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[MonuMaHue CYTH TNPOMCXOXKICHUS CTPENbl BPEMEHH OCTAeTCs
(byHmaMeHTanpbHOW Hay4dHOW mpoOieMoii. B paMkax cratmcTHdeckoi (DHU3HWKH,
9Ta mpobiemMa Obljla HEpa3pbIBHO CBs3aHA CO BTOPHIM 3aKOHOM TEPMOMHAMUKN
M C BBIBOJIaMH O TOM, YTO POCT DHTPONHUHU OOYCIABIMBACTCS 3AN)Mbl6AHUEM
CUCTEMBI ¢ OKpYyxKaromei cpefoii. OHAKO ele MPEICTOUT BBIICHUTH, SABISCTCS
I HEoOpaTUMOCTh BPEMEHU (YHIAMCHTANBHBIA 3aKOHOM TIPUPOJBI  HIIH,
HA00OPOT, €ro MOXHO OOOWTH. 37eCh MBI MOKaKEM 4YTO, B TO BpEMs Kak B
NPUPOJIE KOMNAEKCHOE COnpsidicenue, He0OOX0IUMOe Ul 0OpalleHusl BpEMEHH,
9KCIIOHCHIIMAJIBHO MAaJOBEPOSATHO, MOKHO Pa3paboTaTh KBAHTOBBIA alTOPUTM,
KOTOPBI BKIIOYaeT KOMIUICKCHOC COMpPSDKCHUE U, TAaKUM 00pa3oM, oOpamaer
JAHHOE KBaHTOBOE COCTOSHHE MO BpeMEHH. VICIOJIb30BaHHE 3TOr0 alropuTMa
Ha  KBaHTOBOM  KoMmmbiorepe |IBM  mo3Bomsier  3KCiepUMEHTAIBHO
MPOJEMOHCTPUPOBATh OOpaTHYIO JWHAMHKY BPEMEHHM JJIsi  DJIEKTPOHA,
paccesiHHOTO Ha JIByXYPOBHEBOW IPHUMECH.
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Ha mpoTsskeHMH IeCSTHICTHH WCCIEIOBATEIM IIBITAIMCh MOHATh, KakK HEOOpaTUMOCTh
OKPY)KAIOIIEr0 MHpa BO3HHUKAET M3 KaKYIIUXCA CHMMETPHYHBIMH IO BPEMEHH (yHIaMCHTAIbHBIX
3akoHOB (hu3uku [1]. DTOT BOIpOC Tak e cTap, Kak W KJIaCCHYECKas CTATHCTHYECKas MexaHuka [2-6],
KOTOpasi cama 1o cebe TpecTaBisila IONMBITKY paspelinTh 5Ty 3araaky. KBaHTOBas e MeXaHHKa
BCTYNWJIA B IPOTHBOPEYHE C ABYMSI BXKHBIMHU IPEANONOKCHUSAMH. [IepBoe, HE3aBUCUMO TPEIOKEHHOE
Jlaugmay [7] um ¢on Heiimanom [8], mocrymmpyer, Yro HEOOPaTUMOCTH CO3IAa€TCs MPOIECCaMU
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MaKpOCKOITMUECKUX M3MepeHuil. Bropoe, cnenys Burnepy [9] yrBepknaer, uto omeparms oOpalieHus
BpEeMEHHU TpeOyeT NpHUBICUCHUS aHTUYHHTApHBIX NMPeoOpa3oBaHMl, MOCKOJIBKY TPeOyeT KOMIUIEKCHOTO
conpspkeHuss. CoBceM HEIABHO OHTOJOTMYECKHH cTaTyc oOOpamieHuss BpPEMEHH, KaK CHMMETPHUH
KBAaHTOBOH MEXaHHKH M KaK BEPCUH TEOPHU BEPOSTHOCTHOM, MOApoOHO obOcyxnanack B [10, 11].M3-3a

ALY

TpeOOBaHMS KOMIUIEKCHOTO CONPSKEHHS YHHBEpCANbHAs OIepanus OOpamieHHs BPEMEHH JIEKUT BHE
KBaHTOBOW O0JaCTH M HE BO3HUKACT CIIOHTAHHO B TPUPOC. BEIMIENPHUBEICHHBIE THUMOTE3bI, XOTSI U
UMEIOT pelIaroliee 3HaYeHHe caMu 10 cede, TeM He MEHee IMPEICTAaBISIOT CO0O0i JBa pa3HBIX KIIHOYa K
OIHOMY U TOMY K€ 3aMKy. B 3TO# cTaThe MBI pacKpbIBaeM B3aMMOCBSI3H MEXIY STHMH, Ka3aloch OB,
HECOMOCTaBUMBIMU KJIOUaMU. VI3BECTHO, YTO AUCCHUMOAIUS SIBISICTCS YACTHBIM CIy4aeM YHUTApPHOU
SBOJIIONIAY, COMPOBOXKAAIOMIEHCS 3amyThIBAHWEM. 3allyTaHHOCTh, B CBOIO OYepedb, YCIOXKHSIET
KBaHTOBBIC COCTOSIHUS, BOBJICKash BCE OOJIbIIEC U OOJBINE CTEIEHEH CBOOObI, YBEIMYUBAS CIOKHOCTH,
YTO JICNIAeT CIIOHTAHHOE OOpallleHHuEe BPEMEHHU KpaiiHe MaJoBEpOsATHBIM. Harle paccMoTpeHHe yTOYHSET
nmoHnMaHue HeoOpatumoctd 1o Jlangay—don Heiimany. Kak oka3zamoch, MpoIEcc M3MEPEHHUS MOXHO
omucaTh KaK COBMECTHYIO YHHUTAPHYIO DSBOJIOLMI0O KBAHTOBOM CHUCTEMBI M MaKpPOCKOIMUYECKOTO
U3MEpUTENbHOr0  ycTpoiictBa.  [lomydeHHass ~ MakpOCKOMMYECKash  3allyTaHHOCTh  MOPOXKAAET
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HENPEOJIOJIUMYIO CIIOKHOCTD MPOIIETYPhI 0OparieHus. Mbl MOKaXkeM, 4TO, HEOXKHUIAHHO, JaKe SBOIIOIUS
COCTOSTHMM OJTHOW HMJTH ABYX YaCTHI] B CBOOOHOM IMPOCTPAHCTBE MOPOIKIACT CIIOKHOCTD, KOTOpAs JeIacT
CIIOHTAaHHOE OOpallleHue BPEeMEHH 100 KpaiHe MajJOBEPOSTHBIM, 00 (haKTUIeCKH HEBO3MOXKHBIM. DTO
TOBOPUT O TOM, 4TO ypaBHeHHe lllpemunrepa, ompenemnstoniee dBOIIONUI0 KBAHTOBBIX CHCTEM, HESIBHO
BJICYET 32 CO00M HEOOPATUMOCTH, TO €CTh U MPOSBJICHHUE CTPEIIBI BPEMEHHU B TIPUPOJIC .

|1. Pa3BopoT pacnpocTpaHsiiomierocsi BOJIHOBOI0 MaKeTa

To, 9TO B KBaHTOBOW MeXaHWKE I BBHITIOJIHEHHUS ONepanuy oOpameHus: BpeMeHH HeoO0X0AnMO
BBITIOJTHUTh KOMIUICKCHOE CONPSDIKCHHE BOJHOBOH (DYHKIIMHM, O3HAYAEeT, YTO OIEpaTop OOpalieHus
BpeMeHH T SBIISETCA TPOM3BEJCHHEM OIEPaTOpa KOMIUIGKCHOTO COMpsDKeHHs K ¥ YHHTapHOTO
Bpamenust Uy, T. e. T = Uz K, rae mmst moboit P, K = P*. Dta omeparus oTpakaeT HE TOIBKO
CKOPOCTH, KaK B KJIACCHYECKOH (pu3uKe, HO MEHseT M (pa3pl KOMIIOHEHT BOJHOBOWM (yHKInu. OOIei
YHHUBEPCAIBHOH Olepaliyu, CiocOOHOH 00paTUTh BCIATH JTHOOYIO MMPOU3BOIBHYIO BOJTHOBYIO (DYHKITHIO, B
MIPHUPO/JIe HE CYIIECTBYET. TeM He MeHee, HeKOoTopas crnenrduyeckas P-3aBucumMast oreparys Takas, 4ro
Ulpllj = "MOXKET CYIIECTBOBATh, U HIKE MBI SIBHO MOCTPOUM TaKyO OIMEPAIUIO JUI CUCTEMbI KyOHUTOB.
st 3TOro Hy)XHO CKOHCTPYHMPOBATh HAJICUCTEMY, BHEIIHIOIO 10 OTHOIICHHIO K paccMaTpUBAEMON
CHUCTEeME M CHOCOOHYIO OCYIIECTBISATH IIEJICHANPABICHHOE MaHWMYJIHNPOBaHWE NaHHOW cucTeMoil. B
MpHUpoJie, B MPOCTEHIIEM CiIydae OJHOW YaCTHIBI, POJb TAaKOH HAJCHCTEMbl MOXXET B3STh Ha ceOs,
HanpuMep, pIyKTyupyromiee 3JIeKTpOMarHuTHOE moJie. YTOOBI MOTydnTh MPECTABICHUE O TOM, KaK 3TO
paboTaeT, pacCMOTPHUM BOJIHOBOH ITaKeT, COOTBETCTBYIONIMI YaCTHUIIE C KBaIpaTHYHON IHCIIEpCHEH
sHeprun € = p?/2m, rae P— UMIOyIbC YAaCTHIBI, a M— Macca YacTUIbI, PACHPOCTPAHSIOMIMIICS B
npoctpancTBe (cM. Puc.l). DIeKTpOMarHMTHOE TOJNE CUYUTACTCS TMPEHMYIIECTBEHHO ClabbiM, 3a
UCKJTIOUCHUEM peIKUX QIyKTyanuii. PacnpocTpanenne BOJHOBOIO NakeTa KOorepeHTHO. OCHOBHYIO YacTh
BPEMEHH BOJIHOBOU MAKET PaCIPOCTPaHICTCS KaKk
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Puc.1l. Ilpomemypa oOparieHWss BPEMEHH I TayCCOBCKOrO BonHOBOro makera y(x,0) « e 202 =1 (a.e.).
Bosnnosoii makeT pacnpoctpansiercs y(x, 0) = y(x, T) cornacHo KBagpaTHYHOMY raMHIGTOHHAHYPZ /2mM B TeUeHHE
BPEMEHHOTO MHTepBaia T = 3mo?/h. B MOMEHT T cucTeMa MOJBEPraeTcs CTYNEHYaToOMy  BO3JEHCTBHIO
SIICKTPOMAarHuTHOr0  moteHmmana v(x) (BTopas maHenb). DIyKTyanus NPUOIM3UTENBHO (C TOYHOCTHIO,
COOTBETCTBYIOIIEH IJIOTHOCTH TOYEK Pa3OUeHus1) coNpsixkeHa ¢ (pasoii BonHoBoH Qpynkiuu: @ (x,77°) - @(x, 710 =
@(x,77°) + ev(x,7)87/h) (tperhs manens). IloaroToBneHHOE OGpaTHOE 1O BpeMeHH coctosHue (X, T) 3aTeM
cBOGO/IHO JBOIIOLHOHMPYET B TEYEHHE TOTO e MHTEPBAjla BPEMEHH T M NPHMXOAMT B CKaToe coctosHue (X, 27)
(uetBepras mamens). ITomyuennoe coctosume  ((x,27) umeer 86% TNepeKphITHS C HAYATBHBIM COCTOSHHEM
y(x, 0), mOKa3aHHBIM KPHUBOI O] [TyCTOM 000JI0YKOM HA YETBEPTOU MAHEIIH.




BpeMsi m3MeHeHus (as3pl. UToOBI yCTaHOBUTH (PIyKTyalnH KOMIUIEKCHOTO COIPSDKEHHS Y, pa3aeinuMm
KOOPAMHATHOE MPOCTPAHCTBO Ha OOJBIIOE YHCIO IEMEHTAPHBIX f4eek O0X,, rae (aza BOTHOBOH
¢byHkuuu @(x,T) W3MEHSETCs MEIJICHHO W OyneM HcKaTh OBICTpBIE 3JEKTPOMAarHUTHBIE KoJieOaHus
noreHnuana V (x; t) Ha (oHE INAAKMX MO sYelKkaM, W BO3Bpamarh (a3bl BOIHOBOH (YHKLUH:
[ dteV (x,, t)/h = —=2¢(xy, 7). Ecnu B Teuenue T BonHoBoi naket (1) pacnpocTtpanmics ot pasmepa Ly
no pasmepa Ly = ht/mLy, To mnorpedyercs N~ € 1/2(L./Ly) dneMeHTapHBIX sueeK, 4YTOOBI
NIPUOJIM3UTENLHO BOCCTAHOBMTH KBaHTOBOE cocrosaue W(x,T) = § (X,T) ¢ BeposTHOCTBIO 1—€:
T (x, T)|W" (x,7))|? = 1—€ (cm. Tpunoxenne A). Torna BeposTHOCTb CaMOIIPOM3BOILHOTO Pa3BOPOTA,
T. €. BEPOATHOCTh MOSABJICHUS TpeOyeMbIX (IyKTyanuil 31eKTpOMarHUTHOTO IOTEHIHANA, OLEHHBACTCS
kak 2N, Cpennuii MaciuTab BpeMeHH T, Ha KOTOPOM CHOHTaHHOE OOpAllleHHEe BO BPEMEHH BOJHOBOIO
MaKeTa BCe eIle MOXKET MPOHUCXOANUTh B TEUCHHUE BPEMEHH XHU3HHU BceneHHON OLeHMBAeTCsl BETMYUHOMN
Ty~4.3 x 10"cex.. Tocnemmee momydaem u3 omenkn 2™V, rae umcno steex N~ €72 ((E)t/h)
BBIpA’KAeTCs uepe3 CpeaHior sHepruto wactuusl (E) = h2/mL3. Eciu B kadecTBe cpenHeil sHepruu
BOJIHOBOTO IIaKeTa B35ATh DHEPIHIO, COOTBETCTBYIOIIYIO TeKyllell Temmeparype Bcemennoint 2.72K, To
monmyunM T = 6 X 10711 cex. Takum 0Opa3oM, BUIHO, YTO JaKe B MPOCTEHIIEM BO3MOKHOM IpHMEPE
OJTHOW KBAaHTOBOW YaCTHIIBI OOpalieHHE BpPEMEHU YXKE SBISICTCA CIIOKHOW 3amadeid, Tae Jake IpH
yactotax B GHzTpeOyemas dnykryanus Henabarooaema B TEUSHUE KU3HU BeeneHHON.

Teneps paccMoTpuM Oonee CIOXKHBIN NpUMEp M IPOJEMOHCTPUPYEM, 4YTO cemapadenbHoe
cocrostame P(xq, X;) = [P(x)P(xy) i1 +i02062) y3 npyx wactii He MOKeT GBITH OOpAIICHO
KJIaCCHYECKUMH (DIYKTyalusIMH TOJISl B Cilydae, KOTAa BOJHOBBIC (DYHKIIMH YAaCTHIBI TEPEKPHIBAIOTCA.
IIycTh 00€ JacTHITEI UMEIOT OJMHAKOBBIN DJIEKTPUUICCKUN 3apsa ¢ M B3aUMOACHCTBYIOT C KJIACCHISCKUM
JNEKTpUYecKUM ToTeHImanoM v(x; t). IloTennmanbHble (GIyKTyanud NPOU3BOAAT (ha30BBIE CHABHUTH
[ dtqu(x,t)/h. CooTBETCTBEHHO, COOTBETCTBYIOMME (IIyKTyallid, CIIOCOOHBIE OOPATHTH KBAHTOBOE
COCTOSIHUE, JIOJDKHBI YIOBJETBOPATH YCIOBHIO @1 (X1) + @5 (x5) + [ dt[qu(xy, ) + qu(ax,, t)]/h =
= —@1(x1) — @5 (xz). dnst x; = X, 970 o3Hauaer [ dt qu(x,t)/h = —@i(x) — @,(x), u mosTOMY TIpH
X1 # Xy YIOBJIETBOPUTH YCIOBHIO (5 (X;) + 1 (x1) = @,(x1) + ¢1(x3) B 0011IEM ClTydae HEBO3MOKHO.

KBaHTOBasi 3amyTaHHOCTh BBOAMT CJCAYIOIIMI YpPOBEHb CIIOKHOCTH TIPOLEAYPhl OOparieHus
BpeMeHH.  PaccmoTpuM  gByxuacTMusHoe  coctosHEe  U(Xp; Xp) = |P(xg,xp)|efPELF2) ¢
HecenapadeabHON (cumMMeTpU30BaHHOM 1o YacTHIIAM) BOJIHOBO# byHKIHEH
o(x1; x2) =1 (x1)b;(x2) + a,(x1)b,(x2). B aT0l curyanum gaxe Jyis HEMEPEKPHIBAIONIMXCS YaCTHII
¢ @(x1; x2) = 0panaxl = x2 JBYXYaCTHYHOE COCTOSIHUE HE MOXET OBITh  0OpaieHo
B3aMMOJICHCTBHEM C KIIACCHYCCKUMU TOJISIMH. [1yCcTh TOCTYN K YacTHIIAM Pa3IMYHBIMU MOJISIMU, KOTOPBIE
MHIYIUPYIOT OTAebHbIe hasoBbie caBuri: P(xy,x,) — P(xy, xp)eP1(¥)+i0206))  Punynuposannsie
(ba3oBbIe CABHUIH JOJDKHBI YAOBICTBOPATH COOTHOMICHUIO: B (X1) + B, (xy) = = —2¢(xq, x,), MO3TOMY
JUIS IFOOBIX TPEX TOUCK X # X, # X3 JOJDKHBI BBITIOJHATHCS CIIEAYIONINE YCIOBHUS:

D1(x1) + B2(x3) = —2 [a;(x1)by(x2) + az(x1)b(x3),
B1(x1) + B2(x3) = —2 [a;(x1)by(x3) + az(x1)by(x3).

BBILH/ITaﬁ, nojry4acm @2(%’2) - @2(%’3) = _Zal(xl)[bl(xz) - b1 (X3)] - 2a2 (xl)[bz (xz) - b2 (xg)],
rac JjeBasd CTOpOHa HE 3aBUCHUT OT X, U IIO3TOMY HYXHO IIPEANOJIOXKHUTH, YTO Aq WU dp ABIAIOTCA
IHOCTOSHHBIMU. 3TO, OOHAKO, IMPOTUBOPECUYUT NPECAIOJIOKECHHUIO O HeCCHapa6eJH)HOCTI/I (p(xl, xZ).

B pesynbrate paccessHMA ABYX JIOKQJIM30BaHHBIX BOJIHOBBIX IAKETOB MOXET BO3HUKHYTh
3alyTaHHOE JBYXYAaCTHYHOE COCTOSHHE C HempepbhlBHOM (azoBoit ¢yHkimeit [12]. OgHako, kKak Mbl
BUJIETIH, eHepalsi OOpallleHHOI'O BO BPEMEHU COCTOSHMS, B KOTOPOM YaCTHILA PACHYThHIBAETCS B XOJE



4.

CBOCH 3BOJIIOIMH BIIEPE]l BO BPEMEHH, TPeOYeT CenU(MUISCKUX ONepaIiii ¢ IByMs 4aCTUIIAMH, KOTOPBIC
B IEJIOM HE MOTYT OBITH CBEIEHBI K POCTOMY PACCESHHIO JIBYX YaCTHII.

3 BBINICH3I05KEHHOI'O MOXKHO CICIATh BAXXHBIC BHIBOABI O IPOUCXOXKICHUN CTPECIIBI BPDCMCHU:

() ons obpawenus epemenu HydlcHa Haocucmema, MAHURYIUPYIOWAs OAHHOU cucmemoll. B
OONbUWUHCMBe CYYUAe8 MAKAs HAOCUCIEMA He MOXNCEN CAMONPOU3BOIbHO GO3HUKHYMb 6
npupooe.

(i) oaorce, ecnu maxas maocucmema 603HUKHEM Ol KAKOU-MO KOHKPEMHOU cumyayuu, O
COOMBEemMcmeyouec0  CNOHMAHHO20  00paweHus  8peMeHu  00bIYHO  mpebyemcst  8pems,
npegvliaiouee epems dHcusnu Beenennot.

Hagcucrema Takoro poma MoxeT OBITH pealn3yeMa TaK Ha3bIBAEMBIM YHHBEPCATBHBIM
KBaHTOBBIM KOMIbIOTepoM. OH crocoOeH 3(()EeKTHBHO MOJECIUPOBATh YHUTApHYIO TUHAMHUKY JIOO0OH
(bU3MYECKOi CUCTEMbI, HaIeNICHHOW JIOKaJbHBIMU B3aumoaencTBusiMu [13]. CocCTOSIHUSI CHUCTEMBI
KOAMPYETCS B KBAHTOBBIE COCTOSHUH KyOWTOB pErucTpa KOMIBIOTEPA, a €ro dBOJIOLHUS PEeTyINPYIOTCS
KBaHTOBOW MpPOTrpaMMON — TMOCJIEJOBATEIbHOCTBIO YHUBEPCAIBHBIX KBAaHTOBBIX I'€HTOB IJIsi KYOHTOB
peructpa. B manpHeiimmeM Mbl cHauyana chopmyiupyeMm oOIIMe MPUHLIUIBI TOCTPOSHHS AITOPUTMOB
oOpartreHusl BpeMEeHH Ha KBAaHTOBBIX KOMITBIOTEPAX, a B CIEAYIOIEM pa3fielie MPeACTaBIM MPAKTHIECKYIO
peanu3alMio  HECKOJNBKMX  KYOWUTHBIX  aJirOPUTMOB,  KOTOpbIE  TO3BOJMJIM  pPEaIN30BaTh
9KCIIEPUMEHTANBHYIO TPOIIeTypy OOpalieHusi BpeMEeH! Ha KBAHTOBOM KOMITBIOTEpE

[11. O6muii anropuT™M odpaiieHusi BpeMeHHU

PaccMOTpuM KBaHTOBYIO CHCTEMY, H3HAYAJIBHO MOATOTOBICHHYIO B coctosiHuu y (t=0), u mycth
OHa JBOJIIOIMOHKUPYET 32 BpeMs T B coctostaue P(t) = e~ iHt/h P(0). Haiinem MUHUMAIBHBIN pa3Mep
KyOUTOBOTO pErucTpa, HEOOXOMUMBIM st MonenupoBanus nuHamuku cuctembl P(0) = P (T) c
3aaHHOM TOYHOCTBHI0 1—€E. BribepeM KOHEYHOE MHOKECTBO MHTEpBaloB Bpemenu t; € [0,T], i =
0,.. NM'npu ycnosun [(Y(t)|W(tis1))? =1—€ ¢ ty = 0 ana nHekotoporo Majnoro € > 0. Torma
060 MoMmeHT t € [0,7 ] coctostHus P(t) MOXET OBITh alPOKCUMUPOBAH JAMCKPETHBIM MHOKECTBOM
cocrostauit {Y(t;); i = 0,... N’} ¢ Tounocteio 1—€. MuoxectBo cocrosamii f(t;) OXBaThIBacT
THILOEPTOBO MOANMPOCTPAHCTBO & pasmepHoctd N < N'. Takum o6pa3oM, N Ga3vCHBIX BEKTOPOB

le;) € § MoryT GBITH MpeaCTaBIeHA MOCPEACTBOM N OPTOTOHANBHBIX COCTOSHUM KyOHTOBOIO pErucTpa
le;) = |b;) = |bgby ...). CooTBeTrcTByIOMmMI KyOMT TaMHITOHHaHAa H, KOTOpBIi HMMHTHPYET

OpHUTrMHANIBbHBII raMuIbToHHaHa H, onpenensercs coorHourenneM (H); i = (Elm |Bj) = (el-|7-A[ |ej).

Huxe MBI BBOAMM JBE TIPOLIEAYPHI KOIUPOBAHUS |e;) — |Ei). IlepBas. B noaxoxae pa3pe:keHHOTO
koxupoBanus (sparsecoding approachjiasnagaercst OTAEIBHBIN KyOUT I KaKIOTO COCTOSIHUS |e;),
i €[0,NV—1] a COCTOSIHHE Y(7) KOAMpYeTCs B NV -kyburoBoe COCTOSIHHE
[Py = SN ;|00 ... 1; ...05_1). Bropoe. ITnommnas cxema xomupopamms (densecoding),s koTopoi
cocrosue (T) 3amuchBaeTcs B cocTosHue w3 n = int[log, (V)] + 1 ky6ur — |P(7)) = Y51 |i),
rae  |i) = |bg ... by_1) SBISETCS BBIYUCIUTEIBLHBIM OA3UCHBIM COCTOSIHHEM, COOTBETCTBYIOIIHM
JIBOMYHOMY TIPEJICTABICHHIO UUCIA | = Ypod by 2" 17K

Onepanus oOpameHns BpeMeHH R KyGHTOBOTO PErucTpa MOXET ObITh NPEICTABICHA B BHJC
npomssenennss R = Up K omepatopa xommnexcHoro compsokenns K, K(i;|i)) =1; u HekoToporo
yauTapHoro omeparopa Ug , ubi dopma ompenensiercs ramunbTonuanom H, Up = U,T,U,i}, e H =
U ;diag{El . E,}0y (cm. TTpunosxenue B). ITosToMy U1 pean3aiyy olepaliy oOpalieHns BpeMeH: R
HEOOXOAMMO 3HATh TAMHIBTOHHMAH H  sABHO. 3aMeTHM, 4YTO KBAHTOBBIH KOMIIBIOTED CIOCOGEH

MOJIEJIMPOBATh YHUTAPHYIO AMHAMUKY, YNPAaBISIEMYIO MPOW3BOJIHHBIM TaMIIBTOHHAHOM, BKIIOYAs Te,
KOTOpbIC HE COOTBETCTBYIOT Kakoi-mubo Qusuueckoil cucteMe (HampuMep, ¢  HENOKATbHBIMH



raMUJIbTOHHAHaMK). VI3BECTHO, YTO COBMECTHOE MpPeoOpa3oBaHUE 3apsOBOTO COMPSKCHUS, HHBEPCHU
YETHOCTH W OOpAaIeHHs] BPEMEHH PacCMaTPHUBAETCS KaK TOYHAs CHMMETPHS BCEX M3BECTHBIX 3aKOHOB
(u3MKH, ¥, CIeI0BaTENbHO, KyOUTOBBIH raMIIBTOHMAH H, COOTBETCTBYIOIIMII peanbHOi (hHU3HUECKOil
CHCTEME, TaKKe JOJDKEH cOoOMofaTh 3Ty cUMMeTpuro. [loaToMy yHuTapHas omnepanus, ONMHCHIBAIOIIAS
5BOIIONHIO (DM3MUECKOi chcTeMbl Ugp, B OOIIEM HM3BECTHA M NPEJCTaBISET co0OH IpeoGpa3zoBaHMme,
YHACIIeJOBAHHOE OT CHMMETPHH 0OpalieHHs BpeMEeHH HCXOIHOTO TaMunbToRnana . B wactHOCTH, ecnn
KyOMTHBI TaMHIGTOHMAH H pealeH, TO COOTBETCTBYIOIMiA omeparop sBomormul(T) = et AT/h
CHMMETpHUEH, 4TO BJeUeT 3a coboii Up = 1.

B nasnbHeifimeM Mbl IpenonaracM, 4To YHHTapHbIi Ur M3BECTEH M COCPEJOTOYCH HA YHUTAPHOM
peaM3aliy Olepaliy KOMIUIEKCHOro compsikenus K , K — Uw. B 9acTHOCTH, MBI KOJHUYECTBEHHO
OLICHMBACM CIIOKHOCTh TAaKOW pealu3alliM, Kak ps DSJIEMEHTAPHBIX KBAHTOBBIX TEUTOB WIN/U
BCIIOMOTATEIbHBIX KyOHUTOB, HECOOXOMUMBIX JJIS PeaTU3aIin ﬁlp. J11s pa3peKeHHOM CXEMBI KOJUPOBAHUS
KOMIUIEKCHOE compsikerne N -kKyOuTHOro coctosuust [Y) = Y oY1h;|ei®i|0g ... 1; ... 0p_1) MOxeT
OBITH BBITIOJHEHO YHMTapHOW onepanuei l7$) = [T '® T; (—2¢,), tne T;(¢) — equmuuanbii ky6ut
onepauui: T;(9)]0;) = |0;) and T;(¢)|1;) = e'?1;. CiiemoBatensHo, pa3peKeHHAs CXeMa KOIMPOBAHMUS
BooOIIEe He TpeOyeT Ooiree "pacmmpeHHBIX" MBYXKYOUTOBBIX TEHTOB, HO TPpeOyeT OOJBIIOr0 KOTMIEeCTBA
N kybutoB. [Is TUTOTHOW CXEMBI KOJMPOBAHHS CHUTyallMs MPOTHBOMOJIOXKHA: 3Ta CXeMa BKIIIOYAET
TOJIBKO JIOrapu(MHUIECKH MEHbIIIEE YUCIIO N KyOUTOB, HO BMECTO Tpedyercst peanu3anus 2™ n-KyOUTHBIX
omeparumii  ycioBHoro asoBoro ciasura K — ’U&,Z) = Zfzal lj)(jle"%'%i, xortopeie m0GABISIOT

npaBuiIbHBIE (Da3bl K KaXIOW KOMIIOHEHTE COCTOSHHUS |U): U&,Z)hp) = |¢*). CrnenoBaTensHo, U&,Z)

JOJDKEH BKIIOYATh JBYXKyOWTOBBIE TrelThl, T. €. ycioBue — NOT (CNOT) reiitel. KonudecTBeHHO
CJI0)KHOCTB CXEMBI IIIOTHOTO KOJAMPOBaHHsA MbI oreHuBaeM uncioM Ng CNOT reiitoB, HeoOX0MUMBIX
s peanmsannn. Kaxyro omepaumo casura dhasst ¢;(@) = |i)i|e!? MOKHO MOCTPOUTH ¢ ITOMOLIBIO
n — 1 BcomorarensHeIX KyoutoB u 2 (n-1) reiitoB Toddonu, kak mokasano Ha Puc. 2(a). s sToro

norpedyercs N®[U$)] = 12(n—1)2"~12N log,(N) CNOT reiitoB. OaHako MOpPaBUIBHOES

pacronoxenne ¢; oreparyii, oka3aHHbIX Ha prc. 2 (D) MOXET YMEHBIINT 3TO YHCIO IO JMHEHHON
3aBucuMoctH N': Ng~24N (cm. Ilpunoxenne C). Takum 00pa3oM, MbI IPHXOAUM K BBIBOAY. Yucno
NIeMEHMAPHBIX onepayuli, HeodXo0uUMblX 05 MOYHOU Npoyedypsvl 0OpaweHUss 60 BpeMent OUHAMUKU
K8AHMOBOU CUCMEMbL, KOMOPAs & X00e C80ell 380I0YUU 0Xeamvléaem 2ulbOepmoso NpoOCMpaHcmeo
pasmeprocmu N, oepanuuerno ceepxy nexomopuvim uuciom O(N).

V. DkcnepuMeHT 10 00pallieHuI0 BpeMeHn

Teneps MBI TOTOBBEI TPOBECTH IKCIIEPUMEHT, PEATH3YIONIHN ABYX- U TPEXKyOHTOBBIC ITPOLEAYPHI
oOpallleHus] BPEMEHU C HCIOJIb30BaHHEM OOIIEIOCTYITHOTO KBaHTOBOTO Kowmmbiotepa IBM. Mer
MOJICITIPYEeM OJJHOMEpPHOE PAcCesHUE YacTHI] Ha JByxXypoBHeBoW mpumecu (TLI). Jlunamuka npumecu
ompenenseTcs raMmisToRMaHoM H; = Aw(cos a 6, + sina 6,). Ilotennuan paccesHus HaGmogaeMoit
YyacTHIIECH, 3aBHCUT OT cocTossHUsA TLS. COoOTBETCTBYIONIUI oOIEpaTop pacCesHUs HMEET BHI §¢ =
[ON0| ® So + |1X{1| ® S; , tme Sy u S; — cuUMMeTpHUHbIE yHHTapHBIE MATpHUIBI paccesHus TLI B
cocrostauu |0)) wm |1).

3amada paccesHUs] MOJEIUpyeTcs 3Bojroimedl KyouroBoro peructpa Uppiclqi) @ (1¢1) Q@ @
|gn)), tme |q;) xybut ommceiBaeT coctosiHEe TLI, a ocramgpHble KyOHTBI OMHCHIBAIOT COCTOSHHUC
paccessHHBIX uyacThil. basucuele cocrosaus |0;) u |1;),i = 1,...n COOTBETCTBYIOT JEBOMY H IIPaBOMY
BXO/ISILIEMY/HCXOSAIIEMY COCTOSHHSM i-H 4acTuIbl. MBI paccMaTpuBaeM MpOLECCHl, B KOTOPBIX OAHA
WIN JIBE BXOJSAIINE YACTHLIBI PACCEHBAIOTCS HA CBOOOAHO pa3BuBatomiemcs TLI.



CootBercTByOmUe 2-KyOUTOBBIE H 3-KYOHTOBBIC ONEPATOPHl JBOJIOIUM HMEIOT BHJI:
Uopic = U;(7) -f&,l) - U;(0) n Uz = Ui (1) -S&}z) - U; (1) -5‘&,1) 0,x), toe U;(x) = e H/"  omucwisaer
cBoOOmHYIO 3BOompOIMEO TLI, a § (L), i = 1,2,2-omeparop paccessHUS IS |-l YACTHIIBIL.

COOTBETCTBYIOIIHME KBAHTOBBIE CXeMBI, peann3ytomue U,pitt 1 Uspie, TTOKa3ansl Ha Puc. 2() u 2(e), (cMm.
nopooHyto uHGopmaiwio B [Ipunoxkenun D).

Mogens 2-kyOUTOBOTO paccesHus] HajeleHa CUMMETPUYHBIM omnepaTopoM 3Bosotuu Uspie  H,
CJIEZIOBAaTENbHO, U1 ee OOpalleHus BO BPEMEHHM MOTPeOyeTcs TOJIBKO Ollepalys KOMIUIEKCHOIO
compsokeanss R = K. B nporuBHOM ciywyae omeparop sBomouuu Uszpiy 3-KyOUTOBOM MoOJenu
HECUMMETPHUEH, U €ro oOpalleHue BO BPEMEHHU IMOTPeOyeT INOINOJIHUTEIPHOIO YHUTapHOIO BpAlEHUS
R = U K. Dro cnenyer u3 cootnomenust SWAP;, - Uspic - SWAP;, = ULy, tne SWAP;,|q1) ® |q2) =

|q,) ® |q;) — o6MeHHas omepanys, KoTopast IOTpedyeT YHuTapHoit oneparmu Uy = SWAP;,.

CornacHo pesyibraram paszaena lll, yaurapHas peanusanus KOMIUIEKCHOTO CONPSDKEHHS JUTS 2-
um  3-kyouroBoro perucrpa mnorpedyer 48 wium 144 CNOTreiiToB. DTO BBIXOAAT 3a paMKU
BO3MOXKHOCTEH OOIIEAOCTYITHOTO KBaHTOBOTO KoMIlbioTepa |IBM m3-3a KOHEYHOW YacTOTHI OIIHMOOK
reiitoB CNOT B 1,5-2,5%.31ece MbI ucnonsdyeM anprepHatuBy noxaxoxa SEC. Il [oxpoOuee cwm.
IIpunoxenne D), koTopas OCHOBaHa Ha apU(PMETHUECKOM IIPEACTABICHHH N-pa3psAAHON OyieBoi
¢yuxuun AND [14]

1
b by A A by s = o (Zbi1 - Z by, @by, + 2 b, @by, @by + ..
i1 i1<i2 i1<iz<is
+(—D)" by, B.. D b, (2)
Oror moaxonm Oojiee >Q(EeKTHBEH IpH MajbIX 7N, I[OCKOJBKY OH BOOOIIE HE HYXIaeTcs BO
BCIIOMOTaTeNbHbIX KyOuTax u Tpebyer (n — 1)2™ 1 reiiros CNOT a1 KOMILIEKCHOTO COMpPSZKEHHS
HPOU3BOJIBHOTO N-KyOUTHOTO COCTOSIHHMS, YTO MEPEKPBIBACT MOIXO0M, 00cykaaeMblid B paszaene Il s
n < 48. B wactHoctH, mpu n = 2 u 3 Tpebyercs ToNbKO JBa Wi Bocemb TrelitoB CNOT,
coorBercTBeHHO. COOTBETCTBYIOIINE 24 3-KyOUTOBBIX KBAHTOBBIE CXeMBI IToka3ansl Ha dur. 2(C)u 2(f).

DKCHEPUMEHT 10 OOpalICeHHI0O BPEMEHH BBINOJHACTCS B HECKOJBbKO JTamoB: (i) KyOWTOBBIi

perucTp, KOTOpBIA TIEpPBOHAYAIBHO YycTaHaBiuBaeTcs B cocrosaue [P(0)) = |0...0), cosepimaer
€CTECTBEHHOBPEMEHHYO YHHTAPHYIO 3BOMIOLHIO |YPg) = [Y1) = Unpit|Po)-
Janee, (ii") npuMeHseTcs omepamys KOMIUIEKCHOTO CONpskeHus K = ﬁw: Y1) = Y1) = U¢|1/J1) c
nocnexyromuym (ii”")  yHuTapHEIM npeoGpasosanmem Ug, |Yi) — |Ry,) = Ug|y}). B pesymsrate
reHepupyercs oOpaTHOBpeMeHHOe cocTosHue |Ri);). Haxomen, ma srtame (i) npuMensercs Ta ke
BIEpEABPEMEHHAs  yHUTapHas osBomouus  |Ry;) = |¥o) = Uil RY,) u  perucrpupyercs
Pe3yIBTUpPYIOIIee COCTOSHIE PErnucTpa Ha pacuyéTHOH ocHoBe. Ha mpaxrtuke, mar 2 |Ry,) = |y) =
Upbit|R1) HEOOXOMUM TONBKO I 3-KyburoBoil Momemu, rme Up = SWAP;, Tpebyer Tpex
noroauTenbHBIX CNOTeiitoB. UtoOwsl coxpanuth unciao CNOT, mbl 3aMeHsieM omepartop MpsSMon
sBomonuy Uspjy Ha mare (i) HOBOI omeparyeii BOTIONMH, MOTy4eHHON U3 Uspi  depe3 Qu3MuecKuil
00MeH /IByX KyOUTOB YacTuil, a He uis peanusaimu onepanun SWAP;, Ha mare (ii'").

[lo 3aBepuIeHHH BBIMICYIOMSIHYTBIH SKCIEPUMEHT MO OOpalleHHI0O BPEMEHH CHOBAa MEPEBOJIUT
KyOUTOBBIH peructp B ucxogHoe cocrosiuue |0...0) ¢ BEpOATHOCTHOM €AMHHUIICH NPH YCIOBUH, YTO BCE
KBAaHTOBBIC TEHTHI COBEPIICHHI M HUKAKHX MPOILECCOB JEKOTePEHIMH M penakcauuu HeT. [IpumepHsIit
MCXOJ1 BEPOATHOCTEH P;; = |(bibj|1/~Joi|2 Piji = |{b;bjby| Yo)l?; i,j,k = 0,1, mONydYeHHBIX B peaTbHOM
JKCIIEpUMEHTE Ha 2- W 3-KyOWTOBOH Mojensx mokazaHsl Ha Puc.2 (Q). BugHOo, 9TO BEpOSATHOCTH
HaOIOJICHHUS TPaBUIbHOrO KoHeuHoro coctosiHus |0...0) menpme 100% u mis 2-u 3-KyOHUTHOTO
JKcriepuMenTa garotcst BenmmuuHamu 85,3 + 0,4%mu 49,1 + 0,6%,co0TBETCTBEHHO. 3HAYUTEIHLHOS



OTJIMYHE OT HJCATBHOTO CIieHapuss 00sf3aHO TPEM OCHOBHBIM TpHuMHaM: (i) KOHEYHOMY BPEMEHH
KorepeuTHocTn T, Kyomros, (ii) ommOkam reiitoB CNOT u (iii) ommOKkaM CUMTBIBaHMS KOHEYHOI'O
COCTOSTHHS KyOHTOBOTO PETUCTPA.

5 mw b — =
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Puc. 2. Cxembl, peaqusymomue pa3sBOPOT BPEMEHH W Ppe3ylbTaThl MOJICIHPOBaHUS. (8 ) KBAHTOBas CXeMa,
peanusyomias onepauuio (azsoBOro cBUra coctosHus ®p_g mms kommonenTs |0110). Cxema BKirOuaeT B cebs
Tpu THma reirtoB: 1-kyour NOT reiir X|b) = |b @ 1), 2«y6ur yuurapuoro spamenus T(—2¢,)[|0) + a|1)] =
|0) + ae~2i%k|1), u 3-ky6uT reiiT Tohdhomu, KOTOpsIii 06paAET COCTOSHUE TOCTETHETO IENEBOr0 KyOuTa, €CIM 1
TONBKO €CJIH [IBA MEPBBIX KyouTsl Haxomsates B [1): A,|11) ® |b) = |11) ® |b @ 1). [lepsie Tpu reiita Toddomu
YCTAHABIMBAIOT BCIIOMOTATEINbHBIM KyOUT ¢, B |1), eciu u TOJBKO eciu KyOUTOBbIH perucTp ycranosieH B |0110)

COCTOSAHMM W MOCJICAHUC TpU JIOTUYECKHUX DJIICMCHTOB TO(i)(i)OJ'H/I BOCCTaHaBJIMBAKOT HCXOAHOC COCTOSAHHC
|bob1b;b3 @ [000).

b) xBanTOBas cxema C ONTUMAIBHBIM pacmonoXxeHueM reidroB Toddomu, KOTOpBIE CONMPSDKEHBI C YETHIPHMS
kommonentamu: |1111),[1110),{1101) u|1100). Cxema pazdura Ha HECKOIBKO BIOKEHHBIX OJOKOB
(moamporpamm) Aqq177 O Aj117, BOMNPOCHUTENBHBIC 3HAKH OOO3HAYAIOT HEU3BECTHBIC OWTOBBIC 3HAYEHHS. BIOK
MepBoro ypoBHs (CHMHHN) A;1q, CONPSDKCH TOJBKO C BBHIYMCICHHBIM COCTOSIHHEM, TJe BCE TPU CTAapLIMX KyOuTa
|bgb1b,) ycTanoBmenst B |1). Biok cremyromero ypoBHst (KpacHblit) A;q17; COACPKUT B KA4ECTBE TIOAIPOTPAMMBI
0110k A1 117 ¥ KOHBIOTUPYET BCE KOMIIOHEHTHI |byb,) = |11).

(c) u () kBaHTOBBIC CXEMbI, MOJCIUPYIOLINE MPOLIECC PACCESHUS OJHON UITH JIBYX YaCTHII (kyOuTHBIC JUHUH G, U
1) Ha OBYXypOBHEBOl mpumecH (KyOUTOBAs THHHSA (). YHHUTapHBIe oneparun U; (KpacHble SIIHKH) OTHCHIBAIOT
cBoOomHyI0 3Bomoruio TLI 3a Bpems t. OcTampHBIE ONEpandil UMHUTHPYIOT paccesHHWe YacTHHbl. rpymma 1-
KyOUTOBBIX BeHTHJIEH (CHHUX WM KEJITBIX SIIUKOB) B couetanuu ¢ aByms BeHTmwisMu CNOT peanusyet oneparop
paccestHust 51.0 JUIS 9aCTHIBI q; WIH (. IlapaMeTphl IeiiTOB aJanTHpPOBaHBI KOHKPETHEIM oOpaszoMm: Th|1) &
U,6,0,0, "T;|q) = |1) ® Sszlq) u T2T|1) ® U,0,T;19) = |11) ® |q) (cm. Tpunoxkenune C). 24 3-KyGHTOBBIE
KBaHTOBBIC CXEMbI, PEAJTU3yIOT TOYHYIO MPOLEAYPY KOMIUICKCHOTO COMpPsDKEeHHs. EMUHCTBEHHBIA KyOHTOBBIN TeHT
TXTX (@, p) = T(9)6, T($)3, BemonHser cmsur (assl Kybura xommonenTsl TXTX(@,®)(al0;) + b|1;) =
ae'® 0; + bei® [1;); i = 0,1,3.Teiir TXTX B couerannu ¢ reiitom CNOT BrINONHAET KOHTPOJIH (PA30BBIX CBUIOB,
CBA3aHHBIX ¢ 0fHOKYOuTOBBIM (b;, b;; i = 0,1,2) (3eeHble kopoOku), AByXKy6utoBsM (b; 6 b;,b,® by; i,j =
0; 1; 2,i < j) (romybass kopoOku) u TpéxkyoutoBbiM (by @ by @ b2, by @ b; @D b2) noruveckuMH TepMaMH
(kpacHas kopoOka) B ypaBHeHUH (2).

g) OcymiectBiieHne 2- Wi 3-KyOUTOBOTO SKCIIEPUMEHTa 10 0OPAIIEHUIO BPEMEHH, MPOBEICHO HA OGIIEIOCTYITHOM
KBaHTOBOM KomrbioTepe |IBM. Tucrorpamma mokaseiBaeT (B MPOIEHTAX) CKOPOCTH MOSBICHUS BBIYUCIUTEIBHBIX
0a3MCHBIX COCTOSIHUIA, MONy4eHHbIX 8192He3aBUCHMBIMH ITPOTOHAMH IKCIIEPUMEHTA.



HaGmomaemMble BEpOSITHOCTH DPE3YJIBTaTOB OBLIM IMOJydeHBbI mocie 8192 3amyckoB KakIoro
9KCIIEPUMEHTa B OJIHOM H TOM XK€ cocTossHuM ‘IbmQx4’ 5-xyOuToBOoro KBaHTOBOTO Tporeccopa (cm.
oApoOHOCTH B IpriIoKeHnn F). s 2-KyOUTHOTO 3KCIIepUMeEHTa OBUIN 3a€CTBOBAHEI JBE KyOUTOBBIE
JUHUM TIpolleccopa q; M (, C BpemeHamu korepeHTHoctd 41.QUS m 43.591S u mOrpemHoCcTIMU
cunthiBaHus €,1 = 3.3% u €., = 2.9%. [na 3KyOUTOBOr0 O3KCIEPUMEHTA HCIOIH30BAIACH
JOTMOJTHUTENNbHA KyOUTOBast JINHUS g ¢ T, = 39.4 |4S ¥ HOTPEIIHOCTBIO CYUTHIBAHUS €, = 4.8%. B 2-
KyOuTOBBIN dKcriepuMeHT Tpedyet mecth CNOTy; 41 TeHTOB ¢ OIIMOKOM €yp1 = 2.786%, B TO BpeMmst Kak
3-KyOHMTOBBIH SKCIIEPUMEHT JIOTIONHUTENIBHO, Kpome Toro, mectb CNOT,; 4o 1 yetbipe CNOTyq 4o reiiToB
C COOTBETCTBYIOIIMMH OMHUOKaMK €go0 = 2.460% n €419 = 1.683%.

DTH YKCIa Jal0T HaM OPUOIU3UTEIBHYIO OLEHKY YaCTOThI OMIMOOK I KasKI0T0 SKCIIEPUMEHTA!
6
€mit= 1= (1 —€g21) (1 —€)(1 — €2) = 15.6% and Egp;=
=1-0 - 5921)6(1 - 5920)6(1 _Eg10)4(1 —€r0)(1 —€41)(1 —€p) = 34.4%.

MoxHO BHICTh, YTO, XOTS 3Ta OLEHKAa Corjiacyercss ¢ HaOIrogaeMoil omuoKoi 2-KyOHTOBOIO
JKCIICPUMEHTA, BEPOSATHOCTh OIMUOKH sl 3-KyOMTOBOTO 3KCICpUMEHTAa HEJOOICHUBAeTCA. Mpbl
yTBEpXKIaeM, 4YTO JUTUTEIBHOCTh OJHOTO 3-KYOMTOBOTO OKCIEPUMEHTa COCTABISET OKOJIO 7.9US
cpaBHuMa ¢ T,, a OUHOYHBIA 2-KYOHT SKCIIEpUMEHT 3aHnMaeT MeHblne 3US CrenoBaTenbHO, SPPEKTH
JICKOTepeHIMA ~ OoJiee 3aMETHBI B 3-KYOMTHOM OKCIEPHMEHTE, KOTOPBIH MOXET OOBICHHUTH
HEJO0OIICHEHHOE 3HauYeHHE 3-KYOMTOBOrO S3KCIIEPUMEHTa 10 OOpallleHHI0 BpeMeHH. boiee moapoOHO
JKCIIEpPUMCHTANGHBIC JIAHHBIC Ui pPa3lMYHBIX [MapaMeTpoB CHCTEMBI M COCTOSIHUH Mpoleccopa
00CYXIar0TCS B MPUIIOKEHUU F.

V. BbIBOabI

Hari BBIBO/IBI OTKPBIBAIOT MOYBY JUIS MCCICIOBAHHUI OOpAICHUS] BpEMEHH U 00paTHOTO MOTOKA
BPEMCHH B pCANbHBIX KBAaHTOBBIX cHcTeMmax. OJIHUM W3 CJIOXHBIX HAMpaBJICHWH, KOTOPOE CIEIyeT
npecienoBaTh, SBISETCS BpPEMEHHAs 3aBUCHMOCTh CIIOXKHOCTH pa3Bopota N pa3BUBAIONIETOCS
KBAaHTOBOTO COCTOsIHMs. B Hamieil paboTe MbI MOKa3aid, YTO HM30JIMpOBaHHas O-MepHas KBaHTOBAs
YaCTHIA C KBAJAPAaTHUHBIM CIHEKTPOM JEMOHCTPUPYET MOITHMHOMHUANBHBIA pocT cinoxnocTd N'(1) = 1¢.
PackpoeitTie 3aBucuMocTH N (T) Ui PEATUCTUYHBIX CUTyaluid, y4eT B3aUMOJACHCTBHU YCTaHOBUT
MEXaHW3M M COOTBETCTBYIOIIMI BpEMEHHOW Maciitab, Ha KOTOPOM MOTYT CIOHTaHHO BO3HHKATh
oOpallleHHBIE BO BpEMEHH COCTOsHUs. J[pyrodi QyHIaMEHTaIbHBIH BOMPOC 3aKIIOYAaCTCS B TOM,
BO3MOXHO JIM BOOOIIE pa3paboTaTh KBAHTOBBIN aJTOPUTM, KOTOPBIN BBIMOJNHSI Obl PEBEPCHPOBAHUE
BpeMeHH Oosiee dddekTuBHO, yem wucronb3zoBanue O(N') aneMeHTapHBIX BOpoT? Jlo CUX MOp HaIllu
CXeMbI OOpaIlleHUsI BPEMEHU MPOKPYYMBAINCH OJHA 3a JAPYIOi uepe3 KOMIIOHEHTHI COCTOSHHUS, HO HE
HCTIOJIb30BAJTM KBAHTOBBIH Mapajieiu3M B MOJTHON Mepe.
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Appendix A: Wave-packet reversal complexity

Let a charged particle have one dimensional wave function ¢(z) = +/ p(m)eiw(m). Consider a fluctuating electro-
magnetic field potential V' (z,t) of the electromagnetic field which is approximated by the N-cell stepwise function
Ve, t) = Zf:":l I, (2)V (zn,t), where I,(x) is an indicator function of the cell with the index n. Let us assume that
during the short time interval a relatively strong non-homogenous fluctuation has emerged and the wave packet 1(z)
acquires the coordinate dependent phase shift ¥ (z) — ¥(z) = ¥(z) exp(i S In(@) @), where ¢, = [ dteV (zy,,t)/h.
Consider then the specific fluctuation with ¢,(z) = —2¢(z,) which drives the original wave packet (z) into its
approximate complex conjugated form 15*(:0). The accuracy of such a conjugation procedure is defined through the
overlap of the exact conjugated state 1*(z) with the approximate conjugated state 1*(z), § = (¥*(z)[¢*(z)),

o0
=Y f dz I (2)p(x) 2 (#(@)-0@n)), (A1)
n=1

Then the probability of the correct reversion is given by |S |2. Assuming that the particle density p(x) changes slowly
on the scale of large fluctuations of the particle phase ¢(x) one arrives at

N
1
182~ 1— = Zp(mn)dmn [cp’(mn)&:n]z, (A2)
n=1

for the sufficiently small dz, of the cells defined through the condition g(z,) = ¢'(x,)dz, < 1. Then the error
probability e of the incorrect conjugation of the wavepacket is given by |S|> = 1 — € and in the continuous limit one
has

=3 [ dep@) o) (43)

Let us now find the number of cells N needed to approximate the electromagnetic field complex conjugation procedure
with a given error probability level e. From the definition g(z) = ¢'(2)dz one has

N= f dz |‘;’((;)H. (Ad)
Minimizing the functional N[g(z)] under the constraint Eq. (A3) one finds
N= (5, @ = [a werwer)” (45)
Generalization of the above result to a d-dimensional case is straightforward
Na= 2 (3™, 2w = [tz (w@eem ). (A6)

Applying these results to the wave packet given by the Eq. (1), one obtains A(¥) ~ (Ar/m)?/3 [ dz(f?(z)2?)'/3. We
assume that initially at 7 = 0 the wave packet has the size Lo, so that f2(k) ~ Lg for |k| < 1/Ly and, therefore,
M®) ~ (L,/Ly)*?® where L, = hr/mlLg is the size of the wave packet after the free evolution during the time
7. Therefore, the number of the elementary cells needed to arrange the electromagnetic potential fluctuation which
reverses the dynamics of a one dimensional wave packet is linear in 7 since N ~ /2 L, /Ly, see also Ref. 15. For a
d-dimensional wave packet the number of cells grows polynomially with 7 as N ~ e~d/2 (L. /Lo)%.

Appendix B: Reversal of the qubit register dynamics

Let the forward time dynamics of the n-qubit register state [1)(t)) = E;’V:Bl 1;(t)|i) be governed by the Hamiltonian
H, ihd|y(t)) = H|y(t)). The time-reversal symmetry of the Schrodinger equation implies that if there is a forward
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time solution |1)(t)) then the backward time solution |7)(t))

—ih|d(t)) = HI$(t)) (B1)

also exists and is uniquely defined through the forward time solution via the time-reversal operation R such that
() = R[(t)). The time-reversal operation R is an anti-unitary operation: (Rypy |Raps) = (11]h2)* and can be
presented as a product R=U rK of some unitary operator Uy and the complex conjugation operation K which we
define with respect to the computational basis |i) of the qubit register as

KX widiy) = wili. (B2)
Substituting [(t)) = UrK |1(t)) into Eq. (B1) one finds
ihdily (1)) = (URHUR) [(0)), (B3)
and therefore the unitary operation U R has to satisfy a relation,
= (ULATR)". (B4)

The relation (B4) defines the unitary Ukg. Indeed, the hermitian operator H canbe represented in a form H= l’j}; E‘ﬁg,
where I is a real diagonal operator and Uy is unitary. Then it follows from the Eq. (B4)

Up=05L0%. (B5)
The forward time evolution operator U(7) = ¢~ *7/% applied to the time reversed state |¢h(7)) drives it into the new
state
U(r)ld(r)) = Rl¢(0)). (B6)
Indeed,

U(d(r)) = e /" Ug K e~ /% [y (0))
= ¢~ HlT/h GURHURT/M R y(0)). o

Making use of the explicit form of the Ug operator, see Eq. (B5), one has UgH ‘@'L = H that proves Eq. (B6).
Therefore, in order to restore the original state |1/(0)) from the time-evolved state |¢»(7)) one has to apply the
following sequence of operations

[¥(0) = R71U(1) B [y(r)). (B8)

Appendix C: Optimal phase shifts arrangement

Here we outline an optimal arrangement of the state selective phase shift opcratlons (IJ () = |i){i|e’* entering the

complex conjugation operation Uy, = 1_[?10 ®;(—2¢;) for the qubit state i) = EZ L " 4ile’?i]i). Let us consider

2k=2 gperations @) with index &k having the same values of two highest bits by = by = 1: k(k/) = 271 4272 4

K,k =0,...,272 — 1. Then in the product Hia,‘:;_l CiJk(—Zcpk) one needs to check the values of the bits by
and b; only once, and this reduces the number of Toffoli gates. This recipe can be recursively repeated for the
next lower bits by, by and so on, see Fig. 2(b). Then the resulting quantum circuit comprises the sequence of
nested blocks or subroutines Aj1p,. 5, , O Aitibs.5,., 2 ... DO A1, , where each subroutine A; 15, 5, ,
performs the controlled phase shift on all components |k) with first m highest bits equal to 1. As follows from
the Fig. 2(b), the subroutine Ajq. 4,5, , involves two subroutines of the next lower level Ay _1p,,.,..5,, and
A1 obpir.bnq, and two additional Toffoli gates that are needed to check the value of the bit b,,,1. Therefore, the
number of Toffoli gates Na,[A11. 1b,,..4, ,] needed for the implementation of the subroutine Aj;. 15 obeys

P - n -1

the relation Na,[A11. 16,,..5,_:] =2+2Na,[A11. 16, 41..6,_;] With the boundary condition Ny, [Au...;bﬂ_J = 2, that
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gives Na,[A11by..5,,_,] = 2" — 2. The full n-qubit complex conjugation procedure 0%(,)2) involves four different qubit

subroutines Agop,.. b, 15 Aoibs..b, , and so on. This, finally, yields Ny, [I}ff)] = 4(2™ — 2) and hence Ng [Uf)] =
24(2" — 2) ~ 24N

Appendix D: Boolean function time-reversal algorithm

Here we describe the time-reversal procedure of a qubit register based on the arithmetic representation of a n-qubit
Boolean function,

1, Boos B = vo o =By =11,

bnfl A bn*? Ao A bU = { 0, overwise.

(D1)

We find the minimal number of CNOT gates needed for the implementation of this procedure. Let us start with the
two-qubit situation where one wishes to reverse the general two-qubit state 1) = €?00|00) + e?#01 [01) 4 10|10} +
¢*11|11). This requires to implement the complex conjugation procedure, which for a given state can be realized by
the two-qubit unitary operation

Ky= Y e v |bybo)(brbo| = ¢ 2iF (b1.00), (D2)
bo,by=0,1
where F‘(bl, bp) is the two-qubit Boolean function of the form
F(bubo) = Yoo b1 A by + w10 b1 A bo + ©o1 by A bg + w11 b1 Abg, (D3)

and b; denotes the logical negation of the bit b, b; = NOT(b;). Making use of the arithmetic representation of by A by,
see Eq. (2), one finds

. ks . . e -
F(by, bo) = ¥o1 ({Jubo 4 P10 + oo ook ¥10 + ¥n by <k $o1 + 9010b1 _ oo + 11 B i By — 10 + o1 5. @by, (D4)
2 2 2 2 2 2
where b; & by denotes a bit summation by modulo 2,
_J 0, bp=by,
= { 1, by # by (D)

The first four terms in the Eq. (D4) correspond to the one-qubit state dependent phase shifts and can be realized

only via the single-qubit gates
~ 10 5 01
T(a):(oem)a X:(10)= (D6)

available on the public IBM quantum computer. The last two-qubit terms in Eq. (D4) will require two-qubit CNOT
gates. The overall quantum circuit which realizes the unitary operation e~21#(b1:b0) s described by the following

sequence of unitary operations

e~ 2iF(bubo) — CNOTy,; - [TXTX1 (900 + ©11. ¥10 + wo1) ® 1o] - CNOTg 4
- [TXTX1 (=10 — 11, =00 — w01) ® TXTXo(—p01 — 11, —10 — ¥00)], (D7)

where TXTX;(p,9) = ﬁ(go))?zf‘l(@)f(; is a single-qubit unitary operation which adds specified phase shifts to the
state components of the ith qubit: TXTX;(p,@)(al0;) + b|1;)) = ae*?|0;) + be*¥|1;). The corresponding quantum
circuit is shown in the Fig. 2(d) and involves only two CNOT; gates, where |by) qubit serves as control bit and |b;)
as a target.

The above two-qubit complex conjugation procedure can be further extended onto a general n-qubit state. As
follows from the Eq. (2), the quantum circuit performing complex conjugation of a given n-qubit state requires ('2‘)
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Figure 3. The quantum circuit which implements the four-qubit quantum gate CTXTXgp123. One can check that for any
computational basis state |bsbzbibo) the state of the elder bit bs is given by by @ b1 © ba @ bs right after the first ladder CNOT
gates. The remaining symmetric half of CNOT gates is required in order to restore the original quantum state of the qubit
register.

two-qubit operations,

oo Tl (50), b;,, ®b;, =1 . .
CTXTX; i, (0, @) = { 2al®h W @9 =1y o o < D8
alpp) = { Fteh hu O =7 y < (D8)
(%) three-qubit operations,
o [ Ti(), bi, @b, ®by, =1 e B 8
CTXTXZ'],; 3 (lp, Lp) = { L L 2 3 , 1<iy <ig <ig<n, (Dg)
o Tis((P)! bil®biz®bi3 =0

and so on. The general n-qubit operation CTXTX;, ; (¢, @), 1 < iy < iz < ... < i, is implemented with the help
of 2(n — 1) CNOT gates as shown on the Fig. 3. Therefore, one might conclude that in total 23, _,(k — 1)(}) =
2"(n —2) + 2 CNOT gates are required in order to implement a n-qubit time-reversal procedure.

However, the number of the CNOT gates can be reduced as far as some of operators CTXTX, ;,... can be grouped
together. Consider, for example, the unitary operation CTXTX;s - CTXTXq03. Its straightforward implementation
requires 442 CNOT gates. A more savvy arrangement is shown in the Fig. 2(f). There the computational state of the
second qubit by right after the first CNOTy ; gate is given by by @ bz. This enables one to implement the controlled
phase shift CXTXTy; right after the first CNOTy ; operation. At this moment, one need not to restore the original
bit values by and b; but rather to add the second CNOT] 3, set the third qubit b3 into the state by @ by @ b, and
to implement the controlled phase shift CTXTXg12. Hence the unitary operation CTXTXg; - CTXTXg12 will require
the same number of CNOT gates as the operation CTXTXg;2 alone. As a result, the complex conjugation operation
of a given 3-qubit state can be implemented using only 8 CNOT gates as shown in Fig. 2(f).

The above CNOT optimization technique can be easily generalized to a n-qubit case. Consider a product
CTXTX; i, - CTXTX is45 - CTXTX; igigiy - - - © CTXTX, izigi4...4, Where a sequence of nested strings of the qubit
indices 14y C dyigiz C ... C %192i3i4 ...4, are formed by adding an additional index to the right hand side of a
previous string. Then the implementation of this product requires the same number of CNOT gates as the largest
CTXTX,ipisis..4, factor of the product. This cbservation lets us find a number of CNOT gates Ng[K,,] needed to
implement the complex conjugation unitary operation K, of a given n-qubit state.

Let us assume that Ng [R'n,l] for a n — 1 qubit register by ...b,_1 is known. Let us add an additional qubit line by
and find how many additional operations CTXTX(#1¢s ...) one needs in order to complete the complex conjugation
task for n-qubit register bg...b,—1. Obviously any such additional operation CTXTX; has its parameter string
§ =11 ...if starting from the index 0, i.e. i; = 0. Consider for example n = 4 case. Then there are seven additional
operations,

CTXTXp123 - CTXTXg12 - CTXTp13 - CTXTXge - CTXTXg; - CTXTXg2 - CTXTXp3. (D10)

Making an optimization procedure one can group these operations as

(CTXTXo; - CTXTXp12 - CTXTXp123) - (CTXTXgg - CTXTXg23) - CTXTXq13 - CTXTX3, (D11)
and hence
Ng[Ky] = Ng [CTXTXo123] + Ng [CTXTXg23] + Ng [CTXTXo13] + Ng [CTXTXg3] + Ng [Ks], (D12)

where Ng[CTXTX,] is the number of CNOT gates needed for the operation CTXTX,. One can note, that only
generalized operations CTXTX, with the inputs strings s = 4; .. .4, where first and last indices are equal to 0 and 3,
respectively are counted for the total number of the CNOT gates. Therefore, for a general case, the following relation



14.

holds

No[Kn] = Ng[Kn_1] + No [CTXTX1n] + Y No[CTXTX1kun] + D Ne [CTXTX 1k, kpn] + - - - + No [CTXTX ]

1<ki<n 1<k <ka<n
n—2
5 -9 %
= Np[Kn1]+ ) _2(k+1) (” i ) = Ng [Kn_1] +n2" 2, (D13)
k=0
and, therefore,
Ng[Kn) = (n—1)2""Y, n>1. (D14)

Appendix E: Simulation of scattering on a two-level impurity

Here we discuss a spinless particle which scatters on a two-level impurity (TLI). The free dynamics of the TLI is
governed by a Hamiltonian

H = hw(cos a b, +sinady). (E1)

The scattering process is described by the 2 x 2 scattering matrix S;, i = 0,1 whose form depends on the im-
purity state. The quantum state of the particle-impurity system can be described as the two-bit state |v) =
> boba=0.1 Abibe|b1) ® |bo) where the first qubit describes the TLI and the second one describes the propagation
direction of an incoming/scattered particle. Let the system start in the state |/(0)) = |0) ® | L) with the particle com-
ing from the left. Let after the time 7 > 0 the particle be scattered on the TLI. The resulting state |)(7)) is generated
by the sequence of unitary operations |¢(7)) = Sy - [Ui(7) ® 1]|/(0)), where the unitary operator Ui(7) = e *Hi7/h
describes the free evolution of TLI and

8y = 10)(0] ® 8o + [1){1] ® 51 (E2)

describes the state dependent scattering process of the incoming particle. The unitary operator f],('r) =
g-iwrlcosadatsinad:) i symmetric. In the absence of the magnetic field, the scattering operator 5‘1;, is symmetric
as well. Let the state freely evolve after the scattering at the t = T during the same time period 7. Then the resulting
state |¢(27)) = [Ui(7) @ 1]|#(T)) can be generated from the initial state |1/(0)) by the symmetric 2-qubit unitary
operator

[]Zbit = [UI(T) @ 1] 2 S‘w 2 [ﬁ.('r) ® 1] . (E3)

Therefore, as we have already discussed in Appendix B, the time reversal procedure of the 2-qubit state |i/(27))
requires only the unitary implementation of the complex conjugation operation [1/(27)) — |¢*(27)).

Our goal is to implement the unitary operation Uspie via the set of quantum gates available on the IBM public
quantum computer. The only available two-qubit gate is the CNOT},_ 5, gate, where b, the qubit serves as a control
and b; qubit serves a target. Among the standard 1-qubit gates we will need two available generalized 1-qubit gates:
the relative phase shift gate T'(c), introduced in the Appendix D and the full 1-qubit unitary rotation

Us(0,a, 8) = T(a) - R(9) - T(B), (E4)
where
cos — —sin g
Doy — 2 2 =
R(6) = 8 0 . (E5)
sin 3 cos 3

Any 2 x 2 unitary matrix U can be represented in the form (E4) up to some phase factor: U= ei‘sﬁg(ﬁ,a,ﬁ). In
particular, any symmetric 2 x 2 unitary matrix U = U* has the form e*®*Us(0, o, o + 7). Therefore, a given set of
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matrices IJ}(T), S’n and 5'1 entering into the definition of the model can be presented as

Ui(r) = e*Us(&,m,n + ), (E6)
g@' =ei6i0’3(0’iiwivﬂoi+w)v 1‘=O>1 (E'T)

The phase exponent ¢*® gives only a trivial common phase factor for the system state and will be omitted in what
follows. Without any loss of generality we assume dy = 0 as well.

Next, let us construct the 2-qubit operation 5’1,, using as less CNOT gates as possible. It turns out that 5‘1/, can be
constructed with the help of only two CNOT gates. Indeed,

Sw = (ll)(ll ® 3’15'(1)' + ‘0)(0| ® 1) . [1 ® g()} = Ab1 ,b0(5‘1§:§) . [1 ® xé'u], (ES)
where Ay, p, (W) is a controlled W-gate,

Moot ) () @ 03) = { o) & V10 1 = 0 (E9)

The unitary matrix W = 5‘15'0 = ei6ﬁ3(9, «, 3) can be represented as,

W= ei5+i<ﬂ+ﬂ)f2f(a)ﬁ(g) &mﬁ(—g) (-2 ; ’3) amz“(ﬁ . Y. (E10)

The advantage of the latter representation is that if one replaces in the Eq. (E10) two Pauli matrices &, by the identity
operator, one gets a phase shift e+ (@+8)/2 gnly. Therefore,

s s a+f -~ /0 o (7] a4+ ~ /B3 —«
Apy 3o (W) = [T(5+T)®U3(§, a,o)} CNOT, 4,- [1®U3(—§,0, . )] CNOT, - [ 167 ( . )] Ew
and the whole evolution operator, see Eq. (E3) can be presented as,
I’le)it — [[}3 (§: 7,1 + ﬂ-) ® 1] : Abl,bu (SAl S{S) i [63 ('ga mn+ 1T) ® 03(907 o, Yo + ﬂ-)] . (E12)

The corresponding 2-qubit quantum circuit is shown on a Fig. 2(c).
Similarly, we consider a 3-qubit model describing the scattering of two particles on a TLI. We assume that particles
arrive to the TLI with the time separation T,
Uspie = [Gi(r) @ 1@1] - [|0){0] ® 1@ 85 + [1)(1] @ 1 ® S1]
[lime1e1]-[0)o|@S o1+ (1){1es5el]- [Ui(r)@1el], (E13)

where the first (eldest) bit describes the state of the TLI and the second and third qubits describe the scattering state

of the first and second particles correspondingly. The quantum circuit which implements the evolution operator Uabit
is shown in the Fig. 2(e).

Appendix F: Time-reversal experiment

In the simulation experiment we choose fixed scattering matrices of the two-level impurity (TLI),

V3 v3 1,
R (o 76177/3

2 § = 2

1

2 - 2

ﬁ lei‘rr/(} _EEZ‘ME/Z}
2 2

So =

1
2 2
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for the |0) and |1) impurity states correspondingly. Then the state dependent scattering operator 5’¢H see Egs. (E8)
and (E11), is given by the following sequence of quantum gates,

Sy ~ [1®U5(0.723,-1.27)] - CNOT, 5 - [T(1.047) ® U3(—0.723,0, —0.523)]

- Ao (2
. CNOT 5[1 ® T(1.761)] - {1 & Us (?”0«)] (F2)
where the first (control) qubit describes a state of TLI and the second (target) qubit describes a scattering state of
the particle, Us(a, ¢, A) and T(go) are generalized one—qublt gates available on the IBM quantum computer.
The free cvolutlon operator U; (T) = i/l with H = hw(cos a g, +sina G, is parameterized by two parameters
w7t and a. The unitary operator U; (7) is symmetric and for a fixed values of wr and a can be presented in the form,

where ¢ some phase factor which changes only an overall phase of the qubit register; £ and n are parameters which
uniquely defined by w7 and a. In the following we choose wT = 7 /6 and vary the parameter o among four values
w/6, /4, 7/3 and 7/2 with the corresponding gate parameters,

g(% %) ~ 0.505, n(%,%) ~ —1.107,
6(%, %) ~ 0.723, n(%,g) ~ —1.183,
(G rme 5w
G on o(53)

Table I. The occurrence rates of the computational basis states for 2-qubit experiments.
wr | « [[00)|[10)]|01)||11) F

m/6|7/6]6949| 437 | 562 | 244 |84.8 + 0.4%
/6|7 /4|6916| 440|576 | 260 [84.4 + 0.4%
m/6|7/3|6983|370 (560|279 |85.2 + 0.4%
/6|7 /2|6950|338 | 551 | 353 |84.8 + 0.4%

Table II. The occurrence rates of the computational basis states for 3-qubit experiments.
wr | a [|000)||001)||010)(|011){|100)||101)||110)||111) F

m/6|7/6|3909 | 1380|1069 | 487 | 482 | 309 | 332 | 224 |47.7 +£0.5%
w/6|7/4|3934|1157| 981 | 380 | 618 | 360 | 407 | 355 |48.0 £0.5%
w/6|7/3|3957| 832 | 884 | 327 | 859 | 359 | 531 | 443 |48.3 £0.5%
w/6|w/2|3879| 355 |1050| 425 | 964 | 418 | 630 | 471 |[47.3 +0.5%

Table 111. Relaxation times 77, coherence times 75, readout errors €, and one-qubit gate errors e; for each qubit line.
an | T1(us) |T2(ps) |- (%) | €1(%)
Go| 524 | 473 | 4.2 | 0.077
qi| 58.0 | 40.6 | 3.6 | 0.103
q2| 46.9 | 474 | 2.8 | 0.137

The occurrence rates of the computational basis states for 2-qubit and 3-qubit experiments are shown in Tables T
and II for the different input parameters of the model. The 2-qubit experiment used ¢; and ¢z qubit lines of the
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‘ibmgx4’ five qubit quantum processor. The 3-qubit experiment used in addition a go qubit line. In both experiments
the go qubit line has modeled a state of TLI. The calibration state of the quantum computer was the same for all
experiments. The qubit’s relaxation times 77, coherence times T5, readout errors €, and one-qubit gate errors €; for
each qubit line are shown in the Table III. The errors of the CNOT gates CNOT ;2 40, CNOT 2 41 and CNOT ;40 used
in the experiments are ego0 = 1.91%, €491 = 2.68% and €19 = 1.70% respectively. These processor’s state parameters
allows us to estimate a theoretical value of a time-reversal fidelity F' = [(0...0[¢))|?, where |¢p) is a final state of the
qubit register. For the used gate arrangement one has,

[

FEPeor — (1 — €591)%(1 — €r1)(1 — €r2) = 79.6%, (F4)
Fape = (1— €421)%(1 — €420)%(1 — €410)* (1 — €r0)(1 — 1) (1 — €r2) = 63.4%, (F5)

while the experimentally observed values of the time-reversal fidelity are shown in Tables I and II.



