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Introduction to noise in qguantum computers

2 Quantum gates meets coherent noise

the state |0) as a vector in the Bloch sphere that points from the origin
of Bloch sphere all the way to the surface (radius equal to 1) in the Z
direction.

Fig. 2-3 also shows a black vector along the X axis. The black vector
shows the axis around which the operator X, and its corresponding unitary

Rx(0). will rotate a state vector on the Bloch sphere.

If we now look at the way that the X gate operates on the initial state
[tyy) = |0), we can see that the ideal X gate operation will Hip |0) to |1) and
|0) to |1). The physical implementation of an X gate (Rx(#)) can behave
as the ideal X gate (up to an ignorable global phase). As @ increases,
the Ry (@) operator evolves the ground state |()) around the X axis by the
right-hand rule as illustrated in Fig. 2-4 with the color changing path from
[0) to |1).

Supporting this illustration with some math, Ry (#)’s action on [ty) from
6 =0 to # = =, evolves the state as

Rx (0 = =)|tg) = [cos(m/2)] — isin(x/2)X]|0) (2.6a)
[0 = 7)) = cos(x/2)110) — isin(7/2)X]|0) (2.6h)

= cos(m/2)|0) — isin(w/2)|1) (2.6¢)

= —i|1) (2.6d)

= |1) (2.6e)

Let’s look at the expectation value of the X, Y, and Z quadratures for
the state as it evolves as for any angle ¢

(X) = (vp(0)| X |¢p(0)) =0, 2.Ta)
(Y) = (@(0)| Y |wg()) = —sin(f) , (2.7b)
= (Ppl0)| Z |vg(B)) = cos(O) . (2.7¢)

The three expectation values match the view of the Bloch sphere. The
X expectation value is zero the entire evolution. and there are oscillations
- sin(#) and cos(f) along Y and Z axes respectively as # increases. Now
we can see the reason as to why the factor of 1/2 in the definition of the
Rx (). The 1/2 allows the angle by which a vector on the Bloch sphere
will rotate to be the same as the angle # in Ry (#)

Of course, you can continue this angle # under the Ry (#) operation.
You'll notice that for increasing the angle of #, it will trace a full circle all
the way around the Bloch sphere, back into the ground state when @ = 2.
In other words, Ry (27) =1

To summarize, the initial state |0) starts off in the ground state, which is
pointing in the plus Z direction (Fig. 2-4). The first rotation, an X gate,
takes the state all the way around to the south pole [1). Applying a second
gate X evolves the state from |1) all the way around to |0). Applying
more and more X gates, the state will continue to rotate around. This
visualization helps us keep in mind what’s happening. and it’s a particularly
useful one for understanding coherent errors,
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Fig. 2-3. Bloch sphere with the ground
state |0) visualized as a red vector pointing
form the origin to the surface. The red
vector overlaps the Z-axis. The operator
Rx(0) is represented as the black vector
pointing along the X axis.

(E} Right-hand rule

Open your palm and point the thumb
of your right hand along the X axis
The direction your fingers curl as you
close your palm is the direction of #
Your fingers will triack out the trajec-
tory illustrated by the colored path in
Fig. 2-4. (TODO: add pic of right
hand rule.)

j Practice

On your own, draw the path [0} takes
an the surface of the Bloch sphere for
an angle 8 not equal to =

o —{xHx}

X~
‘ 0
=2 PN
{ \
! |
¥ | Y
X
. »~

Fig. 2-4. Bloch spheres showing the initial
state |0) as a red vector. The color chang-
ing path marks out the state's evolution
during the corresponding circuit diagram
above the spheres. On the left, one X gate
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What do you need to
know before putting
theory to practice on a

real, noisy quantum
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@ Chapter 1: Hello World with a real experiment!

Introduction to superconducting
qubits (cQED)

Lecs. 16-21 Minev

QGSS 2020 at giskit.org/learn

image: giskit
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Hello World! building blocks

G

Computational
basis states
0)

Zlatko Minev, IBM Quantum (5)



Hello World! building blocks

A qubit 1
‘ > Computational
e > O> basis states
Operations: qubit gate Measurements: qubit observable
/
X =
refresher: X 0) = |1) Z |0) = +1/0)

X 1) =10) Z|1) = —1]1)




Hello World! Even-odd algo: qubit tlipper

refresher: X |0) = 1) Z 10) = +110)
X 1) =10) Z|1) = —1|1)




Hello World! qubit flipper quantum circuits

0) —*

0) 4 X 17~

0) | X X[~

0) — X X X *

refresher: X |0) = 1) Z 10) = +110)
X 1) =10) Z|1) = —1|1)



Hello World! “debugger” step through

depth |

10)i— | — Measurement
i 1) — — (0|2]0) = +1

Ul p ~ 1z = -1
i 1)

O X X
i 1)

O —{x X H X H~

refresher: X 0) = |1) Z 10) = +110)
X [1) = [0) Z|1) = —1]1)



Hello World! “debugger” step through

depth |

10)i— | — Measurement
1) — — (0|2]0) = +1

Ut g ~ 1z = -1
i 1) ___1jo) ~

0)i—{ X fH x |-~ == Uz = -+
o)

0)i— X x X o~

refresher: X 0) = |1) Z 10) = +110)

X 1) =10) Z|1) = —1|1)



Hello World! “debugger” step through

depth ‘O>E_,7( _ Measurement
m;_g@/j . — (0|Z|0) = +1
i 1z — (1)2]1) = -1
e =~ I - 0=
iy o) z) = (-1)°
‘O>i_2|57 X i A i 2 wher<e d>isthe(circu)it depth

refresher: X 0) = |1) Z 10) = +110)
X [1) = [0) Z|1) = —1[1)



Hello World! Ideal expectation results

(2) = (-1)’
1.0 | |

Nl

\ 0.5}

0.0

Measured <Z>

—0.5]

0 20 40 60 80 100
Circuit depth d

Zlatko Minev, IBM Quantum (12)



Hello World! Ideal expectation results

d

Let’s run on a real device!

(e

e

~>

Measured <Z>

(2) = (-1)’

1.0B.........‘.........‘.........6.........6.........4

llelclelclelcle

_1.0-......................................................-

0 20 40 60 80 100
Circuit depth d
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Hello World! Real expectation results

~€ ~ >d — 1.0;.......

05 .. °

Real data!?!! 8 '
< 2 0.0 ¥ ° '..’.°.0 ..o-
a .0 .... | .0.
-§ S I ...o... ...o..o o
2 (X J ®e

0.5} .

—1.01 . . . . -
0 20 40 60 80 100
Circuit depth d

Zlatko Minev, IBM Quantum (14)



& Real & noisy quantum processors: Why study noise?
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“Well, your quantum computer is broken in
every way possible simultaneously.” - - '
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Cartoon: Paul Noth Zlatko Miney, IBM Quantum (15)
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"Quantum phenomena

do not occur in a Hi
they occur in a labo

Asher Peres

bert space,

ratory.”
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Elements of &) noise
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S> The road ahead

Coherent noise Measurements in quantum SPAM: Sate & meter
Projection noise

; QS\

=

Bonus content

@ Coherent ZZ noise

Zlatko Minev, IBM Quantum (18)



https://www.indiamart.com/proddetail/5-meter-measuring-tape-19732324162.html

Guideposts

Evil monster

Random Sorcery

Green box

Purple box

g Try it yourself

@ Dangerous bend sign
A Caution

Zlatko Minev, IBM Quantum (19)



Chapter 2: Coherent noise

Coherent

road based on: freepik

Zlatko Minev, IBM Quantum (20)



Return to the Hello World example

é Try it yourself
Show that <?> i
for |0>: <X> =0
\ <Y> —0
Y N\
Show that <Z> -
for | 1>: <X> =0
<Y> ~ 0

Zlatko Minev, IBM Quantum (21)



Bloch sphere cardinal points

Solution  For |¢v) = |0), and recall from earlier lectures the spin Pauli matrices

and states:

I R i PR B AP

then
(2) = W 2w (%)= @I X (V) = @l ¥ )

= (0] Z |0) = (0] X [0) = (0] Y'[0)

— (0] (Z yo>) (recall X |0) = [1)) (recall Y |0) =i |1))
(recall Z |0) = (+1) [0)) z(()O\U :)<0|1>

= (0] (+110))

= (+1) (0] - [0)
(recall (0] -|0) = (0|0) =1)

=1 " Recall that bra-ket is a dot product between the two vectors.

Zlatko Minev, IBM Quantum (22)
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C;t} (Ideal) Evolution on the Bloch sphere B
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Origin of our X gate: time evolution

Refresher:

~ how * We will often drop hats on

X = RX (7.‘-) H = 7X Paulis I, X, Y, Z
hw (0 1
(up to global phase) _
p OgO a p ase 2 (1 O)
X U(t) = exp(—itfl/h)
0 .= wt

x(0) = e~ 2)

= cos (#/2)] —isin (0/2)X




Minor footnote

X = Rx(ﬂ')

(up to global phase)

X el

A Minor footnote. There is a global phase

factor between the way X and Rx(m) are
defined; i.e., Rx (7)) = —iX.




Visualize: Evolution on the Bloch sphere

Zlatko Minev, IBM Quantum (26)



Visualize: Evolution on the Bloch sphere

10 07
Rx (6’) — €XDP <—§X ) P »,
X10) = 1)
X 1) =10)

Zlatko Minev, IBM Quantum (27)



Miscalibrated gate

ldeal gate Noisy gate




Miscalibrated gate

ldeal gate Noisy gate ’ X = Rx(m)
X X " X := Ry (7 + €)
10

Rx(0) = exp(—;X)
= cos (0/2)] —isin (0/2)X




Noisy gate decomposition
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Noisy gate decomposition

ACommon pitfall

The order in which gates appear in a schematic is the reverse of how
they appear in the algebra. __| y Y — VX |—




Using a noisy gate in a quantum circuit

deal d
e
X = Rx(m)
Usotal = X °
= [Rx (m)]°
= Rx (dm)

Noisy

— [Rx (¢) Rx (m)]"
= Ry (de) Rx (dm)
ﬁtotal — RX (de) Utotal

/7(




Using a noisy gate in a quantum circuit: final state

|deal

oy

Utotal — Xd — RX (dﬂ-)




|deal vs. noisy observable
|deal d Noisy P E— -\ d
~<X ) > /5 X X A >

(5| Zy) = cos (dr) = (~1)° (64| 2] ) = cos (dr + de)

Ideal Gate error €=3°
10 ooooooooooooooooooooooooooooooooooooooooooooooooooo 1_0]... ........ O
..o .o. .c. ﬂ’
0.5 A 05 Te o] ~
AN
N °
v v . .
o] No) . [ ]
2 0.0 ® 0.0 J
o) 5 ()
5 2
() ®
= 05 =05 i
.. ..
.' .. «®
—1.01 oooooooooooooooooooooooooooooooooooooooooooooooo o _1 .O..O.. .........
0 20 40 60 80 100 0 20 40 60 80 100

Circuit depth d Circuit depth d




Compare to full experiment

Full experiment

Real
LO"
0.5 e
AN * tec®y e o
N .. o. ! 4 *1 %,
i (X X' 4 l ...oo.
F§ 0.0 Y ..o..:'.o °..‘
= ° ... .o.
é °.. .....Oo. 'o..o....
~0.5
-1.0
0 20 40 60 80 100
Circuit depth d

Noisy

1.0

AN

N

V

©

® 0.0

- )

(p)

(4v]

(b))

=_05
~1.0

0.5

- - - - - - . -

/7(

<1Zf‘Z|@Zf> = cos (dm + de)

Gate error €=3°

Circuit depth d

20 40 60 80 100




Coherent error is bad, quadratically so

Coherent errors have a
quadratic impact

on algorithmic accuracy
(worst-case error)

A ¢f> — (Yr|Zy)

<@Ef

cos(x)=1— %CEQ + O (27)

Noisy

Measured <Z>
o
o

/7(

<1Zf‘Z|@Zf> = cos (dm + de)

Gate error €e=3°

0 20

40 60
Circuit depth d

100




Coherent errors: brietf summary

are ubiquitous

can be described by unitary
operations

do not loose quantum information

data: can create oscillations in the
data

data: do not yield exponential decays

have a quadratic impact on
algorithmic accuracy (worst-case
error)

Measured <Z>

1.0

0.5

Gate error €e=3°

40 60
Circuit depth d

80

100




Bonus content: two-qubit coherent ZZ error

idle(t)

unwanted
interaction




Questions

g Answer these multiple-choice questions
in the chat; for example, type “1a 2b.”
1. Coherent noise can be caused by 2. Coherent noise can be really bad
because

a) loss of energy of the qubit

iscalibrati a) it results in loss of information
b) miscalibration, such as over- )

rotation b) you cannot undo it
c) wanted coupling to c) the worst-case error often grows
neighboring qubit quadratically

Zlatko Minev, IBM Quantum (39)



Advanced questions to dive deeper @

— .

1. Amplitude-error amplification sequences.
(A) Calculate the expectation value <Z( d)> as a function of depth d of the sequence for the
following sequences. Assume the noise model X := Ry (w4 ¢) = XX
(B) How could you use this result to fine-tune your gates?
(C) Can you come up with an alternative or more clever error-amplification sequence?

—————

(a) repeat d times (b) repeat d times (c)
- - - - | |

f 1 f 1

Rx(n/2) =+ x B~ Ry (1/2) - 5 [ Ry (n/2) |4 /5 B

| |
| 1 |
_____ N - - - N

2. Phase-error amplification sequences. Use the noise model: X — X
Repeat (A), (B), and (C) for Exercise (1) for the following ) ’ -
sequences and assuming a phase error between the XandY Y =exp [—z? (cose Y +sine X)} :

gates, rather than an amplitude error.
repeat d times

0) — Rx(7/2)

Y XY X o By(@/2) —




Chapter 3

Coherent noise

- - -

Measurements in quantum
Projection noise

:' ’ ‘.\\
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Quantum measurement

Quantum-to-classical interface

How we get information out of a quantum computer
Fundamentally different from any classical measurement
Where all the randomness and most of the wejrdness in . .emwr e 72 '
quantum happens -> “Measurement problem” o Pt AR A
Any results we want must pass through a measurement= =, . ..~

Any noise in measurement will unavoidably degrade S ' ....... =
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Quantum-to-classical interface

Classical

I

WANTED

&
! % .y
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Meter in quantum computing

Quantum

Classical

Classical wire / register

John von Neumann Max Born

Image source: LANL Image source: Public domain Zlatko I\/'I/inev, IBM Quantum (44)



https://en.wikipedia.org/wiki/File:JohnvonNeumann-LosAlamos.gif
https://commons.wikimedia.org/wiki/File:Max_Born.jpg

Meter in quantum computing

Quantum Classical

V) e H X
outcome outcome probability
Measure in ( 5
computational basis < X=0 : p(X=0)=][0)
0),[1) x=1: p(X=1)=|{1])f




ﬁ Try it yourself! Resolution of the identity

V) — =

X

outcome  outcome probability

X=0 - p(X =0) =

L X=1:pX=1)=

(0
(1

)
)

Try it yourself! (Pause the video) Show that
p(X=0)+p(X=1)=1

Zlatko Minev, IBM Quantum (46)



4  Solution: Resolution of the identity

v —[ =

X

outcome  outcome probability

(X=0: p(X =0)=

\le :p(X =1) =

(0

(1

)
)

Try it yourself! (Pause the video) Show that
p(X=0)+p(X=1)=1

(O[)[* + [(1])]
[0) (0]4) + (¥[1) (1[4
[ (10) (O] + 1) (1]) )
| 1 [)

)|

P U

T

[l
—_

Zlatko Minev, IBM Quantum (47)



Outcome probability distribution

The entire classical distribution is p:=Pr[X =1]
dictated by a single parameter p 1
|¢> | /7(— X determined from the quantum = (1) {1])
state according to — ](1]¢>|2
1
=
outcome  outcome probability :: p
‘ 2 = 1 —
X=0: p(X =0)=|{0]) = Y
2 S
CX=1: p(X=1)=[L) <
0
0 1
Outcome X

Zlatko Minev, IBM Quantum (48)



“Outcome distribution in terms of projectors and overlaps

The resolution of the total probability

) — A= X p(X=0)+pX=1)=1
= (1 (10) (O] + [1) (1) [¢)

In terms of projectorsl ‘

a0) =10y A1) =[1) (1]

outcome  outcome probability
y
2
X=0 : p(X =0)=[{0]h)
X=1:0p (X _ 1) _ <1 ¢> 2 General formulation (overIapAbetween states)
p(X =2) = (Wit (2)|¥) -
= (p (@), o) () oo
= Tr (& () 1) (¥1) romucen e

Zlatko Minev, IBM Quantum (49)




Classical expectation values & ,.)
J

10,1}
V)— = X

Set of possible outcomes

> =40,1} X eX
Measurement operators
z i ()
0: 1(0) = 10) (0]
Lo p(0) = [1) (1

Classical expectation value of classical random variable

— 0Pr[X =0] + 1Pr[X = 1]
= Pr[X = 1]

In terms of quantum operators

E[X]= ) aPr[X =g

The classical expectation value
gives us the expectation value of
the quantum operator

x€{0,1} M = ZE,LAL (:U)
= Y (@) z€{0,1}
w0 = 0[0) (0] + 1[1) (1]

:< Z az,&(x)> _ (O 0)
2€{0,1} 0 1

Zlatko Minev, IBM Quantum (50)



https://www.indiamart.com/proddetail/5-meter-measuring-tape-19732324162.html

Classical variance & ,.>
j

{O 1} Calculate the variance of the classical random variable d @
; V[X]ZE{(X—E[XQ])Q}

V) — A= X _E[x?] -E[X]’

Calculate the expectation of the square

Set of possible outcomes “Classical path” “Quantum path”
_ E[X?] = Z ?Pr[X = 7] E[X?] = Z ? Pr[X = 1]
Z — {O, 1} X E Z 2€{0,1} x€{0,1}
—0Pr[X =0] 4+ 1Pr[X = 1] = > 2 {(i(x))

Measurement operators
=p x€{0,1}

x i (x) _ )
0: [(0)= ;o (0| < > ”($>>
- — 1

Zlatko Minev, IBM Quantum (51)
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Classical variance

Y

10,1}
V)— = X

Set of possible outcomes

>»={0,1} XeX

Measurement operators

A

z  fi(x)

0: 4(0)=10) (0]
L2 a(0) = 1) (1
Pr[X = z] = (i (z))

Calculate the variance of the classical random variable ﬁ

VIX]=E (X - B[x?])’]

= E[X?] -E[X)°

Putting it together

Vi (o)
V[X]=p-p°
=p(l—p)

A

M

;

Zlatko Minev, IBM Quantum (52)


https://www.indiamart.com/proddetail/5-meter-measuring-tape-19732324162.html

Quantum projection noise

0.29 |

Variance of the random classical variable vs. probability to obtain 1

0.5

Var[X| = p(1 — p)

0 0.2

0.4 0.6 0.8 1
Probability p

Zlatko Minev, IBM Quantum (53)



Summary: Qubit measured in the computational basis & ,»)

Set of possible outcomes Measurement operators
10,1} ()
X L\
) — = X ¥ ={0,1} 0: A(0) = |0) (0]
Xex Lo p(0) = 1) (1
o. Probability to measure outcome p = |4} {(1p| tobeintroduced
. rn L later in detail
g e X=0: p(X=0)=Tr(a0)p) =Tr(0)(0]p) = & (1+(2))
= 1—p X=1: p(X=1)=Tr(a1)Tp) =Tr(1)(1]p) = 3 (1—(2))
‘§ Bernoulli distribution. Single shot outcome follows a Bernoulli distribution:
! 0 i X ~ Bernoulli (p) p:="Tr(|1) (1] p) € [0,1]
Outcome X E|X]|=p Var|X| = p(1 — p)

Zlatko Minev, IBM Quantum (54)
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r shotl

| deal single qubit measurement with M shots

M shots with IID distribution

M outcomes: independent and identically distributed (iid) random variables

e—P.C X, Xo, ..

Xy €X

Xl,XQ,...,XmNPI‘[X:CE] = <,LAL(£IZ)>

W —P.CO

shot M

Empirical mean random variable

1 M
S = § X Find the expectation value and ﬁ
M s " variance of the empirical mean
" =

) E

= Xu \

Xm
Xm
E[aX,, + bX,] = aE [X,n] + bE [X,,]

—E[X]=p VYme{l,...,M}
=V[X]=p Vme{l,...,M)

Vm,n, a,beC |
Zlatko Minev, IBM Quantum (56)



¢r shotl

Empirical mean: an unbiased estimator

)

)

shot M

M
E X Find the expectation value and g
m variance of the empirical mean
m=1
_ y _
1
Bl Xn
L m=1 |

1 M
M Z 0 [X] linear functional

m=1
— FE [X] expectation value of a single shot
L M relation to quantum operator we
derived earlier (unbiased estimator)
=D relation to probability to measure 1

Zlatko Minev, IBM Quantum (57)



¢ shot 1l

How noisy is our estimate of the empirical mean?

shot M

Find the expectation value and ﬁ
variance of the empirical mean

Use key identity for variance
V[aX,, +bX,] = a’V[X,,] +b*V[X,]

(you can derive this from the definition)

The variance is reduced by the number of
sampler we take!

Thus we can suppress the quantum
projection noise with enough shots.

The standard deviation drop as one over
square root of the number of shots

Zlatko Minev, IBM Quantum (58)



Animation of convergence of shots expectation value and mean

Probability mass function B(N=0, p=0.5)

2.0

=
ol

Probability
o

O
o1

O
o

2.k ,

02 04 06 08
Sample mean

1.0
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Sampled output distribution

Probability

Probability mass function 8(N=101, p=0.5)

0.08

O
o
&

O
o
B

O
o
1

0.00

0.0 0.2 0.4 0.6 0.8 1.

Sample mean
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Concentration inequalities and tail bounds

Making a list,
checking it twice,
going to see
which inequality
is nice!

Markov? Hoeffding?
Jensen? Chebyshev?

Chernoff?

https://www.zlatko-minev.com/blog/

inequalities

1. Probability (Technical note 11.9 v0.6)

1A. Concentration inequalities and tail bounds

Unless otherwise specified, all variables are real R. Inequalities come as one-sided Pr (- < -+ ) and two-sided Pr(|---| < -.-). Notation: X is a random variable, y := E[X], 0% == Var[X], §,, = X +---+ X,
Inequality Conditions Common form Notes / Alternate form
Single random variable
Markov' Non-negative X>0 Pr[X > a] < EX Va>0|PriX > kE[X]|<} k>1 [3, Sec. 5.1][6, Thm 1.13]
extension + non-negative, strictly X >0 Pr[X > a] = Pr[®(X) > ¢(a)] < E(®(X)) Ya>0 Wiki
increasing func ¢ @ (X) > 0 increasing ®(a)
Reverse Markov upper-bounded by U/ max X = U/ Pr(X <a] < l}' Va>0 [1, Sec. 3.1]
(can be positive)
Chebyshev” Finite mean and variance E[X], Var [X] finite Pr[|X —E[X]| > a] < :—’ Pr[|X—E[X]|Z2a0] < "—'_ [1, Sec. 3.2]
Va >0, o? = Var|[X] [3, Sec. 5.1][2, Thm 18.11]
2
Cantelli Improved Chebyshev (same; but one-sided) Pr(X - E[X] >a]) < 2"+ = Ya >0, 02 = Var [X] Wiki
o a
Chernoff? Generic Pr[X >a] = Pr [r'" > eta] Ve>0, a€R [1, Sec. 3.3
Jensen f:R - R; f convex F(E[X) <E[f(X)] 3. Prob. 5.3](6, Thm 1.14]
2 “ 2
Hoeflding's lemma E(X] =4 E[eAX] < eMe™ 5 AER (1, Sec. 3.4]
a<X<b
Sum of random variables
Chemoff-Hoeffding n independent random  X;,... X, indep Pr(Sy —E[Sn] 2 t] € exp (,ﬁt ;u. A.:"}g ) [1, Sec. 3.5]
(one-sided) vars Sn=X1+ "+ Xn SRS
Xi € lag, by Vi
(two-sided)* (same as above) Pr[|Sn — E[Su]l > t] € 2exp (,ﬁ_ “;f"'_‘ v ) vee (0,3) [5, Thm.1.1]
2ugmy D0
(two-sided iid) same plus iid, range, XKiyovnyd Xy €[0,1] I’r[ “"' ‘1‘ > (] < 2exp (~2ne?) Ve>0 [6, Thm 1.16]
mean p for each E[X;]=p iid
Thm 1.3 n independent random  Xy,...,. X, indep Pr[Sy — E[Sn] > €] < 2exp (T""'_:"\:K-T\*]) ¢ € (0,2 Var [Sn] / (max; | X; — E[X]]) [5, Thm. 1.3]
vars Su=X1+-+Xn ot
Azuma
Weak law of large 1 independent iid Xi...., X indep limp 00 Pr | '1‘5'.. —u| > (] =0 VYe>0 [3, Sec. 5.2][6, Thm 1.15]
numbers random vars E[X:]=u iid
Strong law of large (same) (same) Pr [limp—soo = Sn = p] =1 [3, Sec. 5.5)
numbers
Advanced
Bennett n independent Xi,..., X, indep Pr[Sy > €] < exp (-un’h (-T:T’)) a? = '1. iy Var[X;] ,Ve>0, [1, 4.1)
zero-mean E[X;] =0 iid h(a)=(1+a)log(l +a)—-afora>0
Bernstein (same) (same) Pr[Sy > ¢] < exp 3(7-"%775) (same) [1,4.2)
Efron-Stein scalar func of vars Xivowigd X, indep Var[Z] < 37 E|(Z —E [Z])z] Z o= g Xyyiessd Xn) [1.43]
J:x"—>R w/ values in set x E; [Z] =E[Z]X1,...,- Xi—1y Xig1y+ 0 Xn)
McDiarmid's scalar func of vars Xy1,..., X, indep Prif (X1;=:,3 Xn)=E[f(X1,...,Xn)] > ¢ <exp (\—:,j condition: ¢-bounded difference property Ve > 0 [1, 4.4]
[:x"—=R w/ values in set x [F(XaseonaXigowin Xn) = F (Xngoee s Xfseiii Xn)| € e

¥ Markov's inequality bounds the first moment of random variable. Use it when a

bability bound is sufficient [1, Sec. 3.3].

2Chebyshev is derived from Markov. It bounds the second moment. It is the appropriate one when the variance a is known. If @ is unknown, we can use the bounds of X € [a, b]

*Chernoff bound is used to bound the tails of the distribution for a sum of independent random variables. By far the most useful tool in randomized algorithms [1, Sec. 3.3].

4 This probability can be interpreted as the level of significance « (probability of making an error) for a confidence interval around the mean of size 2¢. Therefore, we require at least log (2a) /2t? samples to acquire | — o confidence interval E [ X| & t.

Zlatko Minev, IBM Quantum (61)

Ziatko Minev



https://www.zlatko-minev.com/blog/inequalities
https://www.zlatko-minev.com/blog/inequalities

Recall gate error result

Measured <Z>

1.0be0,
05 o.. ...,' 'oo.. .
0.0 .
_05 ...o ..... .... .o.
—1.00e \ \ ..°'-....-°".. \ |
0 20 40 60 80 100

Gate error €=3°

Circuit depth d

Zlatko Minev, IBM Quantum (62)



Projection & sampling noise

/7(

<@Zf|Z‘@Ef> = cos (dm + de)

Measured <Z>

1.05%0,,
0.5 .
0.0 " ”
—0.5
ol . ‘ ‘ '....."." L ‘ |
0 20 40 60 80 100

Coherent noise €=3° with Ngnots=800

Circuit depth d




Questions

g Answer these multiple-choice questions
in the chat; for example, type “1a 2b.”

1. Projection noise is due to 2. To reduce projection noise

a) measurement apparatus that a) increase the number of sample

could be made more efficient b e cErmet wds B

b) classical limitations e .
c) apply readout error mitigation

c) core nature of quantum physics

Zlatko Minev, IBM Quantum (64)



Dive deeper? Try the following @

1. Calculate the following for a qubit
1. The expectation value of the sample variance for N shots of the observable 11><1l.

where the sample mean is defined as Z M,
n=1

: : : 1
and the sample variance is defined as == z_:

2. Is the estimate biased?
3. What is the variance of V?
4. Can you find an expression for an unbiased estimate of the variance of S?

2. What about two qubits?
1. Can you find the projection operators for the observable ZZ?
2. Find the probability distribution for the observables ZI, 1Z, and ZZ for a general state.

3. If you take 10 shots and find all 10 outcomes to be 1, what is the probability the qubit is in the 10>
state? (hint: it's not zero!)



n qubits: preliminaries

) = Xu
— o Xo
— = X3
] ~= X,

Zlatko Minev, IBM Quantum (66)
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n qubits: binary strings

)

binary
string

bits of string i

X =X1 X9 X,

(one convention)

X — Xan_l 0 oo X1 (Qiskit convention)

Example:

What do the variables belong to?

X; € {O, 1}

fore=1,...,n

XeXx={0,1}"

Zlatko Minev, IBM Quantum (67)



Binary strings: integer representation

binary
string

— 7= X X =X;X5--- X,

bits

— H== x reger Xine = 0,1,...,2" — 1

representation

mn

— /7( — X3 little-endian X . X 2j —1 note, thi_s s one

binary expansion int — 9 convention
J=1

B /7(:Xn}

Increasing numeric significance with increasing memory addresses (index number j) 1s known as little-endian.
See also: bijective numeration.

Zlatko Minev, IBM Quantum (68)
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Internet meme

Beware tool's conventions

> 175215 -
ATREE

s & [
-

Zlatko Minev, IBM Quantum (69)



Binary and Pauli strings

For 1 qubit

/N 77 N 7N /N

™
™

™
™

™
™

N— N N NS

& & & &

+ |

I_I

N N

o O
—

-
™

S
™

N— N N NS

& & & &

+

N 77 N 7N /N

™
o O

™
-

™
S

N— N N NS

Q& & & &

+ |

I_I

N N

o O
o O

-
-

S
S

S— e N NS

& & & &

= N

/\

/7(:Xn/

IBM Quantum (70)
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How to go between bitstrings and Pauli expectation values?

)

For 2 qubits (I1) = p(00) +p(01) + p(10) + p (11)
{(IZ) =p(00) — p(01) +p(10) — p(11)
(ZI) =p(00) + p(01) — p(10) — p(11)
In vector form (2Z) =p(00) — p(01) — p(10) +p(11)
( (1) (11 1 1 (p (00)
. | {Z) wo |l -1 1 1] p (01)
(Z1) R 1 S S | p (10)
\(Z22) \l -1 -1 1 \p (11)
Pauli expectation values from binary string probabilities
1
Z:Wp pzz—nWZ

@ Walsh-Hadamard transform inner product over Z,"

Wae = (-1)% s-a=@a) =3 za

For deeper dive, see zlatko-minev.com/blog/t21-bit-strings

Zlatko Minev, IBM Quantum (71)




Chapter 4

Coherent noise

“ V) 0&\
% e

Measurements in quantum

Projection noise

Ji

SPAM: Sate & meter

Zlatko Minev, IBM Quantum (72)
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Measurement

Zlatko Minev, IBM Quantum (73)



Toy model of measurement noise

Noisy
bit Y

Zlatko Minev, IBM Quantum (74)



The A matrix of the noisy meter

. V .
bit X %_V bit Y
L1 > 1 )
X =0 X=1
Pnoisy :Apideal A:}{?(l;e 1zy)

Zlatko Minev, IBM Quantum (75)



|deal case

ideal output X =0 X =1
X Y AL V=01 0
; deal Ty =10 1
f— 6 —_

Zlatko Minev, IBM Quantum (76)



The A matrix of the noisy meter

noisy

Y

A LW |

é What are the properties of A you can observe?

Properties

e The element A, , € [0, 1] with indices x,y € {0,1} is a probability vector
element. (i.e., A is a stochastic matrix)

® > e Ayx =1 Ve € {0,1} is the unit normalization of the probability
vector (columns of the A matrix).

g What is the probability of Y?

Px :P[X:l] 3
py =P[Y =1] ,
PlY =1]=P[Y =1|X = 0|P[X = 0] +P[YV = 1| X = 1]P[X = 1]
=e(l—px)+(1—v)px
—etpx(1—e—v)

Zlatko Minev, IBM Quantum (77)



The effect of readout error on the output probability

0.2 0.4 0.6 0.8

Ideal P [ X = 1] = px

Zlatko Minev, IBM Quantum (78)



Projection & sampling noise

Measured <Z>

Coherent error (3°) & readout error

LO%"'. .o"""o. e = 0.02
Te, v = 0.05
05 .. .. .. .1
0.0 /¥ e
—05 .'. .o. .o. :
10" \ \ \ |
0 20 40 60 80 100

Circuit depth d




Questions

g Answer these multiple-choice questions
in the chat; for example, type “1a 2b.”

1. Readout error is due to 2. To reduce readout error bias

a) measurement apparatus that a) increase the number of sample

could be made more efficient b e cErmet wds B

b) classical limitations e .
c) apply readout error mitigation

c) core nature of quantum physics

Zlatko Minev, IBM Quantum (80)



State preparation
noise

Zlatko Minev, IBM Quantum (81)



Mixed state (density matrix)

Q.
f ;) Probability 1-p 0

Probability p 1

)

)

p =P[|0)]|0) (O] + P[|1)] [1) (1]
= (1 —=p)|[0) 0] +p|1) (1]

box; freepik. person: facebook Zlatko Minev, IBM Quantum (82)



Mixed state (density matrix)

Recall
0) = (é) : zero state ket
0] = |0y = (1 0), zero state bra
1) = (2) : one state ket
A== (0 1), one state bra

Dyad
a) (b| = |a) @ (b|
roi- o) 3
1) (1] = (0 u®G):@ 3

Probability 1-p |

Equivalent to randomly
applying X gate

)
Probability p 1)

p = P[|0)] |0) (O] + P [|1)] 1) (1]
= (1 —=p)|[0) 0] +p|1) (1]

Of (4
=" 0

Zlatko Minev, IBM Quantum (83)



Mixed state expectation values

(8),..= (o)
(8) =PI 1)
- o) ()

o

Trace of a matrix

ailpz a2 ai13
A= az1 G222 Q23
as1p a32 ass

Tr [A] = Z a;; = a11 + a9 + ass

Probability 1-p

Probability p

0
1

)
)

p = P[|0)] |0) (O] + P [|1)] 1) (1]
= (1 —=p)|[0) 0] +p|1) (1]

(

(0]
l—p
0

%\
)

Zlatko Minev, IBM Quantum (84)



Mixed state Bloch vector

Expectation value of Z
DI
= (=) (0]2]o) +p(1[Z]1)

=(1-p) (1) +(p)(=1)
=1—2p

Trace of a matrix

ailpz a2 ai13
A= az1 G222 Q23
as1p a32 ass

3

Tr [A] = Z a;; = a11 + a9 + ass
=i

box; freepik. person: facebook

Probability 1-p

Probability p

0
1

)
)

p = P[|0)] |0) (O] + P [|1)] 1) (1]
= (1 —=p)|[0) 0] +p|1) (1]

(

(O]
1—p
0

%\
)

Zlatko Minev, IBM Quantum (85)



Mixed state Bloch vector

Expectation value of Z

(#) =z

= (1—p) <O‘Z‘O>—|—p<1‘ZA|1> Probability p 1

= (1 =p) 1)+ (@) (1)

Probability 1-p |

box; freepik. person: facebook

)
)

—1-2p p="P[|0)]|0) (0] + P [|1)] 1) (1]
Show that ﬁ = (1 =p)[0) (O] +p[1) (1]
<X> =0 and that generally for a qubit ‘ > <O‘ <1‘
<Y>:O Tr [p] =1 _ 1Y (1—19 O>
(fy=1 Y=t ] <1 by o

Zlatko Minev, IBM Quantum (86)



Mixed state Bloch vector

Expectation value of Z

(#) =z

:(1—p)<020>—|—p<121>
= (1 =p) 1)+ (p)(=1)
=1—2p

Show that

<X> ~ 0
(V) =0 Tr[o] = 1
| 1/2"< Tr [p?] < 1

and that generally for a qubit

O
~>

~_—
|

Show that
O] (1

0) 0

_[0) (1-p Ll oo A
,0—1>< ) p)_5(1+OX+OY+(1 2p)Z)

And more generally for any qubit mixed state

p:%(f+<;z>;z+<y>m<z>z)

box; freepik. person: facebook
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Visualizing the mixed-state Bloch vector

10)

o Y oy,
g— s .
: - T .‘. 2 hoo
- 1

- -

box; freepik. person: facebook

Bloch vector .
\Iength =1 - 20

For our state prep noisy monster, the state is

Of (1]
p:(l)i (1619 g) :%<IA—|—OX+OY+(1—2p)Z)

Keep in mind that a qubit mixed state in general is

p:%(f+<;z>;z+<y>m<z>z)

Purity

4

| — DN =

Tr |p°]

(1 + <X>2 + <f/>2 + <Z>2>

(1 +(1— 2p)2)

Zlatko Minev, IBM Quantum (88)



Q1
Q2
Q3
Q1 —
Qs

Qn

Noisy state preparation for multiple qubits

— i
—y
_l’%.

-‘Q' ’-0;%\.

@ Harder, but see if you can try the derivation

p=[(1

where p is individual qubit thermal probability to be in the 1 state.

State purity Tr[p?]

1

0.75 |

0.5

0.25

—p)[0) 0] +p[1) (1llq, ®--- & [(1 =p)[0) (O] + p|1) (1|]q,

Tr [p?] = on (1 +(1- 21?)2) — p = 0.02
— p = 0.05
0 10 20 30 40 50

Number Of QU.bltS n Zlatko Minev, IBM Quantum (89)



Chapter 5

Coherent noise Measurements in quantum SPAM: Sate & meter

*

Projection noise
J 8V | °.
e

| S
\ / / = L 'l
| . /:
k ---------- > o “
X% & l
- <

In this chapter, we will show more results, and
leave more of the calculations for you to try

Zlatko Minev, IBM Quantum (90)
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Quantum noise
Toy model example

Zlatko Minev, IBM Quantum (91)



Quantum noise
Toy model example

probability 1-p i —

><

2
probability p — lﬂéf —

Zlatko Minev, IBM Quantum (92)



Noise raveling of quantum trajectories

t=0 t=1 t=2

Trajectory A:

Results in mixed state just like in our

probability 1-p |O> — I MU X discussion of state preparation error

and mixed states

Trajectory B:

probability p | O> — X U /7( How does this noise act on the state?

For trajectory A: For trajectory B:

o = 10) (0 po = 10) (0

pr = 110) (0] I pr = X [0) (0] X7

ps =UI|0) 0| I'UT  pF =UX|0) (0| XTUT
Average evolution \ /

p: = (1 —p) pi* + ppP

Zlatko Minev, IBM Quantum (93)



Average evolution: Quantum noise channel

Trajectory A:

probability 1-p |O> — I /U /7(

Trajectory B:

orobability p |0) —1 X U W

0) AU~

A(p) = (1 —p)Ipl +pXpX

Zlatko Minev, IBM Quantum (94)



Bit flip channel eftects on the Bloch vector

By
A/ U/~
= (1—p)Ipl +pXpX

Show the effect of the noise channel on the Bloch g
1 /. . . .
vector of the state po = > (I + X +yY + zZ)

Calculate p1 = A (pg) and its <I><X><Y><Z> for py, p;

For the initial state p, For the final state p,

()= )
) )
) )
) )

N
P>

S,
|

( S
(¥
% <

|
—
~

N>
|
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Bit flip channel eftects on the Bloch vector

0) — AU/
A(p) = (1 —p)Ipl +pXpX

Show the effect of the noise channel on the Bloch ﬁ
1 /. . . .
vector of the state po = > (I + X +yY + zZ)

Calculate p1 = A (pg) and its <I><X><Y><Z> for py, p;

Tool bag tricks:
RﬁABE{IXJfZ HMm

n odd ,
n even ,
0

Tr [AB — 204AB

Tr [A

The trace is a linear functional
For a,b € C and C,D € L (H),

Tr [aé+ bﬁ] —a'lr [CA'} + b'Tr [f)}

<f> =Tr f,o] For the initial state pg

. ) ) )
=Tr |- §(I+xX+yY+zZ)]

[
ﬁ

1
§(I+a:X+yY+zZ)]

T‘P+xX+yY+z4
ﬂ{4+xTﬂX]+yﬁﬁﬂ+zﬂ[ﬂ>

(240+0+0)

Hl\Dll—‘[\le—‘l\le—l

Zlatko Minev, IBM Quantum (96)



Bit flip channel eftects on the Bloch vector

Show the effect of the noise channel on the Bloch d
1 /. . . .
vector of the state po = > (I + X +yY + zZ)

Calculate p1 = A (pg) and its <I><X><Y><Z> for py, p;

0) — AU/
A(p) = (1 —p)Ipl +pXpX

Tool bag tricks:

o A C A For the initial state p,
For A, B € { : } Paulis, <X> =Ir _X'O]
) R . . .
_ ffl n odd, — Tr X~—(I+xX+yY+zZ)]
I, neven, _ 2
: 1 e 1 UG a1 1 -
Tr [A —0 — T {XI} o [XX} +2yTr XY] =2 Tt XZ}

_|_
iBl — 1 . 1 g 1 1
Tr [AB_ = 204B = §Tr + 52 Tr [I} + iyconstT/r%—I— §ZconStT/r|:/f//[
The trace is a linear functional

A A 1 A
For a,b € Cand C,D € L (H), = §£ETI‘ {I}

Tr [aC’erlA)] =a'lr [CA'} + b'Tr [ZAD} =8

Zlatko Minev, IBM Quantum (97)



Bit flip channel eftects on the Bloch vector

By

0) A U

A(p) = (1 —p)Ipl +pXpX

/7(

Show the effect of the noise channel on the Bloch
1 /. . . .
vector of the state  po = - (I X 4y + zz)

Calculate p1 = A (pp) and its <I><X><Y><Z> for py, pi

For the initial state p,

<f>:1

X

|
S

—
~,
~_— ~— ~—
|
Nag

For the final state p,

4

The noisy damping factor for each
Pauli is often called the Pauli fidelity
for the relevant Pauli component

Zlatko Minev, IBM Quantum (98)



Visual explanation

Bloch sphere
of pure states

contraction
y  loss of information
A\ reduced purity
\ eigenvalues >0

X is eigenvector
of map

Zlatko Minev, IBM Quantum (99)



Effect of repeated noise

d For the bit flip channel, find the effect on the Bloch vector of
/7( repeating the noise d times with an identity gate as the unitary g

A(p) = (1 —=p)Ipl +pXpX

N—]—

ey

Initial state Use the result 2 slides back for the effect of the channel
P 1 (f n . n ylA/ n zZ) on the Bloch components with the recursive relation on
0= —
2 the left:

p1 = A (po)
<f —1

s )

pa = A (pda-1) (X) =2
)
)

Zlatko Minev, IBM Quantum (100)



Effect of repeated noise

I

\d

[

)

/7(

For the bit flip channel, find the effect on the Bloch vector of
repeating the noise d times with an identity gate as the unitary

A(p) = (1 —=p)Ipl +pXpX

It follows that the noise causes the Bloch vector components
to shift exponentially a rate given by the Pauli fidelities of
the noise channel, where the fidelity is

f=1-2p

and the Bloch components are

<f> (d) =1

<X> (d) = z
(V) (@) = ry
(Z)(d) = -

Bloch relative decay

1
0.75
0.5
0.25
0L -
0 20 40
Depth d
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Effect of repeated noise

e

For the bit flip channel, find the effect on the Bloch vector of
repeating the noise d times with an identity gate as the unitary

A(p) = (1 —=p)Ipl +pXpX

It follows that the noise causes the Bloch vector components
to shift exponentially a rate given by the Pauli fidelities of

the noise channel, where the fidelity is

f=1-2p

Note, to first order the errors add up linearly rather than
guadratically as for coherent noise, in other words, slower:

<Z> (d) = (1—2p) 2~ (1 —2pd) z + O (d?)

1

0.75

0.25

Bloch relative decay
-
Ot

-
-

Depth d

Zlatko Miney, IBM Quantum (102)



Hello World example: all the pieces explained

Coherent error
¢ = 3 degrees over rotation

Projection noise
800 shots

Readout error
¢ =p(1]0)=0.02
v =p(0]1) =0.05

Measured <Z>

State prep error
p =0.025

Incoherent bit flip noise
p =0.008
A(p) = (1 —p)Ipl +pXpX

1.0}

0.5;

0.0

—0.5

— 1.0t

0

.2.0.

.4.0. . ‘610'

Circuit depth d

80 100
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Other quantum noise models?

eye O
probability p, — S = — ] —
probability p, — lﬂ; — = X

* Zlatko Minev, IBM Quantum (104)



X bit-flip noise

E H—

Phase noise
E

AN

Depolarizing noise
&

=,

Stochastic Pauli noise
£

=N —

probability
L—f
P

N

circuit instance

o ————

‘
1

1!
gess
—{ X H-

probability circuit instance

\

probability circuit instance

,———

1-3p/4a

_——

o

-

p/4 —a-y-i—

-

——— —

{ 1

”~

probability

1—px— Py — Pz _E. i E—

circuit instance




(hard) Exercise on channels . @

4

1. Calculate the expectation values of <I>, <X>, <Y>, <Z> for the state after
the following noise channels acted on a general qubit state
(hint: see bit flip channel example and last slide)

a) Phase noise

b) Depolarizing noise

c) Stochastic Pauli noise

d) For (a) — (c) summarize the Pauli fidelities.

2. Repeat the same calculation as (1) for the following channel known as
amplitude damping and plot the effect on the Bloch sphere
1 1 /P
E

0
A (p) = KO,OK(J)r ‘|'K1/0K1r , Ko = (O m) , Ky = (O



- We now understand noise, how do we overcome it?

Coherent noise Measurements in quantum SPAM: Sate & meter

Projection noise

J /= ! § —
| I 7 05 B,
K | MGG [T Py ' | :?". b}

Zlatko Minev, IBM Quantum (107)



https://www.indiamart.com/proddetail/5-meter-measuring-tape-19732324162.html

s it possible to understand & overcome
guantum noise with accuracy, efficiency, and scalability?

Ql"' —

’
I
|
I
I
Q2..._ _:_ i
I
I
I
I
|1
I
I

Energy relaxation T, K‘* A Sk N Control errors

Photon shot noise

1/f charge noise

1/f flux noise

Nonequilibrium quasiparticles
Leakage

Cosmic rays

Dephasing T,

Coherent errors ZZ

Classical crosstalk

Quantum crosstalk

State preparation error
Measurement correlated errors

Zlatko Mineyv, IBM Quantum (108)



How to deal with errors due to noise?

Monitor
Error occurs
Error detect

Quantum error correction

Shor, PRA (1995), ...

Monitor
Error anticipated
Tell signal detected

Catch and reverse

Minev, Nature (2019), ...

No monitor
Error occurs
Error undetected

Error mitigation

... Subject of today

Zlatko Mineyv, IBM Quantum (109)



Error mitigation and error correction

Error mitigation: working with what you have

* benefit suppress errors on classical results (expectation values)
* (q-cost no extra qubits or hardware resources needed
e c-cost trades classical resources (post-processing) for lower error

e limitation bad asymptotic scaling: high number of samples & circuits

Error correction: protecting quantum information

* benefit suppress & correct errors to arbitrarily small level
* q-cost very large qubit and hardware overhead
e c-cost decoding and encoding can be classically costly

* challenge requires fault-tolerant operations and readout

Zlatko Mineyv, IBM Quantum (110)



Error mitigation landscape

= incoherent

P ST projection
|- 112, / 0‘ / >

0.5 et /
A .. oot lite-0
N s o.%e?! *1Ye !
A" 4 °®
o] 212 o eete, ° )
£ 00 ~. il r T IR0
3 12 '.o. s1é o N
8 ...o \ ............. e & \ ‘
E [ ) [
-0.5 |¢¢ coherent ‘
31 1 S
-1.0 - —
0 20 40 60 80 100
Circuit depth d ,
more | > more information,
speed accuracy

Zlatko Miney, IBM Quantum (111)



Latest: Qiskit Quantum Seminar YouTube Series

140+ years in 120+ seminars: Quantum research community connects on YouTube

Live every Friday
120+ seminar

J | 244,461+ hours of total viewer
s . watch time

k'.‘;‘.) ol S .y J‘)" .

t I ".rrfh\}‘ 4 ?,//é’: V -; J
VRS ATSNY . :
e | ~ 1 million viewers (people who

‘ watched the video)

=
3
:

giskit.org/events/seminar-series Zlatko Minev, IBM Quantum (112)



We come the end of our journey today

Coherent noise

Measurements in quantum
Projection noise

; QS\

3

SPAM: Sate & meter

Bonus content

@ Coherent ZZ noise

Zlatko Minev, IBM Quantum (113)



https://www.indiamart.com/proddetail/5-meter-measuring-tape-19732324162.html

The important thing is not to stop questioning.
Curiosity has its own reason for existence.

One cannot help but be in awe when they

contemplate the mysteries of eternity, of life, of the
marvelous structure of reality.

It is enough if one tries merely to comprehend a
little of this mystery each day.

Albert Einstein

YW @zIatko _minev zlatko-minev.com IBM Quantum



Introduction to

Quantum Noise
by Zlatko K. Minev

Thank youl!

Next:
Lab work with Qiskit

Run experiments on real devices

L v o @ Check out references, problems given in

the lecture, dangerous bends

Stay in touch and have fun!

H H Global Summer
QISkIt | School 2023

ﬁl zlatko-minev.com um @zlatko_minev
% A



Bonus content

Zlatko

Miney,

IBM Quantum (116



Bonus content

Measurement in a nutshell SPAM: Noisy meters
Projection noise

et

~_ Incoherent noise Bonus content
-— N
3 coin toss: flaticon; spam: make it move;
—_ road based on: freepik
Zlatko Minev, IBM Quantum (117)




Bonus content: two-qubit coherent ZZ error

idle(t)

unwanted ﬁ )

Zlatko Minev, IBM Quantu m (118)



Bonus content: two-qubit ZZ error

0) — H H —7%
idle(t)

0) — H H — 7

Hadamard gate O] 1

0) (=
H = (i

Breakout to notebook
(see next slides)

Zlatko Miney, IBM Quantum (119)



Introduction to quantum noise

Coherent errors

Qiskit Global Summer School on Quantum Machine Learning

Zlatko K. Minev
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Two-qubit ZZ error plotted
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Bonus content

Measurement in a nutshell
Projection noise

-

SPAM: Noisy meters

.....

.....

Incoherent noise

Bonus content

coin toss: flaticon; spam: make it move;
road based on: freepik

Zlatko Minev, IBM Quantum (123)




Recall the A matrix

ideal output X =0 X =1
— X Y AL V=01 0
- 1dea1—Y:1 0 1
p— 6 S

Zlatko Minev, IBM Quantum (124)



Deeper dive on the readout A matrix & Shannon entropy

Bonus section content:
Keamshﬂwl' H’ Malbriy
(0> (A =M=0=La =M

p= O '@”:: £
> N

(0> (KA A mM={F = M « widit

P=1 =1~V

_Nowe wybaafion

we Unw ko Pm= R Py
meaatrt F o, P noi Py = ﬁ"?;
'FMJ ? ' PA ey P -

dim = 2" 02" A= Hedly
Rresivimmmk  Fidality
= (= % [ P(@=(] pso) 4 PLATsolm=)]

= Uy Tr(4) d= 2", h= 8qlir(
= | = (M-&{))

Shann on fn*m'r

KN = HEP = =2 o b0ty P =~ (=) lor,(179) =P lop, p
| Bhars eubrery Zlatko Minev, IBM Quantum (125)




Entropy

Shannon entropy and readout error

©c o o =
S S

O
N

Shannon entropy (bits)

—€=0 v=0

e

— €=0.08 v=0.20

l

0.2

0.4 0.6
Probability p for M=1

0.8

1.0
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Entropy

—
o

Shannon entropy and readout error

©c o o ©0
o o

Shannon entropy (bits)

@

0.0
Lo >

— €=0.08 v=0.20

0.2 04 o5 0.6 0.8 1.0
Probability p for M=1 1
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The End!

Zlatko Miney, IBM Quantum (128)



