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irreversibility and coherence

C
VFra S0V

(EEiedb)

\.

Thermodynamic processes:

&

Trade-off between entropy production
and quantum coherence:

VEs0) > ——=
)2 { reeriay

7

black hole physics:

~ Wy, 5

Universal error bound for m-bits
classical information recovery:

m 1

(1)
ay

\

Quantum information processings:

- —HVi-
. . | §‘ ‘/t :
Quantitative WAY theorem  (Coherence costs Extension of

for fidelity error

on gate implemetations Egastin-Knill theorem )
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 Measurement : WAYEIE
REH : (EERE)

| IERECNERECHELIE—LIR

E. P. Wigner, Z. Phys. 133, 101 (1952). M. Ozawa, Phys. Rev. Lett. 88, 050402 (2002).

H. Araki and M. M. Yanase, Phys. Rev.120, 622 (1960). .. .
M. M. Yanase, Phys. Rev. 123, 666 (1961). H. Tajima and H. Nagaoka, arXiv:1909.02904 (2019)

(Unitary gates : 1”4 U—WAYEEE\ " Error correction : Eastin-Knill =%
RH . (EFEI1I—=—5Y—) KEEfl . ((ER S>> R)N—B)LFF5

L ERIREST — FEE(CKHEROE—-L>X y 9 BERESR=S (CWERquUbItER y

M. Ozawa, Phys. Rev. Lett. 89, 057902 (2002). B. Eastin and E. Knill, Phys. Rev. Lett. 102, 110502 (2009).

H. Tajima, N. Shiraishi and K. Saito, Phys. Rev. Lett. 121, 110403 (2018). P. Faist, S. Nezami, V. V. Albert, G. Salton, F. Pastawski, P.

H. Tajima, N. Shiraishi and K. Saito,Phys. Rev. Research. 2, 043374 (2020). Hayden, and J. Preskill, Phys. Rev. X 10, 041018 (2020).
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 Measurement : WAYEE )
KRS . ((EERIE)
| IERECNERECHELIE—LIR

(Unitary gates: 1% 'J—WAYEIEN " Error correction : Eastin-Knill i

BRLEH

\_

ExRiREST — FERCKERIE—-L X

EEI1I=5-—) RLEEH : ((EE RS> R)N—F)LEGFT)
) 9 ESRESRS ([CWERquUbItER y

3DDINTICH U THRZS A DN FITAITEDWAYEE
(CX U CEZXDBREMNENIIRDT, CNZEITI D,
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WAY-OzawaEiE
n /%@%A(:’)L\—c@ﬁﬁﬁugpg G

REEA _EDDER (355,6
WIEEFIESE) HOIC

AU CTRHREICIRD U, 4s + Ag| =0 MIIBEBREISE O
@9 C}z@ﬂﬁ?%t@

d-level system

CC CULDERET. LWk B0zawaDiEE
LU, BREDERICIIVVANARH D :
- Arthur-Goodman’s error and disturbance

- Watanabe-Sagawa-Ueda’s error and disturbance

- Busch-'s error and disturbance
CNBICDUVTIE. WAYRIREIBO I I DI SN TULVRh o &
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WAY-OzawaiE}
= /%@%A(:’)L\—c@ﬁﬁﬁugpg G

RF=A EODEN (D ,6

WEEFIESE) HOIC

B LU CTRHEICTRD U, As + Ag] =0 B EBAEISE
@9 C}z@ﬂﬁ?%t@

d-level system

CCCULDEEEIT. LWHhDB0zawaDiaE

=5(C. WAY-OzawaTEB(Cl3—DOEERMRER DO :
Yanasesft : JO—JIDRIEEEFIMMRFE E 0TV E LT

LA L. [Z7O0-TRI0RIE] NOARENBERDIIARKAERA
%(3. SIQEEERMTZTET, CNSOMBEMRTES

49




SIQEIEDBITENDICF

D eRzE CBELIEIANPIEE |

H. Emori and H. Tajima, arXiv:2309.14172 (2023)
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H. Emori and H. Tajima, arXiv:2309.14172 (2023)

CHORDRBEBRZEED LT, SIQAFEANEDFTR, BRIGEREDEILICH TS
WAYEE(ZT2 D,

[([Ys, A]), | < e(p,A,M)
’ Tcost + Ap Yo: = Xs — ET(Xp)
C
([Y's, AD),| < 1(p, A, M)

VF+h .
/?JCJ\(/)[St + A Ys:= X5 — ET (X))

N5 (dYanaseFE 4= IRE UIRLY, KD —RDOAREI (CIED TLVB,
HEUYanaseFK IS I DREFZIRELUCIHZS. Yo =Y'c = XKLL, ERKD
WAY-OzawaAER, (DAEETLS— /EILR) "5X5N3.
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There is a trade-off restriction [rreversmlht)]

But coherence can
Quantum alleviates it

coherence
10) +11)

%
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SIQHBIE DIEZIIGHE

1. WAYTEIE, unitary WAYEIE, Eastin-Knill EIED#i— EHLE
(Tajima-Saito arXiv 2021, Tajima-Takagi-Kuramochi arxiv2022, QIP 2023)
=»EZNENICDONTHLRSD D

2. BB DMEBED A —4 — LAR)LagMt (Tajima-Funo PRL 2021)
»I*JIFF—T} 1 ADEFEN %% A

3. 2 FEINDIGH
(Tajima-Saito arXiv 2021, Tajima-Takagi-Kuramochi arXiv2022, QIP 2023)
»JSwv a:r\—)wyrﬁ#ﬁﬂnuj [C349 SR F R DHIR

4, AREEMERI% - OTOCADIGHA (Emori -Tajima arXiv 2023)
=B OTOCYOAEEEDEIFDDIRE - BELIT,
2 TSIQEHEDA X TEODFIHRIZS -
wSIQEIR (L., WINENCNSICERLESTHIEZFEITD

BICHE. LD DEZENIGHZIE CULND



SIQBIED (RIFK/THD) [L-HEEH

SIQESDEEMNIGH (FHELNILDIGH)

1. WAYEEDEHH Dunbounded’MRF=(CX 9 BIL5R
(Kuramochi-Tajima PRL 2023b)
= 196 0F LUIRDKAFREIRED—D DEFR,
W EE=RTFEIOT T, (UEFEATHERERAETERRL!

2. Error mitigation®Y > T U > X MERICDWTD/NDI> R
(Takagi-Tajima-Gu PRL 2023c)
= 7R DHHIT I EFEIEDOERS(CDONT
BHENRY > TITUSOIAA MBI HREERD
UE, CNETICSIQMEASNIEHRZTEDHDE @ ‘
EFRDITENS. EFE,. E7:518 =9V —K) ExR EFRHE. JSv0
/R—JL. OTOC., AHEEEIRIE (DFRZE - #8EL) . error mitigation/d &
B»HIEELS BB TES. THENREHEOBECHKIIUDDH DI EEZA TS,



SIQBIED (RIFK/THD) [L-HEEH

Q: WAYER(E=(CIIDDH ?

A : WAYER(XEZIZICIZIIZEZRVWD, BL2RBFERENMITSEI.

TNSEFEICIID !

* : WAYTT(E [ARedE s
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SEBOEREEMDHEONETREE
SIQBEDIBmZ., =S[CHRBIBTTULEU\,
« KDLV RADIGHE
- KDLWERIOXITNGE - tEEEREANADILIR
- FONTTHERDOEERERZE L N)L CORREE

Z D UTIESIQEEDILRDIZSH(C. T8 EIRDRTADOEEZ LR UTT

U(1)XHRE(CH T B non-iid DGR

K. Yamaguchi and H. Tajima, Phys. Rev. Lett. 131, 200203 (2023)
K. Yamaguchi and H. Tajima, Quantum 7, 1012 (2023).

—fiRD > I\D MO\ DOEFEIRY —BF BT, FisherlBEiTiIN VY —RIBEICTRD Z & DEIEA
D. Kudo and H. Tajima, Phys. Rev. A 107, 062418 (2023).

FEEBREE, —DO> )\ M DOiERERY —&(C BT Diid convertibilityD# i/
(LieB¥d* [Lconverse partddy)

T. Shitara* and H. Tajima*, arXiv:2312.15758 (2023).

SREATOZ T U bZHUED. RTAORRZTHRSEDEEEC.  [HTRGE -
Aok - EFEHNRZDDIINTOMRICHERDIBR] ZHEEL TS0
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G X0 > » P < 0B, n(ncar — ) »

N. Shiraishi, K. Saito, and H. Tasaki
Phys. Rev. Lett. 117, 1950601

S HELREDORBEEIZo(N)DEE. BHEMICZ0E L TRONS,
BIR SEHHZ BN TIES 2 RT3, CNEOWN).

L. ODEAN. HHTEELZON)FZFTUMELEEESNRLHS,
EFTIE. CORBREEWTED, L. A gmEONA)ETIBIETER1EHTH B,

2J(p)*  _ .
Agm + Ag = d(p) » P<(Aq+ Aqm)ﬁL rl<77Car — 1) »
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Motivation: SIQ tradeoff for discrete symmetry

Lie-group symmetry.

4 U(1)-symmetry. ) 6iscrete symmetry. )
C
<5 227
. VF+A y _ y
4 )

Extension of RTA to discrete
symmetry is necessary!

é < S(F +1)
g J




Resource theory of asymmetry (RTA)

The RTA is a resource theory treating symmetry of quantum systems.

_ Entanglement theory RTA

Free states Separable states Symmetric states
Free operations LOCC Covariant operations
Resource measure Entanglement entropy Fisher information,
and...

In the next several slides, we define the right column one by one.



Resource theory of asymmetry(RTA)

Free states: symmetric states
p 1s symmetric gt Uy(p) = p, Vg € G
ug(p) = ngUg

Free operations: covariant operations

Eiscovariant & Eo U, = U, 0 E,Vg € G.



Resource theory of asymmetry(RTA)

The RTA is a resource theory treating symmetry of quantum systems.
Let us introduce free states, free operations and a resource measure in RTA

Free operations: covariant operations

Eiscovariant @ Eo U, =U, 0 E,Vg € G.

Property of covariant operations:
- A generalization of covariant unitary:

U satisfying [U,A]=0 is a covariant operation



Resource theory of asymmetry(RTA)

Property of covariant operations:

A symmetric state

Environment ovaria nt | “n
unitary
Ic t t [V’ U;ys < UgnV] =0 Desired opration is
drget system realized here.

An operation C can be implemented as above
< C is a covariant operation for A



Resource theory of asymmetry(RTA)
Resource measure for U(1) case: quantum Fisher information (QFI)

SLD Fisher information for a state family {p;}: pt = e_MtpeMt
4 (e — o)’ ~N
pa pb) 2
F.(A) — 2 Aab
,0( ) az,b Pa + Pb | |

Aab = (a] Alty)
\{pa, 1q } is eivenvalues and eivenvectors of p )

QFI determines the conversion rate of iid state transformation.
|. Marvian, Nature Communications 11, 25 (2020).

Resource measure for compact Lie group symmetry: quantum Fisher
Informatlon D. Kudo and H. Tajima: PRA 2023

Question: How about the discrete symmetry?



Resource theory of asymmetry(RTA)

T. Shitara* and H. Tajima*, arXiv:2312.15758 (2023).

Conversion ratio for discrete symmetry
(arbitrary finite Abelian group):

In this case, there are no single resource measure determining the
conversion ratio of iid state transformation.

But the conversion rate itself is determined:
~ ™

| Iog|/15(1/))|
R(Y = ¢) =minge; logl a4

- J

Namely, there are resource measures {Ioglxla(t/))n%_{ﬁ} . and the

|Og|la(l/)) |
loglagey|

We also derive results for arbitrary finite group and arbitrary compact Lie group!

conversion rate is equal to the minimum of the ratios
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Hayden-Preskil| DE#AT
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k - qublt N-qubit RITIAFENTZR(CS
{R7E: sHlzqubithH', L{E

- JSvOiR—)L. A2 E1—4. IR—F 2 TmPIETqubitDESHKREHRE D
- TS5vOR—)LDS A F =2 X (FHaar random unitary T& 3
Y&k

AT

8y < const.x 2—(-k)
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SIQEMED T 5w IiR—) LYIEEANDIGF

k -qubit N-qubit 207“1_5:7}’17' B(CS
sizqubitht. L&
Hayden & Preskill AT (. UL, TR —ﬁT?EU%EWEL/—CL\TCLL\
THRILF—RFAZRELULHEE. LEREOEmEEDENDDH?
W DHDITATIHARICEWNT., REFHIDTFTTIEIT S v IR—ILSDIEHREHEIC
ENHECDDTEIRVD EWDSREEMNISNIC
B. Yoshida, Phys. Rev. D 100, 086001 (2019), J. Liu, Phys. Rev. Research 2, 043164 (2020).

BF(CTFEEAZE T, [BEREIET S —Dlowerd KU upper boundHhs kSN TLVD

Y. Nakata, E. Wakakuwa, M. Koashi, arXiv:2007.00895 (2020)

U U. FEiTizRdlower bound(di < D \Dextra’/dikE EibEZmEE T B
B4 DORBEMNMSE. 3 UEREDRVEERE IR lower boundZ3RDDCENTES,

AT




SIQEMED T 5w I7R— ) LHIRANDIGFE

HT and K. Saito, arXiv:2103.01876 (2021)

’r t.‘ —) i

k -qubit N-qubit RITAFENIZRRICE
{R7E : Hizqubitht. L&

- JSwvwOm—)L, OE1—4. R—F 2 TEHFEETCqubitOEEREHRTETSD
- TSV OR—IDIAFZOABIRIIE—REFNEHET. [+DCEMNE
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TEER const.
Wz e ERLYE. y=1—-
1 +2¥< feLylde y=1-o
JY = TS w IR— LR IS

DFED. TSVIR—ILISDEHREEE. TS5vIR—ILEDEREFELTH,
T ICMRF T DTS — M5k SN0




[EIRIEHERE DL
HT and K. Saito, arXiv:2103.01876 (2021)

K2 DR, REFAZIREULUTIHZESEEDTRUWVMEE T, ISV IR—ILNSED
BERARHEDRAE— RPIELENDZEZRLTND :

_ _ 0.251 (a) the case N=1024, k=32
Case without symmetry Case with symmetry
: —: Lower bound (15)
0.20} ——: HP upper bound (9)

(b) the case N=10* k=10"
=== : Lower bound (15)

) (=)
R

“
S
)
e
-, > o01s)
, e § ' ===+ : HP upper bound (9)
A < 0.10
s Q
.
5
3 005
a
Black hole reflects all of the Black hole reflects only a part of the oo
thrown quantum information. thrown quantum information. The rest 0.2 0.4 0.6 0.8 1.0
cannot escape from the black hole. Ratio of evaporation of the black hole I/(N + k)
\
—(l=k) const.
0o < const.X 2 )
? 22~ ¢
1+
- /
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HT, R. Takagi, Y. Kuramochi arXiv:2206.11086 (2022)
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