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Several QG theories (string theories,
holographic theory, heuristic arguments from
black holes,...) predict non- commutativity of
position variables at Planck scale

[ff}i, i’ﬂ = iﬁké;gjk?:(?tp/\/llﬁ

G. Hogan, Arxiv: 1204.5948
G. Hogan, Phys. Rev. D 85, 064007 (2012)

Sort of space-time uncertainty principle (L= radial separation)
(#3) = Letp/VAr = (2.135 x 107" m)?*(L/1m)

This new quantum uncertainty of space-time induces a slight random wandering of transverse position
(called “holographic noise”)

Holometer (Holographic Interferometer) @Fermilab:
two coupled ultra-sensitive Michelson
interferometers (40 m arms)
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In Michelson interferometer the phase shift (¢) can
7\ be seen as a simultaneous measurement of the

Na lb l position of the beam splitter (x; —x5).
d . .

Holographic noise accumulates as a random walk
¢ becoming detectable
\

:ﬂ (IX() - X(e+ 7)) = Ptpr(2/m
T << 2L/c

The random walk is bounded (an interferometer measures HN within the causal
boundaries defined by a single light round trip)
(7 = 2L/c the longest time over which differential random walk affects the

measured phase) G. Hogan, Arxiv: 1204.5948
G. Hogan, Phys. Rev. D 85, 064007
(2012)
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Single Interferometer LTI Holometer

< «Overlapping» space-
time volume

«Separated» space-
time volume

HOLOMETER: principles of operation
 Evaluation of the cross-correlation between two equal Michelson interferometers

occupying the same space-time volume
» Reference measurement: HN correlation «turned off» by separating the space-time

volumes of the two interferometers
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AIM: HN detected by measuring the phase covariance 5‘” [5@159{)2} between the two
interferometers of the holometer
00 = Op — Pro

L

a(gbl, qbg) : quantum observable measured at the output of the holometer

-~ -~ linearization
g” |:C(¢)17 ¢2):| — gJ_ |:C(¢)1: Cbg):| (6(1)1? 6¢)2 < 1)
< b1,p2 (({bl 0, P2, 0))

E| 01002 =

The uncertainty should be reduced as much as possible

Var [a(él,éz)} + Var | [5‘(%,@52)}

U(0p10¢2) ~ 2
\ [< ¢1,02 ((?bl 0,9920))}

PRL 110, 213601 (2013)



Phases covariance uncertainty U (d¢,0¢;) ~

L

To-s

. _:‘::’,/,"' =«||» ' =«]»

V&I‘“ C(¢1, P ] + Var | [ (1, (;bz)}
C

\ [( 2 6,0 (010, P20)) 2

| I

Val‘m[ (¢1,¢2)] = { (¢1;¢2)} l (¢1,¢2)r

f:c((bla ng)

r =, L

£, 066102 = [(O6r. 02) [(or. 32)don o

pdf of phase fluctuations due to HN
Ti[p12C (61, 62)]

o fL(01, 62) = FiV(61)F ()
« 717 (0r) = F1V(n)

PRL 110, 213601 (2013)
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Var“ C(¢1, P ] + Var [ (01, f;bz)}
C

\ [( 2 6,0 (010, P20)) 2

L

Phases covariance uncertainty U (d¢,0¢;) ~

| I

linearization (J¢1, 00 < 1)

Var, [6(@,%)} = E’ar [a(@,o,%,o)} }F S Ak E [007) + Arz E, [6615¢2] + O(6¢%)
O-th order

- 0-th order independent from PSs fluctuations (i.e. HN)
- 0-th order quantum light noise (shot-noise in the actual Holometer)

\/2 Var 5(@1,0; @2,0)}
YO

0-th order contribution to PSs covariance unc.: —

Exploiting quantum light to beat the “shot-noise” level! PRI 110, 213601 (2013)
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Phys. Rev. Lett. 117, 111102 (2016) Squeezed light in gravitational wave

Search for Space-Time Correlations from the Planck

; : detectors!!
Scale with the Fermilab Holometer
Aaron S. Chou,2Richard Gustafson?, Craig Hogana¢Brittany Kamai®9, Ohkyung
Kwon¢e, Robert Lanzac?, Lee McCuller®?, Stephan S. Meyer¢,Jonathan : :
Richardson¢,Chris Stoughton?, Raymond Tomlin?,Samuel Waldman’, Rainer A Sub—ShOt—nOISe PS measurement mna
Weiss? . o 3 .
a Fermi National Accelerator Laboratory; Slngle inter fer ometer (C. g. graVItatlonal
b University of Michigan; 5. G
< University of Chicago; wave detector) was suggested exploiting
d Massachusetts Institute of Technology; o
¢ Korea Advanced Institute of Science and Technology (KAIST); SqUCCZCd hght

SpaceX;
g Vanc;erbi/t University Caves, PRD 23, 1693 (1981)

Kimble et al., PRD 65, 022002 (2001)

Measurements are reported of high frequency cross-spectra of signals from the Fermilab
Holometer, a pair of co-located 39 m, high power Michelson interferometers. The instrument

obtains differential position sensitivity to cross-correlated signals far exceeding any previous nature LETTERS
measurement in a broad frequency band extending to the 3.8 MHz inverse light crossing hotonics
time of the apparatus. A model of universal exotic spatial shear correlations that matches p REESHEDIONINER e PRRIco s AREOIR 20

the Planck scale holographic information bound of space-time position states is excluded to
4.60 significance.

Enhanced sensitivity of the LIGO gravitational
wave detector by using squeezed states of light

The LIGO Scientific Collaboration*

veek ending
PRL 110, 213601 (2013) PHYSICAL REVIEW LETTERS 24 MAY 2013

Quantum Light in Coupled Interferometers for Quantum Gravity Tests

1. Ruo Berchera,l 1P Degiovanni,l S. Olivares,2 and M. Genovese'
11}\'1?1]\4, Strada delle Cacce 91, 1-10135 Torino, Italy

2Dimeimem() di Fisica, Universita degli Studi di Milano, and CNISM UdR Milano Statale, Via Celoria 16, [-20133 Milano, Italy
(Received 22 January 2013; published 21 May 2013)

PHYSICAL REVIEW A 92, 053821 (2015)

One- and two-mode squeezed light in correlated interferometry

I. Ruo-Berchera,! I P. Degiovanni,] S. Olivares,>* N. Samantnray.H P. Traina,' and M. Genovese!->
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Does squeezed light help also in the case of the Holometer?

C(¢1,2) is the product of the squeezed quadratures

Cld1.d2) = (Yi(dy) — E[Y 1} (Vo) — E[Ta]}

- azb
0-th order contribution to PSs covariance unc.: 1) afé2) as 1) 02,
- i Nz
\/2 Var {C(qbl,ﬂv ¢2,0)}
Y0 —
|<3£1,¢20(¢1,0> 652,0» | Py<<I
In the presence of losses 7} :
(0) /7 4(0) _ (1 _ 5
> A>1 A< 1and p > 1
J: mean # photons coherent light
\: mean # photons squeezed light %\ = 2/ nu cos* (o /2)
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'N R | M Regimes of interest for a real experiment

U[mZ/HZ] n = 0.8

1x1073% ¢
5x10740

HN(40m arms)

2x 10740+
1 % 10—40 L R R F R ]
sx10~41}

2x 10741+
1x10741 |

: : : N~ Tmeas[s]
1 10 100 1000 10

For SQXSQ, we expect a reduction
of the measurement time of more
than one order of magnitude

-Aopt = 1064 nm.
-u=10,n7=0.8.
-Popt = 2000 W
Tsample ™ 2L/c,
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Does quantum correlated light help in coupled interferometers?

Twin-Beam light in the a’s ports: |TWB))4, 0, = S12(€)[0)4; .0,
812(0 = eXP(C a1a2 ¢* a1@2)

Coherent light in the b’s ports: \ak)bk = Dbk (O:k)\())bk
Dy, () = exp(ag b,t — ap by) 1

5((,&’)1, ¢2) is the SQUARE of the photon # difference in c’sbf‘)orts
Clpr.d2) = [N1($1) — Na(p)]?
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Does quantum correlated light help in coupled interferometers?

Twin-Beam light in the a’s ports: |TWB))4, 0, = S12(€)[0)4; .0,
812(0 = eXP(C a1a2 ¢* a1@2)

Coherent light in the b’s ports: \ak)bk = Dbk (O:k)\())bk
Dy, () = exp(ag b,t — ap by) 1

5((,&’)1, ¢2) is the SQUARE of the photon # difference in c’sbf‘)orts
Clpr.d2) = [N1($1) — Na(p)]?

2 (Ui =0)
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Does quantum correlated light help in coupled interferometers?

Twin-Beam light in the a’s ports: |TWB))4, 0, = S12(€)[0)4; .0,
812(0 = eXP(C a1a2 ¢* a1@2)

Coherent light in the b’s ports: \ak)bk = Dbk (O:k)\())bk
Dy, () = exp(ag b,t — ap by) 1

5(@’)1, ¢2) is the SQUARE of the photon # difference in c’sbf)orts
Clpr.d2) = [N1($1) — Na(p)]?

2y (U= 0)

In the presence of losses 7] :
A< land p>1 w>A>1

(0) 0)
0) ~ V2(1 =n)/n Urys/Usr, = 2v/5 (1 = 1)

TWB /Z/{CL ~

(Squeezed light) (Squeezed light)
UDIUS) = 1 - 2pv/X U JUE) ~ (1= n)+n/(4)




a: TWB 1=0.1 e: TWB A=1

b: SQ A=01 f: sQ A=1 u= 1012
¢ TWB 1=3 g TWB A0 A=10
d sQ A1=3 h: TWB 1=

a: TWB A=0.1

1

a: TWB =209 e:TWB n=1
b: sQ n=09 f: sQ n=1
c: TWB n=0.98

d
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PRA 92,053821 (2015)
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* HNis due to the “possible” Quantum Geometric structure of the Space-Time at the Planck-length scale
* HN may have “observable” effect at the macroscopic scale — Holometer (2 coupled interferometers)

* Quantum light enhance the sensitivity of the Holometer below the “Shot-Noise” limit
* Squeezed light generally performs better than TWB (A>>1)
* Twin-Beam provides in an ideal case a complete suppression of the shot-noise contribution (0!!!!)

* Losses (effectively) affect this enhancement

» !
i

Experiment is in progress.
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Fringe visibility: 99.8%
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Figure: The blue curve represents the output of the DARM
signal when the squeezed light was injected into the
interferometer and the green one is the Shot Noise Limit of
the DARM output. There is around 2dB of Squeezing at
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@%‘é@%& A glance at a Quantum Optics textbook

Quantization of the Electromagnetic Field

Classical ﬁ Quantum

E(r,t) = Z e age kT Lcc E(r,t) = Z érace TR L He
k k
H([ t) = i Z k x &k gkake_ivktﬁk'r + C.C. H(l’ t) = l Z k x & gkake—-ivktﬂk-r + H.c.
Ho S Vi T m W
*
Ak Xk adk a]t
Unitless Coefficients Quantum Operators
1
[aka ak] —

Energy of a single mode quantum EM field

1 1
Hx = hvy (akak + 2) Hx|ng) = hvy (nk + 5) %

(a')"

n) = 0)

Jn!
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Quadrature Operators

1
X, = -2-(61 +a") “Amplitude” or “Position”

1

X, = f(a —a')  “Phase” or “Momentum”
1

; 1
[XlsXZ] — _é. A AXIAX2 > Z

Heisenberg’s Unc. Relation
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Coherent States

Coherent State: eigenstate of the annihilation operator
alo) = oo

1‘_ »
Displacement operator: D(a) = ™ ~* ¢

) = D()|0) DY (a)aD(a) = a + «
Mean photon number: {a|a’alo) = |o/?
- (n)re=")
Photon number statistics: p(n) = (n|a){a|n) = (n) = |o?
Quadrature operators X, 4
Lo
(AX0)? = (& X3lo) — (211 )P = | R O
| Imlol------ ‘ Xz=l(a—a*)
(AX2)? = mled e
[AX AX, = : ] :
T2y 0) /7’ Re[o] X,
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Squeezed States
Hamiltonian of a degenerate parametric process: # = ih (gaT2 — g*az)

& = rexp(if)

(Unitary) “Squeeze” Operator : S(&) = exp (%5*612 _ %5(1#2)

ST (&)aS(é) = acoshr — a’e sinh r
ST(&)a'S(¢) = a* coshr — ae™" sinhr

Squeezed Vacuum: |¢) = S(&)(0)

X2
(Axif = e vmlas
1 ¥
(AXy)' = Lo .
4 X,
1
[AXlAXz = E ]

Squeezed Vacuum can be obtained with an OPO operating under threshold
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How to measure Quadratures

BS transformation:

c=+Ta+iJ1=Th ‘
d=iJ1—T a+Th

d
a C
50:50 BS: E— -('—

na=ce—dd=—i(ab—b'a)

v b
[ (nea) = —20B(X (e +7/2))
. (Ancg)? = 41811 [AX (¢ + n/2)]2)

A\ 4 A\ 4
W
—~

l e

]

=
~

LO: |Bi)

1 . .
X=Xy = §(ae"¢’ + a'e'?)
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Phase measurement in an interferometer

The input-output relations of the mode operators of an interferometer are the same of a BS

with T (given by the the phase ¢,,) |oc) @
dAh b “d
¢' T = c:n:'s2 :
« [0) in a-port, |®) in b-port a N ; o [ c
(Nea) =|OE|200 N
(Anea)* = jor|? ’ I 3
A 1 Neica i
Ad = Ned — Shot-Noise Limit

T 10na)/odsl i)

e |£) ina-port, |&) in b-port (0 = 2¢;)

(n) = |of?

(nca) = ((n)+ sinh?r)cos ¢, =(n)cos ¢, B:Io/Wthe Shot-Noise Limit

(Ancg)? =(n)e™¥ + sinh®r A

A(b — Red _ €
|a(ncd)/a¢p| \/(_n>




O The dream of building a theory unifying general relativity and quantum
mechanics, the so called quantum gravity has been a key element in
theoretical physics research for the last 60 years.

O A HUGE theoretical work: string theory, loop gravity, ....

String Theory

studies. In the last few years this common wisdom was challenged: a
first series of testable proposals concerned photons propagating on
cosmological distances [AmelinoCamelia et al.], with the problem of
extracting QG effects from a limited (uncontrollable) observational
sample affected by various propagation effects.

m
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Is Entanglement related to the TWB quantum enhanchement?

Sens

LR e
0.5 1.0 15 20 25 3. 0.5 1.0 1.5 2.0 2.5 3.0

Indeed a clear role of entanglement, measured by negativity [see M.Roncaglia,A.Montorsi,
M.G. Phys. Rev A 90, 062303 (2014)], is demonstrated. This is due to the fact that the scheme
requires not only perfect photon number correlation, but also a defined phase of the

TWB for a coherent interference with the classical coherent field at the Beam Splitter.



The Laser

COHERENT MEPHISTO (cw)
Nd:YAG @ 1064 nm
Output powerupto2 W

90 —

Extremely low noise!

110 -

115 —

RIN (dB/Hz)

noise eater: off

120 -

-125 -

detector noise
10* 10° 106
Hz
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Does Q-correlated (Entangled) light help in coupled interferometers?

Twin-Beam state (or Two-mode squeezed vacuum)

Hamiltonian of a non-degenerate parametric process: H o a'b’ + h.c.

(Unitary) Two-mode “Squeeze” Operator : S3(£) = exp {£a'b’ — £*ab} §=re™

S3(€) ( o ) Sg(g):sgg( ; )

k
Twin Beam state: |TWB)) = 52(§)|0) = — Z (K) k) @ |k)

TWB shows perfect correlation in the photon number, i.e TWB is an eigenstate of the
photon number difference
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Ko= K+ K,
W,= O+ O,

Ultraviclet Laser

[ Type-1 PDC
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Does squeezed light help also in the case of the Holometer?

C(¢1,¢2) is the covariance of photon # differences

Clér, d2) = AN1_ (1) AN () L S
ANe-(01) = K (60) = & [N (00) i S
N_(¢) = Ne() — Nu(9) & ! ’
) . l ) ‘61)a1‘€2>a2 ‘ ‘041>b1‘052>b2
0-th order contribution to PSs covariance unc.: by " L 7
o0 \/ 2Var |C(r0,020)] s A u(len - 2ATw) .
— — _r
|< b1,02 (¢‘1 0, P2 0)>| A=p) (o 2)
L4 : mean # photons coherent light
Z/{SQ (2\/_)\/’0 \ : mean # photons squeezed light

> A > 1

i.e. (4\) ! better than the CL case L{g}j ~ 2/



