan-
drasekhar radius[17]:

RC/lP ⇡ (mP /m)2, (7)
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Cosmological constant is not exactly constant: 
it fluctuates macroscopically in space and time

Centrifugal acceleration from rotational fluctuations matches cosmic 
acceleration on this scale ~  60 km,   the Chandrasekhar radius for 
mQ~ 200 MeV 

On smaller scales, exotic rotational fluctuations are virtual— they 
have no effect on the emergent metric 

On larger scales, they act like real rotational fluctuations 

fluctuates  by  ~ 1 Fermi at  ~ 5000 Hz, with ~60 km coherence 

cosmic acceleration/radial time dilation fluctuates on this scale 

Fluctuations are unobservable with current techniques
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Notice now a possibly profound coincidence, that the
actual value of R⇤ needed to explain cosmic accelera-
tion emerges naturally from the Standard Model vacuum.
From Eqs. (6) and (10), we find

R⇤/lP ⇡ (H⇤tP )�2/3, (11)

the Chandrasekhar radius (Eq. 7) for particle mass

m⇤/mP ⇡ (R⇤/lP )�1/2 ⇡ (H⇤tP )1/3. (12)

Remarkably, this particle mass scale m⇤ derived from
cosmic acceleration is about equal to the QCD chiral
symmetry breaking scale mQ ⇡ 200MeV/c2, where states
of the strong interaction vacuum change from massless
to massive behavior. Cosmic acceleration with the ob-
served properties occurs if, in quantum gravity, exotic
rotational fluctuations of vacuum states with wavenum-
ber  mQc/~ create real centrifugal fluctuations of order
h!(RC)2i at their Chandrasekhar radius, RC(mQ). A
cosmic horizon forms on the scale c/H⇤ from the inte-
grated e↵ect of many small, R⇤-scale regions fluctuating
at angular velocity ! ⇡ H⇤. Although the cosmological
constant is predicted to fluctuate in this model, the scale
R⇤ ⇡ RC(mQ) ⇡ 60 km is so small that the predicted
spatial and temporal fluctuations make no detectable dif-
ference from a uniform, classical cosmological constant.

The coincidence of kinematic behavior and scale hints
at a physical connection between the cosmological con-
stant and strong interactions, as contemplated long ago
by Zeldovich[21], and more recently by Bjorken and
others[22–26]. Causal symmetry provides a physical ra-
tionale for why the QCD vacuum might make kinematic
e↵ects of exotic rotational fluctuations real at the scale
where virtual particles acquire mass, but remain virtual
at scales where they are massless. Classical centrifugal
acceleration from rotation at rate ! relative to the iner-
tial frame can be interpreted in the rotating frame as a
linear radial gradient of time dilation, an apparent curva-
ture with radius c/!. The exotic shift in vacuum phase
around a closed loop of dimension ⇡ R⇤ creates a dis-
placement ⇡ ~/mQc2. This shift emerges as a real gravi-
tational time dilation between world lines with this sepa-
ration, because the QCD vacuum at low energies, unlike
the light paths considered above, does not obey the null
symmetry of the geometry. Massive particles can form
clocks and local oscillators, which can measure exotic ra-
dial time dilation between separate clocks in the rotating
frame. That cannot happen with particles moving only
on null trajectories; photons on their own cannot be used
to measure time.

Although the full quantum gravity system presumably
obeys unitarity, the QCD field subsystem on its own does
not appear to conserve information, because it is entan-
gled with geometry via exotic departures from classical
time, such as those discussed above. Timelike states at
low energy cause information to be lost from fields on the
scale R⇤, where it is “swallowed” by the geometry.

The measured value of ⇤ can thus be compared di-
rectly with measurements of mQ in terms of information
flow. The gravitational holographic entropy, or informa-
tion “lost” over the cosmic horizon, should match a tiny
departure from unitarity defined in classical time at the
level of field states. Suppose that some wavenumber kQ

marks a sharp boundary between timelike and null in-
formation in field degrees of freedom. The holographic
entropy S is one quarter of the area of the cosmic event
horizon in Planck units:

S = ⇡t�2
P H�2

⇤ . (13)

Dividing by the 3-volume gives the holographic informa-
tion density, I⇤ = S(3H3

⇤/4⇡c3) = 3H⇤/4t2P c3. The
density of free field modes per 3D volume with an ultra-
violet cuto↵ at wavenumber k is If (k) = k34⇡/3(2⇡)3.
A free scalar field therefore matches cosmic informa-
tion (that is, I⇤ = If (k)) for a field cuto↵ at kQ =
k⇤ ⌘ (H⇤9⇡2/2)1/3. Taking an estimate[27] of H⇤ =

⌦1/2
⇤ H0 = 0.99 ± 0.018 ⇥ 10�61t�1

P from a typical fit to
current cosmological data[28, 29], we find that the cosmic
information matches field information with a cuto↵ at

kQc~ = 1.65±0.01 ⇥10�20mP c2 = 201±1.2 MeV, (14)

remarkably close to mQ estimated from laboratory
measurements[29].

These physical arguments are based on comparing sep-
arate extrapolations from quantum field theory in classi-
cal space-time, and exotic rotational correlations in flat,
empty space-time. They hint that a full quantum theory
that includes both fields and space-time might provide a
link between the QCD vacuum in its field-theory limit,
and the cosmological constant in its general-relativity
limit. It appears that if exotic rotational correlations
are shown experimentally to exist, an explanation based
on conserved information in the whole system could nat-
urally account for the absolute value of the cosmological
constant from already known constants of physics, with-
out additional parameters, scales, or fields.

Because mQ also approximately determines atomic
masses, the cosmic acceleration timescale H�1

⇤ in this
scenario depends on approximately the same combina-
tion of physical constants as a stellar lifetime[30]— al-
beit, for very di↵erent physical reasons. Thus, there may
be a natural solution to what is sometimes called the
“why now” problem of dark energy, that does not need
to invoke anthropic selection from a multiverse. In this
picture, all of the cosmic large numbers can be attributed
to logarithmic running of coupling with energy scale[31].
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In this scenario, the cosmological constant is determined by 
known scales of physics: Planck and Fermi (gravity and QCD)

The very long cosmic timescale comes from a similar combination of 
constants to those that  determine a stellar lifetime  

For different physical reasons, they both depend on the same  power 
of the large dimensionless ratio,   

Planck mass/ proton mass  

In unified field theory, this large number is explained by the 
logarithmic running of coupling constants 

 Numerically it is the same coincidence noticed by Dirac

Timescale of cosmic acceleration: “why now?”
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Main points of this talk
Physical effects of quantum geometry at the Planck scale are 
not confined to the Planck scale, or to extreme environments 
like inflation or black holes 

Quantum geometry should produce exotic rotational 
correlations on all scales, even in flat space-time 

They might be easier to understand from basic principles than 
the full dynamical theory of quantum gravity 

They might be accessible to direct experimental measurement 

They might help to explain cosmic acceleration
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