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UCIWUSULLP CUR2ULARE AULNRRUSHOD
EElugh wpghwljwbnipinibp:

Uwntguwb $hahljut punhwipuyku il bpw® unyh
wunbbwjnunipjut  wwhiwbbbpnd  Jwhpudwubnpki nunulbwuhpus
wpwbdhti  quuijubbpp,  bkpuynidu hwighuwbnd - ko wljinhynpkl
htwnnwqnunynn ninpubitkp: Ehpunghtwdhljul kplwp dudwbmly nmpu skp
quihu hunjuuwpwlphe phpunghtudhulwh [31), gdughl ny opekih (1],
yEpgunjnp  dudwhbwljughl [22] $Eunubuninghly  $npuwhquikph
uwhdwblitphg: Uhwyl Jtpgkpu k np phpinphiudhlulwi wpnghkulikpp uljuly
kb nuunuwltwuhpl) wnwght uyqpniipibphg, hlisp hwpunjnpmipnih £ wwjhu
pugwhwyinnpti hwoh webl] dudwbwyp b hpuljwbwght) phmpwugpkph
owwnuhqughwl  wnwhg nplk  $npuuyg uwhtwbuthwlnulibph:  Ujunkg
nunwlbwuhpyus jubnhpibpp htwppphp b pk pwbnwghtt $hqhlugh, pk
nuuuwljul vnnjuwunhy wkuwbljnithikphg:

Gu bplynt Uninkgnud gwh wwnkgnuip: Unwehl Ununkgnulp nluy k,
puwqh wjh Ubpwenid ©othnpp dhpwhiljjuy hunlwlupgkp, npnbp wpumuphb
ndtph  wqpbigmpjut wwlh  ghikp Gt uwnwpnd Epni’  wwppkp
ghpUwunhdwititpny]  phpUnununntbph  Jhel: Bpk  uwnhguiuh phpwup
uwnp/inup  phpdnununb L, www  uwnkgmghyp  Ynsymd
uwnbwput/gbpluyht wodwy: Gplypnpy  Uninkgnulp gqnpwy ko wpuwpht
nuonkpp wqpnud kb uwngdwh  wupnne phpwjuh Ypw, op. uUheniljukph
phtudhuljul phknwgnudp (URR) dhenmiluyght dwqbhuwljwb nhqniwbiuh
(UUMY)  $hahluynud:  Ljwihnughlt  uwnbwpubhbpp, 1, punhwipuwy by,
gipuuyhtt Ukpklwbitpp niuniduuhpdnud B tipwlg oguuuljup gnpdnnmpul
qupdwlgh (O0%%) b hqnpmpjub Juppn]' Yuhn]ws ebplwunh&mblibphg,
swhuliphg b nuuwljwh whwyngbbp nukbwmg [33-35]: Thuwdhly uvunkgnudh
nt gpu htn Juyyws phpdnghbudhlugh 3m opkipp tnygbhyku wljinpnpkh
nuunwbwuhpynmad B, wowdbjugbu UUR hghlugnud URE wnlynipjulp
[26-98]: Uhypnlwbnihy b Ywbnihly whuwdpbbtph tnwppkpmpjnibitpp b
pipUnununhg  wpluwnwbph  pupnudp nunilbwuhpind - B pl’
dnitipunlbunwy (phpunphtiwndpljugh 2mM opklip), pk’ Eukpghwyh Ynunwdwi b
oginuwgnpsudwl  whkuwblymbbkphg  [99-912]: Pubnugubnipjub
Unhkpklinnipyut’ «h hudwlupghg' dnwht wkpuhnjodwih o lupuhg®
npuyku  hudnplwghugh  Ynpmuunhl  kpupbpyng quuljwbmpibp  own
puquupbnyp b (plutnwhl hbdnplwnhl, pywiinwiht  owwnhlu,
pjwlnuyht jbuwpwinpni, UUN $hqhlub b wy).), phpnut Llp tptip hnnud
Upuyh® [96, F13, G14]: .



Uohmumnwbiph tiyjunwli m Lk

Uju wphiunutiph hhlbuljwmb buywnwlh o jubghpitpp hnbywb B

Zknwqnunl] wwnbwpwbh pywintnughtt dnpky, quiik] bpw owwnpduy
nkdhudubpp b wyg nhdpdbbpnud hwgy b 0%%-1 b hqnpnipynibip:
Muunufbwuhpl) pwiinwghl thetinpuny gbpunipjwi hpinwlund hnuph
hunnlnipymbibpp: Mwpgb] wyny hnuph dbkbwgdwh wwydwbbkpp b
withpwdbon numpubitpp: Uwhdwbity gbpdught wnilygh hunfwmp 0%Q:
Snpuwhqughlty uwngbilwlh uhubdwlikpp nkumpulikph
nwhdwiuhwlmpeuwb hwoqwundunlp, wupwukinphgubiky
nhqbpnuupbtph  pinipwgphy Unphjibpp: Owncdbwohpl)  dhtthuuyg
gpmunh&wbip, npyku wyy oukpughniuy wwpudbinptph aiyghu:
2tnwqnink] ghljihYy wpagkultph dhgngny pywbnught thipnywinihy
Jh&wllikphg vwpuhuw) wplutwnwph puniwb ughpp:

Zbkunwgnnk] pk hipywbu E Jowudnud  junmpput dwinphgh'  hp
hbuklnbbkph  dwuhb mbbgws  hhonqmpmbp,  Epp bpubp
utnuihnjnid B npgus hunfwlupghg ghwh dky wy) hudwljwpg:
Quundwuhpl] U ppbuquub W ny hpbwuiub wkquhnjmpuh
qhwypEpQ:

Unnklmjununipjwb wpynibipikph inpmpnibp:

Uwnbbwjununipjniinud pipdws popnp wpmnibipbikpp np G Uumnpl pEpjws By
tpwighg uh pwbhup:

Unwehtt whqud Yjwpmgjwd b uwnbwpwbh Ungk, npp Yupng L
wpuunink] Ywnbnh wpdbpht guiljuguwd sunpny] Unwn O%G-m*
niukbuny qpnjhg nmuppkp hqnpmipynite:

Unwghtt whquu thpunmsb) b hhdtunpdb) b uynbunwb ypngluliiph
mdlnugdui  EpEjunpmpniip:  dhpphthu  hwdwp  quidk L
hwdwlmpgh  dwbpwdwubbphg whlwju  tiphtt  wwhdwh, npp
hwighuwbnd £ okpduyhlt wnuwbph hunfup Yunbingh wpdbph whwing
b, dbwlwbnpkl, hulpilinud b uwohwpwbbbph hwdwp Ywnbngh
wpdtiph htw:

Unuightt whquud pYubwnught Ukpwithuyh opkbipitphg kikym] gnug t
npyk| giplwunpfuth pugupdwmyy qpojh withwuwb hnpyntip, 1ROYR,
npp hwhphuwbind b phpunghtwdhlugh 3% opkbiph Ubplwnh
Al kpuput snlnud, b sh wupnbwlnd wimnnuyhnpk Yunnupyud
Lupwunpnipniiiip, npntp weljw & Ukpluinh phopbdnd:

-
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Munulbwuhpbny] nkqbpynuwph dhongm] Epljdwljwpnul hwudwlwupgh
nhtiundhl] vwnkgnulp hwpgws b Yepghihu hunlwp hwuwbb h dhithuwy

T in oEpUwunh&ubpn: 8nyg b wpjws, np gpw hwdwp wihpwdbpn

mi
dhthduy  wolpowwnwbpp wdnud k0 oC TD;L ;- UUnR  Uae

hudwgunuwupwinn - N ingbwidwb — uwhibphg  punugus
ntqkpynuuph hwdwp gnyg k wpnud, np 7, oc 1/ N Ut hwomu &
wphiunwibipp, npp Ykpewnp £ b nhqbpyniwph wuhtibph tubpghnhy
&Enphg Ywpws Ywpng b bwh (hik) phdnghbwdhlugh 20 opkipny
wuwhuwbgnn dpihunudps hunjwuwp:

Unwghtt wiquu hwpynud b dwpupimy wpjuuwnnwbpp (I’Vmx ), npp

hwpuynp £ punk) dwypnulnyhl dhypnuinthy nkqpdnuuphg (77
shpiwunhdwinud), npp Juqujus t N >>1 tnytuindub uhujitphg:

Wmnx uhpwn thnpp E nhqbpyniuph Bikpghwhg, puyg, wyjbmiudbiwgipy,

Yupnn kplit) Jbs* O(-\} NInN ): Orkqipynuwnht Ygdws hudwlwpgh
hwdwp wquun Eikpghuyh quputwpp phghwbnp gtypoud Yhpwnkh
sk, puigh thukny 7" gkpuwunh&wbng Jubinbhl Jh&wynid wyb jupng
k Ukbuglty nkqipyniuphg punjus wojuunnwbpp, wnwig hp ubkthwljwb
Yh&wlp thnjubni: Puyp withbup £ juwbnihly nkqbpynuwptph hundwp:
Uwlpnuljnuhly dhlpnljmbnibhy nhqlipyniuphtt Ygguws hudwljpupghg
dwpupiu) woluiwnwbph punqdwh nuunulbwuhpnipnibp nkqkpdnuwph
pupdp uljqpiwljub phplwunpdwbbph vwhiwind poy; £ wwhu
Yhpwlwbgqik)] wquun thkpghugh qununhwph Yhpwenwdp, npb wpghb
bbkpwenid t gduyht thnpnughu, b ng pk $nb Unpdubh Honpoyhwb:
Unwghtt whquu pjwinughlt Jh&mlukph nbunpdub (cloning) U
htnwpdwldwb (broadcasting) hunhpp mdynud bt ny ph  quopuy
(wupnnowlwl Jh&wlubph dwiuppulny]) dnnbgludp, wy niwy.
Juwnnipjut dunnphgh Htlkinbkph® dh hudwlupghg (A4) dnwhbe
(B) wbnquipnjubint  Unnbgiundp:  Zwoduws kA -h Jbpshwuljuib
Yhdwlnud wdkl whnuiinjugus fhdkinh dwuhl hhongoipgniip: 0y
hptwjuijuh  wkquhnfudwih  hwdwp  Ghpdndgws § dwnphguiub
REuEunh dwuhb ((nljuy) hhonnnipyub yuh:

Upynibpubkph fhpunwljwmb tombulnpnibp:

Utp dpwljwd owinhilu) uwnbwpwih bwhunhyp Ydwnugh hpujub
uwnbwpwbbbph  qupquglwit  wniuqt  bpljme fwhwuywphng:



Unwghtip. bjwpugnjus ungkih, bpw ghlih nipquih hpujutnugnudy t:
Gplpnpg. OX%-h hwdwp vkp Ynqihg unwgus owwnhilu) wpdbphtpp
Juwinbwhbpkh phk Ynuhpkin hpuwljwb vwnhupwbbbpb qupquglub hby
ynwunbklghu) niikl b uwebwpih ijwpugpdus jurnigduspp Ymgnnpgh
w)} wnnkighw) htwpunpoipmmibibph hpuljwhwghbnt hwupgnud:

*  Stmfwyht wndwh oumnfniug nbdpubbph ukp Yoqihg wpws phy
Wjuwpugpnipinitin poyp juw dpwlhly thEiuhy shpdwhwnnpghsitp b
tpwhg owwnpuwy Yhpwym] Ywowdwpl], Jud Ydwwnbwioh ph hiy
nunnipjulp dbwthnjul) kqué wndwkpp, npukugh Jkpehtiikpu wkih
EpEYnhy gnpakh:

e Thiwdhy uvwnbgiwh junph dnulp wwywhngnud b wnkguwb
Iniimunlbbinu) vwhilwbibp, npnbpg skb Jwpnn fowjwnb) hpwlmb
umnkgmghstibpp U owpnpilw) wmnkgiwt ujubdwb dunbwgnyg £ wind
pE hywhu junmgl) EbElinh] vwntgmghsutp:

¢  Swpuunbuwl Yupnigusp nibkgnn ghtudhl wwebgdwi wwppkph
dwpuhduw) httwpun]np Epujht wpdbpikph plwgmpniip poyp Juw
guwhunnk] wyy uwwppkph thwunwgh  EpEjnpdnipmitp b owyy
EpEYwnhniejmb prupkjunfuiwb hiwpuwdnpnieibbbpp:

o Uhlypnywlntih nkqbpyniwphg dwpuhduy wpuunubiph  pundwh
nuumiwuhpniejwt wpyniiphtpp thtkpghwh Edtlinh] Ynunwlhshkph
unbndlwl tnp  ulqpmibphbp b wowewpynul, b Iobmunlbinug
uwhdwbbkp  wwwhninud  wyy  Ynunwlhyiph mbulmpput
EpEhinhnipjui hudwp:

Uwmnmgwé mprym bpbkph wyponpmghub:
Unyt  wwbbwpnumpub  wpynibpibpp  bhpuyugdl) ki hlalyoyg
YnbdEpwbubpnud, uhdwnghnilikpnd b gupngkpnud.

e  Workshop on Engineering and Control of Quantum Systems, 10-14 October
2011, Max-Planck-Institut fur Physik komplexer Systeme, Dresden, Germany

e Conference on Astrophysics, Gravitation and Quantum Physics (dedicated to
75'th birthday of academician E.V. Chubaryan), 20-21 May 2011, YSU,
Yerevan, Armenia

e School on Cooperative Phenomena in Flows ("The Geilo School" 2011), 04-14
April 2011, IFE, Geilo, Norway

e International Symposium on Quantum Thermodynamics: Energy and
Information Flow at the Nano-Scale, 13-17 September 2010, Stuttgart,
Germany

-
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e International Workshop on Modern Problems in Optics and Photonics, 27
August - 02 September 2009, Yerevan, Armenia

Uju wphuwnwliph wprynibplibpp bwb bhpljuymgyt) b phtwplpgt; o Gplwbh
Mhnwljwlh  2wudjpwpwbh,  Uhluwiyjmbh  wiy.  Uqquyht  Ghuwljwh
Lwpnpuwunphuyh (Epdk), Pupubintth ICFO — The Institute of Photonic Sciences,
Cunungupnph hwdwpuwpwbh I Institut  fiir Theoretische Physik
ublhbupbpht: :

Unkhwhinumput hpdinnlywb wipymbphbpp hpunwpwlgws kb 6 wywughp
hnpjushkpnud, npniig guitp pipdus t ukniwgph JEpennd:

Ughuunnwiiph junm gwsph me Sunjunp:

Uunbkiwjununmpmip  punuguws Lt Ukpwémipniihg, hhbg  qijuhg,
Lqpuljugnipinitihg, 3 hwbjjushg b oquuugnpdjws gpuljubinipjub gmbljhg
(155 munil): Unkhwhinunipjui swjuyp juqunid k148 te:

Uplumnmiiph pnjwbnmlnipjnibp

Likpwdmpnul  dbe  pubmplpynud  EF wwnkbwinunipniinad
nuunidiwuppyus pinhpibph wpnhwwbmpniip, bpubg Jupbnpnpniop
dulwbwlwlhg vwnkgdub $hqhljumd: Pimjnd & hwb wnkbwinunippub
Jurnigyuspp b huljhpd pojubnulnipinibp:

Unwehl grjuntdf ikpljuymgyws b umphwpubh pjwitnuyghl dnghy, nph
hphuhg thplujughnud £ Epljne dwuhg punljmgus pwbng dwpdhl' phynuyws
Epynt  phpUnununibph dhol (7 . <T, ebpuwuhwn&wbbibpm]): Pwbng
Uwpdth dwubpp thnjiwggnud B wpnnwpht piwgnuwdb quowh dhengny:
Uwhdwbynwd kb vwobwpwih  hhdbwlwh  pmpwgphsbitpp.  wwep
phpununwinhg punjus ghpdwpwbmly, hqnpnipyniil, oquuwljwp gnpénnnipjub
gnpdwljhg (0%%): P wwpplpnipnih Ywnbngh ghlynyg (npp pughunwnpy )
wpuunnnn  Ukpbuwbbkph [¢1], ghinuplpinng dnphjh woluwnmbipuwghbt ghlyp
wbnd £ dbppunnp  dwndwbiwly: dhppwnp dwdwbwl wnlnn  ghljjkpny
ohpuuyhb dpkhwmbbp nuumdbwupplim bywinwlm] unbnduwsd quuwmlub,
$Eundkuninghwlwh nbunipjui’ YLpounnp-dudwhwluyhb
phipunnhttunthljugh vhwdwbibpnud oypnpiiuy 0%4-h hwdwp wnwuglus (L
puquwphy Unghjbipn] winnigyus) wuybu Yagws Ynipgnb-Uipnpith wpdbpp
(@2]



]
Nea =(1=T./T,)7 -1
thnpp & Gunlingh wpdtphg [32]°
e =0~T,/T,)" ~]

U qund gnyg b wpynud Yl bdbinwpnippui hbnbyuy
huwnljnmipjnip. uwnp plpunuuiunnhg punywd gipdwpwbuljh
dwpupthqughwt (puwnn pninp wwpuwdbnpbph) qpoughnid £ 0294, U
hujunwlp: Unyh hwnlmpnithg Glaknd 023-h U uwnp phpdnuinuinhg
punjud skplwpwbwhh wpnwnppup vwhdwiynd § npybu wwnbwpwih
ghlijh oupinpfwmipjul pubwlwlwh yunh: Ujh pkdhdp, Epp wyy dbdnipmibn
vwpuhdwy £ Ynynud Bup oyunplwy nhdhd: Unyh gijunwd gnyg & wpdnud, np
oyunpulur nkdhunmu dkp Unnkh OF%- thpw Ukd k Unipqnu-Ujpnpith wpdbphg
b pwting dwpdth hhjphpujut nwpwdmpui yuhnquljuiunpuih wdh htn
UElpntn dwnnud £ Ywenjh wpdbphtt’ dhow thnpp dbuyny bpubhg' nukhogn]
Jkpgunnp hqnpnipyndh:

Epfpnpy_grunid munudbwuhminud  ekpdughtt wnuwh pywtinught
unplp:  dhpohtiu hunfpbijbimd t wnwghtt gjlunwd ghwwpyjws dnnkih hbwn:
Uwh'dwind & wnudwh hhdbwljwh phmpwgppyibpp. nmwp phpinuununhg
punjud ghpuwpwbwl, hqnpmipnih b EpEjuhdmpimb:  QEpdwpwbwulh’
wnwphg ghuh wwep uynbnwb hnuph weluympniip wthtwphb b qupdinwd
EbElnpnipjub nwhdwinwdp, npyku wjwbnujubh 039 wpynibp (punwms
shpdwpwimly) pudwbws owhp (wpunwphtt qusnh junwupus wolmmunwbp):
Uwpuhthqugitin]  wwp  phpdnununhg uynbunwh  wpnwhnuws
ehpuwpubiuiljh pun dnnkh ponp wwpwUdknpkph b gnyg wuyny, np unjth
oun  ghipdwpwhwl] wnbknunhnpbnt hwdwp whhpwdbsn § wpunwphlhg
wpliunnwiip Juwnwnk] hwdwlpupgh Jpw, gpuljmbnipyutb dhe wnuehtt wmbquu
oipluyhlt ynuykph hudwp wkpunisymd & 02, npybku uyniunwh wpdtph
Wuintudp skpdwpwbwlh wéh b npu hunfwp ywhwbeyws wpuwnubiph
hwpwpbpmpmi: Lwb gnyg t upynud, np wgipy wvwhdwbjuws 023-h
hwdwp gnuipit mbh mbhgbpuw) wwhdwh, npp Yuwhws b dhugh
phpuUnununbtph gkplwumnhdwbbphg: o bpwbwhnul E, np wyg vwhiwbp
huwbnphuwbnud t ghpduyhtt wnudwbph hwdwp Ywebnh uwhidwbh whwgng:
dbpghtiu dnpuw) hwdptfund b uvwntiwpwbiibph Yunbnih vwhilwbh hin
(e =(1=T,/T,)" =1

Eppnpn gyfunid Wkpluywgyws k nuqnuihnpbl vwnkgdwh pighwbingp
upubdw, npp hwinhuwbmd £ UURE dhhljuynid Ghpwming Uheniljtkph
Thuwdhy Futnugiwb (UR) upubduwgh [36, 97] pighwipugnid b, npyku
Uwubunnp ghwp, hp dbp t bkpuenud  Ukphunh' phpdnghiudhlugh 3m
opkluph ujubdwi: dEpghtiu  dbwhbEpyynid t ujuybu.  ghplwuwnh&wbh

8
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pugunpdwl qpn wpdbpht hwipunlnp sk hwubik) ny Jdh kpewynp wpnghup
wprynibpnul: Ujinuwdkbwybhy Ukphunh ugu phnpldnud jwb oy puguhwpn
Eupunpnipniiitikp b ny hunwl) vwhwdwbnidbkp [215):

Utp Ynnuhg nunwdbwuhpynn ghtwdhl uvwunbgdwbh  upubduynod
pugupdwy qpnjh wihwuwbbjhnipnibp hbnbnud t dhwbquithg, wewig nplk
whniqnuijh thpwnpmpnibtph b Juin vuhiwbjws qupuwpbph: Qpyku
uwnkgynny  hwdwlupg  phupkny]  EpiUuuppulijuih plwivughh
hudwljwpgp (wjunthtn® uwhb), npp ulqpiwmlwbnpth quidnul £ ghpdught
huJuuwpulgrmpjui Ukp JEppunnp dwlwpnuljmbh nbqkpdnuuph htan,
Ubp hupynud bip dhbihuuy hwuwbbh gbpluunhgwip (7, > 0) b gnyg
wwihu, ap bpwi hwubboe hwlwp whknp § junwpl) wphnuawbp, npp
huljunpud hudblwnuljmb b wjn skpulmunhdmbht: Muumdbwehpynud £ hwb
N spojuwqnon uwhtlibphg  punugud nbqbpimwpibph gbwpp, npp
uUnpjwynpnud £ UUr Shqhjuynud UE upubdwh: Uy nhwph hwdwp
hwpyymd Eu dhtipifuy hwuwbbijh ebplwuwnh&wbp b gpu hudwp wihpudbown
Uhthuw) wphmmnwbpp: N >>1 phypnd gnyg b wpnud, np 1 oclN s
8nuyg t wpynud bwl, np plqbpyniupp Yuqunn uwhtibbph tikpghnhly dknph
npng wpdkplibph nkypnud hwpundnp £ unwbuy qquh uvwnkgnud® swpiukng
phguuthp  phpUnghundhugh 2 opkbpny  wwhwbeynn — Uhtthuuy
wpluunwbpp:  Ywphnp  wpymiip o obwl ugb, np ng-qpn dhbhduy
oiplwunhdwbh gnmpmnibp Yuupjws t phqbpyniuph uybluph® Jkplbhg

uwhiwbwhwly 1hubnu hbw: Uhuwhunfwinhwy uykljinpkpny
nhqbpynuupbiph  hwdwp  oybybku  wnbknh mbh pwgupdwl  qpojh
wihwuwbbjhnpnitp, puyg  hwuwbbh  ghplwunh&uiikph  hbiphdnulp
hunjwuwp & qpojh:

Znppnpn  grfunid dbbp  munulbwuhpnud Bhp  dwljpnulnyhl

dpypnljwbnthly nbqbpnuuphg wpupfuy wohunmutph puntwh itnhpp:
Piywbu  bwlb  dtppuinp hudwlwpgrdwlpnulnuyhl  Jhypnlwinthly
nhqbpynuup  hundwlwpghg Jdwpuptw] woluwwnwbph puniwh  fubighpp:
Fhqipyniwpp dngjunnpynud  sthnjuwqnnn b hwjuuwp tikpgbunhly genpkp
nibignny bpdwljwpnmuih pjutinwht hwdwlwpgiph whuwdping [216]):
Ugluwwinwiiph punuwl jutinhpp numadbwuppyws k jubnthl nhqtpynuwpbtph
hwiwp U hwpnth b phpdnphudhlugh 20 opkiph @ndunth dAbwljkpudwh
whupny. ny Uh ghlyihy hunthpnnbyut upngtu b dh&wlh sk wohnmnwbp punty
Juwlnhl Jhdwlhg [%1]: Pull bphk Ywbnuhl nhqbpgmuwpht Ygih bu dh
Ytpgunjnp hunfwlwpg, wwyw wplwnwbp Jupkih £ punty dhugb |tpghtthu
wihujuwuwpulppmipiut Wyuwndweny] b hwjwowp b ouyy  hudwlupgh
ujqpiwfub b Ykpphwfub  (hwjwuwpulphn) wquun  thkpghwbkph
wnupphpmpjubp:



Uju qunid gnyg b wpdnd np deppwdnp  ghpdwunh&wiughl
nkqbpynuwphg punynn  dwpupuw] wpliunnwbpp o€ O, npnbny O -u
nkqbpyntwph JUp dwubhlhh tubkpglnhy genph b Ulybpenipjut hwjwuwp
otipdwunh&wn]  Uhlpnljwiintihly nhth\.[nuuphg unugjus wdkhwown

wpliuwnwlipp dgunumd & ONNInN -p, N -h w&kne htwn, nnkn N -p
nkqbpynuwph pununphsibph pwhwhh & Uju wpymibpbbpp pninud Eh

ptpunphtwdhljugh 20 opkuiph Endunth Alwlbkpynudp’ % — 0, tpp
N — c0: bplpnpy gwpnud, kpp pkqbpynuuphi Ygdwd E bu vh hunfwljwpg,
uklp wuyywgmgnul kup, np hmwpwynp & wohiumnwiph punuub junwihg.
shuyud tpuih, np Yggus hunlwljupgh ulgqpliwmfui b JEpgluljub Jh&wlutpp
hwdpiinud &b, dwpupiw) woliwnwbph wybjh JUks E pwb dwpubduy
wphuunuwiipp, npp htwpunp k punk) dhuybmy phpinununhg: Gw gnyg £
wnwjhu, np dplpnljwblinhly nkqbpynuwphtt hgdws hudwljugh hudwp wquin
tukpghwih qunuuhwpp Yhpwekih sk dpw Yhpunbkjhnipgndip, uvwljuygh, jupth
b ytpwlhwbqut) nhkqbpymuwph pupdp ghplwuwnpdwbbbph  vwhdwinud®
gduyht Finpnughm tkpunusting:

2hligkpnpy grfunid tbpiuyuglus b uh hudwlupgh (4) uunput
owtpunanphg (A ) ghugh ¥kl wy hunlulwpgh ( B) junnipjub owkpuanp (7)

Uunnphguwlui Hdkinnbbkph wkpuhnpnlwt juinhpp: Uw hwbnhuwbnad £
nhiunfhly vwnbguwb upbdh phghwbpugnup (pubqh bipunnul t bwl ny
whlymbwgduyhtt  dwwinphguljwi  Qhdkbnbbkph  wbkquibnimpmb)
$npumhqughwi:  Nunhpp gpuijubmpub dkp pjwbnuyhtt Jhdwlutph
yniwnpiwh  (cloning) b htnwpdwluwh (broadcasting) |nljwy (wjuhlipl
dwnphgulub hlkinbbph dwjuppuln]) nmundbuuhpoippub wnwughb
ntugpl t: Sknuuhnjnlwt nnhpp ghwwplyty Eplyne gpdwspny.

e hpbwulwh, pp whquihnjunpmnibp junupgnud Ewdpongmpyudp’
ophtiml, whlmbwgsuyhtt  Fhdbunh  hudwp  wknuihnjunipjub
wuydwit nmbh  hknljw) wnbkupp Fa = ﬂaa, npnbtny ¥ -p B-h
Ytpgtmljul junnipjwi owbpunnpl k:

e Ny hptwjulwh, kpp fdlknp nbnunhnhnmd b 1[u.1uu11[p, ug) Ykpy
wuwd' fhUkinh Tuuph wnqubowbh vwqihnmngp thnppugynud & Op.
7. =6-A,, <l

Zhutwywb wpynitiptkpp hbwnbyub B,
o  Pptwpuljub nbyp: A, -h wnbnuinumpmbp  phpmd & A-h

Jhpghuljuls Jh&wlynud* ;f -nud pnnp A, hbtdbntbph dwuhb
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Re A

azb !

inpuwnph: ImA

Ukdnipnibiiphg npuk kY nkqunhnjumpniip A -hg phenud k dugud
Eplnweh dwuhb hhonnmipnitp

e Ny hpbwpulwh ghyp: Vkpdnistim] A -nid A, -h dwuhb hhpngnipput
pwbwlwljwb ywth’

'7\/“51/3 Re 4,

Ukbp wuyugnignd up, np /'l,aa - & Sumppulp nkquihnjubihu A-

R PR

azb aa

hhonnnipjul

nud /10 .o Qdknbbph dwuht jupkh boywhywibl] wdbhwpwunp

v1—¢& hhongnipymi: Uy dwpupumdbbpp dhwdwdwbwl hwuwbbih

ki A oz~ iEquinjulub nEypnud /1 -nud ﬂ.ah L /1(,“ —/T.bb Uwuhl
dwpuhdw)  hhpnnnipmup 1-¢£* U dwpupdnuafubpp
dhwdwdwbwl) hwuwbibh skt

Uifipnihe/nls Uk bplupuglus kb winkbwpinumpjul  hhdiwjwub
npoyphlpt, junwup]us wplnwnwbpikph wpmynibphtpp:

Ogunugnpi]wd gpuljmbnipiub guibily:
qunuiqn 1L
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Uzuwnwiiph hhdiwfwb wpynibiplitpp

Lnljwy uwnlgiwmb hudwnbpuinmyd junmgbghtp uunbwpuih Unnk),
npp Jupnn b gnpdl] Ywnbnh wpdbphtt wupdyunnhl YEpunyg dnn
09%-n] 1 ny qpn hgnpnipjudp: fnpnp twjunpynn dnnbkjakpp YEpeunlnp
hqnpmipynibitiph phidhunud  wwywhnymd  thit  Ywnbnjh  wpdtphg
qquihnpkl gusp O [4]:

Mumutwmuppkghtp ghpunipjub nhnunlub ndbnugdwt juighpp'
okpuuyhb wniuh puduljwi pighwinip dngk) wewehl uljqpnitiplikphg
Ejutn] nuunulbwuhpiny: Spuljuinipjub Uk wrwght whqud dkhp
Juwremignd kup OF%-h hudwp whbljjuin yuh b gnyg nwihu, np wyl
ykpthg  wwhdwbuwhwy bt Jp dEdmppudp, npp juppjus k&
pipununuwnibph ehplwunhdwliikph hwpwpbkpnipmithg dhuy: Uy
dkénipiniliy, wynuihuny, hwbinhuwbnud £ gkpulughtt wnuwkph hunlwp
Yuninh uwhdwih whwing b $npiwy hundpbjinud £ vwetupubiikph
Yuiniin)h wpdtph hkwn [3]:

Qnpw] vwnkgumb hunfunbpunmyd nuunulbwuhpkghlip  dhentdyughiy
dwghhuwlub rhqniuutiuh $hqhjuynud dhenubph ghtunthl vwnkguiwt
Ukpnph  pughwipugnip: 7 =0  wihwuwbbjhmpmbp  ghtuwdhy
uwnkguwh jbgph npluwsph mnhn htwnbwbph B b wwppkpnipini
pipUnghtiwdhluyh  3m opkbiph =0 wihwumbbhnppubh
Al ipudul, wyh nput  ywyugmgius  jud pmphq{.nb
thpunpmipmbbbp sh wwupmbwlnul: Gpk nhgkpniwph Eukpghnhly
uykuph whuwhdwbiwhwy &, wyw yjw dhuhdwg shplwunh&wh.
huwuwbbjh ghpdwunhdwbibph puqumpjut hudpunudp qpn k& buly bpk
nhqtpniuph Fukpglnhly uwkljnph JEphtt vhwdwbp hpugws b, wupwm
gnynipymil nith ny qpoyuljub dhthiw) okpdwunhdwh: Uyn dhthunudhl
huubbnt hudlwp wbhpwdbpm wpluwnwipp  hwlwungpuad
hudbdwinwlwh & bpwb:  Phsllk, thnpp by pupdp  JEpehulut
oiptwunh&wibkp poyp wwp hbtwpwinpnipmb £ phdbenud Ginjuly
wpprunnuwbiph wéh nkdhalp gduyhhg nkwh (puquiwlh) ingpuphdhlh (1
Utkp ghiiundhl uwnkgdwb uubdunud plpdujupquljoh hwdwlupgp
npytu phpwju phgnibbm]’ pugwhwjnnpi hwpymad Lup  dhithduy
hwuwbth ny qpn gkpiwunh&wip (7, ) 7. dqunud E qpojh’
nhqtpynuuph tubkpgbnhly wyblpnph Jephtt vhudwbb winfbpgmpmi
nwbbjhu: Lul nuunudbwuhpymd b phqipynuupkph wy dngbjikp:

‘Lpwhg hudlwp qunt) Glp ? (.

uwrkguiwh  ghwdhljwibpny]  oupnhuhqughbyn: N>>1 hnklnhly
uyhbitphg punugud nkqipyniwph hundwp juybp bup hwunwnk

-2 b withpwdbown dhithuw) wojumunwtpp
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nwnkguwl nkunipuitiph b npnp hwpwpbpulwb Fonpnuhwibph dhel:
Uju nhqbpynuwph dpgngu] hwuwbbh 7, oc N7 T, hwublm
hwdwp whhpwdbown dhtthdw) wohiwnbipp Yeppunnp t b nkqkpynuwph
wwpwUbwnpbph npny wpdbpubph ghypmd wjt jupnn E bwb bk
TIn2" phpuinghtnudhljugh 20 opkupn] wwhwigyny thithunwp [1):

Zkwngnuinnid  khp  ghyhy  hwdpponiywb wpngbubbph  dhengny’
nhqipyniwph  Jpypniuwbnupl Jhdwhhg Jwpuhdw)] wpluwnwbph
punuub juughpp: N inyhwbdwb wughitkphg punugus nkqpynuwph
Wnax s

Jtpeunjnp t 7 < 0 ghypmud, b W oc Y NInN $hpuws N >>1 1

T=00 hulwp: Upu b uwikh plghwbnygp  wbhughqp  dhq
htwpuynpnipjnih £ wnwhu JEpwdbwulbpygl) phpdnphudhlpogh 20
opktiph Podunbh dlwltpymup. phpunununhg ghljjhly hudhjnnijub
wpngbubkph  Uheng] punywd  vwpuhdw) wphmnwbph b N -h
hwpwpbpniejmbp dunnwd £ qpojh pp N — o [2):

Yuwbntuhly hwjwuwpulohe hwdwlwpgp (quifkny  pEpUnununh
shpUwunhgwtmd) Jupny k mdbngul) Yhlijpnwbnihl phpinuinunhg
punus wpliunwbpp wnwbg thothojubne hp ubthwlub Jhdwyp:
Nuunh dhypnjuintpy hpudhdwulmd wquun tikpghugh qununhwp
pighwbmp  ghypnul  Yhpwnkh 3k Lpw  Ypwnkjhnpmnibp
Jhpwlwbghnud E dhwyb pupdp ehpdwuhwndwibbph nhdpdnud, puyg
wjt wpnkl thpunnd k gduyghl b ny ph dnb Unplwih Ehnpnyphw [2]):
Munudbwuppynid £ dwwphguiui edkinbbph nkquhnjnudp «h
hwdlupghg (A4) dmwp (B): Ppbuquub nknuhnhniwb ghypnud
gnyg bLbp wughu, np wbnuipnpjws WHwd bpwhg hkwn webpinn
Hbukluntkph dwupl hhongnipjnib wilpnnenippulp ghgqnud & A -h
Ybpphwywmb  Yhdwhhg: Uwhdwbbim] dhdwlh® Jkly dunnphguljub
Htuktnh dwupt (o) hhonqmipyub yunh, hbnwqnnnad Bup ny
hgkwjuliwl nkpuhnjunudp, npnbn guiund Eip, np htwpwynp L
wuwhwyuwiky hhpnqmpjul  huy-np  pwbwlnpmb’  wbnhnjudwi
&pqpumipjuit quny: Uy Ynlypodhul wpnwhwjnynul £ dh pwupp
hundwluwpghg wiljuju whnpnpnipnitiikph webynipeiniiiikpnd (5, 6):

hudwp gnyg Lip wwhu, np dwpuhdw) woliwwnwipp,
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PE3IOME

B 5TOii JHCCEPTALHH H3Y4aloTcs (QyHAAMEHTAILHEIE MPEAeNBl OXTKAEHHA. Onn

06y C/IOBIEH I 33aKOHAMH KBAaHTOBOH MEXHHKH H KOHEYHOCTRIO PECYPCOB B IIPHPOJAE.
Ecrp mBa MoAxoza K OXJIDKAEHHIO. Tlepssrit moaxox JIOKanpHBIH, T.K. OH

BK/IIOYAeT Majable NMPOMEXYTOYHBIE CHCTEMEI, ITPHBOAHMBIME BHEITHHMH CHIAMH "

copepuaouiHe IIHKJIBI MexAY IOBYMA TEPMOCT&TMH NpH TeMIIepaTypax T}, > ’[;_

Femyu MULIIeHh OXILKIEHHS — XOJOXHBIN/TOpAYHH TEpMOCTaT, TO MallMHA

Ha3BIBAETCH  XOMONH/IBHMEK/TEIUIOBOil Hacoc. Bropoil nopxop rnoGansHEN —
BHEWIHHE IO/ JeHCTBYIOT Ha BCIO MHIIEHH OXJaXEHHS, HANPHMEp JHHAMIECKoe
oxnaxnenue snep B SIMP. Mzt uccnemyem 31H 6a30BEle MEXAHH3MBL OXNAKACHIA H
HX OTpaHHYEHH H3Y4as HOCTATOYHO OGLIHeE KBAHTOBLIE MOJEINH — HCXO/A H3 MEPBAIX
npunnunos. Haiigens: QyHAaMEHTAIBHEIE OIPAaHHHEHHA Ha speKTHEHOCTD
HCTIOAB30BAHHSA  PECypCOB.

TEPMOJJ,HHBMI{‘IECKHX IapaMerpos, BKJIIOYAIOT TOJIEKO TaxKHe 6GazoBhle CBOMCTBa

QynpamenTanpubie, HOO OHM, XPOME BHEUHHX
CHCTeM, KaK CIIeKTPaIbHAsA CTPYKTYpa H pasMepHOCTh rineGepToBa IIPOCTPaHCTEA.
HexoTopsie npefiensl 1 Ha IIoGagbHOoe, # Ha TOKAIEHOE OXNKAeHHA GrUTH

yre H3BecTHHL [ITA TMOCHEJHET0 CyHIeCTBEHHEI XBA pecypca — pabora H Bpems
upxa. Jns xonofunbHEKOB 3Hadenne KapHo TC / (Th —Tc) orpauuuusaer KIT/T

ceepxy. KIIJl onpemensercs Kak OTHOLIGHHE TeIIa OTAAHHOIO XOJIOHBIM
TEpMOCTaTOM 33 UMKI H COBEpIIEHHOH TpH 3TOM paborsr. Mayuas mopens
XOJIOMHIBHMKE, COCTOANErO M3 ABYX M -yPOBHEBHIX CHCTEM, B3aHMOZEHCTBYIOUIHX
TOCPEACTBOM Iy ILCOBH/IHEIX BHEIIHHX TO7Iel, Mbl NOKA3EIBAGM, YTO XOJOAMIBHHK
MoxeT paboTaTh C KOHEYHOH MONIHOCTHIO H C abdexrurHOCTEIO MauHEs KapHo.
MoIHoCTh OIpeAesieTcs KaK OTHOWEHHE BHIEIEHHOTO TeIia M BPEMEeHH LKA
Mer Taoxe mokassibaeM, uTo KIIZ[ y ZOCTaTOMHO ONTHMAIBHBEIX XOJIONHIHHKOB

MMeeT HIDKHUMIL TpeZies, 3aBHCAIIMI TONBKO OT TeMIIEPATYP T,uT..

TemnmoBOil HACOC — 3TO YCHIMTENH CIIOHATAHHOTO IOTOKA TETIA OT TOPAYEro
x xonoxuoMy. OJHako H3-33 HEPABHOBECHOTO XapaKTepa CIOHTAHHAIX NPOLECCOB
OBIHMX TepPMOAMHAMHYECKHX TPAHHL, /i TENJIOBEIX HACOCOB HE CYUIECTBOBANO.
37ech yCHJIGHHASA Tlepe/iada Tervia HCCefoBana ¢ NOMOUIBIO TOH-3Ke MOJe/, TO 1
WIs XoJOZMmbHMKA. MEl HaxXOAMM MAaKCHMAIBHYIO CNOHATHHYIO TEIIOTY M
[TOKa3BIBaEeM, YTO AJUT €8 YBeTMYeH A HeoGX0oHMO coBepHTE paoTy. OKassIBaeTcs,
wro KIIJI MOXHO ONpeJeNHTh KaK HHKPEMeHT B TernoTe IOZJEeNeHHoe Ha
copepmernyio pabory. Jro KII/| oxasbiBaeTci OrpaHHYEHHBIM CBepxy BeTHIHHOM

TC / (T,, = TC) — rpannieit KapHo At XONIOZHIBHHKOB.

B pamkax KBa3HMPABHOBECHOH TEPMORMHAMHKH /i IUIMPOKOTO Kimacca
METOZOB rI0BaIBHOTO OxTakAeH A HepHeT mokasan T.H. 3-if 3aKOH TepMOAHHAMHKH
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— HEBOIMOKHO AOCTHYb aGCONIOTHOTO HYJISI TEMIEPATYP TOCPEACTBOM (PHIHYECKH
pasyamsny mpoueccos. OCHOBHAs c1aBocTh 3T0f GOPMYTHPOBKH B TOM, YTO NOHATIE
‘busHUecKH pasyMHEL npouecc’ GOPMATBHO He OnpeneneHo. Vroumsas 5TO NOHATHE,
MBI TIPHXOJI.KM K ﬂBy‘IEHHIO OHHAMHYECKOIo OXJILKIEHHA, rue HPHBO}:\IL\{M H3BHE
CHCTEMa OXTAKAAETCA ¢ TIOMOIILIO Pe3epByapa — KBAaHTOBOl cucremsl B ['HG6coBOM
HAYaJIBHOM COCTOSHHMIL. 37ech pecypchl — 3T0 pafora M 3amac IOMIpH3ALHMH
pesepsyapa (BepXH#A [PAHMIA €ro CleKTpa). [UIs AByXyPOBHEBOH CHCTEMEL MBI B

SABHOM BHE HAXOAHM MHHHMAJIBHYIO TeMIepaTypy Tmin > (), xotopyio oxa Moxer

-1
poctrus. MuHnManeHas pabora, HeoOXomuMas st It pacTeT Kax Tmi L+ Ham

min
pe3ynbTaT 1o Jiciy 0 noxassBaer HemocTIKHMOCTE afcomoTHOTO HyIs Ges
HEeOAHO3HAaYHOCTH, CDHPOBOmalomer{ Tpa,ILHlRHOHHL[r{ TEPMOHHHEMH‘EECKHI:I BBIBOJ.

Jlns pesepByapa, COCTOAMNIETO H3 N >>1 uzenTHusbIX CIHHOB MBI IIOKA3LIBAEM,

aro 1. o€ N7' u naxommm MakcuManBHOE OXIDKJEHHME, COBMECTHMOE C
MMHHMAaJIEHOI paGoToil Onpe/ieNeHHOl Pa3HOCTI0 cBOGOAHOI SHEPTHH.

Ipoueccs: Beifenenus paGOTEL OXIMKAAIOT CHCTEMY T.K. YMEHBIIAIOT €e
sHepruio. OHM BKHEL AJA MOHHMAHHA COXpAHEHHA H nepepaborkn sHepruH. M
MakcumansHyio ~ pafory,  KOTOpYyIO
MIKDOKAHOHHYECKOTO COCTOAHHS pEe3epByapa H3 N >>1 cmunos ¢ momousio

Heenegyem MOJXXHO BBIZICTHTD H3

LIHKITHIECKHX TaMHJABTOHOBBIX IPOLIECCOB. 3ra pBGOTB He MoxeT OBITh

MaKpPOCKONHYHA, HO MOMKET PacTH Kak -/ NInN .B ofwemM caydae, ,T.UIH.CHCTEMH
TPHCOEAMHEHHOH K MHKPOKAHOHHYECKOMY TEpMOCTaTy nonaTHe cBOGOAHOI
BHEpI'HH He MOXeT GBITI: O]'[PEJJ,@JIEHO, T.K. HAYHHAs] C KAHOHH4YECKOTO paBHOBGC]m C
TEMIIEPAaTypOil TEPMOCTATa, 3Ta CHCTEMA MOXKET YBEIHIHT: paboTy u3 TepMOCTaTa He
H3MEeHeHAA CBOEro COCTOAHHA. BTD HEeBO3MOXKHO st CHCTEM, ]TPHCOE,!IHHEHHLDL K
KAHOHMYECKHM TEPMOCTATAM H3-32 CBASH PabOTHI M CBOGO/HOH SHEPTHIL.

TlepeHoc MOMAPHIALMH — €llle OFHMH ACMEKT OXTAXIEHHA. Drto 6Ga3oBalit
HHTPe/JMEHT KBAHTOBRIX HMEDEHHIT H nepepabork HHGOPMAIHH. 3AECh PeCyPChl i
orpa}mqem«m CBSA33HEBEI C nﬂcbopmauneﬁ O HaAYIBHOM COCTOSHHH HCTOYHHKA
TOJIAPH3AIMH.

HEpenoc TIOIApH3aL NI MOJAEIHPYETCA InepeHocomM JJIEMEHTOB

MAaTPHIB! IVIOTHOCTH OT OZHOI CHCTEMBL (A)x Apyroit ( B). 3aecy M1 nmeem gemo
C OffHMM PECYpcoM, C TNaMATBI0 KOHEYHOTO COCTOSHIA A o TIepeHeceHHOM
amemenTe. MBI jaeM ONEPallMOHHO COBMECTHMOE ONpefieieHHne JIOKAJIBHOH TaMsaTH
cocTosanust o6 OFHOM MaTpHYHOM 3JIEMEHTe,
nepeHeceHHBIX 1 HEKOTOPRIX APYTHX SeMeHTax nonuocteio crupaercs. O6obuernme
Ha NepeHoc ¢ KOHEYHOIf TOYHOCTHIO TTPHBOAHT K KOMIPOMHCCY MEXAy TOYHOCTBIO H
KOJMMYECTBOM COXPaHEHHOH IIaMATH. DTOT KOMIIPOMHCC BBIpRXKEH B BHIE He
3aBUCAIMX OT JleTajieil CHCTEM COOTHOLIEHHH HEONpene/leHHOCTH.

H Haxo[HM, YTO IaMiTh O
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ABSTRACT

In this thesis fundamental limitations on cooling are studies. They are caused by the
finiteness of resources in nature and the laws of quantum mechanics.

There are two approaches to cooling. The first approach is local as it
involves small intermediate systems that, being driven by an external force,

reciprocate between two thermal baths at different temperatures 1> 7. 1f the

target of cooling is the cold/hot bath, the cooler is called refrigerator/heat pump. The
second approach is global — external fields act on the whole target of cooling, e.g.
dynamic nuclear polarization (DNP) in NMR physics. We investigate these basic
cooling mechanisms, together with their limitations, via a first principle study of
rather general quantum models. Fundamental restrictions on the efficiency of
resource usage are found. Fundamental, because in addition to external
thermodynamic parameters they involve only such basic quantum properties of
systems, as spectral structure and dimensionality of Hilbert space.

Several limitations both on local and global cooling were already known.
For local cooling two resources are relevant — the work and the cycle time. For

refrigerators the Carnot value (= (1 —YL/T}T)_[ —1) limits the efficiency from

above. The latter is defined as the heat taken from the cold bath per cycle over the
work input. Studying a refrigerator model consisting of two 77-level systems
interacting via a pulsed external field we show that one can operate at finite power
and as effectively as Carnot machine. Power is defined as extracted heat over cycle
time. We also show that sufficiently optimal refrigerators have a lower bound on

their efficiency that depends only on temperatures T, and TC :

Heat pump is designed to enhance the spontaneous transfer of heat from
hot to cold. However, because of the non-equilibrium nature of the spontaneous
heat flow, no general thermodynamic bound was known for the efficiency of heat
pumps. Here the enhanced heat transfer is studied via the same model as for the
refrigerator. We find the maximal possible spontaneous heat and show that to
increase it a work input is indispensable. The efficiency is defined via the increment
in the heat power over the amount of consumed work. This efficiency turns out to

be bounded from above by (1 — Tc /T}, )_1 —1, the Carnot bound for refrigerators.

Within macroscopic quasi-equilibrium thermodynamics some of the global
cooling methods were summarized in the Nernst set-up of cooling and culminated
into the so called third law of thermodynamics. It states that it is impossible to reach
absolute zero of temperature via a tractable physical process. The essential weakness
of this formulation is that the notion of tractability is not formalized generally. By
clarifying this notion we end up studying dynamic cooling, where an externally
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driven quantum system is cooled via a reservoir, a quantum system with initial
canonical equilibrium state. Here the resources are the work done on the whole
system and the polarization supply of the reservoir (the upper bound of its energy
spectrum). For a two-level system we obtain explicitly the minimal possible

temperature T

e 0 it can reach. The minimal work needed to reach Tmin

-1 e
growsas 1. . Our results on T .. >0 prove unattainability of the absolute zero
temperature without ambiguities that surround its traditional thermodynamic
derivation. We also study cooling via a reservoir consisting of N >>1 identical

It

spins. Here we show that 1 . ©C N7" and find the maximal cooling compatible

with the minimal work determined by the free energy.

Work extraction processes cool the system by lowering its energy. They are
important for understanding the conversion and storage of energy. We study the
maximal work extractable via cyclic Hamiltonian processes from a positive-

temperature (1 > 0) equilibrium, microcanonical state of a N >>1 spin bath.

The work cannot be macroscopic but can still scale as v NInN . For a system
coupled to a microcanonical bath the concept of free energy does not generally
apply, since such a system — starting from the canonical equilibrium at the bath
temperature / - can enhance the work extracted from the bath without changing
its state. This is impossible for any system coupled to a canonical bath due to the
relation between the maximal work and free energy.

The polarization transfer is yet another aspect of cooling. It is the basic
ingredient of quantum measurements and information processing. Here the interplay
of resources and limitations relates to information on the initial state of the
polarization source. We model polarization transfer via density matrix element

transfer from one system (A ) to another ( B)). The sole resource we deal with here

is the memory of post-transfer state of A on the transferred element. We give an
operationally consistent definition of the local memory of a state on its matrix
element, and find that the memory on transferred and several other elements is
completely erased. Generalization to a finite-accuracy transfer brings in a trade-off
between the accuracy and the amount of preserved memory. This trade-off is
expressed via system-independent uncertainty relations which account for local
aspects of the accuracy-disturbance trade-off in quantum measurements.

22 Ugqquyfih gqpuipmph
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