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Abstract: | will discuss the design of degenerate quantum error correcting codes for an arbitrary Pauli channel. At noise levels dightly beyond those
for which a random stabilizer code does not allow high fidelity transmission with a nonzero rate, our codes usually have a rate which is strictly
positive. In fact, there exist Pauli channels for which our codes outperform a random stabilizer code whenever the random coding rate is less than
0.04, which is a couple of orders of magnitude larger than the previous examples of this effect. I'll also present afairly straightforward explanation
of why these codes work and discuss how their performance scales with block size and what this scaling suggests even better codes will look like.

Pirsa: 06010021 Page 1/48



i} v E

' |
SQHSQ?ES g Wian ' um

e
_rrar g

(—acme S m[‘ll'[\

PT Seminar Jen. 30 2000

" : : ;
Lr.zus Qre |/;&E Sau,S:i755J ;'_r‘L X E_QHE{-
na+ +a EEE -:"‘zl?l-g E'E:;j MQJ'E__ o

- Otfa vem B:Emarq&'

R E ot T Sl










































7he Deal

Wle 1re undecs; ne:{

re€
That™ in exchan '&W"'LZ
'hlun.l 'l- Ag Qquc‘nl&,}f CL&SEK
d,e:s we_ wr” ‘For <] ql‘?{

octuel/ stra T

< Q_CI'S‘ e Yan. .les d"": &
.,F-hun.l abJecfﬁ

Nam e DG-+€




C"ILLTL'JJ-HE_

]
% anJcm :J | a.:'n Iif.'f' CacJe,S

f C B j_ C

e
r\jt Tr o, \ol€&s Tor | aul
FE, l

“Ez Je_\nu:!-ff.-nﬁ T rom Lt Lcj

: II an CuJe;

= u!maa{' jilglfrp Channé (s r'E?u re

> Ccﬂ'\il J'I'WAM CL\Q-IM__AS QP]""L“-"!-T"M iﬁ dl.P‘:Eu ‘{17
-/

|
= /4 (ﬂEH\’ Czlﬁnne_ tJasSE Cn.,pntt.-/y

o

Co l:.je L‘i-ul‘.' e

Lannel
hanne 5




Vo |
\.,‘__,GGES

=1
B

"

as 5':1!1 c,fr-:rh.ﬁ_ H;E_, S,_\




) g

~aprlizer “_ edes

r e

) —
Sl iem K=

E"I"Ic_._;J Iil'\:1 cg

d : k
eceding cpecatiod D

Xl“ZyI'

Ef“r‘,; -




Ny —~ - 4
DEFﬁﬂ_qr l-l”::? Channaf ‘\ (Ill:g) - f:_-.lp;ljl_ﬂ - %—f‘f.:)‘;«- }fd\f":‘;‘lz)

/\"@ﬂ — ) T.-:‘l
&F B {E'E'H #X,‘-"—T}f.ﬂ“Zn,l%ni

A . H(-p ’ )
# (I T'}f,’-.‘_ﬁi E____rrar: - I. Lg:‘ { 254 Qn. H { [, J%"Ei E#"....
» Gl (Hpr-pLop3)
| ™ 35 :
i.?QI'LG.[cW- S[ éT’Fi CaHHuLES "”‘1%-;" - ::3 E" f.‘.‘-‘
L
uh:f‘lmnn—wii-r — = L.L f E*]f

Iﬁ %1;{; =) 13 cﬁhm‘!ur;qfs-”..-_,gl_k] u_-.:”

cj:\l& ~ l brt‘)L .:a'F' in nrn-.n.;'ll-“n ﬂfim‘L T7e erner,

Ll {
= Liting K <Ryt = |- Hp) —Ipﬁjagj
el ;:T-'=+ IH‘-!L f;.,:;_;;"'}; (A-L./'.\




—oungs on ‘A LAapaaly &7 ( tpa.'n.f-"hiqr, Ciq. [/

;
|
|

)
I
e M

T Nyl

e

'y

.S



/ 2 - C ol V-
L: :_‘.‘s- an "If'iﬂ —apac’V ol Vepslariliag \.._!"\I‘I
— DU

T Hasl

0.0




]: \ 4/ £ -1 _ —~
~ aunﬂ.“: am. ' ne —aApac'V &l -..--Epa-_ﬂl"l'l:tq. . |:’1:|-

B EHuL




£y | el s
| aw [ \_ hanne IS *

N/ vV ‘7

J , - f— f = 5 3 \'.,’

/\ ‘;"ﬂ (_ ﬁ)jﬂ D,.},-J.m D?,\,.-’S . _pr__‘_uZ
. L lI|' i

/

.L;D.E.L-‘hr., Qc-.'fl"&’_: / = -L-L{"f’:f:’npr PZ,\




Le Pe'f'l“"f‘m Codes
nete: Tl«mjk-:d: e take P<2P=2Py

M-g,u!ahl refa_ = IS) = ,’a?ﬂ = }DQDM-
S = <?;z;,2|231...,2,'2h>

?=)(@M -Z_=Z;

E"’:“‘ligj /De_cgc‘ fg :

(67 : M : z '@.‘;qn.,,//}
oy ——— & =

- c{EaEl\Efcd‘e _ 4” Z; Samé
— distance [

= bl’..«ﬂ"“L Alak ”X‘dinf'.;'qpcg‘










Cq'f C;o'J_E. L/?-:a"as







=
ashing

e

<N

Cats




I 7] ' -+ ™ ?
wheres [(nhe L[Jeqeneracy |

e

Ca'\‘iicr’ S eoma FV"""‘!W Q_r‘p¢f55 £Xs = Fﬂ_&!

Nb-m ‘5'?.9.1"'-“
K'Hi.:n.

)fﬁf—;] =T EE] ‘!)ﬂ:zle
224 [z2 LZ2y
|z ;: xxr!IIzzI[ - == )?’L 2271
\Irym{:': 2T 22| - -- \}'IIJI)

a.(.( g Tllse heve 12« Same 'Scfn.é.

nr
Ii\ 'CE«L'F AL'\-h f--l” !l-..._ Q.#P..;“n&u‘?...r-y

Ay f-yf'} (.JE:‘fcf!‘ with Tig Sqm € N SN
R Tle cudespe 1 f bove i Scwme

-




P

—_ R . |
E-'C =2 E,IIE‘KJP C lhonne

7)

(Hastng > <okimed)

f | TN

.:P‘_"jrﬁ-—du- L SceAL Wi <.







Al

f 1 I b ~r
J""'...;r-tcf: ( LZ 'L"'JLF C"'u:nu,{’

—_— . | L _"'_ r‘ J__ \-"

_.I--C-E‘- Vanl O TG i =il

-‘J_J"

errafs ,:,a.'.ll-td"-ul- 5*’;’.1’;“”\-? wcp
/ f

5 —rn Paeicl .

—

—_—

[
&t —ue
m— - s ] f “-h
£ = | 2 1

f‘L( = ) inc~zaces quTA "

L .
'h‘;&-‘:- mm.a.né' "‘"-1;(51 ‘Lf‘('x‘.f\i ) {\
',__{'- H(‘.L\ 1“""!}““ Mé H.(@ )_H_ '
h}“h - = J-E.u...\h_ s A I:-"‘:zm..; l-lf - 'b"‘-"-""""(vt_ V ROeSeln .

'(ﬁ' A, A ".IFTI_ » 'E-wlL‘E 5“‘-‘-““&,) v m;{' So Ihﬂ-..-




N Aimes- \
[ =TT AT LI L Y
Vawn T TIGuw~i S~ A
-Lf ¥, 2
errofs garlhad Scncwine UP
' '
: < D l‘a,u.c.{-_
=1
“‘
Ay r...-n— - ‘41 '.--_
f” Fl 1-1*— Lol

"\
Fa

Za m‘m& s lﬁl L{'(&“ ) ":\'
H‘FMCL\ b‘l}"‘“ ﬁu\é H»(ﬂ'\-\h !
3 & PR TN a m...; f.li- bu.j"-\l-’{.f_ V ndesela -

'awmn{&.-\-..f" o, N m:{' S M___

1““1
TET—




Caﬂd;‘)"ﬂnhn.l C‘\nnmﬂs +
Concotercied I nner Codes.

Recall: When we use 4
2 cede, R s'h/:'fl:.‘fjk
Pl’Pl, and Q'ld'-kP wild

P2> Px (ewu{‘uq.!uess

dzpend <
Sjc dl"nm:

The Jhn
'S o é::.i -S-.EZ c-Lum..q_Q{,,
an }(-Aefae‘fr‘i‘rh
mﬂ-—L— COJQ'

Px




Zero Rate Curves
T nner Code Leuj'i% m=3

Outec Cat Code L'énj +Ha

25 |

& ..7‘.""?_'_,#:_"' e MG E Y
\—." L1 ¥ L) Lo F "_rl" =B W W =5 =3
/ )= -PV\o = =XpKrEYoY. 27 o7
L ) by | 2 d f—




Zefo Ea‘f'g_ CLJ.I"VES
Tnner Code L&uj'?LLl m=3

Outec Ccﬂ' Cu;:la L-éﬂj H_L

L e pe LIS S MGAAFE |
-7 5
: B ng N NS
‘\ [ N = -P\o+ EXp)XoPVoV. BT 27
' 4 L L S




d'_'l'-..l C"‘*“"'"E—«.S

.[:L'._c-;_S Ac—s f-,_.._? Alar ;2:5‘

\ =
o Deplocing,ebe. NPV () - 252

/

' Y s =)
.rr Ir > f‘i a_,.ﬂ:":ﬂln..l. ._ R“;ﬂs - 7
r

]
—— . '
= 'FL\-{:* Ul eGwal P DS,
J 8

' -
f - \'JJ-O- E"IY“:Y-I -P;' IJ'JL_

: |
degicc a=—=c

= ’ E \
all oy odlitse claswls are




i . T e—— S— —

" —
.

'_.
[
L . B






/ ¥y | i . | f 4 1
i CAVWEY AL, f [ : i
| k N3] [/ \




S e deqrdabl ¥
f ||' t( 4 5
all o odld

- \
gt 3 c Lﬁw..... s gie




Ulﬂ.qj' we L(nq.u'-

- best rep cade Sndgent
besically levecyflung ebont X einc

- Maneyes net to ctom /e'f'eJ
Scra¥ibhle 7he 25 F

(

T Lot e

= Cawn C-éhCJ Ca.‘l'cucles b/c
Z"C.;l' . P“?-Pt-—) P‘?PX

Onl b gi' he s P2oA-
'R-“kﬂ-Zﬂ- fik:. —5; J *




A/ : - :
Ohserictin: - & tepebibin cada has

Sa_.

PFEHU J:u:..d i"‘q“LE’_ |“‘r-C we
il =
Just E-‘-'Mf_ += .:;um-u.; y QIFar—

J
- Rulay X PACOSUAL Ukl RESSES

r
La s *_'L:. L 5 paalf€

AT e

’
- s€ holier Code To mecSwarl .-\\/1-

— I
Fewer— S Hné, WALaStag MewTs, S

—

(-E_'E-ﬂtn.ﬂ.rx — 5 -




.
L

e o™

! 7l

— -] ’ a ’ _-. |
= L‘.E;u_"':'-r'i‘l--. {ece Fom :.‘-5_.5-;5- =) ess
p‘it:ﬁbig eclfal” .::.Ir,'{m;-:': Lo RS
-
i - 5—:
e ;,...,1[-\,1. W | - Lr--? T LS
[ |z 4L 51-—
-~ = L
- .E'l-m.; LT e e
I wd =
s :'fiﬂ/‘lf 2 AT 4 acp C—--—J = ‘%
L TR
CornQiTigucert Clhalnil : y 2
f
— llr-;.r_ﬁ{ﬂ-. c_-.:aC[C_S i dopJlac. Cocmnsl HJ_:L
‘,...--'-__-___-_-_
[ - [ e =, s
'-T:.‘-a = l;—m.-.-f_{ . f"‘."-'.fi.fr?{'*#i_ l |

- : = fi i -{r







E ‘ 11 r -1 G ) eial .....C
ands on lhe _apacty st Uepslaritag \_franasy

\ o \gﬂu\ﬁ
o
< nﬂ\ -
| v/
de T
- = -..li..- é—-—_ ﬁHuL
+
a4

3 % = o-0

I S %
Nose (oot o o ¢




