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Outline: e Motivation

e How to think about intracavity and propagating

develop _| (itinerant) squeezed microwave
language

e Squeezing by parametric drive: simplest case
e Semiclassical formalism for transients (linear case)
e Experimental proposal

e Generalization: nonlinear resonator, parametric and
coherent drives

Atalaya, Khezri, and Korotkov, arXiv:1804.08789
Feedback from experts in squeezing is appreciated
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Motivation
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Self-generated squeezing
in “Catch-Disperse-Release’
gubit measurement
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== e How this affects fidelity of qubit readout?
f;’@ (transients are important)
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0 \2 e How to characterize propagating

-10 0 10 squeezed field in transients?
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Use of squeezed microwaves in
superconducting circuits
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Squeezing of intracavity field or mechanical
resonator: undergraduate view

61/) h% 0%y +mw2x2
at " 2m 0x? 2

Solve (Gaussian initial state)
e o x?(1+iB)

l/) = exp [_ 2
4 D
4\/27TJQZTD Ogr

D(t) = Dy + AD cos(2wt + 0)

B(t) = AD sinRwt +60) ¢ = w/2D
Dmax Dmin = (Do + AD)(Dy —AD) =1
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This is called “squeezed vacuum”
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Re a Variance oscillates with 2w
(as for classical fluctuations)
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Squeezing: undergraduate view (cont.)

Now “squeezed coherent state”: just add oscillation of the center

e~ (x —x.)*(1+iB)
l/) N 4 i 40‘2 D
\/ZnagzrD ar

xc(t) = Xamp cos(wt + @)

exp(i p.x/h) Q

Im«a

Re a

pc(t) = mx, = —mwXamp sin(wt + @)

Center oscillates with w,

variance oscillates with 2w,
oscillation phases are not related

General Gaussian state: just construct density matrix p(x, x")
and Gaussian-average over the center; then D35 Dimin = 1
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Usual squeezing generation: parametric drive
(nonlinear resonator and coherent drive later)

resonator
Ly transient
":@/ a(t)
parametric
E(t)T drive
H=0aTa+ ! [e*(¢t) a?—e(t) aTZ] Similar to child swing:
4 energy decay rate k + |¢|
O=w, —wg e(t)=]|e) p10(t) for quadrature phase 6/2,

Kk — |&| for phase (6 + m)/2

Physically, resonator frequency modulation:
y y q y Increased decay squeezes

w,-(t) = w, — |e| sinRwgyt — 6) intracavity quadrature 6 /2
Do not consider instability:

Easy to add “signal” via coherent drive only “squeezed vacuum”

(parametric amplifier)
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How to think about propagating squeezed field?
Just anticorrelation of the amplifier noise!

resonator

L
H=Q0a%a+- [e*a®? — e aT?]

f® mixer 4
' a(t) _I}j :® — P fo (£ Simplest case:
parametric T T 1 . (= 0, £ = const
e(t)T drive v(t)  pump o e~ (O
fo (t) is measured @-quadrature
,\15(1) signal (after mixer)

Ko (D) = ( f5(0) f(t + 1) )

e Always §(7)/4 noise att = 0
(vacuum noise); more for
an imperfect amplifier

anti-squeezed
(positive)
0=0/2+m/2

I KT 2 |
e For quadrature ¢ = 6/2, negative
correlator for T # 0 (squeezing)

e For ¢ = (60 +m)/2, positive
correlator (anti-squeezing)
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Why anticorrelation? Simple semiclassical theory

resonator

")_,.‘transient . fg) H=0ata _I_i [E*aZ —c a'I'Z]
e(t)T parz;?ve;ric v(t)  pumpox e”P(D)

» v(t) is classical complex noise

o . g
@ =—ila—sa—ca +Vev(t) | (we)v () =@ +1/2) 6t —t")

N _ 1
f=-v()+ VK gx\energy decay | (v()v(t))=0 7 = exp(wy/T)—1

‘\\\\\\\K:tlgl
f — Re (em transmission Alternatively, real noise v, (t) for
v reflection any quadrature

1+2np

(vqu(t) vqu(t,» = "2 6(t—t")
Similar to input-output theory _
~ . ~ Exact model for a linear resonator
a-a, f-f, v(t)->0() (Wigner function can be interpreted as
[9(1:), ﬁ‘r(t’)] =6t —t) probability distribution, same egs.)
@t o(t)) = i, 8(t — t) Easy to generalize to nonlinear case
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Simplest case: no detuning, steady state

resonator

f(@®) mixer R +2
’ -y :/a—» Mﬁp(t} H—Z[Sa —¢ca']
a(t) | % \lT/ T 1
‘S(t)T pargi?ve;ric v(t)  pumpx e ()

t
quadrature ¢ = 6/2 (everything isreal) g (¢) = \/Ej Vg (t) o~ (ktleN(t—t")/2 ¢!

¢ =—= +2'g' & + K Vg () (@(0) a(0) = 7 - G
fo = —Vqu(t) +Vk a (Vg (0) (7)) = \/Tf g~ (ctleDT/2
1
(Vau(t) v () = 7 8(t — t) (o (0) £, (D)) = — 4(:f||e|) o ~(c+e)T/2
(f(p (0) f, (1)) = k {a(0) a(1)) Anticorrelation (squeezing)
— VK (Vqu(0) a(7)) Similar for orthogonal (unsqueezed)
>0 anticorrelation quadrature, just |e| » —|g|
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Simplest case: no detuning, steady state (cont.)

Koo @ = (O fpt +D)) A1
4

Koo (T) anti-squeezed

6 m

P=3%3

Assume zero temperature

Ky =Kkt e

6@ _rxlel e *+1T1/2¢052 (¢ — 0/2)+ ll

—K_|T|/2 312 —06/2
Ix, i € sin“(¢ — 6/2)

coco()_

Easy to include detuning (longer formulas)

Fourier transform of this correlator is called “squeezing spectrum”

In transients, Fourier transform of K, (¢4, t;) does not make much sense
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General case (transients)

t L *
r_e;"t:n‘;rent ) H=Q()ata+ 7 7@ a?— &(t) at?]
A H =)= m>® £, (1 -
a(t) | k : T Amplified/measured quadrature
E(t)T parggve;ric v(t) oump ¢ o—io(®) may Change INn time

K10, (t1,t2) = ( fo, (t1) fp, (t2) )

The same simple semiclassical theory This is what we need for noise

K E of integrated weighted signal
d=—iQa—§a—Ea*+\/ﬁv ° ) )
f=—-v+ika
fcp — Re(e—itpf) Kff(tL tz) — (f(tl) f(t2)>

Krpe(ty,t2) = (f(t1) f7(t2))
Dependence on quadratures: 4 real parameters
Ky, (t1,t2) = Re[Kr; (b1, ;) e 11192 4 Ko cn(ty, £,) e7H91792)] /2

(only 3 parameters in a steady state, as for ellipse in phase space)
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Main result for squeezing in transients

d e*(t) a®— &(t) a™?]

H=Q(t)a*a+4[

After some algebra we obtain

i( Kff(tlrtZ) ) (—l.Q — K/Z — & (tz)/2> ( Kff(t]_, tZ) )
dtz Kff*(tl,tz) —8*(t2)/2 l.Q.—K/Z Kff*(tl’tZ)

Initial condition: from intracavity squeezing

( Krr(t1,t1) ) _ K( (a®(t)) )
Krpe(t1,t1) (la(t)]*) — (1/2 + 71p)

Evolution of intracavity squeezing (equiv. to Khezri and Korotkov, 2017):
2 (@?) = (=210 — k) (a?) — &(lal?)
d « _
—(la|?) = —x(|a|?) — Re(e™(a?)) + k(A + 1/2)

Easy-to-solve (at least numerically) differential equations
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Alternative approaches
i

H=Q(t) aTLa+4

[e*(t) a?— e(t) aT?]
1. Input-output formalism

The same result
Actually, we did not check, just proved exact equivalence

The proof shows that intracavity state remains Gaussian
(if vacuum in a distant past; would not work for a “cat” state)

2. Quantum Bayesian formalism
The same result

Very different approach: no vacuum noise, small random “kicks”
of intracavity Gaussian state due to information from continuous
(noisy) measurement
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Special case: steady state

i
H=QaTa+Z [e* a?— g a'?]

Kff(O: T) KE 2iQ) e_K—|T|/2 210, e—K+|T|/2
—=——|{1- +11+
1+ 2n, 4 € K_ € K

Kip0.1) _6() , Klel (e"‘—”'/z e—wvz>

1+ 27, 2 4e K. K,

Ky =K T, €= \/Iel2 — 402 if |Q| < |e|/2 (overdamped case)

€ = i\/4Q2 — |el? if [Q] > |e]/2 (underdamped)
To remind,

1 » o
Kp,0,(0,7) = > Re[K;((0,7) e p1tea) 4 Kee(0,7) € i(p1-92)]
We see that in steady state, K;.~(0,7) is always real (3 parameters instead of 4)

Therefore, same-quadrature description (ellipse) K, (0, 7) is sufficient,
in contrast to the transient regime.

The same relation (3 vs. 4 parameters) for integrated signal or Fourier transform. ==
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Simple generalizations

resonator
/@’_\itransient f(® mixer
% »—?—»0— fo@®
{ alt ‘— w < e
parametric i
E(t)T drive v(t) pump o e ~LP (D)

1. Kout < K (extra decay in the resonator)

Then correlators K, ., (t,t;) are multiplied by kg /K,
except singularity at t; = t,, which stays the same

2. Phase-preserving amplifier (instead of phase-sensitive ampl.)

Then correlators K, o, (ty,t;) donotchange at t; # t,,

while singularity 6 (t; — t,)/4 is doubled, = §(t; — t,)/2
(even more, 6(t; — t,)/4n for inefficient amplifier)
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Example (experimental proposal)

g(t) no detuning, resonator
| Q(t) 0=0 O\ transient f(t)
e(t A7)/ |
| ( )l {.@a a(t) _|K| ._\l/ D@' fqo(t)
t=20 time E(t)T parzpsve;ric v(t) pump et (®)

OK to use phase-preserving amplifier
Another form for output-signal correlator:

{ fo,(t1) fo,(t2)) = Acos(@qs — @) cos(92—¥) + B sin(p, — ¢) sin(g; — )

| gl = 0.125’( steady: p = = 0/2 t, =
7N s;
&
AQ
2
~
7N
)
<
1 2 3 4 5
KT

In the steady state ¢ = y, only 3 real parameters (instead of 4)
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Generalization: nonlinear resonator,
parametric and coherent drives

H =Y, EmIn)nl += [e°(©) a?— e() at?] + e2(t) a + .(t) a’
E(n) = X325 [wr(n) — w]

|ldea: separate “center” and fluctuations, linearize fluctuations near the center

a(t) = act) +éa)  fO)=f(O)+56f()

K g
[ —_ '] 2 * ']
a. = —ilop(lac]?) — ] ac — Eac ) de — L&
For fluctuations, the same equations as in the linear case with substitutions:
dw,(n)
Q - w,(a.|?) — ws+ —‘ , la,|? This is what is needed
dn ln=|a,|

for cQED qubit readout

M o2 and parametric amplifier
c

E > €+ 2 ‘
dn ln=|a,|?

Now the semiclassical theory is not exact, needs Gaussian approximation (Ilnearlzatlon)
(not clear how to write quantum theory with arbitrary nonlinearity) R
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Conclusions

Proper way to characterize a propagating squeezed
microwave is via two-time correlators of measured
guadrature signals with changing quadrature phases

Simple semiclassical formalism to calculate
correlators in transients (exact for linear resonator,
Gaussian approximation for a nonlinear resonator)

Important for qubit measurement, simple way to
analyze parametric amplifiers

4 parameters in transients, instead of 3 parameters
(traditional ellipse) in the steady state

Simple to check experimentally

Atalaya, Khezri, and Korotkov, arXiv:1804.08789
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