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wﬁﬂ‘&h‘}m Holographic Noise
DI RICERCA

METROLOGICA

g/assica/ Classical * Physics laws become non-consistent at the
eometry, matter, —35
’ ’ Planck length level (I, = ct, =1,6107°°>m
Quantum A Quantum & (p p )
matter fields Geometry
A=hclE R=2GM/c* « Quantum geometry postulates space-time and

gravity emerge as an average over more
fundamental degree of freedom existing at the
Planck scale.

log (size)

Planck log (mass)

* The “emergent” space-time is said to be
holographic

* Although quantum geometry approximates
classical space-time on large scale, the Hogan'’s
quantum geometry describes new quantum
properties of collective positions of massive
bodies

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

= e LA LU L)
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0L Holographic Noise

* Hogan’s effective theory postulates that position operators in
different directions do not commute

[,’f’}i,iﬁj} = i’kﬁijk’i(ﬁtp/v 4

(This heuristic approach allows to derive the
holographic principle)

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

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

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

_—,B—WWTI—FHT
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METROLOGICA

w:@%‘é& Holometer for HN observation

Holometer (Holographic Interferometer) to measure the possible presence of
a very slight random wandering of transverse position (the "holographic noise") '

over an extended volume of space-time is currently under construction
@Fermilab )

Holometer @Fermilab: two coupled ultra-sensitive Michelson
interferometers (40 m arms)

| http //holometer fnal gov/
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wﬁﬂ‘&mu Holographic Noise and the Holometer

In Michelson interferometer the phase shift (¢) can

X be seen as a simultaneous measurement of the
d l position of the beam splitter (x;—x5).
d ‘ X2
N

Holographic noise accumulates as a random walk
becoming detectable

(X(t) = X(t+7)°) = Ctpr(2/m)

c
< 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)

Bayrischzell Workhop 2014, Quantized geometry and physics, [May 23226]



STt Holographic Noise and the Holometer

Holometer

-----

S e «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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@EX&‘%&%{ The model

«Overlapping» «Separated»

AIM: HN detected by measuring the phase covariance 5” [5¢15¢2} between the two
interferometers of the holometer
00k = Qr — Oro

é(d)l, gbg) : quantum observable measured at the output of the holometer

& [5(051; @2)} — &l [5(Cb1; 952)}
(03 b1,02 (951 0, $2,0))

E [0¢106] ~
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@gﬁm The model

RICERCA
METROLOGICA
et

«Overlapping» «Separated»

AIM: HN detected by measuring the phase covariance 5” [5¢15¢2} between the two
interferometers of the holometer

00k = Ok — Do
5(¢)1, (9 ) : quantum observable measured at the output of the holometer
& |Clor62)] = &1 |Clon,00)]
&) [0010¢] ~ =
[ (03, 5.C (610, 920))
linearization (d¢1, 00 < 1) Sensitivity Coefficient

Bayrischzell Workhop 2014, Quantized geometry and physics, [May 23226]



@ﬁmm The model

METROLOGICA

«Overlapping» «Separated»

AIM: HN detected by measuring the phase covariance 5” [5¢15¢2} between the two
interferometers of the holometer
00k = Qr — Oro

é(d)l, gbg) : quantum observable measured at the output of the holometer

& [5(051; @2)} — &l [é(f;ﬂ)l, 952)}

(92,60 (010.020))

The uncertainty should be reduced as much as possible

E [0010¢] ~

Var) [6’(@231, qbz)} + Var | [6’(@%%)}

U(010¢9) ~ 2
\ (32,5,C(610, 620) |

PRL 110, 213601 (2013)
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@ﬁmm The model
DI RICERCA

METROLOGICA

«Overlapping» «Separated»

Var [6'(%,@)] + Var [6(¢11¢2)j|
\ @006 60

Phases covariance uncertainty U (0¢,0¢2) ~

| I

Val‘;c[ (¢1;¢’2)}: { (¢’1;¢’2)} {5(%@2)}2
& [0(61,62)

)

(¢1?¢2)> f$(¢17¢2) dgbl dgb?

/1
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@ﬁmm The model
DI RICERCA

METROLOGICA

«Overlapping» «Separated»

Var [6'(%,@)] + Var [6(¢11¢2)j|
\ @006 60

Phases covariance uncertainty U (0¢,0¢2) ~

| I

Var;c[ (¢1?¢2)}= { (¢’1;¢’2)} [6@1:@2)}2
£, [061.n)] = [[00r,09)) 61, 62) den dos

Quantum EV
Tr[p12C(h1, P2)]
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@EX&‘%&%{ The model
DI RICERCA

METROLOGICA

«Overlapping» «Separated»

Var, [6’(@, @)] + Var, [5(¢1, qsz)}
\ [( 1,02 (le 0:@20)) 2

Phases covariance uncertainty U (0¢,0¢2) ~

| I

Var, [Clon. )] = £, [C2(61.00)] €. [C61.62)]
£, [061.60)] = [[000r, ) lor, 02) e dos

f;c(dm ¢2) pdf of phase fluctuations due to HN Quantum EV
z—|, L Tr[p12C(01, ¢2)]

e fL(b1,62) = F (1) FV ()
» 71 (0n) = 1 (on)

PRL 110, 213601 (2013)
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@EX&‘%&%{ The model
DI RICERCA

«Overlapping» «Separated»

Var, [6’(@, @)] + Var, [5(¢1, qsz)}
\ [( 1,02 (le 0:@20)) 2

Phases covariance uncertainty U (0¢,0¢2) ~

| I

linearization (d¢, 00y < 1)

Var, [5(@61,@52)} = Var [5(@’)1,0,%,0)} + X Ak & [007] + Arz E, [6010¢2] + O(6¢%)

—,‘E;.%WW
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@EX&‘%&%{ The model

METROLOGICA

«Overlapping» «Separated»

V&fu [6(@51;%)] + Var [é(ﬁblaﬁbz)}
\ [( 1,02 (le 0:@20)) 2

Phases covariance uncertainty U (0¢,0¢2) ~

| I

linearization (d¢, 00y < 1)

Var, [5(@61, ¢2)i| = E’ar [é(gbl,g, gbg,o)} }F S Awr & [007] + Arz £ [001009] + O(66%)
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)

—.‘.E;.%WW
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@m&m The model
DI RICERCA
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et

«Overlapping» «Separated»

Var [a(ﬁbhﬁbz)] + Var [5(@’?1;4352)}
\ @006 60

Phases covariance uncertainty U (0¢,0¢2) ~

| I

linearization (d¢, 00y < 1)

Var, [5(@61, ¢2)i| = ﬁ/ar [é(gbl,g, gbg,o)} }F S Awr & [007] + Arz £ [001009] + O(66%)
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)

0-th order contribution to PSs covariance unc.: e \/2 Var | C(1,0, ‘anU)}

Var [6’(651,0;%,0)} = <a(¢1’0?¢2’0)2> _ (5(%,0’ Bo.0))? |< b1 b (Cbl 0, d)2 0)>|

-—‘E;.%WFW
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@m&m The model
DI RICERCA

METROLOGICA
et

«Overlapping» «Separated»

Var [a(ﬁbhﬁbz)] + Var [5(@’?1;4352)}
\ @006 60

Phases covariance uncertainty U (0¢,0¢2) ~

| I

linearization (d¢, 00y < 1)

Var, [5(@61, ¢2)i| = ﬁ/ar [é(gbl,g, gbg,o)} }F S Awr & [007] + Arz £ [001009] + O(66%)
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)

0-th order contribution to PSs covariance unc.: e \/2 Var | C(1,0, ‘anU)}

Var [6’(651,0;%,0)} = <a(¢1’0?¢2’0)2> _ (5(%,0’ Bo.0))? |< b1 b (Cbl 0, d)2 0)>|

Exploiting quantum light to beat the “shot-noise” level! PRI 110, 213601 (2013)

-—‘E;.%WFW
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w%‘@‘é& Squeezed light in Coupled Interferometers

Squeezed light in gravitational wave detectors!!

A sub-shot-noise PS measurement in a single interferometer (e.g. gravitational

wave detector) was suggested exploiting squeezed light
Caves, PRD 23, 1693 (1981)
Kinble et al., PRD 68, 022002 (2001)

and recently realized at Ligo 600
R. Schnabel et al., Nature Commun. 1, 121 (2010)

Ligo, Nature Plys. 7, 962 (2011)

R o T
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w%‘@‘é& Squeezed light in Coupled Interferometers

METROLOGICA
Squeezed light in gravitational wave detectors!!

A sub-shot-noise PS measurement in a single interferometer (e.g. gravitational

wave detector) was suggested exploiting squeezed light
Caves, PRD 23, 1693 (1981)
Kinble et al., PRD 68, 022002 (2001)

and recently realized at Ligo 600
R. Schnabel et al., Nature Commun. 1, 121 (2010)

Ligo, Nature Plys. 7, 962 (2011)

Does squeezed light help also in the case of the Holometer?

BS

time
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w%‘é@%& Squeezed light in Coupled Interferometers

METROLOGICA
Squeezed light in gravitational wave detectors!!

A sub-shot-noise PS measurement in a single interferometer (e.g. gravitational

wave detector) was suggested exploiting squeezed light
Caves, PRD 23, 1693 (1981)
Kinble et al., PRD 68, 022002 (2001)

and recently realized at Ligo 600
R. Schnabel et al., Nature Commun. 1, 121 (2010)

Ligo, Nature Plys. 7, 962 (2011)

Does squeezed light help also in the case of the Holometer?

BS

time

Before discussing it a quick overview of “relevant” Quantum Optics concepts
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@%‘é@%& A glance at a Quantum Optics textbook

MFTI?OLOGI(A
Quantization of the Electromagnetic Field

Classical — Quantum

E(r,t) = Z e &rope kT L e E(r,t) = Z a&raxe TRT L He
k k
1 k x € _ é o
H(l‘, t) _ Z X €k gkake—-wktﬁk-r +cc. H(l‘, t) — i Z k x €k éakake—-wktﬂk-r +He
Ho 5~ Wk Ho = Vk
Ok Xk adk ait
Unitless Coefficients Quantum Operators
T
[aks ak] = 1

QB—WW
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w%‘é@%& A glance at a Quantum Optics textbook

MFTI?OLOGICA
Quantization of the Electromagnetic Field

Classical — Quantum

E(r,t) = Z e &rope kT L e E(r,t) = Z a&raxe TRT L He
k k
1 k x € _ é o
Hr,t) = — Z X €k Exone HTRT Lo e H(r, t) = i Z K x & Exage MHTRT L e,
Ho 5~ Wk Ho = Vk
Ok Xk adk a]t
Unitless Coefficients Quantum Operators
T
[aks ak] =

Energy of a single mode quantum EM field

1 1
Hx = hvy (akak + 2) Jfk|nk) = hv (nk + -2-) |nk}

(al)"

n) = 10)

Jn!
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w%‘@‘é& A glance at a Quantum Optics textbook

METROLOGICA

Quadrature Operators

1
X;==(a+d") “Amplitude” or “Position”

2
X, = %(a —a')  “Phase” or “Momentum”
1
i 1
(X, X)] = 5 e AX|AX; > y

Heisenberg’s Unc. Relation

—‘B—FI'I'ITI'I'ITITW
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w%‘é@%& A glance at a Quantum Optics textbook

MFTI?OLOGICA
Coherent States
Coherent State: eigenstate of the annihilation operator

alor) = ofor)
Displacement operator: D(o) = prd' —a'a
|0} = D()|0) D™ (@)aD(x) =a +«
Mean photon number: {(aja’ala) = |a|?
Photon number statistics: p(n) = {n|o){at|n) = @.)%_ﬁ (n) = |af?
Quadrature operators .xz R
(AX1)? = (alXFla) — (elXalo)? = ) wefes
B _1_ Imiol - @ X2=Z(a—a*)
(AX,)? = ; [a] |
[AXIsz =21I ] o /,O el X,

Z : Bayrischzell Workhop 2014, Quantized geometry and physics, [May 23—26] | |



METROLOGICA

w%‘é@%& A glance at a Quantum Optics textbook

Squeezed States

Hamiltonian of a degenerate parametric process: # = ih (gaT2 — g*az)
. 7 ” 1 x 2 1 2
(Unitary) “Squeeze” Operator : S(&) = exp —2-5 a“ — Eéa ¢ = rexp(if)

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

Squeezed Vacuum: |¢) = §(¢)(0)

X, 4
1
(A)(l)2 = '4'6—2'. X, = %(a+a*)
X, = l'(a—a*)
(AXy)? = -fiezr (0 = .
VX
1
[AXlAXQ = -4- ]

Squeezed Vacuum obtained with an OPO operating under threshold

Z : Bayrischzell Workhop 2014, Quantized geometry and physics, [May 23—26] | |




w%‘@‘é& A glance at a Quantum Optics textbook

METROLOGICA
T

How to measure Quadratures

BS transformation:

c=+Ta+iy/1-Tb ‘
d=i1—T a+JTh

1
50:50 BS: a_’-c’('_

na=ce—dd=—i(ab—b'a)
Vv b
[ )
(nea) = —2|Bil(X(¢1 + n/2))
(Ana)® = 4181 [AX (¢ + 7 /2)]
. J

\ 4

\ 4

> (nca)

LO: [81)

1 . .
X(p)=Xy = E(ae""*" +a'e?)

= e—— A LAl
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@%‘é@%& A glance at a Quantum Optics textbook

METROLOGICA

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) @
dA; b “‘d
¢ i= cos£ ,
e [0) in a-port, ch) in b-port o, S | D 2 l c D
(Nea) =Ialzco -
(A"cd)2 = |‘35|2 ’ I |oc)
Aneq ] Shot-Noise Limit
A¢ = = — «—
P08~ J T 2 ) = o

« &) ina-port, |a) in b-port (0 = 2¢/)

N Below the Shot-Noise Limit

(nea) = ((n)+ sinh? r)cos ¢, =(n)cos ¢, / b, =7/2
(Angg)* =(n)e™> + sinh’r An ; o
c

A = =

|a(ncd>/a¢p| \/(_n)
QB—WW
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w%‘é@%& Squeezed light in Coupled Interferometers

METROLOGICA
Squeezed light in gravitational wave detectors!!

A sub-shot-noise PS measurement in a single interferometer (e.g. gravitational

wave detector) was suggested exploiting squeezed light
Caves, PRD 23, 1693 (1981)
Kinble et al., PRD 68, 022002 (2001)

and recently realized at Ligo 600
R. Schnabel et al., Nature Commun. 1, 121 (2010)

Ligo, Nature Plys. 7, 962 (2011)

Does squeezed light help also in the case of the Holometer?

Squeezed light in the a’s ports: ‘§k>ak = Say (gk)m)ak
Sy () = expléy, (a})? & (@)’

Iy

(2975

Coherent light in the b’s ports: \ak)bk = Dbk (ak)m)bk
Dbk(ak) = exp(a:k b}; — Oi}'; bk)

61 al)er LA o a2,
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w:@%‘é& Squeezed light in Coupled Interferometers

METROLOGICA

Does squeezed light help also in the case of the Holometer?

6(051? ¢2) is the covariance of photon # differences

Clor, ¢2) = AN, (¢n) ANy (o)
AN, (¢r) = Ny (op) — € {Nk(%)}
N_(¢) = No(¢) — Na()

4

O-th order contribution to PSs covariance unc.:

\/2 Var {6(6351,0, @2,0)]
U —
(22, 6,C (010, 620))]
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w:@%‘é& Squeezed light in Coupled Interferometers

METROLOGICA

Does squeezed light help also in the case of the Holometer?

6(051? ¢2) is the covariance of photon # differences
C¢1, ¢2) = AN1_(¢r) AN>_(¢x)

AN, (¢r) = Ny (op) — € {Nk(%)}
N_(¢) = N.(¢) — Na(9) -

At (142X =2V + A2
(A — p)? !

UO (1, A, g = 7/2) = V2

S L{SQ (2v/2Ap) 1

> A>1

J4 : mean # photons coherent light
\ : mean # photons squeezed light
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w:@%‘é& Squeezed light in Coupled Interferometers

METROLOGICA

Does squeezed light help also in the case of the Holometer?

6(051? ¢2) is the covariance of photon # differences
C¢1, ¢2) = AN1_(¢r) AN>_(¢x)

AN, (¢r) = Ny (op) — € {Nk(%)}
N_(¢) = N.(¢) — Na(9) -

\sl>a1\52>a2 o |an)s |as,

At (1420 — 2V + 22

UO (1,0, 60 = 7/2) = V2 By S
ﬂ::) z/{SQ 2\/”_;“3\) o e. (4\) ! better than the CL case L{CL V2/ 1

J4 : mean # photons coherent light
\ : mean # photons squeezed light
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w%‘é@%& Squeezed light in Coupled Interferometers

~~~~~~~~~~~~~

Does squeezed light help also in the case of the Holometer?

é(cﬁla ¢2) is the covariance of photon # differences
C¢1, ¢2) = AN1_(¢r) AN>_(¢x)

AN, (¢r) = Ny (op) — € {Nk(%)}
N_(¢) = N.(¢) — Na(9) -

\sl>a1\52>a2 o |an)s |as,

At (1420 — 2V + 22

UO (i, N, o =7/2) = V2 SNt e R
L{SQ 2\/#_;”)\) > 1 e. (4\) ! better than the CL case L{CL V2/ 1

J4 : mean # photons coherent light
\ : mean # photons squeezed light

In the presence of losses 77 :

(0) 17 4(0) o (1 _
Uy UL = (1= n)+n/(4X) USH JUSY ~ 1 = 2\
p>A>1 A land p > 1
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DI RICERCA

wﬂ%‘éﬁiu A “further” glance at a Quantum Optics textbook

METROLOGICA
T

The “Dark-Port” configuration

What is done in practice in phase measurement (single interferometer)

\ 4

\ 4

@hot-Noise Limit \

1
|a(ncd)/a¢p| \/(_n)
(n) = |af?
Below the Shot-Noise Limit
Ancd e’

A = =

T 0 /od T Y




w%‘é@%& A “further” glance at a Quantum Optics textbook
MFTI?OLOGICA
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 : S2(€) = exp {£a’bl — £*ab} §=re

S3(€) ( " ) $2(6) :s%( . )

v
52’5:(5* M)

i = coshr
v = e¥sinhr

00 k
Twin Beam state: |TWB)) = 52(§)[0) = — > (E) k) @ [k)

TWB shows perfect correlation in the photon number, i.e TWB is an eigenstate of the
photon number difference

‘ ayrischzell Workhop 2014, Quantized geometry and physics, [May 23—26] | |
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w%‘éﬁku Twin-Beam light in Coupled Interferometers

METROLOGICA
LU AL L) |

Does quantum correlated light help in coupled interferometers?
Twin-Beam light in the a’s ports: |[TWB)),, ., = 512(0)]0) ;.0
S12(¢) = exp(C alab — ¢* ara) L

O

Coherent light in the b’s ports: \ak)bk = Dy, () [0)

by ay
Dbk(ak) = exp(o:k b}; — Oi}'; bk)
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wﬂ%‘éﬁiu Twin-Beam light in Coupled Interferometers

METROLOGICA
Does quantum correlated light help in coupled interferometers?

Twin-Beam light in the a’s ports: |[TWB)),, ., = 512(0)]0) ;.0
S12(¢) = exp(C alab — ¢* ara) L

Coherent light in the b’s ports: \ak)bk = Dy, () [0)

by ay
Dbk(ak) = exp(o:k b}; — Oi}'; bk)

C'(¢1, @2) is the fluctuations of the photon # difference in'cs ports
C(d)ljng) — AQ |:N(31 T N62i|
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wﬂ%‘éﬁiu Twin-Beam light in Coupled Interferometers

METROLOGICA
Does quantum correlated light help in coupled interferometers?

Twin-Beam light in the a’s ports: |[TWB)),, ., = 512(0)]0) ;.0
S12(¢) = exp(C alab — ¢* ara) L

Coherent light in the b’s ports: \ak)bk = Dy, () [0)

by ay
Dbk(ak) = exp(o:k b}; — Oi}'; bk)

C'(¢1, @2) is the fluctuations of the photon # difference in'cs ports
C(d)ljng) — AQ |:N(31 T N62i|

e (A
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wﬂ%‘éﬁiu Twin-Beam light in Coupled Interferometers

MEIROLOGIC
Does quantum correlated light help in coupled interferometers?

Twin-Beam light in the a’s ports: [TWB))y, 0, = S12(0)|0)4; 0,
S12(¢) = exp(( a1a2 C* aras)

Coherent light in the b’s ports: \ak)bk = Dbk (Oﬁk)‘O)bk
Dbk(ak) = exp(o:k b}; — Oi}'; bk) ]

C'(¢1, ¢2) is the fluctuations of the photon # difference in'’s ports

C(¢1,¢2) = A? |:NC1 - Nc:z} (TWB|(N,, — AGQ)M\TWB)) =0,VM >0

¢k,o=0|-|__> [U(U) B ] ﬂ::)Var N V.., (0) — N, (0 )}}zo

TWB — ] 2 (¢10;¢20))’ ; [T+ N cos[2(6 — 0,)]
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MEIROLOGIC
Does quantum correlated light help in coupled interferometers?

Twin-Beam light in the a’s ports: [TWB))y, 0, = S12(0)|0)4; 0,
S12(¢) = exp(( a1a2 C* aras)

Coherent light in the b’s ports: \ak)bk = Dbk (Oﬁk)‘O)bk
Dbk(ak) = exp(o:k bl]; — Oi}'; bk) ]

C'(¢1, ¢2) is the fluctuations of the photon # difference in'’s ports
—~~ . 2 ~ ~ -
Clor,92) = A |:NC1 - Nc:z} (TWB|(N,, — GZ)M\TWB)) =0,VM >0

¢k,o=0|-|__> [U(O) B ] ﬂ::)Var N V.., (0) — N, (0 )}}zo

TWB — ] 2 (eblo,gbgo))] ; [T+ N cos[2(6 — 0,)]

In the presence of losses 77 :
AL land > 1

0 0
Upis /Ucr, = /2(1
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wﬁﬂ‘&mu Twin-Beam light in Coupled Interferometers

METROLOGICA
Does quantum correlated light help in coupled interferometers?

Twin-Beam light in the a’s ports: [TWB))y, 0, = S12(0)|0)4; 0,
S12(¢) = exp(( a1a2 C* aras)

Coherent light in the b’s ports: \ak)bk = Dbk (&k)m)bk
Dbk(ak) = exp(o:k bl]; — Oi}'; bk) ]

C(d)l, qbg) is the fluctuations of the photon # difference inb"c’s ports
~ A2 X \ .
Clor,92) = A |:NC1 - Nc:z} (TWB|(N,, — GZ)M\TWB)) =0,VM >0

¢k,o=0|-|__> [U(O) B ] ﬂ::)Var N V.., (0) — N, (0 )”20

TWB — ] 2 (eblo,gbgo))] ; [T+ N cos[2(6 — 0,)]

In the presence of losses 77 :
AL land p > 1

TWB/Z/{CI); ~ \/2(1 —1n)/n  TWBiis still advantageous in the presence of weak
quantum light!!!

n:

Squeezed light
UD U ~ 1 — 2/
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Does quantum correlated light help in coupled interferometers?

Twin-Beam light in the a’s ports: [TWB))u, .0, = S12(€)[0)a; a5 PRL 110, 213601 (2013)

S12(C) = exp(¢ alal — ¢* ayay)

Coherent light in the b’s ports: \ak)bk = Dbk (&k)m)bk
Dbk(ak) = exp(o:k bl]; — Oi}'; bk) ]

C'(¢1, ¢2) is the fluctuations of the photon # difference in'’s ports

C(¢1,¢2) = A? |:NC1 - Nc:z} ((TWB|(N,, — Nop)M|TWB)) =0, VM > 0

ék,0:0|L> [U(U) - O] |-I:>Var A? Acl — N, (0 )}}:0
ITWB ’( 2 5,.C(610, 62 0))’ ; T+ Npcos2(6c — 0,)

In the presence of losses 77 :

A< land > 1 p>A>1

(0) 0)
|~ VR =) /Uy ~ 215 (1 =)

TWB /Z/{CL ~

n:

Squeezed light Squeezed light
UDIUS) =~ 1 - 2pv/X UH UL = (1= n)+n/(4N)

khop 2014, Quantize
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METROLOGICA

] A=05
1.00} —
0.50! i
~ 3 . W Meas.time = 1073 s >10" W
asu 0.20] CL ___. ZE{J . Wavelength = 600 nm
~ O 10 7 sQ — ugy ~\‘ Mirror mass = 102Kg
~ 0.05} - U Quantum L
| TWB — Urwy Enhancement — V2(1 = 1n)/n
0.02 - —— - UTwg Uncertainty ﬂ

0.90 0.92 0.94 0.96 0.98 1.00 ~ 0 (y ~ 1)
7

Fluctuations of the # of photons inside the interferometers arms induce phase fluctuations due
to mirror recoil (Radiation Pressure Noise).

8drp = (W7 /2mc)P P photons momentum

For shorter measurement time 10~% s (HN to be detected in the MHz region) > 1013 W

' B g 1]
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Quantum light in Coupled Interferometers

“Strong” quantum light regime: 1 > A > 1

(0)
Uf Uy

5.00-

1.00
0.50

0.10
0.05

1021 102 1028 102 102

'o' ’0" A=10 n = 0,98
L 4 »
CL= Shot Noise Level ___!’,::;." Meas.time =107 s
j o Mirror mass = 10%Kg
Ph+Rl::¢"'o"Ph+RP Wavelength = 600 nm
TWB ____,o' ’ Ph ~ 2.\/5(1 — 17)
5Q ’ Ph |~(1—-7)+n/(4A)

U = #of coh. photons

Radiation pressure (RP) noise is negligible for reasonable value of

the optical power. It starts to appear at P > 107 W
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* HN is due to the “possible” Quantum Geometric structure of the Space-Time at
the Planck-length scale

= L L) LAl
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* HN is 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)
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* Quantum light enhance the sensitivity of the Holometer below the “Shot-Noise”
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* Quantum light enhance the sensitivity of the Holometer below the “Shot-Noise”
limit
* Squeezed light provides an enhancement of the order of the mean number

of photon of the squeezed light
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* HN is 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 provides an enhancement of the order of the mean number
of photon of the squeezed light
 Twin-Beam provides a complete suppression of the shot-noise contribution
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* HN is 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 provides an enhancement of the order of the mean number
of photon of the squeezed light
 Twin-Beam provides a complete suppression of the shot-noise contribution
(ot

* Losses (effectively) affect this enhancement

QT'—WTTFW

ayrischzell Workhop 2014, Quantized geometry and physics, [May 23-26]



@ o The TAKE-AWAY
DI RICERCA

METROLOGICA

* HN is 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 provides an enhancement of the order of the mean number
of photon of the squeezed light
 Twin-Beam provides a complete suppression of the shot-noise contribution
(ot

* Losses (effectively) affect this enhancement

» Radiation pressure is not an problem (for affordable light power level)
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* HN is 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”

HE-EN

 Twin-Beam p%%%yaﬁﬁs%ﬁﬁé\ -noise contribution

(ol

limit

* Squeezed light p e mean number

of photon o™he

* Losses (effectively) affect this enhancement

» Radiation pressure is not an problem (for affordable light power level)
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* HN is 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
| alllenhancef@ent of d
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* Twin-Beam p%%rf@bewasaﬁéﬁﬁ@ﬁ-noise contribution

(01111)

 Squeezed liglt p
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* Losses (effectively) affect this enhancement
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