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“Quantum Trajectories”

* The stochastic master equation (SME) for the quantum state:

QUANTUM TRAJECTORIES

dp, = — idt[H, p] + dtD[¢lp, + AW, F[¢p,

1
where D[¢] e = @.67_5{676,. }
%[6]0:60+06T—Tr(60+06‘T)0
dW, = ydt — Tr[(¢ + é")p,]dt  (Wiener increment)

: A : *strong Markov
* For continuous measurement : Diffusive-type measurements

assumption
Bath Y0 Bath Y1 Bath Y2 Bath 3 Bath "
Signal F ﬁ’ F \j \j \j \j \j
: i ; I ; > Time

t fo+ At fy+2At T

By averaging all possible quantum trajectories, one gets the Lindblad master equation.



Quantum Trajectories in experiments

- Example: qubit z-measurement

To further
amplification

Three-dimensional
transmon

—yZ 7Z

0.0 0.4 0.8 1.2 1.6
Time (us)

K. Murch et al., Nature 502, 211 (2013) S. J. Weber, ACH, et al., Nature 511, 570 (2014)

- Example: qubit fluorescence measurement

trajectories 1 2 5 10 100 10 10
/ { ]tom ography per pixel
fo + }
Jq 2
S +” ’ | =
o el |g> “, JPC x cos 2w fpT X sin2mw f, T
- ‘ | i ®

---------------------- /t+dt 0 /‘H'dt 0

Campagne-lbarcq, Six, Bretheau, Sarlette, Mirrahimi,
Rouchon, and Huard, PRX 6, 011002 (2016)



Quantum Trajectories in experiments

Common problems related to implementing theories to experimental data

~ Using SMEs requires that the time increment df — 0 is infinitesimal.

Theory Experiment

Signal uantum states
lto rule: | dW? ~ dt M < .
| being unnormalized

or not positive!

Equations with first order in dt Time resolution: Az > dt

E.g., Cavity decay time is finite For qubits, a state
can be outside of

the Bloch sphere
~ Markovian assumption

Strong Markovian Non-Markovian processes

Can be ignored

~ White (no colored) noises f
or now

Wiener processes, Gaussian white noises Colored noises



Quantum Trajectories in experiments

SME -« The stochastic master equation (SME)  (Too much error using SMEs)

Measurement backaction can be described K@r)p@®K ()
. pr(t + Aty = ——>F
by the state update in the Kraus’ form: ' Te[K(r)p(@)KT(r)]

I%I(yt) * Measurement operator: Conventional It6 approach

H. J. Carmichael (1993)

I%R(yt)  Measurement operator: Rouchon-Ralph approach

P. Rouchon, Annu. Rev. Control 54, 252 (2022).
P. Rouchon and J. F. Ralph, Phys. Rev. A 91, 012118 (2015).

I%G(yt)  Measurement operator: Guevara-Wiseman approach

|. Guevara and H. M. Wiseman, Phys. Rev. A 102, 052217 (2020)

I%W(yt) * Measurement operator: “High-order” completely positive map

N. Wonglakhon, H. M. Wiseman and A. Chantasri, Phys. Rev. A 110, 062207 (2024)
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Hierarchy criteria for Quantum Trajectories

(A) The strongest condition:

- SN mP _

(a) A (b) ‘ (A) Valid Quantum Trajectory ‘ S § It the At—map. A 5+

Mot | =B 0,(t + Af) = K(r)p@)K'(r)

U 55 ” TrR (Np()R (1)
O e K reproduces exact/true trajectories with dr.
+ | (B)Lindblad Evolution ;

Measurement . \_ v :
3 : U, ((B) A stronger condition: )
2 : 0 : 5 5
.i_f. : (C) Valid Average | > o+ At) = / dr K(r)p(t)K T(r)
= : - Quantum Evolution > .
5 L - = (),
: : (> 7
3 : g . -
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£ / (C1) Complete Positivity ) 3 \ J=1 J
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Wonglakhon, Wiseman and ACH, PRA (2024) KR()’t) KG(yt) KW(Yt)



Hierarchy criteria for Quantum Trajectories

N m@

(a) | 53
o2

I

"'""""""""""\l """ \|

. (B) Lindblad Evolution ;

Measurement < ~ :

» l} :
Q2 !
S R E
2, (C) Valid Average > i
= ~ Quantum Evolution > .
= N J o
2 ]
= |
: () n
> e
"‘E --------------- / (C1) Complete Positi \" S
omplete Positivi -

i N P L :
1 €~ 1
'8 9 a ) :
'G5 (C2) Convex-Linearity | :
1 © O K J :
| S 4 D :
' Q0 (C3) Trace Preservation | ;
: g \ ) :

-------------------------------------------

Wonglakhon, Wiseman and ACH, PRA (2024)

(A) The strongest condition:
If the Af-map:

¢ ot
o, + Ar) = K(r)p(@)K'(r)

Tr[K (r)p@)KT(r)]

reproduces exact/true trajectories with dr.

((B) A stronger condition: \
pt+ At) = /drle(r)p(t)f*(r)
= e'F%p(2), A=0

= (1+ AtL+ AP L) p(2)

= PO+ ADLEle() + s AP D?[2]p(t) )

(C) A weaker condition:
Time resolution: Ar > dr

SME KI()’t)
Kr(y) KgOp Ky,



Hierarchy criteria: Valid Average Quantum Evolution

| (C) Valid Average
- Quantum Evolution

(C1) Complete Positivity

:II “A map is completely positive when its acting on part of a
bipartite quantum state is positive, that is, it maps a

’ (C1) Complete Positivity positive state to a positive state.

(C2) Convex-Linearity (C2) Convex-Linearity

“A map is convex linear if a quantum state p is mapped to
a quantum state which is convex linear in p, that is, a
weighted mixture of two states is mapped to the same-
weight mixture of the individually mapped states.”

~ (CB) Trace Preservation

(C3) Trace Preservation

“A map is trace pre- serving if the trace of the mapped
state is the same as that of the initial state.”

N. Wonglakhon, H. M. Wiseman and A. Chantasri, Phys. Rev. A 110, 062207 (2024)



Hierarchy criteria: Valid Average Quantum Evolution

| (C) Valid Average

We first need to define how quantum trajectories
- Quantum Evolution

are generated and averaged.

1]: Method |

' (C1) Complete Positivity

/

e Generate trajectories using the readout PDF

derived from Kraus operators

(C2) Convex-Linearity
Pk (rlp(t)) = Tr[K(r)p()K' ()]

. (C3) Trace Preservation |

e (Calculate average quantum state evolution:

K(r)p@®)K'(r)
Tr[K (r)p()K T (r)]

,0(1?+At)=/dr501<(r|p(t))

— f drk(r)p K’ (r),

The state mapping is in the Kraus’ form —> (C1) Complete Positivity

The average is in the linear form —>  (C2) Convex-Linearity



Hierarchy criteria: Valid Average Quantum Evolution

e —_— We first need to define how quantum trajectories

- Quantum Evolution are generated and averaged.

1]: Method |

[/ (C1) Complete Positivity ‘/ e (Generate trajectories using the readout PDF

‘/ derived from Kraus operators
(C2) Convex-Linearity ¥

Pk (rlp(t)) = T[K (n)p )K" (r)]

2

f —V'\.’
_ (C3) Trace Preservation | ?

e (Calculate average quantum state evolution:

If and only if... A A
K(r)p@®)K'(r)

Tr[K (r)p()K T (r)]

— f drk(r)p K’ (r),

/ SRR = p(t + At) = / drpx (r|p(1))

The state mapping is in the Kraus’ form —> (C1) Complete Positivity

The average is in the linear form —>  (C2) Convex-Linearity



Hierarchy criteria: Valid Average Quantum Evolution

| (C) Valid Average

We first need to define how quantum trajectories
- Quantum Evolution

are generated and averaged.

1]: Method Ii

' (C1) Complete Positivity

/

* (Generate trajectories using simple guessed

readout PDF (e.g., Gaussian distribution)

~ (C2) Convex-Linearity
Guessed readout PDF: g(7|o(2))

. (CB) Trace Preservation |

e (Calculate average quantum state evolution:

K(r)p@®)KT(r)
Tr[K (r)p()K T (r)]

(Non-linear map)

p(t+ 81) = [ drpy(rlp®)

The state mapping is in the Kraus’ form —> (C1) Complete Positivity

The map is always normalized by its trace —> (C3) Trace Preservation



Hierarchy criteria: Valid Average Quantum Evolution

| (C) Valid Average

We first need to define how quantum trajectories
- Quantum Evolution

are generated and averaged.

1]: Method Ii

[/ (C1) Complete Positivity ‘/ * Generate trajectories using simple guessed
readout PDF (e.g., Gaussian distribution)

~ (C2) Convex-Linearity \?
- V Guessed readout PDF: g(7|o(2))

. (CB) Trace Preservation

4

e (Calculate average quantum state evolution:

If and only if...
B K(r)p@®)KT(r)
P (rlo(®) A P+ Af) = / el O) L R O (]
x Tr[K(r)p (l‘)KT (r)] (Non-linear map)

The state mapping is in the Kraus’ form —> (C1) Complete Positivity

The map is always normalized by its trace —> (C3) Trace Preservation



Hierarchy criteria: Valid Average Quantum Evolution

e —_— We first need to define how quantum trajectories

- Quantum Evolution are generated and averaged.

:U: Method lli

/

[/ (C1) Complete Positivity \j 9 » Generate trajectories using the Stochastic Master
| Equations (SMEs):

(C2) Convex-Linearity /
v p(t + At) = p(t) + AtD[Elp(t) + AWH[E]p(t)

. (CB) Trace Preservation |

e (Calculate average quantum state evolution:

0
ot + At) = p(t) + AtD[Elp(t) + AWH|Clp(t)

?
The state mapping is NOT in the Kraus’ form # (C1) Complete Positivity

The SME is linear in the state = —> (C2) Convex-Linearity

The trace is preserved because Tr(D[c¢]lp) =0 —> (C3) Trace Preservation



Testing Hierarchy criteria
We will test the hierarchy criteria for the following maps:
I%I(yt) * Measurement operator: Conventional It6 approach
I%R(yt) « Measurement operator: Rouchon-Ralph approach
I%G(yt) « Measurement operator: Guevara-Wiseman approach
I%W(yt) « Measurement operator: “High-order” completely positive map

Considering the finite time resolution: At > dt

The coarse-grained measurement record:
1 t+At

1 ds ys
Signal At y S

<
||
|



Testing Hierarchy criteria

We will test the hierarchy criteria for the following maps:
I%I(yt)  Measurement operator: Conventional [t6 approach
I%R(yt) « Measurement operator: Rouchon-Ralph approach
I%G(yt) « Measurement operator: Guevara-Wiseman approach
I%W(yt) « Measurement operator: “High-order” completely positive map

Considering the finite time resolution: At > dt

The coarse-grained measurement record:

1 t+ At
Signal LM.E‘/:YA][VJA/XA?V Y, = At , ds y;
A A A K(r)p@®)K'(r)
T _
Method | /drK (NK(r)=1 2 Method li /dr@g(rl’o(t))Tr[]%(r)p(t)I?T(r)] 4

(C3) Trace Preservation (C2) Convex-Linearity



Testing Hierarchy criteria

Ml(yt)  Measurement operator: Conventional Ité6 approach

IeI(Yt) — \/Kf)ost(Yt )MI(YZ‘)

M(Y,) =1— 1&TeAt + eV, At | with Pou(¥s) = (E) exp (— Y,>At/2)
Method | Method Ii
(C3) Trace Preservation (C2) Convex-Linearity
ot v A\
/ AY, g (I (YWY, ) o Bl (e)) = (E) expl— (Y — (6 4+ £1))2A1/2]
~ 1
=1+ Z(é“a)zmz T
ur=(¢+¢) + O(A1) ' Mean and variance
Satisfies (C3) condition at: (O( Ar) o2 = 1/At + 0(Ar®) ) ©Of Gaussian PDF

Satisfies (C2) condition at: (O( Ar)

Satisfies (C) condition at: O(Af) => Satisfies (B) condition at: O(Ar)



Testing Hierarchy criteria

MR(yt) « Measurement operator: Rouchon-Ralph approach

Kr(Y;) = Vot ¥ ) MR (Y;)

Mr(Y,) = 1— J¢%eAr + &Y, Ar — 1% (At — Y,>Ar?)
Method | Method li
(C3) Trace Preservation (C2) Convex-Linearity

/ AY, 05 (¥ VL (¥, JWIR (V)

=1+ E(a%)z + %(N)Zéz] At* + O(AL)
Satisfies (C2) condition at: O(Aft)
Satisfies (C3) condition at: O( A1)

Satisfies (C) condition at: O(Af) => Satisfies (B) condition at: O(Ar)



Testing Hierarchy criteria

MG(yt)  Measurement operator: Guevara-Wiseman approach

Kc(Y;) = /oos (Y )M (Y;)

Mo(Y;) = 1+ (Y;e — 3¢7¢)Ar — z(&7e)*Ar?
Method | Method i
(C3) Trace Preservation (C2) Convex-Linearity
pe = (€+¢) — %(é*az + 8@ At + O(AL?)
[ M EMGCE) = 1+ 0(ar) 1
oG = ~ [2(¢7¢) — (&' + &)*1 + 0(At)

Satisfies (C3) condition at: (O(At?) X )
These came from: Tr[pose(Y: )Mo (Y,)pt)ML(Y;)]

Guevara and Wiseman, PRA 102, 052217 (2020)
Satisfies (C2) condition at: (H(Atr?)

Satisfies (C) condition at: ©(Ar?) BUT Satisfies (B) condition at: (O(Af)



Proposed High-order Completely Positive map

Mw(yt)  Measurement operator: “High-order” completely positive map
N. Wonglakhon, H. M. Wiseman and A. Chantasri, Phys. Rev. A 110, 062207 (2024)

* A physical model of a quantum system coupled to a Markovian Bosonic field and
the bath’s state is then observed via a homodyne measurement:

R(s) = (5| Uypar, 10) = (sl exp(édB] — ¢"dB;)|0)

Homodyne measurement: ), = dB; + dB] with Oslys) = yslys) and [dB;, dBi] = dr

This gives: K (ys) = (ys|1 + édBf — ¢TedB,dB] + 1é*(dB])?
+ O(|dB, *)|0)

= (y,0)[1 — LeTedr + ey,dr + 1&2(y2de? — di)
4+ 0(dt3/2 )] Some interesting features here!

where (ys|n) = (a/m) " exXp ( — ay2/2)H (Vays) is the wave function of
\) /—znn! Ky n S

a harmonic oscillator in terms of the Hermite polynomials.



Proposed High-order Completely Positive map

Mw(yt)  Measurement operator: “High-order” completely positive map
N. Wonglakhon, H. M. Wiseman and A. Chantasri, Phys. Rev. A 110, 062207 (2024)

* We construct a high-order measurement operator for the coarse-grained record with
the time resolution Az > dr:

MW(YI) ~ mh—>ngo Mdt(yt—l—(m—l)dt) e Mdt(yt-l—dt )Mdt(yt) when mdt= At

and expand terms to Az* to obtain:

My (Y,) =1— 2 +&'¢)Ar + 1(&7¢)* Ar?
+[eAr — 1(@Te* + eeTe) AP, + 12 ArPY?

This gives the Kraus operator: Ky (Y;) = /©ost(¥; ) Mw(¥,)

At /2
with the ostensible probability: gost(¥;) = (E) exp ( — YtzAt/Z) coming from

an infinite product of the vacuum state wavefunctions.



Proposed High-order Completely Positive map

Mw(yt)  Measurement operator: “High-order” completely positive map
N. Wonglakhon, H. M. Wiseman and A. Chantasri, Phys. Rev. A 110, 062207 (2024)

Kw(Y:) = /Oost (Y )My (Y;)

+ [eAr — L(@Te? + eete)Ar?]Y, + L2 Ar’Y?
Method | Method li
(C3) Trace Preservation (C2) Convex-Linearity

f Y05 YV )M, (Y)Mw (V) = 1 + O(AF) p(t + At) = p(t) + D[elp@) At + 3 D*[E]p(t)At*

+ O(A?),
Satisfies (C3) condition at: (O(Atr?)

Satisfies (C2) condition at: @(Atz)
Bonus!

Satisfies (C) condition at: @(Atz) AND Satisfies (B) condition at: @(Aﬂ)



Testing Hierarchy criteria

I%I(yt) * Measurement operator: Conventional It0 approach
I%R(yt) « Measurement operator: Rouchon-Ralph approach

I%G(yt) * Measurement operator: Guevara-Wiseman approach

I%W(yt) * Measurement operator: “High-order” completely positive map

Condition KI KR Ie(} kw

(A) VQT (two examples) O(At) O(At) O(Ar) O(Ar)
(B) Lindblad solution O(At) O(At) O(At) O(At?)
(C) VAQE (methods I & II) O(At) O(At) O(At?) O(At?)

N. Wonglakhon, H. M. Wiseman and A. Chantasri, Phys. Rev. A 110, 062207 (2024)



Valid Quantum Trajectory criterion

Using two qubit examples to show the map’s accuracy at the quantum trajectory level.

-~ Example: qubit z-measurement (Exact)

(Or any measurements with Hermitian Lindblad operators)
Probability of Y,

Ka(¥) = ) _eo®layla;)(a; A A
J

i y At 72 v({ Y 2 1 1
where p(Y:la;) = T cXp 5 ﬁ_aj At Qubit’s z-measurement

- Example: qubit fluorescence measurement (Nearly exact)

M (X,) = e VA2 () Estimated by two types of
Fex\ At ) — \/7X 1 coarse-grained records
t
1 t+At
Y = — ds ys

t+At y At y At J;
where X, E/ eV %yds ~ [1 -~ —(r+ —)]th -’17
t

2 2 2 t+AL At
Z, = / [s — (t + 7)]ysds
t

Approximation to At?



Valid Quantum Trajectory criterion

Using the exact maps, we can now compute the average trace distance for our maps.

r Coarse-grained trajectories w r Exact quantum trajectories \
. Ka()pK (%) ; R (T)BRI (T
oa(Ys, p) = ——— ‘i} . Pex Yz, P) = i( ’l)p,, ‘i’}( t~)
k Tr[KA(Yt)pKA(Yt)]J k Tr[Kex(Yt)pKex(Yz‘)U

1 ~ ~
DA — _fdMH(b)/dYt@ex(Ytlb)TrlpA — pexl

2 Yl‘:{Yth}

The Kraus operators: kA(K) e {I%I(yt) . I%R(yt) . IQG(yZ) 9I€W(yt) }

Method for Qubit measurement examples

Kraus operator Average trace distance compared to Ky X;) Average trace distance compared to KF(Y,, Z)
K %(y At)? + O(A/?) ~ 0.2585(y At)*/? ﬁ(y A1) 2 + O(AP?) &~ 0.1152(y At)?/?
Rr %(y A1) 2 + O(A?) = 0.1551(y At)?/? ﬁ(y A1) 2 + O(AP?) &~ 0.1152(y At)?/?
Ks T{—j(y A1) + O(A/?) = 0.2585(y At)*/? #a(y A1)}?2 + O(A/?) = 0.1152(y At)?/?
5 12y /x

Rw e 2% (y At)2 + O(AF2) ~ 0.0699(y Ar)*> 7 (Y A% + O(Ar?) & 0.0576(y At)*/2

Wonglakhon, Wiseman and ACH, PRA 110, 062207 (2024)

For Q fluorescence



Valid Quantum Trajectory criterion

Using the exact maps, we can now compute the average trace distance for our maps.

r Coarse-grained trajectories \ r Exact quantum trajectories \
. Ka()pKL (%)) ) R (B)PRI (Y,
oa(Ys, p) = ——— ‘iﬁr . Pex Yz, P) = Ei( t~)p~ i"T( t~)

L Tr[KA(Yt)pKA(Yt)]J u Tr[Kex(Yz‘)pKex(Yz‘)U

For Q fluorescence

1 - -
Dy = = [ dua(®) | dYipex(Y:|P)Tr|pa — pex >
A / MH(p)f ex (Y2 |P)TT| pa — pex| 7=y, 7

2

The Kraus operators: KA(K) e {I%I(yt) . I%R(yt) . Ieg()’;) 9I€W(yt) }

Method for Qubit measurement examples

Kraus operator Average trace distance compared to Ky Xy) Average trace distance compared to KF(Y,, Z)
e WE (y AtYY? + O(AEY/?) ~ 0.2585(y At )/ = (v A2 + O(AP?) ~ 0.1152(y At)*?
e WEIT (o, A2 4 O(ALS?) & 0.1551(y At)2 o (y A1) + O(ArS2) & 0.1152(y At)
Ko IVZ (4 At)¥2 + O(ALY/?) ~ 0.2585(y At )32 ——(y At)** 4+ O(AP?) ~ 0.1152(y At)*/?
Rw %(y At)? + O(A/?) = 0.0699(y At)*/? 4j6_n(y At)? + O(A/?) ~ 0.0576(y At)*/?

Wonglakhon, Wiseman and ACH, PRA 110, 062207 (2024)



Valid Quantum Trajectory: Numerical results

Two Examples: dr = 0.0001, Ar = 0.01

~ Qubit z-basis measurement

Q=0,np=1
Q=2nn=04
© Qubit Fluorescence measurement
Q=0,p=1
Q=2nn=04

Wonglakhon, Wiseman and ACH, (in preparation)

z-measurement (2=0,n=1)

1.0
0.51

0.0 7%,
0.5

—— Exact map

-0 T T T T T
0.0 02 04 06 08 1.0

1.0
0.51
0.0 Fm===m==m=mmmmmm—mm—mm—mm—m e
-0.91

-0 T T T T T
0.0 0.2 04 0.6 08 1.0
’thﬁ

z-measurement (2 =2m,n=0.4)

1.0 .
0.5
Y z f
0.0 744 \
\\ \
S0.51 %
(c)
-1.0 : : : : :
0.0 02 04 0.6 0.8 1.0
1.0 .
0.5 S
OO N ,l/ ~~“~~
\\\ ', ~
-0.5 1 \\z\ //
0 (@) ==~
0.0 0.2 04 0.6 0.8 1.0
’thé

1.00 — 0010
D “/. Y LY
0.75 - / —— Ture trajectory
‘ ) Trajectory from
0.50 W y the coarse-grained record [ 0.008
“‘I True record Coarse-grained record
2 025 {\ ¥ ’ - -
0 ) ' -0.006%
g | ®
2 0.001 ¥ o
= | 5
s M P
% -0.25 [ | | [ 0-0048
0 1 0 1
-0.50 Time in units of £, Time in units of ¢,
-0.002
-0.751
-1.00 ' - ; ' ' 0.000
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Time in units of ty

Fluorescence (2=0,7=1)
..Z‘ l‘l” \\\ ] "\pfr“"\va VY ‘\v\j\"\.

1.0

0.9 1
0.0 1

A

—— Exact map

-0.5 7

(e)

.0 . . . . .
0.0 0.2 04 0.6 08 1.0

1.0 1<
0.5 1 TS
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-0.9 1

-
Seo
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Fluorescence (2 =2m,n=0.4)

N z — Tto
. Rk
\
\ "\
\
\\
\
\\
(8) N,
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1.0
\ R
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Valid Quantum Trajectory: Numerical results

The average trace distances for the Qubit z-basis measurement

Q=0,n=1

Q

=2r,n=04

Qubit z-measurement with Q2 =27,7=0.4

Qubit z-measurement with Q2 =0,n=1
E 20 1 “‘Wﬁ l Kl(yl‘) Ito D =0.00176 E 20 | |I "M ||‘ ‘II"I ‘ | Kl(yt) Ito D =0.00794
0'  — T L T T T 0' H‘““‘l”“‘l —— e = T
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.000 0.005 0.010 0.015 0.020 0.025
2] A _ 2] A _
E o ( ) RR D =0.00066 £ 201 ( ) RR D =0.00569
é 0 im‘mb RN KR yt § 0 TTRR (P TSR TP PPN KR yt
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.000 0.005 0.010 0.015 0.020 0.025
wn A\ n 7<
2, ““me" | K G(yt) GW D =0.00176 EES "“""““HN“W' l o K, G(y t) GW D =0.00937
0 Duwaes Ly ST ; . . 0 Ll T . .
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.000 0.005 0.010 0.015 0.020 0.025
z A
5 01 ( ) WWC D =0.00381
0.005 0.015 0.020 0.025

[} VaN
= 50 ( ) _
2 K WWC D =0.00040
© 0 :IMM N : . . ‘. V yt . .
0.002 0.003 0.004 0.005 0.006 0.007 0.008
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Valid Quantum Trajectory: Numerical results

The average trace distances for the Qubit Fluorescence measurement
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Other applications of the high-order map

Parameter calibration for Transmon qubit experiments
C. Manoworakul, J. Ralph, H. Wiseman, and ACH, (in preparation)

Compared against independently calibrated values

Transmon < Signals . Hamiltonian Chatt
: attamas
qubits Measurements Sequential Monte parameters Manoworakul
. . : Mahidol Universit
Dynamics with Experimentally Carlo ( Y)

unknown
parameters

Using signal data from K. Murch’s group:

a b
Q Homodyne 0.5

Homodyne signal

, detector

oy, ’\NW\NVV\I" %’" 0.0 Pl AL
i éLo

Fluorescence

_0-5 T 1 1 | 1
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Time (us)

Naghiloo, Foroozani, Tan, Jadbabaie, Murch,
Nat. Commun. 7, 11527 (2016)

measured data

Unknown parameters

() = Rabi frequency
v = Measurement coupling rate
11 = Measurement efficiency

Processing data using:

R(pR' (r)
r +A —_ A A
Prit+ A0 = LR pOR ()]

with  Kw (Y;) = /ot (¥: ) Mw (Y;)

and finding Bayesian estimators using
The Sequential Monte Carlo technique.



Other applications of the high-order map

Parameter calibration for Transmon qubit experiments

Manoworakul, Ralph, Wiseman and ACH, (in preparation)

Numerical results showing convergence of the unknown parameters:
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Take away messages

> Quantum trajectories for real measurement data require more than just

integrating the Stochastic Master Equations.

- There are issues regarding: the time resolution Az > dr (finite time step).
> We have introduced the Hierarchy criteria for Quantum Trajectories
> (A) Valid Quantum Trajectory (strongest)
- (B) Linblad Evolution (stronger)
> (C) Valid Average Quantum Evolution (weaker)
© (C1) Complete Positivity
> (C2) Convex-Linearity
~ (C3) Trace Preservation

> We considered 3 approaches in the literature and proposed 1 approach:
: I%I : I%R , I%G, and I%W : Wonglakorn *“high-order” complete positive map
© We showed that I%W satisfied all conditions(B) and (C) to O(At?) and gave the

best condition (A) among all maps.



