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Quantum Physics and Geometry 

Classical geometry is made of definite points, based on “locality”

Quantum physics (and reality) do not respect locality

Standard approximation: quantum field theory



Quantum Field Theory

Classical Geometry (“space-time”)
D i l b t t tDynamical but not quantum

Responds to classical average of particle/field energy

Quantum particles and fields
Quantize nonlocalized plane waves extending to infinity on classicalQuantize nonlocalized plane waves extending to infinity, on classical 
background

Space-time geometry is assumed to be classical: it is not part of 
the quantum system

Approximation explains all experiments with particles

But cannot be the whole story about geometry



Challenges for Quantum Field Theory

Quantum states do not obey locality
Proven by EPR-type experimentsy yp p
Yet locality is the basis of relativity, assumed by field theory
Quantum properties of geometry are assumed away

Inconsistency at the Planck scale
At the Planck scale, geometry cannot behave classically

Field theory cannot predict the energy of the vacuum
Yet cosmic expansion accelerates

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

Physical states in black hole systems are holographic and nonlocalPhysical states in black hole systems are 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 (e g “Firewalls”)States must have new forms of spatially nonlocal entanglement (e.g. Firewalls )

Physics needs to go beyond the approximations of quantum field theory
Not all of these issues are addressed by string theoryy g y



The “Planck scale”: gravity + quantum 

secondsseconds

equivalent Planck length ~10-35 meters

Far too small to observe directlyFar too small to observe directly 
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Classical geometry is an approximation to a quantum system

Is there quantum behavior of nearly-Is there quantum behavior of nearly-
classical macroscopic geometry?
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λ = hc / E R= 2GM / c2

log (Mass-energy)Planck length ~10-35 meters
String Theory



Gravity is thermodynamical

Theory suggests a statistical “entropic” origin of gravity
B d t l l f bl k h l th d iBardeen et al. laws of black hole thermodynamics

Beckenstein- Hawking black hole evaporation

Unruh radiation

Jacobson formulation of GR

Verlinde entropic formulation of gravity

Metric does not describe fundamental degrees of freedomg

Classical space-time is a statistical behavior of a quantum system



Physical states are holographic

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

Maldacena ADS/CFT dualities in string theory

Bousso covariant entropy bound: “causal diamonds”

Banks theory of emergence

States must have new forms of spatially nonlocal entanglement



Emergent Space-time

Perhaps classical  space-time is an approximate behavior of a 
quantum system over long durationsquantum system over long durations

Locality direction separation of scales may only acquireLocality, direction, separation of scales may only acquire 
meaning after many Planck times

Quantum matter and geometry are entangled

Quantum-geometrical degrees of freedom may not be 
describable using quantum fields or quantized metricg q q



Macroscopic effects of new Planck scale physics

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

Also true in string theory, using fields for macroscopic limit

But  real  geometry may have quantum effects on larger scales  
with new degrees of freedomwith new degrees of freedom

These might not be describable by quantum field theoryThese might not be describable by quantum field theory

Field theory: classical geometry, quantum matterField theory: classical geometry, quantum matter

New approximation: classical matter, quantum geometryNew approximation: classical matter, quantum geometry
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Requirements for a macroscopic quantum geometry

Consistent  quantum theory
ti f J bi id titi– e.g. satisfy Jacobi identities

Consistent with classical geometry
must satisfy covariance in macroscopic limit– must satisfy covariance in macroscopic limit

– Formulate as a theory of position operators for massive bodies

Consistent with field theoryConsistent with field theory
– Unidirectional plane wave modes should propagate along a nearly 

classical dimension

Holographic density of states
– For thermodynamic GR, entropic gravity:

Number of eigenstates = surface area in Planck units

Consistent with current experiments



Classical matter in quantum geometry

Posit a quantum algebra for position operators:

Angular momentum algebra,  with x in place of J
Describes position of “massive body” in rest frame

Algebra has a covariant formulation

Number of position eigenstates in a 3-sphere agrees with 
holographic or “entropic gravity”:

Gravity can be a statistical behavior of this system



A new uncertainty in position

Noncommutative geometry: system cannot be an eigenstate of 
position in more than one directionposition in more than one direction

Variance of position operators transverse to separation (fromVariance of position operators transverse to separation (from 
angular momentum algebra):

quantum departure from classical geometry

increases with distance Lincreases with distance L

purely transverse to separation direction

Preserves classicality of radial separation causal structurePreserves classicality of radial separation, causal structure



Macroscopic limit is classical geometry

Angles indeterminate at the Planck scale

Approximately classical and localized on large scales



Approach to the classical limit 

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

Δθ 2 ~ l / L
Transverse positions become more uncertain at larger separations L:

Δθ ~ lP / L

Δx2 ~ lPL

Not the classical limit of field theory

Δx lPL

Not the classical limit of field theory

Far fewer degrees of freedom

Directions have intrinsic “wavelike” uncertaintyDirections have intrinsic wavelike  uncertainty



Wave interpretation
Spacelike-separated event intervals are defined with clocks and light

But transverse positions defined by phases of Planckian waves are 
uncertain by the diffraction or bandwidth limituncertain by the diffraction or bandwidth limit,   

h l th th Pl k l th

LctP
much larger than the Planck length

LctP

L
ct

Wigner (1957): quantum 
li it ith lik

ctP
Add transverse dimension and 
Planck frequency limit: limits with one spacelike

dimension and physically-
realizable clocks

a c eque cy t
transverse position uncertainty



Space-time as a digital information system

Perhaps spatiotemporal relationships are encoded with the 
information capacity of  Planck frequency carrier wave  

(a Planckian Shannon channel) 

Measurements are subject to a Planck bandwidth limit,

bits per second≈ 1044

“Nature: the Ultimate Internet Service Provider”
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Measurement of position is limited to that fidelityp y



Quantum-geometrical uncertainty and fluctuations

Δx ~ ctPL
Transverse uncertainty >> Planck length for large L 

P

fluctuations in transverse position



Geometrical uncertainty only dominates 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 measurable 
Planckian geometrical uncertaintyPlanckian geometrical uncertainty



Coherence of Quantum-Geometrical Fluctuations

Larger scale modes dominate total displacement

No local measurements depend on choice of distant observerNo local measurements depend on choice of distant observer

Displacements of nearby bodies are not independent

Events on null sheets (defined by distant observer’s causal diamond) 
collapse into the same position state

Geometrical position states of neighboring bodies are entangled merely by 
proximity

Bodies “move together”;  this is how classical locality emerges



“Interferometers as Probes of Planckian Quantum Geometry”

CJH, Phys Rev D 85, 064007 (2012) 

“C i t M i Q t G t ”“Covariant Macroscopic Quantum Geometry”

CJH, arXiv:1204.5948

Phenomenon lies beyond scope of well tested theory

There is reason to suspect new physics at the Planck scale

Motivates an experiment!

“Physics is an experimental science”

--I. I. Rabi



Two ways to study small scales

particle colliders measure 
microscopic products of 
localized eventslocalized  events

Interferometers compare 
macroscopic positions ofmacroscopic positions of 
massive bodies: better  
probe of Planckian quantum p obe o a c a qua tu
geometry
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Pioneer of precision experiments

Invented a device to measure position differences in space and 
time with extraordinary precision: 

“Michelson Interferometer”

Albert Michelson



Michelson interferometer

25C. Hogan,  January 2013



Michelson interferometer

Albert Michelson reading interference fringes



Michelson and Morley experiment, 1887

Showed that the measured speed of light is always the 
same in different directions, independent of motion sa e d e e d ec o s, depe de o o o
(speed= distance/time)

Original apparatus used by Michelson and Morley, 1887



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 
li ht t li i t di ti d llight traveling in two directions around a loop

28C. Hogan,  January 2013
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New attometer technology of interferometers

Positions of mirrors measured to ~10-18 m, over a distance of ~103 m
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Intense lasers have precise phase resolution 
and can make precise position measurementsp p

Amplitude2 = N
A lit d t(N)

Large N 
Amplitude=sqrt(N)

S ll NSmall N

Photon number-phase uncertainty relation 
∆N×∆ϕ=1/2ϕ
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Interferometers can reach Planckian sensitivity

Over short (~ size of apparatus ~ microsecond) time intervals, 
interferometers can reach Planck precision (~ attometer jitter) 

Fractional random variation in differential frequency or position 
between two directions over time interval τ

Compare to best atomic clocks (over longer times):

C. Hogan,  January 2013 32



Hubble

star

pulsar timing
human GPS

meter stick

interferometers

atom

proton

T V

nanotech

interferometersTeV

Planck
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Space-time of Michelson interferometer

3 world lines: beamsplitter and 
two end mirrors

3 overlapping entangled world3 overlapping, entangled world 
cylinders

4 events contribute to 
interferometer signal at one 
time

Measurement is coherentMeasurement is coherent, 
nonlocal in space and time, 
includes positions in two p
noncommuting directions

C. Hogan,  January 2013 34



Quantum-geometrical noise in Michelson interferometer

Signal measures difference of 
beamsplitter position in two

beamsplitter

beamsplitter position in two 
noncommuting directions Input 

wavefront

Causal diamond duration is 
twice the arm length

Geometrical uncertainty leads 
to fluctuations 

detector

For durations 

C. Hogan,  January 2013 35



Response of simple Michelson interferometerp p

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

Depends only on Planck scale and LDepends only on Planck scale and L

Measured noise is not sensitive to modes longer than 2L

C. Hogan,  January 2013 36



Interferometer position noise spectrum, including transfer function

Quantum-geometrical noiseQ g

37 C. Hogan,  January 2013



Simulated holographic noise in 40m cavity
(slowed by ~10,000 to be audible)

Spectrum and waveform

38C. Hogan,  January 2013



Quantum-Geometrical noise in real interferometers 

LIGO (2L=8km) design is better for gravitational waves, not for quantum geometry

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

l 

Fermilab Holometer (2L=80m) is designed to find or rule out this effect 
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GEO-600 (Hannover): best displacement sensitivity



GEO600 noise (2011) and predicted noise



The Fermilab Holometer

We are building a machineWe are building a machine 
specifically to probe Planckian
position fluctuations:

time“Holographic Interferometer”

space

Spacetime diagram of 
an interferometer

C. Hogan,  January 2013 42



In the Oxford English Dictionary

43C. Hogan,  January 2013



Holometer Design Principles

Direct test for quantum-geometrical noise
Positive signal if it existsPositive 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 spectrumFrequency spectrum
Time-domain correlation function

C. Hogan,  January 2013 44



Experiment Concept

Measurement of the correlated optical phase fluctuations in a pair of 
isolated but collocated power recycled Michelson interferometers

exploit the spatial coherence of quantum-geometrical noise

t hi h f i (MH ) h th l t d i i llmeasure at high frequencies (MHz) where other correlated noise is small 

Sensitive to nonlocal entanglement of quantum-geometrical position states

Overlapping spacetime volumes -> correlated  fluctuations

tim
eWorld lines of beamsplitters

t
space

C. Hogan,  January 2013 45





Holometer optical configuration
(We need 2 of these)(We need 2 of these)

L1

kW

L2L2

Fabry-Perot cavity gives power recycling factor of  3000 kW beam
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SimplificationsSimplifications 
relative to GW 

detectorsdetectors
Seismic noise spectrum 
measured at Fermilab

• The exotic noise measurement can be made at high frequencies where 
seismic noise is negligible

Th h l hi i i di t d t b hit f f /4L f MH– The holographic noise is predicted to be white for f<c/4L ~  few MHz 
– Most of the noise problems (and corresponding experimental effort) in 

gravity wave experiments are at lower frequencies
– Compact vacuum system housing piezo-actuated mirror mounts can be 

used instead of large vacuum systems holding tall suspension systems
– At high frequencies, noise is expected to be dominated by photon shot g q p y p

noise



Distinguishing exotic noise from 
conventional noiseconventional noise

• The holographic noise has a predicted spectral shape• The 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 usually frequency dependent 

(narrow lines,  ~1/f, etc.)
– This gives us ways to discriminate against conventional backgrounds– This gives us ways to discriminate against conventional backgrounds 

such as AM radio stations.
• Experimental knobs:

Orientation of two interferometers
Nested for maximum correlation
Back to back to turn off correlationBack-to-back to turn off correlation 

(information then travels along independent paths)
Change arm length to verify scaling with L.



Correlations of two interferometers

Overlapping spacetime volumes collapse into the same state

C l t i l f l l t d Mi h l i t f tCorrelates signals of nearly co-located Michelson interferometers

Non-overlapping configurations are uncorrelated

time Causal diamonds of 
b litt i l

50space

beamsplitter signals

C. Hogan,  January 2013



Top view of one interferometer 

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

“T” configuration of 2 interferometersT  configuration of 2 interferometers
Causal diamonds are independent
No entanglement or signal correlations 51



Ben Brubaker bolting the holometer vacuum system together



The Holometer is located at MP8, a beamline 
i th f FNALin the meson area of FNAL

A.S. Chou, FNAL, KA13 
Operations Review, 9/27/12 
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Pipes are insulated with 4” fiberglass + 
intermediate and exterior radiation shieldintermediate and exterior radiation shield

Bake in situ to 200C by flowing 200A current through stainless steel 
vacuum pipe

East arms North arms





End mirrors can be adjusted by externally 
moving the vacuum endstationmoving the vacuum endstation
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Endstation vacuum mirror mount
• Actuated by 3 spring-loaded 

PZT stacks.
• 1 4 kHz resonant frequency• 1.4 kHz resonant frequency
• 14 micron PZT stack range 

allows for ~cm adjustment of 
beamspot over 40m arm length

• Can compensate for slow 
thermal expansion of armthermal expansion of arm 
length for up to 2 hours.

• North and East end mirrors are 
driven in antisymmetric motion 
to compensate for differential p
arm length motion (DARM) due 
to seismic noise.
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Vacuum compatible optics mounts

Power-
recycling 
mirror Seismic 

isolation 
stage

Beamsplitter

stage

A.S. Chou, FNAL, KA13 
Operations Review, 9/27/12
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In-vacuum mounts are actuated by UHV picomotors



2W CW

Laser launch
2W, CW
Nd:YAG laser

RF optoelectronicsRF optoelectronics 
to lock the laser to 
the instantaneous 
resonanceresonance 
frequency of the 
interferometer 
cavity.y

Telescope for 
mode-matching to g
the 40m cavity.

Active PZT-based 
steering.

Separate launch 
ffor each 
interferometer





The Fermilab Holometer TeamThe Fermilab Holometer Team

Fermilab:
– A. Chou (co-PI, project manager), C. Hogan, C. Stoughton, R. 

Tomlin, J. Volk, W. Wester
MIT LIGO:

– M. Evans, S. Waldman, R. Weiss  
U ChicagoU.Chicago

– S. Meyer (co-PI)
U. Michigan LIGO

– D. Gustafson 
Northwestern

– J SteffenJ. Steffen 

Training 4 PhD students, and providing research experience to numerous 
undergrads (including 3 senior theses) and high school studentsundergrads (including 3 senior theses), and high school students 



Status of the Fermilab Holometer

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

Power-recycled 40m interferometers operating with high finesse

Developing & testing detectors, electronics, control systems
V t f b th i t f t l tVacuum systems of both interferometers are complete

Cross-correlation spectrum has been measured

Upgrades to subsystems still pendingg y g

Planckian sensitivity expected in a year or two

C. Hogan,  January 2013 66



Real experimental physics: noise hunting



Not a test of the holographic principle!
Drives theorists nuts!Drives theorists nuts!



Not foamlike!

N t t th d f thNot at the edge of the 
universe!



Physics Outcomes

If noise is not there, 

Set a sub-Planckian upper limit on noncommutative geometry, in a certain 
fimplementation of emergent space-time

I f i d i f i i i h l hi b dInformation density of macroscopic positions > holographic bound

If it i d t t dIf it is detected,  

i t b Pl ki t texperiment probes Planckian quantum geometry

I f ti d it f i iti h l hi b dInformation density of macroscopic positions ~ holographic bound

C. Hogan,  January 2013 70


