Lecdrure |

My want qord &t noct fos lectures © fo Ml gt i-uhould e gosible
o builde o ioow\hm\ commpute~ n Hae real world ) o of lesst v some reasenale
Peoreheal aodel VQ & LD\\S W\Q\'\\' * ot e pvaai\a(c? For exawgle qoamtian
amechan@s could twrn ot o be false . However, Yue mam problenn | am alea to
Py o adhreaS © Mo A soale failcd acde L o (cf)g ot oalde pratrally
co(('“?# e endire bw\a-,w(: ln nNeruy \o\f&b crrant, Hae ‘am(qq‘oi(fbop some Eailue
N A awroa.chm ore. Twerefore YUW‘(Y“‘ & éw)sr ik r%&ib\c ‘o Lo M@ nuvnloer
(cu&(r Yo 1S, t'w\émvb to vgee fuak Yhos ant ohadt ‘«a?rcm.

V) IS AODE oo Y,arh'gu\a/ rro\o(ev\/\ for ai\mv\‘rum crrcits 2 Well ;) What Ao 55

Lnow alboul o(u%ilré?

A ubiks - ‘hvus |
'ﬂ/\%’r‘c fcc\(,(:s rwwd(J Vike &wble, elechrons o plotons ﬁe&)&, Haﬂ\e, e%&b lose
tracle o, el to mcxm((ru(a-(—a o Bt i snk 0\3‘,0& &Sumevﬂ-, The. reasnr
qu\a\'h e soall v beauie of noise -——‘aﬂu ‘SSKMS de conene Gasker —so

Jas s crenlar Were meo(cwvu/\h(lsl Wb;h are (b nUows
coTAUoUS aAlo> +j3(.>
A+ e Ve leaay , then | Yhere Wil a\wct}s Ve precision oS | Eyen acore,

p\«r\daw\en&a(ls, 1\&;'\\3 are m{-més\eck

antode Al he
_.L— “ “ *—é
Q('o 7 k)‘7> e ’
[dead> blivO lome'D + 12>

Lo LD

For exanyle, Sc\,\f'oA«\\\oscf\/s cot (ke © o ettoa(o\xery@ih’mzr; ,loo<+wcci.
bew:s Acal aud. afive . ¢ you ook a- &, # o caollapse. o ‘a@ng eitie, deake
or alive, buk m fack B even wore Han thor Take a g,vgjlb photon , wp her
have it akcact wika {)‘M"' one of Hie 1ubits | S & Hie fask ome. with a CNOT,
before \ooumdg awacy TMen Ahe stde becones (077D « 1D Lnde atler
rracng ok tue photon it ollapses, EV\M%\MCN( s Ve @ro@\cf LR Nike
o build op \\SAIS M/\“'a\ﬂ'(k\g\v\‘\'& n our a]uaw{-um co-Mru(-ef, bt e dant woant
a au&\e s#m\c_\ photon to be able to crash the compute~,

Vi Ao o show how we can yrokectour quambtina wnapudes 80”“& Pent,
Linds of eveats.



\/\Ag w\acwéoq,\ o fo convivice %ow%mf m'\\&w\s ~ wo«\c_wﬂ Tuav\fmm cwkod-or
iy M ‘)/‘ﬂf\(!\()\c (70’&}‘0!&. Uj.«& V\Ais\l\'(' i owolf be 2 &ﬂj NOIC .
Ay s Hune ilie M\Q
* small m%a\e,} e”
s tovibnueus ~Aaks wi “(‘”“35 b{,d\@\\ﬂ&o&q
. ev\m@\t&

L
VZQOOO o) Yy - s>>

Seg X cak live cat
oY

f—

“‘\.

P hobon

L=
2 O lL ik

v vs. Jdassital

A aawamkgm . kﬁ-—w

Nawe o rra(vcd— )OLWVVJ ot Just S PI;-;u QWHWM
TV M mveodes o more nplr e d | boaeder toencode
C\’/(V&\nméu g

clsstial FT=> cann asSU e o lsdrral ‘M\U"Mk/ . L‘dr i Ot

19 Gclc’]'vo-r-h Fron

clasowa\l FT o

—
e — v —@4
/ “dep ((x\

Q \
encode O — OV\/\/\O\G\
| — |
: o X
KA()\(\\AQ eacin 64&0 trasavesiaii Ly 8
PVYJ(Ya"lV\
— | —
————— \_—.7 e 7 4
# e MT wll =i A A 2
éék.((v(ﬂ eor YAt saatd 'Q Poe— A \ ¢
m.:b B"“‘Qﬂ‘hk“(. | ‘b?’if —(L)V A {
. 1 O AN . - AN /f/f\-C
e "3\0(8@ L«;l-mx Md‘é ()\\8‘5\'5\\ b\éi\—(n\ b laase oAy HD»"C\‘\ lo (QK\L:) L @

pny, bOUn !
Rawny bounde covyrantk , wiancda we ! jvw"'t.

e Mg Yomann, [CLITN
. LW




Nowe

Mar leovian watre

B=5 OO = &

V+V = Is
VI4? = Q) 10%)

P

“Markovizw! VYl eav. efredhned Ao encn cvent ) o memey

woa- Markovsan. @ @ e, @ @

veed to Frae wvnlemed state Pse

E/()") = trg (\/f)\/*) = ZL—(EL\ (\/P \/+> \L75

+ N ‘r
= ZL EL P Eh \OY(M{‘DK SN f@?v\
e

A T ELE s ST ECCLeT
y Pl e

= 'rr@_ﬁc Ey) P
e«

(g m 9= XL, 1ep 2 = <3 ZEELID)

. Podiy oo
v
V=2 e®O\p .
=2 _a®Z ol W
i L
le O
nea-Meskoy
X nove

> — Z YY) D )

c[mmaﬂb,dv\q- to otk c\éoxn\)-\— X noile

aldaM‘MM‘Uj oo

C)CA\N\"\ZA K



f\]o\'ge, Mplcovran

e (D st (DD
110y
P&\A\\S

worn W leov. vone OC/ _ &
- [ ) -
T={ 5 \> X =

(|o> \7{ O) = = =
o o

<O
Wbt

; E o° dk%) e"'(

I, 2
ek oy §3, L XY =iz=-YX
Mx =X = -2Y
X R v =K 1:&(0)-13)
o Paold frm o boevs over € for  all

2% 2 smadrices
over R for Hesrmikain

- [ (o) L) =

o\UO\\—u—( sum”
T glwox p goluler

—~—

By

Er
Zeteiet awe py
S\vcr\ LELN Ev= > QLL‘T"‘

com e

ke aum uﬂu\»»’:k\é (%\\‘\VQ>
oSl - AMCK
waty alee, (L :ZE,LK) D  an uovv\u‘rﬂ
e

S0 e(ra e

= 2 0O ca\kW)s
E
@ '+7 L\‘ML;} Z d’i I+ ® | iemvfronmn+>

4,\0../35\<6\m3) gu\%tgb o ‘\rokc+ cu\:)ou’wi‘t X wove
quanfunmilyy -7

’_Atdl) §¢€e
- - X, Y, > no's ¢ NG, \,.wﬂ
N c)(cwm\alw

1. de Kve(a'i-hz& AL

Ry Awu(;\\\'\/w((a ﬂtxMYﬂV\S
randomite o qubit wsf gl p ay o n> (oUo) +%l4>\® !O>'
e "L—U_; ( ! |O7\’\’L/\>\(
PRSI SN S T ~ - 4 foM A
E . i é!'? =0 — V-3 VD [0k
P’ec(’m\‘__,l&o'c”) \,%ﬂ 107(|>E
N Q\Awyz, Ao e pn
- wAeo e mMEen ne L“’\ ey ok

= )ooXo\-»\\r& HoX\\ Vg

Ec= (! © g.= © W>
Xl ofg) e
' o _ _[e o0 _ )
“ °m> . Q“ ST T ) =5 (xeiy)
2
‘Q‘L"'!'I-*-‘:—g}% ﬂ—'\— 2-_



([-ﬁu‘oﬁ—) Pawlis 1) X
AKA. I

N >~\Sl——(po> +115)
- 2
(9 an .

X<(2) o - -*}ﬁ.“m
RICES e

6_1)0“1
- J e
=:(5%) », L
EMUNLTANCIN NN =13
ot T XY T lE = -\YY . Lo(/\o\:s/d: for all  2x 2 matrites
N = \(x = —f%\/]
22X =i ==-X2

Loned

Now VA like b0 dalk abouk o shah Nider codta and_Hne stq Lyl eey Fornaliana
e 3 all dbout Mwl+i-e(oloi+ Pawls ot«em{—uf.s.

r\\ﬂu\oﬂ' Paulis
cXeroy®I®T — XY )
These ae QSM* Knsor ‘»Fo&“"b O‘R’_S"’L&\C’ﬂ"\“(‘( Panles. W \c&fg standard
—ﬁ’(wgﬁ(/u 0 Aroka 4he ‘encor &Ljng wolient W "”\g tHhern dewn.
= GL a”, a M KA l-oluloﬁ con
o - forra oo besvz oVer C Lov all 27 x 2" mabrces C<—{">

Qﬂvb o w\r\\“hg hede | Haere arc yn n»c(ulo"’r Paulis)d Also, a(#fxxo@\\ W oot
need W today

{6 e Sty Sube - ° - ; " ‘P\ 'Luf ch.fm I'F‘an
\(( oMo Vo émn\p) fo shabe o 5¢1J0ﬁ e og; Q&(-\:s nowa, lean IV\O e (vr‘oﬂ'éQ Ay eXeriVIES |
(ki vt o grng Bb e end of todar, | hope Hae proo(:s will be very ¢

cEx: Pz T, half evs +1 | WAl -
Dim ch\éc. 3 (\¥P) = D Qov\@-é( -p)= %\ & 2
EV(T_} Poli &6{¢ar&s +o e '5(4"“""“{/_}‘ Tha /N\df\f(,d Haat its ey cavalues ane
all citleer +1 o -] I fuck Hie &ivron o cxacﬂ& lal\f /half . | oHaer words,

V-t

-}:(H PY) L the YrO)'ec\-cr/ onto ‘e *I CB@V\QO’I&N« O‘C D) and e Arntenston O’F

= rav&e, 3 cmck(ﬂ Yok of Hae projectrr onto the -\ eqtnspace, 4 (- 0) Ry

. Ex [ P/ Q 61.\/(,1(f (OM\/\/\M(—(_, o a/[/\htommtz\"(/
e, )z Pa-QP:0 P QlspPpR+QF=0
F}»aw& P, A, eiher e cmmubator or e fantiCommutiier” o exacty o,
(w e l’?u(of# COrE o Cam see Yok ¢ yery, P comamutes ity tlee "c’(c-mﬁﬂ
and. witih ,’hdﬂ/ Lud oHaer arise ‘F(/\é& autt commutte |
S




whetarr P arnde O comminbe or anbcommule deperihs o~ whedHioe e
nomls e o%' wmihv\u wherc W&S A(FQ/ Acmﬂ'n'w‘a(g) 3 e o ol L, L@(-(-WS
X(PLQWO{,Q=®Q\'>="&%(’ . P(‘:@llj. P(/Q[—'{IS
Pa - (-)XapP =0

Tor ekaw««;le
P x v 2 x S’/ I A
y / !
G~ = M X | Z X X v
Heae aﬂ\x(qmmm-e,) hecaunsl < @ odd,

GEX % EP/QB-"’O +‘ + blvl-e

L1 = e
o+ E
— o~

Next exercng - 12 P ande Q ar o(#@ren*, nentnvial, and comaccte

Hen e ot be vivau anegus (:] Acagonaltzed . That m qon can brealk.

dhe Hilbery tpace o Hue direck sum St four spaces Al veckoes $for exanple

M He Cecond «pae are +( 431,4\/“{-0@ e( P and_ - uﬁzmwccl—om o-(- Q.
(dn Ramge & C1ePYCre @Y= 207

s anctlcr way o@ VuH—;g it
More Au/\gra((sj

. +
oEx : P, P, -mdér- Pacal 3 commu(w\és [l !

PR S «XIVUL:_L""Q
R TEIET RS

i e have k,\mka‘e‘/\c(cmk— Panlt operntors all commubng (garwise), Hien
-\Meﬁ cane all e s:mm(ﬁmeom(ﬂ Arm&ma((e,ci, Rreak Mo Wlbe ¢ spase «p
a e direck sum oﬁ 2% 4@05)4“«.(4

. TR secord sne for exanple » Hie
mbcsechoan of e +\ ergens pa e WP, P wite Yue -\ efenpace
of- Py . Ten ome cant sliowo Hatr cathh of tha g paces has eqoal dimmenscon
Phanl

Mecfore . asawrse taese cee all Lp]uivc((li’\"- snhsra%, Noetieles o s
nice ‘o WQj\e e out.  Tle cumulbtanesus +( e[jcmrau of all Hie P s
lng con as  Hae

S <talorT2er .mlasraqv,” o M code sraue"
¥ € codes pace PIEd = 14> V¢ shabiliaa 1¥D7

e sHier “paces Wzﬁ& all labelled b(:s a df'n'xé ol + s , know as He

o
¥ :(f)mo(r‘wmc.




U auess Hus © somedak abdract, mrum((tj as 1 hkavent vaa( “”tj"“”‘i’j-
ﬂ\“j arc o) \‘J"Y"Sl/‘{"ﬁ’f"‘mr"( X ereises ‘H/L@&j\z\, Tor exam&le , e Gt one -

3x- 1r,al3=0 b elguma
PIND= 19D take N stalor) tzed by P
P@H/j): - D ’ooLac('CQLH")-/i-ha\-( eV .
= (@ 1¥) G Mips Hae *1 and -1 spaces,

S0 K@S Liave sarme Adm

An canves tf‘cC‘F m\ﬁ\/\¥ Ye to :\awe Yoa b (,o_'o\«)_ we catn “KQC P to be
l
pr2e P = (e
O "y

iy
o Whitdh  cane Hie staftmentt & obv rowy |

g ML <ONCRC & : :
To male s conerete | e e qire some ecamples. SO eqes

e laat exercese /mdfrw foat £€n, ln e cone k=), M
stbilizer spuce s dumensren ) o i s Hurcbore Just a shate,
e wr as  a ck2bilier shate
Stab e «hates © (k=n)
ne| . = lo> X It
-2 11> -~ |->
Fer n=), =& stabrl1ace ’O>J ~2 skaYbilizes 11D andk s0 on,
w2 2T, I X 1o>DI+D
122, XX ﬁ(qoo) +fl|v>)
gmem\ ne §x®N 24 %,’} jrj(low v )‘>\)
Fow L<Y\) e svhat\ier g\A\o(YauL haa dvienstovt )_V\"LJ $O wWwa
com enode , orembed, -k 7\#0\‘(1 b = Sowme QKCWUG:((A‘
en=—41 , £=O : frvial cede
en=za, kx| 1 pPp=22 gravx(!oﬂ, hD> + | s\»)r\akrvwm
A gra«/\QoD/ho?) -\ o
We tun here encode me ﬁub\\' mbo e code pace . Ay me-bit X error
o commniabes it P, so falkes &oam&-u e -\ sYndrne gpace. Tho
coon be detected . Ontle othor hand dl@le'”‘u/v':r & operatory commute
with P, so adhinnde e codespace . Tue wo(eo(@m o yprote o ﬂaku}
2 oS,
oo n= 2 k=) P =X srf\vx(|++§,""7)
Just e dual .
e ,k=n-l SN swwx(\o"‘Z 1Y) “refeNNon ode
Arin cloosrcal linear code can b waitlen wn stablteer notaban b us ng
Panli 25 ro mdicate the perity checes.



EX:
e
RKXX
saticommutc

“The snalleay dabiliser code o yro et 0&0«*&\\' botla LA ﬂl;’r‘s amnd pline
Hlips, beth Xs amd 2, haa

en=¢4Y ;=) =22z
x XXX

These c’pefad-of.s commutc ; so W@ defe a. A -dum. codespae Lol Aty feoo

7(&5,73‘ /Am:) Yauli on a 5(1@\¢ ﬂmo(\— otk commutes it ovie oé e \s\-at;/\mj
50 Hekes Yow to an wW@wwd édno(mrnaurdce.. We wrike
T4, 2,21
= ‘1“"'{ 4 Vcoded Aivhnce

Cruiny

The dbstanice b Hae [Braeal okt ob a nentrivial Pawli whircin yreserves
Ahe co&oyacej re. , Alwda commutes witht Mae shato lraens . Here | eg.

XXy

) . M donlle - bradket notaton mdicatea oot
commubes withh Loda émh"'%“-‘- it noa qo. colke Y/c\zc\wggmm* hobn Wt g rhmthlr"

The smalleat code el can comect an error, not aerely detect ity
WS n=S | s stabifizess arg

These are wsl] Yo rementloer became H/\@ ae all JWt c@c\rz, per muta b ang
o Ve &rst e The ledd r(rmml—co( <habiliecr,

22 X ) X
s wno¥ t‘na\epmdén\' of Yhe otWers. To see Mk Yurs defines a cede, one
con cdneck Haak Yese Pawnlis Al commute withh each otier,
rs, 1,31
S0 Alere W one encoded "‘U\bi\-. Vil leave as an exercise Vo driowo Haat the
Aistaunw » 3 (Hue \ewest weﬁ\d’ ot any wontriv el are/‘c('(-Or comrvtuh‘/lj
with all Stalilizea w Q). WOhed HAD means © Haat ) e ~quhit
error 5 correkable. A oo sawn \’4—3 cliecle, Huere are
Sx3=/5 a(iﬁ(;rct/ﬁ Fqubit Panli errors
I s«dwc(fwv\u

= fumns sadr Hacin Yaak exlcrb | -qu bit Pauli wieves “en from Hue code Sypace

4o ci\“(-{elcwi', or-('hijcfna( SYn Aromie space W(aa&uqyls e yynd romne. Huerelore
‘H/{Ls (kj@u/ (,O\nﬂ\‘\’ e error WL , S0 Sou& curn undo & to meve. ‘oﬂ(((

» \f('/ccd &

Recatl Haat N have wot o dsercte errorm | bub some lwear combomation
O'F correctable pa"\“ errers, Yuc $+Cd-€, LQCGM(’Q a \;mr;e /ro‘th‘M éfh"tﬂu(, Sk

ever Ylre é\éV\APM\C 5?!&(4& . V\/ld&.)(:\ﬂ”\\‘s ‘e J\Oy\g(f‘rme, \gro‘:)e,dts down to
Atcrete ¢rroe wWcldn cant loe correcked



C»'r\,o\\hs 5 e
Qteane TH, H W code

is based on M dasspeal

L=,4,3) l—l'ﬂ\mmmﬂ cecle
Tho code  has Yw\rig checks

coo 1
o 1 oo
1O ) o1o |

/rffw\g(o\'h‘/fs mbo stabilizer notehan ) fhene be come
Pl R2eR

VRS
12l

Agamst X b(*-mfw crrers, ‘e Adtance B 3, fow add Hae s arne
stabilizers bk n Hae dwal bas i -

P XX XX
XXl xX
x| X1 XX

Al e R Shrbiliser; commute mi‘rlx\%\cm\sclvaj and Hine X stakylicens
withh Hiemn selves , Fo see Maak Yl Lefnes a code , pne laa fo cleck
Yuak YMae X abpbilisers commube with Hie 2 ones, ™M ode luaa
dotmce 3 because ALy ercer can be <plit «p it an X esror and_
a R ouTer ank Hais code separatdy comects ene X e emdk one 2 toop
Ex . Derive stanilizer cepresemtmtran for
Sueds LA, L3 code — e 3-lbit
repeniyon codde concatenated  on its Aual .
Shewo Hhadk Yhe distaniee s 3 S and wrike
&ewnécncrahms fer Yha set e@ fsdt‘cal O‘Off
(ie , wontrivial ops withon e Ceo{c/d-p\bi l1eer s’ﬂace\‘
Tue kﬂﬂ fo U Gecise s bo %;Sure, ot how Yo concatktnate oo
<hbilizer codes . (Eher Hhat | or 90 baclk « G0 weeles o wlen YA
code was yrucm-cds



Stavoilier &8@&;:«, \\Sin(ro\(ﬂ-&hv« o€ ¢ les 3t ead \mca’tj’

xE 0)‘» < y o1 ©o .
]Z o

© 11O

X = X T (lva, 1+
BE' 5x enNoT Uvey, 1) = (14a, 1vatb)

= cNOoT (e, W+ ()

xlt—g-x :&:jﬁ: —R-H— = — )~
gt b <X
T (eoHermam, knild)

De@rc\f%-dm%q = U W CPawt) U € Pauli 3
Exs = <eNoT, w4, (%)
Lhaboiliee op = e C il sinite- Y
* yrefper abea o 10>
° Medau remiemA- 0/'

g%—ox\o,crau oe Q‘:Gy‘(tcm% Svuunlatavle |

Pn.o?: Clatm . Stales tha’“b‘e— us 111ay Stabilie ofs ore exad-ej shb stakea

L =2 [0 = o)
e C t]f@w{
3. MeGAue ment CYIOXOIY ) 2 e
QM# )cuj rule ?> =L )Y YAl s by

erw\Hr\ 5‘2:([15‘7*\*45 K%

, 3 - : b . c(m s stades
Z_YQW\@\QA , (s i - L) < ]\}.') \.:;\‘ﬂ;
-+

2%. how Yo cnwede

3 o roV\'C\{‘:m ¢‘/1g'\\-mr\3 sty stk ”
x2& 2 x!
Y ¥ F i (x &z M ’(/YYY‘
“. d-qubs Y 56*‘\0’0&4\@ )Q(‘(Qo.’;v = 'Emd;u g S: ;Tjg ‘ﬁ \ &WQ{
XY actson 2232 |
XXX % L - T
== P ot o L (Z A D G ¥ |
£ o ~ L ey v T
- b% M(M : ) ”“%«-‘ dml)\«)a\a ;
f< é > 2 bavrwy b e i?zg - _‘(g_




