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E
A

R
LY

 M
O

R
N

IN
G

 O
N

 4
 O

C
TO

B
E
R

 2
0

1
1

, TH
E
 D

A
Y
 TH

E
 P

H
Y
S
IC

S
N

o
b
el w

as an
n

o
u

n
ced, astro

p
h
y

sicist P
eter G

arn
av

ich
 w

as w
o

k
en

 u
p

 

b
y

 a p
h

o
n

e call th
at cam

e n
o

t fro
m

 S
to

ck
h

o
lm

 b
u

t fro
m

 h
is w

ife, 

L
ara A

rielle P
h

illip
s. G

arn
av

ich
 w

as asleep
 in

 a C
h

icag
o

 h
o

tel ro
o

m
, 

p
rep

arin
g

 fo
r a lo

n
g

 d
ay

 o
f trav

el. A
rielle w

as callin
g

 fro
m

 th
e co

u
-

p
le’s h

o
m

e in
 In

d
ian

a, w
h

ere b
o

th
 are p

ro
fesso

rs at th
e U

n
iv

ersity
 

o
f N

o
tre D

am
e. “Is ev

ery
th

in
g

 all rig
h

t?” G
arn

av
ich

 ask
ed

 g
ro

g
g

ily. 

“Y
es, ev

ery
th

in
g

’s fi n
e,” A

rielle said, m
ild

ly
 ap

o
lo

g
etic. “T

h
e N

o
b

el 

in
 p

h
y

sics h
as b

een
 aw

ard
ed

 fo
r th

e acceleratin
g

 u
n

iv
erse. It’s g

o
in

g
 

to
 B

rian
, A

d
am

, an
d

 S
au

l.”

G
arn

av
ich

 h
ad

 k
n
o
w

n
 all alo

n
g
 th

at th
is d

ay
 w

o
u
ld

 co
m

e. In
 th

e 

1
3
 y

ears sin
ce tw

o
 riv

al team
s d

iscov
ered

 th
e acceleratin

g
 ex

p
an

sio
n

 

o
f th

e u
n

iv
erse—

su
g

g
estin

g
 th

at th
ree-q

u
arters o

f th
e co

sm
o

s co
n

-

sists o
f a m

y
sterio

u
s fo

rce term
ed

 d
ark

 

en
erg

y
—

th
e co

n
sen

su
s th

at th
e w

o
rk

 

w
o

u
ld

 w
in

 a N
o

b
el P

rize h
ad

 co
m

e to
 

b
e m

atch
ed

 b
y

 a g
ro

w
in

g
 certain

ty
 

a
b

o
u

t w
h

o
 th

e
 in

d
iv

id
u

a
l w

in
n

e
rs 

m
ig

h
t b

e. T
h
e S

h
aw

 P
rize, aw

ard
ed

 

in
 2

0
0

6
, h

ad
 alread

y
 sin

g
led

 th
em

 

o
u
t: B

rian
 S

ch
m

id
t an

d
 A

d
am

 R
iess 

fro
m

 th
e
 H

ig
h

-z
 S

u
p

e
rn

o
v
a
 S

e
a
rc

h
 

T
eam

—
w

h
ich

 G
arn

av
ich

 w
as a p

art o
f—

an
d
 S

au
l P

erlm
u
tter, lead

er o
f th

e co
m

p
etin

g
 S

u
p
er-

n
ov

a C
o
sm

o
lo

g
y
 P

ro
ject (S

C
P

). Y
et, w

h
en

 h
is w

ife 

n
am

ed
 th

e w
in

n
ers, all h

e co
u

ld
 say

 w
as, “S

h
it.” 

T
h
e d

isap
p
o
in

tm
en

t o
f b

ein
g
 left o

u
t w

as far m
o
re 

in
ten

se th
an

 G
arn

av
ich

 h
ad

 im
ag

in
ed

.

“I h
ad

 th
o

u
g

h
t th

is w
as really

 g
o

in
g

 to
 h

ap
p

en
 

a
 lo

n
g

 tim
e
 fro

m
 n

o
w

, a
n

d
 I d

id
n

’t h
av

e
 to

 d
e
a
l 

w
ith

 it, b
u

t n
o
w

 I d
id

 h
av

e to
 d

eal w
ith

 it,” say
s 

G
a
rn

av
ic

h
, a

 g
e
n

ia
l 5

3
-y

e
a
r-o

ld
 w

ith
 a

 p
e
rp

e
t-

u
al sm

ile. A
t th

e sam
e tim

e, h
e felt reliev

ed
 th

at 

th
e
 N

o
b

e
l c

o
m

m
itte

e
 h

a
d

 n
o

t g
iv

e
n

 th
e
 p

riz
e
 to

 

P
erlm

u
tter alo

n
e. “T

h
e jo

ck
ey

in
g

 fo
r w

h
ich

 team
 

w
as fi rst in

 m
ak

in
g

 th
e d

isco
v
ery

 h
ad

 g
o

n
e o

n
 fo

r 

a lo
n
g
 tim

e, an
d
 th

ere w
as a w

o
rry

 th
at m

ay
b
e th

e 

N
o
b
el co

m
m

ittee w
o
u
ld

n
’t h

av
e seen

 th
at.”

G
arn

av
ich

 w
asn

’t th
e o

n
ly

 o
n
e feelin

g
 th

is m
ix

 

o
f p

rid
e
 a

n
d

 p
a
in

. N
ic

h
o

la
s S

u
n

tz
e
ff, a

 g
o

a
te

e
d, 

b
ald

in
g

 astro
n

o
m

er at T
ex

as A
&

M
 U

n
iv

ersity
 in

 

C
o

lleg
e S

tatio
n

, w
h

o
 co

-fo
u

n
d

ed
 th

e H
ig

h
-z team

 

in
 1

9
9

4
 a

lo
n

g
 w

ith
 B

ria
n

 S
c
h

m
id

t, to
o

k
 a

 d
e
e
p

 

b
reath

 w
h

en
 h

e h
eard

 th
e n

ew
s o

n
 N

atio
n

al P
u

b
-

lic R
ad

io
 th

at m
o
rn

in
g
. “I w

as d
isap

p
o
in

ted, an
d
 I w

as d
isap

p
o
in

ted
 

th
at I w

as d
isap

p
o

in
ted,” h

e w
o

u
ld

 recall later. In
 C

am
b

rid
g

e, M
as-

sach
u
setts, H

arv
ard

 U
n
iv

ersity
 astro

p
h
y
sicist R

o
b
ert K

irsh
n
er—

w
h
o

 

h
ad

 b
een

 th
e d

o
cto

ral ad
v
iser to

 b
o
th

 S
ch

m
id

t an
d
 R

iess—
co

m
fo

rted
 

h
is d

au
g
h
ter w

h
en

 sh
e ask

ed
 an

g
rily, “D

ad
d
y, w

h
y
 d

id
n
’t y

o
u
 w

in
?” 

E
x
p
lain

in
g
 th

e ru
les o

f th
e N

o
b
el, w

h
ich

 p
rev

en
t aw

ard
in

g
 th

e p
rize 

to
 m

o
re th

an
 th

ree in
d
iv

id
u
als, d

id
 n

o
t h

elp
 m

o
llify

 h
er. “S

h
e d

id
n
’t 

care ab
o
u
t an

y
 o

f th
at stu

ff, sh
e w

an
ted

 h
er fath

er to
 w

in
,” K

irsh
n
er 

say
s. L

ater, w
h
en

 co
lleag

u
es e-m

ailed
 to

 o
ffer co

n
g

ratu
latio

n
s tin

g
ed

 

w
ith

 co
n
d
o
len

ce, K
irsh

n
er resp

o
n
d
ed

 w
ith

 th
e m

ello
w

 sarcasm
 th

at 

h
e’s k

n
o
w

n
 to

 d
irect at o

th
ers an

d
 h

im
self alik

e. “It’s n
o

t ev
ery

 d
ay

 

th
at y

o
u
 d

o
n
’t w

in
 a N

o
b
el P

rize,” h
e w

ro
te.

T
h
e w

in
n
ers k

n
ew

 w
h
at th

e o
th

ers w
ere feelin

g
. A

t 7
:5

6
 a.m

. E
D

T
, 

R
iess d

u
g

 o
u

t fro
m

 an
 av

alan
ch

e o
f req

u
ests fo

r m
ed

ia in
terv

iew
s 

to
 e-m

ail h
is g

ratitu
d
e to

 th
e H

ig
h
-z team

. “D
ear co

lleag
u
es,” w

ro
te 

R
iess, a p

ro
fesso

r at Jo
h
n
s H

o
p
k
in

s U
n
iv

ersity
 in

 B
altim

o
re, M

ary
lan

d, 

“W
e accep

t th
is in

 y
o
u
r n

am
es. It’s all o

f o
u
rs to

 

sh
are. W

e are lu
ck

y
 d

u
ck

s to
 g

et to
 w

o
rk

 o
n
 th

is 

ad
v
en

tu
re.” S

ch
m

id
t, a p

ro
fesso

r at th
e A

u
stra-

lian
 N

atio
n
al U

n
iv

ersity
 in

 C
an

b
erra, fo

llow
ed

 

w
ith

 a m
essag

e th
at read

 in
 p

art: “W
h

ile th
e 

p
rize h

as b
een

 aw
ard

ed
 to

 A
d
am

 an
d
 m

y
self, w

e 

all k
n
ow

 it is in
 reco

g
n
itio

n
 o

f th
e w

h
o
le team

’s 

w
o
rk

.” P
erlm

u
tter, a p

h
y
sicist at L

aw
ren

ce B
erk

eley
 N

atio
n
al L

ab
o
ra-

to
ry

 (L
B

N
L

) in
 C

alifo
rn

ia an
d
 a p

ro
fesso

r at th
e U

n
iv

ersity
 o

f C
ali-

fo
rn

ia, B
erk

eley, co
nv

ey
ed

 sim
ilar sen

tim
en

ts to
 th

e m
em

b
ers o

f th
e 

S
C

P. L
ater th

at d
ay, a co

m
m

en
t in

 th
e m

ed
ia fro

m
 B

ritish
 astro

n
o
m

er 

M
artin

 R
ees acted

 as a salv
e fo

r th
o
se w

h
o
 h

ad
 b

een
 left o

u
t. “It w

o
u
ld

 

h
av

e b
een

 fairer, an
d
 w

o
u
ld

 sen
d
 a less d

isto
rted

 m
essag

e ab
o
u
t h

ow
 

wfr

T
eam

Trifecta.
 
S
a
u
l
 
P
e
r
l
m

u
t
t
e
r
 
(left

)
,
 
B

r
i
a
n
 
S
c
h
m

i
d
t
 
(center

)
,
 
a
n
d
 

A
d
a
m

 
R

i
e
s
s
 
s
h
a
r
e
d
 
t
h
e
 
2

0
1

1
 
N

o
b
e
l
 
P
r
i
z
e
 
i
n
 
p
h
y
s
i
c
s
.

dark energy

a
c

c
e

l
e

r
a

t
i
o

n

i
n

c
r
e

a
s
e

s

a
c

c
e

l
e

r
a

t
i
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d
e

c
r
e

a
s
e
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g
r
a

v
i
t
a

t
i
o

n

s
u

p
e

r
n

o
v
a

g
a

l
a

x
y

big bang

B
ig

g
er still.

 
T
h
e
 
u
n
i
v
e
r
s
e
 
i
s
 
n
o
t
 
o
n
l
y
 
e
x
p
a
n
d
i
n
g
 
b
u
t
 
s
p
e
e
d
i
n
g
 
u
p
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A
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i
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o

r
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l
 
t
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s
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d
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s
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o
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o
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d
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h

a
d

 
t
r
a

n
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r
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e
d

 

s
c

i
e

n
t
i
s
t
s
’
 
p

i
c

t
u

r
e

 
o

f
 
t
h

e
 
u

n
i
v
e

r
s
e
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h

e
 
2
0
1
1
 
N

o
b

e
l
 
f
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s
t
i
v
i
t
i
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s
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e
r
e

 
a
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u

r
r
y
 
o

f
 
j
u

b
i
l
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n
,
 
d

i
s
a

p
p
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i
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t
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e
n

t
,
 
a

n
d

 
o

n
e

-
u

p
m

a
n

s
h

i
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Y
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2011 N
obel Prize in 

Physics for discovery of 
cosm

ic acceleration 



C
osm

ic Expansion A
ccelerates 

W
hat is the new

 physics revealed by cosm
ic acceleration? 

 Is it a new
 property of gravity, a new

 form
 of energy, or both? 

 W
hat is the relationship betw

een m
ass and space-tim

e on large 
scales and at low

 densities? 
 H

ow
 is cosm

ic structure affected by cosm
ic acceleration? 

 P
robe w

ith m
easurem

ents of  the evolution of the expansion, the 
m

otion and structure of m
ass, and the curvature of space-tim

e 
  

��



N
ew

 Energy or N
ew

 G
ravity? 

E
ssence of general relativity (gravity): 

 “M
ass tells space-tim

e how
 to curve, and space-tim

e tells m
ass 

how
 to m

ove” 
--J. A

. W
heeler 

  
P

robe physics of dark energy astronom
ically by m

easuring: 
M

otion from
 galaxy velocities 

M
ass from

  galaxy clustering 
P

otential (curvature) from
 deflection of light 

 
This is the D

O
E

 D
ark E

nergy P
rogram

 

	�



N
ew

 physics beyond energy and gravity 

M
aybe cosm

ic acceleration is a signature of a new
 and 

fundam
ental unification of space-tim

e w
ith m

atter 
 M

aybe m
atter and space-tim

e are different low
-energy 

behaviors of a single quantum
 system

 (“em
ergence”) 

 M
aybe new

 experim
ents can m

easure other signatures of this 
system

 
M

acroscopic quantum
 properties of geom

etry 
V

iolations of locality and Lorentz invariance 
E

ntanglem
ent of m

atter and space-tim
e states 

 R
equires physics beyond quantum

 fields and classical relativity 
�



A
rchitecture of P

hysics 

C
lassical G

eom
etry 

D
ynam

ical but not quantum
 

R
esponds to particles and fields 

 

Q
uantum

 particles and fields 
Inhabit classical geom

etry 

 E
xplains alm

ost everything, but cannot be the w
hole story 

 

C
annot explain cosm

ic acceleration 

(classical “stage” 
assum

ed in 
quantum

 field 
theory) 



B
eyond Q

uantum
 Fields 

Q
uantum

 states do not obey locality 
P

roven by E
P

R
-type experim

ents 
N

othing happens a definite tim
e or place 

Y
et locality is the basis of relativity, assum

ed by field theory 
C

lassical space-tim
e is em

ergent 
A

t the P
lanck scale, dynam

ical space-tim
e is indeterm

inate 
Q

uantum
 properties of m

acroscopic geom
etry are unknow

n 
G

ravity is therm
odynam

ics 
Theory suggests a statistical “entropic” origin 
M

etric does not describe fundam
ental degrees of freedom

 
S

tates are holographic 
Inform

ation encoded w
ith P

lanck density on 2D
 bounding surfaces 

S
tates m

ust have new
 form

s of entanglem
ent 

 
These properties are not described by the standard 

approxim
ations of quantum

 field theory 
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P
roblem

 at the P
lanck S

cale 

log (M
ass-energy) 

 log  (size) 
P

lanck length ~10
-35 m

eters 

Forbidden by both quantum
 m

echanics and gravity 

λ
=
hc/E

R
=
2G

M
/c

2

C
. H

ogan,  S
eptem

ber 2012 
8 



D
om

ains of Theories 

log (M
ass-energy) 

 log  (size) 
P

lanck length ~10
-35 m

eters C
lassical P

hysics 

S
tring Theory 

λ
=
hc/E

R
=
2G

M
/c

2

C
. H

ogan,  S
eptem

ber 2012 
9 



C
lassical geom

etry is an approxim
ation to a quantum

 system
 

log (M
ass-energy) 

 log  (size) 
P

lanck length ~10
-35 m

eters 

Is there quantum
 behavior of nearly-

classical m
acroscopic geom

etry? 
 

S
tring Theory 

λ
=
hc/E

R
=
2G

M
/c

2

C
. H

ogan,  S
eptem

ber 2012 
10 



Q
uantum

 geom
etry m

ay have m
acroscopic effects 

N
oncom

m
utative geom

etry: In the rest fram
e, P

lanck scale 
com

m
utator for position operators in 3D

 at one tim
e: 

   (~ angular m
om

entum
 algebra,  w

ith x in place of J) 
Leads to uncertainty in transverse position on scale L: 
 

  
uncertainty increases w

ith separation 
tiny quantum

 departure from
 classical geom

etry 
purely transverse to separation 

C
. H

ogan, January 2013 
11 
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a
sp
ecifi

c
an

d
u
nu

su
al

w
ay.

T
h
e
exp

licit
form

of
d
ep

en
-

d
en
ce

in
E
q.(1)

on
p
osition

an
d
velocity

is
d
riven

by
th
e

requ
irem

ent
of

covarian
ce.

T
h
e
qu

antu
m

com
m
u
tator

of
tw

o
vectors

requ
ires

tw
o
antisym

m
etric

in
d
ices

th
at

m
u
st

b
e
m
atch

ed
by

in
d
ices

on
th
e
right

sid
e.

T
hu

s
w
e
requ

ire
a
n
onvan

ish
in
g
antisym

m
etric

ten
sor,

w
h
ich

in
fou

r
d
i-

m
en
sion

s
h
as

fou
r
in
d
ices,

✏

µ
⌫
�
 .

T
w
o
of

its
antisym

m
et-

ric
in
d
ices

m
atch

th
ose

of
th
e
n
on

com
m
u
tin

g
p
osition

s.
T
h
e
oth

er
tw

o
m
u
st

contract
w
ith

tw
o
d
i↵
erent

vectors
to

avoid
van

ish
in
g.

T
h
e
u
n
iqu

e
geom

etrically
d
efi
n
ed

op
-

tion
s
are

th
e
4-velocity

an
d
p
osition

of
th
e
b
od

y
b
ein

g
m
easu

red
.

T
h
e
p
hysical

interp
retation

of
E
q.(1)

is
m
ost

straight-
forw

ard
in

th
e
rest

fram
e
of

th
e
b
od

y.
In

th
at

fram
e,

th
e

4-velocity
is

U

�
=

(1
,0
,0
,0)

so
th
e
n
on

-van
ish

in
g
term

s
of

E
q.

(1)
are

th
ose

m
u
ltip

lied
by

✏

µ
⌫

�
w
ith

�
=

0.
T
h
e

rem
ain

in
g
term

s
d
escrib

e
a
n
on

com
m
u
tative

geom
etry

in
th
ree

d
im

en
sion

s:

[
x

i
,
x

j ]
=

x

k
✏

ij
k
i
`

P
,

(2)

w
h
ere

in
d
ices

i
,
j
,
k
n
ow

ru
n
from

1
to

3,
an

d
th
e
op

er-
ators

x

i
corresp

on
d
to

p
osition

s
at

a
sin

gle
tim

e,
in

th
e

rest
fram

e
of

th
e
b
od

y.
E
q.

(2)
d
escrib

es
a
qu

antu
m
-

geom
etrical

relation
sh
ip

b
etw

een
p
osition

s
of

tw
o
tra

jec-
tories

(or
m
assive

b
od

ies)
th
at

h
ave

p
rop

er
3-sep

aration
x

k ,
an

d
w
h
ose

w
orld

lin
es

h
ave

th
e
sam

e
4-velocity.

T
h
e
algeb

ra
in

E
q.

(2)
d
efi
n
es

a
con

sistent
qu

antu
m

th
eory;

in
d
eed

,
it

is
th
e
sam

e
as

th
e
stan

d
ard

qu
antu

m
d
escrip

tion
of

an
gu

lar
m
om

entu
m
,
alb

eit
in

an
u
n
con

-
vention

al
p
hysical

ap
p
lication

.
H
ere,

p
osition

in
u
n
its

of
P
lan

ck
len

gth
takes

th
e
p
lace

u
su
ally

assign
ed

to
an

gu
lar

m
om

entu
m

in
u
n
its

of
h̄
.
T
h
e
algeb

ra
itself

is
of

cou
rse

w
ell

kn
ow

n
,
an

d
several

stan
d
ard

resu
lts

are
u
sefu

l
h
ere.

T
h
e
op

erators
ob

ey
th
e
Jacob

i
id
entities

[
x

i
,[
x

j
,
x

k ]]+
[
x

k
,[
x

i
,
x

j ]]+
[
x

j
,[
x

k
,
x

i ]]
=

0
,

(3)

w
h
ich

sh
ow

s
th
at

in
th
e
n
on

-relativistic
lim

it
(E

q.
2),

th
e

e↵
ective

th
eory

is
self-con

sistent.
N
ote

th
at

th
is

con
clu

-
sion

d
oes

n
ot

requ
ire

kn
ow

in
g
n
ew

qu
antu

m
-geom

etrical
com

m
u
tators

for
th
e
op

erators
ẋ

µ
.
A
s
estim

ated
b
elow

,
in

lab
oratory

ap
p
lication

s
(|
x|⇡

10
3
6
`

P
),

th
e
qu

antu
m

geom
etrical

tran
sverse

p
osition

s
vary

extrem
ely

slow
ly

(
ẋ

?
⇡

c�
x

?
/|
x|

⇡
10

�
1
8
c),

so
th
e
n
on

relativistic
ap

-
p
roxim

ation
is

excellent.
C
on

sid
er

an
op

erator|
x| 2

⌘
x

i
x

i
,

(4)

corresp
on

d
in
g

to
th
e

squ
ared

m
od

u
lu
s
of

sep
aration

,
an

alogou
s
to

th
e
squ

are
of

total
an

gu
lar

m
om

entu
m
.
In

th
e
sam

e
w
ay

th
at

total
an

gu
lar

m
om

entu
m

com
m
u
tes

w
ith

all
of

its
com

p
on

ents,
h
ere

th
e
rad

ial
sep

aration
b
e-

tw
een

tra
jectories

b
eh
aves

classically:

[|
x| 2

,
x

i ]
=

0
,

(5)

so
th
at

em
ergent

cau
sal

stru
ctu

re,
w
ith

light
con

es
d
e-

fi
n
ed

by
|
x| 2,is

w
elld

efi
n
ed

w
ith

n
o
qu

antu
m

u
n
certainty.

A
b
od

y
can

b
e
in

a
state

of
d
efi
n
ite

rad
ial

sep
aration

,
an

d
also

d
efi
n
ite

p
osition

in
any

sin
gle

d
irection

.
H
ow

-
ever,

a
b
od

y
can

n
ot

b
e
in

a
d
efi
n
ite

p
osition

state
in

m
ore

th
an

on
e
d
irection

,
an

d
th
is
lead

s
to

a
n
ew

kin
d
of

u
n
cer-

tainty
th
at

can
also

b
e
u
n
d
erstood

from
th
e
an

gu
lar

m
o-

m
entu

m
algeb

ra.
A
d
ap

tin
g
convention

al
n
otation

from
an

gu
lar

m
om

entu
m
,
let

l
d
en
ote

p
ositive

integers
corre-

sp
on

d
in
g
to

th
e
qu

antu
m

nu
m
b
ers

of
rad

ial
sep

aration
,

an
alogou

s
to

total
an

gu
lar

m
om

entu
m
.
T
h
e
sep

aration
op

erator
takes

d
iscrete

eigenvalu
es,|

x| 2
=

l(
l+

1)
`

2P
.
L
et

li
d
en
ote

th
e
eigenvalu

es
of

p
osition

in
d
irection

i.
In

a
state

of
sep

aration
nu

m
b
er

l
an

d
d
efi
n
ite

p
osition

alon
g

d
irection

i,
th
e
p
osition

x

i
can

take
valu

es
in

P
lan

ck
u
n
its

li
=

l
,
l�

1
,
.
.
.
,�

l
,

(6)

givin
g
2
l
+
1
p
ossib

le
valu

es.
D
efi
n
e
raisin

g
an

d
low

erin
g
op

erators
for

each
d
irec-

tion
:

x

3±
⌘

x

1 ±
i
x

2
,

(7)

an
d

equ
ivalent

exp
ression

s
w
ith

cyclic
p
erm

u
tation

s
of

th
e
in
d
ices.

T
h
ese

can
b
e
u
sed

to
sh
ow

th
at

for
any

i,

|
x| 2

=
x

i+
x

i�
+

x

2i
+

x

i
=

x

i�
x

i+
�

x

2i
+
x

i
.

(8)

D
irect

calcu
lation

th
en

lead
s
to

th
e
follow

in
g
am

p
litu

d
e

for
tran

sverse
com

p
on

ents
x

j ,
w
ith

j
6=

i:

h
li |
x

j |
li �

1ih
li �

1|
x

j |
li i

=
(
l
+
li )(

l�
li
+
1)
`

2P
/2

.
(9)

T
h
is
equ

ation
gives

an
exp

ected
valu

e
for

th
e
op

erator

x

j |
li �

1ih
li �

1|
x

j
(10)

in
a
state

li
of

d
efi
n
ite

x

i .
W
e
interp

ret
th
is

op
erator

as
an

estim
ator

for
th
e
varian

ce
of

any
p
osition

com
p
o-

n
ent

x

?
tran

sverse
to

sep
aration

.
T
h
e
m
easu

rem
ent

of
x

j
requ

ires
p
ro
jection

onto
a
state

of
d
i↵
erent

x

i ,
via

th
e

op
erator

|
li �

1ih
li �

1|,
b
ecau

se
th
e
rad

ial
sep

aration
or

total
l
is

fi
xed

.
F
or

large
sep

aration
s
w
ith

li ⇡
l,
tran

s-
verse

p
osition

s
h
ave

a
varian

ce
given

by

h
x

2? i⇡
l
`

2P
⇡

p
|
x| 2

`

P
,

(11)

w
h
ere

ap
p
roxim

ate
equ

ality
h
old

s
to

very
h
igh

p
recision

for
a
m
acroscop

ic
system

.
T
ran

sverse
p
osition

s
thu

s
sh
ow

th
e
sam

e
kin

d
of

qu
an

-
tu
m

in
d
eterm

in
acy

as
tran

sverse
com

p
on

ents
of

an
-

gu
lar

m
om

entu
m

in
th
e
n
early-classical,

large-an
gu

lar-
m
om

entu
m

lim
it.

In
an

gu
lar

m
om

entu
m
,
th
e
p
hysical

an
alog

is
a
m
easu

rem
ent

of
an

orth
ogon

al
com

p
on

ent,
th
at

leaves
th
e
en
ergy

an
d
total

an
gu

lar
m
om

entu
m

fi
xed

b
u
t
creates

a
su
p
erp

osition
of

d
irection

states.
In

ou
r

ap
p
lication

,
p
osition

can
h
ave

a
d
efi
n
ite

valu
e
in

at
m
ost

on
e
d
irection

—
in

th
is
case,

on
e
close

to
th
e
m
acroscop

ic

F
E
R
M
IL
A
B
-P

U
B
-12-044-A

C
o
v
a
r
i
a
n
t
M

a
c
r
o
s
c
o
p
i
c
Q
u
a
n
t
u
m

G
e
o
m
e
t
r
y

C
raig

J.
H
ogan

U
n
i
v
e
r
s
i
t
y

o
f
C
h
i
c
a
g
o

a
n
d

F
e
r
m
i
l
a
b

A
covarian

t
geom

etry
d
efi

n
ed

b
y
n
on

com
m
u
tin

g
p
osition

op
erators

is
p
rop

osed
to

d
escrib

e
p
os-

sib
le

n
ew

q
u
an

tu
m

p
osition

al
d
egrees

of
freed

om
of

m
assive

b
o
d
ies,

d
efi

n
ed

as
sp
atially

lo
calized

assem
b
lies

of
m
atter

larger
th
an

a
P
lan

ck
m
ass.

In
th
e
rest

fram
e
of

a
b
o
d
y,

th
e
algeb

ra
of

p
osition

op
erators

resem
b
les

th
e
stan

d
ard

q
u
an

tu
m

algeb
ra

of
an

gu
lar

m
om

en
tu
m
,
b
u
t
w
ith

p
osition

an
d

P
lan

ck
len

gth
in

th
e
p
lace

of
an

gu
lar

m
om

en
tu
m

an
d
P
lan

ck
’s

con
stan

t.
S
tan

d
ard

q
u
an

tu
m

m
e-

ch
an

ics
th
en

lead
s
to

a
n
ew

k
in
d
of

geom
etrical

u
n
certain

ty
w
ith

varian
ce

in
tran

sverse
p
osition

on
scale

L
given

b
y
h
x

2?
i
⇡

L
`

P
,
an

d
asso

ciated
fl
u
ctu

ation
s
w
ith

tim
escale

⌧
⇡

L
/
c.

T
o
ap

p
rox

im
ate

classical
lo
cality

in
th
e
m
acroscop

ic
lim

it,
p
osition

states
m
u
st

b
e
en

tan
gled

,
an

d
fl
u
ctu

ation
s
of

n
eigh

b
orin

g
b
o
d
ies

m
u
st

b
e
correlated

,
sim

p
ly

b
y
p
rox

im
ity.

T
h
e
geom

etrical
p
osition

fl
u
ctu

ation
s

d
om

in
ate

stan
d
ard

q
u
an

tu
m

p
osition

u
n
certain

ty
on

ly
for

m
asses

greater
th
an

a
few

P
lan

ck
m
asses.

T
h
e
th
eory

m
ay

serve
as

a
b
etter

ap
p
rox

im
ation

th
an

fi
eld

th
eory

to
d
escrib

e
q
u
an

tu
m

p
osition

op
-

erators
in

sy
stem

s
th
at

are
b
oth

larger
th
an

a
P
lan

ck
len

gth
in

size,
an

d
larger

th
an

a
P
lan

ck
m
ass

in
total

en
ergy.

It
can

b
e
tested

b
y
correlatin

g
sign

als
b
etw

een
ap

p
rop

riately
con

fi
gu

red
M
ich

elson
in
terferom

eters.

T
h
e
seem

in
gly

sim
p
le
con

cep
t
of

th
e
p
osition

of
a
b
od

y
in

sp
ace

an
d
tim

e
is
su
rp
risin

gly
d
i�

cu
lt
to

p
in

d
ow

n
p
re-

cisely.
In
d
eed

,
n
o
exact

recon
ciliation

is
kn

ow
n
b
etw

een
th
e
d
i↵
erent

con
cep

ts
of

p
osition

in
relativity

an
d
qu

an
-

tu
m

m
ech

an
ics[1,

2].
C
lassical

geom
etry

is
b
ased

on
a

p
re-qu

antu
m

n
otion

of
p
osition

:
a
sp
ace-tim

e
m
etric

d
e-

scrib
es

intervals
b
etw

een
id
ealized

,
p
oint-like

events
on

a
continu

ou
s
m
an

ifold
,
w
ith

p
osition

s
lab

eled
by

real
4-

vectors
in

som
e
system

of
coord

in
ates.

In
qu

antu
m

m
e-

ch
an

ics,
p
osition

s
of

p
articles

or
b
od

ies,
like

all
ob

serv-
ab

les,
are

d
efi

n
ed

by
interaction

s
an

d
d
escrib

ed
by

op
era-

tors,
an

d
d
o
n
ot

h
ave

d
efi

n
ite

valu
es

in
a
gen

eralqu
antu

m
state.[3]

C
lassical

geom
etry

is
b
ased

on
th
e
id
ea

of
local-

ity,
b
u
t
it
can

on
ly

b
e
m
easu

red
w
ith

qu
antu

m
p
rocesses

th
at

d
o
n
ot

h
ap

p
en

in
a
d
efi

n
ite

tim
e
or

p
lace.

T
h
ere

is
n
o
p
hysical

w
ay

to
com

p
are

th
e
p
osition

s
of

classically
d
efi

n
ed

events.

Q
u
antu

m
fi
eld

th
eory—

th
e

b
asis

of
th
e

S
tan

d
ard

M
od

el
of

p
articles

an
d
fi
eld

s—
p
rovid

es
a
p
artial

reso-
lu
tion

of
th
ese

p
arad

oxes,
b
ased

on
qu

antization
of

w
ave

m
od

es
in

classical
sp
ace-tim

e.
T
h
is
sem

iclassical
ap

p
rox-

im
ation

b
ecom

es
in
con

sistent
for

d
yn

am
ical

geom
etry

on
scales

sm
aller

th
an

th
e
P
lan

ck
len

gth
,
c
tP

⌘
p

h̄
G
/
c

3
=

1
.616

⇥
10

�
3
5m

;
it

p
red

icts
sp
ontan

eou
s
qu

antu
m

fl
u
c-

tu
ation

s
into

b
lack

h
oles

w
ith

qu
antu

m
p
osition

in
d
e-

term
in
acy

larger
th
an

th
eir

S
chw

arzsch
ild

rad
iu
s,

so
th
e

geom
etry

itself
m
u
st

b
e
in
d
eterm

in
ate.

H
ow

ever,
it

is
self-con

sistent
at

low
en

ergies,
w
h
ere

P
lan

ck
scale

e↵
ects

are
h
igh

ly
su
p
p
ressed

,
an

d
is

gen
erally

u
sed

as
th
e
low

en
ergy

lim
it
for

strin
g
th
eory

an
d
oth

er
can

d
id
ate

fu
n
d
a-

m
ental

th
eories[4].

In
p
ractice,

its
p
red

iction
s
agree

w
ith

all
exp

erim
ents

on
elem

entary
p
articles.

O
n
th
e
oth

er
h
an

d
th
is

ap
p
roach

is
still

in
com

p
lete,

sin
ce

d
oes

n
ot

exp
lain

th
e
em

ergen
ce

of
classical

geom
e-

try
as

an
ap

p
roxim

ate
b
eh

avior
in

th
e
m
acroscop

ic
lim

it
of

a
qu

antu
m

system
.
C
lassical

sp
atial

relation
sh
ip
s,

in
-

clu
d
in
g
n
otion

s
of

p
osition

,
d
irection

,
an

d
locality,

sh
ou

ld
n
ot

sim
p
ly

b
e
assu

m
ed

,
b
u
t
sh
ou

ld
b
e
exp

lain
ed

as
an

av-
erage

b
eh

avior
of

large
system

s.[5]
In

p
rin

cip
le,

th
e
states

of
th
e
system

m
ay

in
clu

d
e
n
ew

qu
antu

m
-geom

etrical
d
e-

grees
of

freed
om

an
d
form

s
of

qu
antu

m
p
osition

entan
-

glem
ent

n
ot

p
ossib

le
w
ith

qu
antized

fi
eld

s
on

a
classical

b
ackgrou

n
d
,
or

even
w
ith

a
qu

antized
d
yn

am
ical

m
etric.

A
sim

p
le

th
eory

of
qu

antu
m

geom
etry

w
ith

th
is

p
rop

-
erty

is
p
rop

osed
h
ere.

It
ign

ores
a
l
l
stan

d
ard

qu
antu

m
d
egrees

of
freed

om
,
as

w
ell

as
gravity

an
d
th
e
e↵

ects
of

qu
antu

m
fi
eld

s.
In
stead

,
it

is
a
qu

antu
m

th
eory

of
p
osi-

tion
th
at

in
clu

d
es

on
ly

n
ew

geom
etrical

d
egrees

of
free-

d
om

.
P
osition

is
rep

resented
as

a
set

of
op

erators
w
ith

a
covariant

algeb
ra,

an
d
n
ew

e↵
ects

th
en

follow
from

b
asic

qu
antu

m
m
ech

an
ical

p
rin

cip
les.

T
h
e
n
ew

geom
etricald

egrees
of

freed
om

are
introd

u
ced

u
sin

g
a
n
on

com
m
u
tative

qu
antu

m
algeb

ra
of

p
osition

op
-

erators.
T
h
e
com

m
u
tator

d
i↵
ers

from
p
reviou

s
n
on

com
-

m
u
tative

geom
etries[6]:

to
p
reserve

L
orentz

covarian
ce,

it
d
ep

en
d
s
on

p
osition

an
d
4-velocity,

in
stead

of
an

intro-
d
u
ced

au
xiliary

fi
eld

.
A
s
a
resu

lt,
qu

antu
m

d
ep

artu
res

from
classicality

exp
licitly

(alb
eit

very
slightly)

d
ep

en
d

on
th
e
ch
oice

of
m
easu

rem
ent

fram
e.

Q
u
antu

m
p
osition

s
ap

p
roxim

ate
classical

on
es

in
th
e
m
acroscop

ic
lim

it—
lo-

cality
“em

erges”
from

th
e
qu

antu
m

system
—

b
u
t
a
n
ew

qu
antu

m
-geom

etrical
u
n
certainty

lead
s
to

a
n
ew

kin
d
of

coh
erent,

tran
sverse

qu
antu

m
fl
u
ctu

ation
in

m
acroscop

i-
cally

sep
arated

p
osition

s.



A
pproach to the classical lim

it  

A
ngles becom

e less uncertain (m
ore classical, ray-like) at  larger 

separations L: 

  Transverse positions becom
e m

ore uncertain at larger separations L: 
   N

ot the classical lim
it of field theory 

Far few
er degrees of freedom

 

D
irections have intrinsic “w

avelike” diffraction-like uncertainty 

Δ
θ
2~

lP /L

Δx
2~

lP L

C
. H

ogan,  S
eptem

ber 2012 
12 



The Ferm
ilab H

olom
eter w

ill probe P
lanck-scale quantum

 
geom

etry via position m
easurem

ent w
ith P

lanck spectral 
density 
 

N
onlocal, bidirectional position m

easurem
ent probes 

noncom
m

utative geom
etry 

 D
ual, correlated 40-m

eter M
ichelson interterferom

eters now
 under 

construction 
 First science results expected next year 
 D

esigned for P
lanck precision 

 

���

Q
uantum

 G
eom

etry via interferom
etry 



Q
uantum

-geom
etrical noise in M

ichelson interferom
eter 

    

S
ignal m
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C
oherence of Q

uantum
-G

eom
etrical Fluctuations 

Larger scale m
odes dom

inate total displacem
ent 

 N
o local m

easurem
ents  depend on choice of distant observer 

 D
isplacem

ents of nearby bodies are not independent  
 G

eom
etrical position states of neighboring bodies are entangled 

m
erely by proxim

ity: central to H
olom

eter experim
ent concept 

 B
odies “m

ove together”;  this is how
 classical locality em

erges 

C
. H

ogan,  S
eptem

ber 2012 
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C
ausal diam

onds of tw
o interferom

eters 

C
orrelate signals of nearly co-located 40-m

eter M
ichelson interferom

eters 

O
verlapping spacetim

e volum
es collapse into the sam

e state 

N
on-overlapping configurations are uncorrelated 

16 

tim
e 

space 

C
ausal diam

onds of 
beam

splitter signals 

C
. H

ogan, January 2013 



H
olom

eter D
esign P

rinciples 

D
irect test for quantum

-geom
etrical noise 

P
ositive signal if it exists 

N
ull configurations to distinguish from

 other noise 

 S
ufficient sensitivity 

A
chieve sub-P

lanckian sensitivity  
P

rovide m
argin for prediction 

P
robe system

atics of perturbing noise 

 M
easure signatures and properties of quantum

-geom
etrical noise 

Frequency spectrum
 

Tim
e-dom

ain correlation function 

C
. H

ogan, January 2013 
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T
h

e ex
p

erim
en
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o
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s 
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e a d

o
-it-y

o
u
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ro

ject, th
e scien
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eq

u
ivalen

t o
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u
ild

in
g
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9

8
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 a d
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 lit, d
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sed
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n
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el 

h
ere at F

erm
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n

al A
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r L
ab
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ra-

to
ry

 (F
erm

ilab
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f p
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g

 an
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p
tical in
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m

en
t th

at 
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o
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s lik
e w

ater p
ip
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o

lted
 to

 th
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o
r. 

T
h

ree scien
tists h

u
d

d
le w

ith
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 a m
ak

esh
ift 

ten
t—
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 a p

lastic sh
eet th

e size o
f a table-

clo
th

—
to

 in
stall a h

ig
h

-p
recisio

n
 m

irro
r. 

N
itrog

en
 fro

m
 a tan

k
 fl ow

s u
n

d
er th

e p
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 th
e m

irro
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. “It d
o
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’t lo
o
k

 
v
ery
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p

ressiv
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u
t it’s th

e eq
u

ivalen
t o

f a 
class 1

0
0
 clean

 ro
o
m

—
th

e b
est yo

u
 can

 b
u
y,” 

say
s C

raig
 H

og
an

, a th
eo

rist at F
erm

ilab
 an

d
 

th
e U

n
iversity

 o
f C

h
icag

o
 in

 Illin
o
is.

A
 ratch

et click
s as a p

hy
sicist in

sid
e th

e 
ten

t tig
h

ten
s a b

o
lt. A

n
o

th
er sh

o
u

ts, “T
h

e 
fro

n
t o

n
e, n

o
t th

e b
ack

 o
n

e! T
h

e fro
n

t o
n

e, 
n

o
t th

e b
ack

 o
n

e!” A
s im

p
lau

sib
le as it 

seem
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e h
o

m
ey

 ex
p

erim
en

t co
u

ld
 revo

lu
-

tio
n
ize scien

tists’ co
n
cep

tio
n
 o

f th
e fab

ric o
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th
e u

n
iverse—

if H
og

an
 is rig

h
t.

K
n

ow
n

 as th
e F

erm
ilab
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o

lo
m

eter, th
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ex
p
erim

en
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s to
 test o

n
e in

terp
retatio

n
 o

f 
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e so
-called

 h
o
log

rap
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ic p

rin
cip
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h
e p
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le states th
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o
u

n
t o
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n
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 b
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 o
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ace 
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ro
p
o
rtio

n
al to

 th
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reg
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n
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h
at’s o

d
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th
e n

u
m

b
er o
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m

p
u

ter h
ard

 d
riv

es th
at fi t 

in
 a ro

o
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 th
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o
m

’s vo
lu
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n
o

t th
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alls. If th

e h
o

log
rap

h
ic 

p
rin

cip
le h

o
ld

s, th
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e u

n
iverse is a b
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a h

o
log

ram
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o
-d

im
en

sio
n
al stru

ctu
re th

at 
o

n
ly
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p
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 b

e th
ree-d

im
en

sio
n
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rov

-
in

g
 th

at w
o

u
ld

 b
e a b

ig
 step
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ard

 fo
rm

u
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u
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m
 th

eo
ry
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f sp
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e an
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g
rav
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p
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s th
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g
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ig

g
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al-
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en
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e p
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 p
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 b
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o
in
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 b
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d
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b
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e p
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 d
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r o
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g
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 d
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e p
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p
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c
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c
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ay
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u
g
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 d
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h
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p

o
sitio
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 p
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o
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u
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e p
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o
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h
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 m
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u
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n
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n
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g
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h

. N
o

th
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h
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h
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n
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n
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o
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acetim
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S
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h
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s th
at 
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 co
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h
ey

 d
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an

o
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n
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at co

n
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s all th
e sp
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en
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e seco
n
d
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t. T
h
e 
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n
es fen
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 a th

ree-d
im

en
sio

n
al, d

iam
o
n
d
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io
n
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in

g
 to
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b
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r o
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e d
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o
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sal d
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T

h
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e a p
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ea, b
u
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m
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h
o
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 black
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o
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n
 o
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n

g
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 p
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u
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h
en

, fo
r ex
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p
le, a star co
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 a p
o

in
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m
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o
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o
u

s m
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 d
istan

ce o
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u

n
t o
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o
rizo

n
. O

n
e b

it 
o

f in
fo

rm
atio

n
—

w
h

ich
 can

 b
e 0

 o
r 1

—
can

 b
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hether the universe stores inform
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like a hologram

. B
ut som

e key theorists think the test w
on’t fl y
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ot a test of the holographic principle! 
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rives theorists nuts! 
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G
eom

etrically entangled field m
odes 

Q
uantum

 field theory: each plane w
ave is an independent, 

quantized degree of freedom
 

 If directions are “fuzzy” due to quantum
 geom

etry, m
odes are 

entangled 
 N

um
ber of independent states is sm

aller 
 E

nergy density of vacuum
 is sm

aller 
 M

aybe new
 cosm

ic acceleration physics can be studied in the 
laboratory, by probing the crossover from

 m
atter to geom

etry 
at a quantum

 level 
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Independent degrees of freedom
 n in causal 

diam
ond of duration t: 

 Field theory: n ~ (tE
) 3 at energy E
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Field m

odes directionally entangled w
ith geom

etry:  
n ~ (tE

P
lanck ) 

S
um

 of vacuum
 fluctuations ~cosm

ic density for H
0 ~1/t 
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Experim
ental probes of em

ergent unification 

H
olom

eter probes quantum
-geom

etrical 
entanglem

ent of position 
A

 positive detection of P
lanckian noise w

ill hint at a path to 
understanding cosm

ic acceleration via em
ergence 

O
ther experim

ents m
ay probe directional 

entanglem
ent of particle/field states w

ith 
geom

etrical states 
D

irectly relevant to the dark energy problem
 

R
equires very high precision 

N
obody is trying this yet 

Is it even possible? 
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Interferom
etry in O

H
EP program

 

Interferom
etry has pow

erful applications on the 
“P

recision Frontier” and “M
etrology Frontier” 

P
recision unm

atched by any other m
easurem

ent technique  
M

etrology m
atters for fundam

ental physics 
A

lso useful for A
xion-like particle searches 

A
pplicable to geom

etrically entangled fields? 

Interferom
etric experim

ents are w
ell adapted to 

capabilities and interests of H
E

P
 com

m
unity 

S
hould H

E
P

 interest expand to include other projects w
ith 

fundam
ental physics im

pact, such as LIS
A

? 
E

xtends to atom
 interferom

etry 
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