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OUTLINE

Introduction

- Concept of vacuum

- Mode correlations in quantum optics
- Entanglement

Dynamical Casimir effect
- Photon generation with a Josephson metamaterial
- Correlations: two mode squeezing

Vacuum fluctuations under double parametric pumping
- New kind of correlations
- Which color information

Relativity and quantum noise
- Past — future correlations from 4-dim spacetime

Summary of open problems
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Introductory remarks ST Ay

* Toricellian vacuum " Y

(Evangelista Toricelli, 1643) o %
Pz

- First vacuum pump, Magdeburg hemispheres vz

(Otto von Guericke, 1654) |

Modern view of vacuum

= quantum-mechanical ground state of a field
- Higgs vacuum
- BEC vacuum
- virtual particles, fluctuations

Effects related to vacuum:
- Spontaneous emission
- Lamb shift
- static Casimir effect

A”
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Vacuum fluctuations: Casimir force

Casimir Vacuum
lat ,
plates fluctuations

F_ d <E>:_ 74he
A da A 240a*

“Two ships should not be moored
too close together because they
are attracted one towards the other
by a certain force of attraction.”

The Album of the Mariner
P. C. Caussée, 1836

Nature, doi:10.1038/news060501-7

A” Measured by S. K. Lamoreaux in 1997
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Exciting the vacuum

/I—Iow to get something out of vacuum: \

» use strong electric fields [Schwinger effect]

change fast a boundary condition or the speed of
light [dynamical Casimir effect]

e use a strong gravitational field [Hawking effect]

« accelerate the system [Unruh effect] /

U

 Entanglement of virtual particles
« Entanglement transfer to qubits

 Past-future correlations
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“Mode” observables: Quadratures

_ i 1
Quadrature operators (like x and p): Hy = hwy(ayay + 2))
1
X, =——=(at+a

i X, = i(ae—‘é’ +afei?)

X,=—(af-a) o J2
J2
Since [Xl,XZ} =1, there must be an uncertainty relation
AX AX, 2> L
1772 = 5

Correlation of quadratures
can be manipulated
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Single mode squeezing

Squeezing operator

1 1
S=exp| =¢fa?—=¢&"a?
p(zi 5% j

<AX12> _ %le

1

—

- AXAX, =

<AX22> = Ee—zr

—

Basic correlator:

(aa) = coshrsinhre'
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E=rel? |5)=5]0)

E coherent state
m
E squeezed AX, < 1
/ m\
N\ t
E squeezed AX? <A1
v ) t




Two-mode squeezing

Two mode squeezing operator
S, =exp(&rab—cafbt) & =rei
(ab) =coshrsinhrel?  (abf)=0

Maps to single mode case by defining operator

d_ (a+b) [dd ] 1

X3 = —=(de ¥ +dfe?) (axg)=lezr (aXg?)=Ze

9 ﬁ 2

____________________________________________________________________________________________________________________________________________________|
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Entanglement

Laser beam POlarlzathn |n OpthS

/ - vertically/horizontally
P [H)V), +IV),[H), | /V2
Vertal-polarzea Quadratures at microwaves
- - in phase and out of phase

Horizontally-polarized

photons \

Spontaneous !
parametric O'(Xi’xj):<xixj>
down-conversion Entangied photons Quantum entanglement:

o(x,,x,)—o(x,,x )<1/4
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SQUID: A NONLINEAR L

Josephson inductance

SQUID —
— 0 —  loop with iz(zej 0°E
o L (1) 0¢°
O=r—
()
| = |CSin(D 0 LJ _ n 1
& 2el: cosg
1:25: ; :”
4 Eol

I
D | I
0.25}
00, 4 0 4 8
Detuning Q = 2Q(1-w o @p0)
A”
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Analogy of dynamic Casimir effect (DCE)

= Photon generation: Propagation speed:
E _ 0 2 (Uma:n:)2 V = 1
T 37 \ ¢ \/E

X XKHIRHIX <= 4
S e e e e e o (1) = = a3, ()
X KKK —p a,,
||

H‘(w_wres)

1, = arctan

]
<= 4
=

2

(K/2)* — (W — Wres)?

n

a

Q
out
]
G. T. Moore, J. Math. Phys. (N.Y.) 1970 J. Johansson et al., PRL 2009, PRA 2010
C. Wilson et al., Nature 2011

E. Yablonovitch, PRL 1989
V. Dodonov, PRA 1993 P. Lahteenmaki et al., arXiv 2011
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Semiclassical theory

H :hwresa7a+§ > [a;eiwpt —ape_i”pt}(aJraT)

-y

a(t) =a(t) eXp[_a)rest]

10

Ap:a)p/z_a)res ol

sl

= —2iApt-1 R Vra; N
a= Z ape a' —5a Rain | = of
p=1,2 ~ 5}

5|

Bin 2+

a :}-E: 1t

Aout — 0
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Measurements at large detunings

Direct experimental evidence

(QN
~— of frequency upconversion
%‘:’- of vacuum fluctuations
|
400 b 400
S
|l
200 | 200
- 10.2 .
N N
I
= o = 0
g 01 ~
-200 -200
-400 0 -
-350 -300 -250 -200 -150 409350 -300 -250 -200 -150
A (MH2z) _ A (MHz)
A= g — a)p/ 2 <aoutaout>

A” Lahteenmaki, P., Paraoanu, G. S., Hassel, J. & Hakonen, P. J. Q

Aslto University Proc. Natl. Acad. Sci. 110, 4234-4238 (2013).



Intrinsic spectrum of DCE

(a)

Need a semi-infinite
transmission line

Pout "‘__1 z
- better sensitivity :mﬁ.r,z,c;.a

;. coplanar waveguide

.
- broad band i Efecti
C. Wilson et al., Nature 2011 () it
Transmission line : :
6 photon-flux density n22* :
numerical :
—~ alvtical T : =%
4 analytica z=0 a:::.gq
| 4 Open problem: e |
5o & Specific parabolic
& |4 spectrum expected
oL : Lo : J. R. Johansson et al.,
0 0.5 1 1.5 2

PRL 103, 147003 (2009)




ahteenmaéki, P., Paraoanu, G., Hassel, J. &
- Hakonen, P. J., Nature Commun. 7 (2016).
http://dx.doi.org/10.1038/ncomms12548




Lumped element parametric device

C =40 pF
|, =33 uA
f~5 GHz

Q =100 - 2000
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Experimental setup

Microwave Pulse Rubidium Signal Network
Generators Generator Standard Analyzer Analyzer - Ve Ctor

L L iMmna signal

Splitter an alyz e r

_<

RFIN RFOUT

- Quadrature

| —&—]
——

Attenuators Cryogenic

R ai | S components

— 3 digitized at 50
Fillgfe;pgsEHz r\j % Fialll:ler_p:-sﬁs GHz g_ MHZ r

LHJ

Crlators - Digital band
C ) filtering and

o« % @ 10 K cc_)rrelatlons
= with FFT
Filters 1 kHz Cryostat
A’ N

'||'u,u.uu




Galn and Noise Performance

JPA noise (K)

5 5i1 5i2 | 5:3 | 5:4 5.5
f (GHz)
O JPA noise using SNR improvement
o Vertical lines: 3 dB bandwidth
o Dashed line: quantum limit

o Shaded area: measurement error

T. Elo, et al. 2018

Gain (dB)

20 .
1 dB com-
_ pression at
-125 dBm

—_
(&)}

N
o

5 5i1 5:2 . 5:3 - 5:4 55
f (GHz)
[ 100 MHz bandwidth

d Approching quantum limit

hw
Tony = —
QN kb

O Observation of quantum
squeezing indicates low losses

A”
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Correlations in a two pump configuration

p

h * — 2
H=hoga'a+— > [a e — a8 '”pt}(a+af)
21 -y




Bright and dark modes

B

- Coherence due to the same quantum
fluctuation taking part in the generation of the pairs

Aalto University a




Noise power measurements (low power)

< 25 quanta/s/Hz 0, =0,

wr/27r (MHZ) <
(@)

15 i
-15 0 15 -15 0 15

wl27m (MHZz) w/27 (MHZz)

: — 2 - R -
a = E ape” 2Beigl 54— VK@i,
p=1,2

____________________________________________________________________________________________________________________________________________________|
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Mode correlators

A”

Aalto University

20

—_ —_
o 8]

Coherence correlation \<é’1'f§2>|
O

e <(b'b) (Exp.)
- = = (b'b) (The.)
—— (b'b) (Sim.)

«  [K&fayl (Exp.)
- - = [K&{ay| (The.)
<afa,y| (sim.)
<JT5> (Exp.)
(d'dy (The.)
(d'dy (sim.)

17

(0 0]

(ala,» (Photon flux/Hz)

Lahteenmaéki, P., Paraoanu, G. S., Hassel, J. & Hakonen, P. J.,
Nature Communications 7 (2016). http://dx.doi.org/10.1038/ncomms12548

—
o

Power correlations ¢b'by,<dTd >

A


http://dx.doi.org/10.1038/ncomms12548

Which path - which color information

In our case: two slits open when two pumps are on —
the system does not know from which pump the photon

came

N

N

q

EN

- Our which path is in frequency space

- Information can be obtained by varying pumps in time

A” P. Bertet, S. Osnaghi, A. Rauschenbeutel, G. Nogues, A. Auffeves,
- M. Brune, J. M. Raimond & S. Haroche, Nature 411, 166 (2001)
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Pulsed pumps with tuned overlap

x, ~1MHz
0.04 - K. ~2MHz
~ I:! o * o) Q ~1700
,12. m = (blb) (sim.
5003 - "N ® [(aji)] (exp.)|
. NS & el tim) Base line for
= ‘et , ] 6m) bib contains
— - exp. -
20'02 o *o\ - = (d'd) (sim.) DCE power
0.01 | \\ Teeess % %,
@
o0 o0 00 *\{lgtsa..l.o.. Open problem:
gmm = - — - — — % = === = =% = 5 -How correlation
0 0.5 1 1.5 2 functions depend

7(ps) on time

Aalto University a




Vacuum induced coherence: open questions

1) Correlations with increased separation L of the loops
2) Past —future correlations/The Unruh effect

ﬂ_@_{> Quantum vacuum
L provides non-local
D_@_V correlations?
L
1

Il Pumps on for
- atimeT<L/c

= Correlations?
'(R‘ Decay with L?

| A




The vacuum and relativity

Minkowski metric
(As)? = (Act)? — (AX)* — (Ay)? — (Az)?

- The past light cone contains all the events
that could have a causal influence on O

%/%M
X ==xCt
Non-local
correlations via
spacelike guantum vacuum®*
. ELSEWHERE
regzlon Also past-future
(As)” <0 ) correlations
Closely related to
Light | /" \ the Unruh effect
cone of light
A!! *A. Valentini, Phys. Lett. A 153, 321 (1991) Q
*B. Reznik, et al., Phys. Rev. A 71, 042104 (2005)



The vacuum and the equivalence principle

The Unruh effect:

- An accelerating observer will
observe blackbody radiation
where an inertial observer
would observe none.

- The uniformly accelerating
observer is out of causal contact
with part of space time (having
both positive and negative f)

ha
KT, =&
27C
How to observe? Ty =12x107°K a=10m/s”

S. Fulling 1973, P. Davies 1975, and W. G. Unruh 1976

Aalto University a




Past-Future Vacuum Correlations in Circuit QED

- Entanglement across O

- Qubits like Unruh de Witt detectors:
operate detectors with varying splitting
Instead of acceleration or at different t

- Small level spacing -> long time scales

- Coherence times sufficient

a future
" 7 P
2 O\
1 |
flyﬂ‘on \@F) \
N 2

—
g > =L \\
/@ P& - =\ Pagg P
r o~ A\ \ | S

st Ay
A!! S. J. Olson and T. C. Ralph, Phys. Rev. A 85, 012306 (2012) Q
C. Sabin, et al. PRL 109, 033602 (2012)




Circuit QED

2g = vacuum Rabi frequency
K = cavity decay rate
y = “transverse” decay rate

transmission
line “cavity”

Blais et al., Phys. Rev. A
69, 062320 (2004) a




Past-Future Vacuum Correlations in Circuit QED

0.14

0,12

0.10

0
008}

& 0068

0.04

002}

0.00 ¢

Ton+ T >T/V

../
. - 2
.
—
e

Znn+nﬁ<r/J\‘

000 002 004 006 008 0.10 012 0.14
T:)ff{”-\:)

Challenges:

- Low electronic T
- Fast pulsing

- Rapid low-noise
measurement

A”
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03

Qp =Qp =27x1GHz  Qubit splitting

g/Q=0.19
r/A=0.125

Qubit coupling
Scaled distance

| 0.12f —
M 009) Toff =0
D 006 .'.::a"J .....................................................
003} 7 R
p 0 4“'*'"'--;/ . , . :
0062 0064 0066 0068
Ton(ns)
0.3
024} Ton =0.12 ns
¢y 018}
0.12} i
0.06 } |
0 ) Ns_.','i’ ' - . : - - LN .
007 008 009 0.10 011 012 013 0.14
Tog(ns)

C. Sabin, et al. PRL 109, 033602 (2012)
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Gravitational effects and its analogs

The Hawking effect

(1974)

h 4
B'H  2,c 4GM

Estimate:

For a black hole with M = the solar mass
T, =10"K ... butthe c.m.b.is at 2.7 K

PAPHOTOS.CO.UK
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Sonic analog of black holes

EREIGNISHORIZONT Ereignishorilont‘
(Point of no return
Fluss wird immer schnetier
= 4 e ' £in Schwarzes Loch lasst sich mit einem Fluss
M _—— - y=¢ veranschaulichen, der immer reissender 2u Tale
~ stirzt. Die «Oberflaches des Schwarzen Lochs,
Wassarfall entspricht = . p ) der Ereignishorizont, definiert den Punkt, ab dem
Zentrum des = U = Fliessgeschwindigkeit selbst der schoellste Fisch («Lichtfischw) von
Schwarzen Lochs C = Lichtgeschwindigkeit der Stromung mitgerissen wird.
Sonat el eieng How

Unruh 1980 : i
nru In Bose-Einstein condensates:

h |0
THawking = ok lar (VO _C) _
7TRB Observation of quantum

\/ Hawking radiation and its
- F/”’/:; entanglement in an
4—@ — - analogue black hole
_\ J. Steinhauer
/;M;Eh Nature Phys. 12, 959 (2016)

Aalto University a



https://www.nature.com/articles/nphys3863?cacheBust=1509834169251#auth-1

Analog cosmological effects in SQUID arrays

1.02

- TH = 100 mK 1.00 | 1OOE,Um cx)
5ol i pulse vmg u_|

c(®,. )@,
=]
2

~

black hole horizon

S et .

o o -
io io
=] (Y]

T

o e N <4

=8 0.88 | :

A axi; of pru;:'uagatiun (x)

Obpen problem: R. Schitzhold, and W. G. Unruh, Phys. Rev.
= P P Lett. 95, 031301 (2005)
% Blackbody spectrum D. Nation, M. P. Blencowe, A. J. Rimberg, and
o E. Buks, Phys. Rev. Lett. 103, 087004 (2009)
S
0]
= Blackbody spectrum in acoustic systems?
- Silke Weinfurtner, et al., Phys. Rev. Lett.
frequency (w) 106, 021302 (2011)

Aalto University a



Entanglement as aresource: quantum radar

* Quantum correlations
(entanglement) shared by
transmitted and idler radiation (( ))
* Receiver distills the correlations

from the incoming radiation

 Particularly useful in extremely
lossy and noisy situations.

quantum\4
idler

/uantum

g

Higher sensitivity ! signal in

with less power .
classical

Application: detection signal out

of stealth aircrafts  «china’s latest quantum radar won’t just track
stealth bombers, but ballistic missiles in space too”

Aalto University a
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Open problems summary

1) Casimir photon generation
- time dependent phenomena
- parabolic spectrum
2) Hawking radiation
- analog using electronic circuits
- blackbody spectrum

3) Past — future correlations
- entanglement transfer of quantum vacuum
- sub-nanosecond, low noise measurements

4) Quantum radar
- how to use entanglement to improve SNR

Correlation (arb
o
o
IN)

0.
® (did) (exp)

- ({ﬁ(i‘) (sim.)

"Q-..Q_..._ - =

-

numerical

analytical

0.5




“Mode” observables: Quadratures

_ i 1
Quadrature operators (like x and p): Hy = hwy(ayay + 5))
1
X, =—(al +a
1 \/E( ) 1 i »
. Xazﬁ(ae' +afei?)
X, =—=(a"—a
= (a -a)
Since [Xl,XZ} =1, there must be an uncertainty relation
AXAX, > &
=727 9

Correlation of quadratures
can be manipulated

A”

Aalto University




Basic quantities

Aalto University

Noise power

2.0 T I T T T I T T T

1) Power
15 2) Two-mode
‘ correlations

T I T T T I T

A :wres_wd/Qz

and pump
power varied

14 02




Correlation

Mode correlators |

10" 100
(@bdo) (photon flux/Hz)

101




Field quantization

1 H2A

VZ2A =
c2 Ot2

A(I‘,t) — ZAkeiwkt_I_ik'r _|_ Alﬂzeiwkt—ik-r
k

The energy stored in an EM field
_1 2, 12
H—Q/VdV(eoE + 45 1B2)
Energy for a single mode
Hy = 2eqVwiAy - A}

Rewriting A in terms of quadratures

1 1
Ay = (W Xk + 1P )éx Hy = (P2 4+ w2X?2
1/460‘/0.)1% k 2( kT @i k)

1
Hy = TLWk(aLak + 5))

____________________________________________________________________________________________________________________________________________________|
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Measurements of quadrature correlations

mmmO(X X _) .
0( A1 B) = 0.87---0()(#}(4) -g
Fo | e (3¢, X ) O(X,,X O i ©
(AB+BA)/2 ) S oS0 &
Q0.6 o o &
Diagonal: g :
DCE S 4 o iy
o =
u S
. _ 2 m
Off-diagonal: . o o
Two-mode R ¥ -
. o -
squeezing N | B
o 1 3 5 6 O
V,(mV)
1 ) .
':rc()%tr)(v) — 5 (dout(f/)e_w%—/Q + diut(_y)e+zt9+/2>
. I | | o(x,,x )< (aa )
Your (V) = % (&Out(y)e_’“%r/? _ &Iut(_y)eﬂmr/g)

Nonseparability (entangled state):
o(x;, xy) —oxy,x_) <1/4

A” Lahteenmaéki, P., et al.
Proc. Natl. Acad. Sci. 110, 4234-4238 (2013).
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Vacuum induced coherence

A

Pumpl H,=halal +b'aa

20
Pump 2 =D aTa1 +b7LaOa1

@ (D °
Correct phase: b, bl’f
no time development Large DOS @
i.e. dark state 0

@ population @

Coherence due to the same can be zero

guantum fluctuation taking part
In the generation of the pairs 1

____________________________________________________________________________________________________________________________________________________|
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JPA Design

Lumped element design

SEETAES = Interdigital capacitor (drawn green)

o Placed between bonding pads

o Capacitance 1.2 pF

o Area 300 x 330 ym?
= SQUID with 1.2 pA critical current

o Josephson inductance (® = 0): 275 pH
= Fluxline for DC and RF

o Pump at double the signal frequency

. = |Low resonator impedance requires high
ux g =
E critical current

o Al/AIOx/Al junctions preferred
= Large junction area ( ~9 pm?)

Aalto University a




Hawking radiation Dynamical Casimir

(9)

q)(zxt(tj

®;,, coplanar waveguide

Y >T
(I)Ollt

(h) [ (O3 b,
L1 (®hg") L (Do) Lo (P04) o LI e
BTN IR 0. . . AzLg AzxLg
N R N N — AIC{} — AIC{] —
Co____Vaar Co___Vu Co____Van _
W \—_-Y'-_-/
Az _ Ax
> ! > T
f A ) 0
I A
() - (i) -
‘n ‘»
c =
[b] [h}
© ©
> >
= 2l
(6] [00]
| j o
(6] ()]
s »

frequency (w) frequency (w)



JPA Fabrication

Common technique with a suspended Junctions utilizing aluminum shadow
bridge limits junction size evaporation without a suspended bridge

[F. Lecocq et al. Nanotechnology, 22, 315302 (2011).]

1st evaporation | 2" evaporation

I
(a) High dose ¢¢ ¢¢¢ Low dose

| High dose
B small dose

MMAMAA(Z00nm) . Doyble layer resist and using 100 kV e-beam
lithography (reduce parasitic undercuts)
with high and low doses

Aalto University a



Results — JPA Performance

25
_ 20
é -26 20
= & 151
- _
S -28 152 om
8 s T
*g -30 0 3
2 5
[ 5
© -32
0 0 | | H | H |
10.2 10.3 10.4 10.5 10.6 10.7 10.8 5 51 52 53 >4 55
f (GHz) f (GHz)
pump

O Maximum gain vs. pump frequency O Operating point example:

and power o ~20dB gain

o =2 X fqi .

Jpump = 2 X fsignal | o 100 MHz bandwidth
O Tunable gain at single DC flux point tical |
vertcal lIines
o I=08mA

o 1 dB compression at -125 dBm
O Additional tunability from DC flux

o Center frequency: 5 — 5.5 GHz
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Rindler coordinates

tzlartanh(%), X=AX?-T%, y=Y, z=2Z

a

T =xsinh(at), X =xcosh(at), Y=y, Z=2

o

T :ﬁsinh(ﬁt} X = xcosh(a—tj
C C C

t:EartanhL%), x=\/X2 —(cT)?

CTA

&
<
/
y \,JL
/
V:
/7
// ‘44\'
g ©
V' S s g Mg
//Q/Q?f//o 7 [
> ‘
/‘1*/4/ yooN E
=0y,
\
N X
N
\
\
AN
-
\\ \.1
\
k &
\
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Higher order correlations

- Reflections across the pump A
frequencies

- Importance goes down as distance to
resonance fregquencies increases

>
4N, -2A,-&  2A —2A,+E A, —E ¢ e ¢ A, —E 2A,—2A +E 4A,—2A,




Noise power measurements (low & high power)

a5
N
-
=
-~ 0
N
3
_15 -
215 0 15 -30 0 30
wl27 (MHZ2)
)15
N
g
=
-~ 0
N
B
_15 -
215 0 15 -30 0 30

w/2m (MHZz) w/27 (MHz)
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Phase of the dark and bright states

b) _
e[ Al
o o Arg((aoas))|
Arg((aap))|]
ho, ."
_ P A _
»
T .r'./ | .2
- /2 0 /2 s
P12

b[£] = {7 cos@a[2A, — E]+e7 singa[2A, —E]} /2
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Pulsed pumps with tuned overlap

©

o

O
I

E— —_— ~l.
A \\

< (ot [201 — §] Gt [2A9 — &] >
s < Oyt [2A1] — &l Aot [€] >

e aout[é]é}out [Ay —&] >
m— §out [f]bgut €] >

e < Dt [€] bt [€] >

-
o
~

Correlation (arb.)
o
o
w

0.02 - O < &outlf]TJout[E] > |
0.01 - —
0 e, | |
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Phase of the dark and bright states

~

. Eout [g]ﬁ)out [5] b < Czout [g]Tdout [f] >

%10 %107
5 - 5 -

P12

d) 0 < dout[281 — &l aow[209 — €] >
T o < Gout[l]aout[2Dg — €] >
e <a, f[2A1 §a t[§]>
" 4" ’
L)
.
0p ..’;’l
®

, [
‘7_‘_/2-71'/2 i //’ @ '.. 1

Cd
L LAV IR AV A
- -mt/2 0 /2 T

P12 12

A”  5s]= (e cosoa[2a, — £l e singa2A, - £ /N2 a
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Classical versus guantum parametric excitation

X+ Q21+ gcos(Qt)|]x+T,x=0

E A ®/ NN Sl R

vacuum
fluctuations

X

X

> t

- Classical vacuum cannot be - Quantum vacuum has
parametrically excited. Inherent zero-point
fluctuations, and can be

parametrically excited.
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Correlators from Input/Output theory

in (1) — ;{f;h) X (u;d + IJ) X (% - u) &In(u)

(@l . (=) aoue (V') = THERM()d(v — /') + DCE(v)d(v — /'),

(Gouttous)T=0(V) =

R wd * (Wd - N,
1R ( 5+ J) X ( 5 y) [1 N K . (wd )]

!
N (v

V= w — wq/2 A = Wpes — wWq/2

____________________________________________________________________________________________________________________________________________________|
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Input/Output theory

. — Bin
:} a
~ _|_ h . o —1—2 au —~
Hrwa = hAa'a — 5(& a® + aa'”)
a(t) = a(t) exp|—iwgt /2]
: : 3 A = Wres — Wq/2
a=—1Aa -+ iaa' — i& — V/ Kain Hes a/
2 = 1 \ ((I) ] )Ei",ﬁd tan Wi)bias ﬂg{bext
— 4‘-‘-’11 bias /& ' {I)D *1)1].
W .
- KX (% TV)| - 1k ny Wy *
dout (V) = [1 _ E\ff(y) ) ain (V) N X (7 + y) X (? — y) a.iTn(y)
2.07 “““““““““
ff:w—wd/g 15
l.O;*
X(u‘:) — [H/Q — i(w — wres)]_l 05 ¢
00 F
Nw)=1—]aPPx (£ +v) v (& - u)$ o5
it v INA
"4 "2 0 2 4
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Noise spectra with increased pump drive

-/70

Parametric wy = 10.8 GHz
Instability
at -75 dBm -75
5L < 10 5
mm 2 80
D:D

v

—<0.5 -85

C

0.1 photons/s

_ -90
per unit band

5.35 5.40 5.45
Frequency (GHz)
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Data analysis

FLf ()] = F(0) = jo‘; f (t)e2metdt,

o N =2% ~8M
Flo fltle dl
0]- 3 [t 224, e
(f xg)[n]= Z f*[m]g[m+n] .
i 2o [t]= 22 flr]gt+7]
(f x@)In]= D, f'Imlgln—m] T:_°°
= zcor[t]:IDFT{%X [f]Y[f]}
g[m]=g[k —m]
7 [t]:ﬁlDFT {i%x:[f]-n[f]}, Z cor [w]=ﬁ{§%xﬁ[0)]'ﬂ [w]}
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Parametric oscillation

Parametric oscillations can be:

* innocuous: e.g. child in a swing

« dangerous: e.g. bridges, container ships
 useful: e.g. low-noise parametric amplifiers

L signal period

Y

plate separation —pm

|<—>| t—»
pump
period

L. Blackwell and K. Kotzebue, Semi-
conductor-Diode Parametric Amplifiers

The Botafumeiro is a famous thurible found a
in the Santiago de Compostela Cathedral..



Conversion matrix for parametric circuits

_ i Mixer:
i ZE[C(t)V(t)] v _Vl exp( Ja)lt) T _
dt V, exXp(—Jo,t) +Vz exp(—jast) | G
&L §2&
Vi
J\ I
@ W, 0, Wy
IF LO

Image Signal

-jo,C, —Jw,C,M 0
l, [=| JoC/M JaonCy Jo,CoM
5 0 Ja,CyM JarCy

< <SS

C(t) =Cy(1+ M cosm,t)



Input/Output theory

- h
Hrwa = hAa'a — 5

(a*a® + aa

TQJ

a = —1Aa+ 1ca

at

-

_5(1_

K(in

A = Wres

at(v) = jj; dtexp(ivt)a’ (t) =[a(-»)]'

a(t) = a(t) exp|—iwgt/2]
— w‘d/Q

KX (% — .U)

10K

Goue (1) = [1 “TNe) | W) (% N ”) \ (% B ”’) i ()
N)=1—laPx($+v)x(F-») = -2 y(w)
a . =coshia —sinhial (aoctanha/2)
- Bogolyubov transformation b\ L
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Correlators from Input/Output theory

- LK wq Wy £
in (1) — V() X ( 5 + u) X (? — y) aj (v)

Dynamical Casimir power:

(&, (—v)a,, (v)) = DCE(v)5(v —v")

Squeezing correlations: V= w— wq/2

ik (YL +v) X" (2 —v)

K wd
N(v) [_1 " N(—v)* X (E B U)]

<&Dut- aﬂut >T:D (.U) —

____________________________________________________________________________________________________________________________________________________|
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Field quantization

From these derive wave equation for the
vector potential
P 1 92A

V2A =
c2 Ot2

Spatial mode expansion (exact form
depends on boundary conditions)

A(r,t) = ZAkeiwkt-I-ik-r i Aiieiwkt—ik-r
k H_/
Wy = c\k| Plane wave solut.ions
Periodic BC, cubic volur
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Field quantization

Promote the classical parameters to

operators
1 N
Ay = 5 (wp Xy + iF) €
degVwi
1 + . a h ~ [ﬂ?k, xk’] = 0: [pk,pkf] = 0, [xk,pkf] = iﬁ5kk’
(wkxk ?’pk) °k = QEOVwkakEk [ak, akr] = 0, [a;r(, ar,;r{,] = 0, [ak, ali’] = 6kk’

- 1/460Vw]%

1 . .
(wp Xk —iPg) &k

A =
1 A 17 .
— (wrzk — ipK) Ek = 4/ 2€0VwkaTkEk"S

4eq Vw%

~ h
Ay = & (are
k 260Vwk k( k

= hwy . K b iwrt—ike
ID = 4 & (ave zwkt—l—z T al giwipt—ikr
> \ 20V K ( k k )

B ) e o
k % £k (akefzwkt-i-%k-r _ a"il;ezwkt itk r)
260Vwk

f’iwkt-i-ik-r + a’ir{eiwkt*’ik-r)

By = i

A”
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Field quantization

And find the energy for each mode
1 ) P
Hi =3 fv dV (eoB2 + g 'BR)
Which simplifies to

1
Hk — hwk(a;r{ak —|— 5)
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Coherent states

Defined as eigenstates of lowering operator

alo) = ala) o) =Py L)

a is not Hermitian so a can be complex

Uncertainties in mode variables:

1 1

Min uncertainty, equal between g and p

____________________________________________________________________________________________________________________________________________________|
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Two-mode squeezed vacuum

The commuitatar 1
a2, p2] = Zlda + v, pa + Py
= 1
And so we have the same uncertainty

relation between these joint observables
as the quadratures themselves:

1
AgoApy = 5

Aalto University



Two-mode squeezed vacuum

We can calculate the uncertainty in these
observables for the TMSV

Recall

Ago = \/(Cﬁ) — (g0)?

To calculate this requires several
applications of the squeeze operator
Identities, ex.,

(@b’ = (0]57aS5765|0)
(0](a' coshr — ebsinhr) (b coshr — e asinh r)|0)
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Two-mode squeezed vacuum

1

Agy = —\/sinh2fr-|—cosh2fr—2coshfrsinhfrcos¢9
V2
1 /.5 > -

Apy = —\/smh r 4+ cosh® r 4+ 2coshrsinhr cosé

V2
Choosing 0 = 0O

DNgp = e "/V2

We can “squee/Ap, = e /v/2ione
observable at the expense of the other

____________________________________________________________________________________________________________________________________________________|
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Two-mode squeezed vacuum

The interesting properties show up in the
correlations between quadrature obs.

1
— = a‘|‘
qo \/ﬁ(q ap) o .
:%(a ot + b+ b1 2EP2 = 5
1
p2 = —=(Pa + pp)
’\£/§ qu — G_r/\/i
- E(GT_OH—bT_b) Apy = eT7/V/2

____________________________________________________________________________________________________________________________________________________|
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Parametric gain with two pumps

K

G(€) G(E) =1+ QX@ T
120 B L= 1 N7 ()

? |
115 % N[p](f) 1 ‘QPPX(@X*(QAP — )

| 1 NI (e)
110 ¢

: 5 = W — W
105
100 =/ . R R SR *

1 4 12 0 2 4
5 = ) — Wy
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U

Solution with two pumps 2

2A, - & ¢ 2A, ¢
lterative solution: = ] o
NN s
kX (&) a;, Qo Qo

dout [6] = [1—

(in 6 -
1 - zi_lNF%o] .
rX(E) - apX* (24, =€) | -
_ 5 ! : P (Q'-in[QA'? - g])T +
-3 M) ; () [ ‘l

N ()

ain[205 — 20, + &) +

Two-mode sgqueezing:
(Gout [ aont[2A9 — &) = 5 exp(ipa) sin fsinh 2\ x §(¢ — &)

“Beam splitter correlations”:

sin 260
<(&out[2A1 — g])T&OLLt{QAQ - ﬁ’}> — %f’i(

Aalto University a
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Peaks at fixed detuning

4 - seen only in the vicinity

of the cavity resonance

3_
< 9l - squeezing correlations:
<"-:ic:-ut a‘Oth>T:0 (-U)
1 L
NIST, Chalmers, NEC
0 . . ETH, Paris, Yale, ...
-400 -200 0 200 400

(@b e (—1) aous (1))

A” Lahteenmaéki, P., Paraoanu, G. S., Hassel, J. & Hakonen, P. J. a
Aalto University

Proc. Natl. Acad. Sci. 110, 4234-4238 (2013).



Displacement operator

Coherent states can be generated using
the displacement operator:

D(a):exp(aaf—a*a) D(x)=¢ 2‘ ‘e odlg-o’a
) = D(a)|0)
g a”
Glauber state a)=e Znﬁ‘n>

Minimum uncertainty,

equal between X, and X, AX; =AX, =
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Beam splitter

‘ D ak_(: B U ak,,q
c akp | ak,B
/ -
A cosé 1

U - ei? sing 1 ( —1j
B —e-i?singd  cosé S\ 1

acac = (cosfa' 4 —sinfa'g)(cosfap — sinfag) <afcac> = <aLaD> =1

— cos’fal qpap +sinBa' gag — sin B cos ﬁ(aTAaB + aTBaA)

apac = (sinfap + cosfag)(cosflas — sinfap) <aEanaDac> — cos® 26).
= (cos? 6 —sin®6)aaag + O(a%, a%)
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Data analysis |l

Single quadrature

5 correlation in time
_ domain normally
o
g o Iyx I; etc.
_D
P Fo Fy (from 500
< 1900 | windows =
= 1000 separately) 0 5
€] t(sk10®
= IFFT >
- 4
I -500
°2 0 2 = / 5 0 5
(@] -6
Af (HZ()107 i‘_ 0 T (S)( 10
2
-4

t(S)mo

A”
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Coherent population trapping (CPT)

- Rabi frequencies
tuned the same
v, - Proper phases

c)

1 1 Dark state:
|'¥P(0)) = $|b>+e_"” E|C> - population trapped on |b) & |c)
- no absorption
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