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Γεωµετρία 
 
Geometry: “measure the 
world” 
 
Space is defined by 
classical relationships: 
 
 points and lines 
 
 
 

2300 years ago: Euclid 
 



Geometry and physics 

Newton: “absolute” space and time 
Matter in continuous motion 

Space is a passive “stage” 

 

 

Einstein: unified space-time 
General Relativity: dynamical geometry 

Geometry participates: exchanges energy and 
information with matter 

“Space-time tells matter how to move, and matter 
tells space-time how to curve” -J. Wheeler 

Still  classical: definite events, continuous paths 

 

 

 



Quantum Revolution 

Starting in 1900: a new theory of matter 

Still not reconciled with dynamical geometry 



 “Planck scale”: gravity + quantum  

 

 
 equivalent Planck length ~10-35 meters 

 

Far too small to observe directly  
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 Quantum particle Black hole 

Planck length ~10-35 meters 

λ = hc / E R = 2GM / c2

Forbidden by both quantum mechanics and gravity 

Dynamical geometry is inconsistent with 
quantum mechanics at  the Planck scale 



March 2014: Swirling signature of tensor modes 
 at recombination, seen in CMB polarization 
 
Attributed to primordial graviton-like quanta 
 
Points to Planck scale quantum physics during inflation 
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 Quantum Physics, Locality, and Geometry  

Classical geometry is based on locality 
Everything happens at a definite place and time 

Events are  labeled by coordinates, map onto real numbers 

Also true in General Relativity 

Quantum physics (and reality) do not respect locality 
Nothing happens at a definite place or time 

Interactions are represented by operators on states 

In a general state, delocalization  is macroscopic 

Proven by EPR/Bell-type experiments 

 

A major controversy in the early 20th century 

Partially reconciled by  quantum field theory 



Quantum Field Theory  

Classical Geometry (“space-time”) 
Dynamical but not quantum 
Responds to classical local average of particle/field energy 
 

Quantum particles and fields 
Quantize spatially nonlocal field modes (e.g., plane waves) in a classical 
geometry 
Local interactions, nonlocal states 

 
Geometry and field mode spatial structure are continuous, 
determinate and classical:  not part of the quantum system 

Explains all experiments with particles 
But a dynamical geometry that exchanges energy and 

information with quantum matter cannot be classical 
 quantum and classical systems can’t respond to each other 
 
 



Dynamical geometry must be quantum on all scales 

Consider the gravity of photon state 
Wave function instantaneously and retroactively changes on detection  

No limit to the size 

Geometry that interacts with quantum matter must be a quantum system 

Photon path wave function 
before detection 

After detection 

Emission event Emission event 

Detection event 



Dynamical geometry may be a statistical behavior 

Theory suggests a statistical origin of gravity 
Bardeen et al. laws of black hole thermodynamics 

Beckenstein- Hawking black hole evaporation 

Unruh radiation 

Jacobson thermodynamic formulation of GR 

Verlinde entropic formulation of Newtonian gravity and GR 

 
 

Then, metric does not describe fundamental degrees of freedom 

 
Classical space-time is a statistical approximation of a quantum 

system 



 Physical states may be holographic 

Information encoded with Planck density on 2D bounding surfaces 
‘t Hooft, Susskind holographic principle 

Maldacena ADS/CFT dualities in string theory 

Bousso covariant entropy bound: “causal diamonds” 

Banks theory of emergence 

Requires new forms of spatially nonlocal entanglement that are not 
included in field theory 



 Challenges for Quantum Field Theory 
Quantum states do not obey locality 

Yet locality is the basis of relativity 
Field theory assumes classical nonlocal structure of states 
Particle creation entails instant nonlocal occupation of a macroscopic state 

Inconsistency at the Planck scale 
At the Planck scale, geometry is indeterminate 
Inflation with now-observed large B modes requires UV completion beyond field theory 

Gravitational  theory suggests that gravity and geometry are statistical 
GR can be derived and interpreted thermodynamically 
Requires new fundamental degrees of freedom (not the metric) 

Physical states appear to be holographic and nonlocal 
Information encoded with Planck density on 2D bounding surfaces 
Much less information than field theory 
States must have new forms of spatially nonlocal entanglement 
 

Physics needs to go beyond the approximations of quantum field theory 
Not all of these issues are as yet addressed by string theory 

 
 



Macroscopic effects of quantum geometry 

 

Quantum field theory assumes classical space-time; predicts that 
Planck scale effects are highly suppressed at large scales 

 

Also true in string theory, using fields for macroscopic limit 

 

But  quantum  geometry may have new degrees of freedom, 
different from either field theory or general relativity 

 

Planckian effects may be observable on macroscopic scales 

 

Not confined to Planck scale “quantum foam” 
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Planck length 

(String theory etc.) 

λ = hc / E R = 2GM / c2

Deviations from classical geometry on larges scales must 
be small enough to agree with experiments, but may be 
larger than minimal deviations in field theory 

Is there quantum behavior of macroscopic geometry? 
 



Space-time as an information bounded system 

Perhaps positions are encoded in a wave function with the 
information capacity of  Planck frequency carrier wave   

(a Planckian Shannon channel)  
Positional precision is subject to a Planck bandwidth limit, 

       

      bits per second 
 

Measurement of position is limited to this fidelity 
This hypothesis is sufficient to estimate macroscopic  geometrical 

indeterminacy without further knowledge of  fundamental theory 
Corresponds to information in holographic gravity 
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ilar properties, and they are discussed in this section.
These solutions form a complete and orthogonal set of
functions and are called the "modes of propagation."
Every arbitrary distribution of monochromatic light can
be expanded in terms of these modes. Because of space
limitations the derivation of these modes can only be
sketched here.

a) Modes in Cartesian Coordinates: For a system with
a rectangular (x, y, z) geometry one can try a solution for
(11) of the form

g h

which can be used to express w0 and z in terms of w and R:

wo2 = W2j [1 + (-) (24)

/ = R 1 (R) 2 ] (25)
To calculate the complex phase shift a distance z away

from the waist, one inserts (1-9) into (15) to get

I j1p, (26)
q z + j(rwo 2 /X)

Integration of (26) yields the result
jP(z) = ln [1 - j(Xz/7rwo2)]

= ln-\/l + (z/7rw2)2 - j arc tan(Xz/rwO2 ). (27)

The real part of P represents a phase shift difference cJ be-
tween the Gaussian beam and an ideal plane wave, while
the imaginary part produces an amplitude factor w/w
which gives the expected intensity decrease on the axis due
to the expansion of the beam. With these results for the
fundamental Gaussian beam, (10) can be written in the
form '

; ts "1 -\,*

wO
it(r, z) =-

w

exp {-j(kz - ) -r2( - + R)} (28)
where

D= arc tan(XZ/7rWO2). (29)

It will be seen in Section 3.5 that Gaussian beams of this
kind are produced by many lasers, that oscillate in the
fundamental mode.

3.3 Higher Order Modes
In the preceding section only one solution of ( 1) was

discussed, i.e., a light beam with the property that its
intensity profile in every beam cross section is given by
the same function, namely, a Gaussian. The width of this
Gaussian distribution changes as the beam propagates
along its axis. There are other solutions of (11) with sim-

{ F [ 2q , ]}, e -j P + -'(XI 2. 2q j). (30)

where g is a function of x and z, and h is a function of y
and z. For real g and h this postulates mode beams whose
intensity patterns scale according to the width 2w(z) of a
Gaussian beam. After inserting this trial solution into
(11) one arrives at differential equations for g and h of the
form

d2 Hm dHrn
dx2 - 2x x + 2mHm = 0. (31)

> dx2 ~~~dx
This is the differential equation for the Hermite poly-
ftomial Hm(x) of order m. Equation (11) is satisfied if

.g J = Hm./2 -)H (,/2 &) (32),~~~~ W
where m and n are the (transverse) mode numbers. Note
that the same pattern scaling parameter w(z) applies to
modes of all orders.

Some Hermite polynomials of low order are

Ho(x) = 1
Hl(x) = x
H 2(x) = 4X2 - 2
H3(x) = 8x 3

- 12x. (33)

Expression (28) can be used as a mathematical descrip-
tion of higher order light beams, if one inserts the product
g' h as a factor on the right-hand side. The intensity pat-
ternin a cross section of a higher order beam is, thus, de-
scribed by the product of Hermite and Gaussian functions.
Photographs of such mode patterns are shown in Fig. 7.
They were produced as modes of oscillation in a gas laser
oscillator [16]. Note that the number of zeros in a mode
pattern is equal to the corresponding mode number, and
that the area occupied by a mode increases with the mode
number.

The parameter R(z) in (28) is the same for all modes,
implying that the phase-front curvature is the same and
changes in the same way for modes of all orders. The
phase shift 4, however, is a function of the mode numbers.
One obtains

4(m, n; z) = (m + n + 1) arc tan(Xz/7rwo2). (34)
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Fig. 6. Contour of a Gaussian beam.
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Waves have finite directional resolution  
 

Any particle wave function has a directional resolution bound 
For a massless field, 
 
 
 
 

Planck resolution bound may apply to geometry 

4

Unlike plane waves, normal modes of this system are spatially confined in the transverse directions. This leads to a
transverse momentum and therefore a transverse spread of propagation direction, described by  . The lowest order
axially symmetric mode is given by

 (r, z) = exp[�i(P + kr2/2q)], (5)

where r2 ⌘ x2 + y2, dq/dz = 1, and dP/dz = �i/q. The complex beam parameter q can be expressed in terms of two
real beam parameters that depend on z: the width w of the gaussian profile, and the radius of curvature R of the
wave fronts of constant phase, related by:

1

q
=

1

R
� i�

⇡w2
. (6)

In this family of solutions, the gaussian has a minimum width w0 at a “waist” at z = 0, where the wave fronts lie
in a plane. As a function of z,

w2(z) = w2
0[1 + (�z/⇡w0)

2], (7)

and

R(z) = z[1 + (⇡w2
0/�z)

2]. (8)

The width increases, that is, the beam diverges at larger z. A smaller waist— that is, a better transverse localization
at the origin— makes for a more rapid divergence, and less localization far away:

�z

⇡w2
0

=
⇡w2

�R
. (9)

The wavefronts are nearly flat near the origin (R = 1), and become curved far away, with R ! z at large z. The
transverse width maintains localization— suppresses the spreading— until z is of order R. For z << w0, a paraxial
solution resembles a plane wave; for w0 < z < w2

0/�, it resembles a tube of width ⇡ w0; and for z >> w2
0/�, it

resembles a spherical wave emanating from a point source.
Higher order modes of propagation form a complete and orthogonal set of functions, into which any arbitrary

distribution of monochromatic radiation can be decomposed. They have finer-scale 2D structure in x and y that
scales with w, and their wave functions include an overall Gaussian envelope that follows the fundamental mode.

For any z, there is a unique solution that minimizes the width w(z), for which w/w0 = R/z =
p
2. The variance of

 (r, z) thus has a minimum value,

w2
min

= h�r2
min

i =
p
2�z/⇡. (10)

The corresponding wave function of direction,

 (✓, z) = exp[�i✓2/2h�✓2i] (11)

has a minimum variance in angle from the z axis,

h�✓2
min

i = w2
min

/z2 =
p
2�/⇡z. (12)

These states represent a minimal directional uncertainty inherent in a wave state in a finite system — which may be
interpreted as a fundamental, physical directional uncertainty of particle paths, or angular relationships between events,

defined by any field at a given wavelength. They explicitly introduce a transverse length scale w
min

= (
p
2z�/⇡)1/2

that depends on system size. States with more precise directionality are possible (for example, plane waves), but they
have a larger transverse width, so their wave functions actually subtend a larger angle, and create a larger uncertainty
for the direction of a corresponding particle path. It is worth emphasizing once more that this uncertainty is a general
property of frequency eigenstates of any field.



Planck diffraction scale of directional resolution 

 

 
 

 

(Exact normalization comes from gravitational information; best 
estimate is based on  noncommutative position algebra) 

 

Directions indeterminate at the Planck scale 

 

Approximately classical on scales larger than the Planck length 
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interpreted as thermodynamic relations.[1] Indeed, even
the Newtonian concepts of inertia and gravitational force
can be recast in terms of statistics, an “entropic” the-
ory of gravity.[2] In these theories, matter and geometry
are part of one quantum system. We have not yet iden-
tified the quantum states of the geometry, but we can
still describe classical geometrical behavior, in the same
way that the flow of heat and increase of entropy can be
understood without knowing about detailed microscopic
structures.

Although the system approximates matter in classi-
cal space-time on large scales, the geometry may still
not behave in exactly a classical way, and may have new
quantum-geometrical modes of behavior even on large
scales. Field theory predicts that this does not happen,
because e↵ects on the tiny Planck scale average out and
do not significantly a↵ect large scale measurements. But
the true quantum geometry may not respect separation
of scales as well as field theory does.

There are reasons to suspect that quantum geometry
may produce new e↵ects on large scales. For example,
unlike field theory, emergent gravity implies a finite num-
ber of geometrical degrees of freedom in any volume, pro-
portional to the area of a bounding surface. To reproduce
classical gravity, the number of geometrical degrees of
freedom in a 3-sphere of radius R should be[2]:

N3S(R) = 4⇡(R/ctP )
2
. (1)

An emergent space-time is thus said to be “holographic”.
It has much less information than standard theory, and
does not respect locality; the density and fidelity of spa-
tial information decreases in larger volumes.

Nobody knows how to create a quantum theory with
both particle and geometrical degrees of freedom, encom-
passing microscopic to macroscopic scales. However, it is
possible to construct a true quantum theory for just the
geometrical degrees of freedom on large scales, if we do
not try to include standard field theory at the same time.
This macroscopic quantum geometry describes quantum
properties of positions of massive bodies that ordinarily
behave in an almost purely classical way.

A simple e↵ective theory of this kind can be based on a
noncommutative geometry.[3] The position of a massive
body at rest in 3-space is not described using classical
coordinates, but with quantum operators x̂i, where i =
1, 2, 3. The departure from classical position is described
with a noncommutative algebra,

[x̂i, x̂j ] = x̂k✏ijkictP /
p
4⇡, (2)

where ✏ijk is the antisymmetric tensor. This algebra is

well known to form a consistent quantum theory, studied
in the context of angular momentum. The eigenstates
of the system form a discrete spectrum, just like com-
ponents of angular momentum. For the normalization
chosen in Eq. (2), the number of quantum-geometrical
eigenstates in a 3-sphere agrees with that required for
emergent gravity (Eq. 1).

This theory predicts a new quantum-geometrical un-
certainty in transverse position:

hx2
?i = LctP /

p
4⇡ = (2.135⇥ 10�18m)2(L/1m), (3)

and an uncertainty in direction,

h�✓

2i = ctP /
p
4⇡L, (4)

where L denotes the classical expectation value of sep-
aration. Position in this geometry is indeterminate on
macroscopic scales.

The illusion of locality— the appearance of a property
that behaves like classical position— emerges naturally
in this theory. The angular uncertainty (Eq. 4) becomes
smaller on large scales, as the geometry becomes “more
classical”. On the other hand, the approach to classi-
cal behavior happens more slowly than in quantum field
theory. The transverse uncertainty (Eq. 3) actually in-
creases with scale, an e↵ect not present in field theory.

Actual measurements take random values with a dis-
tribution determined by the uncertainty. A system mea-
sured over time shows a wandering or fluctuation in
transverse position. Space itself, along with all the mat-
ter in it, appears to jiggle randomly back and forth with
amplitude (3) on a timescale L/c. Massive bodies close
together, jiggle together— their quantum-geometrical
states are entangled by proximity. The positional coher-
ence is the origin of locality; the fluctuations, or “holo-
graphic noise”, are a new e↵ect of quantum geometry.

The geometrical displacement on a laboratory scale is
many attometers, a detectable distance in an interferom-
eter. An experiment now being built at Fermilab should
be capable of either detecting this e↵ect, or conclusively
ruling it out. It will probe the classical coherence of
macroscopic quantum geometry with Planckian sensitiv-
ity.

[1] T. Jacobson, Phys. Rev. Lett. 75, 1260 (1995)
[2] E. P. Verlinde, JHEP 1104, 029 (2011)
[3] C. J. Hogan, arXiv:1204.5948 [gr-qc].



Directional entanglement of quantum geometry and fields 

Posit that states cannot exceed Planck diffraction limit on 
directional information 

On large scales, standard plane wave field modes violate this 
bound even  far below Planck frequency 

Fields are directionally entangled with Planckian geometry 

Reduces information content: agrees with holographic gravity 

Little effect on particle experiments 

Affects only measurements in large systems and two directions 
Same scale as “IR cutoff” hypothesis of Cohen, Kaplan & Nelson 

(Prevents quantum field states from exceeding black hole mass) 
Eliminates fine tuning of field vacuum energy 

 



Transverse position uncertainty 

Planck bound on directional information leads to diffractive 
indeterminacy of position wave function transverse to separation: 

 

  

 

quantum departure from classical geometry 

 increases with radial separation L 

purely transverse to separation:  “directional uncertainty” 

Preserves classicality of radial separation, causal structure 
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interpreted as thermodynamic relations.[1] Indeed, even
the Newtonian concepts of inertia and gravitational force
can be recast in terms of statistics, an “entropic” the-
ory of gravity.[2] In these theories, matter and geometry
are part of one quantum system. We have not yet iden-
tified the quantum states of the geometry, but we can
still describe classical geometrical behavior, in the same
way that the flow of heat and increase of entropy can be
understood without knowing about detailed microscopic
structures.

Although the system approximates matter in classi-
cal space-time on large scales, the geometry may still
not behave in exactly a classical way, and may have new
quantum-geometrical modes of behavior even on large
scales. Field theory predicts that this does not happen,
because e↵ects on the tiny Planck scale average out and
do not significantly a↵ect large scale measurements. But
the true quantum geometry may not respect separation
of scales as well as field theory does.

There are reasons to suspect that quantum geometry
may produce new e↵ects on large scales. For example,
unlike field theory, emergent gravity implies a finite num-
ber of geometrical degrees of freedom in any volume, pro-
portional to the area of a bounding surface. To reproduce
classical gravity, the number of geometrical degrees of
freedom in a 3-sphere of radius R should be[2]:

N3S(R) = 4⇡(R/ctP )
2
. (1)

An emergent space-time is thus said to be “holographic”.
It has much less information than standard theory, and
does not respect locality; the density and fidelity of spa-
tial information decreases in larger volumes.

Nobody knows how to create a quantum theory with
both particle and geometrical degrees of freedom, encom-
passing microscopic to macroscopic scales. However, it is
possible to construct a true quantum theory for just the
geometrical degrees of freedom on large scales, if we do
not try to include standard field theory at the same time.
This macroscopic quantum geometry describes quantum
properties of positions of massive bodies that ordinarily
behave in an almost purely classical way.

A simple e↵ective theory of this kind can be based on a
noncommutative geometry.[3] The position of a massive
body at rest in 3-space is not described using classical
coordinates, but with quantum operators x̂i, where i =
1, 2, 3. The departure from classical position is described
with a noncommutative algebra,

[x̂i, x̂j ] = x̂k✏ijkictP /
p
4⇡, (2)

where ✏ijk is the antisymmetric tensor. This algebra is

well known to form a consistent quantum theory, studied
in the context of angular momentum. The eigenstates
of the system form a discrete spectrum, just like com-
ponents of angular momentum. For the normalization
chosen in Eq. (2), the number of quantum-geometrical
eigenstates in a 3-sphere agrees with that required for
emergent gravity (Eq. 1).

This theory predicts a new quantum-geometrical un-
certainty in transverse position:

hx2
?i = LctP /

p
4⇡ = (2.135⇥ 10�18m)2(L/1m), (3)

and an uncertainty in direction,

h�✓

2i = ctP /
p
4⇡L, (4)

where L denotes the classical expectation value of sep-
aration. Position in this geometry is indeterminate on
macroscopic scales.

The illusion of locality— the appearance of a property
that behaves like classical position— emerges naturally
in this theory. The angular uncertainty (Eq. 4) becomes
smaller on large scales, as the geometry becomes “more
classical”. On the other hand, the approach to classi-
cal behavior happens more slowly than in quantum field
theory. The transverse uncertainty (Eq. 3) actually in-
creases with scale, an e↵ect not present in field theory.

Actual measurements take random values with a dis-
tribution determined by the uncertainty. A system mea-
sured over time shows a wandering or fluctuation in
transverse position. Space itself, along with all the mat-
ter in it, appears to jiggle randomly back and forth with
amplitude (3) on a timescale L/c. Massive bodies close
together, jiggle together— their quantum-geometrical
states are entangled by proximity. The positional coher-
ence is the origin of locality; the fluctuations, or “holo-
graphic noise”, are a new e↵ect of quantum geometry.

The geometrical displacement on a laboratory scale is
many attometers, a detectable distance in an interferom-
eter. An experiment now being built at Fermilab should
be capable of either detecting this e↵ect, or conclusively
ruling it out. It will probe the classical coherence of
macroscopic quantum geometry with Planckian sensitiv-
ity.

[1] T. Jacobson, Phys. Rev. Lett. 75, 1260 (1995)
[2] E. P. Verlinde, JHEP 1104, 029 (2011)
[3] C. J. Hogan, arXiv:1204.5948 [gr-qc].



Approach to the classical limit  

Angles become less uncertain (more classical, ray-like) at  larger 
separations L: 

 

 

Transverse positions become more uncertain at larger separations L: 

 

 

 

Not the classical limit of field theory 

Far less information 

Directions have intrinsic “wavelike” uncertainty 

Δθ 2 ~ lP / L

Δx2 ~ lPL



Planckian directional uncertainty only dominates 
 normal quantum mechanics for large masses 

Standard quantum limit for uncertainty of position over 
time interval tau: 
 
 
 
 
> geometrical uncertainty, for mass < Planck mass 
 
Field theory works great for elementary particles 
 
But positions of large masses may have Planckian 
quantum-geometrical directional uncertainty larger than 
standard quantum theory 
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imity. The decoherence of position states in space and
time— the deviation from noiseless classical behavior—
is given by the uncertainty amplitude in Eq. (11), wherep

|x|2 corresponds to the separation of the elements andp
|x|2/c the timescale of the variation. Distant bodies

change direction slowly and coherently by a small ran-
dom amount (Eq. 14). Thus, to detect the e↵ect, an ap-
paratus must compare positions of compact bodies over
an extended region of space in more than one direction,
over a duration comparable to its size. Over longer du-
rations, the fluctuations are smaller, as positions average
to their classical values.

The purely transverse character implies zero quantum-
geometrical uncertainty— equivalent to a classical
geometry— for measurements of position that involve
interactions with particles propagating in only a single
direction. This behavior is di↵erent from fluctuations or
dispersion caused by gravitational waves or quantized-
metric fluctuations. It applies even over cosmic distances,
so the theory is unconstrained by studies of light from dis-
tant sources that constrain some other kinds of Planck-
scale Lorentz invariance violation.[11, 12]

The predicted fluctuations[7], while much larger than
the Planck length, are too small to detect with labora-
tory position measurements of small numbers of atoms
or molecules. Indeed, the new e↵ect dominates standard
quantum uncertainty only for relatively high mass sys-
tems. The standard quantum limit [13] for the variance
in a body’s position di↵erence measured at two times
separated by a duration ⌧ ,

�x

2
SQL ⌘ h(x(t)� x(t+ ⌧))2i � 2h̄⌧/m, (15)

is greater than the quantum-geometrical position uncer-
tainty at separation |x| = c⌧ if the mass m of a body
satisfies m < 2mP . Quantum-geometrical uncertainty is
negligible on the mass scale of Standard Model particles
(< 10�16

mP ), which accounts for why classical space-
time is such a good approximation for systems involv-
ing small numbers of particles, and why standard theory
agrees so well with precision tests in microscopic experi-
ments. The space-time even in a single ⇡ TeV4 collision
volume encompasses ⇡ 1032 degrees of freedom, and de-
tectors do not have su�cient precision to detect the pre-
dicted tiny deviations from the phase space of quantized
field modes in a classical geometry.

Taking these properties together, detection of the
quantum-geometrical uncertainty requires a nonlocal,
bidirectional experiment, that measures relative posi-
tions of bodies on at least three widely separated world
lines, with time sampling comparable to their separation.
It can best be distinguished from other noise sources by
measuring mean positions of large assemblies of particles,

that is, massive bodies such as mirrors.

The most promising experimental test comes from pre-
dicted noise in interferometer signals. A Michelson in-
terferometer creates a coherent state of many photons
spatially extended along two macroscopic arms.[13] The
measured signal from the interfered light depends sensi-
tively on positions of three mirrors, a beamsplitter and
two end mirrors, at three di↵erent times separated by the
arm length L. The world lines of the mirrors are widely
separated in two directions, so quantum-geometrical po-
sition uncertainty leads to noise, or fluctuations in the
signal. The amplitude of position fluctuations (Eq. 11)
is given by hx2

?i ⇡ L`P , with timescale ⌧ ⇡ L/c. Existing
interferometers[14] already rule out such fluctuations for
commutators significantly larger than the Planck scale.[7]

If two separate interferometers have mirrors in nearly
the same positions, separated by much less than L, their
geometrical position states are entangled, so fluctuations
in their signals are correlated in a known way[7], depend-
ing only on the experimental configuration. An experi-
ment based on this specific signature, currently under
construction at Fermilab, is designed to achieve the re-
quired Planckian sensitivity for a detection, or to con-
vincingly rule it out. The theory here suggests that the
outcome of this experiment could shed light on the emer-
gent origin of classical locality from a Planck scale theory.
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Quantum-geometrical uncertainty and fluctuations 

Transverse uncertainty >> Planck length for large L 
àfluctuations in transverse position on timescale L/c 

Δx ~ ctPL



lPlanck / L
	  <<	  L	  

	  size	  L	  of	  system	  
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Coherence of Quantum-Geometrical Fluctuations 
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Michelson reading interference fringes 



Michelson and Morley experiment, 1887 

Original apparatus used by Michelson and Morley, 1887 

Showed that the measured speed of light is always the 
same in different directions, independent of motion  



New attometer technology of interferometers 

Positions of mirrors measured to ~10-18 m, over a distance of ~103 m 
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Interferometers can reach Planckian sensitivity 
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Based on the above interpretation of the uncertainty, we adopt the following rule for estimating cross correlations.
Transverse holographic displacements are the same to first order on the spacelike surface defined by each null plane
wavefront, and decorrelate only slowly (to second order in ⌅ for each mode) with transverse separation. Thus, the
di⇤erential phase perturbations in the two machines are almost the same when both pairs of laser wavefronts are
traveling in the same direction at the same time in the lab frame, with small transverse separation compared to the
propagation distance. If they are displaced or misaligned the correlation is reduced by appropriate directional and
overlap projection factors. For example, if two aligned interferometers are displaced by a small distance �L along
one axis, where �L << L, the cross correlation of measured phase displacement (in length units) becomes

⇥⇥(⇤) ⇤ (2ctP /⇥)(2L� 2�L� c⇤), 0 < c⇤ < 2L� 2�L (35)
= 0, c⇤ > 2L� 2�L. (36)

That is, the cross correlation is the same as the autocorrelation of the largest interferometer that would fit into the
in-common spacetime volume between the two. These formulae provide concrete predictions for experimental tests
of the hypothesis (2). Assuming the theory is correctly normalized by black hole thermodynamics, there are no free
parameters in the predictions, so there is a clearly defined experimental target.

Another simple configuration to consider is two adjacent interferometers, with one arm of each parallel and adjacent
to the other but with the other arms extending in opposite directions. In this setup the spacelike surfaces defined by
wavefronts in the opposite arms never coincide. In addition, the beamsplitters are at right angles to each other and
therefore the phases of reflected light depend on precisely orthogonal components of displacement, so their signals
should be uncorrelated. This result can be derived in the operator description. For the configuration just described,
with opposite arms along axis 1, the cross correlation of the two machines A and B at zero lag (⇤ = 0) is

⌅XAXB⇧ = ⌅[�x1A(t)� x2A(t� 2L/c)][x1B(t)� x2B(t� 2L/c)]⇧ (37)
= ⌅�x1A(t)x1B(t) + x2A(t� 2L/c)x2B(t� 2L/c) (38)

�x2A(t� 2L/c)x1B(t) + x1A(t)x2B(t� 2L/c))⇧. (39)

In machine A, a positive displacement along axis 1 lengthens arm 1, while in machine B it shortens it; this appears as
the opposite signs for the machines in line (37). The terms in line (38) then cancel, while the summed terms in line
(39) average to zero by symmetry, so the overall cross correlation vanishes. Therefore we expect the cross correlation
in this setup to vanish, providing a useful configuration for an experimental null control. Note that cross correlation
in this setup would not vanish for fluctuations caused by gravitational waves or metric fluctuations.

COMPARISON WITH EXPERIMENTS

It is interesting to compare this Planckian directional position fluctuation with the precision of the best atomic
clocks. In the language of frequency error (or Allan variance) often used to characterize clocks, with the adopted
normalization (Eq. 29), the fractional standard deviation over a time ⇤ is

��(⇤)
�

⇤ �t(⇤)/⇤ =

⇥
2⇥ 5.39⇥ 10�44sec

⇥⇤
= 1.8⇥ 10�22/

�
⇤/sec. (40)

For comparison, frequency error in the best atomic clocks is currently [33] ��(⇤)/� = 2.8⇥ 10�15/
�

⇤/sec. Thus the
holographic limit is far beyond the currently practicable level of time measurements using atomic clocks. It is not
possible for example to measure Planckian phase variations between local time standards.

However, over short (but still macroscopic) time intervals, Planckian holographic noise in relative phase anisotropy
in di⇤erent directions may be detectable using interferometers. For times ⇤ 2L/c, interferometers are, in this limited
di⇤erential sense, by far the most stable clocks. The sensitivities attainable by current and planned experiments are
shown in Figure (1), along with the holographic noise prediction, Eq. (40). An expanded view (Figure 2), comparing
with a wider range of experimental approaches, shows that interferometry is currently the most promising approach
to detect the e⇤ect.

Existing gravitational wave interferometers, such as LIGO, VIRGO, and GEO-600, have approximately the required
phase sensitivity to reach the level in Eq.(40). The plotted experimental points are derived by taking published noise
curves[34, 35] at the most sensitive frequency, and evaluating the corresponding rms arm-di⇤erence fluctuation in a
single wave cycle at that frequency. The equivalent estimate is also shown for the proposed spaceborne interferometer,
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Planckian directional noise in Michelson interferometer 
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imity. The decoherence of position states in space and
time— the deviation from noiseless classical behavior—
is given by the uncertainty amplitude in Eq. (11), wherep

|x|2 corresponds to the separation of the elements andp
|x|2/c the timescale of the variation. Distant bodies

change direction slowly and coherently by a small ran-
dom amount (Eq. 14). Thus, to detect the e↵ect, an ap-
paratus must compare positions of compact bodies over
an extended region of space in more than one direction,
over a duration comparable to its size. Over longer du-
rations, the fluctuations are smaller, as positions average
to their classical values.

The purely transverse character implies zero quantum-
geometrical uncertainty— equivalent to a classical
geometry— for measurements of position that involve
interactions with particles propagating in only a single
direction. This behavior is di↵erent from fluctuations or
dispersion caused by gravitational waves or quantized-
metric fluctuations. It applies even over cosmic distances,
so the theory is unconstrained by studies of light from dis-
tant sources that constrain some other kinds of Planck-
scale Lorentz invariance violation.[11, 12]

The predicted fluctuations[7], while much larger than
the Planck length, are too small to detect with labora-
tory position measurements of small numbers of atoms
or molecules. Indeed, the new e↵ect dominates standard
quantum uncertainty only for relatively high mass sys-
tems. The standard quantum limit [13] for the variance
in a body’s position di↵erence measured at two times
separated by a duration ⌧ ,

�x

2
SQL ⌘ h(x(t)� x(t+ ⌧))2i � 2h̄⌧/m, (15)

is greater than the quantum-geometrical position uncer-
tainty at separation |x| = c⌧ if the mass m of a body
satisfies m < 2mP . Quantum-geometrical uncertainty is
negligible on the mass scale of Standard Model particles
(< 10�16

mP ), which accounts for why classical space-
time is such a good approximation for systems involv-
ing small numbers of particles, and why standard theory
agrees so well with precision tests in microscopic experi-
ments. The space-time even in a single ⇡ TeV4 collision
volume encompasses ⇡ 1032 degrees of freedom, and de-
tectors do not have su�cient precision to detect the pre-
dicted tiny deviations from the phase space of quantized
field modes in a classical geometry.

Taking these properties together, detection of the
quantum-geometrical uncertainty requires a nonlocal,
bidirectional experiment, that measures relative posi-
tions of bodies on at least three widely separated world
lines, with time sampling comparable to their separation.
It can best be distinguished from other noise sources by
measuring mean positions of large assemblies of particles,

that is, massive bodies such as mirrors.

The most promising experimental test comes from pre-
dicted noise in interferometer signals. A Michelson in-
terferometer creates a coherent state of many photons
spatially extended along two macroscopic arms.[13] The
measured signal from the interfered light depends sensi-
tively on positions of three mirrors, a beamsplitter and
two end mirrors, at three di↵erent times separated by the
arm length L. The world lines of the mirrors are widely
separated in two directions, so quantum-geometrical po-
sition uncertainty leads to noise, or fluctuations in the
signal. The amplitude of position fluctuations (Eq. 11)
is given by hx2

?i ⇡ L`P , with timescale ⌧ ⇡ L/c. Existing
interferometers[14] already rule out such fluctuations for
commutators significantly larger than the Planck scale.[7]

If two separate interferometers have mirrors in nearly
the same positions, separated by much less than L, their
geometrical position states are entangled, so fluctuations
in their signals are correlated in a known way[7], depend-
ing only on the experimental configuration. An experi-
ment based on this specific signature, currently under
construction at Fermilab, is designed to achieve the re-
quired Planckian sensitivity for a detection, or to con-
vincingly rule it out. The theory here suggests that the
outcome of this experiment could shed light on the emer-
gent origin of classical locality from a Planck scale theory.
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discussions, and for the hospitality of the Aspen Center
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the same positions, separated by much less than L, their
geometrical position states are entangled, so fluctuations
in their signals are correlated in a known way[7], depend-
ing only on the experimental configuration. An experi-
ment based on this specific signature, currently under
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 Planck noise spectrum in a simple Michelson interferometer 

 spectral density of predicted noise at frequency f,  in apparatus of size L: 

Depends only on Planck scale and system geometry 
 
Measured noise is not sensitive to modes longer than 2L 
 
At low frequency, angular noise power spectral density is 
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rors leads to noise, or fluctuations in the signal. Posi-
tion fluctuations with variance given in Eq. (19), and
timescale ⌧ ⇡ L/c, create noise with calculable statis-
tical properties.[7] In a standard Michelson interferome-
ter, the spectral density of position noise in conventional
units (variance of strain per frequency interval) at fre-
quencies high compared with c/L is given approximately
by:

h

2 = (�L/L)2 = tP /
p
4⇡ = (1.23⇥ 10�22Hz�1/2)2.

(22)
Existing interferometers[15] already rule out such fluc-
tuations for commutators significantly larger than the
Planck scale. Care must be taken in using quoted limits,
since the quantum-geoemetry e↵ect on the signal depends
on the interferometer layout.

If two separate interferometers have mirrors in nearly
the same positions, separated by much less than L, their
geometrical position states are entangled, so fluctuations
in their signals are correlated in a known way[7], depend-
ing only on the experimental configuration. An experi-
ment based on this specific signature, currently under
construction at Fermilab, is designed to achieve the re-
quired Planckian sensitivity to detect the fluctuations, or
to convincingly rule them out. The theory here suggests
that the outcome of this experiment could shed light on
the emergent origin of classical locality and gravity from
a Planck scale theory.
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calization as the wave continues in the direction of prop-
agation. In a particular formulation of this conceptual
hypothesis, one can posit a non-commutative spacetime
with the commutator [19–21]:

[x
µ

, x
⌫

] = i
1

2

p
⇡
xU�✏

µ⌫�

il
p

, U� ⌘ ẋ�

c
p
ẋ
↵

ẋ↵

(26)

where U� is the dimensionless 4-velocity of a body and
ẋ ⌘ @x/@⌧ . It is important to again note that x

µ

is
not a coordinate variable, but rather an operator acting
on a Hilbert space from which we derive spacetime as a
quantum emergent variable. As such, spacetime itself can
undergo quantum entanglement. The time operator, x0,
does not commute with space operators, and therefore
we could think of three independent clocks in orthogonal
directions, which lends itself well to the possible use of
an interferometer in measuring the effects of this commu-
tator since an interferometer can be thought of as light
clocks in two orthogonal directions. We have seen that
the two orthogonal macroscopic arms of a Michelson in-
terferometer contain coherent states of photons that are
spacially extended[54].

If we restrict ourselves to the entanglement between
space variables only, we have:

[x̂
i

, x̂
j

] = i
1

2

p
⇡
l
p

✏
ijk

x̂
k

(27)

where the normalization has been chosen to be consistent
with emergent spacetime theories that describe gravity
entropically [64]. This is a smaller number than the co-
variant entropic bound from black hole entropy, but likely
describes flat spacetime more accurately. For a length
measurement of scale L, this gives a transverse position
uncertainty of

q
1

2
p
⇡

l
p

L, which gives us an intuitive ref-
erence to the idea of null waves bandwidth-limited at
the planck scale carrying information over the length L
and undergoing planckian random walk-like diffractions
in transverse directions.

Now, considering the reflections off the beam splitter,
an interferometer measures the macroscopic quantity

X(t) = x̂2(t)� x̂1(t� 2L/c) (28)

through continuous interaction of matter with null waves.
We will consider these as a series of discrete measure-
ments separated by Planck times, over which the uncer-
tainties given by the spacetime commutators above ac-
cumulate like a random walk[21]. The aforementioned
considerations of an emergent spacetime obeying causal
structures leads us to conclude that this holographic ran-
dom walk is bounded by a single light round trip time
2L/c, as causal boundaries dictate this to be the longest
time interval during which the relative phases in two di-
rections deviate before the “memory” is “reset.” Thus

the autocorrelation function for the arm-length difference
X (t) at time lag t can be given as:

⌅(⌧) = hX(t)X(t+ ⌧)i (29)

=

(
ct

p

2
p
⇡

(2L� c⌧) 0 < c⌧ < 2L

0 c⌧ > 2L
(30)

The precise details of these calculations are laid out in
previous papers and need not be repeated here, but it
is important to note that the zero-lag value in (29) does
not come from the propagation of one null wave over
a distance 2L despite its algebraic appearance. Since
X (t) represents the arm-length difference, each arm con-
tributes its own uncorrelated portion of the total vari-
ance. The information-carrying null waves only accum-
mulate transverse uncertainties over the physical distance
of a single arm length L even though the light beam trav-
els a distance of 2L. The two reflections off of the beam
splitter respectively measure its location in two orthog-
onal directions at two different times, and at the point
of each reflection, a spatial uncertainty transverse to the
direction being measured is created.

The corresponding amplitude spectrum of the displace-
ment in the frequency domain can be calculated using the
cosine transform [21]:

˜

⌅(f) = 2

ˆ 1

0
d⌧⌅(⌧) cos(2⇡f⌧) (31)

=

c2t
pp

⇡(2⇡f)2
[1� cos(f/f

c

)] , f
c

⌘ c

4⇡L
(32)

This prediction is sufficient for the Fermilab holome-
ter, which uses a set of cross-correlated simple Michel-
son interferometers to look for this noise. However, for
differently configured interferometers, such as GEO-600
or LIGO, we need to do a bit more work. The GEO-
600 detector uses a Michelson interferometer with each
arm folded once to double the distance traveled by the
light (see Figure 3(a)). In such a case, we expect the
“memory” to last twice as long. But the actual physi-
cal distance being measured is still just a single L, and
because the posited position uncertainty is only in the
transverse direction and resets after every reflection (we
can think of this as similar to collapsing quantum wave-
functions), the holographic noise only accumulates over a
single arm length, starting or ending at the beam splitter.
This means that the low-frequency limit of the displace-
ment amplitude spectrum must remain the same, because
at frequencies much below inverse light storage time the
phenomenon described must behave almost “classically,”
and the extended “memory” should not affect the mea-
sured uncertainty at all. If we imagine a simple Michelson
interferometer co-occupying the space of the GEO-600
detector in parallel configuration, the two devices should
demonstrate equal phase noise at such low frequencies.
These requirements lead us to write:
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rors leads to noise, or fluctuations in the signal. Posi-
tion fluctuations with variance given in Eq. (19), and
timescale ⌧ ⇡ L/c, create noise with calculable statis-
tical properties.[7] In a standard Michelson interferome-
ter, the spectral density of position noise in conventional
units (variance of strain per frequency interval) at fre-
quencies high compared with c/L is given approximately
by:

h

2 = (�L/L)2 = tP /
p
4⇡ = (1.23⇥ 10�22Hz�1/2)2.

(22)
Existing interferometers[15] already rule out such fluc-
tuations for commutators significantly larger than the
Planck scale. Care must be taken in using quoted limits,
since the quantum-geoemetry e↵ect on the signal depends
on the interferometer layout.

If two separate interferometers have mirrors in nearly
the same positions, separated by much less than L, their
geometrical position states are entangled, so fluctuations
in their signals are correlated in a known way[7], depend-
ing only on the experimental configuration. An experi-
ment based on this specific signature, currently under
construction at Fermilab, is designed to achieve the re-
quired Planckian sensitivity to detect the fluctuations, or
to convincingly rule them out. The theory here suggests
that the outcome of this experiment could shed light on
the emergent origin of classical locality and gravity from
a Planck scale theory.
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(projected) 

LIGO(GW)  GEO600 
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envelopes (2L=1200m)  
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Quantum-Geometrical noise in real interferometers  
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LIGO (2L=8km) design is better for gravitational waves, not for quantum geometry 

GEO600 (2L=1200m) is already close to quantum geometry prediction 

(measured noise) 

Fermilab Holometer (2L=80m) is designed to find or rule out this effect  
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The Fermilab Holometer  
 

time 

space 

Spacetime diagram of 
an interferometer 

We are building a machine 
specifically to probe Planckian 
fluctuations and their nonlocal 
correlations in space and time: 
 
“Holographic Interferometer” 
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In the Oxford English Dictionary 
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4/14/12 9:17 AMholometer, n. : Oxford English Dictionary

Page 1 of 1http://www.oed.com.proxy.uchicago.edu/viewdictionaryentry/Entry/87808?print

Oxford University Press
Copyright © 2012 Oxford University Press . All rights reserved.

Your access is brought to you by:
University of Chicago

Pronunciation:

 

holometer, n.
  /həʊˈlɒmɪtə(r)/

Etymology:  < HOLO- comb. form + -METER comb. form , Compare French holomètre (1690 Furetière), < modern

Latin holometrum , < Greek ὁλο- HOLO- comb. form + -METER comb. form .

  A mathematical instrument for making all kinds of measurements; a
pantometer.

1696   E. PHILLIPS New World of Words (ed. 5) ,   Holometer, a Mathematical Instrument for the easie
measuring of any thing whatever, invented by Abel Tull.

1728   E. CHAMBERS Cycl. (at cited word),   The Holometer is the same with Pantometer.

1830   Mechanics' Mag. 14 42   To determine how far the holometer be entitled to supersede the sector in
point of expense, accuracy or expedition.

holometer, n.
Second edition, 1989; online version March 2012. <http://www.oed.com.proxy.uchicago.edu/view/Entry/87808>;
accessed 14 April 2012. Earlier version first published in New English Dictionary, 1899.

2

2

Oxford English Dictionary | The definitive record of the English
language
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Holometer Design Principles 

Direct test for quantum-geometrical noise 
Positive signal if it exists 
Null configurations to distinguish from other noise 

 
Sufficient sensitivity 

Achieve sub-Planckian sensitivity  
Provide margin for prediction 
Probe systematics of perturbing noise 

 
Measure signatures and properties of quantum-geometrical noise 

Frequency spectrum 
Time-domain correlation function 
Spatial correlations, configuration dependence 

C. Hogan 44 



Correlated signals in adjacent interferometers 

Geometrical directional states are entangled 

 “collapse” into the same state with measurement 



Experiment Concept 

Measure correlated optical phase fluctuations in a pair of isolated 
but collocated power recycled Michelson interferometers 
exploit the spatial coherence of quantum-geometrical noise 

measure at high frequencies (MHz) where other correlated noise is small  

Sensitive to nonlocal entanglement of quantum-geometrical position states 

Integrate (~minutes to days) to reduce photon shot noise  

Correlated holographic noise contribution accumulates 

 

 

,m
e	  

space	  

World lines of beamsplitters 

Overlapping spacetime volumes -> correlated  fluctuations 
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Distinguish exotic from conventional noise 
 

 
 Holographic noise has a predicted spectral shape 

Normalization of spectrum scales as arm length L2 

Interferometer response function cuts off at f=c/2L 

Conventional RF backgrounds are frequency dependent (narrow 
lines,  ~1/f, etc.) 

Discriminate against conventional backgrounds such as AM radio  
Configuration changes 

Orientation of two interferometers 
Nested for maximum correlation 
Back-to-back, or in-line to turn off correlation 
Change arm length to verify scaling with L 

Time Domain autocorrelation 
Reflects causal structure of system layout 
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Spacetimes of two interferometers 

Overlapping spacetime volumes collapse into the same state 

Correlates signals of nearly co-located Michelson interferometers 

Non-overlapping configurations are uncorrelated 
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time 

space 

Causal diamonds of 
beamsplitter signals 

C. Hogan 



“T” configuration of 2 interferometers 
Causal diamonds are independent 
No entanglement or signal correlations 

“L” configuration of 2 interferometers 
Highly entangled positions 
Highly correlated signals 

Top view of one interferometer  
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Holometer optical configuration 

Power recycling cavity enhances power by factor of  2000 à 2 kW 
 
Many technologies borrowed from LIGO and GEO600 
 
  

L1 

L2 

(2 of these) 

kW 
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The Holometer is located at MP8, a beamline 
in the meson area of FNAL 

A.S. Chou, FNAL, KA13 
Operations Review, 9/27/12 
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Adjacent systems 

East arms North arms 
C. Hogan 53 



Hut with east end mirrors 



East end station 



Vacuum compatible optics mounts 

C. Hogan 56 

Beamsplitter 

Power-
recycling 
mirror 

In-vacuum mounts are actuated by UHV picomotors 

Seismic 
isolation 
stage 



Michelson and team in suburban Chicago, winter 1924, 
with partial-vacuum pipes of 1000 by 2000 foot 

interferometer, measuring the rotation of the earth with 
light traveling in two directions around a loop 

57 C. Hogan 
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BATAVIA, ILLINOIS—The experiment looks 
like a do-it-yourself project, the scientifi c 
equivalent of rebuilding a 1983 Corvette in 
your garage. In a dimly lit, disused tunnel 
here at Fermi National Accelerator Labora-
tory (Fermilab), a small team of physicists 
is constructing an optical instrument that 
looks like water pipes bolted to the floor. 
Three scientists huddle within a makeshift 
tent—really a plastic sheet the size of a table-
cloth—to install a high-precision mirror. 
Nitrogen from a tank fl ows under the plas-
tic to keep the mirror clean. “It doesn’t look 
very impressive, but it’s the equivalent of a 
class 100 clean room—the best you can buy,” 
says Craig Hogan, a theorist at Fermilab and 
the University of Chicago in Illinois.

A ratchet clicks as a physicist inside the 
tent tightens a bolt. Another shouts, “The 
front one, not the back one! The front one, 
not the back one!” As implausible as it 
seems, the homey experiment could revolu-
tionize scientists’ conception of the fabric of 
the universe—if Hogan is right.

Known as the Fermilab holometer, the 
experiment aims to test one interpretation of 
the so-called holographic principle. The prin-
ciple states that the amount of information 
that can be crammed into a region of space 
and time, or spacetime, is proportional to the 
region’s surface area. That’s odd, as after all, 
the number of computer hard drives that fi t 

in a room increases with the room’s volume, 
not the area of its walls. If the holographic 
principle holds, then the universe is a bit like 
a hologram, a two-dimensional structure that 
only appears to be three-dimensional. Prov-
ing that would be a big step toward formu-
lating a quantum theory of spacetime and 
gravity—perhaps the single biggest chal-
lenge in fundamental physics.

The principle implies a kind of informa-
tion shortage that, in Hogan’s interpretation, 
makes it impossible to say precisely where 
an object is. “Think back to kindergarten; 
you know that something is either here or it’s 
there,” Hogan says. “It’s so obvious that it’s 
not clear that [position] is a mystery.” In fact, 
Hogan says, position is inherently uncertain, 
and the holometer aims to prove that point.

All the experiment takes is a couple 
of million bucks, two lasers, and a few 
months of work. That makes the holometer 
an unusual project for Fermilab, a particle 
physics lab where scientists typically work 
on huge accelerators and hundred-million-
dollar experiments that run for years. “The 
beauty of it is that we have the people who 
can come up with this low-risk, high-reward 
experiment,” says Fermilab’s Raymond 
Tomlin. “It’s one shot, and if you discover 
something you go to Stockholm [to collect a 
Nobel Prize]. And if you don’t see anything, 
you set a limit.”

Not everyone cheers the effort, how-
ever. In fact, Leonard Susskind, a theo-
rist at Stanford University in Palo Alto, 
California, and co-inventor of the holo-
graphic principle, says the experiment 
has nothing to do with his brainchild. 
“The idea that this tests anything of 
interest is silly,” he says, before refus-
ing to elaborate and abruptly hanging 
up the phone. Others say they worry 
that the experiment will give quantum-
gravity research a bad name.

Black holes and causal diamonds

To understand the holographic prin-
ciple, it helps to view spacetime the 

way it’s portrayed in Einstein’s special the-
ory of relativity. Imagine a particle coasting 
through space, and draw its “world line” on 
a graph with time on the vertical axis and 
position plotted horizontally (see top fi gure, 
p. 148). From the particle’s viewpoint, it is 
always right “here,” so the line is vertical. 
Now mark two points or events on the line. 
From the earlier one, imagine that light rays 
go out in all directions to form a cone on the 
graph. Nothing travels faster than light, so 
the interior of the “light cone” contains all 
of spacetime that the fi rst event can affect.

Similarly, imagine all the light rays that 
can converge on the later event. They defi ne 
another cone that contains all the space-
time that can infl uence the second event. The 
cones fence in a three-dimensional, diamond-
like region. According to special relativity, 
all observers will agree about which points 
are inside or outside the diamond, no matter 
how they are moving. The holographic prin-
ciple states that the amount of information 
that such a “causal diamond” can hold varies 
with its surface area.

That might seem like a perverse idea, but 
it follows from physicists’ analysis of black 
holes. A black hole is a region of extremely 
strong gravity produced when, for exam-
ple, a star collapses to a point, cramming 
an enormous mass into an infi nitesimally 
small volume. Within a certain distance of 
the point, gravity grows so strong that even 
light cannot escape.

That distance defi nes a sphere in space 
called the “event horizon.” In the 1970s, 
theorists deduced that the amount of infor-
mation contained in a black hole depends 
on the surface area of its horizon. One bit 
of information—which can be 0 or 1—
can be encoded in each “Planck area,” an 
area smaller than 10–69 square meters. Jacob 

Sparks Fly Over Shoestring Test
Of ‘Holographic Principle’
A team of physicists says it can use lasers to see whether the universe stores information 
like a hologram. But some key theorists think the test won’t fl y
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Hands-on. Student Benjamin Brubaker tin-

kers with the Fermilab holometer.
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Not a test of the holographic principle! 



Skeptical Theorists 

“The [holographic] principle, however, does not predict the quantum “jitters” 
that Hogan’s experiment seeks to detect; it predicts their absence. They 
would conflict with Einstein’s principle of relativity, which is central to the 
formulation of the holographic principle (and to our understanding of 
countless previous experimental results).”  
 
“we believe that Hogan’s experiment does not actually test this principle.” 

-R. Bousso and L.  Susskind   
 
My response:  
-indeed, the experiment does not “test the holographic principle” 
-indeed, the proposed effect violates general relativity (a classical theory) 
-this is a new effect: quantum fluctuations independent of mass 
-but it is consistent with previous experiments 
-consistent with holographic information bounds 
-and consistent with relativity as a classical limit 
 



Status of the Fermilab Holometer 

Currently in commissioning at Fermilab 
Funded mostly by A. Chou DOE Early Career Award 

Also by NASA, NSF, UC, URA, KICP 

 

Power-recycled 40m interferometers operating with high finesse 
Measured noise is close to shot-noise-limited design sensitivity 

Main systems of both interferometers are in place 

Cross-correlation measured, cross talk is acceptably low 

Cavity power  >1kw, locked for >30 minutes 

Planck sensitivity measurement expected within a year 
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Physics Outcomes 

If noise is not there,  
Set a sub-Planckian limit on position information 

Rule out some kinds of macroscopic quantum geometry 
Information density of macroscopic positions > holographic bound 

 

If it is detected,   
 

experiment probes Planckian quantum geometry 
 

    Information density of macroscopic positions ~ holographic bound 
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 4 PhD students 
 numerous UC undergrads + REUs 
(including 3 senior theses) 
High school students   
High school teachers 

J. Richardson 
J. Steffen 
C. Stoughton 
R. Tomlin 
S. Waldman 
R. Weiss  
W. Wester  
J. Volk 

Holometer Team!
A. Chou  
H. Glass  
H. Gustafson 
C. Hogan 
B. Kamai   
R. Lanza  
L. McCuller 
S. Meyer  
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The Fermilab Holometer : Probing the Planck Scale

The Holometer will test an idea that position measurements have Holographic Noise - a fundamental noise originating from an uncertainty of space itself. 
Hogan1  proposes that an information bound at the Planck scale (10-35 m) creates fluctuations in 2-D position measurements. The experimental design uses two 
laser interferometers as meter-sticks with a precision capable of measuring this signature. Holographic noise is predicted to be coherent noise between the two 
nearby laser systems. This experiment will be the first to test a quantum description of space that scales with Planck units.  Accessing the Planck scale may 
provide clues on a path towards a fundamental theory of space.
 1) C. J. Hogan 2012 arxiv:1002..4880 ; arxiv:1208.3703 ; arxiv:1204.5948

The Holometer's laser interferometers are two co-located 40 meter power-recycled Michelson 
interferometers, with a separation of their optics and light-paths of 0.6 meters. Each system is 
powered by a 1 Watt, 1064nm Nd:YAG laser. The experiment measures the precise position of 
the central beamsplitter relative to the distant end mirrors in a Michelson interferometer. Any 
returning out of phase light from differential changes in the path length (L1 - L2) is a proxy for 
the beamsplitter’s position changes. The measurement precision is limited by photon counting 
statistics. An extra mirror at the input port to reflects the returning in phase light ~1000 times 
across the beamsplitter to improve these statistics and our measurement sensitivity. This 
technique of power recycling builds up the power from a 1 watt laser to 1 kilowatt at the 
beamsplitter to achieve a position sensitivity of 10-18  meters each second. 

The National 
Science Foundation

Aaron Chou (co-PI),  Henry Glass, Richard Gustafson, Craig Hogan, Brittany Kamai, Robert Lanza, Lee McCuller,  Stephan Meyer (co-PI), 
Jonathan Richardson, Jason Steffen, Chris Stoughton, Ray Tomlin, James Volk, Sam Waldman,  Rainer Weiss, William Wester

Fermi National Accelerator Laboratory, The University of Chicago, 

Massachusetts Institute of Technology, University of Michigan

Predicted Holographic Noise 
for a single 40 m Interferometer

Predicted 
Holographic Noise Spectrum

Total RMS
 Holographic Noise

Detection band

Holographic noise introduces transverse phase noise from the 
uncertainty of the beamsplitter’s transverse position.2

The predicted amplitude spectral density is 
parameter free and depends on the light 
travel time between measurements.2

Design  

Detection Pipeline 
for a single 40 m Interferometer

 InGaAs Photodiode 
with re-designed electronics

Max photocurrent 100 milliwatt

50 MHz response
Shot-noise limited above 6 milliwatt

Raw data stream of 2.9 Tb/hr

Real-time Fourier transform processing
for cross-spectrum estimation

A great challenge of the experiment is 
keeping the interferometer at its most 
sensitive operating point. The control 
systems must hold the differential path 
length (L1 - L2) to 1 Angstrom of this 
point against environmental effects 
such as seismic and thermal vibrations.

The experiment is optimized for the MHz 
region where we are dominated by shot noise. 
Narrow-lined features such as radio stations 
can be easily rejected with our data acquisition 
system. Extensive work is done to make 
ourselves completely insensitive to any other 
electronics noise that can enter our system.

Detector ADC

Analog time stream Digital time stream

32 Core
Cross-Correlator

Cross - correlation between two laser interferometers

Detector1

Detector2

Interferometer1

Interferometer2

Predicted Holographic noise 
spectrum from Interferometer2

The Holometer is designed to minimize known coherent noise sources by keeping each 
interferometer isolated with separate vacuum systems, lasers, electronics, and data 
acquisition racks. Hunting for and characterizing background correlated noise sources 
will be the most significant effort.

Main Idea 

10 MHz100 kHz10 kHz 1 MHz10 kHz1 kHz100 Hz1 Hz 10 Hz
Holometer LIGO , Virgo , GEO-600 

Incoherent background noise 
floor decreases with integration 

time while the Holographic 
noise signal remains constant.

Cross-correlation between 
interferometers

 Visit us at : holometer.fnal.gov

Predicted Holographic noise 
spectrum from Interferometer1

Background seismic spectrum

Current gravitational wave detectors utilize similar technology.  Experiments such as LIGO are more elaborate 
with greater position sensitivity yet  have less sensitivity for detecting characteristics of Holographic Noise.

Operated by Fermi Research Alliance, LLC under contract No. De-AC02-07CH11359

Background RF spectrum

2) holometer.fnal.gov/presentations/holometer-proposal-2009.pdf

Planck length, 
lp = √hG/c3 = 10-35 m

Distance between 
beamsplitter and end 
mirror, L = 40 m

http://sites.tufts.edu/tuftsgetsgreen/files/2011/11/new_doe_logo_color_web.jpg


