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Tema 1. 3agaya npo BuiaakoBl OJyKaHHS

§1.1. MikpocTtanu i MaKpOCTaHNI

MaremaTuKa HiJIpaxyHKy CIIOCODIB YIIOPSIKyBaHHs peveil Ha3UBaEThCAd KOMOIHATOPHUKOIO, i

ueﬁ pOB,HiJI IHOYNHAETHCA 3 KOPOTKOI'O O3HalOMJIEHHS 3 HieIO TEMOIO.
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Puc. 0.0.1. Ilepemik Bcix
MOXKJIUBAX MIKPOCTaHIB JIJIST
CHCTEMH, IO CKJIAIA€ThCI 3
Tprox MoHeT (e H - rie opet,

a T - pemka).

Ba€TbCAd MaKpPOCTaHOM.

[Ipunyctumo, 1o g nepekujaio Tpu mMouetu: 50 Kormiiiok, 1
rpuBHs i 5 rpuBeHb. CKUIBKU BCbOTO € MOYKJIUBUX PE3y/bTaTiB?
He nyxe Garato, Tomy X BCi MOXKHa IepepaxyBaTh y TaOJIAII
(puc.1).

[Mum meTomoMm rpyOOi cUIM MU PaxyeMO BiCIM MOMKJIMBUX
pe3y/IbTaTiB. KINO MOHETH YeCHi, KOKEH Pe3yJIbTaT OJIHAKOBO
Biporijnuii, Tomy itmMoBipHicTE oTpumaru Tpu opJaa (H) a6o tpu
pemiku (T) = 1/8. Icuye Tpu pisnux criocobu oTpuMaTH J1Ba OpJa
1 periky, ToMy ¥MOBIPHICTb OTPUMATHU PIBHO JIBa OpJia CTAHOBUTH
3/8, sk 1 fiMOBIpHICTH OTpPUMATH PIBHO OJJHOIO OpJIa 1 JIBl PEIKH.

Koxken 3 BocbMH MOXKIMBHX pe3yJIbTaTiB HA3MBAECTHCS
MIKPOCTAHOM.

BzaraJii, jyisg yTOYHEHHS MIKPOCTaHY CUCTEMU MU MOBUHHI
BKa3aTHU CTaH KOyKHOI OKpeMOl YaCTUHKHY, B JJAHOMY BUITQJIKY CTAH
KOYKHOI MOHeTH. ZIKIo MU 3arajioM BH3HAYNMO CTaH CHCTEMH,

IIPOCTO CKAa3aBINN, CKIJIBKA TaM € OpPJIOB YU PEIIOK, TO Ile HA3W-

3Buuaitto, Ko Bu 3HaecTe Mikpocran cucremn (ckaxkimo HHT), To Bu Takoxk smaere Ii

MakpocTaH (B JaHOMY BHIIQJIKY JiBa opJia). AJie 3BOPOTHE He BiIOBigae JifiCHOCTI: SKIIO MU

3HAEMO, IO € PIBHO JBa OpJa, Ile He TOBOPUTH HaM ITPO CTaH KOXKHOI MOHETH, OCKLILKU € 3a-

rajloM TpU MIiKPOCTaHU, sIKi BIIIIOBLJIAIOTH ITbOMY OJHOMY MakKpocTaHy. KilbKicTh MiKpOCTaHIB,

0 BiJIIIOBIAIOTH JJAHOMY MaKpPOCTaHy, HA3UBAETHCsI KPATHICTIO IOTO MAKpOCTaHy (B JaHOMY

BUIAJIKY Tie 3).

CumBou1, gKkuit Mu Oy/1IeMO BHKOPHCTOBYBATH /IS KPATHOCTI, - 1€ jiitepa omera, (2. Y mpn-
Ky1a/1 Tprox MoueT (3H) =1, Q(2H) =3, Q(1H) =31 Q(0H) = 1. BaysaxTe, 10 3arajabHa



KPATHICTb yCIX YOTUPHOX MAKPOCTAHIB CTAHOBUTH 1 + 3+ 3+ 1 = 8, T006TO 3arasbHiii KiJTbKOCTI
mikpocraniB. Mu Hazoemo 1110 kisnbkicts §2(all). Toai MmoxkHa 3ammcaTs fiMOBIPHICTH 6Y/[b-SIKOTO
KOHKPETHOI'O MaKpPOCTAHY:

L . Qn)

WMOBIPHICTH N OPJIIB = ———.

Q(all)

Hanpuxkiaz, iimoBipaicTs oTpumatu 2 opJia gopisaioe 2(2)/Q(all) = 3/8. Mu npuryckaemo, mo
MOHETHU Y€eCHi, TaK IO BCi 3 8 MIKPOCTaHiB OJTHAKOBO BIPOTiIHI.

106 craso Tpoxu IiKasiiie, IIPUITYCTUMO TeIep, M0 y HaC € BykKe He Tpu MoneTH, a 100 MoHeT.
BarajbHa KiIbKiCTh MiKpocTanis Terep ayxe peinka: 219, ockinbku xoxna i3 100 MoneT mae
nBa MoxkJBi cranu. OjiHAK KiIBKICTh MakpocTaHiB cranosuth Jjmmie 101: 0 opJis, 1 opeu, .. .,
100 opumiB. A 9K II0/10 KPATHOCTI IUX MaKpOCTaHIB?

[Tounemo 3 makpocrany “0 opsis”. AKIO KOXKHA MOHETa 3HAXOIUTLCS y CTaHi “perrka’, To
MIKpOCTaH cucTeMu TOBHICTIO 3ajanuii, TooTo (0) = 1.

A 1o pobutn, gKmo € piBHO OonmMH opesi? Y craHi ‘opesr’ MoxKe OyTH mepira MOHeTa, abo
napyra, abo Tpers ToIo, To6To icuye piao 100 moxkimBux Mikpocranis: (1) = 100. dkmo Bu
CIIOYATKY BCl MOHETH HeperopHyTi repbom yum3, Toi (1) - 1me KIbKICTh MOMKJIMBUX CIIOCODIB
obpaTu OJIHY 3 HUX, 100 TIePEropHYTH.

106 sHaiiTu (2), paxyiite KiJabKicTh C110cOGIB BHOOPY JBOX MOHET, siKi MOTPIOHO meperop-
aytn. € 3aramom 100 BapiaHTiB 0OpaTh TepIry MOHETY, i JiIsT KOXKHOTO 3 HuX € 99 BapiaHTIB
obpatu jipyry mMoHeTy. Ajie Bu MoxKere BUOpDATH OY/Ib-sIKy Tapy B Oy/Ib-sIKOMY TOPSJIKY, TOXK
KUIBKICTB pi3HUX map craHoBuTh §2(2) = 100 - 99/2.

Axio BaM morpibHo neperopuyTn Tpu MoHeTH, y Bac € 100 BapiaHTiB Jiid 1epinoi, 99 i
npyroil Ta 98 st TpeThol. Aste Oy/b-sKi 0OpaHi Tpr MOHETH MOXKYTh OyTH OOpaHUMHU KiJTbKOMa,
criocobaMu: 3 BapiaHTH 0OpaTH MOHETY, sIKy MU II€PEropHeMO IepIIoi0, 2 BapiaHTH 0OpaTH MO-
HETY, Ky MU IIeperopHeMo Jpyrowo. TakuMm YWHOM, KUJIBKICTH PI3HUX TPUILIETIB CTAHOBUTH
Q(3) =100-99-98/(3 - 2).

MokJ/IiBO, Terep BU BxKe MOxKere nobadnT 3akoHoMipHicTb. st (n) orpumaemo:

100-99...(100 = n +1
n...2-1
3HaMEHHUK - IIe IIPOCTO N-paKTOpias, Ho3HAYAETHCS n!. M TaKOK MOKEMO 3aIlHCATH THCe b
HUK 3a jornoMoroo dakropiaais gk 100!/(100 — n)!.

Takum 9uHOM MOYKHA 3AIUCATH 3arajbHy (DOPMYIIY:

100! 100

Un) = im0 =i = \

Ocranniit Bupa3 - 11e IPOCTO CTaHIapTHA abpeBiarypa s OGiHOMiaJabHOrO KoedillieHTa - 11e
KIUJIBKICTH Pi3HUX crocobiB Bubopy n ejementis i3 100, abo KijgbKicTh “KoMOIHAIIN i3 n eJre-

MeHTiB, Bubpanux cepes 100 ejgemeHTiB.



fxmo y Hac € N MOHeT, KpaTHICTb MaKpPOCTaHY 3 1. OPJIB JOPIBHIOE:

N! N

SUN,m) = n!(N —n)! n

[le xinbKicThb criocobiB BuOpaTu 1 00’€KTiB i3 3arajbHOI KijbkKocTi N 00’€KTiB.

§1.2. Kimacmyna Mo/1eJib mapaMarHeTuKa

MokuBo, BaMm IiKaBO, sikKe BiJHOIIEHHS Ma€ Ieil 0e3ryTy3/uil MpUKJIa/] 3 IepeBepTaHHsIM
MoHeT 10 dizuku. He najro H6araro, aje Hacpas/ii € BayK/JIuUBI (Di3UYHI ABUINA, JJIs AKUX MaTe-
maTrKa (KoMbGiHaTOpuKa) Oy/1e Takoro caMor. MabyTh, HANTOJOBHINIMM 3 HUX € MapaMarHeTuK
3 JIBOMa, CTaHaMU.

Bci pevoBunE SIKOCH pearyioTh Ha MarHiTHE T0JIe Yepe3 eJIeKTPUIHY TPUPOLY €JIeKTPOHIB Ta
aToMHux sjiep. llapamarneruk - 1e marepiaj, B 9KOMY YaCTUHKH, IO BXOJATH JIO WOTrO CKJIa-
JIy, JIHIOTHh 9K KPUXITHI TOJIKA KOMIIAca, SKi IParHyTh BUPIBHIOBATUCH MTAPAJICIbHO OY/Ib-IKOMY
30BHINIHBLOMY MArHITHOMY HOJTO. (SIKINO 4aCTUHKU JTOCUTH CUIIBHO B3AEMOJIIOTH MizK COBOI0, Ma-
TepiaJl MOXKe HAMarHidIyBaTUCA HABITH 0e3 OyJIb-sIKOr0 30BHINIHLOTO MOJIA. B TakoMy BHITaIKy
MU HAa3UBAEMO HOro hepoMarneTuKoM, 3a HafiBitoMitM mpukIaom, 3aaizom. [lapamarnerusm,
HABITAKU, € MArHITHUM BUPIBHIOBAHHSIM, K€ TPUBAE JIUIIE TOJII, KOJIU 3aCTOCOBYETHCA 30BHIIITHE
MarHiTHE TOoJIe. )

Mu Oyiemo Ha3MBATH OKpeMi MArHITHI YACTUHKU JIUIIOJISIMU, OCKLJIBKY KOYKHA Ma€ CBiil BJa-
CHUl BEKTOD JIUIIOJILHOTO MOMeHTY. Ha mpakTuiii KoxKeH U0/ MOYKe OyTU OKPEMUM €JIEKTPO-
HOM, T'PYIIOIO €JIEKTPOHIB B aToMi ab60 aToOMHUM siIpoM. /L7151 Oy /1b-IKOTro TaKOro MiKpOCKOII YHOTO
JIATIONS KBAHTOBA MeXaHiKa JT03BOJISIE MIPOEKITIT BEKTOPA JTUMOJIHFHOTO MOMEHTY Ha Oy/Ib-sIKUil Ha-
[IPSIM TPpUMAaTH JIUIIE TIEBHI JJUCKPETHI 3HAYEHHS - HISKI ITPOMIiKHI 3HaUEeHHSI He JIONYCKAIOThCS.
Y HAWMPOCTIIIOMY BUNAJKY JOIYCKAIOTHCH JIMIIE JIBA 3HAYEHHd: OJHE MO3UTUBHE, & JIPyre He-
raTuBHE.

B rakomy BuIIaJIKy MU MaeMO IapaMartiT i3 JBoOMa CTaHAMH, B sIKOMY KOXKHa ‘CTPiIKa
KoMIIaca’ MOKe MaTH JIUIIe JIBI MOXKJ/IUBI OpieHTaIlil, mapaJsenbHy abo aHTUlapaJe/bHy ITpu-
KJIAJIEHOMY TIOJIIO.

Tenep npo kombinaropuky. /lasaiite Busnaunmo /Ny 9K KiJIBKICTB eJIleMeHTapHHUX JIUIOJIIB, 110
cupsiMoBaHi Bropy (y mesHumit ac), i V| - KIBKICTh AnIoIiB, mo cupsmMoBani Bau3. Toxi 3aranbHa
KiTbKicTh punosis gopisaioe N = Ny + N, i mu Oyzemo BBazkaTu Iie uucyo dikcoBannm. g
cHucTeMa Ma€ OJIMH MaKpOCTaH JIjIs KO?KHOIo MOzK/IuBoro sHadennsa Ny, iz 0 go V. KparnicTsb
Oy/Ib-IKOTO MaKpOCTaHy 3aJa€ThCd 3a TI€0 K (POPMYJIOI, MO 1 B MPUKJIAJ 3 IJIKUIAHHIM

MOHET:

N N

Q(Ny) = L
(V) Ny NN
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Puc. 0.0.2. CumBosiuHe ysiBJIeHHsI JIBOCTAHOBOT'O ITapaMarHeTHKa, y SKOMY KOYKHUI ejleMeH-
TapHUl JUIIOJIb MOXKe OYTHU CIIPIMOBaHU 200 TapaJje/bHO, a00 aHTUIIAPAJIEHHO 30BHIITHBOMY

MAarHiTHOMY IIOJIIO.

S0BHIIIHE MArHiTHE TI0JIe CIIPABJIAE KPYTHUI MOMEHT Ha KOYKEH MaJIeHbKUI JINIIO0JIb, HaMara-
I0YNCH CIIPAMYBATH flOr0 mapaJsie/IbHO TOoJI0. SIKINO 30BHIIIHE TI0JIe CIIPAMOBaHE BIOPY, TOJII CTAH
“MuIoJib Bropy’ Ma€ MeHIIe eHepril, HixK “IuIo/b yHI3 , OCKIILKE Tpeda JIOKIACTH €HePTio, mob
[IEPETOPHYTU MO0 3rOPU BHUS.

BarajibHa eHepris cucTeMn (HEXTYIOUYH B3a€MOJIIEI0 MizXK JUIOJISIME) BU3HAUAETHCS 3arallb-
HOIO KUJIBKICTIO JUNOJIB “yropy” i jaumosis “yHu3”, TOMy 3aJlaTh MaKPOCTaH, B SIKOMY 3HAXO-
JIUTHCS CUCTEMa - IIe Te came, IO 3ajJaTh 11 3arajbHy eHeprito. Hacmpasii, maiizke y Bcix
Gi3MYHUX MPUKJIa/ax, MAKPOCTAH CUCTEMH XapaKTePU3YEThCHA, TPUHANMHI YACTKOBO, 11 3araJib-

HOIO eHepTi€ro.

§1.3. Samadya mpo BUIAJKOBI OJIlyKaHHS

[Ipu nopasibiomy OOroOBOpPEHHI OCHOBHUX KOHIIEIIH WMOBIpHOCTI OyJie KOPHUCHHM 3a-
naMm’siTaT KOHKPETHUH MPOCTHil, ajle BaXKJIUBUI 1JTIOCTPATUBHUI MPUKJIAJ - TaK 3BaHy “TIPO-
OJ1eMy BHIIQJIKOBUX OJIyKaHb . ¥ CBOIW mpocTiil iteasizoBaniit ¢popmi 11g mpobiiema Moxke OyTu
chopMyIbOBaHa HACTYITHUM TpaauiiitauM duHoM. [1'sHuit modnHae pyx Bif JIXTapHOIO CTOBIIA
Ha Bysmii. KoxkeH floro Kpok mMae OgHaKOBY J0BXKHUHY [. OMHAK JIIOAMHA HACTIIBKH II'STHA, IO
HaIlpsIMOK KOYKHOT'O KPOKY - BIIPaBO UM BJIIBO - 30BCIM He 3aJIE2KUTH BiJl TIOTIEPEIHHOTO KPOKY.
Bce, mo mMoxkHa ckazaTu, 10 KOXKEH pa3, KOJIN JIIOJINHA PYXA€ThCsl, IMOBIPHICTD TOTO, IO KPOK
Oye 3pobJIeHO TTPaBOpPyY JOPIBHIOE P, a WMOBIPHICTH TOTO, IO KPOK Oy/e 3p0obJIeHO JBOPY,
Jopisaioe ¢ = 1 — p. (Y HallnpocTinioMy BUIJKY P = ¢, ajle B 3araJlbHOMY BUIAJIKY P 7 (.
Hanpukias, Byuns moxke OyTH HaxujIeHa MO BiHOIIEHHIO JI0 TOPU3OHTAJ, TaK IO KPOK BHU3
[0 CXUJIy [IPABOPYY WMOBIPHIIINIA, Hi2K KPOK BJIIBO BrOPY CXUJIOM. )

Bubepith Bich x B3/I0BXK By/uIll Tak, mo x = 0 - e MOJOKeHHsI TOYKHU BiJJIiKy, TOOTO
JixTapHoro croniry. OYeBHIHO, IO OCKIJIBKHM KOXKE€H KPOK MAa€ JOBXKUHY [, TO pO3TalllyBaHHS:
JIFOJIMHY B3JIOBXK OCl & IMOBUHHO MATH BUIJIsL = ml, Je m - 1ije 9uciao (IO3UTHBHE Ta He-
rarusre). Toxi iHTepec mpejcTaBiisic HACTYIHE MUTAHHS: INCAS TOTO, K JIOJAUHA 3pobuth N

KPOKIB, K& HMOBIPHICTH TOTr0, IO BOHA 3HAXOAUTHCS 3HAXOJIUTHLCA y mojoxkenni x = ml? Take



cTaTUCTUIHE (DOPMYITIOBaHHS MPOOJIEMH 3HOBY Ma€ Ha yBasi, IO PO3IVIATAEThCI JIy2Ke BeJI-
ke ancsio N OJIHAKOBHUX YOJIOBIKIB, IO CTAPTYIOTH 3 OJHAKOBUX JiiXTapHUX CTOBMIB. (B skocTi
aJIbTepHATUBU, AKIO CUTYyallid HE 3MIHIOETHCA 3 YacOM, HAIPUKJIAJ, AKIINO YOJOBIK HE TBe-
pe3ie MoCcTyIoBO, MOYKHA, TaKOYXK ITOBTOPUTH TOM Ke eKcriepuMeHT /N pa3 3 OJIHI€I0 1 Ti€lo caMoIio
JroHOI0.) Ha KOXKHOMY KpOI BUSIBISETHCS, IO YACTKA P YOJOBIKIB 3MINYE€THCS PABOPYY.
[Torim 3anuTyeThCd, dKa YacTKa YOJIOBIKIB ONMMHUTHCA B IOJIOYKEHHI TIOJIOKEHHI x = ml micid
N kpokiB. MoxkHa JIerko y3araJibHUTH i€ OJIHOBUMIpHE 3aB/aHHs Ha OiJIbIl BUMIPIOBaHb, UU
TO JBa (I'sIHUi IOYMHAE PYX BiJI JIXTAPHOIO CTOBIIA B IEHTPI CTOSIHKIY), TP U Giibie. 3HOBY
3a/Ia€ThCS IMUTAHHS PO HMOBIPHICTD TOrO, 110 Imicjst N KPOKiB JIFOAUHA 3HAXOANTHCs Ha, 3a1aHii
BijicTaHi BiJl MOYaTKy KOOpJAMHAT (XO4a Xo4a Bijcranb He Mae dhopMmy ml, 3 miaum m).

disuka nmepeBaykKHO 3aiiMaEThCs HE I THUIIAMM, [0 XUTAIOThCs 01/ JIIXTapHUX CTOBIIB. AJte
1pobJieMa, siKy LIIOCTPYE I 3a/iada, HoJIsira€ B TomMy, 1mob ckjaactu [N BEKTOPIB 3 OJTHAKOBUMH
JIOBKUHAMH, aJjie BUMAKOBUMU HATIPAMKaMU (200 HAIPSIMKAMU, 33 JaHUME JIESTKUM PO3IIO/IIIOM
fimoBipHOCTi) 1 TOTIM 3ammMTaTH PO KMOBIPHICTE TOTO, MO X PE3Y/ILTYI0Ua BEKTOPHA CYMa MA€
MEeBHY BEJIMYMHY Ta HalpsaMoK. HaBejemo Kibka (bi3MUHUX MPUKIIAJIB, Y AKUX 1€ MUTAHHS €
JIOPEYHUM.

a. Maraerusm: Arom Mae crin 1/2 i MarHiTHII MOMEHT f4; BIIIIOBIIHO /10 KBAHTOBOI MEXaHIKM
fforo crmH MoxKe OyTH CIpsiMOBaHU abo “Bropy”, abo “BHM3” 10 BiJHOIIEHHIO JIO 3aJIAHOTO Ha-
npAMKY. AKIo obuiBi 1i MOYXKJIMBOCTI OJIHAKOBO IMOBIpHi, gKUM Oyje cyMapHUil MarHiTHHT
MomeHT N Takux aTtomiB?

b. Iudy3zis mosnekyiu B rasi: /lana MojiekyJ/ia IpoxXouTh y TPhOX BUMipax CepeJIHIO BiJICTaHb
[ MiK 3ITKHEHHAMH 3 IHIIUMHU MOJIeKyJaMu. fIKy BijicraHb BOHa, fiMOBipHO, mpoiije micas N
BITKHEHD !

c. lurencuBHicTs cBiT/ia Bix N HEKOrepeHTHUX JIZKepeJs CBiT/Ia: AMILUNTYa CBIT/Ia, BUKJIH-
KaHa KOYKHUM i3 JIZKepeJi, MOyKe OyTH IIpeICTaBIeHa JTBOBUMIPDHUM BEKTOPOM, HAIIPAMOK SKOTO
Bu3Ha4ae (asy odoypennsa. Tyt dhasu BumakoBi, a pe3yabTyioua aMILIITY/Ia, 0 BU3HAYAE 3a-
rajbHy IHTEHCUBHICTD CBIT/IA BiJl yCiX JzKepes1, Ma€ OyTu 0O0Ync/ieHa CTATUCTUIHUMU METOAMMI.

[Tpobsiema BuIaIKOBOrO OJIyKaHHS LIIOCTPYE JiykKe (QyHIAMEHTAJbHI Pe3yIbTaTu Teopil
iiMoBipHOCTEil. MeToju, 10 BUKOPUCTOBYIOTHCSA ITPU BUBYEHHI i€l MpoOJeMu, TOTYKHI Ta Oa-
30Bi, BOHU MOBTOPIOIOTHCSA 3HOBY 1 3HOBY y BCiit craructuuniit ¢isuri. Tomy jyxke moBYaaIbHO
OTPUMATH TapHe Y{ABJIEHHS PO II0 ITPOOIeMYy.

st mpocToTH M OOTOBOPUMO MIPOOJIEMY BUIIAIKOBUX OJIyKaHb B OJJHOMY BuMipi. Po3riisite-
MO PYX YaCTUHKH, IO POOUTH ITOCIiIOBHI KPOKH, 200 IEPEMIIeH s, Y TIeBHOMY HaIpsAMKY. [liciis
N Takux KpOKiB, KOXKEH JIOBXKUHOIO [, YacTUHKa Oy/ie po3TallloBaHa B TOUI & = ml, jae m — Iije
YHCIIO0, IO JIEXKUTH ¥ MexkaXx —N < m < N. Mu xouemo obuuciantn iiMosipaicTs Py () 3naiiT
YACTUHKY B mojioykenni © = ml micisa N Takux kpokiB. Hexaii n; mo3navae KiIbKiCTh KPOKIB

MIPABOPYH, & Mgy - BIANOBIAHY KiJBKICTh KPOKIB JIBOPYY. 3BUYANHO, 3arajibHa KiJTbKICTh KPOKIB



jopiBaioe N = nq+ns. [loBHe nepeMimients (BUMIPIOETHCS BIIPABO B OJIMHUIISAX JIOBZKIHI KPOKY )
JIOPIBHIOE M = N1 —Ng. ZIKIO BioMO, 1110 B JIesKiit moc/1iioBHOCTI 3 /N KPOKiB YacTUHKA 3POOUIA
N1 KPOKIB BIIPaBO, TO 11 IIOBHE 3MIIIEHHST TAKOXK BIZIOMO: m = ny—ngy = ny — (N —ny) = 2n; — N.
Mozxxua mobaunTu, mo gKio N HemapHe, TO M TaKOK Mae OyTu HernapHuM. | HaBIaku, AKIIO
N mapue, m Tako:K Ma€ OyTU HMAPHUM.

Hare dynamMenTa/ibHe TPUITYIIEHHS MTOJISITAJI0 B TOMY, IO MTOC/IIOBHI KPOKU € CTATUCTH-
YHO HEe3aJIe2KHUMHU OJIUH BiJI OJHOTO. TaKMM YMHOM, MOYKHA IPOCTO CTBEPJXKYBaTH, IO, HE3a-
JIEZKHO BiJI MUHYJIOI iCTOPIl, KOKEH KPOK XapaKTePU3YEThCs BIIMOBIHUMU WMOBIDHOCTAMU: P
- IMOBIpHICTb TOrO, IO KPOK Oy/ie mpaBopyd, i ¢ = 1 — p - WMOBIpHICTH TOrO, MO KPOK Oy-
Jie Jtiopyd. Temep iMOBipHICTH Oy/ib-AKOI 3aJ1aHOI IOC/IIIOBHOCTI 3 1 KPOKIB IPaBOPYY 1 g
KPOKIB JIIBOPYY 3a/Ia€ThCS IIPOCTUM MHOYKEHHSIM BIiJIIOBIIHUX HMOBipHOCTEi, TOOTO MIJISXOM
pp...pqq...q =p"q". Ane € bararo pi3HUX MOXKJIUBHX CIOCO0IB 3podbuTn N KpOKiB Tak, 1mob
3arajioM 1 KPOKIB GyJI0 mpaBopyd i ny KpPOKIB JiiBOpydY (auB. MasoHOK). KinbKicTh pisHEX
MozkymBocTell BusHadaeThes K N!/(nqlng!). Otxke, fimosipricts Wi (ny) 3pobutn ng, Kpokis
mpaBopyd i ny = N —ny KpokiB jiiBopyd (3arasom N KpOKiB), y Oy/Ib-IKOMY TOPSJIKY, MU OTPH-
MaEeMO, TOMHOXKUBIIN HMOBIPHICTDH KOYKHOI 3 ITUX ITOCJIIOBHOCTEN HA TOBHE HYHCJIO MOYKJIMBUX

IIOCJIiIOBHOCTEH TaKuX KPokKiB. Lle mae

N! o
WN(nl) = Wp tq".

§1.4. BiHoMiaJIbHUIT PO3IOIiI

Oynukuis fimosiprocti W (ng) HasuBaeTbest GiHOMiaabHUM po3nomaizoM. [Ipuannaa B TOMY,
110 1eft BUpa3 CXOKUil Ha TUIOBUIT TePMiH, MO 3ycTpiuaeThes pu poskaaganti (p+ ¢)N srigmo
3 biHomiasibHOIO TeopeMmorto. [lificHo, Haragaemo, o OiHOMiaJIbHe PO3KJIAIAHHS 33/ 1a€ThCst (hop-
MYJIOIO

N
NI
N : n N-—n
P+ =) """
n!(N —n)!

n=0

Mu B2ke 3a3Ha4YasN, MO KO BIJIOMO, 10 YaCTUHKA BUKOHAJIA N1 KPOKIB IIPABOPYY, a 3arajiom

N kpokiB, To Ti moBHe nepeminieHus m BusHadeHo. Takum wmHOM, fimMoBipHicTH Py (M), 110

JaCTUHKA, 3HallieHa B mo3uIlil m micias N Kpokis, jopiBaioe fimoBipaocti Wy (n, ), sika 3HaiigeHa

Bime, 10610 Py (m) = Wy (ny). I3 Busnadenns snaxomumo, mo ny = 3(N +m), ny = 5(N —m).

[TigcranoBka 1ux criBBigHOMEHb y Py (m) nae:
N!

[(N+m)/2]![(N_m)/2]!p (N=m)/2

p)

B ocobimBomy Bumajiky, Koim p = g = 1/2, Bupa3 nabysae cuMeTpudHOl (hopmu:

NI NN
PN(m) = [(N+m)/2]l[(N—m)/2]'(§) .




r

W(n)

P(m)

0.20

0.18

0.16

0.14

0.12 !

0.10

0.08

0.96

0.04 -

00 , ‘ l :
0 : PR | I I i | ‘. ) 53
0[234567891()1112131415]617]819%nl
-20 ~18 =16 -14 <12 10 -8 -6 —4 -2 0 2 4 6 8 10 12 14 16 18 20 m

Puc. 0.0.3. Binomiayibauit po3mo/ia

BHaiijilemo Terep cepejiHi 3HaUEHHs JjIg OiHOMIiabHOTO Po3mojiay. CrovuaTky mepeBipuMo

HOPMipPOBKY, TOOTO YMOBY
N

> W) =1,

n1=0
sIKa O3HAYAE, MO HMOBIPHICTH 3pobuTHu Oy/Ib-gIKY KiJIbKICTh KPOKiB mpaBopyd Mixk 0 1 N noBuHHa

nopisaoBaru onuaui. [lincrasasroan W(n,), ailicHo oTpumyemo:

: ni N—ny _ N _ 1N -1
;Wﬁﬁwq (p+q) ,

(3rijiHO GiHOMIAJIBHOI TEOpeMU, OCKLIbKN ¢ = 1 — p), Mo HiaATBep/IKy€e pesyabrar. Jdxum Oyie

CepeJIHE YUCJIO ; KPOKIB IpaBopy4? 3a BU3HAUYEHHSM, CEPE/IHE JIOPIBHIOE

N

N
— N! n —ny
=D Wlnm =D e e

n1=0 n1=0 ’

AxOu we neit j1omaTKOBUil KOeMIII€HT Ny Y KOKHOMY YJI€HI OCTaHHBOI CyMH, Iie 3HOBY OyJio 06
OiHOMIAJILHUM PO3KJIAJIAHHSIM 1, OTKe, TPUBIaIbLHOIO cyMO0. MHOXKHUK Ny TICY€ 110 YY/I0BY CHU-

Tyariio. Aje icHye Jy:Ke KOpHCHA 3arajbHa IPOIEeaypa JJId TOBOIXKEHHS 3 TAKUM JI0ATKOBIM
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koedirienToM, o0 3BeCTU cyMy 10 OlibI mpocTol dhopmu. JlaBaiire po3rissHEeMO CyTO MaTeMa-
THUYHE 3aBJIaHHS OIIHKU TaKOl CyMu, Jie P i q - Oy/ib-4Ki JiBa JIOBIIbHUX apaMerpa. Toji MoxKHa

MOMITHTH, IO JIOAATKOBHI (paKkTOp 11 MOKe OyTH OTpUMaHuil I epeHIiroBaHHsIM, TaK 0
0
U R 701
mp" =pz (™).

OTxke, cyma, 10 HAC MIKABUTH, MOXKE OYTH 3allUCaHa Y BUTJIA

N N
N' N— nv _ N' a ni N—ny __
nz:() ni!(N — nl)'p K B 7;) ni!(N —ny)! [p(?p(p )]q N

N
= pag [ > ,Lp’“q]v ”} 2t a) = pNp+ )N,
pL o= (N —m)! p

Jie MW 3MIHWJIN TIOPsJIOK IJCYMOBYBaHHs Ta JU(MDEPEHIIOBAHHS, a TaKOXK BUKOPHUCTAJIN
6inomiasbHy Teopemy. OCKiIbKHU Teil pe3ysibTaT CIpaBeJInBU /sl JIOBIIBHUX 3HAYEHDb P 1 ¢,
BiH Mae OyTH BIpHUM i B HAIIOMy KOHKPETHOMY BHUIIQJKY, KOJA P - JiesdKa 3a/laHa KOHCTaHTa
ig=1-—p Tomi p+q = 1, Tak mo mMu orpumaeMo pocto n; = Np. Mu moryu 6 310ra-
Jartucs 1mpo el pesyabrar. OCKUIBKE p - e HMOBIPHICTH 3pOOUTH KPOK IIPABOPYY, CEPEIHSI
KIJTbKICTh KPOKIB MpaBOpyd IpH 3arajbHiil KigbkocTi KpokiB N jgopiBaioe mpocto Np. Oue-
BUJTHO, IO CEPEJIHA KLJIBKICTh KPOKIB JIBOPYY, aHAJOTIYHO, JIOpiBHIOE Ny = Ng. IIpupoanbo,
ny+ny = N(p+q) = N, 0 Jae npaBuibHy 3arajbHy KiJIbKICTh KPOKiB. 3MimieHHst (BuMipsiae
PaBOPYY B OJMHUISX JIOBXKUHE KPOKY [) JIODIBHIOE: M = Ny — Ny. 3BLACH OTPUMYEMO Jist
CEepPeIHHOTO 3MIIEeHH:

M =ni —ng =7 — T2 = N(p — q).

Axmo p = g, to m = 0. Ile mae Oy Tak, OCKIJILKU TOJIi € MOBHA CUMETpPisd MiXK IPaBUM Ta

JIIBUM HaIIPAMKAMH.

= (n; —ny)? = n? — N2. Mu BKe 3HaEMO

71. TakuM 9MHOM, HaM HOTPIGHO BUpaxyBaTH JIUIIE 13

N
N

2 __ 2 nleZ

ny = ZW(n1>n1_ Zmp q

n1=0 n1=0

OGuucnenns aucnepcii. Tenep o6uucumo o2

Posryisiatoun p i ¢ gk JI0BiIbHI TapaMeTpu Ta BHUKOPUCTOBYIOUM TOW caMwuii mpuitoMm jude-

PEHIIIIOBAaHHS, 1110 1 paHille, MOXKHA HAITUCATH
o = (p50) ) = () 07)

Otxke, cyma MOxKe OyTH 3allicaHa y BUTJIAJ

N NI ) o O\ 2 N N! o
Z 77,1'(N—7’L1) ( 6p> p qN - <p8_p> E:Onﬂ(N_nl)lp qN -

n1=0 ni=
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= (r5) 0+ 0" = () [pN 0+ 0] =
= p3,) Pta pg;) PN+ =
[ (p+ )"+ pN(N — 1)(19+61)N‘2]-
Tyt Hac MIKABUTH BUNIQJIOK, KOU p + ¢ = 1. Takum amHOM, OTPUMAEMO TTPOCTO
n? = p[N + pN(N —1)] = Np[1 + pN — p| = (Np)* + Npq = i} + Npq.
[ it qucnepcii oTpuMaemMo pesyJibTar:

= Npq.

Benuauna o, € kBajipaTudHOO 110 3MileHH0. [T KBajjpaTHuil KOpiHb, TOOTO, cepeIHhOKBa/Ipa-
THaHe BiaxuiaenHs A*n,; = o, € JHIHHOI MIpO0 IMUPUHU JHAla30Hy, Y SAKOMY PO3IOIiIeH]

MOXKJIUBI 3HadeHHs 1. JIoOpoio Mipoio BiIHOCHOT MUPUHU ITHOTO PO3IOIIIY € BeJIMINHA

A*ny _ vV Npq _ g_yi
ny Np qvVN’

3BepHITH yBary, mo 3i 30iabineHHsM N cepejiHe 3HadeHHsI 7; 30i/IblIyeTbes gk N, ajie -

puna A*n; 36inbmryerses gume sk V' N. Orxe, BigHOCHa mmpuHa A*ng/f; 3MEHIyeThCs 3i

36inpmennsm N sx 1/v/N.

§1.5. 3agadi o Temnu 1

Kombinamopixa:

Bagaua 1.1. fdka iiMOBIpHICTS BUKHHYTH 3arajioM 6 090K abo MeHIIe 3a JIOMOMOTOI0 TPhOX IMIOCTHUTPAHHUX
KicTOYOK?

3amaya 1.2. Posriisinbre rpy, y sikiit 6pocaroTh ImicTh oqHakoBuX KicTouok. CTaH KiCTOYKH, IO BiMOBiIae
6 oukam, Mu OyJIeMO HA3WBATH TY30M. SHAiiTh WMOBIPDHICTh OTPUMATH: PIBHO OJUH TY3; MPUHANMHI OJUH TY3;
PiBHO JIBa TY3H.

Bagaua 1.3. Obupaerbcs Bunajgkose uncyo Bix 0 go 1. fdka iMoBipHICTH TOrO, IO PIBHO II'ATh i3 #HOTO
MEPINNX JIECITH JIECITKOBUX 3HAKIB CKJIAIAIOTHCA 13 1udp MeHIe Hixk “5"7

Bagaua 1.4. O69nCIiTh KiTBKICTh MOXKJIMBUX KOMOIHAIIIH 3 II'SITH KapT y TPl B MMOKEP, PO3JAHUX 3 KOOI,
1o ckiagaerbes 3 52 kapt. (Ilopsiiok kapr B koMmbGiHanii He Mae 3HadenHs1). KoposiBebKuil dpirenn cKiagaeTbes 3
’aru HafiBumux kapt (Ty3, KOpoJib, KopoJieBa, Bajier, 10) oxmiel (Gyap-skoi) macri. SIka fiMoBipHiCTH OTpUMaTH
KOPOJIiBCbKUiT (bJier 3 mepIinoi crupoou?

Binomiarvruti poanodia:

3ama4a 1.5. Posrisnemo 3aady Ipo BUIAIKOBI OJIyKaHHS 3 p = ¢ 1 Hexail m = ni — No MO3HAYAE CyMapHe
3mimieHHs mpaBopyd. [liciist 3araabHOT KLIBKOCTI KPOKiB [N OOYHC/ITH Taki cepeHi 3HAYEHHS: 11, W, m3 imh.

3amada 1.6. Posrisinemo ras i3 Ny HEB3a€MOIIOUMX MOJIEKYJI, IO 3HAXOJUTHCS Yy €MHOCTI 00’emoMm V.
CdoxkycyiiTe yBary Ha Oyap-sikiit qacTuni V 1mporo KoHTeifHepa i mo3HavTe KIIbKICTh MOJIEKYII, 0 3HAXO/ISITHCST
y miit wactuni, sk N. KoxkHa Mosiekysa 3 0JHAaKOBOIO HMOBIPHICTIO MOKe OyTH PO3TAIIOBAHA B OYb-SIKOMY MICITi

KOHTeiTHepa; OTKe, WMOBIPHICTH TOrO, IO JaHa MOJIEKYJIa PO3TalloBaHa caMe B 00’emi V[, IOPIBHIOE ITPOCTO
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V/Vy. (a) SIke cepemne umcao N MoseKyst, posTamosannx B 06’emi V? BupasiTh cBoro Bimmosiams B Tepminax
Ny, Vo ta V. (b) Bnaiigits simrocry mucrnepciio (N — N)2/N? xinbkocTi MOJIeKys1, po3TamoBanux B 06'emi V.
Bupasits cBoto Bianosias wepes N, V ta Vp. (c) Skoro Gyme Bimmnosins na muramns (b), sxmo V < V? (d) Sxe
sHaueHHs Mae npuitmaru mucnepcia (N — N)2, axmo V — Vy? Un 36iraeTbes Bianosias na nmuranms (b) 3 mum
OYiKyBaHHAM !

3amaya 1.7. Mosiekyna B ra3i pyXaeThbCs Mi2K 3ITKHEHHSIMU Ha OJTHAKOBI BiZICTaHI 3 OJJHAKOBOIO TMOBIPHICTIO
B Gy/Ib-sIKOMY HAIPSMKY. Llicisi N 3iTKHEHb, SIKIM GyjIe cepeHbO-KBAAPATHIHe TepeMileHns B2 MOIEKYJIH Bi
11 T09aTKOBOI 1O3UIil?

3anmaya 1.8. Jlo pe3ucropa R miAKIIOYEHO aKyMYJIATOD 3 3araJibHOIO HAIIPYTOIO V, BHACIIIIOK YOT0 B I[HOMY
pesucropi poscitoerbest noryxuicts P = V2/R. Cama 6atapesi CKIaIa€Thesl 3 OKPEMUX eJIeMEHTIB, 3’€THAHUX
[OCJIZIOBHO, TaK 10 V' IPOCTO JOPIBHIOE CYyMi €JIEKTPUYHUX HAIPYT v ycix mux ejementiB. OHak GaTapest Bxe
cTapa, Tak IO He BCi eJIeMEHTH 3HAXOAAThCS y 0e3JJ0raHHOMY CTaHi, TOOTO iCHye HMOBIpHICTD p, IO HAIPyTa
OyIb-IKOIO0 OKPEMOTO €JIEMEHTa MAa€ CBOE HOPMAJIbHE 3HAYEHHsI v, 1 IMOBipHICTE 1 — p, 1m0 HaIpyTra OyIb-IKOrO
OKPEMOro eJleMeHTa JIOPiBHIoE Hy/1t0. OKpeMi eJIeMeHTH CTATUCTUYHO He 3AJIeZKATh OJIUH BiJl OMHOTO. 3a X YMOB
OOYHCTITEH CEPEJTHIO MOTYKHICTH P, 1110 PO3CII0ETHCST B PE3UCTOPi, BUPA3UBIIHN PE3YJIbTAT STK CIiBBIITHOIIEHHS MiXK
N, v Tap.

3ama4va 1.9. Posrimsamemo N momibHUX aHTEH, IO BUMPOMIHIOIOTH JIHINHO MOJSIpU30BaHe eJIeKTPOMAarHiTHe
BUIIPOMIHIOBAHHSI 3 JIOBXKUHOIO XBHJI A 1 MBHUJKICTIO ¢. AHTeHHM po3TaInoBaHi B3J0BXK OCI T Ha BijcTani \ ojiHa
Bix oxnoi. Ha oci x na Benukiit BizcTani Bif anTeH 3HAXOMUTHCA criocTepirad. Kosn omHa aHTeHa BHUIIPOMIHIOE,
criocrepirad BUMIPIOE IHTEHCUBHICTB (TOOTO CcepeHio aMILiTyLy ejnekrpudnoro nojs) I. (a) fdxkmo Bci anrenu
OTPUMYIOTH OJIHAKOBY (ha3y Bijl OJIHOIO reHepaTopa YacTOTH V = ¢/, sSIKOI OyJie 3arajbHa IHT€HCHBHICTH, 10
BuUMipIoeThes criocrepiradem? (b) fKIo BCl aHTEHU BUIIPOMIHIOIOTH 3 OJHAKOBOIO YACTOTOIO V, ajie 3 HOBHICTIO
BUIAIKOBUMU (ha3aMu, sIKOK Oyjle cepejiHsl IHTeHCUBHICTD, 110 BUMIpIoeThes criocrepiradem? (ITinkaska: mpeg-

CTaBUTU AMILIITY BEKTOPAME 1 BUBECTH CIIOCTEPEXKYBAaHY IHTEHCUBHICTD i3 OTPUMAHOI aMILTITY/IH. )



Tema 2. HopmaJjbHuii po3noaii

§2.1. Posnoxia Ilyaccona

InosipaicTe W (n), o nomist, mo xapakTepusyeTbest HMOBIPHICTIO p, BinOyeTbest n pa3 'y N BUNPOOyBaHHsIX,
K OyJI0 MMOKa3aHO, 33JA€ThC OIHOMIAJILHIM PO3TOILTOM

N!
p"(1—p

W) = Jin =

o
Posryisinemo curyarito, koau #iMosiphicTs p Masa (p < 1) i, Bignosigno, n < N. (3ayBaxumo, mo skmo N
Besnke, T0 W (n) crae ayxe masol npu n — N uepes re, mo koedinient p™ mammit, koau p < 1. Orxe, W(n)
nificHo momiTHa smrre 33 n <K N). YV TakoMy BHIIAQJKY MOYKHA 3aCTOCYBaTH JEKiJIbKa HAO/IMKEHb, 100 3BECTH
po3mois 10 6ibin mpocTol hopMu.

IMonepme, sxmo p < 1, To In(l —p) moxua poskiactu B pan Teinopa sk In(l —p) =~ —p. 3sigcu
In(1 — p)(an) ~ —p(N —p) =~ —Np, 10670 (1 —p)N=") ~ ¢~ NP, JTani, npejcrasumo Gimomiaibumit koedirient

K (N%'n), =NN-1)(N-2)...(N—n+1)~ N" (akmo n < N). Takum ausoM, MaeMO:

)N—n ~ N™

N!
W(n) = ,Pn(l —-p ~oabe

n!(N —n)

ae A = Np - cepesias KiTbKicTb mosiii. Takuit po3mnoii Ha3uBaeThes posmnomaijom Ilyaccona.
dAx mu 6atnmo, posmnoain Ilyaccona € mpubansnoo ¢Gopmoo 6iHOMIaILHOIO PO3IMIOMIIY /s MaJIONMOBIPHOL
momil mpu Jy’Ke BeJIUKiil KiJTbKOCTI MOBTOPeHb ekcrepuMeHTy. OCKIIbKM MU BUKOPHCTOBYBAJIA HAOJIMZKEHHS,

noTpibHO HepeBipuTH, Yu 36epiraocs HOpMyBaHHs. 3HAIEMO CyMy BCiX MOXKJIMBAX 3HaUeHDb fiMoBipHocTeit W (n):

N N

A" _ AT _
E —e A=e ’\E — =e ’\e’\zl,
= n! = n!

Jie MU BUKOPHCTaJIU YMOBY, 1[0 4mcjio [N JIy»Ke BeJIuKe, a eKCIIOHEHIiHa (DYHKIlisl MOXKe OyTH IpeJCTaBIeHa
HECKIHYEHUM psijioM e¥ = ZZOZO fL—, (cyMy MOXKHA PO3MIUPHUTU J0 HE3KIHYEHOCTi, TOMY LIO HMOBIPHICTH IO,
upu gkux n > N, GakTUIHO JOPIBHIOE HYJIIO).

Tenep mu mozkemo obuncnTH mepin MmoMeHTH po3snoaity Ilyaccona - y nepiry gepry, cepeHe Ta JIUCIePCito.

Crovarky 3HaAJEMO CepejIHE 3HAYMEHHS 7

3

N N

P -2 o P

= E —n T = )\e_)\— — = )\6_>\6>\ = )\.
—= oA = n!

Mu BUKOpHCTAIM TOI caMuil TPUHOM, IO 1 Jijisi OOYUC/IEHHS TIEPIUX MOMEHTIB GIHOMIaJIbHOI'O PO3ITOJILIY.

106 3HaiiTu aucnepciio, noTpibHo obuucauTU n2:

A\ 2 L A
A _ _A(ND ATy
o ¢ e (m) A

n=0 n=0

N
n2\"

n? =

13
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3BIJIKM MU 3HAXOUMO JIACIEPCIFO:

(An)2=n2 -2 =X 4+ A- A2 =\

Taxum amHOM, M1 posnoziny Ilyaccona i cepenne 71, i qucniepcist (An)? gopisaio0TH ipocTo A = Np, TO6GTO
cepeiHiil KIBKOCTI TOTPIOHUX HaM MO/, 0 XapaKTepu3yThes iMoBipHicTio p. Posnomin [Tyaccona mae 6araro
3aCTOCYBaHb Y PI3HOMAHITHUX (PISUYHUX CUTYAISX - JIesiKi 3 HUX BU MOXKETEe 3HAWTHU B 3a/[a9aX HAIIPUKIHIN I

rJIaBU.

§2.2. HopmaabHuii po3moaii

Hagesieni Bume mpukiaam 6IHOMIAJIBHONO PO3MOIIIY Oy/Iu JOCHTH MPOCTUMH, MO0 HEe HAJATO HABAHTAXKY-
BaTH Hallll OOYMCJIIOBAJIbHI 3i0HOCTI. AJjie KOJu JOCJIiKyBaHI HaMM CHCTEMH BKJIIOYAIOTh PeasibHI 4dmciia, 3
OiHOMIaJIbLHIM PO3IO/ILIOM 3a3BHYail BaXKKO IIPAIIOBATH: MU IMBUJIKO BUSBJISIEMO, IO OIIHKA OIHOMiaJILHOTO PO3-
oty 3a monomororo dgopmyin CripsiHra cToMInBa, 1 g MPOIEAypa HE A€ HisIKOTO PEaIbHOTrO YsIBJIEHHST PO
dopmy P(n). Habmuxkenns Ilyaccona, 3 inmoro 60Ky, cipaBeijIuBe JIMIIe sl MaJOMOBIpHUX mofii. AJe y 3a-
rajJbHOMY BUIQJIKy HAC IIKABUTH BUBYEHH: (PIIYKTyalliii HABKOJIO CEPEIHBOIO N, i BUABIAETHCH, IO JJIs MAJIUX
BijxmiteHb Bij N GiHOMIaJbHUI PO3MO/IT MOYXKe OYTH AIPOKCHMOBAHUN TAaK 3BAHUM HOPMAJILHUM PO3IOIIIOM,
IO TAKOJK HA3MBAETHCs HAOMIKeHHsiM | ayca. HopMmambamit posmozin € Gesmepepsroo ByHKIHEIO apryMenTa i,
0OTKe, Kpallle TMiJIaeThest obunceHno. Jaii Mu po3ryisiHeMO, sik BUKOHYETHCsI 11e HAOJIMKEHHSI.

[Teprua iges - anpokcumyBatu P(n) poskiaganusm y ps Teitsopa HaBkoso 7t 1o cryninsm n — ni. Iligronka
psiay Teitopa 3a HAOOPOM TOYOK €KBiBAJIEHTHA ITPUIMTACYBAHHIO MHOIOWIEHA TOYHO IO X TOYKAX: MHOIOYIEH €
CTATEYHUM PSJIOM IO . — 7. Aute GiHOMIaIBLHUN PO3NOIIT MOXKe OyTH MaTH JIyKe TOCTPHIA K, 1 el MK 3MyIIye
BPaxoByBaTH JIy:Ke 6araTo 4ieHiB psy Teitopa st 3a0e3medeHHs TapHol BimoBiHOCTI. MU MOYXKEeMO YHUKHY TU
1i€l HeoOXiTHOCT], AIPOKCUMYIOUH 3a JIONoMOro psy Teiisopa we cam posnozin P(n), a itoro sorapudm P(n),
OCKLJIbKHU Jiorapudm Oyjie MaTu HabaraTo MEHI TOCTPHil MK, HiXK caM 6iHoMiajabHu po3moaia. OTke, po3riis-
nemo dyskiio f(n) = In P(n), axky Mu BBazKaTuMeMo 6e31epepBHOI0: TOOTO, JO3BOJIUMO N IIPUiMATU OYy/Ib-sKe
JificHe 3HaveHHs, OCKIJIbKHU Oe3repepBHi (pyHKIIT 3a3Butail HabararTo Jierie aHai3yBaTh, HiK JucKkpeTHi. Tenep

poskiazemo f(n) y pan Teiiopa HaBKOJIO 7

f(n) = f(n)+ f'(n)(n —n) + %f”(ﬁ)(n —a)2 ...

Jlorapudwm € dyHKI€0, M0 3MIHIOETHCS IOBLIBHO, 1 HOrO MOXKHA JI00pe ampoKCiMyBaTH MapaboJior, TOOTO
MOYKHa BIIKHHYTH BCio qacTuHy psja Teitopa ticis wwiena, mo Mictutsb (n — 7). TakuMm a@HOM, HaM TOTPiGHi
f(n) Ta moxinui f'(7) ra f”(7). Sragaiivo, mo f(n) = In P(n), ToMmy nodHeMo 3 6iHOMIaIbHOTO PO3HOJITY, KUl

Telep 3allulIeMO AK
NI
Pn)= ——" p"(1—
(n) AN —n)? (I-p

i BizbMeMoO iioro jiorapudm, mo30yBarvuch (pakTopiaiB 3a gormomorow npasuia CripJiHra:

)N—n

)

f(n)~InN!'—Inn! —In(N —n)! +nlnp+ (N —n)In(1 —p) =
~(N+1/2)lnN —-(n+1/2)lnn — (N —n+1/2)In(N —n)
—InV2r +nlnp+ (N —n)In(l — p).

HudepenriiroBanHs 0 n J1a€

f'(n)~—Inn— L +In(N —n) +

- 4tInp-In(1-
5 2(]\,_n)ﬂan n(1 —p),
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/]
0.3 0.10- M
| 0.08- ! \
02 |
0.06 4
0.044
0.1-
] 0.02
n n
0 L] L] l> O  § | § >

0 1 2 3 4 ) 6 0 10 20 30 40 50 60

Puc. 0.0.4. Binomianbuuit posnofin (crebessaacti rpadiku) Ta 1x raycosi Habmmkenns (6e3me-

pepsHi kpusi) juis: (aiBopyd) N =6, p = 1/3, ta (npasopyd) N = 60, p = 1/3.

1 1 1 1
"
n)~——+ — + + .
f7n) n 2n?2 N-n 2(N —n)?
V cTaruCcTHYHO MIKaBUX BUIAJKAX, KOJU p He O/m3bKo 110 0 abo 1, ominka ¢yHKIT Ta i1 MOXiAHUX TIpU N = 7
JIa€ HACTYIIHE, JIe MU OITyCKAEMO IIJIPsJIKOBUIT iHJEKC Ny JUcHepcil 0721:
_ _ 2p — 1 _ -1
()~ =InV2ro?, f'(n) = 5 o=, f'() = —5.

Tenep mijicraBum 11i Tpu ejieMenTH Ji0 psiay Teitsiopa. 3uaiiemo, 1Mo

F(n) ~ —InvVamo? — — [(n a2 —(2p—1)(n—n)|.

202

Ockinbku p He 6ausbknii 710 0 a6o 1, Mu MozkeMO BCTaHOBUTH 2p — 1 &~ 0, m06 CIIPOCTUTH BUPA3:

f(n) ~ —InvV2ro? — M

202

Tenep, spaxosytoun, mo P(n) = e/(™, mu po6umo BuCHOBOK, 1m0 151 N TOGIH3Y 71,

1 —(n —n)?
Hm~02ﬁm{ - }

nen = Nprtao? = Np(l—p). lle pibusums € 106pe BiJOMOIO I'ayCOBOIO ATPOKCHMAITIEI0 GIHOMIaTbHOTO POBIIOJLTY.

Tayciama jocsrac MAaKCHMyMy IIPH CepeIHiil KiTbKOCTI YACTHHOK n. 3BiJCH BHUILIMBaE, MO MPH BEJTHKIil
KIJIBKOCTI 9acTuHOK N y KIMHATI, BUSHAYEHHSI CEPEHBOIO YHC/Ia YaCTUHOK 7, IO 3’SBJISIIOTHCS B ITIKIMHATI
3 HMOBIPHICTIO p, eKBiBaJEHTHE BU3HAYEHHIO MICIlsl MAKCUMYMy pO3LOJLLy iiMoBipHOCTi P(n).

Hackinpkn 106pe ns dbynxmis Tayca Binxnosigae Ginomiamssaomy posmosmiay? Posrismemo Taxmii mpukma.
Hexaii N - nie KiIbKicTh 9acTUHOK (MOJIEKy.1) y KiMHATI. $IKOI0 € HMOBIPHICTH TOrO, IO OJIHA TPETUHA 3 HUX 3aliMe
nepeHIo TperuHy KimMHaTu?! Ha puc. mopiBHIOIOTBCs 1B OiHOMIiabHI dyHKIIL, 16 N = 6 1 N = 60, BiamosiaHo,
a p = 1/3. Juckperni 6iHOMiaJIbHI pO3IO/IN TI0Ka3aHl y BUIAIl crebenpaacTux rpadikis, a Ix raycosi amnpo-
KcuMAIlil HaKJ/Ia/leHl y BUTIs i Oe3mepepBHnX KpuBux. llpunacyBanus Bpakae, ocobauBo mpu 30iabimenti N.

Tenep mu momicTumo y Kimpaty N = 1027 gacTHHOK, 0 JOPIiBHIOE KiTLKOCTI MOJIEKYJI HOBITpS B peasbHiil
kimHari. 4k i B monepesnix npukiagax 3 N = 6, 60, 6000, mHam norpibHo 3HaiiTn P(n). Ane N TyT HacTiIbKu

BeJIMKe, MO 3aMicTh Toro, mob obumcaosaru 107!, Mm moBuHHI ampokcuMyBaTH GiHOMiaJIBLHMIA PO3IOALT 3a
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noromororo Habmxkenns Layca. CepeiHst KiTbKiCTh JaCTHHOK Yy TIepe/IHil TpeTHHi KiMHaTH 10piBHIOE . = 1 /3%
10%7. Maemo:

1
P(n) ~ S M= V1027 x 1/3 x 2/3 = v/20/3 x 10'3;

i, TAKMM YIHUHOM,

1
PR~ ——— xV2r ~ 3 x 10714,
()~ Jao73 % 108 < VAT

027

He muBHO, 1110 1M1aHC TOTO, M0 PicHo OaHa TpeTuHa i3 10" yacTHHOK 3aiiMe TepeaHio TPeTHHY KiMHATH, Mi3epHUIA.

Aunte sxoro Gysie IMOBIPHICTB TOTO, IO II¢ YUCJIO Oy/ie BIAPI3HATHCS Bij cepeHbOro Ginbme Hixk Ha 1%7?

1 —(1.017 — n)? —(0.0172)2
—F——eXpy ————5 —_—
o\ 2T 202 202

~ 3% 1071 x exp(—2.5 x 10%2) ~ 107107,

P(1.01n) = = P(n) exp{

e dyoice mayio: HaBITH KOMMBaHHSA B 1% MOXKHA pO3IJISIATH K TaKi, IO HIKOJIX He 3yCTPIYaloThCs, 1 I IOKa3ye,
HACKIJIbKU TOCTPUil K Mae OiHOMiaJbHUI PO3IOIiT HABKOJIO CBOT'O CEPEJIHBOIO 3HaUYeHHs. Binbmr peasicTudHo,
MU MOIJM 6 3alnuTaTh PO INAHCH Ha Te, MO0 KIILKICTh YaCTMHOK KOJIMBA€Thcs xoua 6 Ha 1% y Olibmry um
MemnIy cropony. e morpebye inrerpyBanus; i, JOKJIABIIHN OibIe 3yCH/Ib, MU MOXKEMO ITOKA3aTH, IO BiJIIOBI/Ib
Oyzme "6au3bKa" 10 OTPUMAHOrO HAMU BHINE pe3yabrary. Ajie HalrosoBHilIe, HA 10 CJIiJ 3BEPHYTH yBary, — Ie

Ha/I3BUYANHO IIKOMOMIOHUIT XapaKTep PO3MOIiIY II0JI0 CEPETHBOIO 3HAYEHHS Y PeaJIbHOMY CBiTi.

§2.3. LlenTpaJjbHa rpaHnYHa TeopeMa

Koxunit Kpok BUIIAIKOBUX OJIYKAHB XapaKTEPU3YEThCS HEIEPEeI0adyBaHICTIO 1 MOXKe OyTH OXapaKTepu30-
BaH TIJIBKU MEBHOIO WMOBIPHICTIO, ajie ancaMOJib CUCTEM, IO BUKOHYIOTH BUIIAIKOBI OJIyKaHHs, MA€ €JIEraHTHI,
epedadyBaHi BiaacTuBoCTi. Haitbiabn KOPUCHOIO BJIACTUBICTIO BUIMAKOBUX OJIYKAHb € IEHTPAJbHA IDAHIIHA
Teopema. Kinnesi Touku MHOXKWHE 3 N KPOKiB OHOBUMIPHUX BUIIAJIKOBUX OJIYKaHb 13 CepeIHBOKBAIPATIHIHIM

po3mipoM KpoKy [ MaroTh raycoBuii, abo HOpMaJIbHUIL, pO3HOAia iMoBipHOCTI N — 00:

_ 1 —z?
p(r) = m exp{ﬁ},
ne ¢ = V/NI. ®isuku HA3UBAOTDH dYyHKITIIO exp(—xz) raycianoro. Y CTaTHCTHUIN BiJMOBiAHUNE PO3ITOIIT
iimosiprocti (1/v/27) exp(—2?/2) HasuBaeTbCH HOPMAALHUM PO3NOJiNOM.
[lenTpasibHa TrpaHHYHA TeopeMa: cyMa O0ararbOX HE3AJIEXKHUX BUITAJKOBAX BEJUYUH MAa€ PO3IOMIIT
HMOBIpHOCTI, 1110 ¢XOUThH J10 ['ayciBcbKoro.
ImoBipHO TOMY CTATHCTUKY HA3UBAIOTH I'AyCCOBUI PO3ITOIi HOPMAJTHLHIM, TOMY IO 38 HOPMAaJIbHIX 0OCTABUH

cyma abo cepejHe 0araTboX BHMIPIOBaHb MaTuMe (DIYKTYyallil, M0 OMUCYIOThCS I'ayCiaHoIo.

§2.4. 3agadi go TeMu 2

Posnodia Ilyaccona:

Bamaya 2.1. Ilpumycrumo, mo TunorpadiyHi MOMUJIKH, JIOMYINEHI pU HAOOPI TEKCTY, TPAILISIOThCS
moBHicTIO BHIaAkoBO. IIpunycrumo, mo kuura Ha 600 cropinok MmictuTh 600 Takux momuiioK. Bukopucraiite
posuozin ITyaccona jusi obuucienus iimosipHocti: (a) mo cropinka me mictuTh noMumiIoK; (b) mo cropinka

MIiCTUTH HJ,OHafIMeHH.Ie TPpU IIOMUJIKHA.



17

Sagaua 2.2. PosrisineMo 9aCTHHKY, 1110 BUITPOMIHIOIOTHCS PaJ/Ii0AKTUBHUM JIZKEPEJIOM IIPOTITOM ITEBHOTO Ya~
coBOTO iHnTepBaJy t. MoXKHa yIBUTH, IO Ieil YaCOBUil iHTEpBaJ CJIi/T PO3ILINTH Ha OaraTo HEBEJUKUX iHTEPBAJIIB
noBxkuHr At. OCKIIbKI (-9aCTUHKY BUITPOMIHIOIOTHCS Y BUIIAKOBI MOMEHTH, HMOBIPHICTD, 10 Pa/Ii0aKTUBHUN
posmaj BimdymeTbes y Oyib-sikoMy iHTepBasi dacy At abCOJIOTHO He 3aJIeXKUThb Bij TOro, IO BiIOYBAa€TbCs B
inmi inTepBasm dacy. KpiMm Toro, MoxkHa ysBUTH, 110 iHTepBaj At BUOPaH JOCTATHBO MaJjuM, 106 HAMOBIpHICTH
BUHUKHEHHsI OLJIbIIe OJHOrO po3mnajy 3a 4dac At Gyna jyxke masoro. lle o3navae, 1mo icHye jeska fMOBipHiCTD
P, WO ONUH po3na aapa Biabyscs 3a ac At (upu p < 1, ockinbku At 6yB obpanuii mocurb Maaum), a 1 — p
- e WMOBIpHICTB, IO pO3MaJ 3a Ieit inTepBas dacy He BinOyBcs. KoxkuHuit Takuil 4acoBUil MPOMIiXKOK MOTIM
MOZKE PO3IVISIIATHUCS SIK He3aJleXkKHe BUIPOOYBaHHsI, 1 y mijicyMKy nporsarom dacy ¢ BimOynocs N = t/At takux
BunpoGyBanb. (a) [Tokaxire, mo imosipricts W(n)n posnazis, 1o BiaGysucs 3a dac ¢, 33Ja€TbCs POILOALIOM
ITyaccona. (a) IIpunycrumo, o cuiia paIioakK TUBHOIO JZKEPEJIa TaKa, 10 CePeIHst KIIbKICTh PO3IAJIB Y XBUIUHY
nopiBaioe 24. fxa fimoBipHicTb OTpuMaHHsT 1 po3naiB 3a 10 cekyna? OTpumaiiTe YncIOBl 3HAYEHHS JIJIsT BCIX
X 3Ha4deHb n Big 0 mo 8.

Sagaua 2.3. Meray BUNAPOBYIOTH ¥ BaKyyMi 3 rapsigol HUTKU. ATOMH MeTaJly MOTPAIJISIOTh Ha KBapIOBY
IJIACTUHY Ha JIesKii BiJICTaHi OJIMH BiJl OJTHOTO i yTBOPIOIOTH TaM TOHKY MeTaJieBy ILUTiBKY. Llg kBapriosa niactuna
HiITPUMYEThCS NIPU HU3BKIll TeMIepaTypi, TaK M0 OyIb-sIKHil aTOM MeTaJly, IO IIOTPAIIs€ Ha Hel, 3a/IHIIaEThCs
Ha MiCIli KOHTaKTy 0e3 momaJibinol mirparmii. MoskHa BBaXKaTw, IO aTOMU METaJIy 3 OJHAKOBOIO HMOBIPHICTIO
MMOTPAIJIAIOTh HA OYyIb-IKHUil €JIEMEHT IOl IIACTHHHU. ZIKIO PO3IIIAAATH €JIeMEeHT IO IIACTUHA PO3MIpOM
b? (me b - miameTp aToma MeTay), MOKAXKITD, 0 KLIBKICTh ATOMIB METaJly, HAKOIMIEHUX Ha Il IJIOMI, Mae
po3nozinsgTucs BianosinHo no posunoxminy Ilyaccoma. IlpumycTumo, Mo BHIApOBYETHCS JOCTATHBO METAJY JIJIst
YTBOPEHHsI IJIIBKU CEPEJHbOI TOBIIMHU, 10 Biamosizae 6 aromuuM mapam. (a) fka gacrina IIION[ IUIACTHHA
B3araji me nokpura MerajgoMm? (b) fdka yacTuHa MOKpUTa METAJEBUME MIAPAMU TOBIIUHOIO, BIIIIOBIIHO, 3 aToMU
Ta 6 aromiB?

Hopmanvrut posdnodia:

Bagaua 2.4. Mouery kujpaorsh 400 pazis. 3HailaiTh iMOBipHiCTH oTpuManHs 215 opJiiB.

Bagaua 2.5. [Ipunycrumo, mo B 3aga4i 1.6 06’em V rakuii, mo 0 < V/Vy < 1. Ska fimoBipricTh TOro, 1Mo
KIJTBKICTh MOJIEKYJT y 1IboMy 06’emi 3HaxomauThest Mizk N i N + dN7?

Sagaua 2.6. HeobxiHo nmpokiiactu Habip TesedonHuxX JiiHiil, mob 3’e¢anatn micro A 3 microm B. Y micti A €
2000 resedonis. Ao KoKHOMY 3 TesebOHHIX KOPUCTYBa4diB A rapaHTyBaTl MUTTEBUIN JOCTYII JJIsT 371 ICHEHHS
JIBBIHKIB Ha craniiio B, suagodburses 2000 Tesedonnunx jinii. Ase e 6yio 6 JI0CUTH eKCTpaBarauTHO i Heede-
KTuBHO. [IpuycTumo, 1mo B Hal3alHATIILY TOAMHY JHS KOXKEH abOHEHT B A BUMAarae, B CepeHbOMY, TesedOoH-
HOT'O 3B’s13Ky 3 B IpOTSAroM JIBOX XBUJIUH, 1 1i TenedOHH] A3BIHKM 3/1i/iCHIOIOTHCS BUIIAAKOBUM YUHOM. SHANIITH
MiHIMaJIbHY KiabKicTs M TenedoHHux JiHil, sKi moTpibHO mpokaacTu Big A 10 B TakuM YUHOM, MO6 y Yac miK
He Ginbire Hizk 1% abonenTis Micta A He 3Mir oTpuMaTH HeraifHuii J1ocTyI 10 TenaedoHHOl inil 10 B.

3aedarms das Matlab:

3amaya 2.7. Po3ryisinbre 9acTUHKY 1/1€a/I5HOTO Ta3Y, siKi PO3MOALIAIOTHCS MiXK IBOMA Bifcikamu 3 06’ emamMu
Va 1 V. dxmio zaransuuit 06'em V = V4 + Vg, Mmu, ogeBugno, maemo iimosipuicts P = V4 /V 3naiitu okpemy
JacTUHKY y Bigciky A, i fimosipuicts 1 — P 3maiitu 11 y Bigciky B. Hac nikaBuTh posmnomis iiMoBipHOCTEIH
3HaXOJzKeHHs N 13 N 4acTuHOK y Bijciky A, skmo Bimomo P.

(a) Hamumiirs dysxuito Matlab, ska nizpaxoBye cymy ZOBUIBHOIO Yuc/ia HE3aJI€KHAX BUIIAJIKOBUX UUCE]
n;lj=1,..,N, axi MOXyTb mpuiiMaTu JuIIe OnHe 3 ABYX 3Hadenb: 1 abo 0 (3 imosipuictio P(1) = P, P(0) =
1—P). Hanmmits ckpint 8 Matlab, sikuii Bukimkae o dyskuio T’ pasis (st P = 0.5) 1 Hakpecstoe ricrorpamy
oTrpuManoi cymu. Takuit crocib oTpuMaHHs PO3MOILTY HAa3UBAEThcst MeTogoM Monte-Kapio.

(b) Bukopucrosytoun Boymosani dyukuii Matlab mist 6inomianabHOro i raycoBoro (HOpMaJIbHOIO) POIIOJILILY.

(¢) HaxpectiTh GiHOMIaILHMI 1| HOPMAILHIIA POZIIOIII TIOBEPX POIIIO/IIILY, OTPUMAHOIO 33 JOMOMOIOI0 METOIa
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MonTte-Kapuro.

(d) Bamycrite nporpamy Matlab, BukopucroByioun psizi BUIpoOyBanb 1, 10 OPU3BOALTH JIO PO3YMHOI TO-
gHOCTi pesynbTaTis Metoay Monte-Kapio, ams mactymaux sunajkis: i) N = 10, V4 = 0.5mm3; ii) N = 30,
Va = 0.85Mm3; iii) N = 150, V4 = 0.03 mm®. IIpokomenTyiire 3rojiy MizK Teopieio Ta ekcrepumenTom Momre-
Kapiso, a takox TounicTh HAOMMXKEHH: po3moiiiay laycca. ¥ Bcix BuIajkax 3arajbHuil 006csar V' cTaHOBUTH

1 MM5.



Tema 3. PiBHOBara ta He3BOPOTHI IIpoIecu

§3.1. @opmysna CripJinra

Hamri dopmysnu i MHOXKeHHST BKJIIOYAIOTH Kombinaril, ski mictsarh daxropiamau. I1lo6 3acTrocyBatn 1ii
dopMysn 10 BEIMKUX CHCTEM, HAM TOTPIOHO BMITH OIiHIOBATH (haKTOpiad BEJIUKUX duces. JJJist mboro 3pydHo

BUKOPUCTOBYBATU HADJIMKEHHSI, 110 HA3MBAETHCA HaOmKeHHsM CripJiiHra:

~ n,—n

n! ~n"e 2mn.

e mabmmkenHst € TouHUM y Tpanuri n > 1. Crnpobyem mosicautu domy. Kinpkicts n! € m106yTKOM 1 pisHUX
koedimienTis, Bix 1 10 n. yke rpybum HabuKeHHsIM Oys10 6 3aMiHUTH KOYKEH 3 1. KoedillieHTiB y (hakTopiasii
Ha n, orxke n! = n™. Ile rpyba 1epeorinKa, OCKIJIbKN MaiizkKe KOXKHMUIA i3 n pakTopiB y n! Hacupasi MeHIIe Hixk

n. BugBngeTnesd, Mo B CepeIHbOMY KOXKEeH (PAKTOp MEHIIE HiXK 1 B € Pasib:
n n
n! ~ (—) =n"e "

Aute 1ie Bee 1me 3aHaATO BeJMKUl (pakTOp, NPpUOIU3HO Y v/ 27n. AJjle SKIIO n — eeauke 9UCIo, To n! - dyorce seauke
queso, 1 yacro meit koedinient v/ 27n (AKuit € IPOCTO GEAUKUM TUCOM) MOXKHA OMyCTUTH. SIKIO BaM nOTpibeH

Jmiie aozapug@m Bix n!, TO pIBHAHHS 3a3BUYall JOCTATHHO. [HAKIIE HOTO MOXKHA 3alUCaTH TaK:
Inn! ~nlnn —n.

HixkaBo mepesipuTu HabamkenHs CTipJiHra Ha JesIKUX He JIy?Ke BeJIMKUX YUCJIaX, BAKOPUCTOBYIOUU KAJIBKYIISITOD
abo koMIT'oTep. Y TaOJIUI HABEEH] [AesAKi PE3yIbTATH.

dAx baunre, n He 0OOB’SI3KOBO Mae OyTH 0cODJUBO BeaUKUM, o0 Hab/mkeHHst CTipJiHra CTAJI0 KOPUCHWM.
[ToBra dopma dopmynu Cripiaiara gocuth TOYHA HaBiTh 1y n = 10, a crpoieHa ¢GpopMa JOCUTh TOYHA JIJIsT
n = 100 (sakuo Bam norpiben suie jgorapudm).

[e mpocra, xo4a i He qyzKe ToOUHA apryMmenTariis y 3axuct dopmynu Cripainra. Aje, ocKiabKH 1151 hopMyIa

TaKa BaykJIMBa, BEBEJEMO 11 1ie pa3, rerep 6iiabin akyparHo. ITouHemo 3 HaTypasbHOro jorapudma n!:
Inn!l=Injn-(n—-1)-(n—2)-...1| =
=lnn+In(n—1)+In(n—-2)+...Inl.

ITro cymy sorapudmiB MOXKHA YSIBUTU Y BUIJISJL IUIOMI Tijl TiCTOrpaMoro (JIUB. MAJIOHOK). Tenep, siKino n
JIOCUATD BEJIUKE, TLIOIIA i/ McTOrpaMoio MpuOIN3HO JOPIBHIOE ILIOII ITi/T TVIaIKOI0 KPUBOIO (DYHKIIT Jorapudmy.
Towmy,

Inn! z/ Inzdr = (zlnz — z)|§g =nlnn —n.
0

Tammvu cotoBamu, n! & (n/e)™. Leit pesynbrar y3romKyerbed 3 opmydsoit Cripiiinra, 3a BAHITKOM OCTAHHBOI'O
koedirierTa 27wn. AKIMo n HocUTh BesMKe, MO0 MaiiKe 3aBXKJIU MA€ MICIe y CTATUCTUYHIN MeXaHiri, TO el

daKTOp MOYXKHA, OIyCTUTH, 1 1eil pe3yabTaT - BCe, 10 HaM MOTPiOHO.

19
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Puc. 0.0.5. ITmoma mig ricrorpamoro, majst Oy/ib-sIKOTO IHJIOr0 ducia n, jopiBHioe Inn!. [Ipn

BEJIMKUX N 1Ig TLJI0IA MOYKe OYTH allpOKCHMOBAHA IILIOMIEIO IIi/T TJIaIKOI0 KPUBOIO (DYHKIII Jiora-

pucmy.

[ITo6 BuBecTu Gisbin TOUHY hopMysty jutst 1!, MOYKHA TIOBTOPHUTH IMOIIEPE/IHI PO3PAXyHOK, aJie PeTesIbHiIe

miibparn oOMeXKeHHsT Ha, iHTerpaj. AJjile MU CKOPUCTAEMOCST 30BCIM IHIITIM METOJIOM, OYUHAIOYN 3 TOYHOI (Pop-

oo
n!:/ e *dx.
0

JlaBaiiTe 1moryMaemMo Ipo HifiiHTerpaabHuii Bupas, £’ e~ %, konau n Bejuke. [lepmmuit koedinienT, ", /1yKe HIBUAJIKO

MYyJIH:

x

3pocTae gk (PYHKIS T, a Apyruit koedimienT, e~ %, myke MBUIAKO Hajgae g0 Hyssd. JobyTok € dyHkiieoo, ska

CIIOYATKY 3POCTAE, a MOTIM MAJA€, K MOKA3aHO HA MAJIOHKY.

MozkHa JIerkKo MmoKasaTH, M0 MaKCHUMaJIbHe 3HAYEHHS JIOCATAETHCA TOYHO B TOYI £ = M i MO BUCOTA MKy
nopiBuioe n"e”". Ham moTpibHO 3HaiiTH 1IoNTty mij rpadikoM, i 1M00 OIMIHUTH IO ILIOMLY, MU MOXKEMO AITpPO-
KcuMyBaTu PYHKIO g9K raycoBy. 11106 3naiitn dyukiio aycca, ska HaKpale IiIXoIuTh J0 TOTHOI (DyHKITT

mobJIn3y T = N, JTO3BOJIBTE HAM CIIOYATKY 3alMucaTh (DYHKIHIO Y BUIJISA/] OHIET €eKCIIOHEHTH:
et = enlnz—z-
ITotiM BU3HAYMUMO Yy = T —n, TEPEIUIIIEMO eKCIIOHEHTY B TEPMiHAX Y 1 MiITOTYEMOCS JTO PO3KJIAIAHHST JIOTAPUMDMY:
_ _ Yy _
nlnz —x=nln(n+y)—n+y=nhn|n(l+=)| —n+y=
n
_ y
=nlhn—n+nln(l+=)—y.
n

[Tobsmm3y Bepmunu rpadika, y HabaraTo MeHIe HiXK 1, TOMY MU MOXKeMO pO3KJjacTtu jorapudwm y psz Teitaopa:

1 2
(14 L) = Y- L(0)?
n n  2\n
JIinitHuil 9IeH cKacoBYeThCs KiHIeBUM —y y piBHsHHI. IlizcTaBisemo Bce i oTpuMmyeMo:

— — _2 .
z"e " mnle eV /P with y =1z —n.
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- ---- Gaussian
approximation

Puc. 0.0.6. @yuxmig z"e~* (cymispaa kpusa) modymoana st n = 50. [lnoma mi miero kpu-
BoIO jopieuioe n!. [IyHKTUpHaA KpuBa IOKa3ye€ HallKpallly IayCcoBY aCHMIITOTY, ILIOIIA SAKOI JIa€

nabmkenas Cripitiara o n!.

[e maiikpare HabkeHHst [aycca 10 TOYHOrO iHTErpaJjly B PiBHSIHHI; BOHO MOKA3aHO IMYHKTHUPHOIO KPUBOIO HA
matiouky. 1106 orpumaru n!, Ham moTpibHO mpoinTerpyBaTu 1o ¢yHKIio B z = 0 10 £ = co. Aje Mmu morym 6
TaKOXK II0YATU IHTErpyBaHHSI 3 T = —00, OCKIJIbKY [PV HETATUBHUX 3HAYEHHSIX T (DYHKIlisI BCE OJIHO 3HEBAXKJINBO

MaJsia. BukopucroByroun dhopMysty iHTErpyBaHHS, OTPHUMYEMO

o0

| n_—n " —y%/2n n,—n

nl~n"e e dy=n"e 2mn,
—00

BimoBimHO 110 hopmysu CripiiiHra.

§3.2. JIndy3isg Kpamnji 9YopHUJI Yy BOJI1

VaBiTb cobi OGlIbApAHUI CTiJI, HA AKWH BU IOKJIaJeTe OJHY KYyJbKy. Bu HajmaeTe KyJbIll IIEBHY IIOYATKOBY
MIBUIKICTh, TApaJIeIbHy pedpaM CTOJIY, TaK IO BOHA PYyXa€ThCs BIEPEI-HA3a/T HA OHil JIiHIT Bi/T 0/THOrO KiHITI 10
immmoro. 3a BijgcyTHOCTI TepTst BoHA Oy/Ie 3aBXK/IU KOTUTUCS TI0 il JiHiT, 1T pyx 6y/1e MPOCTUM i BIIOPSIIKOBAHIM.

Tenep momaiiTe Ginbie KyJib, IO OJHIN, HAMATAIOYNCH OPraHI3yBaTH MEBHUN PYX KOXKHOIO pasy, KOJU J0-
JA€ThCs HOBa KyJis. He3Barkarounm Ha Te, IO BOHU IIPOJOBXKYIOTH peryrioBaTucs 3akoHaMu HpioToHa, jriama3on
pPyxiB, IOCTYyIHHUX KyJIsIM, CTa€ (PEHOMEHAJIBHO OLIBINMM KOXKHOIO pa3y, KOJIM MU CTABUMO IHIIY KYJIIO HA CTiJ.
ly»Ke TMIBUIKO CTA€ 3pO3YMLINM, IO BECh PyX OLIbAPIHUX KYJIbOK (DAKTUIHO CTAE BCE OLIBINI i OiabIT BUMIAIKO-
BHUM, X04Ya IIe 30BCiM He BUITaIKOBO. Ko MU 3aMiHIOEMO KYJTi, CKaXKiMO, Ha MOJICKYJ/IN BOJIA Y HAIIOBHEHiil BaHHI,
JianasoH pyxiB, JOCTYIIHUX MOJIEKYJIAM, CTa€ HACTLIBKU BEJIMKHUM, IO IIepeBepliye Oy/ib-sIKi TeCTH YU Teopil,
pO3pobiteHi MaTeMATHKAMU JIJIsi BCTAHOBJIEHHS a00 HABITH BUSHAYEHHSI BHUIIAIKOBOCTI.

Epzoduune npunywenns KIACHIHOI MEXaHIKM TOCTYJIIOE, IO B i30JIbOBaHiil cucTemi, B Mipy 301L/IbIIeHHS
KIJIBKOCTI YaCTHHOK, SIKIO IX IMOYATKOBI YMOBHU 3aBXKJM OOUPAIOTHCsI BUITAKOBUMIE, CUCTEMa BCE 3 OLIBIIOIO

TOYHICTIO Oy/le IPOBOJUTH PIBHY KUIBKICTH Yacy B OKOJIMI KOXKHOI 3 MOXKJIMBHUX KOHMIrypamniii (po3rairyBaHs)
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n molecules of ink N molecules of water

Puc. 0.0.7. Mu moxkemo mmopaxyBaTy MOMITHI MOJIEKY/IN YOPHUJIA 1 BOJW, CHCTEMATUIHO BUKJIA-

JAl4N 1X B3JI0BXK JIHII.

YaCTUHOK, sIKi JIOTYCKAIOTHCS 30BHINTHIM 0OMeKeHHsIM (DiKCOBAHOI eHepril.

CyTh CTATUCTUYHOI MEXaHIKM MOXKHA MOOAYUTH B JIil, KOJU MU O0EPE’KHO MOMIIAEMO KPAIII0 YOPHUJIA Yy
BaHHY 3 YUCTOIO BOJIOIO. [0BLIBHO, ajie BIIeBHEHO KpAIisd MOMUpIoeThed. [IpumycTtrmo, mo BaHHa BUTOTOBJIEHA 3
€30TEePUTHOr0 MaTepiary, akuil y Oyab-akuit pisuaHuit crocio i30J110€ CyMill BOJIM Ta YOPHUJIA BiJl 30BHINTHHOTO
cBiTy. TakuMm 9MHOM, €Hepris cyMimr BOA-IOPHUIO € (DiKCOBAHOIO BEJIUUMHOIO, 1 TYT MOXKe OyTH 3aCTOCOBAHO
eproJ/invdHe MPUILyIeHHs. T00TOo, SIKIIO MU IIOYEKAEMO JOCTATHRO JOBIO, KPAILIs IIpuiiMe Oy/Ib-AKY 1HIIIY MOXKJIUBY
dopMy B zesikuii ac y BiajgeHOMy MaiilOyTHBOMY; TaK, BPEIITi-pEeIT BOHA Tepelijie JOBIILHO OJIU3BKO 10 OyIb-
fAKol KoHdiryparil, ssky Mu xodeMo onucaru. [lpwmiine dac, KOJam pPO3MOBCIOPKEHHSI YOPDHUJIA Yy BOJI HabyBae
BUIIs Ty KapTwau “JliBunHn 3 mepJioBoio cepe:kkoio” Bepmeepa, abo OBHOTO TEKCTY Oy/ib-sIKOT KHUTH, ab0 THUX
caMHUX TEKCTiB, ajie 3 omuoio, ABoMa uu 3005 OyKB Joropu THOM, ab0 KOXKHOI CKYJBITYPH YU KAPTUHU, IO
KoJIn-HEOY b OyJ10 abo Oy1e 3pobIIeHO.

Aste 3 j0cBijly MU 3HAEMO, MO 30MpAHHS YOPHMJIA Ha3aJ, B KpaIumno abo PO3IMOB3aHHS y BUIVISI KApTUHU
Bepmeepa, mBuine 3a Bce, He BiOy/IeThC HAHOJMKINM FACOM: MU MOXKEMO OyTH BIEBHEHi, IO HIXTO HIiKOJIN
He 0avuuB, MO0 Kpalllss YOPHUJIA CIOHTAHHO YTBOPIOBAJIACH Yy BaHHI, TOBHOI CyMIIMl BOIA-9YOPHUIIO. 3BUYAIHO,
€30TEePUTHOr0 MaTepialry, IO YTBOPIOE CTIHKU BAHHU, PO KUl MU TOBOPWJIA BUIIE, TPOCTO HE iCHY€E B MIPUPO/I],
i TOMy KOJ/IHA BaHHA HIKOJIM HE € IOBHICTIO 130JIbOBAHOK BiJl HABKOJIMIIHBOTO CEPeIOBUIIA. AJie ISl B3a€MOJIist
3 HaBKOJIMIIHIM CBITOM He BIJINBA€ Ha OCHOBHY 1JI€f0 IIPO Te, IO JIUIIE BIITHOCHO MaJIy KiJIbKICTb 13 3arajbHOIO
qHCJIa MOXKJIMBUX PO3TAITYBaHb MOJIEKYJT BOJISTHUX YOPHUJI MOYXKHA BINI3HATU SK TakKi, M0 GOPMYIOTh Oy Ib-sIKUit
3pa30K.

Or2xe, KOJIM MOJIEKYJIH YOPHIIIA B3AEMO/TIIOTH i3 MOJIEKYJIAMU BOJIH 1 PO3IIOPOIILYIOTHCsI, MU 33/[a€MO HACTYITHE
MMUTAHHS: CKUIBKU € CHOCOOIB 3MIITyBATH N MOJIEKYJ YOpHUI 3 N MOJIEKyJIaMu BOJM, 30€piraioydn Ipu IbOMY
Bi3yaJIbHUI BUTJIsT YITKOI KA YOpHMIIA?

BinmosicTi Ha 11e IMTaHHS HENPOCTO, TOMY IO MU IOBWHHI YiTKO YCBiJIOMJIIOBATH, IO TaKe KPAILIs: 9U
oTpibHO, 1106 BOHA MaJia Taky 2K (opMy, 110 1 BuxigHa Kpamis?! Yu Mae BOHA 3HAXOAUTUCH B TOMY YK MicCIi?
Jyist HAmWX IIell JOCTATHBO MiAPaxyBaTH 3arajibHy KiJIbKICTh MOJIEKYISPHUX KOHMDIrypariil, ki MOMIMamoTh
KpaILIio YOpHWIa y BubpaHe Miciie 3 00paHo hOpMOO ¥ BaHHI, 1 Mu OyIeMO iIrHOPYBaTH BC1 MOJIEKYJISIDHI IITBU/I-
kKocTi. X0o4a pO3TalllyBaHHS MOJIEKYJ TPUBHMIpDHE, MU 3aBXK/IM MOXKEMO IOOYIyBaTH TPUBUMIPHY CITKY y BaHHI
i BUKOPHUCTOBYBATH 11 JJIsT CHCTEMATHYIHOTO BiIOOPY MOJIEKYJI, a MOTIM BUKJIACTHU 1X y370B:XK JiHil. [Ipumyctumo,
MU 3POOUJIH 1€ JJIs Kpamejb YOPHUIIA Ta MOJIEKYJT BOAW TAKUM YHHOM, 100 BCI MOJIEKYJIM YOPHUJIA OMMHUIACS
Ha, JIIBOMY KiHIIi JIiHiT, 8 MOJIEKYJIN BOJU PO3TAITyBaJUCh IIPABOPY .

[IpumycTrMo TakoxK, IO MOJIEKY/IN YOPHMJIA 1 BOAM MOXKHA PO3PI3HUTH, TOOTO MU MOXKEMO ITO3HAYUTH MO-
JiekyJsin YopHmwiIa 1,2, ..., n, a Mojekyau Bogau - 1,2,..., N. Pe3yabrar - po3ramryBaHHs MOJIEKY/I Ha MAJIOHKY.

Toni xinbKicTh KOHDIrypariiii, 1o HarayoTh o0paHy Kpaluio, oye 1o0yTkoMm dakropiaiis n!N!. aranbua
KUIBKICTH C1I0CO0IB, SIKMME MOXKHA PO3KJIacTu Bel Mostekyim n+ N, cranoButh (n+ N)!. O6uuciiMo BigHOIIEHHST

7 3arajbHOI KiJTbKOCTI MOXKIUBUX KOHMIrypariif MoIeKy/I 10 KiJTbKOCTI KOoHMIrypariii “MoJIeKya YJOPpHUT , KON
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n << N: . . .
MOBHA, KLJIbKICTH KOHMIrypariiii (n+ N)!
r = = =
KIJIbKIiCTh KOHMIrypaliii MOJIEKYJI YOPHUII n!N!
~ (m+N)n—=1+N)(n—=2+N)...(1+N)N! N"
B n!N! Tl
Mu mabausumo n!, BukopucroByoun dopmyiy Cripminra: n! & n™e™", 06roBopeHHst sikol Oyjie TPOXU Ii3HIIIe.
Toni
N ( Ne ) n
ra0 ——=(—] .
nrte=" n

Kinbkicrs kpamness y Banni cranosuthb (n+ N)/n =14 N/n, orxke

N - 00’eM BaHHUI 1000 mm x 600 v x 500 vt ~ 1.1 % 107
n  ob'eM Kpami 3 x 3 x 3mm3 T '

¢ke 3navenns mae n? [Ipumycrumo, o0 MOJIsIpHA Maca Ta MIbHICTh YOPHUJIA TaKi XK, SIK Y BOJU: CKaXKiMO,

18 r/momb Ta 1000 xr/m3. TloTim, npuragasmu wuciao Asoragpo Na ~ 6.022 x 1023,

. . Maca TOPHIUIT
n = N4 X KiJbKicTb MOJIiB YopHMI = N4 X =
MOJISpHA Maca YOPHUJT

N 00’eM Kparul YOpHUI X IMIbHICTh YOPHUIT
MOJISIDHA MAaca, IOPHUJI

27 mv® x 1000 kr /nr°
18r

= 6.022 x 10%® x ~ 9.0 x 10%°.

[TizcranoBka 1ux 3HaueHb N/n ta n 'y dhopMmyiry nae
ra (1.1 x 107 % 2’718)9.0><1020 ~ 106.7-1021.

Mu 6a9uMO TPUTOJIOMIILUIMBO BEJIUKY KiIbKICTH CIIOCOOIB PO3IMOBCIOZKEHHST TOPHIJIA TOPIBHIHO 3 KiJIbKICTIO
. . . . . - 21
cIocobiB, FKi 3aJIMMIAIOTE #10ro y popMi Kpami y BkazanoMy zamu Micmi. Yuemo 1067%107 | 6esymosno, Buriamae

BEJIUKHM, aJie SIK MU MOXKEMO 3PO3yMIiTH HOTO CIpaBKHiil po3mip?

§3.3. “Beauxt” ta “dyotce seauxrt” uncia

21 .
06,710 ” mpu HOpMAJIbHIM

fIkmo Bu o3ByuuTe wmciao 1 aK (IpubIN3HO) “MiJIBIIOH MiIBIOHIB MIiTBHOHIB . ..
MIBUJIKOCTI PO3MOBH, TO BaM JIOBEIEThCS BUMOBJISITH CJIOBO “MiIbIiOH” TpoTsiroMm HacTymHuX 30 MUIBIHOHIB POKIB.

{x BapiaHT, TOJyMalTe IPO EKOHOMIIO JIECITKOBOI CUCTEMU: KOJTU MU TPEJICTABISIEMO TUCIIO “OMUH MiTbioH"
qepe3 “17, 3a IKUM CJIIIYIOTH MICTh HYJIB, KOXKEH 3 IKUX MA€ JIUIe 1 CM B IMOTIEPEIHUKY, TOBKUHA, IIHOTO PSIIKA
HyJIiB CTAHOBUTHME IIMiCTh CAHTUMETPIB — I¢ OMAHJNBO KOMIIAKTHA Ta e(EKTUBHA CXE€Ma IIPEJCTABJICHHS imel
Misbiiona pedeit. Brim, ms sammcy aucia 106710 v it necsirkosiit cucremi mam notpi6uo mammcarn “17, 3a
SKUM CJIJIy€ PSIOK HYJIB, JOBXKHHA KOO CTaHOBUTH Ou3bKo 7100 cBiTiioBux pokis. e HeMucimmo Beuke
YUCJIO.

06,7-1021

Ocb e oguH croci6 306pa3uTn po3mip dmcia 1 . Buropucryem dopmyny Cripainra, mob 3amnucatn

21 .
1057107 gx daxTopia:

1067107 ~ (3.3 x 1020).

Mu crpobyemo 3po3ymiTi po3mip “rpoxm menmoro” uncia 102°! 3a jomomoroio mepeminrysanms KapT. Bpaxo-
ByiiTe, M0 KOJIOAY 3 3 KapT MoxKHa nepeMimaru y 3! = 6 croco6iB. 3BuYaiiHo, 1ie He BeJUKa KIJIbKICTh PI3HUX
koudirypariit (epecTanoBoK) i, 3BUYaiHO, BOHA HEJIOCTATHBO BeJIMKa, 1100 3anmcaru i1 gk crynias 10. Konomy 3
4 kapt MoxkHa repeminaru y 4! = 24 criocobu - Bee IIie He BeJIMKe 9HCII0, - ajle KiTbKICTh CIoCcobiB, 3a JOIMTOMOTOI0

AKHX KOJIOZAa MOXKe OyTu nepeminrana, mBUIKO 3poctae i3 11 posmipom. Kosony 3 10 kapT MoKHA mepeTacyBaTu
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y 10! = 3628800 criocobiB, 1 gKImO s MiApaxyBaHHs KOXKHOI 3 X KOHMIirypariii nam norpiona 1 cekymja,
TO 1 poboTa 3aiime mricrh TrKHIB. [ligpaxyrok 11! moximBux KoH(irypamiit 11 KapTok 3 Ti€l0 K MBUIKICTIO
3aiime pik. st 12 kapToK HaM 3HAI00UTHCS 15 POKIB MiIpaxyHKY, a JJIst KOJIOAU 3 15 KapTOoK i IpaxyHOK 3aiime
41000 poxis.

[Ipumycrumo, 1m0, 1106 6yTHu 6iIbIT eeKTUBHUME, MU 3aJIy9UMO JI0 i€l pOOOTH BCe HACEJIEHHS CBITY, IIPUYO0-
My KOYKHA JIFOJINHA, STKIMOCh MAriqHUM YMHOM MOXKE IIi/IpaxXyBaTh OJWH MiJIbHOH KOHMIrypalliil 3a OIHy CeKyH]Ly.
[ligpaxyHOK MOKJIMBOrO PO3TalIyBaHHs 15 KapTOK TakuM crocodom 3aiime 0,2 mimicekynmau; 20 KapTok 3aiime
6 xBusnH; 25 KapTok 3aiime 70 pokis, a 30 KapTOK - TUCAYY MIJILHOHIB POKIB. A K MO0 CIPaBKHBOI KOJIO/H

3 52 kapT? Po3paxyHOK WmCIa MOXKINBHX KOH(Irypamiif TaKHMM Y@HOM BHMaraTmme 3,7 x 104

poku. ko
BH Bi3bMeTe KOJIOJIy KapT i jo0pe 11 meperacyere, BU MoXKeTe OYTHU BIIEBHEHi, IO PO3TAINYBAHHS KapT, SKe BU
OTPUMAJIH, IIe HIK0AU HE 3’IBJISIOCH B iCTOPIT JIIOJICTBA 1 Oiabwe HIKOAU He 3 ABUMDCA.

[eit MucuTe/IbHMI €KCIIEPUMEHT TIIHSAB HAC JIWIIE JI0 TOTO, 10 MU 3PO3yMiju po3mip unciaa 52! - KUIbKicTh
IepPeCTaHOBOK B KOJOM 3 52 KapT. Aje Hac 3apa3 INKaBuTh Habararo 6imbpmie umemo 10201, KimpkicTs wacy,
HeoOXiJHOro HaceJeHHIO cBiTy s migpaxynky 102°! nmepecranosok 102° kapr mpocTo HesbarsenHa.

. . . . 21
Mu mMozkemo 3ammcaTu KiibKicTh Heobximamx pokis (a me 102%107  ago 102:000,000,000,000,000,000,000)

, aje
peasibHOrO TPYHTY MU HE OTPUMYEMO; B KiHIIEBOMY ITiJICYMKY MU HaMara€MoCs JIUIIIE BITYTH HOBE YHCJIIO (1(]21021
PIK), SIKe BUIJIAIA€ TAK CaMO, 5K 1 Te, 3 9KOro MU noduHajm (1 & 106-7x10% ). fk 6u My He 3anucyBasun 11i UdPH,
BOHHU TaKi BeJIMKI, 10 HE MAIOTh HiSIKOI'O 3MiCTYy.

3asrydeHHst GLIBINOI KIIBKOCTI JTIOJIEll 3 BUIMUMU MMOKA3HUKAME IIBHJIKOCTI TiJIPAXyHKY TYT HE JIOMTOMOXKE.
[Ipumycrmmvo, y mac npamoe 1010 moneit, koxma 3 gknx nepemiuye 10190 mepecranosox B cexymmy. ITigpaxynox

02389 pokis, mast 10 000 xkaprok: 1035452 020

Bcix mepectanoBok st 1000 xkapt 3aiime y Hux 1 poku, a ajs 1
21 . . . . .

kaprok: 102%197" pokis, T06TO Te came umcII0, MO B TGN, ajle B¥Ke B IHIINX OJIMHUIEX BUMipy. Bpemrri-pemr,

M{ HI9OrO HE OTPUMAJIM BiJl 30LIbIIEHHs 4YuCIa JHoAel 1 mBuAKocTi ix poboru. Taka apidmeruka Bursismae

JIOCUTH €KCTpPaBaraHTHO, ajie B Hifl HeMa€ HiYoro JIMBHOIO: SIKIIO
1023 + 23 = 10?3,

TO
101023 % 1023 _ 10(1023+23) _ 101023

)

TOOTO 1€ HACTLIbKE BEJIUKE YUCJIO, IO OIMHUIN BUMIDY BXKe HE MAalOTh 3HAYEHHs - SKINO IIe BiJICTaHb, TO i B
HAHOMETPAaX, i B CBUIOBUX poKax Iie OyJie ojHe i Te came YUCIo.

Buiesasnauene o6roBopeHHsI repeadadalio, o CHCTEMa He MaJia YKOJIHOT'O 3B sI3KY 13 30BHIIIHIM cBiTOM. AJjie
HACITPaB/Ii TaKa B3a€MO/Iisl, 3BUIAITHO, € 3aBXK/IN: CTIHKH, IO BIIOKPEMJTIOIOTH CHCTEMY, HACIIPABJi B3a€MOIIIOTH
i3 HABKOJIMIIHIM CEPEIOBUINEM, i TAKUM YMHOM MU HAPEIITi BUSIBUMOCH 3000B’SIBaHUMU PO3LVISIaTH BcecBiT
dK eauHe 1ite. Taki MipKyBaHHSI CTAHOBJISTH YaCTUHY IPEIMETY KBAHTOBOI KOCMOJIOTIT, SKUI 3HAXOIUTHCS Ha

mepeioBiit cyvacHol di3ukn.

§3.4. lmeHTI4IHI Ta PO3PI3HIOBAaHI YaCTMHKU

YacTuukn, sKi MU PO3IVISIAIN BUINE, MOXKHA OyJI0 PO3PI3HUTH i, OTXKe, 1X MOXKHa Oys0 mopaxysaTtu. Ha
BIZIMIHY BiJT IIbOTO, BUITQJOK CIIPABJi OJITHAKOBUX YACTUHOK - II€ MOCH iHIIe, TOMY IO SKINO CIPABXKHI OHAKOBL
YaCTUHKU CKYMYIYIOTbCS JIOCUTh ITJIBHO, BOHHU TOBOJISATHCS 30BCIM iHAKIIE, HiXK PO3PI3HIOBAIbHI YacTUHKUA. Mu
MTO3HAIOMUMCS C JESIKUMHU OCODJIMBOCTSIMU TAaKUX IJIEHTUYHUX YACTHHOK B JIEKIIfX 110 KBAHTOBHM rasam. Ja-
CTUHKW, sIKi € IIEHTUYIHUME 1 PO3IVISJAIOTHCH sIK HAbIp, ajle He CKYMIyIOThCs, HE MAIOTh 3araJibHOMPUNAHITOL

Ha3Bu. Mu 6y,11eMo Ha3WBaTH 1X OJHAKOBUMU KJIACUYIHHMH.
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dAxmo y HAC € 5 PO3PI3HIOBAJILHUX YACTUHOK - CKaXKiMO, BOHH IIPOHYMEPOBaHI - i MU XO4YeMO PO3KJIACTH
IX y 5 NPOHYMEPOBAHUX KOHTEWHEPIB, TO Ie MOXKHA 3podbutu y 5! crocibiB. AJie KO y HAC € 5 OJIHAKOBHUX
KJIACHIHUX YACTHMHOK 1 MU XOYEeMO PO3MOIINTH IX y Ti cami 5 KOHTEHHEpPIB, TO 1€ MOXKHA 3POOUTHU JIHIIE OIHUM
crtocobom. TyT BxKe HEMAE MOHATTS MIPO MOXKJIUBICTb IMOMIHSITHA MICISIMU JIBI YACTUHKU: SIKIO MU HAMAaTrae€MOCs
MTOMIHATH MICIISIMH JIBI YACTUHKH, I1€ He MPU3BE/IE IO 3MIHU CTAHY CHCTEMH: OCTATOYHA KOH(DIryparlis 3aanmae-
ThCS HE3MIHHOIO II0 BIIHOIIIEHHIO O IIOYATKOBOIL.

SKIO MOJIEKyY/IN YOPHUIIA 1IEHTHYHI MiXK CODOI0, 8 MOJIEKYJ/IN BOIM 1IEHTUYHI MiK cO0O00, TO 0OMIBI Ipymu,
6e3yMOBHO, Oy/IyTh IJICHTUYHUMU KJIACHYHUMU YACTUHKAME. ¥ TAKOMY BHIIQJIKY N! MEPECTAaHOBOK 7. MOJIEKYI
JOpHUJIA HE MOXKHA BIIOKPEMHUTH, 1 1X CJIiI BpaXOBYBATH sIK €IWHY KOHQIrypariio; i Te came crocyeTbcs N
MOJIEKYJT BOJU. [HITUMU CJI0BaMu, B HAIITIX PO3PAXyHKAX, [0 HABEIEHO BUIIE, KiJTbKICTh MOXKJINBAX KOHMIryparriit
nepeoriinena B n!N! pasis.

Mu pobrumMo BHCHOBOK, III0 KiJIBKICTh MOJIEKYJISIPHUX KOMIIO3HUIIiH, B IKUX YOPHUJIO MOXKE YTBOPUTH KPAILIIO,
abo kapruny “/liBunHa 3 IEpJIOBOIO cepekKoIo”, abo mock iHrre, gopiBuioe He n!N!, a mpocro 1: icHye juie ogun

3BUUaitHO, s iJesi HAIMIDHOIO 3apaxyBaHHsI Ha 3arajbHuil koedirieHT n!N! TakoxK CTOCYeThCS BUIAIKY,
KOJIN OJIHAKOBI KJIaCH4HI YacTUHKHU BxKe poscisiHi. Tam Texk mu nosunHi po3gimuru yuciao (n + N)! BiaMinaux
koudirypariiit Ha n!N!, mob orpuMaTn KiJbKiCTh KOHMDIryparliil OJHAKOBUX KJIACUIHUX YACTHHOK.

Taxum 9UHOM, JJIsi MOJIEKYJI, IO PO3PI3HIOIOTHCS, MAEMO:
oBHA, KUIbKicTh KoHirypaniit = (n + N)!
KLJIBKiCTh KOHMIrypariit MojieKya dopauia = n!N1.
JI1s1 iIEeHTHYHIX YACTMHOK MH MAEMO
HoBHA KijibkicTb KoHdirypariii = (n + N)!/(n!N!)

KUIBKICTh KOHMIrypariit MojeKysa 9opHuI = 1.
Takum auHOM, JIJIsT 060X BUIAJIKIB ITyKAHWH KOEDIIiEHT CTAHOBUTH

MTOBHA, KiJIbKICTh KOHMITyparriit _(n+N)! 1067107

r=— - - = =
KUTBKICTh KOHMIryparliit MOJIEKYJI IOPHUIT nIN! ’

TOOTO, BiIHOIIEHHSI 3arajbHOI KiJbKOCTI KOHMIrypariii 10 KuIbKicTh KOHMIrypaliii MOJeKyJ KpaIii TOPHUIT

3AJIUIITAECTHCA HE3MIHHIM.

§3.5. 3agadi o Temn 3

Mixpocmanu i MaxpocmaHu:

3amaya 3.1. [Ipumycrumo, 1o BU IeperopTaere Y0TUPU YeCHUX MOHeTH. [[jist KoyKHOT MOHeTH OyIemMo Io-
3HAYATU CTaH repbom yropy, Tooro “opex”, sik H (head), a cran rep6om yHu3s, To6to “pemky”, sik T (tail).

(a) CkyaziTh 1epesik ycix MOXKJIMBUX PE3yJIbTATIB i 3anuimiTs ixX y Tabiumio.

(b) CxuauiTs nepesik ycix moxkimBux "mMakpocranisra Ix iMoBipHOCTEI.

(¢) O6uncITL KPATHICTH KOXKHOTO MaKPOCTAHY 32 JOIIOMOI0I0 KOMOIHATOPUKY, 1 IIepeBipTe, 4u BiIIOBI IaI0TH
i pe3yJIbTaTU pPe3y/abTaTaM IiIpaxyHKy “Tpy0oi cuin’.

3amaya 3.2. [Ipunycrumo, 1o Bu neperopraere 20 0JHAKOBUX MOHET.

(a) CkinbKu € MOXKIMBUX Pe3yJbTaTiB (MiKpocTamis)?
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(b)$Ika fimosipaicTs orpumanusg nocsigosaocri HTHHTTTHTHHHTHHTHHTHT (came B TakoMy HODsiJi-
Ky)?

(c) fka iimoBipHicTh oTpuMmaTu 12 opuiis Ta 8 periok (y Gyab-sKiil mocsigoBHOCTI)?

3amaya 3.3. [Ipumnycrumo, mo Bu neperopraere 50 OHAKOBUX MOHET.

a) CKUIbKY € MOXKJIMBUX Pe3yJIbTariB (MIKpOCTaHiB)?

b) CkinbKu € crocobiB orpuMaT piBHO 25 opiiis Ta 25 pemok?

¢) fka iiMoBipHicTh OTpEMaTH PiBHO 25 OpJiB Ta 25 perok?

(

(

(c)

(d) fka itmoBipuicTh orpuMmaru pisao 30 opJis Ta 20 perrok?

(e) fIka fimoBipHicTh oTpuMmaTu piBao 40 opiis Ta 10 pemok?

(f) dka #imosipHicTs oTpumaTn 50 OpJIiB i BigcyTHICTH pemmok?

(g) Hakpecaits rpadik iiMOBIpHOCTI OTpUMaHHS 1 OPJIB K (DYHKIIT Nn.

Bagaua 3.4. Posriugnemo cucremy i3 TPbOX HEPYXOMHUX YaCTHHOK, KOXKHA 3 fKUX Ma€ ciin 1/2; 1 koxen
ciin Moxke BKasyBaTu abo “yropy”, abo “yuuz” (To6TO, B3I0BXK ab0 HABIPOTU HAIPSMKY, BUOPAHOIO sK BiCh
z). Koxkaa wacTuHKAa Ma€ MATHITHUHA MOMEHT i Y3JIOBXK OCl 7, KOJIU BiH CIPSAMOBaHUN yropy, i —p, Koau BiH
cupsimoBanuit yuu3. CucreMa po3MilieHa y 30BHIIIHBOMY MarHiTHOMY mosi H, Mo CIpsiMOBaHe B3J0BXK IET
snavenHst m; = +1/2. Cran Beiel cucremu 3a/aHuil, KO 33/JaH] 3HAYEHHST TPHOX KBAHTOBHUX YHCEN 1M1, M2, M3.
Yacrunka mae eneprio —uH , komu 11 crin cupsiMoBaHuil yropy, Ta eHeprito pH , Kosu 11 ciin cripgMoBaHuil yHU3.

(a) Bunumirs y Burvisii tabauni Bel MOKIMBI cranu cucreMu. J[jis KOKHOIO TaKOro MIKPOCTAHY BKAXKITh
3araJbHUH MATHITHUI MOMEHT 1 3arajibHy €Hepriio, siKi XapaKTepu3yloTh CUCTeMY B HioMmy. (3ais CKOpOUeHHsI
zammcy m = 1/2 MoKHA MO3HAUATH TPOCTO K “+7 am = —1/2 - ax “—").

(b) IIpunycrumo, mo 3arajbHa eHepris cucreMu BigoMa i gopisuioe —pH. SIKmo 1e eaunHa J0CTyIHA HAM
inopmMarrisi, To B IKOMY i3 CBOIX MIKPOCTAHIB i 3 KOO WMOBIPHICTIO MOXKe TIepeOyBATH CUCTEMA,!

Mamemamuyni enpasu:

3agaua 3.5. BukopucroByiiTe KHUIIEHBKOBHUN KAaJbKYJISTOD, MO0 IE€PEBIPUTH TOYHICTH HAOIUKEHHSI
Cripminra gyt N = 50. Takoxk nepesipre Tounicts dopmyian In N~ NIn N — N.

3ama4a 3.6. [Ipumnycrumo, mo Bu neperopraere 1000 MomeT.

(a) fxa iimosipHicTs oTpuMarn pisao 500 opuis ta 500 pemok? (Ilizkaska: crovyarky 3amumiTh GopMyIry
JUIsT 3arajibHOl KIJIBKOCTI MOXKJIMBHX Pe3yJIbTaTiB, a MOTiM, mob Bu3HauuTH “KparHicTh"makpocrany 500-500,
BuKOpucToByiiTe Habsmkenus Cripiinra. Ko y Bac € NMpoCyHyTHIT KaJbKyJISTOp, SIKHii POOUTDH JOJATKOBE
unabsimkenHst CripJiiHra HEOTPIOHUM, IMOMHOXKTe Bl umcsa B it 3agadi va 10, 100 abo 1000, moku He crane
HeoOximauM HabmkenHsi Cripainra.)

(b) fka iimoBipHicTh oTpuMmaru pisao 600 opJis Ta 400 perrok?

Bagaua 3.7. yukIiig HaTypasbHoro jorapudmy In BU3HAUAETHCA TaK, MO €% = 2 1y1s GyIb-gKOro J10/1a-
THOTO YUCJIA T.

(a) Hakpecairs rpadik dyHKIT HATYpasbHOTO Jorapudmy;

(b) Hoseaith Toroxkuocti Inab = Ina + Inb ta Ina® = blna;

(¢) HoseniThb, mo di Inx =1/x;

(d) Busenits KOpI/IC{er Habnmxkennst In(1 + ) &~ x, mo xiiicae npu |z| < 1. Bukopucrosyiite KagbKyasTop
JIJIsT TIEPEBIPKU TOYHOCTI 11b0T0 Habamkenns it ¢ = 0.1 ta x = 0.01.

3agaua 3.8.

alnb(

(a) CupocriTh Bupas e TO0TO, 3anuUIIiThL Neli Bupas3 6e3 BUKOpUCTaHHs JorapudMmiB);

(b) Ipunycrumo, mo b < a. Hosenits, mo In(a + b) =~ (Ina) + (b/a) (ninkaska: 3acrocyiite HabIMKEHHs i3

nyHkTa (d) monepesHboro 3aBIaHHA);

. 23 .
(¢) BamumiTe wucao e y dbopmi 107, aaa gesakoro .



Tema 4. Moneans EitHmreiina

§4.1. Mogenp TBepaoro tijia EifHinreitna

Tenep Mu 1epeiiieMo 10 CUCTEMU, sIKa € JIEII0 CKJIAHIIION, aJjie OLJIBII PEelPe3eHTATUBHOIO 11010 CHCTEM, SIKi
3a3BUYail 3ycTpivaiorhea y ¢isurii. Posrmsnemo Habop MIKpOCKOMNYIHIX CHCTEM, KOXKHA 3 IKUX MOXKe 30epiraru
OyIb-SIKY KUIBKICTh €eHEPreTUIHUX “OMUHUIL’ OJHAKOBUX po3MipiB. OauHurl eHeprii 0JHAKOBOIO PO3MIPYy MaiTh
Micre Jist Oy/1b-sIKOrO KBaHTOBO-MEXaHIYHOIO TapMOHIYHOIO OCIUJISTOPA, (DYHKINS MOTEHIITHOI eHepril sIKkoro
mae sursiz (1/ 2)]951“27 (e ks - “nocritina npyxxuan’). Tomi po3Mip eHEPreTUIHUX OJUHUIL CTAHOBATH hf, e h
- nocrifima [Tnanka (h = 6,63 x 1073* JIxx-c), a f - B1acHa gactoTa ocnmaaTopa, f = (1/2m)\/ks/m.

’ . 2

» * L3 * .
* » * . »

Puc. 0.0.8. Y mogesi Eftnmreitna TBep/ie Ti10 yAaBIAEThCA 9K HAOIp HEB3AEMOJIIOUNX KBAHTOBUX

OCITMJTATOPIB.

AbGcTpakTHUi c110ci6 306parkeHHs KOJIEKIl OararboX TaKMX OCHUJISITOPIB IMOKA3aHWi Ha MAaJIOHKY.

YV kBaHTOBIi#1 MexaHiri Oy/b-sika CHCTEMa 3 KBAIPATHIHOK (DYHKINEK TOTEHIHHOI eHepril Mae piBHOMIpPHO
posTalnoBaHi piBHI eHeprii, po3/iyieHi B eneprii hf, ge f - KiacudHa Jacrora KoJuBaHb. TBepie TiI0 B Mojesi
Eitumrreitna - e cyKynuicTs N TakKuxX OCIUJISITOPIB 3 OJTHAKOBOIO YaCTOTOIO f.

[Ipukiaan KBAHTOBUX OCIUISTOPIB BKJIIOYAIOTH KOJIUBAJIBHI PYXHU JIBOATOMHHX i OAraToaTOMHUX MOJIEKYJI
razy. Ajie me GibII MOMIUPEHUM TPUKJIAIOM € KOJMBAHHA aTOMIB y TBEpAOMY Tijii (auB. pucyHok). Y Tpu-

BI/IIVIipHOMy TBEPIOMY T KOXKEH aTOM MOKE KOJIMBATHCS B TPHOX HE3AJIC2KHUX HallpAMKaX, TOMY, AKIIO € N

27
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\ / \ / \ /
T \ 7\ 7\ /
i\ 7\ / /
= hfT\ \ / 1
€a}
1 2 3 N

Puc. 0.0.9. ®izuuna mogens Eitnmreiina KpucTaaidHOro TBEPJAOrO Tia: KOXKEH aTOM CXOXKU
Ha KYJIIO, 10 3’€/IHaHa 3 CyCiJIlaMu MPYKUHAMU. Y TPHOX BUMipax € IICTh CTYIEeHIB cBOOOIN Ha

aTOM: TPH BiJl KIHETUIHOI €Hepril Ta TPH BiJI MOTEHIHHHOT eHepTil, 0 30epiracThcs y NpyKIHAX.

Puc. 0.0.10. I'padiune 306parkenns MikpocTany TBeporo Tijia Einmreitna.

ocuuisATopiB, To y Hac Jjume N/3 aromiB. Mojesb TBepAoro Tija siK CyKyIHOCTI OJHAKOBHUX OCIMJISITODIB 3
KBAHTOBAHMMHM €HEPTeTUYHUMU OJMHUISIMU BIiepine OyJia 3amnpornonoBana Ansbeprom Eitamrreitnom B 1907 porti,
TOMY MU OyJIeMO HA3WBATH If0 CUCTEMY TBepIuM TijoMm HitHmreitHa.

ITounemo 3 myzxe MajsieHbKOro TBepaoro Tisa Eitamreitna, mo mictuTs Jjmme Tpu ocrpingropu: N = 3.

Y tabsuri nepepaxoBaHi pi3Hi MIKPOCTaHH, SKi Is1 CHCTEMa MOIJIA MAaTH, B MOPAJKY 30iIbIIEHHS 3arajbHOL
€Hepril; KOyKeH PAIOK y TaOJIUIl BiAMOBIIa€ PI3HOMY MiKPOCTAHY.

Ilounemo 3 Jy:Ke MaJIeHBKOTO TBepJoro Tija Eifumireitna, 1mo micTuTh Jiume Tpu ocnuiasgropu: N = 3.
YV rabinni nmepepaxoBaHi Pi3HI MIKpOCTaHM, B AKHX Il CHCTEMa MOTJIA 3HAXOJUTHCS, Y MOPAJKY 30iIbIIEeHHS
3araJibHOI €Hepril; KOyKeH PSIIOK y TaOJIuIll BiIIIOBiIae OKPEMOMY MiKPOCTAHY.

Icnye nmumme ogmH MikpocTaH i3 3arajabHOIO eHeprieo (), Tpu MIKPOCTaHU 3 OJIHI€I0 OJWHHUIICIO €HEPTil, MIiCTh

MiKpOCTaHIB 3 JBOMAa Ta JIECSATh 3 TPbOMa OMUHUISIMEU eHepril. TooTo,

BarasbHa (HopMyJia KPATHOCTI MaKpOCTaHiB TBeporo Tiia Eitamrreitna 3 N ocrmisitropaMu Ta ¢ OJIUHUISME

eHeprii:
g+ N -1 (g+ N —1)!
Q(N 5 q) = -
q g!(N —1)!
IlepesipTe 110 dopmyny s moiHO momannx npukaamiB. 11106 aprymenTtoBaTtu i1 3aCTOCOBHICTDH, 3pYIHO
BHKOPUCTOBYBaTH Take rpadidie 300pakeHHsT MiKpocTaHy TBepzoro Tita Eitamrreitna:
Kpankoro Mu 300pazkaeM KOXKHY €HEPIeTHYIHY OJIMHUINO, & BEPTUKAJIbHA JIiHisS BIJOKPEMIIIOE OJIMH OCITUIISITOD
BiJt immoro. OTKe, y TBEPAOMY TiJli 3 4OTUPMA OCIHISITOPAME 33JIaHa Ha PUCYHKY [TOCJIIOBHICTH IIPEJCTABIISIE
MIKPOCTaH, B SKOMY IIE€PIIHI OCIUIATOP MA€ OJHY OJWHHUINO €HePTil, JIpDYThil - TP, TPETIi - JKOJHOI, & YeTBepTU
- 9OTHpHU. 3BEPHITH yBary, mo Oy/Ib-sKUil MiIKPOCTAH MOXKe OYTH OJHO3HAYHO IIPEJICTABJIEHUI TAKUM UUHOM, i
o Oy/Ib-sSIKa MOXKJIMBA MTOCJIIOBHICTH TOYOK Ta JIHIN BiIOBI/Ia€ SKOMYCh MiKPOCTaHY. 3aBXK/U € ¢ KPAIIOK Ta
N — 1 niniii - 3arasmom (¢ + N — 1) cumBouis. s 3ajanux ¢ ta N, KUIbKICTh MOXKJIMBHX II€DECTAHOBOK - II€

. . . . . (g+N—-1)!
JINIIE KiTBKICTh CItocobiB BHOOPY ¢ CHMBOJIIB, siKi MAlOTh OyTH KpamKaMu, TOOTO S
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§4.2. JIBi cucteMu B TEIJIOBOMY KOHTAKTI

Tenep mu 3HaEMO, SIK ITijipaxyBaTu MiKpocTanu TBepaoro Tina Eitamreiina. OaHak, mob 3p03yMiTH TEIIOBHit
ITOTIK 1 HE3BOPOTHI MPOIecH, HaAM MOTPIOHO PO3IJITHYTH CHUCTEMY i3 ABOX TBepauX Tia EifHmTeiina, sKi MOXKYTb
obMiHIOBaTHCA eHeprieo. Mu Oynemo Has3uBaTh I ABa TBepAuX Tia A i B.

Cnovarky HaM MOTPIOGHO YiTKO 3PO3YMITH, 1[0 MAETHCA HA yBa3i i1 “MakpocTanoMm” Takol 00’€IHAHOI cucTe-
Mmu. JIJisi TpOCTOTH MPUILYCTUTUMO, IO 0OMJIBA TBEPIAUX Tija cjaabo 3B’si3aHi, TOMY OOMIH €HEPri€l0 MiK HUMU
BiIOyBaeThcsa HAOArATO MOBLIBHIIIE, Hi’K OOMIH €HEPTi€l0 MiXK aTOMaMU BCEPEIIHI KOXKHOTO OKPEMOTO TBEP/IOT0
tina. Tomi okpemi enepril TBepaux tisn, U4 ta Up, 3MIHIOBATUMYTHCS MOBLIBHO; HA JIOCUTH KOPOTKHUX YaCOBUX
IMKAJaX BOHU O CYyTi MOYXKYThb PO3TJISIJIATACS STK HE3MiHHI.

Mu OyeM0 BHKOPUCTOBYBaTHU CJIOBO "MakpocTan' s HO3HAYEHHsI CTaHy 00’€HAHOI CHUCTEeMU, SIKUil 3a/1a6-
Thesd (THMYacoBO) He3MinHMME 3HadeHHAME Uy Ta Up.

Itst 6y/1b-sIKOTO TAKOIO MAKPOCTAHY MU MOXKEMO OOUUCIUTH HOTO KPATHICTh, SK MU CKOpO mobadmmo. OgHak
Ha OLJIBII TPUBAJINX YACOBUX MKaJiaX 3HadeHHsT Uy Ta Up 3MIHIOBATUMYTHCSI, TOMY MU TAKOXK IIOTOBOPHUMO IIPO
3araJibHy KPaTHICTH JIJIsI BCIX J103BOJIeHUX 3Ha4YeHb U4 Ta Up, BpaxoBy04YM BCi MOXKJINBI MiKPOCTaHU, KOJIH JIUIIIE

cyMma Uiotar = Ua + Up € HE3MiHHOIO.

Solid A Solid B
Energy

NA7 qgA Vo VeV NB7 4B

Puc. 0.0.11. /IBa tBepmux Tina Eitamreitna A i B, 9Ki MOXKyTh OOMIHIOBATHCSI €HEPIi€0 MixK

coboro, i3o1b0BaHi Bij peritu Beecsity.

ITounemo 3 gy»Ke MaJeHBKOI CUCTEMH, B SIKiif KOXKHE 3 “TBep/iuX TiJ7 MiCTUTH JIMIIIE TPU TAPMOHIYUHI OCITH-

JIATOPH, 1 pa30M BOHU MICTSTH HIICTHh OJUHUIL €HEePTil:
Nao = Np =3; Gtotal =qa +qp =6.

(3HOBY K MM BUKOPHCTOBYEM ¢ JIsl O3HAYEHHs KLIHKOCTI OquHUIb eHepril. PakTuyne 3uadeHHs exeprii U =
qhf).

BpaxoByroun 1i mapamerpu, HaM Bce OJHO MOTPIOHO BKA3aTH TAKOXK 1H/IWBiAyasjbHE 3HAYEHHHA G4 abO qp
JJIs OIICY MaKpOCTaHy cucTteMu. IcHye ciM MOXKIMBUX MakpocTaHiB 3 g4 = 0,1,2,3,4,5,6, 9K 3a3Ha1€HO HA
PUCYHKY.

Mu BUKOpHCTAJIN CTAHAAPTHY (DOPMYJLY JIJIsi OOYUCIIeHHsI OKpeMux KpartHocreil 4 Ta Qp st KOXKHOTO
MaKpOCTaHy. 3arajbHa KPATHICTH OyIb-AKOTO MakpocTaHy, (liotal, € M00yTKOM 24 Ta (dp, OCKUIBKU CHCTEMH
He3aJIe’KHI OJIHA, BiJT OJIHOI: JJIsi KOXKHOTO 3 ) 4 MIKpOCTaHIB, JIOCTYITHUX JIJist TBEPIOro Tijna A, € {)p MiKpOCTaHIB,
JIOCTYIIHUX JJIsl TBepJoro Tijia B. 3arajibHa KpaTHICTH TAKOXK HaBeleHa B ricrorpami. Ha BejmKux dacoBuX

[IKAJIaX KUIBKICTh MIKPOCTaHIB, JIOCTYIHUX CHCTeMi, cTaHOBUTH 462, cyma ocTaHHBOrO croBisd B Tabsumi. e
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ga QA dB A Qiotal = Q4B 1007 _ ] I
0o 1 6 28 28 80
1 3 5 21 63 _ _
2 6 4 15 90 7 007
3 10 3 10 100 S 40-
4 15 2 6 90
5 21 13 63 20+
6 28 0 1 28
462 = (F+6°1) 0 1 2 3 4 5 6

Puc. 0.0.12. /IBa B3aemomitounx TBepaux Tijia Eitamreitna3 Ny = Ng = 3 Ta Qiota = qa+qs = 6.

9HCJIO TAKOXK MOXKHA IEPEBIPUTHU, 3aCTOCYBABIIN CTAHAAPTHY (OPMYJIy 0 BCI€l CHCTEMU, IO CKJIAJAETHCA 3
IIIOCTU OCITUJISITOPIB i IITOCTU OJMHUIL €HEPTil.

IIpunycTtumo, 10 3a TpUBAJIHUI YaC €HEPTiss PO3TAIIOBYETHCS MiXK OCITUISITOPAMU TAKUM YHUHOM, IO BCi
462 mikpocranu € oaHaKoBO Biporimammu. OTKe, SIKINO BU MOIJISTHETE HA CUCTEMY B Oy/b-fIKUIl MOMEHT, B
3 OJIHAKOBOIO NMOBIpHicTIO 3Haiijere 11 B Oyab-sikomy 3 1ux 462 mikpocraniB. lle mpumnyineHHs HA3UBAETHCsT

OCHOBHUM IIPUITYIIEHHIM CTATACTUIHOT MEXaHIKM:
B i30av06anitl cucmemi 6 menaosit pieH068a3l 8¢t OCMYNHI MIKPOCTAHU 00HAKOB0 UMOBIPHI.

e mpumymienas HEMOXKJIMBO JOBECTH, XO4Ya BOHO Mae€ 3iaBarucs npasgonomionum. Ha mikpockomiganomy
PiBHI MM O4IKy€EMO, 10 OYIb-SIKUil IPOIIeC, KWl epeBoanuB 6u cucreMy Bif crany X 70 cTaHy Y, € 0O0POTHUM,
OT2KE CHUCTEeMa MOXKEe TaK CaMO JIETKO MEPEXOIUTH Bijl cTany Y 1o crany X. Y TaKOMY BUIQJIKY OYIb-sIKUAM OJIMH
CTaH CUCTEMU He ITOBUHEH MATH II€PeBAr HaJ OYb-sIKIM IHIIAM.

Tum me MeHIn, He OYEBUIHO, IO JO BCIX HIONTO “mocTymHUX’ MIKpPOCTaHIB HACIPAB/II MOXKHA JIICTATUCA 33
posymuuii pomikok wacy. Hacupasui, HezabapoM My mobGaquMo, MI0 Jis BEJUKOl (MAKPOCKOIIYHOI) cucTeMu
cucTeMa MOKe MMOoOyBaTH JIMIe B He3HadHiit iX dacrii. HacupaBai Mu mpuirycKaeMo, 1m0 MiKpOCTaHHU, B SIKAX
CUCTEMA OIMUHSIJIACS IPOTATOM PEAJIICTUYIHO JOBrOTO iHTEPBAJIy Yacy, CTAHOBJISATD PEIPe3eHTATUBHY BUOIpKy. Mu
MIPUITYCKAEMO TAKOXK, IO IEePEeXOu MiK MIKpOCTAHAME € “BUIIAJKOBHUMH’, B TOMY CEHCI, 1[0 BOHU HE MaiOTh
[IPaBUJIA, PO sIKe MU MOTJIN O MiKJIyBaTHCS.

MozkyTh icHyBaTH I/ KJIaCH CTaHiB, SKi B3araJji HEJOCTYIIHI, MOXKJIIBO TOMY, 1[0 BOHA MAIOTh HEIIPABUIHHY
3arajpHy enepriio. Takok MOXKYTh iCHyBaTH KJiaCH CTaHiB, sKi OyJyTh JOCTYIHI JiuIIe Uepe3 dac, Habararo
JIOBIIUM, HiXK M roTOBI yekaru. [loHsiTTs “mocTymHMit”, siK 1 MOHATTS “MakKpoCTaH’, 3aJIeXKUTh BiJ 9aCcOBOIO
Macmraby, 0 PO3IVISIAEThCA. ¥ BHIQJKY TBepaux Tin EilHmiTeifiHa Mu IpHIIycKaeMo, IO BCi MIKpOCTaHU 3
JAHOIO €HEPTI€I0 € JOCTYITHUMH.

Aximo Mu mocuaaeMoch Ha (byHIAMEHTAJbHE MPUITYIIEHHS JIJIsi HAIMOI CUCTEMHU 13 JIBOX MAaJIUX TBEPIUX Tij
Eitamreitna, Mu MoKeMO o/ipa3y 3pOOWTH BUCHOBOK, IO, XO04a BCi 462 MiKpOCTaHU OJHAKOBO HMOBipHI, je-
sIKI MakpocTaHu € 6ibin Biporiguumu, Hix ixmi. [Ilaxc 3HaiiTy cucreMy B YyerBepTOMY MaKpOCTaHi (3 TphOMa
€HEePreTUYHUMU OJIMHUIEMA B KOXKHOMY TBepaomy Tiji) gopisuioe 100/462, Toxi sk maHc 3uaiitu 11 B mepiio-
My MakpocTaHi (KOJIM BCsS €HEpris CHCTEeMH PO3TAllOBaHa y TBepAoMy Tial B) cranosurs Jjume 28/462. ko
CIIOYATKY BCsI €HEprisi 3HAXOUTHLCS y TBEpJOMY Tt B i Mu modekaemo JiesiKuil dac, TO, IMIBUJIIE 33 BCE, MU

3Hait1IeMO, 10 €HePrilo PO3MO/IiIeHa OLIBIIT PIBHOMIPHO.
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qa Q4 qB Qp Qiotal

0 1 100 2.8 x 1081 2.8 x 108! 7

1 300 99 9.3x10%0 2.8x10% 6

2 45150 98 3.1x10%0 14x10% _ P

3 4545100 97 1.0x10%0 46x10% I 5-

4 34x10% 96 33x107° 1.1x10% S A

. . X h

50 2.2 x 10%% 41 3.1 x10%* 6.7 x 10114 § 37

60 1.3x10% 40 53x10* 6.9x 10! & 21

61 7.7x10% 39 88x10™ 6.8 x 1014 1
100 1.7 x 109 0 1 1.7 x 10% 0 20 40 60 8 100

9.3 x 10115 qdA

Puc. 0.0.13. Makpocranu i kpaTHicTb cuctemu i3 aBoX TBepiux Tin Eitnmreitna 3 300 i 200

OCIIIJIITOPAM® BiIITOBIJIHO, TKi MaioTh 3arajoM 100 ouHUIL eHepril.

Hapith my1s 1iel ayke MaJIeHBKOI CUCTEMU 3 JIUIIE KiJTbKOMA OCITUISITOPAMU Ta €HEPreTUIHUMU OJUHUIIS-
MU, OOUNC/IEHHS BCiX HMOBIpHOCTEH € TpoXu KJIOmOTHHM. Byso 6 He JyKe JIerKo POOUTH JJjIsi CUCTEMU i3 COTHi
OCITUJIATOPIB Ta €HEePreTUIHUX OJWHUIL. Ha macTs, He BayKKO 1€ aBTOMATH3yBaTH, JOPYIUTH KOMII'IOTEPY PO-
outu apudmernyHi omnepariii. Bukopucrosyoun Matlab abo inme momibHe mporpamMHue 3a0e3eYeHHsl, B MOXKETe
BiITBOpUTH HaBeJIeH] /T Tiiel cucTemMu TabauIio i rpadik 6e3 0coOIUBUX TPY/THOIIIIB.

Ha pucynky mmkde HaBeIeHO KOMIT'IOTepHY Tabymiio Ta rpadik st CHCTEMHU, MO CKIIAJAETHCA 3 JIBOX
TBepuXx Tin Eitnmreitna 3

N4 =300, Np =200; gtota1 = 100.

Temep y mac € 101 mMoxkuBHiT MaKpOCTaH, 3 SKUX JIMINE JeKiJbKa MoKa3ani B Tabswuili. [lonuBiThesa Ha
KPATHICTH: HABITH HAMMEHII BipOTiIHUIT MAKPOCTAH, B IKOMY BCsI €Hepris PO3TAIOBaHa y TBEPAOMY Tiii B, mae
kparuicts 3 x 108!, Haitimosipuimmuit makpocran 3 ¢4 = 60 Mae xparnicts 7 x 10114, Aje BazkmsuM TyT € He

033 paszis

Te, 0 BOHU BEJIWKi, & Te, IO X CIIBBiHONIEHHS BeJIMKe: HAafiMOBipHIMUit MakpocTan OLIbIT HiXK y 1
BipOriJIHINMIA, Hi?K HaliMEHIII BipOTiIHUIT MaKpOCTaH.

JlaBaiiTe po3ryisiHEMO Teil TPUKJIJ, TPOXU JieTajibHinie. 3arajbHa KiJbKICTh MIKPDOCTAHIB JJIsi BCIX MaKpO-
cTaHiB cTaHOBUTH 9 X 1011 ToMy HIMOBipHICTL 3HANTH crcTeMy B 11 HAMGLILIT IMOBIpHOMY MaKpOCTaHi He 0cOBII-
BO BesIMKa: 0Jm3bKO 7%. € KilbKa IHIMX MaKpOCTaHiB, 3 4 TPOXM MEHIIUMH abo Oiabmmmu 3a 60, iMOBIpHICTH
KX Maii>Ke Taka K. AJie sIKIIO 3HAYEHHS ¢4 BijajisieTbest Bijg 60, IMOBIPHICTD BiAIIOBIAHOIO CTaHy Iy¥Ke Pi3Ko
magae. ImoBipHicTh BusiBuTH ¢4 MeHmIM 3a 30 abo OlibmmM 3a 90 - MeHITe OJHOrO HA MiJIBIOH, & WMOBIPHICTH
3HafiTH cucTeMy B MiKpocTaHi 3 ¢4 < 10 6yae menmomno mix 10720,

Yac icaysanns Beecsity - menmte 10'® cexyn, ToMy BaM HOTPiGHO 6yJ10 6 II€pEBipSTH IF0 CHCTEMY CTO Pa3iB
IIIOCEKYH/IU MPOTATOM YChOTr'O Yacy icHyBaHHs BcecBiTy, meprn HiXK BM MaJju O IIaHC KOJU-HEOYIb 3HANTH 11 y
crani 3 ¢4 < 10. I 3po3ywmiso, mo Bu HikoIHM He 3HaiimeTe 11y crani 3 g4 = 0.

[IpurmycTumo, ofHAK, IO I CUCTEMAa CIIOYATKYy IepebyBae y cTaHi 3 ¢4, Habararo MeHIuM 3a 60; MOXKJIHBO,
BCsl €Hepris B HAa4YaJIbHUNI MOMEHT PO3TAIllOBaHA y TBEPAOMY T B. fKIo BU movyekaeTe JeAKHAN Hac, MOKH
eHepris Mepepo3NOMIINTHC MiK CHCTEMAMM, TO [IEPEBIPUBINHT IIle Pa3, BU MOXKeTe OyTH OiIbII-MEeHII BIEBHEH],
o eHepris neperikaia 3 B B A.

I cucrema JAEMOHCTPY€E HE3BOPOTHY HOBEIIHKY: €HEPTis CHIOHTAHHO TepeTikae Big B Kk A, ane nikoau (Kpim
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N, g =~ few hundred N, g =~ few thousand

Multiplicity
Multiplicity

> dA > dA

Puc. 0.0.14. Tunosi rpadikn KpaTHOCTI JId JBOX B3a€MOJIII0YNX TBepauX Tija Eitamrreiina, mo
MICTSTh KiJIbKa COT€Hb OCIUJISTOPIB Ta OJMHUIL eHepril (JiBopyY) i KijbKa THcAY (IpaBopyd).
3i 30ibIeHHsAM PO3MIPY CHUCTEMU IIK CTa€ JIyKe BY3bKUM BITHOCHO MOBHOI MOPU30HTAJILHOL

mkasn. [Ipn N ~ ¢ ~ 10%° mik crae 3ama1To piskuii, mob #oro MoxKHa 610 mobadnTH.

HeBeuKkux GirykTyariii HaBkosio ¢4 = 60) Big A mo B. OdeBunno, mo Mu BusBuId (Gi3udHe NOSCHEHHS TIOTOKY
Teria: 1e iMOBIpHICHE sSBUIIIE.

Mu TakoxK HATpAIUIN Ha HOBUU 3aKOH (DI3UKM: CTUXIWHWI MOTIK €Hepril 3yNuHSIETHCS, KOJIU CUCTEMA 3Ha-
XOIUTHCs JIy?Ke OJIM3BKO 70 HAMIMOBIPHIIIOro MakpoCTaHy, TOOTO 0 MAKPOCTaHY 3 HAMOLIBIIO KPATHICTIO.
[eit “3akon 301IBIIEHHST KPATHOCTI” € OJHIEIO 3 Bepciit BimoMoro apyroro 3akoHy TepmoaumHamikm. OmHak
3ayBaXKTe, 110 IIe 30BCIM He (DyHIAMEHTaIbHUN 3aKOH - 1€ IPOCTO JIy?Ke CUJIbHE TBEP/?KEHHS [P0 HMOBIPDHOCTI.

[ITo6 3pobuTH TBEPKEHHST CUJIBHINNAM i, B ILJIOMY, OyTH OLIBIN peaiCTHIHUME, HAM JIHCHO CJIiJ] PO3TJIsi-

0%%. Ha »xaub,

023

HYTH CHCTEMH, B SKHX 9YHCJIO YACTHHOK CKJIAJA€ HE JECATKH ab0 COTHI, a MOCh Ha KIMAJT 1
HABITHL KOMI'IOTEP He MOXKEe PO3PaxyBaTH KiIbKiCTh crocobis posramrysamas 1022 omumunp emeprii cepen 1
ocuIATOpiB. AJie, Ha MACTs, MU MOXKEMO 3pOOUTH KiJibKa 3pYyYHUX HaOJIMXKEHb, 100 BUPIIIUTH 110 IPODJIEMY

anaitnaao. IIpo 1e #1eThcst B HACTYITHOMY PO3JIiJIi.

§4.3. Beauki cucremu

I3 monepeiHbOro Mu GaYMIIH, IO JJIs CHCTEMU 3 JBOX B3a€MO/IIOUNX TBEPAUX Tij1 EitHInTeiina, KoXKHa i3 co-
THEIO ab0 OJIM3BKO TOTO OCIMIATOPIB, MEBHI MAKPOCTAHU € HAOAraTo OLIBINT iMOBipHUME, HiXK iHmI. OgHAK 3HATHA
yacTKa MaKpocTranis, npubausno 20%, Bece me OyJa gocuThb Biporignoo. Jaii Mu po3risHeMo, Mo BiI0yBaeThe,
KOJIM CHCTeMa HabaraTo OibIIa, TaK 10 KOXKHE TBEp/e Tijgo MicTuThb, ckaxkimo, 1020 ocumisropis, abo Gimbie.
OtHak, o6 IpoaHaTi3yBaTH TaKi BEJIMKI CHCTEME, MU TIOBUHHI CIIOYATKY 3POOUTH BiJICTYTI 10 MATEMATUKH JIyKe
BEJIUKHAX IUCEJT.

Buxkopucroyroun HabmKkenHst CripJiiHra, OIIHIMO KPaTHICTh TBEpIOro Tiia EiiHmTeiiHa, Mo MiCTUTH Be-
JINKY KIJIBKICTh OCIUJISITOPIB Ta €HEPreTUIHUX OJINHUIb. 3aMIiCTh TOrO, 06 3pOOUTH i€ B 3arajbHOMY BUIIAJIKY,
MU PO3IVISTHEMO JIMIIE BUNAJIOK ¢ >> N, KoM OJUHMIL eHepril Habararo Oiiblie, HIXK OCHUIATOPIB (rpaHuIls
“BHCOKOI TeMIieparypu’).

ITounemo 3 TounOI bopmyITH:

g+N-1) (¢g+N-1)! (¢g+N)
q T (N =1)! T ¢N!

QN,q) =

Mu 3pobuiin HabsmzkeHHst, ToMy o pizHus Mixk N!i (N —1)! € sume geaukum quciaom (N), 1o € He3HAIHUM
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BiHOCHO dyorce geauroezo aucia ). Tenep mu BizbMeMo HaTypastbHUIIT Jorapudm Bif {2 i 3acTocyeMO HAOIMKEHHS

CripJinra:
(g+ N)!
q'N!

~(q+N)ln(¢g+N)—(¢g+N)—glng+g— NInN + N

an=1n( )zln(q—l—N)!—lnq!—lnN!

=(¢+ N)In(¢g+ N) —glng— NIln N.

Ilokm mo Mm BpaxoByBasau Jumie Te, mo i ¢, i N - Beauki unciaa. Temep BHKOpHUCTaEM MPUITYIIEHHS, IO

q > N - 1ie 103BOJIUTH HAM CIPOCTUTHU IIE€PIIHiT Jorapudm:
N N N
In(¢g+ N)=In [q(l + —)} =Ing+1In (1 + —) ~lng+ —.
q q q

Ocraunniii KPOK BUILIMBAE 3 PO3KJaans Teisiopa gorapudmy, In (1 4+ ) ~ z a4 |z| < 1. BukopucryByouu

et pesynbrar y piBHsHHI A1 In ) Ta ckacoBytoun momaHku ¢ ln ¢, orpumaemo:

2
mo~nNnL s Y
N q

OcranHiit fogaHoK y rpanut ¢ > N cTae HE3HAYHUM MOPIBHSHO 3 iHIMMU. EKCIOHEHITIIOBaHHS TEPIINX JTBOX
JIOJAHKIB Ja€:
N
Nlnhg& N €q
Q(N,q) = e "Ne :<N (ko g < N).

Orpumana ¢opmy/ia IPUEMHA 1 IpocTa. AJle B CTYIIEHI - BeJIMKE YUCI0, TOMY §) - Jy»Ke BeJIMKEe YUCJIO0, AK
MU BXKe 3HAEMO.

Haperti, Mu roToBi moBepHyTHCS 10 TPOOJIEME, TOPYIIIEHOI HA TTOYATKY ITHOTO PO3JIIY: HACKIIHKU TOCTPUM
€ 1K (YHKIHT KPaTHOCTI JIJIsT JBOX BEJIUKUX B3a€MOJi0UnxX TBepAuX Tii EitHimreiina?

it mpoCcTOTH, IPUITYCTUMO, IO KOXKHE 3 TBepAuX TiT Mae N ocnuiaaTopis. Mu 6ymemMo mo3HadaT 3arajabHy
KUIBKICTb OJWHUIL €HEpril MPOCTO ¢ JJIsi CTUCJIOCTI, 1 OymeMo BBaxkaTw, o ¢ > N, 10 ja€ HAM MOXKJIUBICTH

BHKODPHCTOBYBaTH oTpuMany Buile dopmymny. Toxai kpaTHicTh 00’€qHaHOI cHCTEMH s OYIb-SIKOI'O 33 aHOTO

v = (%) ()" = (5) s

Jie g4 1 gp - 1e KUIbKICTh €HepreTUIHuX OJUHUIb y TBepaux Tinax A i B, Bianosigmo. (3BepHiTh yBary, mo
qa +4qB = q).
ko nobyysaru rpadik 2(g4), BiH MaTuMe jyzKe pi3kuil miK npu g4 = ¢/2, e eHepris PO3MOMIIAETHCS

MaKpOCTaHy CTaHOBUTDb

MK TBEPAUMHU TijlaMu TOpiBHY. Bucora Ii€l BepIIMHY [1yKe BEJINKA:

e \2N /g\2N
o= (5) (3) -
To6 aiznarucs:, sk BurIsAmae rpadik ToOIM3Y HOTO MKy, TO3HAYMMO BiIXMIeHHs Bi/l HAOLIbIT IMOBIpHOTO
CTaHy K I:
QA=g+33, QBZg—%

Je T MOXKe 6yTI/I 6yﬂb—HKI/IM YUCJIOM, HabaraTo MEHIIIUM 38 q (aﬂe, MOKJINBO, BCe€ IIe JOCUTDHL BeJII/IKI/Il\l). OTpI/I-

o= (5 "

Io6 cupocTtuT Bupa3 B Ay»KKaxX, BI3bMEMO Bill HHOTO JIOTapudM:

n[(5) -] = w[(3) =] =m[() (- (7))] -

MaeMo Jiist () Takuii BUpas:
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\ Qmax

«—\Width = ¢/vVN
Full scale ~ 10° km
- >

1 -
q/2 qa

Puc. 0.0.15. KpaTnicTh cuctemMu JIBOX BEJIUKHX TBepJuX Tij EifHmTeiiHa 3 BEJIMKOIO KLIBKICTIO
OJIMHUIIb eHepTil Ha ociuIATop (Mexka BUCOKOI Temrieparyp). [lokaszana jmmie KpuxiTHa JacTka

IMOBHOI TOPU30HTAJILHOI TTKAJIN.

2 2\ 2 2 2\ 2
=N[m(G) +m (- ()] 2w (G) - ()]
2 q 2 q
OcTaroYHo OTPUMAEMO HACTYIHUN BHPaA3:

0= <i>2N6Nln(q/2)267N(21/q)2 — Oy - €~ N2/
N * '

OyukIisa 1iel popMu HA3UBAETHCS I'ayCCOBOIO; BOHA Mae€ Ik npu x = 0 1 pi3ke majinHa 3 060x OOKiB, fAK
MIOKa3aHO HA PUCYHKY.

Kparnicts nagae 10 1/e Big IT MAKCUMAJIBLHOTO 3HAYEHHSI, KOJII

N(%le abo m:%.

02°, 11e JsiuIIe OJTHA YACTHHA 3 JIECSITH MUIbSPJIIB Bij

Ile macnpasai qocuTh Beauke dncyo. Aje sikmo N = 1
ycworo macmrady rpadika!l Ha macmrrabi, BAKOPUCTAHOMY Ha MaJIIOHKY, Jie IIUPHUHA I1KYy CTAHOBUTH OJIM3BKO
1 cM, nosHumit MacmTab rpadika posrarnyrucs 6um ma 101 cm, a6o 100000 KM - me Gimblne, HixK JBi JOBKUHI
exkBaTopa 3emiti. A Gijist Kpaio CTOPIHKH, Jie T JIMIIe y JecaTh pa3is Oliabmmii 3a 1/ 2v/N, KpaTHiCcTb CTAaHOBUTD
Memrte HiXK e 1% ~ 1074 1 MaKkCHMAJIBHOrO 3HAYECHHSI.

Ieit pe3yapTaT rOBOPUTH HAM, IO KOJIH JIBA BEJIMKHUX TBepaux Tijna Eifamreiina 3HAXOAATHCS Mi2K cO00I0 B
TemJIoBiil piBHOBa31, Oy/Ib-SKi BUITAIKOBI BiIXUJIEHHS Bij| HAfOLIBIT BIpOTiIHOrO MAKpOCTaHy OYIyTh aOCOJIOTHO
He3aMipaauMn. 11 BUMIpIOBaHHsI TAKUX BiIXMJIEHL HAM JOBEJIOCS 6 BUMIPIOBATH €HEPTiio 3 TOYHICTIO JI0 JIECSITH
3HaYy WX IUdp. fK TIIBKY cucTeMa BCTUra€ IPHUIITH 10 TEIJIOBOI piBHOBAry, mo0 yci MikpocTaHu Oy/iu OHAKOBO
BiporigHuMM, MU MOXKeMO OyTH BIIEBHEHI, I1T0 BOHA IepedyBa€e y CBOEMO HaifliMoBipHiIoMmy MakpocraHi. I panunris,
KOJIM CHCTEMa CTa€ HECKIHYEHHO BEJIMKOIO, TaK IMO BiIXUJIEHHS BiJ HAHOLIBIN BipOTiHOrO MaKpOCTaHY HIKOJIH

HE BUHUKAIOTh, HA3UBAETHCA TepMOﬂI/IHaMi‘-IHOIO TpaHUILIEIO.

§4.4. 3aKOH 3poCTaHHS €HTPOIIi]

Termep Mu mepeKoOHAIUCS, O JJIsT PI3HUX CHCTEM YaCTKH Ta €HEpriss MaloTh TEHIAEHINIO TMepedya0ByBaTHCh
JIOTH, JOKU KPATHICTDH HE JIOCATHE CBOIO MaKCUMAJBHOrO 3HadeHHs (abo myxxke 6au3bKoro 10 Hporo). Hacupasii
el BUCHOBOK, CXOKe, BIDHU J1JisT OY/[b-sIKOI CUCTEMHU, 33 YMOBH, 1[0 BOHA MICTUTh JIOCTATHBO YACTUHOK 1 OJINHUIID

€Hepril /It 3aCTOCYBAHHSI CTATUCTUKH JIy2Ke BEJIMKUX THCEJ:
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Byov-axa eeaura cucmema, w0 3HGTOOUMDCA 6 PiBHOBA3E, Oyde nepebysamu 6 MakpocmaMi 3
HAUOIABWOI0 KPATMHICTIO (AKWO HE 8PATO8YEAMU PAYKMYAULT, AKi 3a36unall € 3aHAOMO MAAUMU

0ns BUMIDY).

Hespaxkaroun Ha Te, 1m0 T1efi 3aK0H He € “dyHmamerTaqbHuM” (OCKITIBKI MU, TI0 CYTi, BUBEJIN HOro, pO3risia-
104U IMOBIPHOCTI), 3 IIBONO MOMEHTY MU GyZIeMO PO3IVIsIaATH HOro sk (yHIaMeHTagbHuii. SIKio Bu nam’sraere,
0 MOTPIOHO MIyKaTW MAKPOCTAaH 3 HAMOLIBIIO KPATHICTIO, BH MOXKeTe 3abyTu mpo 00YnCjIeHHsS (aKTUIHUX
“MOBipHOCTEI.

OCKiJIbKE KPATHOCTi, sIK MPABWJIO, € JIy’Ke BEJIMKAMHU YHUCJIAMU, 3 SKUMU Jy’Ke I'POMI3IKO IPAIIOBATH,
3pyYHIIIe TPAIIOBATH 3 HATYPAJIBLHUM JIOTapu(GPMOM KPATHOCTI, a HE 3 CAMOIO KPATHICTIO. 3 iCTOPUIHUX MPUINH
MUJ TAKOXK MHOXKHTUMEMO Jiorapicm Bif KpaTHOCTI Ha nocTiiiny Bosbiimana. OTpuMana TaKUM 9UHOM BEJIMYUHA,
Ha3MBa€eThCsl eHTponiero. Lle oHe 3 HaWGLIbII BijIOMUX Bu3HaueHb eHTpoNil (ase He €auHE), MO GYJI0 3AIPOIIo-
HoBaHe JIrogsirom Bosbimanom:

S=kplnQ. (0.0.1)

Inakire KaxKy4u, eHTpolid - ne jorapudm ducia crocobiB po3rallyBaHHs eHeprii y cucremi (HOMHOMXKEHHI Ha
nocriitny Bosbimana). Jlorapudm mepersopioe “myke BeMKe YUCa0” - KPATHICTD - y 3BUYaliHe “BeJINKe IUCII0’.
dxmo Bu xouere 3po3ymiTé izmunHmit 3MicT eHTporil, MOKHa irHOpyBaTH Koedirient kp i mpocTto aymarn
npo eHTporiio gk In€) - me 6e3po3mipra Bewmumnaa. OJHAK, KOJIM MU JIOMHOXKAEMO Ha KoedimieHnt kg, S mae
PO3MIpHICTE eHepril, noaiseHol Ha Temmeparypy, abo JIx /K y cucremi CI.

3a IpPUKJIaI0M IOBEPHEMOCS JI0 BUIIAJIKY BEJUKOIO TBEPIOro efHIITERHIBCHbKOro Tijia 3 N OCHUJIsITOPaMHu i

q ommHunAMHT eneprii, ge ¢ > N. Ockimbku Q = (eq/N)¥,
S = kpn(eq/N)"N = Nkp[ln(q/N) +1]. (0.0.2)
Orxe, skmo N = 1022 i ¢ = 10%4,
S = Nkp - (In100) = (5.6 - 10**)kp = 0.77 JIx /K. (0.0.3)

SayBaxkTe TakoxK, o 36iabmends ¢ abo N 36Lbliye eHTPOINio efHIITeRHIBCbKOr0 TBepAoro Tita (xod i He
[PsIMO IPOTIOPINHHO). Baarasi, yum Glibline KiIbKICTh YACTHMHOK y CHCTEeMI 1 9uM OlIbIne eHepril BOHA MIiCTUTD,
TuM Oijibine 11 KpaTHICTh Ta eHTPOITisI.

Kpim jmo/1aBamis 9aCTHHOK Ta, €HEPril, MOXKHA TAKOXK 301JBIIATH €HTPOIII0 CUCTEMH, JTO3BOJUBIIH 1 PO3-
IIUPUTUACS Y OLIBIMIT pocTip, abo Po30UTH BEJUKI MOJIEKYJIM HAa MaJieHbKi, abo 3Mimaru pa3om cyOcTanril,
fKi KOJUCH Oy OKpeMuMH. Y KOXKHOMY 3 IUX BUIAJIKIB 3arajibHa KiTbKICTh MOXKJIMBUX BapiaHTIiB PO3BUTKY
o/1iii 361/IbIIy€eThCst. JleXT0o BBazKalOTh 32 KOPUCHE IHTYITUBHO JIyMaTH PO eHTPOII0 K PO CHHOHIM “6e3/ary”.
OjtHAaK TOYHICTD IHOTO MOHATTS 3aJ€KUTh BiJl TOTO, IO CaMe BU BBAXKAETE DE3JIAIOM.

OjHi€0 3 TPUEMHUX BJIACTHBOCTE €HTPOIIT € Te, IO MMOBHA E€HTPOIIisl CKJIAJI0BOI CUCTEMU JOPIBHIOE CyMi

enrpomniii 11 wacrun. Hanpukiaz, axkmo € asi gactunu, A ta B, T0O
Stotal = kpIn Qiotal = kpIn(QaQp) = kpIn Qs + kpQp = Sa + Sp. (0.0.4)

Mu npuiyckaemMo TyT, o Makpocranu cucreMm A i B Oynu 3agani okpeMo. fIKINO I cucTeMu MOXKYTb B3a-
E€MOJIISITH, TO IIi MAKPOCTAHU MOXKYTh 3 YaCOM 3MIiHIOBATHUCS, 1 JIJIsT OOYMUCJIEHHS €HTPOIT] HA BEJIMKUX TACOBUX
MacmiTabax Mu HOBHHHI obuncautu |Omegatotal, mincyMoByoun BCi MAKpOCTaHU JJIst JBOX cucreM. ExTporis,
fK 1 KpaTHICTh, € (DYHKINEI 9UuCIa JOCTYITHUX MIKPOCTAHIB, a Ie YUCJIO0 3aJI€KUTh BiJI IIKAJIN 9acy, [0 PO3IJIsA-
nmaerbest. OHAK HA TPAKTUIN Il BiAMIHHICTD PiKO Mae 3HaYeHHs . SIKI0 MU IPOCTO MPUILYCTUMO, IO CKJIAI0BA
CUCTEeMa 3HAXO/IUTHCS B HAMOLIBIT HMOBIpHOMY MaKpOCTaHi, MU OTPUMAEMO MPAKTUIHO TY CAMy €HTPOIINIO, IO i

IIPU 11i/ICYMOBYBaHHI BCiX MaKpOCTaHIB.
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OckisibKYE HATypaJbHUil JlorapudM € MOHOTOHHO 3POCTAYOK (DYHKIE CBOIO apryMEHTY, MaKpOCTaH 3
O1JIBIIIOI0 KPATHICTIO TAKOXK Mae Olibiny eHTporito. ToMy Mu MokeMO 11epedOpMYJIFOBATH JIPYTUil 3aKOH TEPMO-

,H‘I/IHaMiKI/I HaCTYITHUM YHUHOM:

Byodv-axa eeaura cucmema, wo mnepebysae 6 pienosasi, Oyde mnepebysamu 6 MAKPOCTAHI
3 mHalbiavworo ewmponiero (me paxyrouu Gaykmyayitd, ki 3a36uval 3aHAdMO MaAL OAR

BUMIPIOBAHHA).
Abo xopore:
Enmponia mae mendenyito do 36invuwenms.

3BepHiTh yBary, ojHak, o rpadik 3ajexkHocri eHTporil B Gyiab-skol 3minnol (Hanpukiaan, Ug abo Vya),
3a3BUYall He MAa€ TAKOro PI3KOro miky. B3agrrs sorapudmy 3riapKye mkK, sikuit 6yB y dyHKIIl KpaTHOCTI. 3BU-
qaifHo, Ile aHITPOXM He BILIMBAE HA HAIIl BUCHOBKWU - sIK 1 paHile BipHO, IO (DJIyKTyaIlil 1ajeKo Bijl MAKPOCTaHY
3 HAHOLIBIIOID EHTPOIIEI0 OYAYyTh 3HEBAXKINBO MaJIi s Oy/Ib-SIKOI JJOCUTH BEJIUKOI CUCTEMU. XO0Ua “‘CIIOHTAHHI"
MIPOTIECH 3aBK/IM BiIOYBAIOTHCS depe3 UncTe 30iMbIIeHHs eHTPOIIl, B MOYKETe IMOCTABUTH 3aIUTAHHS, I MOXKE
BTPYYaHHS JIFOJUHA IPU3BECTH 0 YHCTOrO 3MEHIEHHS €HTPOIil. 3BUYIaiHMIT JOCBI/T MiIKA3YE, M0 Bi/NOBIIb O~
3uTHUBHA: Oy/Ib-siKa JIFOJINHA MOYKE JIETKO IIePEBEPHYTH BCI MOHETH B KOJIEKIIil OpJiaMu Bropy, abo po3copTyBaTH
KOJIOJy KapT, abo HaBecTu JiaJl y KimaaTi. OJJHAK 3MEHIIIEHHsI €HTPOII] B X CUTYAIlisiX BKpail He3HAYHEe, TOJI
sIK eHTPOIlisl, CTBOPIOBaHA MeTaboJi3MOM T2Ki B HAIIOMY OpraHizmi (Koju My BiaAGUPAEMO eHeprito 3 XiMidHHX
3B’93KIB 1 BUKMI@EMO OLIbINY 1T YaCcTUHY Y JOBKULISA y BUIVIS] TEILIOBOI eHeprii), 3aBxkau 3uavna. Hackijibku
MU MOYXKEMO CYJIATH, HAIlll Tijla TaKOXK IiJIKOPSIFOTHCsI 3aKOHAM TEPMOJIUHAMIKY, SIK 1 HeXKuBi mpeameru. Tomy,
10 O BU He POOWJIU JIjIsT 3MEHINTeHHsST eHTPOTIIil B OJTHOMY MiCIli, B 000B’SI3KOBO CTBOPHUTE MPUHANMHI CTLIBKU K
enrporii B inmomy micri. HaBiTh Ko Mu He MOXKeMO 3MEHIINTH 3arajibHy eHTporio BeecBiTy, MOXKIINBO XTOCH
irmmit (abo 1ock iHme) Moxe 1e 3pobuTn?

Y 1867 pormi Hxxeitme Knepk MakcBesur mocTaBuB Take IMATAHHS: YU MOXKE “/IyzKe CIIOCTEPEXKHA 1 aKypaTHa
icrora” (“very observant and neat-fingered being”) BiaxwmisTu Ti MOJIEKY/IH, [0 PYXAIOThCs MIBUIKO, B OIUH
6iK, a Ti, IO PyXaOThCs MOBUIHHO - B iHIINIL, THM CAMAM 3MYIIYIOYH TEIJIO IePEeTiKaTH Bif XOJIOMHOrO 00 €KTa
1o rapsiaoro? Binbsm Tomcon mizuime wHazBas mio Midiuny icrory memonom Makcesuia, i 3 Toro dacy dizukn
Ta Pinocodn HamMararThCd “BUTHATH HOro. Bysio po3pobiieHo He3 iveHHY KUIbKICTh TPOEKTIB MEXaHIIHUX “/1e-
MOHIB”, ajie BCi BOHM BUSABHJINCS HeeeKTUBHUMU. BUSBIISETHCS, 10 HABITH rinoTeTHYHUil “po3yMHnii’” J1eMOH
IIOBUHEH CTBOPIOBATHU €HTPOIIIIO, OCKLIBKHU BiH 00p0bIsie iHdOpMAaIlito, HeOOXiIHY [1JIsi COPTYBAHHS MOJIEKYJI. XO-
va MIpKyBaHHSI IIPO JIEMOHIB 0araTo YoMy HABYMJIN HAC [PO €HTPOII0 3 4daciB MakcBesura, Bep/UKT, CXOXKE,

3aJIUIIAE€THCS HE3MIHHUM: HaBITh JIEMOH He MOKe IIOPYIIUTH JAPYTHUil 3aKOH TEPMOJIUHAMIKU.

§4.5. 3agadi go Temu 4

Modeav Etnwmetina:
Bamaya 4.1. g tBepaoro tina Eitamrreitna 3 KoXKHUM 13 HaBeJIeHUX HUXKUe 3HadeHb N 1 ¢ 3amummTh yci

MOXKJIMBI MiKPOCTaHU, mopaxyiiTe 1x Ta nepeBipre KOMOIHATOPHY (hOPMYJIY:

(g+N—1)!

AN, q) = q'(N —q)!
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(d) N=4,49=3

(e) N =1, q = nosisbhe;

(f) N — noBinbHe, ¢ = 1.

3amadga 4.2. O6uncaiTh KpaTHICTh MakpocTaHy TBepzaoro Tina Eitamreitna 3 30 ocimisropamu ta 30 omqu-
HUIIME eHepril (He HaMaraiiTecsi BunucaTn Bei Mikpocrasm!).

Saznaua 4.3. Jng teepzoro tina Eitamreiina 3 yorupma ocuussiropamu (N = 4) i 1BOMa OJMHUISIMEA eHeprii
(¢ = 2) nozHavTe KOXKHUIT MOKJIUBUI MIKPOCTAH y BULJIAI] Cepil TOYOK I BEPTUKAIBHUX JIHIH, K 1e POOUTHCH
B JIEKITII.

3amaya 4.4. PosrisHemo cucremy 3 aBox TBepaux Tij Eiinmreiina, A i B, KoxkHe 3 skux Micturb 10
OCIIIIIATOPIB, 1 #Ki cymapHo MicTaTh 20 omuannb eneprii. [Ipumycrumo, mo i TBepai Tija crabko B3a€MOMIIOTh,
a 1x 3arajibHa €eHepris He3MiHHA.

(a) CkizbKH PI3HUX MAKPOCTAHIB JIOCTYIIHO JiIsl TH€T cucreMu?

(b) CxinbKu pisHHX MIKPOCTAHIB JOCTYIHO [ [i€l cucremu?

(¢) dKimo npuiycTuTH, MO g CUCTEMa 3HAXOAUTHCA B TEIUIOBIN PIBHOBA3I, KA IMOBIPHICTH, 110 BCA TEILIOBA,
€Hepris MiCTUTBC y TBEPIOMY Timi?

(d) SIka itMOBipHICTH 3HAWTH PIBHO MOJIOBUHY 3arajibHOI €HEPril B OMHOMY 3 TBEPIUX Tin?

(e) 3a gKuX O6CTABUH 15l CHCTEMa MOXKEe IIPOSIBJISTA HE3BOPOTHIO IIOBEIHKY 7

Kpammnicmov maxpocmany:

3amaya 4.5. /Ipa tBepaux Tina Eitnmrreiitna A i B npuBejieHl y TEILUIOBUN KOHTAKT.

(a) Bukopucrosyiite KoMI'toTep, mob mobyaysaTn Tabauio ta rpadik Qiota1(qa) s Bumaaky Ny = 3,
Np =3, axmo ¢ = qa + g = 6.

(b) 3uminiTs Tabaumio ta rpadik, mob mokazaTu BUNAIOK, Koiau Ny =6, Ng =4 1a g = 6.

(¢) dkmo npunycruTH, MO Bl MIKPOCTAHM OJHAKOBO BiporijHi, sikuit MakpocTtaH y Bunazkax (a) ta (b) e
HaOLIbII BIpOTIHUM, 1 YOMY JOPIBHIOE HOro HMOBIpHICTH?

(d) fxwuii makpocran y sumnaakax (a) ta (b) € HaliMenm BiporizHuM i YoMy JOpPIBHIOE fioro imoBipHicTs?

3amaya 4.6. CucreMa CKIa1a€ThCs 3 1B0X TBepaux Tin Einmreiina A 1 B, gki ¢1a0K0o B3a€MOIIIOTH OJIHE 3
omanM, npudomy A mictuts 200 ocrimiisitopis, B micturk 100 ociuisiTopiB, a B mioMy B cucremi € 100 oquHMIE
eHeprii.

(a) Bukopucrosyiite koMI'torep, 106 creoputu Tabimio Ta rpadik (gx y sagaqi 3.5).

(b) fkwuii MakpocTan € HAHOUILIIT BiporigHuM, i 90My JOPIBHIOE Horo iMoBipHicTH?

(c) dxuit MakpocTaH € HaliMeHI BiporiHuM 1 YoMy JOpiBHIOE Horo HMOBIpHICTH?

3amayva 4.7. BukopucroByiiTe KOMITIOTEp, MO0 CTBOPUTH TAOIUINO Ta Tpadik I TBOX B3AEMOIIIOTUX
mapaMarHeTuKiB 3 JIBOMa CTaHAMH, KOXKeH 3 dkux MictuTh 100 esleMeHTapHUX MATHITHUX JWIOJIB. 3a “‘OmuHU-
0" eHepril Bi3bMITH KIIbKICTH, HEOOXIAHY JJIs II€PErOPTAaHHs OJHOrO AMNOJA 31 cramy "sropy"(mapasenbao
30BHIMIHBOMY TIOJIIO) JI0 cTaHy “BHH3"(aHTHIApAJIENBbHO 30BHIMIHBOMY II0J10). IlpuIrycTumo, IO 3arajbHa
KUIBKICTh OJIMHUITH €Hepril BIITHOCHO CTaHy 3 yciMa JUIOJISIMU, CIPSIMOBAHIMU Bropy, A0piBHIOE 80; 110 €Hepriio
MOXKHA, Oy/Ib-sIKUM YUHOM PO3IOJUINTU MiXK JBOMA TapaMarHETHKAMUA.

(a) dkuit makpocran € HaMOLIBII BiporisHUM, 1 YoMy JOPiBHIOE HOro HMOBIpHICTH?

(b) fkwuii MakpocraH € HajiMeHII BipOriHUM 1 YOMYy IOPIBHIOE $0ro HMOBIpHICTH?

3anmaya 4.8. BukopucroByiite MeTOIH IIHOT0O PO3/IiiLy, 00 OTpUMATH (DOPMYILY /I KPATHOCTI MAKPOCTAHY
TBeporo Tuta EiftHmreiina y rpannmi “Husbkoi Temmeparypu’, ¢ <K N.

3amada 4.9. Bukopucrosyiite HabmkenHst Cripiiara, mob 3uaiiTy npubinsHy (OpMyJLy Jjis KPaTHOCTI
napaMartseTuka 3 jsoma cranamu. CripoctiTs mio dopmysy B rpanmii N| < N, mo6 orpumaru 2 ~ (Ne/N )N,
[eit pe3ysibTaT MOBUHEH BUIVISAATA Jy2K€ ITOMIOHIM 10 BaIlol BifmoBimi Ha 3aBianasa 3.17; mOsiCHITH, YoMy IIi

JIBI CUCTEMHU, Y POBIVISHYTUX TPAHUIAX, [0 CYTi HE BiJIPI3HSIOTHCS.
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3anmaya 4.10. Bukopucrosyiite Habamxkennss Cripinra, mob moka3aru, Mo KPaTHICTh TBepAoro Tira Fita-

mIreiiHa yist OyIb-9KUX BEJIUKUX 3HadYeHb N 1 ¢ NpubJIM3HO [NOPIBHIOE:

ey

2mq(q + N)/N

KsapaTaum KopiHeM y 3HAMEHHUKY YaCcTO MOXKHA 3HEXTYBaTH, ajle B JesdKux 3ajadax BiH norpiben. (Ilixkaska:

CIIOYATKY TOKAXKITh, IO

N (¢g+N)
T g+ N ¢IN!
He nexryiite V27N y dopmysi Cripiinra).

3amaua 4.11. Ila 3amava jgae aJabTepHATUBHUHN TiAXiT /10 OMIHKK MUPUHEU MKy (PYHKINI KPATHOCTI JIJIsT
CHCTEMU JBOX BeJIUKNX TBepaux Tin Eitrmrreiina.

(a) Posrignenmo jBa oHAKOBUX TBepAuX Tijta EffHmreiina, KoxHe 3 SKUX CKIAIAETbCI 3 N OCIuIsTOpiB, B
TEIJIOBOMY KOHTaKTi ojHe 3 ojHuM. [IpumycTumo, 1o 3arajibHa, KiJbKiCTh €HEPreTUIHUX OJIMHUIL Y 00’ € THAHIH
cucremi cranoButb 2N. CKUIbKY PI3HUX MaKpOCTaHiB (TOGTO, MOXKJIMBUX 3HAYEHD 3arajlbHOI €Hepril B IepIIoMy
TBepIOMY Tiii) icHye Juia niel 06’eauanol cucremu?

(b) Buxkopucrosyiite pesynbrar 3agadi 4, mo6 sHaiiTu OpubAM3HMI BUpa3 I 3arajibHOI KIIBKOCTI
Mmikpocranis 06’eqaanol cucremu. (Ilizkaska: TpakTyiiTe 06’eHAHY cuCTeMy sIK €/UHe TBepe Tino Eifarreiina.
He Binkumaiite dakropiB "Besmkux"4uncesr, OCKIJIbKE BaM 3pEIITOI0 JOBEJIETHLCS PO3JIUTH JiBa "y»Ke BeJn-
knx'ancta, Maitxke piBHIX omHe omHoMmy. Bimmosigs: 24V /v/87N.)

(¢) Haitbiibi BiporiiHuM MaKpOCTAHOM JIJIs €T cucTeMu € (3BUYAHO) TOM, B IKOMY €Heprisi PO3IOILIAETHCS
OJIHAKOBO MiXK JIBOMa TBepAUMU Tigamu. BukopucroByiite pe3ysibrar 3aBnanusd 4, mob 3uaiTu npubIn3Huii BUpa3
JUIst KpaTHOCTi mporo Makpoctany. (Bigmosias: 24V /(47 N).

(d) Bu moxkere orpumaTy Ipubmu3He yABAEHHS 1IPO «PI3KicTby (DYHKIHT KPATHOCTI, AKINO MOPIBHATH BaIlll
Bignosiai Ha nuranus (b) i (c). Bianosiap Ha (¢) BKa3ye BaM BUCOTY MKy, a Binosiap Ha (b) - 3araibHy morry
iz yeim rpadikom. Ak nyxke rpybe HabMKeHHS yABiTH, 10 (hOpMa BEPIINHU HIPAMOKYTHA. ¥ I[bOMY BUIAIKY,
HACKIIbKH BoHa Oysa 6 mumpokoo? $lka dacTuHa i3 3arajbHOI KiJTBKOCTI MAKPOCTAHIB Ma€ JOCTATHHO BEJUKI
itvoBipHOCTI? OUiHITE IO YaCTHHY YncesbHO JuIs Bunagky N = 1023,

Bamaga 4.12. Po3risreMo mapaMarHeTHK 3 JBOMAa CTaHAMH, B skoMy € 1023 eremenTtapHux aumouis, i3
3araJibHOIO €HEPTri€o, IO JIOPIBHIOE HYJIIO, TaK IO PIBHO IOJOBUHA JIMIIOJIB CIPIMOBAHI BrOpy, a IOJOBUHA -
YHU3.

(a) Cxkinbku MikpocTanis € "mocrymnumu" njist 1€l cucremu?

(b) TpumycTrMo, O MIKPOCTaH IH€l CHCTEMU 3MIHIOETHCS MIbsIPL pasis 3a cekyHry. CKinbku MIiKpoCTaHiB
HApaXye CUCTeMa 3a JIeCATh MUIbAP/IB POKiB (uac icuyBanns Bcecsity)?

(¢) Yu npaBuIbHO CKa3aTH, MO, SKIIO BU Oy/eTe YeKATH JOCUTH IOBIO, CUCTEMA 3 YACOM ITO0YBAE Y KOXKHOMY
" mocrynuromy "Mmikpoctani? TlosicHiITE CBOO BiIOBib Ta 0OrOBOPITH 3HAYEHHS CJIOBA, “JIOCTYITHMIA .

3amada 4.13. /1151 0IHOTO BEJIMKOIO IapaMarHeTUKa 3 JBOMa CTaHAMU (DYHKI[iS KPATHOCTI Mag JIy»Ke Pi3Kuii
ik npu (npubnusuo) Np = N/2.

(a) Bukopucrosyiite nabiuzkenns: Cripyinra, mo6 oniHuTu BUCOTY MKy y (GDYHKIIIT KPATHOCTI.

(b) BukopucroByiiTe METOAN IBOrO PO3JLY, 06 orpuMaTu (hopMyry dbyHKI KpaTHOCTI B paifoHi miky siK
dyuxmio © = Ny — (N/2). Ilepesipre, un Binnosigae Bama dbopmysia Bamol Bianosiai Ha muraxas (a) y pasi,
Ko x = 0.

(¢) Hackiibku mupokuii mik y pyHKIET KpaTrHocTi?

(d) Mpunycrumo, mo Bu neperoprere 1 000 000 morer. Yu Gysu 6 Bu 37mBoBani, orpumasiu 501 000 opJis

i 499 000 perok? Yu 6ysm 6 Bu 3auBoBani, orpumasim 510 000 opais Ta 490 000 pernok? ITosicHiTh BianOBiAb.



Yacturaa 11

Tepmoannamika
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Csoro npamio «JlocaiizkeHHsT Ipo NpUpoAy Ta UpuduHu OararcrBa HapoiiB» Amam CMiT omy0OsiKyBaB y
1776 p., yepes cim pokis micas Toro, sk Jxeiime Yarr (1736-1819) orpuMas HaTeHT Ha 3aAlIPOIOHOBAHUNA HUM
BapianT nmaposoro apuryna. I Cumit, 1 YarT npaioBaju B yHiBepcureri [J1a3ro. €nuna KopucTh Bif Byrijuisi, Ipo
SIKy 3TaJIye€ThCsl B enoxaJibhiil mpari Cmita — 1€ Te, M0 BYTIUIsl CJIY>KHUTh JIZKEPEJIOM TeIIa JiJisi POOITHUKIB.
Mamumau y XVIII cr. npuBomuimcst B pyx BITPOM, BOJIOIO Ta M SI30BOIO CHJo0 TBapuH. Maiizke nBi Tucsdi pokis
MUHYJIO 3 TOro 4acy, sk lepon OJiekcaHIpiicbKuii 3MycuB cEepUIHIN MOCy] 00ePTATHCA HABKOJIO OCL IiJT i€
CUJIA TIApHU, aJie Te, K BOTOHb MOPOJIKYE PYX 1 BMYIIIYE PyXaTUCS YACTUHHU MAINWH, I 3aJUMIATIOCIT 3araKOIO.
Tomy Amam Cwmit (1723-1790) He 6auuB y Byrijul NpuxoBaHe JZKepeso 6araTcTBa HapPOIB.

I och mapoBwmit 1BUTYH BiKpUB HOBI MOXKJIMBOCTI. BuHaxim mapoBoro aBuryHa, 1o J103BOJIUB IIEPETBOPUTH Te-
IJIOTY HA MEXaHIYHUI PyX, HE JIUIIEe O3HAMEHYBAaB HACTAHHS 1HyCTPiaJbHOI PEBOJIIONIL, a i TOPO/INB HOBY HAYKY
— repmouHamiky. Ha BinMiny Bim Takol HayKu, STK HBIOTOHIBChKA MeXaHiKa, [0 BUHUKJIA 3 TEOpil pyXy HeOeCcHUX
TiJI, TEpMOJMHAMIKA HAPOIUIACT 3 OIIBIIT MPAKTHIHOTO, 3eMHOTO iHTEpecy: aJ?Ke TaK XOTLJIOCS JI3HATHCH, K i3
TENJIOTH BUHUKAE PyX.

3rojioM TepMOJIMHAMIKA IEePeTBOPUIACS Ha TEOPIo, IO OIMUCYE B y3arajJbHEHOMY BUIJISJI II€PETBOPEHHS
crany pedoBunu. 111010 MOPOIKEHOTO TEIIOTOIO PYXY, BiH € JIMIle HACTIIKOM JEAKUX TaKUX IT€PeTBOpPEHb. B
OCHOBI TEPMOJIMHAMIKH TI0 CYTi JIE’KaTh JIBa 3aKOHU: TEPIIHUI BiJIHOCUTHCS JI0 €Heprii, a JIPyTruii - 10 eHTPOIril.
Touni Bu3HaveHHs eHepril Ta eHTPOIIl fK JOCTYHIHUX BUMIPY (DIi3MYHUX BeJIMYUH MU BHUKJIAJIEMO Y HACTYIIHUX
JIeKTigX. TakoK MU PO3MOBIMO PO Te, IO TaKe TEPMOJWHAMIKA, 1 MO3HAOMUMO YHUTaYa 3 TEPMIiHOJIOTIEI0 Ta
MOHSITTSMU, sIKi HeOOXiTHI JJIsT 3aCBOEHHS OIAJBIIION0 MaTepiasry.

Koxna cucrema mae eneprito ta enrpomito. Kosm pedoBmHa mepexomuTh 3 OHOrO CTaHy B IHINUIM, TOB-
Ha, €HEepTis 3aJIUIIA€ThCsi HE3MIHHOIO, TOOTO 30epira€rhCsi, a MMOBHA EHTPOINsd MOXKe TLIbKHM 3pOCcTaTu, abo, B
iTeasizoBaHUX BUIQIKAX, 3AJTUIIATUCA HE3MiHHO. He3Bakaroum Ha MPOCTOTY, IIi JIBA TBEPJXKEHHS MAIOTh Ja-
nekocskHi Hacaiaku. [Ilupora BUTiKar0OYnxX i3 HUX BUCHOBKIB clipaBuja TiinOoKe BparkenHs Ha Maxkca Ilnanka
(1858~ 1947), sikuii MaiicTepHO BUKOPHCTOBYBAB TEPMOJMHAMIKY y cBOIX poborax. Mu crozgiBaemocs, mo npu
YUTAHHI HAIOI KHUTH YUTaY 3yMi€ HAJEXKHUM YHHOM OIHUTU 3HAYEHHSI YaCTO IUTOBAHOTO BUCIOBY Asnbepra
Eitnirreitna (1879-1955):

“Teopist cmupaByisie TuM Oijblle BpaskKeHHs, 9YUM Tpocrime I1 BUXITHI [epeaIyMOBH, HHM
pisHOMaHITHII Ti (PaKTH, Mi2K SKUMH BOHA BCTAHOBJIIOE B3Aa€MO3B’SI30K, Ta UUM IIIUPIIE TsCHE-
Thest 00J1acTh 11 3acTocyBanHs. Came TOMY KJIACHYHA TEPMOJIMHAMIKA CIPABHJIA HA MEHE CHJIbHE

Bpakenns. lle equna dizudna Teopiss yHIBEPCAJIbLHOTO 3MICTY, MIOIO HAKOI si IEPEKOHAHUIl, 10 B



Tema 5. TepMmoaunamiuHi cucTreMn 1

PIBHSHHSI CTaHy

§5.1. Temneparypa i Temaora

IIporsirom XVII ta XVIII cT. B ysiBJIeHHSX JIOIUHU PO TPUPOAY BifaOysucs dyHgamenTa bHi 3miau. [Ipu-
Po/ia TTOBLILHO, ajie BIIEBHEHO BTPadaJia POJIb iHCTPYMEHTA JIjIs BTiIEHHS BOJI Bora, sIKy ocsAraioTh JuIe Jepes
reosiorito. HoBe, “HaykoBe”, ysIBJIeHHSI IPO [IPUPOJLY, 3aCHOBAHE HA JOCBi/l (HAYKOBHUX €KCIIEPUMEHTAX ), AaJI0 HaM
iHmuit cBiTorysm i Bimmaauao npupomy Bif pesiril. 3rimHo 3 HOBUME HOTVISIAMN, aKT BOXKECTBEHHOTO CTBOpE-
HHsI CBITY IJIKOM Mir 6yTw, aje Bij TOro 4acy HPHUPOJa IiJKOPSEThCsS MPOCTUM Ta yHIBEPCAJBHUM 3aKOHAM,
SKi JIIOJIMHA MOYKe MI3HABATU 1 BUCJIOB/IIOBATH TOYHOIO MOBOIO MaTeMaTwKu. Kiodewm, IO BiIKPUBAE TaEMHUIIL
[IPUPOJM, CTAJIM €KCIIEPUMEHT T4, KiJIbKiCHe BUBUYEHHS (DI3UIHIX BEJIAIUH.

Came B enoxy IUX BEJIMKHX 3MiH y CBIJIOMOCTI IOYaJIOCs HAyKOBe BHUBYEHHSI HPHUPOAU TeruoTH. Taki
JIOCJIIIP>KEHHST CTa/I MOYKJIMBAMY TOJIOBHMM YHHOM B PE3YJIbTATl YJIOCKOHAJIEHHSI TEPMOMETPA, KOHCTPYIOBAaH-
H$I Ta BUKOPUCTAHHSI SIKOTO MOYMHAIOTHCS Te 3 uacie Tagimeo (1564-1642). Brume Takoro mpocToro MUy,
K TEPMOMETD, Ha PO3BUTOK HAyKu OYB JyzKe 3HauHMM. 3a cjoBamu cepa Lemdpi Hesi (1778-1829), “mimo ne
CIpHUsi€ IPOTPeCy 3HAHHS OLIBIIOI MIPOO, HiXK 3aCTOCYBAHHSI HOBOT'O IIPUJIAILY .

Haiirikasinie BinkpurTsi 3pobus 3a gonomoror tepmomerpa Jxkozed Biek (1728-1799), npodecop menn-
mwau Ta XiMmil y [razro. Biek 3ymiB mpoBecTn 9iTKy pi3HHUINO MiXK TeMIepaTypoio, abo CTyIeHeM HArpiTOCTi,
Ta KiJIbKICTIO TemioTn. BUKOPUCTOBYIOYN y CBOIX MOC/Iiax HE3aJ0Bro JI0 TOTO CKOHCTPYMOBaHI TEPMOMETDH,
Biex BcraHOBUB BaxK/IMBHUil eKCIIEpUMEHTAJIBHII (DaKT: y CTaHi TEIUIOBOI PIBHOBAIM TEMIIEPATypPHU BCIX PEYOBUH
onHakoBi. CyuacHuku Biieka BaXKKO CHPHUIHSIIN IFO JIYMKY, OCKIJIbKH, 3/1aBAJIOCS, BOHA IepebyBaJjia B Cylepe-
YHOCTI 3 MOBCAKJIEHHUM JIOCBIIOM: SIKIIIO TOPKHYTUCS IIMAaTKa METaJy, TO Ha JOTUK BiH 3A€THCH XOJIOIHIIIIM,
HIXK IMIMAaTOK JepeBa, IO JIEKUTH MOPYd, XO4Ua JAePeBO 1 MeTaj TpUBAJIUil Jac mepedyBasin y KOHTAKTI. Tum He
MEHIII TEPMOMETD JIOBOJIMB PiBHICTH TeMIIepaTyp 1 He 3aJIMIIaB IPYHTY Jjis HAWMEHIUX CyMHiBiB. Bukopucro-
BYIOUU TepMOMeETD, BJjiek BIIKpUB IUTOMY TEIIOEMHICTH PEYOBHUH i PO3BisiB THM CAMUM PO3IOBCIOJIZKEHY y TOI
qac HEMPABUIbHY AYyMKY MPO Te, MO KiJbKICTh TEIJIOTH, HeOOXiTHOI /s IIiIBUINEHHST TeMIIepaTypu PEeIOBUHY
HA 33JIaHy BeJIMIMHY, 3aJI€2KUTh BUKJIIOUHO BiJl MACK TL/Ia 1 HE 3aJIe2KUTH BiJl TOrO, i3 90r0 BOHO CKJIAIAEThCs (Bl
fforo ximMigHOrO CKiaLy ). Biek TakoxK BIIKPHUB IIPIXOBaHY TEIUIOTY ILJIABJIEHHS Ta BUIIAPOBYBAHHSI BOJIU (OCTAHHE
BIIKPUTTsT BiH 3pOOHB 3a JOIIOMOTOK CBOTO CIIOBHEHOTO eHTy3iasMoM yuHst JIxkefivca Yarra (1736-1819)).

Xoua poboru [Ixxo3eda Bieka Ta iHmmx g0CaiTHUKIB TO3BOIMIN TPOBECTH IiTKY BiAMIHHICTD Mi2K KIJIBKICTIO
TEIJIOTH T TEMIEPATYPOIO, IIPUPOJA Teria (TeIIOTH) JOBIHUii Yac 3aauiaiacs 3araako. Ax mo kinmsg XIX
CT. TpUBaJIU J1e0aTH PO Te, IO TEIIOTa € JESKOK HEIOPYIITHOK CYyOCTAHIIE, SIKa HA3UBAEThCs “¢Jioricronom”,
ab0 “KaJIOPUTIHOIO PiAUHOIO”, siKa MePEXOoIUTh Bil OJHIET peIoBUHE 110 iHITO1, a00 MEPEHOC TEeII0TH 00YMOBICHUI
MIKPOCKOIIIYHUMA YACTHHKAMU. 3TOJOM CTAJIO $ICHO, IO TEILIOTA - Iie 0/Ha 3 (DOPM Iepesati eHepril, siKa MOxKe

[epeTBOPIOBATHC Ha iHII (hopMu, 1 KaJopiuHa Teopis Kanysia B JleTy, xoda Mu Bee 111e TPOJOBKYEMO BUMIPIOBATH

41



42

KIJIBKICTh TEIJIOTH Y KaJIOPifX.

TemmepaTypy MOXKHA BUMIPSITH, CIIOCTEPIraloyum, sk 3MIiHIOETHCS 3aJIE2KHO BiJl CTYIIEHsI HATPITOCTI sKach
dizuuna BracTuBicTh, HanpukiaL o6’eM piauHu (CKaXKiMO, PTYTi) YU TUCK ra3y. TaKuM YUHOM, JOCJILIHUM
[IJISTXOM BU3HAYAETHCS eMIIipuIHa TeMeparypa. Macimrab oluHUI TeMIIePATYPU 3AJIEXKUATH BiJl MACIITa0y 3MiHI
BUMIPIOBAHOI BJIACTUBOCTI, 1110 TAKOXK 3aJI€?KUTh BiJl CTYIIeHsI HArpiTOCTI pedoBuHU. 3Haiioma BciM mkasia [lesbcis
Bunnkia y XVIII B. dk mMu mobadmmo y HACTymHHUX po3jiiax, dpopMmy/aoBanHs y cepeaudi XIX ct. apyroro
[MOYATKY TEPMOJMHAMIKI BBEJIO MOHSITTS aOCOJIOTHOI IIKAJIN TeMIIEePaTyp, IO He 3aJIe’KUTh BiJ| BJIACTUBOCTEI

peuoBuuu. CydacHa TepMOIUHAMIKA (DOPMYIIIOETHCS B TePMiHAX abOCOIOTHOI TEMIIEpaTypH .

§5.2. I'a30Bi 3aKOHU

Jayi My PO3IJISTHEMO B 3arajibHUX pUcax, 6e3 moraubJIeHHsT B MOAPOOUIll, ra3osi 3akounu. [Ipu mpomy mepes-
06avyaeThCd, M0 YUTaY 3HAHOMMUIT i3 3aKOHAMH 1/1€aJIbHOTO ra3y.

OjtHuM i3 Halinepnux KUIbKICHUX 3aKOHIB, IO OIMUCYIOTH MOBEJIIHKY ra3iB, OyB 3aKOH, BIKPUTHIT aHTJIAEM
Po6eprom Boiinem (1627-1691), cyuacuukom Icaaka Hpiorona (1642-1727). Toii camuii 3akoH OyB HE3aJ€KHO
Bigkputuit dpanysom Emvom Mapiorrom (1620-1684). ¥V 1660 p. Boitib moBijoMus mpo CBOE BIIKpUTTS y
poborti “HoBi dizuko-MexaHivIHi JOCTi U, IO CTOCYIOTHCS MPYKHOCTI MoBiTpst: ipu (ikcoBaHiit Temmeparypi T’

06’eM ra3zy V' obepHEHO MPOIOPITHII THCKY , TOOTO

V =f(T)/p (ne f — nesixa dynkuis). (0.0.5)

(Xoua Temneparypa, sIKy 3HaB i BEHKOpuUCTaB Boiiib, Oysia eMIIPUYHOIO TeMIEpPaTypolo, y (OPMYJIIOBAH-
HAX 3aKOHIB i1€eaJIbHOTO Ta3y, fK MH 1100a9MMO, JOPEYHO BUKOPUCTOBYBaTu abcosoTHy Temieparypy . 111oo
YHUKHYTH 3alfiBUX IIOSICHEHb, MU OyJIeMO BCIOJH, JIe Iie JIOPEYHO, BUKOpUCTOByBaTu temieparypy 1'.) Boiiib Ta-
KOK BIJICTOIOBAB JIYMKY, IO TEIJIO0OMiH 00yMOBJIEHUIT HE MMEPETIKAHHSIM KAJIOPIHOI PiAuHU BiJ OMHOIrO Tijia J10
inmoro, a “iHTeHCUBHUM 0€3/IaJHUM PYXOM YACTHHOK, IO YTBOPIOIOTH TiTO”.

ZKak Hlapan (1746-1823) BuBuas 3MiHy 06’eMy 3ajI€XKHO Bij| TeMIlepaTypy [pH HOCTIHHOMY THCKY. Biu
BCTAHOBUB, ITI0

\% , , .
T = 10 (me f" — mesika dynkmis). (0.0.6)

VY 1811 p. Amaneo Asorajpo (1776-1856) BucsioBuB rimoresy, 3a KO0 UpU OHIi 1 Tiif ke Temueparypi i
TOMY K THCKY piBHI 00csru BCiX rasiB MiCTSATH OIHAKOBY KilnbKicTb MoJiekys. Llst rimoresa BusBuiacs Jyxe
KOPDHUCHOIO ITIPU IMOSsICHEHHI 3MiH THCKY B XIMIYHUX PeaKIlisX, y SKHX 1 peareHTaMu, i IPOJyKTaMu € Tasu. 3
rimoresn ABOraJ[po BUILIMBAJIO, [0 IIPHU IIOCTIAHOMY TUCKY Ta IIOCTIiiHINi TeMIeparypi 00’eM rasy IpOIOPIiiHIIT

qucsty mogieit. Orxke, st N MoJeit rasy

PV = Nf(T). (0.0.7)

IlopiBHsiHHST TA30BUX 3aKOHIB MPU3BOJIUTH JI0 J00pE BiJIOMOTO CITiBBiTHOIIEHHS

pV = NRT. (0.0.8)

e R - ymisepcasibna razosa mocrtiiina (R = 8,31441 JTx - K. Moab 1), Bijomoro sK piBHAHHA cTamy
i/leaJIbHOT'O Ta3y.
Y mipy Toro, sk y XVIII i XIX cr. ximikn Bugiism Ta imerTudikyBain Bce HOBI Ta HOBI ra3u, BUBYAJIACST

i BmactuBocTi nux razis. [ljs Oinbmocti rasiB 3akon Boitis BukoHyerhes Jmime npubamsno. Bin mobpe ommcye
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€KCIIEPUMEHTAJIBHO CIIOCTEPEXKEHY MTOBEIHKY ra3iB 0 TUCKY KiJibKa aTMocdep. Ak Mu mobaunmMo naJii, moBeIiHKY
rasiB y NIXPIIOMY Jialla30H TUCKIB MOYXKHA OIMUCATH 33, JIOTIOMOT0K0 MOAUMIKAIiil pIBHSHHS CTaHY 1J1€aJIbHOTO ra3y,
II[0 BPaXOBYIOTh PO3MIiPH MOJIEKYJI Ta CHJIM MiXKMOJIEKYJISIPHOIO B3a€MOJIII.

Y cywmimi ineanmbHuX ra3iB BUKOHYeThCs 3akoH Jlasbprona 1jis mapriajbHUX TUCKIB ras3iB, 3rifHO 3 SKUM
TUCK, CTBOPIOBAHUI KOYKHUM KOMIIOHEHTOM T'a30BOI CYMIIli, He 3a/Ie2KUTH BiJT IHIITIX KOMITIOHEHTIB, Ta TTOBEIIHKA
KOYKHOTO i3 KOMIIOHEHT ITiIOPSIIKOBYETHCA PIBHSIHHIO CTaHY i/IeabHOr0 Tagdy. ZKINo py - mapIiaJbHuil TUCK, IO

CTBOPIOETHCA k—KOMIIOHeHTOM, TO

ka = NkRT. (009)

Besnukuii BHecOK y BuBueHHs rasis 3pobus 2Koszed JIyi Teii-JTioccak (1778-1850). Bin BusBuB, mo npu
PO3MIUPEHHI PO3PiKEHOT0 Ta3y y MOPOXKHEUy Horo temmeparypa He 3Minoerses. xeiimc IlpeckorT Ixoyis
(1818-1889) mimrsepaus 1eii dakr y cepii A0CHiAiB, y IKUX BCTAHOBUB €KBIBAJIEHTHICTH MEXaHIUHOI eHeprii Ta
remioru. 1li3Hinme mMu TOK/IaIHO PO3TJIsTHEMO 3aKOH 30epexkeHHs eHepril. Kosim moHsTTsi emepris ta dopmy-
JIFOBAHHST 3aKOHY 30€pEeXKEeHHsI eHepril OCTATOYHO yTBEPMUJIACS, CTAId 3PO3YMiI 1 HAC/IJKK 31 CIOCTEpEKeHb
Jxoymnst. OCKibKY IpU PO3IIMPEHH] Y TOPOXKHedy ra3 He 3/1CHIOE pOOOTH, HOro eHeprisi He 3MIiHIOEThCsI. ToT
dakT, 0 Ipy PO3IIUPEHH] ra3y B MOPOKHETY TEMIIEPATyPa 3AJUIIAETHCA HE3MIHHOIO, y TO# dac dK 00’eM i
TUCK 3MIiHIOIOTbCSI, O3HAYAE, IO €HEePrid 3aJaH0l KUIBKOCTI i/IeaJIbHOrO Ta3y 3a/Ie2KUTh BiJl TeMIEepaTypu Ta He
3aJ1eKUTh Bif 00’eMy i THCKy. KpiM Toro, ockisbku KilbKicTh eHepril (TemioTu), HeoOXiMHOT Jyisl MiBUIIEHHS
TEMIIEPATYPH 171€aJIHHOTO Ta3y, IMPOIIOPIIiiHA YUC/Iy MOJIEH ra3y, Moro eHeprisd TaKoXK ITPOIOPIiHA YUCTy MOJIeit
N. Takum gyunoMm, edepris igeansuoro razy U(T, N) € dbyHKIi€0 TIIbKT TeMuepaTypu Ta 4ucja MoJiel razy N,

1 MOXKHa 3aIIICATU

U(T,N)= NU,(T), (0.0.10)
ne U, — BHYTpiIIHS eHeprist Ha MoJib. Jljist cywminn ieaapbHUX ra3iB MOBHA eHEpris JOPIBHIOE CyMi eHepriit
KOMIIOHEHTIB:
U(T,N) =Y U(T,Np) = > NylUpn(T), (0.0.11)
k k
e k=1,2,...,k - mopsakoBuit HoMep KOMIIOHEHTa Ta30BOl CyMilri. 1K moKa3aJ i MOJAIBII TOCTIIZKEHH T,

Y XOPOITIOMY HAOJIMKEHHI Ma€ MICIle 3aJIe?KHICTh

Uy = ¢RT + U, (0.0.12)

ne Uy - mocriiina juist Gyab-sikoro rady. uist omHoaTomuux rasis, takux, sk He i Ar, ¢ = 3/2, a aua
JIBOATOMHUX ra3iB, Takux, sk No 1 Oz, ¢ = 5/2.
leii-Jlioccak TakoXX E€KCIIEPUMEHTAJIBLHO JOBIB, IO KOEMIMIEHT TEPMIYHOIO PO3IIUPEHHsI MPU TOCTIHHOMY
1

TUCKY NPUOIM3HO OJHAKOBUI JJI BCIX PO3PI/PKEHUX Ia3iB i CTAaHOBUTDL 5= Ha rpajgyc lenncis. Takum aunoM,

B OCHOBI ra30BOI0 TEPMOMETPA, B SKOMY TEMIIEpATyPa BHUMIPIOETHCS IIJISIXOM BHMIDIOBAHHS 00’€My Ta3y IIPHU

MOCTIfTHOMY THUCKY, JIE?KUTDH HACTYIIHE CIiBBIIHOIEHHS

V =W+ a0), (0.0.13)
1 A . - .
573 - KoebilieHT TepMiYHOrO PpOBIIMpPeHHs HpH TocTifiHomy tucky. Jlami mu orpumaemo
CIIBBIHOIIIEHHS MiXK TeMmIeparypoio O, 1o BUMIPIOETHCS Ta30BUM TEPMOMETDPOM, Ta aDCOJIOTHOI TeMIlepa-

e a =

Typoro T
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Yci 11i eMIipuYHO BCTAHOBJIEHI Ta30Bi 3aKOHM BiJIIrpaJii BakKJIUBY POJIb ¥ PO3BUTKY TepMOJWHAMIKKA. BoHU
CTaJIU CBOEPIIHUM “TIOIITOHOM” JIJTsT TIEPEBIPKU Oy 1b-SIKOTO 3arajbHOr0 IMOCTYIATY.

BusiBmwiocst, mo g Ginbimocti peanbaux rasis, manpukiay, COsz, Na, Oo, pIBHSAHHS CTaHy i/1€aJILHOTO
razy J00pe OIMUCYBAJIO EKCIEPUMEHTAJBHO CIIOCTEPEXKYBaHI CIIBBiHOIIEHHS MiXK p, V 1 T juine npu TUCKax J10
KiIJIbKOX armocdep. ['a30Bi 3aKOHM He 3a3Ha/U CKLIBKU-HEOY/b ICTOTHUX YTOYHEHb JIO THX IIp, IIOKU He OyJI0
3PO3YMLJIO MOJIEKYJISAPHY Ipupoay rasis. ¥ 1873 p., monaj jaBicTi pokis micis 3uamenuTol mybuikanii Boits,
Ban nep Baasbce (1837-1923) 3anpononyBas piBHsSIHHS CTaHy PEaJIbHOIO ra3y, 10 BPAXOBYE CHJIU B3a€MOJIIl MiXK
MOJIeKyJIaMu Ta X po3mipu. Jlokiagae obroBopenns piBasiHHs Ban nep Baasbca Oye 3po0/ieHo mizHIIe y 1boMy

Kypci, a IIOKI MU ITO3HAIOMUMOCS 3 IIUM DiBHSIHHSM Ta 31CTABUMO MO0 3 PIBHSIHHAM CTaHY 1/1€aJIbHOIO ra3y:

(p+aN?/V?)(V — Nb) = NRT. (0.0.14)

Y 1mpoMy piBHSHHI MOCTiffHA @ XapaKTEepU3ye CUIN TKIHHS MiXK MOJIEKYJIAMH, a TOCTiffHa MPOIOPIiiHA
po3Mipy MoJiekyJ1, ToOTO a i b xapakTepHi Jiist i€l pedoBuHu. Hampukiia, /1jist ra3y rejito a Ta b MeHii, HixK JJIst
razy COs. Ha Bijminy Bij piBHSIHHS cTaHy ifeajbHOro ra3dy, piBHsHHs Ban jnep Baanbca micruth inauBityaibHi
KOHCTAHTH y $IBHOMY BUIJIsi/Ii, TOOTO IPHU PO3PAXyHKAX 3 PEAJHHUM ra30M THCK Ta 00’€M i/1eaJilbHOrO ra3y He-
00Xi/THO KOPHUT'yBaTH.

MozkHa 0o4iKyBaTH, IO €HEPris ra3y 3ajeXKUTh BiJ TOro, sIKOIO Oy/e B3a€MOJis MixK #oro mosiekysamu. Mu

mobadnMo, 1o eHepriio U, 4, rasy Ban nep Baanbca MOXKHA ySIBUTH Y BUTJISIII

Uvdw = Usq — CL(N/V)QV (0015)

Pisusinasa Ban nep Baasbca cTaio 3HadHUM IPOCYBAHHSM BIIepe/] IOPiBHSHO 3 PIBHSIHHSM CTaHY i€aJIbHOTO
ra3y, OCKiJIbKHU JIO3BOJIMJIO TIOSICHUTH 3Pi/I2KEHH I'a3iB, fKe CIIOCTEPIrajocs eKCIEPUMEHTAIBLHO, & TAKOXK Te, IO
BUITE 33 MIEBHY TEMIIEPATYPY, K& Ha3WBAETHCA KPUTUIHOIO, 3PI/IZKEHHST Ta3y CTaBaJIO HEMOYKJIUBUM HE3aJIEIKHO

BiZl TuCKy. BusiBuiocst Takox, 110 3a JIyKe BUCOKUX TUCKIB piBHAHHS BaH nep Baasbca crae HE3aCTOCOBHUM.

§5.3. Ctan pevoBuHHN Ta piBHAHHS Ban mep Baajabca

HaiimrpocrimuMu npukaaaMu 3MiH CTaHy, sKi 3a3HA€ PEUOBUHA, MOXKYTb OyTH TLIABJICHHS TBEPIUX TiT i
BUIIAPOBYBAHHS DPiMH. Y TEPMOIMHAMII Pi3HI CTAHU PEYOBUHU - TBEP/AMIi, PiAKuUil, ra30momiOHuil - TpURHATO
nasuBaTu dazamu. [Ipu 3amanomy THCKY KOXKHIl PEYOBUHI BJIACTUBI II€BHA TEMIIEPATYPA IJIABJIEHHS Ta IIEBHA
TeMIeparypa KUIHHS ;. BUIBIIT TOTO, UMU BJIACTUBOCTSIMU MOYXKHA CKOPUCTATHCS [IJIst TOTO, 100 i1eHTidiKyBaTH
XiMiYHY peYOBUHY a0O0 IMOJIJIUTU KOMIIOHEHTH CyMilIi. 3 yJIOCKOHAJIEHHSIM TepMOMEeTPa 3’siBIJIacs MOXKJIUBICTH
TOYHOI'O BU3HAYEHHS TEMIEPATYD IIaBjieHHs Ta Kuninud. /[xxozed Biek ta [xkeiimc YarT Bigkpuin 1iikase siBu-
11e, 1oB’A3aHe 31 3MiHO00 hazoBoro ckiasy (dbazoBuME mepexojaMu): IpU TEMIEPATy Pl IJIaBIeHHs ab0 KUIIHHS
TeII0Ta, MO MiABOIUTHCS IO CUCTEMU, He MPU3BOIUTH JI0 IIiIBUINEHHS] TEMIIEPATYPH, & JIUIIE TIePEBOIUTH PEUI0-
BUHY 3 ojHiel dhas3u 1o iumoi. Taka TenioTa, MO € B PEYOBUHI, ajie TPUXOBAHO, abo “JTaTeHTHO”, TOOTO “IIorTnHA-
€ThCsl” PEYOBUHOIO, HE BUKJIMKAIOYH IIi/IBUINEHHS TEMIIEPATYPHU, HA3UBAETHCs IPUXOBAHOIO TEIJIOTOIO ILIABJIEHHS
au kumninas. Koy pinuaa TBepaae abo mapa 3piKyeThes, MIPUXOBaHA TEIIOTA BUIISIETHCS Y JOBKIJLIS.

[isikOM 3p03yMLIIO, IO PIBHSIHHSI CTAHY 1€aJbHOIO ra3y, 1o J00pe Omucye 6araro pisHUX BJIACTUBOCTENl ra3is,
cTa€ MApHUM IIPU PO3IVISII IIPOIIECY 3Pi/izKeHHs ra3is. [ieabHuil ra3 3aIuaeTbCs ra30M IIPH BCIX TEMIIEPATYPaxX
- ftoro 06’eM MOXKHA 3MeHITyBaTu J10 HecKindenno mauiol Bejguannan. Y XVIII-XIX cr. moctymoso yTeepauiiacs
i cTasia 3araJJbHONPUWHSITOI0 KOHIEMI[s, [0 PEYOBUHA CKIAJAECTHCA 3 aTOMIB 1 MOJIEKYJI, TPUIOMY MOJIEKYJIH

B3aEMOJIIIOTE MK €06010 (MiK HUMHE JHIOTH MiKMOJeKyssapHi cuin). Came B ayci mux igeit Voxanunec igepik
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Ban zep Baannc (y mucepraiii Ha 3100yTTs HAYKOBOrO CTyleHs JoKTopa dbigocodii) nocraBus cobi 3aBiaHHs
BpaxyBaTH MiKMOJIEKYJISPHI CUJIN TIPU OIKCI IMOBEIIHKU Ta3iB.

Ban nep Baasibe mepium 3po3ymiB, 10 JiJIsT peasibHAX Ta3iB y piBHIHHI CTAHY i€aJibHOTO ra3y HeoOXiTHO
BPaxyBaTH J[Ba OCHOBHI (paKTOPH: BILUIUB CHJI Mi?KMOJIEKYJISIDHOI B3a€MOJIil Ta PO3MIpH MOJIEKYJ. ¥ paxXyBaHHS
MIKMOJIEKYJISIPHUX CHJI JIO3BOJIMJIO OM BHECTH HONPABKY JO0 THCKY i7€a/JlbHOrO ra3y, a BPaxyBaHH: DPO3MipiB
MOJIEKYJT JTO3BOJIHIIO 6 3MEHIINTH peabHuil 00’eM, Akuil 3aiiMae ra3. MikMoseKynsipHe TsKiHHsT 3MEHIIIY€ TUCK
[IOPIBHSHO 3 TUM 3HAYEHHSIM, IO € JJIs 1/1eaJIbHOrO 1a3y. AKINO Preq - THCK PEATIBHOIO Ia3y, & Piq - BiAIOBITHIIT
THCK 1JIEAJILHOTO razy, TOOTO TUCK 6€3 MiKMOJIEKYIISIPHUX CUJL, TO Pid = Preal + 0P, J1€ Op - onpaska. OCKiabKu
TUCK OPOHOPIHHHKI minbHOCT] Yncsta dacTuHOK (N/V) (y 4oMy MOXKHA IEPEKOHATUCS, [ISTHYBIIN Ha DIBHSHHS
CTaHy iJlealbHOrO rasy ), monpaeka 0 nponopuiiina sigaormenno (N/V'). Kpim Toro, mosHa cuia, 1Mo JIi€ Ha KOKHY
MOJIEKYJly 1I00JIN3Y CTIHKH CYJMHE, TaKOXK IHPONOpIiiHa ImiabHoCTi yuciaa vacturok (N/V). Orxke, monpaska
§ mporopiitna asoM MuokHIKaM (N/V), 10610 § = a(N/V)?2. Tlonpaska 10 06cATY Yepe3 PO3MipH MOJEKYT,
TOOTO MOMpaBKa Ha “BUKJIIOYEHUT 06’eM”, MpOIOpIIiiHa YUCIy MOJIEKYJI, To6T0 Vg = V —bN, ne b - monpaBka Ha
1 moute. IligcraBiisioun oTpuMaHi BUpa3u piBHSAHHS CTaHY i7eajbHOro ra3y piqViq = N RT, orpuMyeMo piBHAHHS

Ban nep Baasnnbca:

(p+aN?/V?)(V — Nb) = NRT. (0.0.16)

IIpu nocriitaiit Temnepatypi Tunosi pV-3amexsocTi, BimoMmi sk pV-i3orepmu, mirsa razy Ban nep Baasbca
npesicTaBieHi Ha puc. Ha mux KpuwBUX BUJIHO, IO Mepexij ra3dy B PiIKuUil cTaH BiOyBaeThCs B 00JACTI, J1e KPUBA
pV crae 6araTo3HavIHOIO, TOOTO KOJIA JAHOMY THUCKY HE BiAIOBifae eaunuit 06’em. VY 1iit 061acTi CTAH PEIOBUHA
Takuil, Mo pigka Ta razoBa (asm 3HAXOAATHCS y TEILIOBil piBHOBa3i. Ak Oyie mokaszaHo mi3Himie, KpuBa Bax
nep Baasbca y 1iit obsacTi Bijnosiznae necrabinbaum ctanaMm. Peanbauil ctan ra3y Bigmnosizae mpsiMiit B.

PiBuaunsa Ban nep Baasnbca cBimunrs npo icayBanns kputudHoi Temueparypu 1.: upu T > T, xkpusa pV
3aBXKU OfHO3Ha4YHA. lle roBopuTh IPO Te, IO B Iiif 00JACTI TemMIeparyp He iCHye Mepexoay B PiaKuil cras.
Pieusuusa Ban nep Baasbca ommcye Ky6iuny kpuby, mo mae npu 1’ < T, nBa ekcrpemymu. [Ipu Temmeparypax
T < T, i nBa ekcrpeMymu 3i 30iibineHusaM 1 30MKyIOTbC i, HaperTi, 3a T = T, Bouu 36iraforbes. Bure
KPUTHYIHOI TeMiepaTypu (a3oBuil mepexin i3 ra3oBoi a3 B pifAKy He BiOyBAEThCs, 1 BIAMIHHICTD MiK ra3om
Ta pigunoo 3uukae. (Y Bumajaky HazsoBoOro Iepexoiy 3 TBEpAOro CTaHy B PIIKUil KpuTudHa 00JACTH BiICYTHS:
TBepza dasza HabaraTo GBI yHOPsiIKOBaHA, HiXK DifKa, i JBa CTaHW PeYOBMHU 3aBXKu nowmitai.) Tuck ta
006’eM, IPU AKUX 3HUKAE BIIMIHHICTD MiK PiJIMHOIO Ta ra30M, HA3WBAIOTHCS KPUTUIHUM TUCKOM P i KPUTHIHAM
06’emom V,.. Kpurmani napamerpu p,, V. ta T, MOXKyTb 6y TH BUMIDSHI €KCIIEPUMEHTAIBHO. 1X 3HAUCHHS HABEICHO
y JIOBiJIHIKAX.

Kpurnani nmapamerpn MoxkHa 3B’s3aTH 3 napaMerpamu Bas nep Baaswca a ta b. dxmo p(V,T) posris-
naru ax ¢yuknio Big V, to upu T' < T, y aBox ekcrpeMyMax moxinHa gopisaioe myio: (dp/dV)r = 0. Ilpn
36imbmienni T’y Touri, ge o0uBa eKCcTpeMyMu 30iraoThest, T00T0 y Kpurtnuaniit rouri, I’ =T, p=p. 1 V =V,
3’SIBJIIETHCS TOYKA IIEPeruHy. Y TOYIl ITEPErwHy siK Ieplia, Tak i JApyra MMOXi/HI IOBUHHI JOPIBHIOBATU HYJIO.

Orxe, y KpUTHIHIA TOYII
2
(5v)], =0 (5v%)

BukopucroByoun 11i piBHOCTi, MOXKHA OTPUMATH TaKi CIIBBIIHOIEHHS MiK KPUTUIHAMU apaMeTpPaMu Ta

=0. (0.0.17)

T

nocrifinuMu a ta b

Vin
3

azanww,b: < (0.0.18)
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ne Vi, e - MonsapHnit Kputnaauit o6’eM. Kpurnani mapaMerpn MoXKHa BHpa3uTH 4epe3 TocTiitHi Bam gep

BaaJjinca a Ta b:

9a a
T = —_— —
¢ 27TRb’ 27h2’

Takum 9rHOM, JIJTsT KOXKHOTO ra3y € CBOl KpuTuuHi napamerpu: V., p. ta T,. Ile n103Bosie BBeCcTH 6E3pO3MipHI

Pe = Vm,c = 3b. (0019)

IIPUBEJIEH] 3MiHHI CTaHy:

T, = /TC7 Vm,r = V/Vm,m Dr = p/pc~ (0020)

dAxmo piBuguasa Bau jep Baasbca 3ammcatu y npuBeJIeHOMY BUIVISII, TO BHilJle HACTYIIHE yHiBepCAJIbHE

PIBHSIHHS, 32CTOCOBHE JIJISI Oy/Ib-sIKIX Ia3iB:

8T 3

= — = —. .0.21
Vo112 (0.0.21)

Pr

Orpumane piBHSHHSI B OLIBIIOCTI BUITQJKIB IITBEP/KYEThCS eKCcriepuMenTabHo. 1le o3Hadvae, 1o HaBe-
JIeHI TUCKU BCiX Ta3iB MaiOTh OMHAKOBI 3HAYEHHST MPHU 3aJaHUX 3HAYEHHSAX MMPUBEIEHOrO 00’€My Ta MPUBEIECHOT
Temneparypu. Leit paxT omep:kaB Ha3BY 3aKOHY BiJIIOBIJIHMX CTAHIB.

ITpo BijXwJIEHHS! BiJl TIOBEIIHKN 11€aJIbHOTO Ta3y MOXKHA CyauTH 3 Koedinienty crucausocti Z = (pVy,/RT).
st ineanproro rasy Z = 1. Ha puc. HaBegeHO 3a/1€:KHICTD Z BiJl HABEIEHOIO THUCKY - JJIs pi3HUX razis. Buamo,

o piBusgaHa Bau nep Baasbca m006pe ommcye ekcriepuMeHTa IbHI JaHi.



Tema 6. Ilepinnii 3akoH TepMoANHAMIKNI

§6.1. TepMmoamHaMiuHi cucTeMnu

Tepmoaunamika — 11e HEHOMEHOJIOTIIHII ONUC PIBHOBAXKHUX BJIACTUBOCTEH MAKPOCKOIIYHAX CUCTEM.

VeaBiTh cebe MOCTHBIOTOHIBCHKUM (DI3MKOM, sIKHil XOdUe 3PO3YMITH ITOBEIiHKY TAKOI IPOCTOl CHCTEMH, SK

KOHTeltHep 13 razoMm. Ak 6u Bu BumHmm?! [Ipororumom ycmimuol ¢bi3udHOT TEOpil € KIacHIHA MEXaHIKa, sKa

OIIUCY€ CK.Ha,ZLHi PyX1 9aCTUHOK, IIOYNHAI0OYIU 3 IIPOCTUX OCHOBHUX SaKOHiB7 Ta BUKOPUCTOBYIOYU MaTeMaTUuYHUNI

armapar o64unc/IeHHs. 3a aHAJIOTIE0, BU MOYKETE JIIATH TaK:

e IneanizyiiTe cucreMy, M0 BUBYAETHCs, HACTLILKY, HACKLILKY 1€ MOYKJIUBO (K y BUIAJKY 3 “MaTepiajibHOIO

TOUYKOK” y HBIOTOHIBCHKIN Mexanui). IToHATTS MexaHITHOT pOGOTH HAJ| CHCTEMOIO, 3BICHO, TYT Oy/Ie 3a1a~
BATHUCSI AHAJIOTITHO, aJle BUHUKAIOTH CKJIA IHOII, OB sI3aHi 3 TertoobMinoM. Pirmens mossirae B ToMy, 1100
CIOYATKy BHBYATHU 3aKPUTI CHCTEMHU, i30JIbOBaHI adiabamuyHumy CTIHKAMA, STKi HE JIOMYCKAIOThH 2KOIIHOTO
OOMiHY TEIIOM 3 HABKOJIUIITHIM CepeIOBUIIEM. 3BUYAIHO, 3PEIITO HeoOXiHO Oyie BUBYATH 1 BiAKPUTI

CUCTEMH, SIKi MOXKYTh OOMIHIOBATUCSI TEILIOM i3 30BHIIIHIM CBiTOM 4Yepe3 diamepmivHi CTIHKH.

[Moni6Ho 110 TOrO, K CTaH “MaTepiajbHOI TOYKN’ BU3HAYAETHCA 11 KOOpAMHATAMHU (Ta IMILyJbcaMu), CTaH
MAaKPOCKOITI9HOI CHCTEMU TAKOXK MOXKe OyTH OMMCAHUI PsiIOM TEPMOIMHAMITHUX KOOPAUHAT 9u (DyHKITIH
crany. Haiibijpin 3HaiioMuMyu HAM KOODIWHATAMU € Ti, IO BIJHOCATHCS 10 MEXaHIIHOI pobOTH, TakKi sik
TUCK Ta 00’eM (IyIst pisuHuM), HOBEpXHEBUil HATST Ta IUIONA (JUIsl IUIIBKI), HATST T& JOBXKUHA (11 ApO-
Ty ), €JIEKTPUYHE 110JIe Ta [OJIApu3alis (IJis AieleKTpuKa) Tomo. K nobadumo JaJi, iCHyI0Th JOAATKOBI
dyHKIIT crany, siki MoB’s13aHi 3 MexaHiIHO poboTor. DyHKIT cTaHy m00pe BU3HAYEH] TLIBKU TOL, KOJIU
cucreMa 3HAXOIUTbCS B PiBHOBa3i, TOOTO KOJU 11 BJIACTHBOCTI HE 3MIHIOIOTHCS IOMITHO 3 9aCOM IIPOTSi-
rOM IKAaBUX IS HAC iHTepBaJiB (Jacy CrocTeperkeHHs ). SaJle’KHICTh Bif 9acy CHOCTepesKeHHsI pOOHUTH
MOHSATTs piBHOBaru cy6’ektuBHuUM. Hamnpukiias, BiKOHHE CKJIO 3HAXOIUTHCA B PIBHOBA3l K TBEpE TijIO
MPOTSTOM 0araTbOX JECSITHIThH, ajie Tede sK pPiJuHa B Macmrrabax dacy TUCAYOJITh. 3 iHIIOro OOKY,
IIJTKOM ITPABOMIPHO PO3IJISIATH PIBHOBATY MiXK MaTepi€lo Ta BUIPOMIHIOBAHHIM y paHHbOMY BcecBiti B

nepiri xBuannu Beaukoro Bubyxy.

3periToro, 3B’430K MiXK (DYHKINSIME CTAHy OIUCYETHCS 3aKOHAMH TepMOJMHAMIKU. Bymydn dheHomeHo-
JIOTIYHUM OTIHUCOM, I1i 3aKOHU 3aCHOBAaHI HA HU3I €MIIIPUIHUX CIocTepexKeHb. [loTiM Ha OCHOBI IUX CITO-
cTepekeHb OyJIyeThCsl MTOCJIIJIOBHA, JIOTTYHA 1 MaTeMaTUYHa CTPYKTYPa, SIKa MPU3BOAUTD J10 Oe3J1idi Kopu-
CHUX KOHIIEIIIH 1 10 BepudiKyeMux B3a€MO3B’SI3KiB MiK PI3HUMU BeJTHIMHAME. 3aKOHU TEPMOJIMHAMIKA
MOXKYTh OyTH 0OrpyHTOBaHI Jiuiie Glibil dbyHIaMeHTaIbHOI (MIKPOCKOIIYHO©) Teopieio npupoau. Ha-
MPUKJIa]], CTATUCTUYIHA MEXaHIKa HAMAra€ThbCs OTPUMATH IIi 3aKOHU, BUXOISIN 3 KJACHIHUX I KBAHTO-

BOMEXAHIYHUX PIBHAHB JIJIsI €BOJIIONI] CYKYITHOCTEN YaCTHUHOK.

47



48

C C
Cl’ C2,...
A A jﬁﬁlermic walll A
-
A Y B Y A Y B Y
ALAy,...|1|BuB, ... -~

adiabatic wall

Puc. 0.0.16. Liroctpariist HyJ1b0BOrO 3aKOHY: cucteMu A Ta B, SKi CIIOYaTKy 3HAXOSITHCST OKPEMO

B piBHOBa3i 3 C, MOMIIMAIOTHECS B KOHTAKT OJIHA 3 OIHOIO.

§6.2. HynboBuii 3aKOH TepMOJIMHAMIKI

HynboBuit 3aKoH TepMOJIMHAMIKI BU3HAYAE TPAH3UTUBHUN XapaKTep TEIIOBOI piBHOBaru. BiH roBOpuTh:

Srxwo dei cucmemu, A i B, okpemo nepebysaromnv y pienosasdi 3 mpemwvoro cucmemoro C, 6onu

maxooic nepedbysaromsv y pieHo6a3i 00na 3 00HO0.

HesBaxkatoun Ha TpoCTOTy, HY/JIbOBHII 3aKOH O3HAYAE ICHYBaHHS BaxkKJWBOI (DYHKINI CcTaHy -
emnipuurol memnepamypu ©, TAKOI, MO CUCTEMU, STKi 3HAXOAATHCS B PIBHOBA3i, MAIOTH OJIHAKOBY TEMIIEPATYDY.
Joxkas: Hexaii piBHoBaxkuwuit cran cucrem A, B ta C omnucyerbcsi koopaunatavu A, Ao, ..., By, B, ...
ta C1,Co, ..., BignosigHo. Ilpunymenns, mo A i C' nepebyBatoTh y piBHOBa3i, Ma€ Ha yBa3i OOMEXKEHHsI MixK
koopauaatamu A i C, Tob6To 3MiHa A; IOBUHHA CYIPOBOJIXKYBATHCS IEBHOIO 3MiHOIO As,...;C1,Ch,... s

migrpumku pisaoBaru A i C. Tlozuaunmo 1ie oOMexKeHHsT Yepe3
fac(A1,Ag,...;C1,Co,...) =0.

PienoBara B i C' mae Ha yBa3i aHaJIOriyHe OOMEKEHHSI
fBc(B1,Bs,...;C1,Cs,...) =0.

3ayBaxKTe, M0 KOXKHA CHUCTEMa OKPEMO 3HAXOJUTHCS B MeXaHIuHil piBHOBa3i. KO 1M JI03BOJIEHO TAKOXK
BUKOHYBATU POOOTY OIHOI HAJT OJIHOIO, TO JJIsl OINUCY IXHBOI CIIJIBHOI MEXaHIYHOI pIBHOBAru MOTPIOHI JTOMATKOBI
yMOBH (HAIPUKJIA, TOCTiitHuit Tuck). O4eBuHO, MO MU MOXKeMO chOPMYITIOBATH HAaBeJeHe BUINE OOMEXKEeHHsI
no-pizaomy. Hanpukia i, mu Mmoxkemo criocrepiratu 3miny Ch mipu 3MiHi Beix immux napamerpis. e ekBiBasieHTHO

PIIIEHHIO KOXKHOTO 3 HABEICHUX BUINE PiBHAHD Mg C g OTPUMAHHS
C1 = Fac(A1,As,...;Cs,. . ),

Cl :FBC(BLBQa"';C?a"')‘

Takum anaOoM, sikio C' 3HAXOUTHCS B piBHOBa3i okpeMo 3 A i B, Mu MOBUHHI MaTH
Fac(A1, Ag,...;Cy,...) = Fpo(Bi1, Ba,...;Cy, . ..).
OjiHak, 3riHO 3 HYJILOBUM 3aKOHOM, iCHY€ piBHOBara MixK A 1 B, mo nepegdadac 0OMeXKeHHs

fap(Ai,As,...;B1,Bs,...) =0.
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Puc. 0.0.17. PiBroBaru razy (A) i marnity (B), a Takox rady (A) ta apory (C).

Mu moxkemo BHOparu Oymb-sKuii Habip mapamerpiB A 1 B, gKi BiAIIOBiIarOTh HaBEIEHOMY BHUIIE PIBHSIHHIO,
i migcraButn 1x y piBasinHsg. OTpuMaHa PIBHICTH IMOBHHHA BHKOHYBATHUCS HE3AJIEXKHO B Oy/Ib-SIKOrO HADOPY
sminanx C'y npomy piBHsgHHI. [loTiM MU MOXKeMO 3MIHIOBATH IIi MApaMeTPH, PYXalUYNCh B3I0BXK PI3HOMAHITTS,
obmezkenoro pisusiHHAM (1.5), i piBHstHHs (1.4) 3agummTHCS ClpaBeIMBUM He3aleskHO Bij crany C. Tomy mae
GyTu MOXKJIMBO cripoctuTH piHsHHS (1.4), ckacyBapmm KoopauHaTa C. AJBTepHATHBHO, MU MOXKEMO BHOpPATH
Oyap-sikuii ikcoanuii Habip napamerpis C' ta irHopyBaTu Ix Hazaadl, 3Boasguu ymoBy (1.5) s piBHoBaru A i
B 5o mactymHOro
C"‘)A(Al, A2, .. ) = G)B(Bla BQ, .. .),

TOOTO piBHOBara XapakTepu3yerbcst MyHKIE O TepmouHaMivanx Koopauaat. [l dyHKIs BusHAYaE PIBHSIHHS
crany, a i3orepmu A onucyiorbest ymoBowo O(Ag, Ay, ...) = O. Xoua Ha gaHoMmy erali icHye 6e3/1i9 MOXKJIMBUX
BapianTiB Bubopy byHKII ©, KIIOYOBHM MOMEHTOM € iCHyBaHHS (DYHKIII, siKa OOMEXKYy€e MmapaMeTpu KOXKHOI
cucTeMHU B TEILIOBiil piBHOBa3i. IcHye momibHICTh Mik © Ta CHJIO B MexaHiuHii cucreMmi. Po3risinemMo jiBi oHO-
BUMIpPHi cucreMu, sIKi MOXKYTh BHKOHYBATH POOOTY OJ[HA HAJI OJHOIO, SIK y BHIIAJKY JIBOX IPYXKWH, 3’€THAHUX
pasom. PiBHoBara socsira€Tbesi, KOJIM CHIIM, 3 SIKOI0 CUCTEMHU JIIOTH OJHA Ha OJHY, piBHI. (3BHuaiiHo, Ha BiaMiHy
BiJ[ CKAJIIPHOI TEMIIEPATYPH, BEKTOPHA CIJIa MAa€ HAIPSIMOK; 1€ YCKJIAJHEHHS MU TYT MPOIrHOPYBAJM; OiIbII
BIJIIIOBIIHOIO aHAJIONIEI0 € TUCK ra30BOro nopiiHs). MexaHiqHa piBHOBara MiXK KiJIbKOMa TAKMMU TLIAMH TAKOXK
€ TepexiHoI0, 1 OCTaHHE MOXKHA OyJIo 6 BUKOPUCTOBYBATHU sIK BiIIIPABHY TOUYKY JIJIsi BUCHOBKY IIPO iCHYBAHHSI

MEXaHITIHOI CHJIN.

ITpuknan: piBHAHHS cTaHy Ilpukian: Posrismemo tpu cucremm: (A) apit nosxunoio L 3 mararom F,
(B) mapamaraeruk Hamaraidenocti M B maraitHomy nosti B i (C) raz o6’emom V' npu tucky P.
CriocrepeskeHHsl TIOKAa3yIOTh, M0 KOJIM I[i CUCTEMU 3HAXOATHCS B PIBHOBa3i, cepell IX KOOPJMHAT BUKOHYIO-

ThCA TaKl OOMEXKEHHI:

(P+ %)(V “B)(L — Lo) — e|F — K(L — Lo)] =0,

a
<P+ W)(V—b)M—dB:o
. OueBnHO, 110 11Ii OOMEKEHHST MOXKYTh OyTH OpraHi3oBaHi B TPU eMIipudHi GyHKIHT TeMuepaTypu y BUIJIs I

0 (P+%)(vfb):c(%%fz() :d%
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Puc. 0.0.18. Tlorpiiina Toduka JbO/Ly, BOJU Ta HapW 3HAXOIUTHCA B YHIKaJbHIM ToUI (hazoBol

miarpamu (P, T).

Ile mobpe BifoMi piBHsIHHSI CTaHy:

O x (P + i) (V —b) = NkpT, (ra3 Bam-gep-Baasnbca)

V2
M = (NugB)/(3kpT), (mapamarnernx Kropi) (0.0.22)
F = (K + DT)(L — Ly). (3akon I'yka jyist py»KuHn)

TemriepaTypHa MIKaJa i/IeaJJbHOTO ra3y Sk BUIHO 3 HABEIEHOTO BHIIE TIPUKJIALY, HyTHOBUIl 3aKOH
JIAIe KOHCTATy€ HAasBHICTDH i30Tepmu. [[jisi TOro mob BCTAHOBUTHU NMPAKTUYHY TEMIEPATYPHY INKAJLY HA JIAHO-
My erari, HeoOXi/Ha cucTeMa BiIKYy. lneanbHuii ra3 3aiiMae BaXK/IMBe MiCIle y T€PMOAMHAMIIN Ta 3abe3medye
HeoOXiIHMiT eTaJioH. EMIipuyHi criocTepezkeHHsl MOKa3yTh, IO JI00YTOK THCKY Ta 00’€My IOCTIHHWIT B3I0BXK
ioTepMu OY/Ib-SIKOTO JIOCUTH PO3PiI?KEHOr0 Ta3y. laeabHMit ra3 BiIHOCUTHCS 70 I€T PO3PiPKEHOI IPpaHUIll pe-
aJbHUX Ta3iB, a TeMIlepaTypa ileaabHOro ra3y mpomnopiiiiiia 100y TKy. KoHcTanTa mpomopIiifHOCTi BUBHATAETHCS
3a JIOTIOMOTOI0 TEMIIEPATyPHU MOTPIHHOT TOYKU CHCTEMHU JILOJ-BOJA-ra3, sika OyJsia BCTaHOBJIEHa Ha piBHI 273,16
rpaycis Kenbsina (°K) 10-o10 Tenepanbhoio kondepeniieo 3 mip Ta Bar y 1954 pori.

Bukopucrosytoun pospijpkenuii raz (1o6ro npu P — 0) sIK TepMOMETD, TeMIIepaTypy CUCTeMH MOXKHA OTPH-
MaTu 3 hOpMyJIH:

T(°K) = 273.16 x ( lim (PV)eueroria/ Iyglo(PV)m_me).

lim
P—0

§6.3. Ilepmmii 3aKkoH TepMoOAMHAMIKN

Tenep Mu po3TJIsTHEMO 3MIiHU MiXK PISHUME CTaHAME piBHOBaru. Taki mepeTBOPEeHHS MOXKYTh Oy TH JOCSTHYTI
IIIJISTXOM 3aCTOCYBAHHS JIO CUCTEMHU poboTH abo JioaBanus Teria. [lepimit 3aK0H TepMOJIMHAMIKT CBiTIATD, IO
i pobora, i Temno € popmamu eHeprii, i 1Mo MoBHA eHepris 36epiraeTbesi. Mu Oy/1eMO BUKOPHCTOBYBATH HACTYITHE

dopmysToBaHHS:

Kinvricmo pobomu, HeobxioHoi 0as 3MiHu cmary adiabamuyHo 1304b08GH0T CUCTIEMU, 3ANEHCUTD

auue 610 1% nowamKro6020 i KiHUE6020 CMAHIB, AAE HE 3ANENHCUMD 6i0 CNOCOOY, AKUM BUKOHYEMBC



o1

Puc. 0.0.19. /IBa ajiabarwvHi NUIAXUA 3MiHU MaKPOCKOIIYHUX KOOP/IMHAT MiXK IMOYATKOBOIO i

KIHIIEBOIO TOYKOIO MTPU3BOIATH JO OJHAKOBOI 3MiHM BHYTPIITHBOI €HepTil.

poboma, ma 6i0 NPOMIHCHUT cmadill, wepes Aki NPoTodums CUCmMema.

Sk macmizok, Mu poGMMO BHCHOBOK PO iCHyBaHHsI Iie oJHi€el dyHKIl craHy — BHyTpimHbol eHeprii F(X).
o nocriiinol sBesuauan E(X) moxe 6yTu orpumana 3 KiabkocTi poboru AW, HeoOximHOl miis aaiabaTuanoro

IIepeTBOPEHHs II049aTKOBOIo cTany X; B Kinnesuii cran X , BAKOPHCTOBYIOUH
AW = E(Xy) — E(X;).

[Tpu zaranbaoMy (Hea iabaTUIHOMY) MEPETBOPEHHI KIIbKICTH poOOTH HE JOPIBHIOE 3MiHI BHYTPIIIHBOI €HEpril.
Pisaung AQ = AFE — AW Bu3sHa4aeThCsl sIK CIIOXKUBAHHS TeILIa CHCTEMOK 13 HABKOJIUIIHBOIO CEPEIOBUIIA.
OueBnHO, 1O B Takux mneperBopeHHsax AQ) i AW okpemo He € DyHKIIsIMU CTaHy, OCKIJIBKI BOHU 3aJIEXKATH BiJL
30BHINTHIX (HAKTOPIB, TAKUX SIK CIIOCOOM 3aCTOCYBaHHS POOOTH, a He TiMbKU KinreBux craHiB. 11106 marosocuTn
Ha I[bOMY, JUIsl {epeHIiaabHOro epeTBopenHs Mu mumemo dQ = dE —dW, ne dE =), (0E/0X;)dX; moxe
OyTu orpuMaHO JudepeHIifoBaHHsAM, TOM K dQ) i dW B 3arajilbHOMy BUIIQJKy HE MOXKYTb. TAaKOXK 3BEPHITH
yBary Ha Te, II0 3HAKK PODOTU Ta TeIIa BHOMPAIOTHCS JIJisi MO3HAYEHHsI €Hepril, JIOJAaHol JI0 CHCTEMHU, a He

HaBIIaKH.

§6.4. KBa3zicTaIrioHapHi IIporiecu

KBasucraruueckoe mepeTBOpEHHS - IIe IEPETBOPEHHSI, siKe 3IHCHIOETHCS JIOCUTH MOBLJIBHO, OTKE CHCTEMa
3aBXk /U y piBHOBa3i. Takum gmHOM, Ha Oy/1b-siKiil CTa/il MPOIECy TepMOIMHAMIYHI KOOPAMHATH CUCTEMHU iICHYIOTh
i, B mpuHIumII, MOXKyThb OyTu o6uucseni. [ Takux neperBopedb poboTa, M0 3AIHCHIOETHCA HaJl CUCTEMOIO (BOHA
JIOPIBHIOE 32 BEJIMUUHOIO, aJie IIPOTUIIE’KHA 38 3HAKOM POBOTI, 1110 3/{HiCHIOETHCSI CUCTEMOIO ), MOKe Oy TH [10B’s13aHa,
31 3MIHOIO IUX KOOPJAMHAT. 3a3BUUaii MOXKHA PO3ILIUTH (DYHKIT crany X Ha HabIp y3arajbHEHUX HepeMilleHb

Z; 1 CIIOJIyYeHnX i3 HUMU y3araJbHEHUX CHUJI J;, OTKe JIJIsT HECKIHYeHHO MAJIOT0 KBAa3UCTATHIHOTO MEPETBOPEHHST

N
aw = Z Jidz;.

i=1

Y Tabaurli HaBEIEHO JEsAKi MPUKJ/IAIN TAKUX KOOD/IMHAT.
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Puc. 0.0.20. T'azy, 1o croyaTKy 3HaXOIUBCS Y JIBiil KamMepi, Jal0Th MOXKJIMBICTD MBUJIKO PO3-

ITUPUTUCH B OOUJIBI KaMepH.

3BepHITH yBary, 10 IepeMillleHHsT 3a3BUYail € eKCTEHCUBHOIO BEJIMYMHOK, TOOTO IIPOIOPIIIHOIO JI0 PO3MIpy
CHUCTEeMH, B TOI YacC sIK CUJIN € IHTEHCUBHUMH 1 He 3aJ1€2KaTh BiJl po3mipy cuctemu. Takok 3BEpHITH yBary, 1o THCK
3a YMOBOIO OOYHCJIIOETHCS 13 CUJIU, KA HAJIA€THCS CACTEMOIO HA CTIHKW, HA BIIIMIHY BiJ CHJIM HA MPYKUHY, 110
Jli€ y TPOTWJIEKHOMY HanpsMKy. lle mpuyanHa HeraTWBHOTO 3HAKA, SKUI 3a3BUYAl CyTPOBOZKYE TiAPOCTATHIHY
pobory.

Excniepument /[2xoyuist 1010 BIJIbHOrO po3IiupeHHs: [HIIOI0 BaXKJ/IMBOIO BJIACTUBICTIO i/1€a/IbHOTO ra3y € I1o-
BeiHKa foro BHyTpimHBOI eHeprii. CriocTepeKeHHs MOKa3yI0Th, SKIMO TAKUN ra3 PO3MIUPIOETHCHA aliadaTHIHO
(ame me OGOB’SI3KOBO KBA3UCTATHIHO), Bim ob’emy V; mo ob’emy Vj, To modaTkoBa i KiHIeBa TeMiepary-
pu oxuakosi. Ockisbku neperBopenss ajiabarnune (dQ = 0) Ta 30BHiIHSA PobGOTAa HAJ| CHCTEMOIO BiJCYTHSI
(AW = 0), BHyTpilIHS eHepris ra3y 3a/UMaeThCst He3MiHHO©. OCKUIBKE THCK 1 06¢sr Ta3y y Hpoleci 3MiHIOIThCS,
a TeMmrepaTrypa - Hi, POOMMO BHUCHOBOK, IO BHYTPIITHS €HEPris 3a/IeKUTh TLIBKHU Bij Temmeparypu, TOOTO
E(V,T) = E(T). lla BracTuBicThb ieaJlbHOrO Ta3y HACIPABI € HACKIAKOM (HDOPMHU DIBHSHHS CTaHy, 10 Oy/e

JIOBEJIEHO B 3a/a49ax.

§6.5. OyHKIII BIATYKY

OyHKIl BiANYKY € CTaHJAPTHUM CIIOCOOOM XapaKTEPUCTUKH MAKPOCKOINYHOI MOBEIIHKH cucTeMu. BoHU
BUMIPIOIOTHCsSI €KCIIEPUMEHTAJIBHO I0/I0 3MiH TEPMOJMHAMIYHUX KOOP/IMHAT 3a JIONMOMOTIOI0 30BHIIIHIX 30HJIiB.
Hesiki mommpeni GpyHKIT BiAryKy Taki: TemmoeMHICTh OTPUMYIOTH 31 3MiHI TEeMIEPATypu P JIOJaBaHHI Teria
1o cucremu. OCKIIbKE TEIIO He € (PYHKINE CTaHy, HEOOXITHO TAKOXK BKa3aTH IILISAX, IKUM BOHO Ha/XOJIUTh.

Hamnpukias, 1y ra3y MOXKHa pO3paxyBaTH TEIJIOEMHOCTI IIPH MOCTiffHOMY 00cst3i b0 TUCKY, IO TO3HAYAIOTHCS

_dQ _ @

Cv=ar|, = ar

T,
14 P

BijmoBigao. OcranHst GijibIla, OCKIJIBKI YaCTHHA TeIlJIa BUTPAYAE€ThCsl Ha BUKOHAHHST POOOTH IPH 3MiHI 00CsTy:

co_dQ| _dE—aw| _dE+tPdV| _OE

V>ar|,  dar |, d4r |, ar|,
c,_dQ| _dE—dW| _dE+PdV| _OE|  ,dV
Poar|,  4ar |, dr |, T |, " dT|,

CuJioBl KOHCTAHTH BUMIDIOIOTH (HECKIHYEHHO MaJie) BiHOILIEHHsI YCYHEHHs CUJIl 1 € PI3HOBHIAMU [IPYIKHUH-
Hol koHcranTu. [Ipukiaju BKIOYAOTH i30TepMiudy cruciausicrs razy kp = —0V/OP |T /V i cupuitasariusicTsb
maruity & = OM /OB |T /V. 3 piBusinug crany imeasnbuoro razy PV o« T orpumyemo kp = 1/P. Teniosi peakiiii
[IOKA3yIOTh 3MiHYy TEPMOAMHAMIYHUX KOOPJMHAT i3 TeMuepaTypoio. Hanpukia, npy»KHICTh ra3y BH3HAYAETHCSI

ap = 8V/5‘T| p/V, mo nopisutoe 1/T" nus ineamproro rasy. OckiqbKu BHYTDINIHA eHepris ijeaqbHOTO rasy



23

sanexurb OF /0T } p= dE/dT, i piBHSIHHSI CIIPOIIYETHCS 10

c c P5‘V PV
p—Ly=r—| =
oT | p T

Ocranns pIBHICTD € HACIIKOM €KCTEHCUBHOCTI: JIst JAHOro o0cary imeasnbuoro rady nocriitna PV/T mnpo-
nopititina N, 9uc/ly YacTUHOK Y Ta3i; 1e BijHomenHs € nocrifinum BosbiivanoMm 3i 3nadenusM kp ~ 1.4 X 10—23



Tema 7. /Ipyruii 3aKoH TepMoAUHAMIKNI

§7.1. TenoBi ABUTYHHI Ta XOJOAUJIbBHUKN

[IpakTUYHUM IOMITOBXOM JO PO3BUTKY HayKu TepMmojuHaMiku y XIX cTosiTri craja mosiBa TENJIOBUX JIBU-
ryHiB. 3pOCTaHHST 3JI€2KHOCTI Bl MAIUH JIIsT BAKOHAHHST POOOTH TIiJ1 9a¢ TIPOMUCJIOBOT PEBOJIIOIIT BUMATAJIO KPa-
OO0 PO3YMiHHS MPUHITAIIB, IO JIEXKaTh B OCHOBI IIepeTBOPeHHS Teruia B poboty. locuts 1mikaBo crocrepirary,
sIK TaKi MPaKTUYHI MipKYBaHHsI, K e(DeKTUBHICThH JIBUI'YHIB, MOXKYTh IIPU3BECTH JO TAKUX aOCTPAKTHUX i€,
K €HTPOTIis.

IneanizoBanuii menaosudl deuzyn Mpalioe, IPUAMAIOYN IeBHY KiJIbKICTh Temia (g Bl mxepesa reria (Ha-
[PUKJIaJl, Bl ByriJbHOIO BOTHUINA), NEPETBOPIOIOYN YacTuHy Temia B pobory W, i Bukujaoun remwio Qc¢, mo
3aMIINJIOCS, B TEILIOBIABEIeHHs (HApuKyiag, B armocdepy). Edekrusnicts, T06T0 KOedilieHT KOPUCHOT il

(KK ) nBuryna, po3paxoByeThCst 3a (POPMYJIOIO
W _Qu—-Qc _

= Qu Qe ~

LeastizoBanuii £0400UAHUK CXOKUN HA IBUTYH, IO MIPAIFOE Y 3BOPOTHOMY HAIIPSIMKY, TOOTO BiH BUKOPUCTO-

1.

Bye pobory W ist BujiydeHHsI Teria Q¢ 3 XOJIOIHOI CUCTEMHU 1 BiABOAUTH TeIlio (y IPU BUIIINA TeMIiepaTypi.

Amnasioriuno mu mozkemo BusHauntu KK/ XomoauibHUKa B Takuii criocio:

Q¢ Qc

YTW T Qr-Qc
[Tepiuit 3aK0H BUKJIIOYAE TaK 3BaHI “BiUHI ABUTYHU MEPIIOrO POy, TOOTO JABUTYHH, STKi BUKOHYIOTH POOOTY
6e3 croxkuBaHHsI eHeprii. [Ipore 3akoH 30epexKeHHsI eHepril He MOPYIIYETbCs JIBUTYHOM, SIKHil BUKOHY€E pPOOO-
Ty, TIePeTBOPIOIOYN BOIY Ha Jif. Takwit “BiuHUil ABUTYH JAPyroro pojay”’, 6e3yMOBHO, BUPIINB OM eHepreTUYHi
npobjieMu CBITY, ajie BiH BUKJIIOYAETHCS JPYTUM 3aKOHOM TepMonHaMiku. CrocTepeskeHHsl, M0 IPUPOIHUI Ha-
MPSIMOK TIOTOKY TEILJIa - BiJ rapsiauX TiJ1 10 OLIBIN XOJIOJHUX, € CYyTTIO JPYroro 3aKOHy TepMoamHamiku. [cHye

psZ pisHUX (POPMYJIIOBAHDL JPYTroro 3aKOHY, HAIIPUKJIAJ, TaKi JBa TBEP2KEHHS:

Y Ou 1oy

Engine ———W W —>— Refrigerator

Oc Oc
< Sink > _lcebox >

Puc. 0.0.21. IneasizoBanuii IBUTYH Ta XOJIOANIHLHUK.

54
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hot hot
N O Y Oy Op—-0Qc
Engine —- W = w

N =
Q cold Y Ce=C

A

Puc. 0.0.22. Mammuna, mo nopyinye teepkenns Kiaysiyca C, Moxke 6yTH 3’€1HaHA 3 IBUTYHOM,

B pe3yJIbTaTi 4oro Buiijie KOMOiHOBaHUi pucTpiii K, 10 nopyiinye TBep/Kenusa KebBiHa.

hot hot
0 Oy Oy-0

— |14 ) —
K Refrigerator = <C>

Oc Oc

cold

Puc. 0.0.23. Mamuna, gxa nopyniye TBep/ikeHHsi Kenbpina K, MoxKe OyTu 3’€IHaHa 3 XOJIO-

JIMJIBHUKOM, IO IIPU3Bee JI0 HopyiieHHs 3aTBepzkennsa Kiaysiyca C.

° Teepmxkenns KenbBina: nemoorcausutl otcodnuti npouec, eOuHUM PESYALMATIOM AK020 OY-

A0 6 NOBHE NEPEMBOPEHHA MENAL HA POOOMY.

° Teepmxenusa Knaysiyca: nemoorcausutl npouec, c0unHumM pe3ysvmamom K020 € nepedasa

menaa 610 6invbuw T0A00H020 Miaa A0 BLALUL 2aPAH020.

[Teprite TBep/zKEHHST BUKJIIOYAE 1eaJIbHUIM JBUTYH, JIpyre — iJleaJibHUil XOJouabHUK. OCKiabku Mu Oy-
JIeMO BHUKOPHCTOBYBATH OOHMIBA TBEP/KEHHS, CIIOYATKY IIOKAyKeMO, IO BOHM € ekBiBasienTHuMHU. Jlokas
eKBiBaJIeHTHOCTI TBep,iKeHb KembBina Ta Kiraysiyca mossiraTuMe B JIEMOHCTpAIll TOTO, IO SKITO TTOPYIIEHO
OJ/IHE 3 HUX, TO IOPYIIEHO il iHIIe.

(a) IIpunycrumo, mpo icHye MainmHa, sika nopyiiye TBepkenns Kiaysiyca, Biasoasan Terio ¢ 3 XoJaoaHimol
obJtacTi B OLIBIN rapsdy. Temep po3ryIssHeMO ABUTYH, MO MIPAIIOE MiXK IIUMU JIBOMa, 00JIACTSIME, IO 3a0UpaE Terio
Qpy 3 rapsigimol obsacti i ckupae Q¢ y Oiabm xosonny. O6’ennana cucrema orpumye @y — (Q Bl rapsiaoro
JPKepesia, BUKOHYE pobory, piBHY Qg — Q¢ 1 ckumae Q¢ — Q B X0JIOAHY 00J1acTh. SIKINO MU HAJIAIITYEMO
HOTY?KHICTH JBUTYHA TAKUM 9UHOM, o6 Q¢ = @, To B pe3ynabrari Mu orpuMaemo asurys 3i 100% KK/, mo
cynepevunTsb TBepkeHHIo KerbBina.

(b) Amajoriuno, npumycTuMO, 1O iCHYE MalllMHa, sIKa IOPYIIye 3akoH KesbiHa, mpuitmatoun temio @ i
ITOBHICTIO TEPEeTBOPIOIYN Horo Ha pobory. PoboTa, BUKOHAHA IIIE€I0 MAIMMHOIO, MOXKE OYTH BUKOPHCTAHA, JIJIs
pobOTH XOJIOIMJIBHUKA, BHAC/IIIOK 9OTO TEILIO MEPEeIAEThCs BiJl XOJIOMHIMIOrO Tijla /10 Tapsdimioro, o € mopy-

meHHaM 3akony Kiraysiyca.
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§7.2. /Isurynu KapHo i TepMoanHaMidHa TeMIiiepaTypa

Lsuzyn Kapro - ue 6ydo-axuti dsueym, Axuil € 060pOMHUM, NPAYIOE 68 UUKAL, NPU ULOMY 6CI me-

nA00OMIHY 6106Yy6arOMbeA 3a memnepamypu docepesa TH i memnepamypu nozsunayua TC.

O6opomnuti TIpoTIEC - T1e TPOTIEC, KU MOXKHA 3AILyCTUTH Y 3BOPOTHOMY HAIIPSIMKY Y Yaci, IPOCTO MOMiHSIBIITH
MicrgMu #oro Bxoju Ta Buxoau. lle TepmopuHaMivHuil ekBiBasieHT pyxy 6e3 Teprs y mexanimi. OcKiibku 060-
pOTHICTH y Yaci mepegbadae piBHOBAry, 0OOPOTHE MEPETBOPEHHsI Ma€ OyTH KBa3iCTaTWIHWM, ajie 3BOPOTHE He
000B’sI3KOBO BIpHO (HAIIPUKJIAJ, AKINO ICHY€E JAUCCUNAIS eHepril yepe3 TepTs). JIBUryH, M0 IPAIIoe 38 YUKAOM,
[IOBEPTAETHCS IO CBOI'O IIOYATKOBOI'O BHYTPIIIHBOIO CTAaHY B KiHIN Iporecy. BimMminHoo ocobsuBicTio nBUTYHA
Kapmo € Te, 110 TerioodbMin i3 HABKOJIHUIIHIM CEPEOBUINEM BiI0OyBAECTHCS JIUIIE 3a JIBOX TEMIIEPATYD.

HympoBuit 3akoH mo3BoIste BuOpaTu ABi i3orepmu nipu temreparypax 1y i To mist mux TermaoobMinis. Jls
3aBepIieHHs: UKy KapHo Mu OBUHHI 3’€1HATH 11l i30T€pMU 000POTHUMU adiabamMUHUMY ILISIXaMU y IIPOCTOPI
koopuHaT. OCKiIbKE Tero He € (DYHKIEI CTaHy, MU HE 3HAEMO, sIK 30y/yBaTH Taki MUISXH B 3araJibHOMY
BunaaKy. Ha macts, Ha maHnii MOMEHT y HAC JOCTATHLO iHdopMmariil, mob mobyaysaru asuryn Kapno, skumii
BUKOPHUCTOBYE i/1eaJIbHUIl ra3 sK BHYTpimHill poboumii marepian. st memoncTpamii obunciuMo agiabaTudHi
KPUBI JJTsl i/1€aTbHOTO OJTHOATOMHOTO Ta3y 3 BHYTPINTHBOIO €HEPTI€Io

3

3
E = SNkgT = S PV.
9 VB 3V

VY310BXK KBa3iCTATUIHOI TPAEKTOPIT
dQ = dE — dW — d(gpv) + PAV = gPdV + ngP.

Toxi ymoBa agiabarmarocti dQ) = 0 03HAYAE TLISAX

% + g% =0, = PV = const,
ne vy =5/3.

A iiabaTuyHi KpUBI YiTKO BIJIPI3HSIIOTHCS BiJI 130T€PM, 1 MU MOXKEMO BHOpATHU J(BI TaKi KPUBI JJIsl IEPETUHY
HaImmx izorepMm, 3aBepiryioun nukja Kapuo. [Ipunymenns mpo e, mo E o« T He € 000B’SI3KOBUM, i B OJTHOMY
i3 3aBIaHb, HABEJEHUX B KiHIl [BOrO PO3/ilLy, Bu HOOymyere amiabaruky s Oyab-skoro E(T). Hacupasni,
aHaJIoriYHa MO0y I0Ba MOKIIUBA JJIsd Oy1b-gKOI ABomapaMerpudnol cucremu 3 F(J, ).

Teopema Kapno: ?Kozen apuryH, mo mnparoe MixK JBoma pesepByapamu (npu temmneparypax Ty i Tc),

He € OinbIn epeKTUBHUM, HiK ABUryH KapHo, 10 mpaIfioe MiK HUMU.

TH
Y On
Carnot engine W
A\
Qc
Tc

Puc. 0.0.24. Jpuryn Kapno mparmroe Mmixk temueparypamu Ty Ta To, 6e3 Oyib-gKUX iHINAX

TEII00OMIHIB.
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adiabatics (AQ =0)

\ \

\

Puc. 0.0.25. Hukn Kapno jyig ijeaabHOro rasy, i30TepMidHUNi Ta a/iadaTUIHUN MIISXU TO3HA-

YeHl CYIIJIbHOIO Ta IIyHKTUPHOIO JIIHISMH, BI/IIIOBITHO.

Ty

V Oy AN Q}} N\ QH_QP}
CE P-W- CE - O
Y Qc ™ Qc, Vv Qc—Qé

Tc

Puc. 0.0.26. 3Buuaitnuii ABUTYH BUKOPUCTOBYETHCA JIJIsi podoTH JBUryHa KapHo y 3BOpoTHOMY

HallPSAMKY.

Hoxkas: Ockisbku asurys KapHo € 060poTHIM, BiH MOYKe IIPAIFOBATH Y 3BOPOTHOMY HAIIPSIMKY STK XOJIO/IAJIb-
oK. Bukopucrosyiite asuryn ue-Kapno, mob 3amycrutu gsuryn Kaprao y 3BopoTHOMY HampsaMKy. ITozHaxdmmo
TeroobMin Mixk msurymamu Kapmo i gsurynom me-Kapmo wepes Qp , Qc i Q) , Qf, Bimnosigmo. Yucrmit
edeKT IBOX IBUIYHIB HOJISATAE y Hepefadi Tema, mo nopismioe Qp — Qy = Q¢ — Qp Bin Ty mo Te. 3rinmo 3
TBep/pKeHHIM Kilaysiyca, KibKICTh IepeJjaHoro Teria He Moxe 0yTu HeraTHBHOIO, T06T0 Qp > Q. Ockinbku

B IIbOMY IIPOIIECI BUTPAYAETHCH OJHAKOBA KiJIbKicTh podbotn W, Mu poOMMO BHCHOBOK, IO

W w
-~ S YRl
QH QH

3BoporHe: Bci oboporHi asuryrn (Kapao) matorh ommakoBy yHiepcasabHy edextusticrs 1(Ty,Tc),

= 77KapHo Z an—KapHo-

OCKLJIIbKHU KOXKE€H 3 HUX MO2Ke OyTU BUKOPUCTAHUII /Jisi Oy/1b-AKOTO IHIIIOrO y 3BOPOTHOMY HAIIPSIMKY.

Tepmodunamivra memnepamypha wKaaa: K OyJI0 MOKA3aHO PaHile, TPUHANMHI TEOPETUIHO MOXKJIMBO II0-
Gyaysaru asuryn KapHo, BUKOpUCTOBYIOUHM igeanbuuii ra3 (abo Oyab-sKy IHIIY JBOIApAMETPUIHY CUCTEMY) K
pobo4y pedoBUHY.

Temep Mu GadmMO, IO HE3AJEKHO BiJl BUKOPHCTOBYBAHOIO MaTepialy, JU3aiiHy Ta KOHCTPYKIII, BCi Taki
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0,
CE ~> Wi é 0,

Q
T, 2 _ CE ~>— Wiz=Wp+ Wy

v O,
CE > Wa , 0;

T; = T;

Puc. 0.0.27. JIBa neurynu Kapwno, 3’e/1Hani 1moc/1i/IoBHO, €KBiBaJICHTHI TPeThoMY JBUTYHY KapHo.

[UKJI9HI Ta 000POTHI JBUTYHU MAIOTh OJIUH 1 TOi ke Makcumasbauit Teopernanmnii KK/I. Ockinbku 1ieit Mmakcu-
magpauit KK/I 3aexkuth Bij qBOX TeMrepaTyp, HOro MOXKHA BHKOPUCTOBYBATHU JJIs TOOYIOBU TEMIIEPATYPHOI
mKa . Taka TeMIepaTypHa MKajga Ma€ Ty NpuBabJIUBY BIACTUBICTB, IO HE 3aJ€XKUTH BiJl BJACTUBOCTEH OY/Ib-
SIKOIO MaTepiaiy (HalpuKJIa, ijeasbHoro rady). s nobymoBu Takol IMKaJu ClIoYaTKy OTPHUMAEMO OOMeKEeHHS
na dopmy 1Ty, Te. Posrnsgremo aBa mocaigoBHO mparorodnx aBuryHa KapHo, OfuH 3 sKUX IPAIIOE MiXK TeM-
neparypamvu 17 1 Ts, a inmuit Mixx T 1 T3 (Th > Ty > T3). Tloznauumo Temnoobmin ta poboTy, M0 BUPOOJIIETHCS
JIBOMA JIBUT'YHAMH, BiIoBiiHO 1, Q2, W12 Ta Q2, Q3, Was. 3BepHITH yBary, 1o Teruio, sike BiIBOJUTHCS IePITIM
JIBUI'YHOM, 3aBUPAEThCsl APYTUM, TaK M0 IX CyMapHa Jiis Iie TakoxK JBUryH KapHo (OCKIIbKU KOKEH KOMIOHEHT

oGopoTHwuii) 3 TemoobMinamu @1, Q3 Ta pobororo na Buxomi Wiz = Wis + Wos.



Tema 8. EnTpomnis

§8.1. EdpeKTuBHICTDh TEMJIOBUX JABUTYHIB

Bukopucrosyioun yuisepcaisbunit KKJI, Tpu TermmoodMminu mos’s3ami MizxK 00010 PiBHIHHIMMA:

Q2= Q1 — Wiz = Q1[1 —n(T1, T»)],
Qs = Q2 — Waz = Q2[1l — (T2, T3)] = Q:1[1 — n(T1, T2)][1 — (T2, T3)], (0.0.23)
Q3 = Q1 — Wiz = Q11 —n(T1,T3)).

IlopiBHsIHHS IBOX OCTAHHIX BUpa3iB /1€
(1 =n(T1,T3)] = [1 — n(T1, T2)][1 — n(T2, T3)].

3 wiei Bacrusocti Bumuusae, mwo 1 — n(7h,T>) moxua 3anucaru ak BipHomenns sugy f(7%)/f(T1), mwo 3a

nomosJienicrio popisuioe T /T, To6TO,

T:
1 _n(TluTQ) = % = Fj7 = W(TH7TC) =

Ile piBHSAHHSA BU3HAYMAE TEMIIEPATYPY 3 TOUHICTIO O KOHCTAHTHU IIPOIOPIHIITHOCTI, STKa 3HOBY 3aa€ThCS BUOOPOM

Ty —Tc
Ty

MOTPiHOT TOYKM BOAM, Jiboay Ta mapu - 273,16 K. oci mu BukopucroByBam cuMBod O 1 K B3a€MO3aMiHHI.
Hacnipasi, Bukonasiu nukia KapHo jist ieaabHOro ra3y, MOXKHA JIOBECTH, IO IIKAJIX i/IeaJbHOrO Ta3y i Tep-
MOJIMHAMIYHOI TeMIIEpaTypH eKBiBajieHTHI. Q4UeBUIHO, 1[0 TEPMOINHAMIYHA, IIIKAJIa He € KOPUCHOIO 3 IIPAKTUIHOT
TOYKHU 30DY; 11 mepeBara KOHIIENTYaJIbHA, OCKIIbKH BOHA HE 3AJIEXKUTH BiJ BJIACTUBOCTEN OYIb-sIKOI PEIOBUHHU.
Vei repMoguHaMivHi TeMIepaTypu MO3UTUBHI, OCKLIbKY, BIAIIOBIAHO 10 piBHsHH (1.22), Te1wio, 1o BUALIIETHCS
npu Temieparypi T, mpomnopiiiiibo Tit. dIkOu icHyBaJia HEraTUBHA TEMIIEPATYPA, TO JBUI'YH, IO IIPAIIOE MiXK HEIO
i IO3UTUBHOIO TEMIIEPATYPOIO, BUTATYBaB OU TeIsI0O 3 000X pe3epByapiB i IepeTBOpIOBaB O 3araJibHy CyMy B

poboTy, 10 € MOPYIIeHHsIM IPYTOro 3aKOHy y TBep/keHHi Kenbpina.

§8.2. Teopema Kiay3siyca

[Io6 ocTarouno mobyyBaTH (DYHKIIO CTaHY, IIOB’sI3aHy 3 TEMIIEPATYPOIO, 3BEPHEMOCST JI0 HACTYIIHOI Teope-

MU:

Teopema Kutaysiyca: das 6ydv-sako020 yukaiunozo nepemeopenus (060pommo2o “u He36opomHo-
20), dQ/T < 0, de dQ - 36iavwenns menaa, wWo nNid8ooUMbCHA 00 CUCTEMU NPU MEMNEPAMYDI

T.

PozainiTe kT Ha cepilo HECKIHYEHHO MaJIMX MEPETBOPEHDb, Y XOJi AKUX CUCTEMa OTPUMYE €HEpriio y BU-

sl Teta dQ i poboru dW. Cucrema He 000B’SI3KOBO MOBHHHA OyTH PIBHOBAasKHOIO B KOYKHOMY IHTEpBAJI.

99
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Z

/dQR

CE - dWg

dQ

dW —— System T

Puc. 0.0.28. Termoobmin cucremu, cripssMoBaHuii Ha JBUTYH KapHo 3 pe3epByapoM 3a TeMIiiepa-

Typu Tj.

Hampagre Bci TemioobMminu cucremu B ofuH HopT AsuryHa KapHo, sikuii Mae iHImmii pe3epByap i3 (piKCOBAHOIO
remueparypoio Tp. (Moxiuso, 6ibine oxaoro jasuryna KapHo, sIKIo Bci BOHM MAalOTh OJMH KiHellb, 3’€/(HAHUIT
3 T())

Ockinbku 3HaK d(Q) He 3amanwnii, 7BuryH KapHo mOBUHEH 3pOOUTH CEPil0 HECKIHIEHHO MAJINX IUKJIB ¥ Oy/1b-
sikomy HarnpsiMky. 11106 mepemaru Temsio d() cucreMi Ha IIEBHOMY €Talll, JIBUT'YH IIOBUHEH BUTSITH TEIIO0 dQR 3
dikcoBaHoro pesepByapa. fKINO TEMIO MiIBOIUTHCS 0 YACTUHU CUCTEMU, sTKa, JIOKAJHHO Mae Temieparypy 1,

TO BIiJITIOBI/THO /10 PIBHSHHS,

aqQ

T

[Ticist 3aBepimeHHs MUKy CHCTEMa Ta JABUTYH KapHO MOBepTArOThCs y MOYATKOBHUil craH. Jucrwit edekt

dQr =Ty

KOMOIHOBAHOTO IIPOIIECY IOJISITA€ Y BUJIYUIEHH] Temia Qr = f dQ R i3 pe3epByapa i nepeTBopeHHs 11 y 30BHIIIHIO
pobory W. Pobora W = Qg - ue cyma poboTu, 10 BUKOHaHA JABUryHOM KapHO, Ta pobOTH, 10 BUKOHAHA

CHCTEMOIO 3a TIOBHMIT UKJI. 3TigHo 3 hopmymoBanasM Keabsina apyroro 3akony repmogunamikn, Qr = W < 0,

aq aq
T — < — <
OfT_Oyi‘%T_O’

ockisibku Ty > 0. 3ayBakumo, 1m0 1T’y 1bOMY pPiBHSIHHI BITHOCHTBCS JI0O TEMIIEPATYPHU BCIi€l CHCTEMHU JIUIIIE JIJIsT

TOOTO,

KBa3iCTATUIHUX MPOIECIB, ¥ IKUX BOHA MOXKE OYTHU OJHO3ZHAYHO BU3HAYEHA IIPOTATOM yChOTO IUKJIy. B iHImomy
BUIAJIKY IIe IIPOCTO JIOKAJbHA TeMIlepaTypa y Michi (CKaxKiMo, Ha IpaHulll cucreMu), je asuryn Kapro ckumae

TEeILJIO.

§8.3. TepmoamHaMiuHe BU3HAYEHHSA €HTPOIMIil

Posristremo nacainku treopemu Kitaysiyca:

1. Izt o6oporaoro mukiy § dQrev/T = 0, Tax sIK IpU BUKOHAHHI IMK/LY y 3BOPOTHOMY HAIPSMKY dQe, —
—dQ ey, a 32 HABEJIEHOWO BUIlE TEOPEMOIO dQ ey, /T ONHOYACHO HEBIN eMHUIT 1 HEIO3UTUBHUIL, OT¥XKe, JOPIBHIOE
HYJTIO. 3 I[BOTO PE3YJILTATY BUILIUBAE, MO IHTErpai dQ ¢y, /T MiK Oyab-axumu gBoMa Toukamu A i B He 3a/1e:KUTh

Bl nutsixy, ocKinbKu jist gBox nuisxis (1) 1 (2)

/B aQ'y, /A aQv?), /B aQ'y, /B aQ\2,
+ =0,= = .
a I g I a T a Ty

2. BukopucroByrooun OCTaHHE PIBHSIHHSI, MU MOXKEeMO MOOyIyBaTh Iie OJHYy (DYHKIHI CTaHy — eHmponiio S.

OckinbKu iHTerpan He 3aJIe2KUTh Bi,I[ NIAXY 1 3aJIE2KUTD JIUIIIE Biﬂ, JIBOX KiHH,eBI/IX TOY0K, MU MO2KEMO I1e 3alluCaTu
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ereV

(b) ()

Puc. 0.0.29. (a) 3Boporuuii ruki. (b) Jdsa oboporai muisxu mizk A i B. (¢) Luki, yreopenuit

i3 3araspbHOrO NIsxy Mizk A 1 B 1 oboporHoToO.

AK

T

lj1st 0GOPOTHUX MTPOIIECIB MU TEIEP MOXKEMO OOUHCIUTH TEIJIOTY SIK dQ ey = T'dS. e mo3Bosisie HaM oGy 1yBaTH

B
S(B)—S(A)E/A @Qrey

aiabarnyni KpuBi Jyisi 3arajibHOl (GararoMipHol) cucTeMu 3a ymoBu crajocri S. 3ayBayKUMO, 10 DIBHSIHHS
BU3HAYAE €HTPOIIIIO JIUIE 3 TOYHICTIO JI0 3arajilbHOI KOHCTAHTH.
3. s oboporHOro (0TKe, KBa3iCTaTHIHOro) nepeTBopents, dQye, = 1'dS ta dW =3, Jidz;, i 3 nepmoro

3aKOHY TepMOﬂI/IHaI\IiKI/I BUILJINBaE

dE = dQ +dW =TdS + Y Jida;.

Mu Gagmmo, mo y mpoMmy piBHsAHHI S 1 T BHCTYyHAIOTH K CIOJIydYeHI 3MiHHI, mpudoMy S T'Da€ pOJb IIe-
pemimiennst, a 1T - Bignosianol cum. Ile OTOTOXKHEHHSI JO3BOJISIE 3POOUTH BiANOBIAHICTH MiXK MEXaHIYHUM i
TEIJIOBUM OOMiHAMU OLJIBIIT TOYHOIO, XOYa MU ITOBUHHI TTaM’ SITATH, IO HA BiJIMiHY BiJ MEXaHITHOrO aHAJIOTA, TEM-
[IePaTypa 3aBXK/IM [TO3UTUBHA. X0Ya JIJIsi OTPHUMAHHS [[HOT0 PIBHSIHHS HAM JIOBEJIOCS 3BEPHYTHCS 10 0OOPOTHUX
IePEeTBOPEHD, BasKJIMBO HATOJIOCUTH, IO 1€ CIIBBiIHOIIEHHsT MiK yHKIisiMu ctany. Lle piBasHHS, iiMOBIpHO, €
HaOLIbIT (DyHIAMEHTAIBHOIO Ta KOPUCHOK TOTOXKHICTIO Y TEPMOIUHAMIIL.

4. Yuco He3aJIe’KHAX 3MIHHUX, HEOOXITHUX JJIsl ONIUCY TEPMOJIMHAMIYHOI CUCTEMH, TAKOYXK BUILIUBAE 3 I[HOTO
piBHsHHSA. KO icHY€E M CrIocobiB 3/ificHeHHsT POOOTH HAJ CHCTEMOIO, MPEJICTABICHUX 7 CIIOJYyIEeHUME Tapa-
mMu J;, T;, TO IJIg ONMHUCY cucreMu HeoOximmo n + 1 mezamexkuux xkoopauuar. (Mu HeXTyBATUMEMO MOXKJIMBUAME
OOMEKEeHHSIMY Mi>K MeXaHIuHMMEI KoopjuHaramu). Hanpukiaj, sikmo B sikocti koopauHar subparu (E, z;), To

3 piBHHHHH BUILJINBaE€, 110

oS 1 oS

= Ta ——
8332»

OE |, T

Ji
E,wjii T

(x Ta J - ckopoueni no3HaveHHs [y HAGOPIB napamerpis x; Ta J;).
5. Posristnemo He3BOpoTHY 3MiHy Bijg A ;10 B. 3ilicHITH HOBHUI IUKJI, IOBEPHYBIIUCH B B 10 A 060poTHIM

nurstxoM. Toji

/B‘w+/BAmji”go,:s/B‘?§S(B)S(A)-

A T A 11
VY nudepenianbhiit dbopmi 1e ozunadae, mo dS > dQ /T nis Gyab-aKOro nepeTBopeHHs. 30Kpema, po3rJisHe-
MO aJ1iabaTHIHy 130JIsII10 HU3KHU IiICUCTEM, KOXKHA 3 sIKUX CIo4YaTKy nepedyBae y pisHoBa3i. Koiu BoHu mpuxo-
JSTh y CTaH CHIJIbHOI piBHOBaru, oCKuIbku uncre dQ) = 0, mu noBunaHi MaTu S > 0. Takum unHOM, ajiabarudHa

CHCTEMa JIOCATAE MAKCUMAJILHOTO 3HAYEHHs €HTPOIIil B PIBHOBA31, OCKIJILKY CIIOHTAHHI BHYTPIIlTHI 3MiHH MOXKYTb
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T
:

S N B

T
:

U‘)<——>[\)

Puc. 0.0.30. Crouarky i3o/b0BaHi mijcucreMn HAOYBAIOTh MOXKJIMBICTH B3aE€MOIIATH, IO TTPH-

3BOJIUTH J0 301JIbINEHHS eHTPOIIII.

Tiabky 30iabmuTe S. Hampsiv 3011bIeHHsT €HTPOIIT, TAKMM YMHOM, BKA3y€ CTPILy Yacy Ta MLIsIX JI0 PiIBHOBArW.
MexaHi9YHIM aHAJIOIOM € MaTepiajibHa TOYKa, PO3TAIllOBaHA Ha IIOBEPXHI, HA SKY JIi€ CUJIA TSKIHHSI, 10 CIPSIMO-
BaHA BHU3. Y Mipy 3HATTH Pi3HHX OOMEKeHb JACTUHKA Oy/e CKATyBATHCS Yy MICIS i3 MEHIIOK BUCOTO0. Takum
YUHOM, TBEP/2KEHHsI PO 301JIbIIEeHHs eHTPOMil He OLIbIl 3ara/IkoBe, HiXK CIOCTEPEXKEHHS PO Te, IO il TIE0

CHJINA TSIXKiHHSI npeaMeTH IIpariyThb BIIACTHU BHI/I3!



