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utwlt  pbpdnnhtwdhlwlywu woluwwnwuph  uwhdwudwt  wpwdwswihhg
Ywudwdnipjwu: <Gunlbwpwp, wwpg sk, pb huswbu wbnp b uwhwdwub) ptpdn-
nhuwdhulwt wpuwnwpp: Uu gifunwd gnyg £ wupdws, np han npwd Shah-
Ywywt wuwydwbbbpp pbpnd Bu $hahlynpbu 6hon inpwdwswithh punpnie)uw:
<wpy k£ ufuwuwnby, np «phghynpbu Ghown punpdwsd inpudwswih» wpnwhwjnnipe-
jntup wnbinht £ dhwyu mpwdwswiduwghty ns-hudwiphwuwn dednuyeniubph hwdwp:

tuunppp 6t hwdwp nhnwpyyb) b wwpqugnyu dnnbi’ Bplyne Yanwght
thgptiph nwwgnn thnfuwgnbgnyeintup, npnughg deyp dnwhg owun wybih dwup E:
Quwugywdubph wyn fuhun nwppbpngniup pipnd £ upwt, np htwpwydnp £ h-
unwd dwup quiugywsdny dwuuhyhtu nhnwplbp npwbu wpunwpht blalnpwdwgqup-
uwlwu nwownh wapnp, pwuh np wyn dJwuthbh wpdnwp, h hwohy hp dGs
quuqyuwsh, hnfuwgnbgnipwu pupwgpnut Yuwnbih b hwdwnb) npws: Uuhupt'
phpl dwuthlh hbunwnwpd wgnbgnyejniut hp nhuwdhbwih Ypw Yupbh
wphwdwphbj:

Lwup np Jbup hbnwppppwd bup pbpdnnhuwdhlwinyg, www  wn
wwydwllbpp whnp k plubl phpdnnhuwdhywywl kiunph npdwdphg’

1.9hupn  owpdnwhg, wupupl’ dwuthlubph  nhuwdhywu  wewp £
(nYywihqugywsd |huh nwpwdnejwu ytpswynp wnhpnyenud:

2.Lwuph np dbup nwnuuwuhpno bup nbigwwhyhunhy nhuwdhywny
Uywpwanynn fuunhp, www Shan wpwdwswihh punpnygniup whnp £
pjup puhwuny hwdwlwpgh (EGYunpwiwqubuwlut pwon L ujne)
tubpghwih-hdwnyuh  (Eh)  pbugnphg: Ut Yuwwbndh - unwgyws
wpryntupubiph Lnpbug-Yndwphwuwnnigniup W wwwndwnwlwunygniup:

3. Unnh$hlwguby ynye L Ebjupwdwqubuwlwt nuon  hwdwlwpgh
hwdwp wnlw Eb pbugnpp wjuwbu, np huwpwynp |huh unwbw)
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wnpniph b pbpl dwuthyh fubpghwubpnd uwhdwiudwé wwhwjwuynn
dudnyenit: Twuwgppbphg hwnup flEhunpwdwquhuwlwt nuonh £h
Phjhupwumb-Nngbudbingh (PN wpwdwswhwiht hudwphwbn
ptiugnphg htiwnlinud E, np Ynyatt muh dhwit Yhubnhy Lubpghw, npnug
gnuwpp sh wwhwwuynd: Wuwhunyd Yuwhdwudh twb bpdnnhtwdh-
Yuwlwu wotuwwnwipp:

4. Un dnnhbhiwgdwsd rbugnpp whnp b pudwpwnh qnpw) wwhwwu-
dwu opkupubipht, huswhupp U tubpghwih W phy opphwnwy dndbuwn-
ubiph wwhwwunwip:

Uwuuplyubph nhtwdhywu  ulwpwgpnn  hwdwuwpnwiubpp - $niuyghnuwy-
npwgnn-nhdbpbughw) hwywuwpnwubp Gu, npnug Ndwt defuwihgdp dwi-
pwdwutinpbt npdwd £ winbuwfununyeuu dbe:

Niubuwind  Jwutplubph  nhuwdhy  uqupwghpubpp'  epwlwuqudbp  Gu
nwppbp wpwdwswibpn]d dwuthlubph unbndwd EYunpuwdwquhuwlwu nws)-
wbph wynwbughwubpp: Yhuwpldb) Bu nwppbp npudwswhwiht wwjdwitb-
phtu pwdwpwpnn wnwbughwiubp, npnughg dhwju Lopbugh npwdwswihwih
wwlwuht pwdwpwpnn wnnbughwubpt Bu pipnu Jwuthlubph Eubipghwtb-
pny wpunwhwynynn dninwgnp wwhwwignn dednuyejw: Uuwgwsd wnpwdwswthu-
bt wwjdwuubpht pwdwpwpnn - wnnbughwiubpp 6 pwdwpwpnd  Jepp
pwplwsd wju Yud wju wwjdwuubiphu:

Lnptugh  wpwdwswihht  pwdwpwpnn b npwgnn  fEYwnpwdwquhuwlwi
nwon  wwwhnynn wninkughwjubpp gpwlwunyejuu dbe hwjnuh U npybu
Lhkuwp-dhfubpunh wnibughwiutp: UWu wnnbughwiubph dhengny pbpl dwu-
uhYyp ubipghwu niuh hbnlyw) wbupp'

me’ N e
Nl-o'() @O+ -5 M)

A, E=E(t,)~E(1)
Unpniph  Yhubnply  Lubpghwt, npp wpwdwswihhg  wulwiu  dednipiniu |,
npnaynud b hbwnlyw) pwtwslng'
K'@O)=m'c /N1=-v? /¢
A, K'=K'(t,)-K'(t)

(& wjhu wpryniupubiphg bplinwd £, np pbpl dwuthyh phy tubipghwih b dwup
duuthlyh Yhubwnhy Lubpghwih gnwiwpp dnunwdnp wwhwwlynn d&dniggniu E:
Uu wwhwywunwhg bukny' ppdnphtwdhwlwy woluwnwipp Yupbih b uwh-
Jwub) npytiu wnpniph Ypubnply Eubpghwgh ginthnfunegini Yud npwybu dwutih-

E(t)=

10

Uh (phy Eubpghwih tnthinfuniggniu, npnd wnfw wnnbughwiubpp pwywpwpnu
Gu Lnpbugh npwdwswhwiht wwydwuh:

W=-AK,if
[A E+A KL 1A EA, K.
LY.1-nwd pbpywsd £ wwhwwudnn dednyejwt Juppp Unyuwun |hgpbipny dwu-

upyubph nbwpnw ny winpwu JG§ quugywdubiph wwpbpnyejwdp, tpp npwup h
ulygpwti nwnwph yhbwynd Gu guintynud:

0.004

0.000 | =~

!
&
g

energics
energies
=
g

-0010

~0.015 L s . L R 0.000 Ls. \ L s " "
[ 20 40 60 80 100 0 20 40 o 40 1K

t '
w) p)
LYt m=5m"=50,ec'=c=L1,=50,=w,=0:

LY. (w)-nd Jbplp Ynpp hwdwwwinwufuwund £ dninwdnp wwhwwgnn
dbdnupjwup, unnphu Ynpp gnyg & nwihu phpl dwutuhyh Eubpghwh Juppp:
LY. 1(p)-nwi unnpht Ynpp thwpwgpnid b dnnwynp ywhwwuynn dednygniup,
huy Jtiphtu ghdp tywpwgpnud £ wnpyniph iphy b pbel dwutihyh Yhubnhy
Fubpghwubph gnwwpp A, (E'+K) :

Unbuwfununipjwu  Jdbe gnyg £ wpdwd, np dwuthlubiph  Yhubinpy
Lubpghwubph gnuiwph nbwpnw syw gnub dnnwynp wwhwywynn dednue)ni:
Uwnbuwfununygjwu dbe pbpdwd Bu twl tnwpwunt dwubhyubph W w) nbwptip:
LoJwsd pninp nbypbpnud dnunwydnp wywhwwunwdp whinh niuh:

dbpp Updbg, np wpwdwswihh puwpnieiniup whwp £ pluh £h plugnphg:
Uquun EEyunpwdwqupuwlwy nwonh hwdwp dwutwghnwlwl gpulwunisjwl
dbg ogquwgnpéynn Eh plugnpp, g, =diag[l,—1.~1,—1] dEnphluyny punwswih
nwpwdnipjw dbe niuh hbwlyw) nkupp'

. 1 o gik
TIA - _FIIFA +S . F Flm ,
= a4 )

Im

Fik =aiA/\' _akAi
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Npwbin’ 8, =(8/¢dt,8/0x%), =1,2,3 pwnwswih nhbbipbugdwu owbpwwnp k,
F*U bEjunpwdwqupuwluy nuownp wpjwsdnypjwu phugnpp: PN phugnpp
unwgynd b hudwphwn jwgpwudhwuhg' oguytiny Uinntiph pbnpbdhg L Yw-
wnwpbiny {pwgnighs uhdtunphqugnud:

Uwlwju PN-h phiugnpp ptpnud £ dwutplubph dhwju Ypubwnpy Eubpghwubph,
npnug gnuwnp sh ywhwwtynud:

Un wwwdwnny hwpy £ dnnhbhlwgubp wniw pbugnpp: Mwpgnipjwu hw-
dwp Yhupwnnbup, np nwpwdnipjuu dbe Unyep hwdwubn b pwojwé: <wply b
ulwnk, np wnbuwfununipjwu dbg tnpdwsd £ hwdwubin Unyehg Yewnwihuh wu-
gnuip: Uwutwghnwywu gpulwunieniuhg hwinup £, np Lnpbugh npwdwsw-
thnid Uwpuybih hwjwuwpnwubiph Jepght hwjwuwpnmdp Yupbh b utnwuwg dh-
uphdw| gnpdnnnipjwu ulygpniuphg' oguwgnpdbiny bbpdph wgpwudhwup: Wu
niuh hbiinlyw| wnbupp'

L= ——1—6iAk6iA"
87 :

Ujninbph  pbnpbdhg U dGpdhh  (wgpwudhwuhg Eb phugnpp  wquuun

EiEhinpwdwgquhuwlwt nwonh hwdwp Ygpdp'
T* = —i—a"A, oal v L g%0,4,0"4"
4 &7

bugwbu Gplnud b unwgqwé phugnphg’ wu, huswbul PN phugnpp, uhdbn-
nhy k. b pwdwpwpnud £ Mnjuinhugh pbnptidhu:

Upnie L EEfupwdquupuwlwt nuwon  hwdwlwpgh hwdwp Eb pkugnpp
Yanyp

A " .1 .,
Tl/\ :Tl/\ +‘L"A +_A1JA
[4

8,T* =0

npwnbn 7% -u Ynyeh phugnpu k: Liwwbkup, np £ phugnph wpunwhwjnnipjwu
dtg gpdwd Ybipshu wunwdp gnyg t wwihu unyesh b EEYunpwdwgquhulwi nwownh
thnfjuwqnbignipyniup: I:'uhnqhwjh rumm[ajw'u hwdwp Yuunwgyh'

200 _ 0 4 A0 4l 0 g CH

™= yyn 6A(’}A +8 0,4,0"4 m+p¢ |
npinbn wnweht bpynt wunwdubpp uwpwgpnud Bu l:[blqmnwdwqblhuwl{w'u
nwaup, Eplpnpn wunwdp' Unyeh Yhutnhy Fubipghwu E, huly Gppnpnp’ bjnieh
wnwbughw) Eubnghwt: Eubipghwih funnipwu wbuphg tipnd £ phpdnnhuwdh-

12

Ywlwl wotuwunwuph vwhdwudwt dbe oqunwgnpdynn phpl dwutplyh tubpghw-
Jh wkiupp:

Cuhwunin hwdwhuwpgh hwdwp gpdws unp b wnlw b phugnpubpp ppnud
b unyu gynpw) Wwhwwuynn JEdnpjwi’

Id {EZ"'B ()()] _’-d T

<wpl £ uwenby, np punhwunp hwdwywnpgh hwdwp gpdws pugnpubpp
dhdjwug Eydhdwiun skt wiu hdwunny, np huwpwdnp sk npbk deyht wybwg-
ubs) tppnpn nwugh ptugnph pwnwswih nhybpgbughw L unwuwy djnwp:

febugnpubph  Udwunyeniuubp  nu- wwppbpnyegniiubpp puwplywsd  tu
wwnblwfununipjwt hwdwwwwwuuwt gfunud: Uunpunupd £ Yunwpdb twlb
wyn ptugnpubpny uwhdwudwsd phy opphunw) dndbunp pEugnpubph dwunye-
Jnwiubipht b wwppbpnejnitubphu:

Gplypnpn qifuh bywwwl £ unnighp wnwsht gfunid unwgywsd phipdnnhuw-
dhjuywt  wuwwnwuph uwhdwunwiu  huptwgnbgnipjwt ndh wnljwniyejwu

nbwpnu:
Uju nbwpnud dwutuhlubph owpddwu hwt{wuwnmlmhnn Ygnpyeu'
k ]
mdi=eu,F'“+—[d d +diﬂu"]
ds ds ds ds
1 2 2 1k o !
o du _ ’F“ 2e [d i +dL'dui ¥
ds’' 3 7 ds ds' ds

npnug Jbpoht wunwdubpp uywpwgpnd bu dwuuhyubph unbndwsd nwownbph
htinwnwpé wgnbkgniejniup:

Pupuwgnbgnipjwu  wunwdubp  wwpniiwlnn npwgnn  hwjwuwpnwubpp
Ywptih £ (st dhwjt wywgquwinwd Ynnpnhtwwnubph, wpwgnuyginiuubph b wpw-
qugnwiubiph hwdwp pdwé uwhdwuwiht ywydwuubpnd b wwwgqund npgus -
wwjdwuutiph htiin hunbigptiny dhush wudtipg htinnt wugjwy: Unbuwfununypjwu
dbg wyu fuunhpp bt £ Bupwnpbing, np dwutplubpt wwywguynud wyjlu sku
thnfuwgnnul: Uhwswih nbwpnd Jbpp gpwd depnnnyg uinwgynn [ménwdubpp
(Yngnt nwdnuwdubin) gnjnuggmiu miubt b dhwlu Bu, bpb |hgpbpp unyuwunu B L
wwwagwnd npuwug dhob bnwé hbnwynpnyeiniup pwywlwuhu JGd E:

LY.2-nud jwy bplnd | Eubpghwih wbnwihnfunyeniup dh dwuthlyhg djnwpt:
Ulgpnud Eubipghwt (pbpdnnhuwdhyulywiu woluwwnwupp) thnfuwugynd £ dwup
dwuthlyhg phpl Jwuthyht, wnihbnlk wiu Jepwnwnundd £ dwup Jwuthypt:
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Stnwinfunypwu  pupwgpnw  Fubpghwh  npnz  dwup  dwnwqujeynud  E,
wyuwhuny dwup Jwuthyh Jpguwlwu Yhubinhy Fubpghwt wdbih thnpp £, pwl
thnjuwgnbgnipjw uljgpnud: LY.2-hg bplnd £, npA (E+K)-U Gwnwqujpdwl
hwohu wdwgnud E: At:O(E’+K)—'u wwhwwuynn sk: dbipohupg sh tplnw twl
tubpghwjh hnfuwugdwu ninnnuggniup: Mwhwwuynn sk bwlb P phugnphg hb-
tnlnn A(K'+K): tubpghwubph Jwpphg Gpunw E, np hwdwlwpgnud duwnw-
qujpedwt wnmdh pwdhup wwpdwuwdnpywd E wnpjnipnd, npp, uwlwiu, sh
htwund  Lwpinph  gnpdwlhgubphg (nb'u  wwnbtwlununygwu  dbg):
Uwnbuwfununipjwu  Jdbe  Wwpwgpwd L uwb l:hbnqhwjh dhwynndwuh
nbnwihnfunygniup’ wnpngphg Jwuthlht b hwlwnwlp: Uu nmbnuithnfunigniup
jwy uywpwagpynud £ Lnpbugh npwdwswihnu dwuthyh wnwntiughw) Fubipghwgnd,
pwuh np dninwydnp Ap(E+K") -U dnunwynp wywhwwuynwd k:

0010}

0.005

energies
(=]
g

s
8
:

-0.010}

VY2, ee'=1,m'/ m=10:

V(t,) = 0.04,(t,) = —0.4,x'(¢,) — x(t,) = 100;v(0) = —0.04804, v(0) = 0.40117
dbnhg Ywn. Jtphu hnd (Yundhp) Ynpp A E -U t, Yhnwgdtipng (dnfuhp)
Ao (E'+K), punhwwn gdny(Yuiiwg) A, (E+K') , hwonpn Yinwgdtipny

(owgwuwywgnyu) Ynpp Lwndnph gnpdwlhgutinh gnuiwnu k, ytnght hnd
Unpp(uly) A, K", dtipght Yanghdp A, (K" + K):

Gppnpn qund wnwowpyywd Lt wnwwwhy obpdwiht dbpbuwih dnnby:
Unwuwnhy sbipduiht dipbtwih qunwidwph Enyggniup hbnlywiv £ untindt) obp-
dwjhu dbpbuw, npp Ywnphp sniuh wpinwpht wnwywpdwu b Ywpnn £ hwpdwp-
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ytii wpuwpht dhgwdwyph thnthnfunigyniiubpht, swpniiwyt) wotuwnt) obipdw-
Jht dbpbuwih nkdhidnud (LY.4): Wu pwniugws £ pwunn dwpduhg b nElwdwpnn
dwuhg:

Fwunn dwpdhup nwdwywpnuwy Fubghwiny hwdwlwpg E, npp thnfuwgnnd
E Gptip twppbp sbpdwumnpéwutbpny pbpdnunwnubiph hbw, npnughg jnipu-
pwlsjnipt wwwhnynd £ dhwju dkY wugnud Eubipghwih Jwlwpnwyutiph dhel:
Cun npnwd, npwughg dbyp dSwnwjnud E npubtiu pbipdnnhuwdhjulwu wotuwnwy-
ph nbgbpynuwp (LY-nut® 7, ), pwuh np tubipghwh thnfuwtwldwt pupwgpnud
Funpnwhwu sh tnfudnd 4s, = B, dQ,, =0, npntin B;=1/T, hwlwnwpd obip-
dwuwnphdwut £ Pwunn dwpduh wpdwd Bubpghwynd dwwpnwynud hubine hw-
Juuwywunigniup wnpynd b Uwpynyh hwjwuwpnwiubpny:

LY.4 Unwuwuwnhy obpdwihu dbpbuwgh dnnby;:

Cun npnw, Gupwnpdnw t, np Eubpgbunhy dwiwpnwlubph dhol wugdwt
hwlwuwywunyeniuubipp pwdwpwpnud Bu nbnw-pwjwtuh:
Py =py e By = Bl j=123

NbYwywpnn dwpdhup wupunhwwn, nuunwn' h wwppbpneggniu tubipghwih
dwlwpnwlubph dhol wugdwl, thnihnfuynn uvinnfuwuinply thnthnfuwywu £, npp
pwunn dwpduph htwn hGnwnwpd Yuwh dbe b dwdwuwyh ¢ wwhhu pwunn
dwpduph Z-pn Eubpgbwnpy dwiwpnwynd qutdbine b nGlwdwpnn dwpduh
npdwsd Ytwnnd fhubine dpwgjw) hwjwuwwunyggniup npngdnd £ Uwpyndh L
Dnytip-Muwuyh Jhwgjw| hwdwuwpdwdp'
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3
PN =2 [P ()P, (60 = P ()P (5 1)] +%51[P,-(x7f)5,-'(x)] +D3p,(x.0), i=1,2,3,
j=1
npuintin  o2npphfuny  towtwlywd £ wéwugnwip pun nblwdwpnn  dwpdup
ufwpwgph, ¥>0,0>0" hwlwwwunwuluwtwpwn 2thdwu b nh$nighwih gnpdw-

Yhgubpu Gu: GYwdwpnn  Jwpduh  puunwnneniup uwwhndygh,  GReb
VVy,D<<p, ;) wjuhupu' Lubpghwubiph dhele wugnuwiubpp wipdnid Bu uwnw-

ghnuwp hwjwuwlwunyeyniuutipny: Ogqundtiny wwdwuwlwu hwjwuwywunie-
Jniutbph uwhdwunwihg pi(x,t)=pilx(t)p(x,t) L nuunwnnyewu ywdwuhg' nb-
Ywydwpnn dwpdup unwghnuwp Jhéwhh hwjwuwywuneuu hwdwp Yunw-
uwup'
3
p(x) ™D ()= p, E/(x)
i=1

Ogunybny unpdwynpdiwl wwjdwuhg'

3 N ;
Q') =) puEi(x)=¥'(x) - E/(x)
i=2
E,(x)= E,(x)-E(x)

Lbwnwnwnd fuwwh Enegniit wyu t, np dh Ynndhg nwunwn thnthnfuwywup
Ywnwywpnui £ Eubpghwjh  dwywpnwlutpp, dinw Ynndhg' win tubpghwjh
dwlwpnwyutpnd £ npngdnud win hnthnfuwywup unwghnuwp yhbwyp: Eubp-
ghwih dwlwpnwlutpp pwgwhwjn fuiunw sniubu phpdnunwnnubph gbipdwu-
nhdwuutiphg: Tpwup puinpymd G wjuwbu, np nutnwn, hnthnfuwlwit nibuw
dwpuhdw) hwjwuwywuwht wpdkp' £, pun npnud, win Yennd W (x)-p niubuw
bquih |nw), Yuniu Shupdnud®

D'(x)=-E|/(%), O"(%) > —E(X)

Ujnw Ynndhg' wyn Yewh opgwlwypnid ybwnp b inbinh nitbuw gbpdwjhtu Jbpb-
Uwh nbdhinu woluwwnbint wwjdwup® J,,(x) <0, npp Lpwuwynud £, np hwdw-
Yuwpgp Ywuwwpnd £ wouwwnwup: Wu wwdwup tubpghwubph dwwpnwyutph
(Gquny wpwnwhwpnynud b hbwnlyw) Yepuy'

E,()l(1-9)E,(x) - Ey(x)] > 0
npntbin 9= 4,/ B, Unwwywnwghwih Enyeyniip hbnlywiu £:

"thgnip hwdwlwpgp pEpdnuinwnttph npdwéd skpdwunhwuubph nbwpnd
wotuwwnnd £ npwbu gbpdwihu dbptitw: Gt win stpdwunhéwutphg deyp (Ywd
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Gpynwp) pnfudnid Bu, wwyw wpwg pnhnfuwywup pnipu £ quihu hp utnw-
ghnuwp Yh6wlhg' wyuwhuny % -hu viwny wy| wipdbp, npinbn b yeplwugqudnd £
obpdwjht dpbuwih nbdhdnuW wouwwnbine ywydwup: <Gwnwnwpd juwh nbw-
pnud nwunwn hnhnfuwywup sh hnfuwgnnud eipdnunwunubph hbwn, wyp dhwju
wuntnqwyhnpbl, wpwg hnthnfuwywuh dhgngny:

Uwnbuwlununiypjwu dke pbpywé £ uwl wju nbwpp, Bpp nwunwn tndn-
fwlywut wudhgwlwunpbl hnfuwgnnd £ ebpdnunwnubph hbwn: Ugtuwnwu-
pnud gnyg b wipdwd, np wnwwuwghwh wnbuwulndihg wiu wnwybpngejuu sh
pEpnud, wy) thnfuynud Bu dhwju othdwt b nhdnighwih thélulqhghhnn: Uwnbuwfun-
uniRjwu dbg gnyg t wpdbg, np Gpyne nwpnad ' Bpp hwynup £ dh phipdnunwnh
otipndwuwnhéwup b Gpp hwyuinup sk ng dh phpdnunwnp sbpdwunpéwt, deptuwh
wnwuwnwgnup huwpwynp t: 8nyg £ wpdwd dbpbuwih wwujunwgnwdp Bplyne
ntwpnud. Unweht, tpp tubpgbuhl dwlwpnwyubph dhol wugdwu hwjwuwyw-
unigyniutbpp wpdnud Bu updbuphly wbupnd, L, bpp win hwywiuwlywunyeniu-
ubpp wpynw Gu Ypwdbpuh wnbupny: Uinwgyt bu wjt wwydwuubpp, npnug nbw-
pnud huwpwynp st Ywnnigh wnwwwnhy gbpdwihtu dbptuw: Unwlug wpwg L
nwunwn thathnfuwyuwiutbph nwpwugwndwt' puwiunpbu syt £ punhwung
hwdwywpgh yhbwyh hwjwuwlwunpnwp tfwpwgnpnn hwjwuwpnudp, b gnyg
t wpdt pnnuwywuubph nwpwugwindwu dipnnh huyneyniup: Unbuwfun-
unupjwu dbe gnyg £ wpywd wnwwwnpy sbpdwihu dbpbuwih hgnpnipjwu b ESLGY-
wnhynipjwt wnwuwnwghwl, pwuh np gbpdwjhtu dbpbuwubpp uywpwgpynud Gu
hgnpnipjwdp b EbEYtnhyniejwdp: huswbu L pninp ghpdwhu dbepbuwubpnud, wu-
whu b wnwwwhy deptuwjnud htwpwdnp & wnwybwanyu EpEYnhynipjwdp
Yuwuwwpb] wouwnwup: Ugfuwwnwupnid ubpyuwjwgdws £, np wnwlg nbljwywpnn
dwpduh, wiu nbwpnud, tpp pwunn dwpduh tubipghwih dwywpnwyubpp hwpnuh
sbU, U wipdnuwd BU hwdwubin pwfudwdp, 9bpdwiht dbptuwih nbdhdnd wotuwwnk-
(nt hwjwuwlwunipynit wybih thnpp £, pwu wy nbdhdubipnd wouwnbint hw-
Jwuwlwunipyniup:

Jdbkpowpwund puwpyywsd Bu winbuwfununipjwu hhduwlwl wpnyniupubpp:

Oquuwugnpdjwé qpuliwunpjut  wdpnnowlwu gwuyp ubpluywgwsd k
wwnbUwfununipyniuncd:
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TepmopguHamuyeckas pabora: oT aneKrpoMarHeTu3ma K agantaumm.
Pe3iome.

B puccepraumu usyyaloTcA BONPOCHbI HEPaBHOBECHOU CTATUCTUYECKON MeXaHUKM,
KOTOpble TaKiKe fiemar Ha CTbike [APYrUX [UCLUMIWH:  SNEKTPOAUHAMUKK U
kubepHetukn. Ob6iwan Tema - 3To TepmoauHamuyeckaa pabota, ee onpegeneHue u
perynuposaHue. BaxHocTb 310l TemaTuku onpegensaetca Tem 4to paborta (B otnn4eumn
OT 3HTPONUU, TEMMEPATYPbI U HEKOTOPbIX APYrUX BENMMYWH) XOPOLLO ONpeaeneHa BHe
pasHoBecuA. [103TOMy OHa NpPUMEHAETCA B HEPaBHOBECHOW TepMOAWHAMUKe B
hOpMYNMPOBKaXx €€ 3aKOHOB, BbLIACHEHUW MpPeAenos ee MPUMEHUMOCTH, BO
dnyKkTyaumoHHbix Teopemax U T.4. B nepsoif yactu paccmarpusaeTca onpegeneHue
paboTbl ANA CUCTEMbl B 3MEKTPOMArHUTHOM none. BamHocTe 37Ol 3agayn TpyaHo
MepeoLleHnTb TaK KaK 3NMeKTPOMAarHWTHOrO MONE ABMAETCA OJHUM W3 OCHOBHbIM
MCTOYHUKOB BHELSHErO BO3AEWCTBUA Ha CUCTEMbl W3Yy4YaeMble B CTATUCTUYECKON
MexaHuke. [lo cux nop peweHue 3agayM  ObiNO M3BECTHO TONbLKO ANA
KBasucTaumoHapHoro nonA. Mpobnema onpepeneHna pabotbl bbina OTKPLITON TaKxe
M NOTOMy, Y4TO NpAMOe npumeHeHne MamunbTOHOBA chopmanusma AnA onpegeneHuA
paboTbl 4epes W3MEHEHWE 3SHepruM HEBO3MOMHO B Ccuny  KanubpoBOYHOW
HeuMHBapuaHTHOCTM  [amunbToHMaHa. [lnA  peweHnA npobnembr  Heobxogumo
PENATUBUCTKOE ONMCaHue anA uctouHuka pabotbl. [lnA npocToThl 6bIN0 paccMOTpeHo
PENATUBUCTKOE B3aUMOAECTBUE ABYX TOYEYHbIX 3apAOB, OfWUH U3 KOTOPbiX HAMHOTO
TAMenee Apyroro. TaAmenasa yacTMua pacCMaTpUBAETCA Kak MCTOYHWUK BHELIHOro
3NEKTPOMArHUTHOrO NOAA, TaK Kak ee AuHamuka cnabo BO3MyLLLAETCA B TEYEHUM
B3aMmogeiicTena. B pamkax MNONyYEHHOTO PpELWEHWA [OCTUraeTcA KanubpoBouvHO-
VMHBapuaHTHoe onpejenedue paboTbl U ycTaHaBNMBAETCA €ero PpenATUBUCTKAA
KOBapuaHTHocTb. B ocHoBe 3Toro onpepgeneHva TOT dpakT, 4TO Cymma MOMHOH
aHepruM nerko 4YacTuubl, B Kanubposke JlopeHua W KUHETUYECKOH 3Heprum
UCTOYHMKA OKA3bIBAETCA MOYTWU COXPaHAtolelicA BenuuuHoii. [NpoAcHAeTcA ceA3b
onpegeneHa ¢ MOAUMIULUPOBAHHLIM TEH3OPOM 3HEPrUM-UMMYNbCa ANA MOMHOM
cuctembl. C MOMOLLBbIO MOAMMULMPOBAHHOTO (KOBApUaHTHOIO) TEH30pa 3Hepruu-
umnynbca 6bina BBeAeHa nOTeHUManbHaA 3HepruA. Ee Heso3MomHO BBECTU C
MOMOLLbIO  CTAHAAPTHOTO,  KanUbpPOBOYHO-MHBAPUaHTHOrO  TeH3opa  JHepruU-
umnynbca. HecMOoTpA Ha 3TM M gpyrue OTIUYMA, U MOAUCOULMPOBAHLIA K
CTaHAapTHbI TEH30p 3SHEpPrUM-Umnynbca MPUBOAAT K OAMHAKOBbIM rnobanbHo
COXPAHAOLLUMCA BENUYUMHAM MOMHOTO MOMEHTA U 3HEPruu. Danee, npobnema
paboTbl U3ydaeTcA fipU Hanuuum obpaTHOW peaKLMu U3NYYEHUA U NOKa3bIBAETCA, YTO
onpeaeneHne OCTaeTCA COMMacoBaHHbIM. B 4YacTHOCTM paccmaTpuBaeTcA BpPeMEHHOI
XOf, MPOLECCOB U3NYYEeHUA W nepeHoca paboTbl M yKasblBaeTCA Ha MWHTepecHoe
cBoiicTBO paboTbi: ee nepeHoc XOpowWo OTAeneH MO BPeMEeHW OT MpOLLeccos
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uanydeHua. B nocnegHeid wactu paccmatpuBaetcA obluee CBOMCTBO O6biyHbIX
TepMaNbHbIX fBuUrateneii, yHKLMOHUPOBAHWUE KOTOPbIX OKa3biBAETCA OrpaHNUYEHHbLIM
onpefeneHHbIM PEXUMOM Temnepatyp TEpMOCTaToB. DTO OrpaHMYEHUE XOpOLUO
M3BECTHO B peEaNbHOW MW3HW, rfe HOpMaNbHbIN penum paboTel asurateneil
BHYTpEHHero cropaHua TpebyeT 3apaHee onpefeneHHbIX Temnepatyp. OrpaHuyeHune
MOMHO NpeofoReTb C MOMOILbBIO afanTUBHOrO nNpouecca, B pamkax KOTOpOro
TepMmanbHbIA  BUratens NpUCNocobnAeT cBoid pemum  (PYHKUHUOHWPOBaHMA K
3apaHHbiM Temnepatypam. C 37Ol ueAblo B CTaHAAPTHYIO MOfLENb TPEXYPOBHEBO
TEPMATbHON  MALUWHLI  BBOAMTCA HENpPEPbiBHAA BHYTPEHHAA (KOHTponMpytowWwan)
cTeneHb cBOOOABI, KOTOPaA AOMMHA HE B3aMMOJEHCTBYET C BHELUHUMM TepmocTaTami
ABuraTens, HoO B3auMmopeiicTsyeT C ero pabouum Tenom. ApanTtauuA [OCTUraeTcA 3a
cyeT obpaTHOW ceAsu OT pabodvero Tena k KOHTponupylowel creneHu csoboppl.
PaccmoTpeHbl gBa OCHOBHbIX pemuma: agantauma mowHocTu (pabotbt) W agantauma
achdbeKkTUBHOCTH. ObcympaloTcA  TepMOAMHAMWUYECKUE OrpaHUYEHUA Ha  camy
BOBMOMHOCTb afanTtauuu, a Takke BO3MOMHble 6uodusnyeckue npUMeEHEHUA
ajantaumu. Yka3biBaeTCA Ha MPUMMEpP eCTECTBEHHOro apfanTMBHOrO TepMasbHOro
asurartens {poTocuHTE3).

Thermodynamic work: from electromagnetism to adaptation.
Abstract.

This thesis studies several problem of non-equilibrium statistical mechanics that have
inter-disciplinary relations with electrodynamics and cybernetics. The general subject
is the thermodynamic work, its definition and control. This subject is important,
because work (in contrast to entropy, temperature and a number of other variables)
is well-defined out of equilibrium. Hence it is employed for studying non-equilibrium
physics: formulations of thermodynamic laws, fluctuation theorems etc. In the first
section, the author studies how to define the work for a particle (or several particles)
in an electromagnetic field. The importance of this problem cannot be over-
estimated, because the electromagnetic field is the main source of external influences
for systems studied in statistical mechanics. Till now the problem of defining the work
done via electromagnetic field was solved only for a quasi-stationary field. The
problem was open, also because the gauge non-invariance of the standard
Hamiltonian formalism precludes its direct application to defining the work via
energy changes. The author focuses on the simplest autonomous situation that
explicittyaccounts for the source of work: two charged point particles which
described by relativistic dynamics. One of the particles describes the source of work,
since it is assumed to be much heavier than the other one. Thus the dynamics of the
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heavy particle is perturbed weakly during the interacion. The radiation reaction of
the particles is neglected in this section. It is shown how the problem of desiging the
work can be resolved and a gauge-independent definition of work is proposed via
including the source of work in a consistent relativistic dynamics. This leads to an
approximate conservation of the light particle's full energy evaluated in the Lorenz
gauge plus the kinetic energy of the source. The author also shows that this definition
emerges from a relativistically consistent modified energy-momentum tensor for the
whole system (i.e. particles plus electromagnetic fields). This modified energy-
momentum tensor differs from the standard Belinfante-Rosenfeid tensor. {n contrast
to the last tensor, the modified one allows to introduce a potential energy for
particles. Also, the standard tensor does not lead to any non-trivial (approximate)
conservation law. At any rate, both tensors lead to the same expressions for globally
conserving energy and momentum for the whole system. In the second part the
consistency of this definition is confirmed under a sizable radiation reaction. In
particular, it is shown that the processes of work transfer and radiation are
frequently well-separated in time. The last part studies an essential limitation of usual
heat-engines: their work-producing function is closely tied to specific values of bath
temperatures. This limitation is well-known for everyday internal combustion heat
engines, whose normal functioning demands well-specified bath temperatures. The
limitation is overcome via constructing an adaptive heat-engine that fits its own work-
producing functioning to given external temperatures. To this end, the standard,
three-level heat engine model is complemented by a controlling, continuous degree
of freedom that does not interact with external thermal baths, but does interact with
the working body of the heat-engine. In this model the adaptation is achieved due to
feedback from the working-body to the controlling degree of freedom. The
adaptation can be designed with respect to the power of work or with respect to the
efficiency of the work-extraction. The author discusses thermodynamic limitations
that enable the adaptation, as well as its possible biophysical applications. In
particular, he points out at a natural adaptive heat-engine (photosynthesis).
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