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q.]luimqwb lmpnp.mmnp.jl.mpu.tl 
q.)luimqmb IJ.hlJ.mlJ.m11' 

'll.mzmnbmqmb 1!1.upyuCwJ:unubb.J.1' 

Unm2mmwp. qwqtltuqhp.UJ.ntp]nt.b.' 

:p)lqtimia-. q}l.umtpJmb.bh11]l phqhmbnt. 
U. t. U11mlnlhJ.1I1Jlllh (Uq.l) 
!p]lqtiutp •. q):unnt¥JD.tb.1lhp.]l I}llqump 
'b. UmumumJu.lllunlj_ (b'lJ.Z,) 
:pp.quuip. q}l.umt.pJnthhb.p.]l I}llqump 
t.. Uhmhjl.'ljJmh (U<U.) 
'b!lluub.P. 'llhmw.qwb. 2:mU:wtumpui'h 

'llut2UlUJ.Ulb.nt.p]nt.h1! qmJUlllUltnt. t 2012 p. ump.mp 20-]lb. dwtit! 14.00 -]lh u. 
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Ut~USU~~PC~~ZU~ilPCP~fip~Uq.prc 

~htlmJJ:i. m}lll]lmqmhntp]nt.b.]!: 

Uwnhgu111li :pp.qp.qwli l!luµlwhpmUJ.hu h hp111' unt.Jb. 
111111hb.111]ununt.ia-Jmh uwhu111hhhpnuI uwbpwu111uhnp.hh nt.unLtlhwupp.1J.111b 
wnwb.0.ph q1mJuhhpg, hh:pq1111m.uu h111\ajmwhnu! hh wqm]llj_nphb 
hh1.11111qn1111J.nIJ. n1npmhhp: ffehp.U:lll}phwU}lqwh hp.qwp d-wtlwhwq l}llqm i_tp. 
q111Uiu h1111J.111uwpwq2lm ::fl'hpiinajihmU}lqmqmh [q.l], qbm]ph ni_ 2p.2hll1 [q.l), 
lj_hp2m1J.np dwumb.mq1111ph (q.2) :J?hhnUh:hn1nq}lq :J.>npu111Uiqtlb.hp]l 
umhumhhhp):l.g: Upw]h lj_h:p2hJ111 l;, llJl FhJltlnaji.bwupqwqwh UJ.p.nghuhh]lg uquht 
hh munufu111upJ1hl wn1112J:i.h uqqpm.hphh]lpg, phi_g hb.111JlmlJ.npnL::fl'Jnt.b. 1; 111111Uiu 
puig111hm11.11nJ1hb. h1112tl]i wnb.ht dwuwb.1111J.1! h ]lp111qmhuighh1 phm::fl'mqphp):l. 
OUJ.1.11iipqmgpwb. wnmb.g nJlb.h :PnJ1iimt umhumb.1111}1.Ulqmub.hJlp: U1u111hIJ. 
nt.unLuhwupJ11J.mb Jub.ajiJ1b.hJ11! hh:111pJ1p]lJ1 b.b. Fh' plj_111b.111w1]lb. :pp.qp.qmiP.. Fh' 
11111u111qmh u111nJuwu111p.q lllhumb.lJ.Jmb.bhppg: 

'1111 h]lqnt. unmhgm.u IJ:hUJ.li uwnh:gnt.tll!: Un1112]lh uni.nhgnt.tll! tnlJ.Ull t. 
phwqp 1111b. hh]lwnnt.tl l: tlmPJl U}l2whlJ.Jmt hmuwqmpqhp, nJlnbp Ul]ltnmpph 
nt.d-hp.p wq11hgµL::fl'Jlllh muiq glilJ.thJ1 hh qmmmpnl.u hpqm' UlU1]1php 
2hp.t!uium):l.6'.uib.b.hpnlj_ ::fl'hpunuuimmhhpp U}l2h: b::fl'h uwnh:gumh F]lp111Ju1! 
uwn~tnlllp ::fl'h:p.U:num111mh t, WUJ.111 umnhgnt.g]li_l! qni_lj_nt.U: 1; 
uwnb.wp.111b/2hpuw1ph ui.nuui.: bpqpnJlIJ: tlnmhgmug qinpwt l;. llljltnmp}l'il 
1111121.11h]lg 111q1111t.tl hb. uwnguuih wtlpnIJ.2 F]lJ1111Jup tjpw, OJl. U}l2mqhhp):l. 
IJ:lihwupq111quih phh:nwgnt.ul! (U~P) up2mqw1ph uwqhpuwqwb nhqnbwhup 
(UUfi) :J?pqpqm]nuI: ~1J.111b.ui1111]lh uwnb.111pwhhhJ11!• h, l!luµlwb.p.uiu{hu, 
2hJ1UUlJP.h uhphb.whh]ll! nt.Unt.ub111u]lj11J.nt.U: hh Ujllllhg oq111mqW]1 qn]l~JllIJ.llt.Ja'JUlb. 

qn]lbmqg]l (Qq.q.) h hqnpnt.::fl'JUlb. lJ.mJlpml.' qwJulj_wb 2hJ1U:tu11111J:i.<fob.hh]lp.g, 
i_llltjmhJ.lpg h 11muwqwh mhwinqhh]l mhhhm1m.g (q.3_q.s): ~]lhmtl]lq umnhgmuh 
nt. IJ:lllll hhm qmUJ.lJ.tub FthJ1U:nIJ:lihmu]lqm1J:i. 3pq ophhpl! hnLJhui.hu wqui]ltlnphb 
nt.unt.tlb11111pJ11J.nuf hb, wn111tJ.ht111UJ.hu UUfi :p)lqpqm]nt.U: U~P umb.i_nt.pJtuiip 
[q.6-q.8): U]lqpnq111b.nb.]lq h q111hnb.]lq mhumtlpthhpp. tn111]1phpnt.p]nt.bbhJ11! h 
Fh11unu111w111]lg w2Ju111111mbpp pmIJ.nt.Ul! munl.U:b.wupjltj_nt.tl hh Fh' 
:J?mtui111uhb1.111111 (FhJ1U:naji.h111u]lqm1P. 2Pq ophhp), Fth' thh]lq]ltuJp qmui111qtl111h h 
oqi.n111qn]lbU111b. mhu111hlJ.Jmb.hh]l}lg [q.9_q.12): Phhnwgtj_mbnt.FtJWh h 
qnhb.JlhhtnnL:FtJWb' tl]l hmu111qw]lq]lg' uim.u]lb uihIJ.tutlm-JuU:mhh m hp.whg' 
Il]1UJ.hu J:l.b.:PnJ1UWgp111]p qnpnt.ump.b. tj_h]1lllphJ11J.nIJ. q11mlJ.whnt:FtJnt.b.1! ztu1.11 
piuquwpb.nt.JF l: (ptj_111b.uiw1ph J:i.b.:PnJltlmuip.qw, ptj_111b.1.111111ph oui.m]lqui, 
ptj_wb.1.11ui1ph qhhuwpwhnt.FtJnt.b., UUfi :pp.qp.q111h h lllJl.), ph]lnt.iI hhp hJ.lhp lu]mtl 
tl]lw1b.' [%, q.13, q.14): 
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U2]µunnmhpP, huimmwqb. m. bLbl]b.phlijm: 

U1u wz]uwtnwb.pp. hp.ub.wlj_wh hui.wmwqb. m )ul.tajlp.b.b.p.1!: hb.mhuwb. b.b.. 
• Z.b.mwqnmb.1 uwnb.wp.wb.p. pqwb.tnuiJP,b. Unl}b.l_, qtnb.b.1 b.p.w OUJ.tnP.lfw1 

nb.dp.uub.p.1!: 1.J. WJl} nb.cJP,ub.bp.ntU hw2l{h1Qq.q.-b_1.J. hqnp.ntp]ntUl!:: 
• fo.umub.wupp.h1 ptlwb.tnwJP,b. uP,2b.np.untl 2b.p.ump1wb. p.b.pb.wqwu hnupp. 

hwIDqntp]mb.b.hp.1!:: 'll.wp.qhl Ul]l} hnupp. ubbw.guwb. UJ.W]UWb.b.hp.1!: h 
wb.hp.wdh2tn nhump.ub.hp.g: Uwhuwb.h12hp.uw1pb. UJ.ntCUJ.P. hwuwp. oq.q.: 

• :bnp.uwl]lqwgb.h1 uwnghtlmb. u)ub.tlwb.hp.1!: nbump.ub.bp.]l 
uwhtfwb.wiJ:i.wqmp1wb. hw2l{wntlmtlp, uiwp.wtfhtnp.P,gwb.h1 
nbqb.p.tlnLwp.b.hp.P, pb.nqawqp.]l~ tflll}b.1b.hp.g: fimmtfb.wu]lp.h1 tCp.b.]ltfw1 
2hp.uwutnP,6'.wb.1!:, np.UJ. b.u W]l} OUJ. hp.wgp.nhw1 UJ.Wp.wtfbtnp.hp.]l :pmb.lj_g]iw: 

• Z.htntuqnmh1 g]lql]llj_ UJ.p.ngbub.b:p.]l u]i2ngnq ptlwb.tnw]]lb up.qp.nqwb.nb.P,q 
l{p.6'.wqb.bp.p.g tfwpu]iuw1 wz]uwtnmb.p]l pwquwb. Jub.ajtp.1!:: 

• Z.hmwqnmh1 pb ]lh~UJ.bU 1:: tlb.wutlmtf JutnnLJ_a]Wb. tfwtnp.]lg]l' ]lp. 
qb.uhb.mb.bp.p. tfwup.b. mb.b.gwb h]l2nqmp1mb.1!:, bp.p b.p.wb.p 
tnb.qwiJ:i.n]uqmu bb. tnp.qwb hwtfwqwp.qp.g l}hUJ.Ji tlb.q WJl hwtfwqwp.q: 
fiLunLtfhwup.p.b.1 11' .ti.llb.w1wlJ.wb. 11' n~ .ti.llb.w1wlJ.wb. tnb.I]_wiJ:i.n)umpJwb. 

IJ:b.UJ.php.1!:: 

Utnhb.m]µnunt~wb. WWJJntb.phhpb b.npntl!t]ntb.n: 

Utnb.b.m]ununtp]mb.nt.tf pb.p.tlwb Plll.l1P. wp.IJ.Jmb.pb.b.p.1!: b.np. b.b.: Umnp.11 php.qwb hb. 
b.p.wb.gp.g u]i pwb.Jiul!:: 

• Unm2Jib. wb.qwu qwnmgtl_wb 1:: uwnb.mp.wb.]l tflll}b.l_, np.1!: qtup.nq l; 
tuz]uwmh1 liwnlm1Ji wp.dhp]lb. gtub.lj_wgwb ~wiJ:i.ntl tfntn oq.q.-ntl. 
nt.b.hb.w1ntl qp.nj]lg tnmp.pbp. hqnp.nqa]mb.: 

• Unw2.ti.b. wb.qwtf b.bp.umbtlhl h h]lub.wqnp.tlh1 l; uui.nb.mtub. uip.nghub.hp.]l 
nt.db.I]_tugtfmb. l:::PhlJ.tn]lqmpJmb.1!:: ~hp.2Jib.]lu hwtftup. qmb.qb.1 l; 
hwuwqtup.q]l tftub.p.wuwub.hp.p.g tub.qw)u qhp.P,b. uwhuwb., np.1!: 
hwb11}1uwb.nttf l; 2hp.uw1P.b. UJ.OUUJ.b.p.]l hmuwp. liwnb.nJ]l wp.dbp]l wb.w1nq 
h, O.llwqmlmp.bb., hwtfl!:hqb.mu 1:: uwnbwp.mb.bbp.p. hwuwp. liwnb.nJP. 
mp.db.pp hbi.n: 

• Unw2P.li wbqwtf ptl_wb.tnwJP.b. ub.]uwbp.qw1Ji op.hbpbhp.p.g b.t'llb.1m-l gnt]g t 
i.np.t.J.h12b.p.uwui.np.6'.wb.p. pwgwp.O.wq qp.nJ]l wbhwuwhhtlmtp]m b.p, qp.mn~. 
np.J! hwl.tajluwb.ntu 1:: php.unajtb.tutf]llj_wi]l 3•q ophhpJ1 '1...hp.bump. 
O.lltuqhp.UJ.lfwb. 2ml.J.m.tf, l1 ~ UJ.Wp.nt.b.wlj_mu wb.nlI]_qwq}mp.hb qwi.nwpl\mh 
hb.Jallll}p.mp1mb.b.hp., n1mb.p wnlj_w hb. '1...hp.b.utn]l phnpl..umu: 
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• fit.untub.wu]lp.b.1ml nhqhp.l.j_mwp.p. u]12ngntl b.p.qtfwquip.:quiq hmtfwqwp.q]l 
ajtb.wu]lq uwnhgmtfg hw2tlt.J.wb l; tl_hp.2P,up.u hwuwp. huiuuib.b.l]l u]ib.]luw1 

Tmin 2b.p.uwutn]16'.wb.1!:: Bnt.Jg l; tnp.l.j_uib, np. :qp.w hwuwp. wb.hp.wcJh2m 
I -

u]ib.]iuw1 wz]uwmwb.pl!: w6'.ntu t oc T,;;;
0 

: UU.fl.. U'1.P 

hwuwui.wmwu]uwb.nq N b.nLJb.wb.uuib. UUJ.Jib.hp.p.g PWIJ. qwguib 

nhqb.p.l.j_mwp.]l hwuwp. gm.19 l; mp.tl_mu, np. Trnin oc 1/ N l1 hui2t.J.tlmi.l t 

wz]uwmwb.pl!:, np.g t.J.hp.2wtl_np. l; 11 nb.qhp.l.]_muip.]l ull.J.P-b.hp.p. l;b.hp.qb.tn]lq 
6'.b.qp]lg qm]utlmb quip.nq l; b.wh l]lb.b.1 pbunajtb.uitC]lquiJp 2Pq op.hbpnl.j_ 
UJ.WhWb.2t.J.llIJ. ujib}lunu!jiu hwtl_wuuip.: 

• Unw2Jib. wb.qwu hw2tltlmu t tfmpu]iuw1 ui2Juwmwhpl!: ( wmax. ), np.1!: 

hb.wp.wt.J.np. t PWIJ. b.1 utuqpnulj_nll.J.P-q up.qp.nquib.nhp.q nb.q b.p.tl_mwp.Jig ( T 
2hp.uwum]i6'.uibmtf), np.g qwqut.J.wb t N >> 1 b.nt.Jbuibtfmb. uJiUJ.b.hp.]lg: 

W max tC.ti.2m lJ:i.npp. l; nhqhp.tl_muip.]l tb.hp.qli-w]ig, pui19, UlJUnLwubb.wJb.]lt.J., 

qmp.nq 1:: l]luh1 ub.11-' o(.J N ln N): .fl..hqhp.t.J.nuup.ph qgtl_uib huiuuiquip.qp. 

hmuuip. wqwtn l::bb.p.q]lw1Ji qwqwiJ:i.wp.1!: gb.IJ:hwb.ntp. :qhUJ.Pmtl qp.p.wnbl]l 

~t, pwbqli- l]lb.h1ntl T 2hp.utuump.6'.wbnt.J. qwlmb.]llj_ t.J.p.6'.uiqmtf UlJb. qwp.nq 
1:: ub.buigb.b.1 nb.qbp.t.J.m.wp.p.g PWIJ.tlwb tuz]uuitnwb.pg, wnwb.g P,p. ubiJ:i.wqwb. 
t.J.p.6'.wlj_g 1J:i.n]uh1m: N1~g uibhb.wp. l; qwb.nb.]lq nb.q bp.t.J.mwp.b.b.p.]l hwuwp.: 

• Uwl.i.p.nul.J.nUJ.JilJ. u]ll.i.p.nlj_uib.nhJilj_ nbqbp.t.J.mwp.]lb. lj_gtl_wb huiuwquip.qp.g 
uwpu]it£w1 mz]uwtnwbp]l pwquwb. munt.tCb.wu]ip.nt.p]ntb.1!: nhqbp.t.J.mwp.Ji 
pwp.0.p. uqqpb.mqwb. 2hp.uwum]i6'.wb.b.hp.]l uwhuwb.ntu iam.11 l; mml]lu 
t.J.bp.wlj_wbqb.ht wqwtn tb.hp.qli-w1]1 qWI]_wlJ:i.wp.]l qJip.wnmtCg, np.b. wp.:qhb. 
b.bp.wnmu l; qll-w1]lb l;btnp.nUJ.P-w, h n~ pb :pnb. 'l...n1uwb.]1 l;b.mp.nUJ.P-wb.: 

• Unw2.ti.b wbqwu pt.J.uib.tnwJJib tlp.6'.wlj_b.hp.Ji q1nb.wt.J.np.tlwb. (cloning) h 
hbnwp.O.wqtCwh (broadcasting) Jub.lllip.J! 1mll-tl_mt£ l; n~ rah q1npw1 
(wlfpnI]_2wqwb. t.J.p.6'.wqhhp.]1 t£wlj_wp.11wl.J.nt.J.) tCntnbguwtfp, WJL lnqw1. 

]umnt.ia1wh tCmmp.]lgJi qhuhhmhhp.Ji' up. hmuwlj_wpq}lg (A) u1mup.b' 

( B ) tnbqwiJ:i.n]uh1m tCnmhgtfwup: l.w2t.J.t.J.wb l; A -]1 tlhp.2hmqmh 
l{p.6'.wlj_mu wuhh tnb.qmiJ:i.n)utl_mb qb.Uhhtn]l uwuJib hJi2nqnt];}]ntbg: n~ 
Ji11b.w1wqwb. mb.I]_wiJ:i.n)uuwh hwuwp hb.p.umbt.J.wb l; uwmp.Jigwqmb. 
qb.Uhbtn]l uwupb (1nqwJ) hP,2nqntp]Ulb. ~wiJ:i.: 

UWJJnt.b.phhJlh Jib.pwnwJiwh h2whmJim,-imhn: 

• Ub.p. u2wqwb OUJ.tnJitCw1 uwnb.wp.wb.]l hw)uwtnJiUJ.1!: qbw.m.u1]1 Jip.uiqwb. 
uwnbwp.wb.b.b.p.p. qwp.qwguwhb. umb.t.J.wqb. b.p.qm 6'.uihwU]_wp.hnt.J.: 
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Unm2)1.hg. hqmp.mqp.qma tfill}l:qp., b.p.ui gpqJP. m.rp1uilJ.P ppuiqmhuigm.tfb. l;: 
bp.lj_p.np.IJ:. oq.q._p. huitfmp ub.p. lj_nIJ.upg Utnuigquia OUJ.tnpUUll Ul]l.cTliphlip.J! 
quuimhuih2b.h pli qnb.qp.b.m ppuiquih uumhmpuihhliph quip.quigtfuih p.h~ 
UJ.ntnb.hgJ:i.uit m.hb.h h uuinb.uiph):i. hquip.uiqpq1110 qumm.gquiopg qm.IJ.IJ.np.IJ:J:i. 
Ul)l} UJ.nmb.hgJ:i.uit hhuip.wqnp.m.p3m.hhlip.h J:i.p.uiquihmgb.b.tm. huip.gnuf: 

• 2b.p.tfw3J:i.h UJ.ntfiaji OUJ.mJ:i.uw1 nb.d):i.tfb.b.p):i. ulip. l.J.nri.u):i.g mp.quio 1J1J:i.il 
hqwp.uiqp.m.:ia1m.hg pm.11 qmw u2wl.J.li1 t:pliqm):i.tl. 2b.ptfmhwri.np11J:i.~hb.p. h 
hp.whg OUJ.tn):i.tfuit qlip.UJ.nil quimnqwp.b.1 quitf qtfmmhuih2J:i. pb. J:i.h~ 

nl.IJ.IJ.Ill..FJUltfp C.hmijm]ub.1 liri.mo UJ.ntfUJ.b.p.g, np.UJ.b.uq}l qlip.2phhb.p.u wqb.Jll. 
t:pb.qmJ:i.il qnp.olih: 

• '1]1.b.mtf]:i.q uwnligtfuib. ]ub.IJ:p.]1. im.om.tfg WUJ.Whnqm.tf l; wnligtfwh 
:pm.UIJ:wtflihmm1 uwhtfwb.hlip., np.nhpg ~b.h quip.IlIJ. ]um]utnb.t J:i.pwqmh 
uumhgm.g]:i.~hb.p.g h OUJ.tnptfmt uumhgtfmh u]uhtfuih tfmmhmgm.19 t mhmtf 
pb. ]1.h~UJ.b.U quinm.gb.1 l;:Phl.J.tn):i.q uuinb.gmg):i.~hlip: 

• Smp.mmb.umq qmnm.gtJ.map mhb.gnri. 11]1.hmtip.q uumb.gumh umpplip.):i. 
tlmpu]:i.tlmt hhuipwtJ.np. b.JPU1JJ:i.h wp.db.phb.p.J:i. ]1.tlmgm.p]mhg J.il-nl.Jl qmui 
qhmhmmb.1 WJI} uwp.pl:ip):i. tjiwumuig):i. 1;:pliqm]:i.1l_mp3m.hg h WJIJ: 
t:pb.qm):i.tJ.mp]Wh pwp.b.1wtJ.tf111h hhwp.mtJ.npmp3m.hhb.p.g: 

• U):i.lj_p.nqmhnh):i.q nb.q l:ip.tJ.m.mp.J:i.g tfmpu):i.tfw1 m2]ummmhp):i. p111IJ.tfmh 
m.umtlhmu]:i.p.mp]mh 111]1.l}]nt.hphl:ipg l;hb.p.q):i.m3J:i. t:pb.qmJ:i.tJ. qnunwqp~hlip.J:i. 
umb.ri.Otfuih hnp. uqqpm.hphlip. t mn1112mp.qm.tf, h :Pm.UIJ:mub.hmw1 
umhtfmhhb.p mUJ.mhnqm.tf UlJIJ: qm.m111qp~b.b.p.J:i. m.b.mqm.p3mh h 
t:pb.qtn):i.tlm.p]wb. h111tfmp: 

Umwgi)wa wp:mnt.hphl:ip.h mumnpmgbwh: 

Um3h wtnb.hw]unump3wh wp.l}]ntb.pb.hp.'(! hhp.qui3mgtJ.h1 b.h hlimhJUll 
qnb.:php.wb.uhlip.ntu, uJ?.tlUJ.nq}lmtfb.b.p.mtf h IJ:UJ.p.ngb.lip.m.tf. 

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

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

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

• International Symposium on Quantum Thermodynamics: Energy and 
Information Flow at the Nano-Scale, 13-17 September 2010, Stuttgart, 
Germany 
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• International Workshop on Modem Problems in Optics and Photonics, 27 
August - 02 September 2009, Yerevan, Armenia 

Uiu m2]uuimuihp):i. Wp.lJ:Jm.b.pb.b.p.g b.mh b.lip.qm1mg1l_l:i1 h pb.b.wp.q1l_b.t lib. bphmb.J:i. 
'llb.mmqwb. Z.mtf1ump.111h):i., Ui]1.]uwb.1wb.}1 wb.q. Uqqui]}lb. q.p.m111quih 
l111pnpwmnp.}lw1J:i. (bp.:f>:P), .P111pub.1nh):i. ICFO -The Institute of Photonic Sciences, 
Cmm.mq111p.m}l hwum1umpmh]1. II. Institut fiir Theoretische Physik 
ulitl]:i.hwp.b.l:ip.}lh: 

Umhhw}µnunt.I!l"JUlh hhtfhmJimh mp:mmhphhp]l hp.w111mp.uiq1l_uio b.b. 6 IDUJ.mq}lp. 
hnl}qmahb.p.m.tf, np.nhg gmb.qg plip.tJ.mo 1; uliri.tfwqp.}1 qhp.2m.tl: 

U2}uwmmhph Jiumn1gilwb,ph m bm.1).wm: 

Umb.hw]unump1m.hg p111IJ. qwgma 1; hb.p.mamp1mh}lg, h}lhq qJ.lu}lg, 
b.qp.wqwgmpJmh]:i.g, 3 hwqli11l_wa]:i.g h oquiwqnp.aqwa qp.wqwhn1p3wh gwb.qpg 
(155 mhnth): Umlihw]:unun1:ia1wh lnntJ.wm qwqtlmtf t 148 l:2: 

U2]uwmmhp]l pntJ.whlJ:wl{nt.FtJnth'(! 

khnwaniwwli rlhg phhwp.qtJ.n1tl t uimb.b.ui]unump1m.hmtl 
m.unttlhuiu}lp.tJ.uia ]uhl}):i.p.hlip.}1 WJ1.1lJ:l.mquihn1p1mhg, b.puihg quip.hnp.m.p1mhg 
duitluihuiquilj_p.g umnligtfuib. :pj:iqJ:i.qw3mtl: .Pb.p.1l_m.tf 1; huih ui111lihuiJ:unun1p3uib. 
quinm.gquiapg h hui4]1p.a pnquib.IJ:ml{mp3mb.g: 

Unwg/lb 'llfumrlhb.p.qw3uig11_1110 t umnhuip.uih]l pquih111ui1J:i.h tllllJ:lit. np.b. 
}lp.b.h]lg hlip.qui1111ghn1tf t lipqnt. tfmu]:i.g PlliIJ. qmgmo puihllIJ. tfmp.tip.b.' gb.qI[tfquia 

lip.qm p-lip.tfnumuitnhlip.}1 tfP2h ( J',, <Th 2b.p.tluiu]ltn6:uihhb.p.nq): Puihn11 

tfuip.tfb.}1 tluiub.p.'(! ijm]uuiql}Ilttf b.h uip.mwp}lh J:i.tfUJ.m.1uuiC..h 11ui2m}l tfP2ngnq: 
Umhtfuihqmtf lib. uuinhwpuih]l h]?.tfhml{mh phntpuiqp.]?.~hlip.g. uumg 
plip.tfnummm]:i.g p111IJ.qmo 2lip.tfmpmhuiq, hqnp.m.p3mh, oquiuiquip. qnpanri.mp3uih 
qnp.auilj_p.g (Oq.q.): fl mmp.pb.p.m:iaJmh l!umhn3]?. gJ:i.4tnil (npg pquiq]:i.umuim}lq t) 
ui2]uwmnri. tfb.plihuib.l:ip.]?. [q.l], 11J:i.mmp.lJ.1lnri. tfn11lii]1. m2]uui111whpw3}1h g}lllJn 
mhnttf t qlip.2uitJ.np. duiuuihuiq: '<{lip.2wtJ.np. duitlmhwq mhllIJ. g}ll.J.1b.p.nq 
2b.p.tfw3}1h tfb.pl:ihwhl:ip. mun1tfhwu}lp.h1m. hUJ.mmuiqnq umli111Jilma 11uiuwqmh, 
:Pb.hntflihn1nq):i.uiqwh mliuntp]Ulb.' tJ.b.p.2ui1l_np.-duitfmhwqm1}1h 
pb.p.tfnl}):i.b.uiu):i.qw]p uhmtfml:tb.b.p.mtf OUJ.tnJ:l.UUll oq.q._}1 hmtlmp. Utnuigqwa (h 
puiqtfuip]lq tflllJ:li1hlip.nq utnm.qquia) UlJUUJ.hu qn~quia Y:mp.qnh-Ujpnp.h]l wp.dl:ipg 
(q.2]' . 
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17CA = (1-TjTh r-i -1 
tJ.i.npp. t lJ:umb.n3]1 uip.dhp]l.g [q.2]' 

'f/c =(I-Tc/Tht' -1 
U3u ql}unul gnyg t mp.tJ.nuf JinlrUJ.thtlhb.muip.ntp]Ulb. hhtnbJUll 

hmmJint.p]nth]!. UUlDJ! phptlnuuimm]l.g PtuittJ.mb 2hp.tlmpuib.m4.J:i. 
tlmpu]l.t!p.qmg]lmb. (]!Utn pn1np. UJ.UlJlUlUhtnp.hp.]1) qp.n3mgb.m.u t Qq.q.-IJ., b 
hmJiwnmJig: Unt.]b. huitnJim.p3m.b]l.g h1hh1ntJ. oq.q._p. h UUlDJ?: php.unutnUltn]l.g 
pmqtJ.mb 2hp.umpuib.ui4_p. mp.tnUll}PJUill?: uuihtluib.tJ.m.tl t np.UJ.hu uumbuip.uib]l. 
gJ:i.4.w OUJ.tnJ:i.t!ui1m.p3uib. pmbuiJiuiqmb. 2wtJ.i.: U]b nhd]l.t!g, hpp UlJ1l uhbntp]ntUJ?: 
tlwpuptlui1 t, qn}_nttl hb.p OUJ.tn]l.tlui1 nhd]l.t!: Unt]b. ql}unttl gnt]g t uiptJ.nttl, np. 
OUJ.tn]l.t!ui1 nhd]l.tlnul tlhp. tlill}hW oq.q._b t!p.2m t!hb t lJ:m.pqnb.-UJFilpb.]l. uipdhp]l.g 
b pwbnq uuiptlh]l hJ:i.IFhp.ui3mb. mmpmbn1p3wb. lmtJ.l.nqmquib.um1p3uib. uia]l. hhm 
tlhquihq O.uim.tl t 'Ciumn3)1 wp.dhp)lb' t!]12m tJ.i.npp t!hm1ntJ. b.p.wb.)lg' m.b.hhui1ntJ. 
tJ.hp.2mtJ.np hqnp.m.p3m.b.: 

'Qp!J.rm&J q!fanul nrnnufb.mupp.tJ.mt! t 2hptlw3]1b. UJ.ntluiP- ptJ.uib.uiwiJ:ib. 
tlill}ht: <{hp2P-b.u huit!gb.qb.m.tl t umw2:ti.b. ql}un1u ll:ti.uiuipqtJ.mb tlill}hJll hhm: 
Uuihtluib.tJ.m.t! hb. UJ.llUUJ.]1 h)ltlb.mJimb. pb.mpuiqp.p}.b.hp.g. uiwp php.tlnumuiui)lg 
pwqtJ.mb 2hpuuipui!J.ui4_, hqnpm.p3m.!J. h t~hquip.tJ.mp3m.!J.: ~'hp.tlmpuib.uiJip.' 

mmp]l.g 11hlll:ti. uumg UUJ.nb.mmb. hnup)l mnqm3mp3m.!J.g m!J.h!J.mppb. t 11mp.O.!J.m.tl 
t~hquip.tJ.m.pJUIU UUlhtfUlUntU'(!, Il]lUJ.hU mtJ.mhllmqrub. Qq.q.' UlJlll]nt.Up (ptuittJ.Ulb 
2hp.tlwpmb.mq) pmdmb.mb 2mb.p (mp.uimpp!J. qm2uiJ:i qmuiwpmb w2Ju.U1tnU1b.p): 
Umpu]1t!p.qU1ghhtntJ. uiwp ra-hptlnuuimui]l.g UUJ.nb.uil.Ub. U1p.uimhnuU1b 
2'hp.t!U1pmb.U1Jib. gum tlill}hW pn1np. UJ.1.Up.uitl'hmp.hp.]l. h gm.Jg Ull.UtntJ., np. 1.UtJ.'hJll 
2mui 2'hp.tlU1pU1b.mq ui'hIJ.wt}lnJ.uhtm hU1tlU1]1 whhpwdh2ui t 1.Up.tnwp]l.b.pg 
w2Juwmmb.p q1lltnU1p.h1 hl.Utlmqmpq)l 'ljpw, qp.U14_U1hn1p3mb. tl'h2 umm2]1.b. mb.qmu 
2hp.tlw3pb. UJ.llUUJ.hp]l hU1UUl]1 b.hp.tlm.btJ.nttl t oq.q., npUJ.'hU UUJ.llUUll.UU wpdhp]l. 
b.qulUluwtlp 2hp.tlmpwb.U1Jip. wiS:J:i h qp.m hU1tlU1p. UJ.WhU1b.2tJ.mb w2J.uwtnU1b.p]1 
hwpwp'hp.ntp]nt.b.: 'UU1h gm.19 t uiptJ.mtl, np W]qqhp.UJ. UU1hUU1UtJ.wb oq.q.-p. 
hwtlmp qn3ntp3m.!J. m.!J.]l. m.b.]l.tJ.hpuw1 uuihtlmb., npg qwJ.utJ.mb t tlpU1Jb. 
php.tlnumwmb.'hp.]1 2'hptlwutn)16'.m!J.b.hppg: '}w b.21.llb.mqmtl 1:;, np 1.UJIJ: uuihtlwb.g 
hwhll:ti.uuihn1tl 1:: 2'hpt!U1Jpb. UJ.UtlUJ.hp.p huitluip. 'Ciuinhn]p uuihtlmb.]l. whw1nq: 
'l'hp.2]1.!J.u ~nptlui1 hwt!gb.qhnuf 1:: uumb.1.Upwb.b.'hp.]1 'Ciumhn3]l. uwhtlw!J.p h'hm' 

<17c = (I-Tjrhr1 -1 ): 
Qppn&J q!fanuf!J.'hp.qw3wgtJ.wb 1:: mqquiJip.np.'h!J. ul.Un'hguuib. gb.IJ:hwb.ntp. 

uJ.u'huU1, npJ! h1llhll:ti.uuihn1tl 1:: UUfi ~]l.q}i.Jiw1m.tl Ji]lpwntJ.nq UJ:i.2m.Jib.'hp)l 
'lpb.wtl]l.4. Phhnl.Uguw!J. (U'lP) uJ.u'htlU1JP [%, q.7] gb.qhU1b.pwgm.t! h, npUJ.'hu 
tlwub.1.UtJ.np. qhUJ.p, ]l.p. tlh2 t b.hpummtl 'Uhp.b.uui]l.' phpt!nIJ::ti.b.1.Utl]l.'lJ.mJJ:i. 3rq 
op.hb.p]l uJ.u'huU1b.: "<l'hp.2J:ib.u O.bwqh]1UJ.1.J.n1tl t WJUUJ.hu. 2'hp.tlwuui]l.6'.wb.]l. 
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pU1gwp.O.wq qp.n Ul]ldhp)lb. hwb.p.wtJ.np. 21:: humb.ht ll}_ u]l tJ.'hp.2mtJ.np. uip.nghu)l 
wp.l}]m.b.pm.tl: U3b.m.wu'h!J.w3b.]1tJ. 'Uhpb.um]l. 1.UJU ra-hnp.htlmt! JiU1b. nl pwgwhl.UJUl 
hb.pU111Jl.ll1.pJmb.b.'hp. h n}_ humU1Ji uuihwtlwhnulb.hp. [q.15]: 

Uhp. qnqtlpg mumtlb.wu)lp.tJ.nq ll:ti.b.mu]l.q ul.Un'hguwb. uJ.uhtluiimu 
pwgwp.O.wJi qp.n]]l whhwuuib.'hJllmpJmb.g h'huihm.u 1:: t!p.wb.qwu]l.g, uml.Ub.g np.ht 
U1UlllIJ.IJ.U14_p. hb.ra-UIIJ:p.mp3mb.b.hp.]1 h tJ.1.Uui uU1hilU1b.tJ.U1b q1llIJ.U1$U1p.b.hp.]1: ilp.UJ. 'hu 
uum'hgtJ.nq hmuwql.Up.q gb.uip.'h1ntJ. 'hp.'lJ.u1llqU1p.IJ:U1qwb.]l. ptJ.uib.uim3]1.b. 
hU1umqwp.qg (w3unthhui' uuiP-b.), np.l! uqqpb.U1'lJ.U1hnp.'hb. quib.tJ.mtl 1:: 2hp.um1]1.b. 
hwtJ.U1uwp.U1'lJ.2nm.p]wb. t!h2 tJ.hp.21.UtJ.np. uU1qmp.IJ:U1'lJ.uib.]1 n'hq 'hp.tJ.mwp.]1 hhui, 

U'hhp hU121.J.mtl 'hhp tl]lb.]lul.Ul hU1uU1hhJll 2hp.uU1um]16'.U1b.J?: ( Tmin > 0) h gm19 

tnU1Jllu, np. hp.1.Uh hl.Uub.htm hU1uwp. UJ.htnp 1:: qwmU1p.h1 U12J.umtnU1hp, np.l! 
hw'lJ.1.UIJ:p.mO. hU1uhu1llmwqmb. t U1JIJ: 2hp.uwum]l.6'.uib.)lh: firnmtlhU1u]l.p.tJ.mu 1:: ill.Uh 

N 2t}lnJ.uU1qIJ:IlIJ. UUJ.J:i.hhhp.]lg Ptuit 'lJ.1.Ugmb nhq 'hp.tJ.mU1p.h'hp.]l. q'hUJ.pJ?:, np.g 
tfill}htmtJ.np.mtl 1:: UUfi ~pq}i.'lJ.w1nul U'1P uJ.uhuU1b.: UJIJ: 11'hUJ.PJ:i. hl.Uump 
hw2tJ.tJ.n1u hh t!p.h]l.uw1 hwumh'hJll 2'hp.tlmump.awb.g h qp.1.U hU1UU1J1 mhhJ1mdh2m 

uJ:i.h]1t!U1t w2Ju.U1tnU1hpg: N >> 1 qhUJ.pn1t! gn11g 1:: mJltJ.mt!, nJl T min ex: N-1
: 

5m19 1:: tn]ltJ.mu b.1.Uh, nJl nhq hJltJ.mmJlJ?: qmqtlnq uuiP-b.h'h]l]l. l:;h'h]lq'htn]lq 6'.'hIJ.PJ:i. 
npn2 lll]ld'hpb.'h]l)l q'hUJ.Pmu hhmJ1U1tJ.n]11:: uimuUU1l qqU1Jll uumhgmu' b1llJ.uu'h1ntJ. 
J?:hllUltfl:i\J.g pl:ip.tfnll:ti.uU1U]l.qU1J)l. 2Pq op.l:iupntJ. UJ.uihU1U2tJ.llIJ. tf]lh]lul.Ul 
U12Jumuimb.pg: lJmp.hnp. mp.1lJmhp 1:: b.wh UlJU, np. nl-qp.n u]1b.]l.um1 
2hJ1tfUlum]l.6'.mb.]l. qn3m.p1n1b.l! qmUJ.tJ.mb t n'hq hJltJ.lll.W]l]l. UUJ. 'hJitn]l]l.' tJ.'hp.h]lg 
umhtlwhmip.mq Jllhh1n1 h'hui: Uhuuihl.UuUlb.$1.UJi UUJ.'hqmp.hp.ntJ. 
n'hqhp.tJ.nt.Ul]lU'h]l]l. hU1UW]1 hmJUUJ.'hU mhq]l. mb.]l. pmgmp.O.mq qp.n]]l. 
mhhmumhhJllm.pJmU'(!, pw3g hwuwb.'hJll 2hJ1tfmuui]l.6'.mb.h'h]1]1. ]l.b.~]l.umul! 

hmtJ.wump. 1:: qp.n3]1.: 
~nppnP!J q!fanul uhhp n1umtlhmu]l.pntu hhp umqp.nuJinUJ.P-'lJ. 

u]l.4.Jlnqmhnb.]l.q n'hq 'hp.1.J.mwp.]lg tlmpu]l.um1 m2Jumtnmhp]1 pmqtlmh J.uhll:ti.p.J?:: 
PU}_UJ. 'hu hmb tJ.hp.2mtJ.nJ1 hmtlm'lJ.U1p.q+t!U14_pnulJ.nuiP-4. tl]l.4.Jln'lJ.1.Uhnh)lq 
nhq'h]ltJ.nt.Ul]l hU1tlU1qm]lq]l.g umpu]l.t!U1t U12Ju.U1tnU1hp]l. PUllltlwh Juhll]l.p.g: 
fihqhp.tJ.mU1pJ?: t!Ill}htmtJ.nJltJ.mtl 1:: l$nJuU1qIJ:IlIJ. h hmtJ.U1uU1p. l:;b.hp.qhm]l.q 6'.hIJ.Php. 
m.hhgnq 'hp.qtluiqmp.qU1qU1hp. ptJ.U1UtnU1JJ:i.b. hwtlwqmp.qhp.]1 U1UUU1tlp1ntJ. [q.16]: 
U2J.uU1tnU1b.p]1 pU1IJ.UU1b. JuhllP.P.l?: mun1tlb.U1u)lp.1.J.U1b 1:: qmhnb.]l.q n'hqhptJ.m.mp.hhp.]1 
hmtlmp. b hm]tnb.]l. 1:: ra-hp.t!Ill}lthmtl]l.lJ.mJ)l 2rq op.'hhpp fctnuunh]l. O.hwq 'hp.UJ.tluih 
ui'hupntJ.. nl tl]l. g]lqJllq hmt!p.1mnb.3mb. UJ.png hu ]1 1.J.ltamJip. lt U12Jummmhp PUlll ht 
Jimhnh)lq 1.J.ltamJip.g [q.l]: 1'u4_ 'hph qmb.nh]l.4. n'hqhp.tJ.mmp.]l.b. qgtJ.lt bu U:]l. 
tJ.'hp.2mtJ.np. hmumJimp.q, WUJ.Ul m2Jumtnmhp qmphJll 1:: PUlll ht tl]luiJb. tJ.hp.2]1.h)lu 
mb.hmtJ.ummp.mq2nmp3mb. UJ.muiamnntJ. h hmtJ.1.Uump. 1:: 1.UJIJ: hwtlmqmp.q]l 
uqqphm'lJ.1.Uh h tJ.'hp.2hmqmh (hmtJ.mump.U1Ji2Pn) mqmui l;hhp.q]lmb.hp.]1 
uiU1p.php.mpJU1b.g: 
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U]U ql]unuI gm.39 l:; mplj_nuI np 1J.l:ip2mtl_np 2hpuumm]l6:mhw3]lh 

nb.ql:iptl_mmp]lg PUIIJ.lJ.nIJ. uwpu]ltfw1 wzJ.uwmwhpJ! OC 5, npmb.IJ. 5 -h 
nl:iq l:iptl_mmp]l tC]l uwuh]lq]l l:;bb.pqb.m]lq 6'.hIJ.Pb. l:;: Uhtl_b.p2mia-1111b. hmtl_muwp 
2hptlwum]l6:whntl_ tC]llJ.pnqw'ilnb.]lq nb.qb.pqm.wp]lg umwgtl_wb wtlb.b.w2wm 

m2]uwuiwhpJ! .:\.qmm.u l:; 5../ N In N -]lb., N -Ji w6:h1m. hb.m, nmhIJ. N -g 
nb.q l:iptl_mwp]l pUIIJ.WIJ:]l]l~b.b.p]l pwb.wqb. l:;: U]u WJ1I]]nt.hphb.pg 2m1J.m.u l:ib. 

w 
ra-b.ptfnajlb.wtI]11J.w3]1 2Pq opb.bp]l fcrntlunh]l .:\.hwlJ. l:ipUJ.mUg' - ~ 0 , b.pp 

N 
N ~ 00: bpqpnp.q qb.UJ.pmu, hp.p nb.qb.ptl_mmp.]lb qgtl_wb l:; hu up. hwuwqwp.q, 
tlb.hp wuimgm.gmtf b.bp, np. hbwpwtl_np l:; w2]uwmmhpJ:l. pUIIJ.UUlb. qwmwiji.q. 
~hw1mb h]lwb., np qgtl_mb hwtlwqm]lq]l uqqphwqwb h tl.b.Jl2b.mqmh tl.]16:wqb.b.p.g 
hwugbq'Unt.U b.b., uwpuJ:l.uw1 wz].uwmwb.pb wqhiji. ub.b l:;, pmb. uwpuJ:l.uw1 
w2Jummwhp'J!, nJll! hb.wp.wtl_n]l l:; pUIIJ.b.l tC]lm3hwq :rub.JlUnummmJ:l.g: 'lm gm.Jg l:; 
mwiji.u, n]l u]lqpnqwhhnJ:l.q nb.qh]llj_mwpJ:l.h qgqmb hwumqmq]l hmtlwp wqwm 
l;b.b.p.qJ:l.wJJ:i. qUIIJ.wtJ.i.mpg 'IJ.J:l.pwnl:iiji. ~!;: '1pw 'IJ.J:l.Jlwnb.iji.m.ra-3m.hg, uwqw3h, qwphiji. 
1; tl_b.p.wqwb.qhh1 nb.qh]ltl_nunp.]l pm)l.:\.p 2b.ptfwum]i6:wb.hhpJ:l. umhuw'Unt.tf' 
qbm3J:l.h l;buipnui]lw hb.pumbt1ntl: 

!.ftbqlmnp!J q!lwml b.h]lqW]Wgtl_wb 1; tl]l hwuwqwpq]l (A) ]ummia-3wb. 

ouihp.wmnp):l.g (A.) qb.UJ.J:i. uhq wn hwumlJ.mJlq]l ( B) ]ummia-3wb. OUJ.hp.wmnp ( r) 
uwmpJ:l.gwqmb. q b.ub.b.mb.b.pJ:l. uihIJ.wiJ:i.n]uuwh ]ub.IJ:J:i.Jll!: Um hwb.q]lumhnt.tI 1; 
q]lhwtf]lq uwnb.gtimh u]ub.uJ:l. gb.qhmb.)lwgm.ug (pwb.q]l b.b.)lwnnt.tI 1; b.wh n~ 
mb.lJ.Jmb.wqbwJJ:l.b. ummp.J:l.gmqwb. qhub.hmb.hJlJ:l. mhIJ.wtJ.i.nJumia-Jmb.) h 
:PnJltiwiji.qwg]lwh: Iub.q]lp.g qpwqmhm:ruiwu ul:i2 plj_wb.mmJJ:i.b. · tl.]16'.wqb.b.p.J:l. 
1J.1nb.wtl_npumh (cloning) h hl:inw)lO.wqtiwb. (broadcasting) lnqw1 (w3uJ:l.b.pb. 
tl w mpJ:l.gw qwb. q hul:ib.mh b.p.]1 umlJ.mJlIJ:mlJ.nq) m.umtib.muJ:l.pnt.ia-Jmb. mnm2]1 b. 
qb.UJ.Ph 1;: Sb.IJ.mtJ.i.n]utimb. Jub.q]lpg q]lmwpqtl_b.11; l:ipqm. IJ:Jltl.mbpnq. 

• J:l.IJ:h1111w1J.wb., hp.p mhriwtJ.i.n]um.ra-3m.b.g qwm111p.qmu l; wupnIJ.2Il1.JUJWUp' 
op ]lh wq, 111h1J.Jmb. wqbmJ]lb. q htChb.m]l hwu wp. m hIJ. 1111.)?.n]umia-1111 b. 

uimiumhh mh):l. hhmh1w1 mhupl! r:a = A.aa , npmhIJ. r -g B -p. 

qhp.2hwqmh ]ummia-3111b. OUJ. hp.111umpb. l;: 
• n~ J:l.qh1111w1J.111b., hpp qhuhlnnl! mhri111tJ.i.n]uqmu l; uwumup, WJl lJ.hpUJ. 

wuwb' q b.uhb.mJ:l. uwu]lb. lllIJ.IJ:Ulb.2mb.]l u111qh]lumt.ql! t)?.nppmgtl_mtl l;: Op. 

~a = & · Aaa ' & < 1: 
L.J:l.tihwlJ.wb. wpIJ.Jmb.pb.b.p'J! hb.mb.3m1b. hh. 

• Pqhw1w1J.wh IJ:b.UJ.P: A.aa -]l mhIJ.wtJ.i.n]umia-Jmb.g pb.pm.t! l; A -]l 

qhp2hwqmu tl.]16:wqmtf' A. -mu pn1np A.a;0c qhtihhmhhp]l tiwu]lb. 
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) 

') 

) 

) 

h]l2nrimra-3mh qnpum]lh: Re A.0 ,,.b, ImA.a,.b h Aaa -Abb 

til:ibmra-1mhb.l:ip.]lg nphl; tlb.q]l ml:iriwtJ.i.n]un1ra-1mhg A -]lg 2h2mu 1; tfhwgwb 
b.pqmu]l tfwu]lh h]l2nrimra-1m.bg 

• n~ J:l.IJ:l:iw1w1J.w.ti. qb.uip: 'Lb.ptlmbh1n1J. A. -mu A.0 ,.c -p. uwu]lu hJi2nrimra-1wti. 

pwhwqwqwh ~wip.' 

+~~IJa-t-~ /a_R_e A-ac 1-1
2 +-Ila-I /-a I-m -,tac-11

2 

uhup wuiwgmgm.u l:ihp, np A.
00 

-u & 6:2uim.ra-1mtlp uil:iqwtJ.i.n]ul:ij}l.u A -

Ill.U Aa;<c q l:iuhb.mul:ip]l tfwu]lb. qwphj}l. l; UJ.WhUJ.UIUl:il WUhb.W2U1UlJ! 

~ h]l2nrimia-3m.h: U]IJ: tlwpu]ltimtlhhpg tC]lmdwuwhwq hwuwhb.j}l. 

b.h: Aa;0b -]l uil:iriwtJ.i.n]uuwh qhUJ.Pmtl X -mt! Aab b. Aaa - Abb uwu]lh 

uwpu]luw1 hJi2IlIJ.nt.FJnt.hg ~ 1-&
2 

1;: U]IJ: tfwpu]ltlmuhl:ipg 
tI]lwdwtlwhwq hwuwbb.iji. ~l:ih: 
Uzlif:m.Tjizlwb tfh2 hhp1J.w1wgqwb l:iu wmb.hw]unumra-1wh h]luhwqwh 

IJ:Pill.JFb.hph , qwmwptl_mb w2]uwmwhphl:ip]l mpIJ.Jmhphb.pg: 

Oqmmcwpffil.wb qpwJiwhnt.:@:JWh gw.hJi: 

[q.1] H.B. Callen, "Thermodynamics", John Wiley, NY, 1985 
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refrigerators can reach maximal efficiency", J. Phys. A: Math. Theor. 44, 492002 
(2011) 

[q.5] M. Esposito, K. Lindenberg and C. Van den Broeck, "Universality of Efficiency 
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Rev. Lett. 76, 2818 (1996) 
[q.15) J. C. Wheeler, "Nonequivalence of the Nemst-Simon and unattainability 
statements of the third law of thermodynamics'', Phys. Rev. A 43, 5289 (1991) 
[q.16) J. Gemmer, M. Michel and G. Mahler, "Quantum Thermodynamics", Springer, 
2004 

12 

U2]u.uunwhpJ.i h).l.uhwqwh lllP1l:Jnthphli.pJ:! 

• ln1J.m1 umnh9timb. hmtiuiuib.puuim.tI qurnm.9b.9p.b.p UUinUUlJlUlUF unrib.1 
nJlI! lJ.UlJlIUJ. t qnJlbht 4:tunb.n1P. UlJld"b.pp.b. uiuP.tIUJ.umuip.q lJ.b.JlUJ.ml tinui 
oq.q._mJ. 1r n~ qpn hqnpm.ra1uitip: .Pn1np b.tup.inpriIUJ. tiurihtb.b.JlI! lJ.hJ12u11J.nI1 
hqnpm.ra1m.b.b.b.JlP. nhd-J:i.timtI lllUJ.UlhnlJ.m.tI t]:i.b. 4:uinb.n1J:i. tupdb.p]:i.g 
qqmJ]mpb.b. 9uiol1 oq.q. [4): 

• ilrnm.tib.ump.pt9p.b.p 2hJlumra1mb. uih:qmqmp.iumb. m.d-b.:qm9timb. l1i\uiP.pg' 
2hptiuiJJ:l.b. UJ.nUUJ.J:l. pmlJ.mquib. gb.flhuib.m.p unriht tunm2P.b. uqqpm.b.pb.b.pJ:i.g 
htb.b.tnlJ. numtub.UiuJ:l.Jlb.tnlJ.: q.pmqtub.m.J_a]Ulb. ub.2 urnU12J:l.b. uib.qUitI tib.b.p 
quinm.9m.tI hb.p oq.q._p. hlllillllp lllflhlJ.lJ.tuui ~tui}l 1r 9m.39 uituJ]m, nJl UlJb. 
lJ.b..JllrJ:i.9 uuihtimb.unp.mq t up. tihom.raJtutip, npI! qmp.ilJ.mo t 
rahJltinuuituuib.hJlJ:l. 2hptimump.6uib.b.b.JlP. hmpmpb.pmraim.b.J:l.g tIJ:i.miu: UJri 
Ub.Om.J_a]m.b.b., tu]Ipaj1.unlJ., hmhriJ:l.umb.m.u 1; 2h.ptitu3J:i.b. UJ.llUUJ.b.JlJ:i. huitituJ1 
4:mnb.n1J:i. uuihtitub.J:i. tub.tu1nq 1r :J:>npum1 hmtII!b.!J.b.ntti t umnb.uipmb.b.b:JlJ:l. 
4:tunb.n3J:i. tupd-hpJ:i. hhui [3]: 

• q.1npm1 uumb:9tiUib. hlllUUlUlhpummti mum.ub.tuuJ:i.Jlh9J:l.b.p uJ:i.2mlJ.mJJ:i.b. 
tituqb.J:i.umqtub. nb.qnb.uib.u]:i. :pp.qp.qw3m.tI tIJ:i.2m.1J.b.b:JlJ:l. riJ:i.b.mtIJ:i.q umnb:9tiuib. 

tib..ranriJ:i. I!b.flhwb.Jlm9nufg: T = 0 Uiuhtuuwb.b.J]mtJ_aJm.b.g ri]:i.b.mup.q 
uumb.9tIUib. p.ib.qpp. qplJ.mapp. nt:qp.:q hb.mlrwb.pb. 1;: fi muippb:pm.p3m.b. 

pb.JllinriJ:l.b.mu]:i.qtuJP. 3P~ ophb.p]:i. T = 0 uib.htuutub.b.J.lmtJ_aJWb. 
6.lrwlJ.b.JlUJ.Utub., wib. nplrt ~tuUJ.tu9m.9lJ.tuo qtutI ptupb.lJ.mo 
b:b.rawqpntJ_aJm.b.b.b:Jl ~ UJ.Wpm.b.tuqm.u: bpb: nb:qhplJ.nlwp]:i. tb.b:pqb:mp.q 
UUJ.hlJ.UlJlU tub.muhtitub.wi}ltuq t, lllllJ.Ul ~qtu up.b.p.um1 2b:JlUU1UU1J:i.6wb.. 
hwuwb.hJ.l!. 2hptftuuui]:i.6tub.b.b:p]:i. pwqtimraJtub. J:i.b.:J:>J:i.tim.tfg qpn 1;: fiuq b:pb: 
nhqb:JllJ.m.wI1J:l. tb.b.Jlqb..ui]:i.q UUJ.hlJ.uiJl'[l tJ.hJlJ:l.b. uhuiumb.g :pp.pulJ.mo t, mUJ.m 
qn3mp3m.b. mb.J.i. n~ qpn3tuqmb. tIJ:i.b.J:l.tflllt 2b:ptftuump.6tub.: UJfl up.b.J:i.tim.up.b. 
htuub.b.1m. hwtfWJl wb.hptudh2m tui[uwmmb.pg htuqtuqpm6. 
hwtfhuuimwqwh t hJlwb.: fih~lrt, tp.npp J:i.h~ pwp6.Jl lJ.hp2hmqmh 
2hpuwuuiJ:i.6wb.hb..Jl ram.11 UlUlJ.E hb.wpwlJ.npm.ra1m.h t I!h6.b..nm.u ¢.nl1ib:1 
m2l1iwmwb.p'[l w6J:i. nb..dP.tII! qow3'[1hp.9 qb:UJ.J:i. (pwqtfml.J.p.) tnqpwpJ.i.tfJ.i.qp. [l): 

• U'b:Jl riP.b.mup.q uwnb.9uwh up.ib.uw3m.ti b.pqumqmpriwlJ.mhp. hmuwqwpqg 
nJlUJ.b..U JaP.pwp.i I!\uinthb.tnlJ.' pw9uihmJUlnJlb:U hw2lJ.m.tf b:up up.up.uml 

hwuwhb..J.l!. n~ qpn 2h.Jltfmump.6whg ( Tmin ): Tmin 6.qumtu t qpnJP.' 

nb:qb..plJ.m.wpJ:i. l;hb:pqb:mp.q UUJ.b.lJ.mp]l. lJ.b..JlP.b. uhmtiwb.b. wb.lJ.hp2m.p3mb. 
mwb.b:J.l!.u: 'l.,wlr m.umtfb.wup.plJ.m.tf b.b. nb:qb.plJ.m.mpb.b..pp. lllJl tfnrih1b.b:11: 

't.,Jlmb.9 hmtfWJl qtnb:t b.b.p Tmin -g 1r ml.ihJ1Uldb:2tn u'[lb.J.i.uw1 m2l1imuimb.pg' 

uuinb:9tfwb. riP.b.mu'[lquib.b.pnlJ. OUJ.mJ.i.i.Ip.qm9b.b:1nlJ.: N >> 1 P.rihuuip.q 
uUJ.lihb.JlP.9 pWI[ qw9wo nb:qb:plJ.mwpp. hllltfmp lJ.mUJ. b:Jl b:b.p htuumwml:i1 
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• 

• 

• 

uumhgtflll'tl nhum.p.u'tlhp.]11.i np.n2 hU1p.U1php.U1JiU1'tl l::Uuip.nUJ.]1U1Uhp.]1 tf]12lr: 

U]U nhqhptjmlllp.]1 tf]12ngU1tJ. hwuUlhhJ.ll Tmin CX:: N-l: Tmin hllluhhtm. 

hllltfwp Uluhp.U1dh2ui tf]lh]ltfllll w2}u.1.llmhpg tJ.hp.2wtJ.np. 1:: 1.i nhqhp.tJ.mwp]1 
UJ.Ulp.Ultfht.nphp.]1 np.n2 Ulp.dhpb.hp.]1 qhUJ.Pm.tf UlJU JiU1p.11IJ. l:; hllllr J.llhht 

T In 2' ia-hp.tfnq]1b.mtf]1Jil11J]12P.'l op.hhpntJ. UJ.whU1b.2tJ.n:q tf]1b.]1tfm.tfg [l]: 
Zht.nnqmnmtf hb.p g]1qJ.llq hl.lltf]lpnnhJUlU UJ.p.nghuhhp.]1 tf]12ngntJ.' 
n hq hp.tJ.nu.up.]1 tf]lqp.nqlllhnh]lq tl.]16'.Ulq]lg Ulllpu]ltf Ull l112Jt.lU1UlU1Up]1 

pm:qtfwu ]t.iu11]1p.g: N li.n11uwhtf1.UU UUJ.]lhhp]lg pw:qqlllgwa nhqhp.tJ.mlllp.]1 

hUltfwp. gm.19 hup UllllWU, np tfwpu]1tfUll w2}ullluiwhpg, Wmax -g, 

tJ.hp.2wtJ.np. t T < oo 11hUJ.Pmtf, lr W max ex:: .J NlnN :pp.puUla N >> 1 lr 

T = oo hUltfwp.: U]u h wtJ.hJ.11 glu]lllllhnt.p U1UU1J.llqg tfhq 
hhwp.wt.J.np.m.ia-Jm.h l:; t.nwJ.llu tJ.hp.Ul0.1.iwqhp.UJ.hl ia-hptfnq]lhUltf]lqw1]1 2P'l 
op.hhp]l .@ntfunh]l 0.lrwqhp.UJ.mtfg. php.tfnutnlllm]lg gpqJ.llq hllltfpp.nnbJUlU 

UJ.p.nghub.hp.]1 tf]12ngtJ. pm:qtJ.wo tfUlpu]ltfwt w2]t.imuiwhp]1 lr N -]1 

hIDp.wphp.m.ia-imug O.mmtf t qp.nJ]l hp.p N ~ oo [2]: 
lrwhnup.q hllltJ.wuU1p.U1Ji2]1n hwtfU1JiU1p.qg (qmlnJ.htntJ. php.tfnumlllm]l 
2hp.tfU1utn]16:wbmtf) JiU1p.n:q t mdh:qghht tf]lJip.nqwhnh]lq ia-hptfnumUltn]lg 
pm:qtJ.lllo l112Jt.l]llmlllhpg umlllhg t}l.mpn]t.ih1m pp. uht}l.wqlllh t.J.p.6:lllqg: 
11tum]1 tf]lqp.nqwhnh]lq ]lpllltl.]16'.lllqmtf lllqllltn l:;hhp.qpw}]l qw:qwt}l.wp.h 
ghl}hl.llb.ntp l}hUJ.Pmtf q]lplllnhJ.ll ~l:;: 'Lp.Ul qp.lllnhtlint.ia-Jm.hg 
tJ.hp.U1Ji1.llb.qhtJ.m.tf t tf]llll]U plllp.0.p. 2hptfU1u]ltn6'.lllhb.h.p.p nh.d]1tfm.tf, pw]g 
UlJb lllp.l}hh hh.p.ummtf t qalllJph lr n~JUh :pnu 'Ln]tflllh]1 thuipnUJ.]lUl [2]: 
11tum.tfbwu]1p.tJ.m.tf l:; UU11.11p.pgU1JiU11i qh.tfh.htnhh.p.p mh:qlllt}l.n]t.imtfg tfp 

hwtfqlllpq]lg (A )' tfJntug ( B ): I>11hwtl11Jilllh mh:qwt}l.njt.itfUlu 11h.UJ.Pm.tf 
gm.19 h.up mwJ.llu, np. tnh.:qwt}l.njt.it.J.lllo li!qwtf up.mug hhm umh~tJ.n:q 

qhtfhhmbhpp. tfwup.h hP.2n:qmia-1mhh Ultfpn:q2m.JU1wtfp 2u2tJ.mtf l:; A -]1 
tJ.h.p.2ulllqwb. tl.]16'.wq]lg: Ulllhtfwuh.tntJ. tl.]16'.wq]l' tfhq tfUlmp.p.glllqlllh 
qh.tfhhtnp tfUlup.h (tnJiUll) hP.2n:qmJUJU1U ~lllt}l., hh.tnwqm.nnt.tf h.hp n~ 
]111h.wtwJiU1h tnh:qwt}l.n]t.imtfg, npt.nh:q qtnhnt.tf h.hp, np. hhwp.U1tJ.np. l:; 
UJ.lllhUJ.wb.h.t hP.2n:qm.ia-1wu p.u~-np pwuwqmJUJm.h' t.nh.:qt}l.njt.itflllh 
62qp.mnt..]U]Wh qbntJ.: U]IJ: qntfUJ.pntfpuh Ulp.tnwhlll]tntj_mtf l:; up. 2l11P.P 
hllltflllqwpq]lg Uluqllljt.i Ulunpn2mJU1m.ub.hpp wnh~nt..)U]nthbh.pntJ. [5, 6]: 
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PE3IOME 

B STOil: ,n;:irccepTan;mi: :ir3yqaroTc.1I cpyH,n;aMeHTaJ:C:bHDie npe,n;eJIDI OXl!IDK,ZJ;eHwr. 0HH 

o6ycnoBJieHbI 3a.KOHaMH KBaHTOBOil: MexHHKH H KOHe'l:HOCTbIO pecypcoB B np:irpo,n;e. 

EcTD ,n;Ba no,n;xo,n;a K OXl!IDK,ZJ;eHHIO. IIepBDiil: no,n;xo,n; JIOKaJI:i.HDiil:, T.K. OH 

BKJIIO'l:aeT MaJI:i.re npOMeJKYTO'l::Hble CHCTeMbl, npHBO,ll;HMb!Me BHeI!IHHMH CHJiaMH H 

coBepnrarom;He IJ;HKJI:i.r Me:>K,n;y ,ll;BfM.II TepMOCTaTMH np:ir TeMnepaTYPax Th > Tc . 
EcJIH MHIIIeHb OXl!a:>K,!J;eHH.II - XOJIO,ll;Hblli/rop.II'l:HH TepMOCTaT, TO MaIIIHHa 

Ha3b!BaeTC.II xono,n;HJil>HHK/TenJioBoli Hacoc. BTopoil: no,n;xo,n; rno6an:i.H:i.ril: -

BHellIHHe ITOJIH ,n;eil:CTBYIOT Ha BCIO MHIIIeHb OXl!a:>K,D;eHWI, HanpHMep ,ll;HHaMH'l:eCKOe 

OXJia:>K,D;eHHe .II,ll;ep B .HMP. MbI HCCJie,n;yeM 9TH 6asOBble MexaHH3MbI OXJia:>K,!J;eHwr H 

HX orpaHH'l:eHH.II H3yqax ,ll;OCTaTO'l:HO o6m;:e:e KBaHTOBble MO,ll;eJIH - HCXO,!l;K H3 nepBb!X 

npHHIJ;HITOB. Hali,n;eHDr <PYH,n;aMeHTaJil>Hbie orpaHH'l:eHWI Ha ::icpcpeKTHBHOCT:i. 

HCllOJib30BaHwr pecypcoB. <l>yH,n;aMeHTaJibHbie, :e:6o OHH, KpOMe BHeIIIHHX 

TepMO,ll;HHaMH'l:eCKHX napaMeTpOB, BKJIIO'l:aIOT TOJibKO TaKHe 6a30Bble CBOHCTBa 

c:e:cTeM, KaK cneKTPaJil>HaK CTPYKTypa H pa3MepnocT:i. rmri.6epToBa npocTpaHCTBa. 

HexoTop:i.re npe,n;eJIDI H Ha rno6an:i.Hoe, :e: Ha JIOKaJil>Hoe OXIIIDK,ZJ;eHHll 6DIJIH 

y:>Ke H3BeCTHbl. ,ll;n.11 nocne,n;Hero cym;ecTBeHHbI ,n;Ba pecypca - pa6oTa H BpeM.II 

IJ;HKJia. ,ll;= XOJIO,ll;HJibHHKOB 3Ha'l:eHHe KapHo Tc/ (Th -Tc) orpaHH'l:HBaeT Kil,ll; 

CBepxy. KII,ll; onpe,n;eJI.IIeTC.II KaK OTHOIIIeH:e:e TenJia OT,ll;aHHOro XOJIO,ll;Hb!M 

TepMOCTaTOM 3a IJ;HKJI H COBepnreHHOH np:e: 3TOM pa60TbI. l-fayqax MO,ll;eJib 

XOJIO,ll;HJibHHKa, COCTO.III.D;ero H3 ,n;Byx n -ypOBHeBb!X CHCTeM, B3aHMo,n;eil:cTByroI.D;HX 

nocpe,n;cTBOM nymcOBH,ll;Hb!X BHeIIIHHX noJieil:, Mb! ll0Ka3bIBaeM, 'l:TO XOJIO,D;HJibHHK 

MO:>KeT pa6oTaTb c KOHe'l:HOH MOI.D;HOCTbIO H c scpcpeKTHBHOCTbIO ManIHHbl KapHO. 

Mom;HOCTb onpe,n;eJIHeTC.II KaK OTHOIIIeHHe Bbl,ll;eJieHHOTO TenJia H BpeMeHH IJ;HKJia. 

M:i.r TaK:>Ke noxa3:i.rnaeM, 'l:TO KII,ll; y ,n;ocTaTO'l:HO OIITHMaJI:i.H:i.rx xoJIO,ll;HJIHHKOB 

HMeeT HH:>KHHil: npe,n;en, 3aB:ircxm;:e:il: TOJil>KO OT TeMnepaTyp Th H T;, . 
TenJIOBOil: Hacoc - 9TO ycHJIHTeJib CITOHaTaHHOro llOTOKa TenJia OT rop.11qero 

K XOJIO,ll;HOMY. 0,n;HaKo H3-3a HepaBHOBeCHOro xapaKTepa CITOHTaHHbIX npon;eccoB 

06IIJ;Hx TepMO,D;HHaMH'l:eCKHX rpaHHIJ; ,ll;JI.II TeITJIOBb!X HaCOCOB He cym;ecTBOBaJIO. 

3,n;ec:i. yc:irJieHHM nepe,n;aqa TenJia HCCJie,n;oBaHa c IlOMOI.D;bIO TOH-:>Ke MO,n;eJIH, 'l:TO H 

,ll;JI.II XOJIO,ll;HJibHHKa. Mb! Haxo,n;HM MaKCHMaJI:i.Hyro CIIOHaTHHyro TelIJIOTy H 

noKa3:i.IBaeM, 'l:TO ,!!;JI.II ee yBeJIH'l:eHWI neo6xo,n;HMO coBepnrHT:i. pa6ory. Oxas:i.rnaeTCH, 

'ITO Kll,ll; MO:>KHO onpe,n;eJIHTb KaK HHKpeMeHT B TelIJIOTe no,n;eJieHHOe Ha 

cOBepnreHHyro pa6ory. 3m Kll,ll; OKa3b!BaeTCH orpaHH'l:eHHDIM cBepxy BeJIH'l:HHoil: 

Tc/ (Th -Tc) - rpaH:e:n;eil: KapHO ,!!;JI.II XOJIO,!J;HJibHHKOB. 

B paMKax KBa3HpaBHOBecHoil: TepMo,n;HHaMHKH ,!!;JI.II IIIHpoKoro KJiacca 

MeTo,n;oB rno6aJI:i.Horo OXl!a:>K,!J;eHH.II HepHcT ,n;oKaaan T.H. 3-il: 3aKOH TepMO,D;HHaMHKH 
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- neBoaMo:>KHo ,n;ocTH'l::i. a6comoTHOro HYJIH TeMnepaTyp nocpe,n;cTBOM rjJHJHrrecxH 

paSy:MHMXnpon;eccoB. OcHOBHa.II CJia6ocTb STOH ¢oPMYJIHpOBKH B TOM, 'ITO IIOH.IITHe 

'cp:e:3:e:qecKH pa3YMH:i.ril: npon;ecc' cpopMaJI:i.Ho He onpe,n;eJieHo. YTo'l:HH.II sm nOH.IITHe, 

MbI npHXO,D;HM K H3y'l:eHHIO ,D;HHaMH'l:eCKOTO OXl!a:>K,ll;eHH.II, r,11e npHBO,!IHMM H3BHe 

CHCTeMa OXJIIDK,ZJ;aeTC.II c IIOMOI.D;bIO pe3epByapa - KBaHTOBOil: CHCTeMbl B fH66coBOM 

Ha'l:aJibHOM COCTO.IIHHH. 3,n;ec:i. pecypcb! - 3TO pa6oTa H aanac IlO!I.IIpHaan;HH 

peaepByapa (BepXH.II.II rpaH:irn;a ero cneKTPa). ,ll;JI.11 ,n;ByxypoBHeBoil: CHCTeM:&r M:i.r B 

.IIBHOM BH,D;e HaxO,D;HM MHHHMaJibHyro TeMnepaTYPY r;nin > 0 , KOTOpyro OHa MO:>KeT 

,n;oCTH'l:b. MHHHMaJil>HaK pa60Ta, Heo6xo,llHMaK ,llJI.II Tmin pacTeT KaK Tr:~ . Hanr 

pe3yJI:i.TaT no Tmin > 0 ,llOKa3DIBaeT He,llOCTH:>KHMOCTb a6conroTHoro HY!I.II 6e3 

neo,n;H03Ha'l:HOCTH, conpoBo:>K,D;arom;ei!: TPa,D;HIJ;HOHHDii!: TepMO,llHHaMH'l:ecKHil: BDIBO,ll. 

,lJ;JIH pe3epByapa, cocTOHm;ero H3 N > > 1 H,lleHTH'l:H:i.rx cnHHOB Ml>I noxa3:i.rBaeM, 

'l:TO Tmin OC N-1 
H HaxO,llHM MaKCHMan:i.Hoe OXl!a:>K,lleH:ire, coBMeCTHMoe c 

MHHHMaJibHOil: pa6oToil: onpe,lleJieHHOH pa3HOCTbIO CB06o,n;noil: SHeprHH. 

Ilpon;ecc:i.1 BbI,D;eJieHwr pa6oTbl OXJ!a)K,!l;aIOT CHCTeMY T.K. yMeHblllaIOT ee 

::iHeprHIO. 0HH Ba:>KH:i.r ,!!;JI.II noHHMaHHH coxpaHeHHll H nepepa6oTKH sHeprHH. MDI 

HCCJie,n;yeM MaKCHMaJibHyro pa6ory, KOTopyro MO:>KHO Bbl,D;eJIHTb H3 

MHKpoKaHOHH'l:ecKoro cocToxHwr pe3epByapa H3 N > > 1 cn:irnoB c noMom;:i.ro 

IJ;HKJIH'l:eCKHX faMHJibTOHOBb!X npon;eccoB. 3Ta pa6oTa He MO:>KeT 6b!Tb 

MaKpocKOnH'l:Ha, Ho MOlKeT pacTH xax .JN In N . B o6m;eM CJiyqae, ,n;nx c:e:cTeMbl 

npHcoe,n;HHeHHOi!: K MHKpoKaHOHH'l:eCKOMY TepMOCTary 
0

llOH.IITHe CB06o,n;HOH 

3Hepr:e::e: He MOlKeT 6b!Tb onpe,n;eneHO, T.K. Ha'l:HHa.II c KaHOHH'l:eCKOTO paBHOBeCH.II c 

TeMnepaTypoi!: TepMOCTaTa, 9Ta CHCTeMa MO:>KeT YBeJIH'l:HTb pa6ory H3 TepMOCTaTa He 

H3MeHeH.II.II CBoero COCTO.IIHHll. 3To HeB03MO:>KHO ,!!;JI.II CHCTeM, npHcoe,n;HHeHHbIX K 

KaHOHH'l:eCKHM TepMOCTaTaM H3-3a CB.II3H pa6oTDI H CBo6o,n;Hoil: SHeprHH. 

IlepeHoc llOJI.1IpH3aIJ;HH - em;e O,!l;HH acneKT OXl!a:>K,!J;eHHll. 3To 6a30Bblil: 

HHrpe,n;HeHT KBaHTOBb!X HMepeHHH H nepepa60TKH HHcpopMaIJ;HH. 3,n;ecb pecypc:i.r H 

orpaHH'l:eHHll CB.II3aHbl c HHcpopMan;Heil: 0 Ha'l:aJibHOM COCTO.IIHHH HCTO'l:HHKa 

no1I.1Ip:e:3an;HH. IIepeHoc no1I.1IpH3an;:e:H MO,D;eJIHpyeTC.II nepeHOCOM 9JICMeHTOB 

MaTPHIJ;bl llJIOTHOCTH OT o,n;uott CHCTeMbI ( A ) K ,n;pyroil: ( B ). 3,n;eCD Mb! HMeeM ,n;eno 

c O,!l;HHM pecypcoM, c naMJITl>IO KOHe'l:HOro cocTO.IIHWI A o nepeHeceHHOM 

::JJleMeHTe. MDI ,n;aeM orrepan;HOHHO COBMeCTHMoe onpe,n;eneH:ire noKan:i.Hoil: naMHTH 

COCTO.IIHH.II 06 0,llHOM MaTpH'l:HOM SJieMeHTe, H Haxo,n;HM, 'l:TO llaM.IITb 0 

nepeHeceHHb!X H HCKOTOphIX ,n;pyr:irx 9JICMCHTax llOJIHOCTblO crn:paeTC.II. 0606111eHHe 

Ha rrepeHOC c KOHe'l:HOtt TO'l:HOCTblO npHBO,!J;HT K KOMnpOMHccy MeJK,n;y TO'l:HOCTbIO H 

KOJIH'l:eCTBOM coxpanCHHOtt llaM.IITH. 3TOT KOMllpOMHCC Bb!palKeH B BH,n;e He 

3aBHC.IIm;HX OT ,n;eranett CHCTCM COOTHOIIIeHHH Heonpe,n;eneHHOCTH. 
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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 Th > Tc . If 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-Tc /Th r 1 -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 n -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 Th and T;, . 
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 /Th )-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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~en quantum system is cooled via a reservoir, a quantum system with initial 
dmonical equilibrium state. Here the resources are the work done on the whole 
~ and the polarization supply of the reservoir (the upper bound of its energy 
~m). For a twe-level system we obtain explicitly the minimal possible 

lelnperature T mm. > 0 it can reach. The minimal work needed to reach T min 

grows as T~~ . Our results on T min > 0 prove unattainability of the absolute zero 

temperature without ambiguities that surtound its traditional thermodynamic 

derivation. We also study cooling via a reservoir consisting of N >> 1 identical 

spins. Here we shew that Tmln OC: N-1 and find the maximal cooling compatible 

with the minimal work determined by the f'ree energy. 
Work extraction procuses 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 ( T > 0) equilibrium, microanonical state of a N >> 1 spin bath. 

The work cannot be macroscopic but can still scale as .J NlnN . For a system 

coll,pled to a microcanonical bath the concept of f'ree energy does not generally 
apply, mnce such a system - starting f'rom the canonical equilibrium at the bath 

tein.pmt\1.N T - can enhance the work extracted f'rom the bath without changing 
its Stfl.te. Thia i• impossible for any system coupled to a canonical bath due to the 
relatig~ 'b«w9an 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 resoarcea and limitations relates to information on the initial state of the 
polar:ization IO\U'Ct, We model polarization transfer via density matrix element 

transferD:om on.t l)'lttm (A) to another ( B ). The sole resource we deal with here 

is the memory of poat-tranafer state of A on the transferred element. We give an 
operatlonl1lly ocmailtlnt dtftnition of the local memory of a state on its matrix 
element, uc1. bd that the memory on transferred and several other elements is 
completely arued. Generalization to a finite-accuracy transfer brings in a trade-off 
between the accuracy and the amount of preserved memory. This trade-off is 
express.ed via l)'lttm·independent uncertainty relations which account for local 
aspects of the accm:acy•diltu.rbance trade-off in quantum measurements. 
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