AL SO SHPIRBEAN DUNHGR LT /8T A — X DA RAF S
BT B b

HERZE AN - BEERZEWFEA  IMAGA

Hirokazu Komatsu
Institute for Frontier Life and Medical Sciences,
Kyoto University

1 (EL®IC

b2t b7 —2 (Chemical Reaction Network : CRN) (2B WTKInDEFHINENE B
FEX, MRS D FA DR [1] X 7 FIAZER - WERDISEHEMT [2] 2L, (EFZTFED
HALFETHASNSD CRN DERZEIAT 572012, HERPEBROMATRHHAI NS ERMHEED —
DTH5.

AL TIE, CRN D% complex (LSRR DELIZEN D KEW & LRI ORRIR) », H—D
WIE D 67 55 Kt~ b 7 —2 (Linear Chemical Reaction Network : LCRN) & FEIXIL 5 2 5
A [3][4] ZNG e U, REXELICTIGT SHIEST A —ZOBEANIAE D EHAREAN DR H
DEPRZDOWTER D, ZDLE, CRN DEKIED K)HEEELIE, 7 X —X 2B LU TH
BBz 2 Z e 2RET S [6]. LCRN IZHET2YEDBED X1 F I 7 A %2idT5
BalEAIz i D < FEM A (Ordinary Differential Equation : ODE) € 7V id, EEREHIE &
5> /i#23X (Linear Ordinary Differential Equation : LODE) T5 X 65415 [5]. L7225 7T, LCRN
DEFRBADOIREE X, ZORBATHIOH —FEHEMHE (EBIPRKDOIEEFEHGME) 12X > TH
liTE % [3][4]. &, SMICOEETEIL, T A =2 B U CTREBEEWICENST 5720, /85
A—ZDEEIT 220N T, EMICOREEIEMT D LEEZEZoNE. BIZ, NI A—XDEEMIZ
£V, LCRN O EF KB OUUHSHE XM Uiy 2 £ D & PRI ND DY, % O hnijgcd o H i
7R, FHDOH B T T VAR,

Z ZTARMX T, HI T X —XDEEANILE S LCRN OEFIREANR 2 EDOIHEMEE, £
DEFE_FHEMHEDNT A —RIZET HMEEICEDE, FRIICERTLEZ e 2ilad. 22T,
IKDBLRD R BT D EMED LD R =X L %EZEDR TS CRN [1] 2 b U7z, 8ok G
ERESBRMEED CRN 2% 2 L, ETHBRZFHEIIOVWTERT 5. KOBEBLDMIZBII5E
ML, PRRMEMCKERE Y AT Lok e UT, IEEBAICHE T TWS. —
iz, EARAL L, EVNEIED BRI W SIGDEEDENT 57280, IHHPHASNET S
ERBRINIZEZ SN T WS [1]. ZhiE, TOHIDA N =X L%k d 5 CRN DEFHREAD
IR AY, FIAINEEIEICNIGT 287 A — X DALY, IE#Hd 5 Z &2 Ekd 5. HINEE
DEFIZE - T, IBEHPHADWHET 5 & 5 L@ R BHAEORRIL, BELSIAFICEVWTE
BLREO —DTH b, UnioT, #ukNIGZE LD BRRFEE D CRN OIURGEE DI DWW T,
MR 2R %25 25 Z &, LCRN OEFRBAIET 2HEIZ AT A —XPRITTHELH
KT LT THRL, BMAMEORBNEEMT 2L2HEZO6N5.

RS, BARDO L ST I N5, 552 3T, Feinberg [5] 1250 <, CRN R be 7
FIRE, BXU, CRNOXAF I A%k d 2E&/EMD ODE €7V 2kR5. ZDL ¥,
CRN D £ St D St # fE EHUE, R T A — 2B U TINS5 Z L 2 /RET S
[6]. £7-, T®D ODE EFNVDOFH %2 HWEEBIZDOWTRARS [5]. #3E T, LCRN 2EH



L, ZOXAF I 2 A%k 95 LODE EFNIZDOWTIRAR B [3][4]. 72, LODE DREATHID
BEEB X CEAERT MVICET ME2 B2 2 L 612, ZTOMEHRZ5 25 [3][4][71[8]. 6
4ETI, NI A—=ZDOBEINZAES LCRN OEFREANDIHEEIZDOWT, flH, ok, &
ME, ZTOE_FEHEMDNNT A —RXROMREIZEDWTERT . HS5ETI, BUENIGHLED
BRI D CRN 2 5 2, HlfH/85 A — X DN LE S 2 HAIRFEA D UUHHEFE D JnEoE M 2B 4 %
AKX DFERERZIRRS . ZOMROFEHIE, HoHIZTERZONS.

2 EEREXRY NT—0DBIEETIV

Feinberg D i [5] Tlk, CRN Z2LLFD 3 DDELADHM G := (S,C,R) TEHEHT S :
1. S:nfHOYBEDOEETHY, S:={X),...,X,} £&T.
2. C: complexesy DEATH Y, C:={y(),...,y(m)} £&KT.

3R Kby =y DERAETHY, EYHIIEFPMIT 2T, R = {yr) = yr),...,y(rr) = y(rp))
ERIZEeHLHB. 27U, rj,r}e{l,...,m},j:1,---,R“C“Zf)%f>.

ZZT, complexy e Cldyl, -, v, €Zsog ZHWVT y1 X1+ + 3, X, ERIN, Kiby—>)y €R
I% complex y Bt U, complex y DEKRI NG %2 KT. ZDLE, yaiol, v =5
WS, -, WEX,.. X, DIEFIXETEINTWEDT, UF, yeClETOREDAZHWN
Ty=0G1....yn)" &RT. T72bbH, CRNIZEST2YHEX,,....X, & R" OEHERE L [
T5.

CRNGDXAF IV A% T 5HMET N ERRS, WHX,,..., X, DFKEEZWARZRT
MLZ x=(x, -, x)  eRPETS. ZDEE, CRNGIZET D RIEEDRFZAL x(1),t >0 %
BElEIZ X > Tk s % ODE IZIRATEZ 6515 [5] ¢

d 1 n ’

—3(0) = f() ;:WZERkyHy,(E)x{ ) ...x"0OG —y), Vi>0. (1)
B U, kyoy(B) RIS y -y € RICHIST 2 KISEEFHTHD, WRATHERONEEDLT
5 [6] :

ky—y (E) := ky_y exp(My_yE), VYE€ER, VYy—y eR (2)

2T, EeRIFHIEINT A—2T, BEPBLICNIETS. 72, hoy FEERTHY, My
EREE R ey (E) 12T 2, XTA—X EDMIFHEE2RTIHATHTH S.

¥§1Z, ODE (1) i%, fROIEEUEN: (resp. IEMEM:) ZAFEL TWA Z & HIS T WS [5][9][10].
DFE D, WM x0) € RY (resp. x(0) e RZ) (2 LT, @TOME x(r) 1%, ERDKL 120123 L
TRY, (resp. RL) (2 & EFoTW3S.

Iz, PFeinberg WWHW72{FHRBUZ DO W TR S [5]. ZD72DIZ, nxm 1T Y & m x m 1751
LG = llijhs<ijem, BEY, By R, >R %2, TNENRATEET S ¢

Y :=[y(1),...,y(m)], 3)

= Zp=tizjlois 1=y
lij = Sky(yoy(E),  i#j, )=y eR, iLj=1....m, “)
0, i#j, y(j) oy ¢R,



n n T
W(x) 1= [l_[ xiyi(l), . xiy,'(m)] . 5)

i=1 i=1

ZD&E, ODE (1) DALIFIRATRETE S ¢

@ = ) oy B 500 —y) = YLGW). (©6)
y—y'eR
B2, CRNG DF 7 7RBEIZDWTiRR S [3][4][5]. CRN GIZHE\WT, % complex % JHAM &

LU, &Kty »y e RICENBZKH (=) 2AMBETRE, GRARNS T 7LARTIEHNT
X5, ZDLE, £ % linkage class £\, 2T linkage classes 235HEAKETH D & X,
G %, weakly reversible THB L\ 5. £7z, GDHEEFER DI ACCIZNUT, yeADDy—y
THNE, BTy e ATHDEZ, Alterminal strong linkage class TH D L\ 5.

3 BERIbGRY NT—U7DESHE EBREADINGEME

AT, S=C=(X1,....X,) 2iii7=F CRNG DI 7 2%k T5, ZD2FADCRNG
WSRE S Sy 87 —2 (LCRN) &MEENS [3][4]. ZDrE, S=C &b, Y=[X1,....X,]1 =1,
BETyx) =[x1,....,x,]7 =x72DT, LCRN G @ ODE (1) I3k D LODE TEH I N5 :

d
7 0=Y LG (x(1) = L, L(G")x(1) = LG)x(®), Yi>0. (N

72720, L niROBENITHTHS.
LODE (7) DB x() € RL, V1 2 012DWTH R D, 22T, —#DCRNGIZNT B, (4)

TEZ5N5175 L(G) DEAES L OFEERTZ MILIZDWT, IROMGED D 2D [3][4][5].

21 CRN GIZXT 2175 L(G) DEEMES L FEBERZ LIZDWT, RO 2 DOMEDAKLD

f

<
J

1. 175 (@) DR D EEHE, FHORKEWIEIZ A(E)eCi=1,....k(1<k<m) T3k,
IRDOARNERDPK O ALD -

Re((E)) < - -+ < Re(Aa(E)) < A4(E) = 0. (8)
Z ZT, E{lﬁ /li(E) @{Jﬁﬁﬁl‘jé*gg% m; LB f\f_, m +---+mpy=m %(ﬁf:j_

2. G O terminal strong linkage classes & A;, i =1,...,s £ 95 &, dimker(L(G))) = s = m; ([
BEOBEAZEROWT) THD. 51, ker((G) DEENRZ My, eR", i=1,...,s%, 2
TOEMZEEZT LRI LN TES :

v, € R;_”O MDD supp(vi) =A;, i=1,...,s. 9
772U, xeR™IZXH U T, supp(x) :={X;€Clx;#0} TH 5.
g 1 D 2725, LODE (7) &, HWICHAMEFHADES ker(L(G) NRL, 2D I LN 5.
S 51T, #1725, LODE (7) DEEAMEMAE x(r) € RY, Vi > 0 2 IKATERETE 5 [31[4171(8] :
k
x(t) = exp(L(G)x(0) = VPx(0) + > exp((EY)M()x(0), Vit >0, (10)

i=2

3



2T, M) eR™, i=2,... ki, RRDXSIZEEDDm;— 1 IRELTF OB r DL EHA S 742
L5135 TH S :

m,——l tj )
M) := Z —(W(E), - L(G))Y®;, Vt=0, i=2,... .,k (11)
=RA
7277, @i = 1,...,k T R" 25 ker((L(E), — L(G))™) ~DHEFETHTH S, iz, V =

vi,....v5] € RS (resp. P := [p1,...,ps]t € RO X, RZ MLy, e R (resp.pi € RM), i=1,...,s
3, ker(L(@)) (resp. ker(LT (G")) DHEIE, H D,
1, i=j
pi-Vj= Lhj=1,...,s (12)
0, i#]j
iz KD INDITHITH S.
LODE (7) D53 (10) £V, LCRN G’ OEFIREANDINRMEIZE L T, IROFEHDIL D LD
[31[4].

EFE1 £TOLCRNG IF, EFREIPURS 5. 97D %, LODE (7) D2 T DAL x(1) € R
&, FIAE x(0) 12 & > T IRUTHE X 2 AT LY := VPx(0) € ker(L(G")) NRL ITHERT S -

lim x(r) = X = VPx(0). (13)

—+00

4 INTA—5 DEICHD INEREE O INRRME D ESH

AFXTlE, HENT A=K E e R DEANIZIED LCRN G D EFIREADPHE D ZEA %,
HERIIC B R T 5.

HIE T4 X 7z LODE (7) Df#&8 (10) £V, LCRN G’ DEFREANDPREE X, 175 LG)
D _FEEE (E) DEIBRe(H(E)) Lo TFHMIiTE 5. L7zdioT, NI A=K EDBHNIAES
LCRN G’ DEFREANDIHHE DN HZ BT 5 Z &%, ZBE ODEHINIIED Re(L(E)) D
MR E RIS 2 Z L L EMTH 5.

FRZARRSC TR, HIfH S5 A —X E 281U 7234 @ LCRN G D & HIRAEA DI o 5 oD B
%, B EEEORIRAE img_ w0 (E) IZHDE, OIS IZEHT S.

EHR1 75 L@G) DE " [HEME ALE) IZHUT, T AXA—X EcRDOBINIAES LCRN G DEH
REANDIHEEDZEALZ, PAFD 3 DIZ08T 5 .

1. G DEFEIREBADIREEIZMNET S : limg_, 0 Re(1(E)) = —c0.

2. G DEFEIRBADIHHE IZJET S : limp_ 100 Re(12(E)) = 0.

3. G DEFIRFEANDPHHEEE FEH I D B DT A € (—00,0) DMELEL T, limg 1 Re((E)) =

A

EF 1 TEDT-, LCRNG DT A =X E QMEINILE S EFIRBEADIPREE DE/LIZ DN T
ST 5.

EFH 1D 1 DA, im0 E, = +00 £ 725815 {E, }pen € R DMFAEL T, lim,100 Re(A2(Ey)) =
—co, MO,

0 > Re(A2(Ey)) > Re(A2(Ey41)), VneN (14)

4



L T&E%. XoT, LODE (7) DIEEMERE (10) £ 0, E,. DHEDIEEMERMIL, E, DGE LD H#
HEEETVHIAPRT B Z L300 h 5. ZORKRT, G OEFREBADINFEE X, T A—
A E DEEANZHEN, JEELTWE ZERah5.

EFH1D2DEE, 1OHELEKIZUT, liMyiw E, = +00 & 725 BH15] {E,}wen € R DMELE
LT, limy e Re(A(Ey)) =0, 7,

Re((E,)) < Re(Aa(Ept1)) <0, VrneN (15)

Zi7zd. U7zdioT, E, TOD LODE OIEEMERIL, E, TOYH L0 IR FEEETFAM i~
WEDZ LB hsb. ZOFEKRT, G DEFREBAELHEX, RNTA—XE DM, Ik
HDLUTWBZ D5

EHE1D3IDGE, HOMZ, @ DEFIREADPHFHEE L, T A =X EIXEMT 22O
T, 2 —EDEEITEDVTWL Z L0 5

5 BUERINZEMHIBRIRBEDILZERIEFRY b7 — 7 OUNFRIERE DAEEME

AETIE, LFDCRN (16) THEZH6ND, n=1+1& LBk BRIRFEE D LCRN
G :=(SI,CLLR) ZXEHE L, T A =X EDEEINZLES EHFIREANDOIKEE O INEEN:Z, &

FLICEDE, RO 5.
/’ X141

Xi—1 \\. (16)

.,
e,
.
.
......

ZIZT, I22ThHYH, =2DFEES8.,C,R FRANTEZLNS :

S1=C1 ={X1,...., X141}, (17)

Ri={X1—>Xp,....X = X1, X = X141} (18)

Z @ LCRN G 263 5475 L(G)) € RHDXUHD 13 - Kb 72 % -

| —ki(E) - ki(E) 0]
k(E) . 0 0
LGn=| i : - (19)
0 o ~(k(E)+ko(E) 0
0 ko(E) 0_

=L, XX %20, XX %21, Xi»>Xa,i=1,...,l1-1%2i&, ThZEnE—HT5.
7, m@l#b,umN@Lﬁ?émeawﬁkf%wmewﬂwmﬁﬁk%bf b/
DEILDE D LD,



EHE 2 LCRN G (ZK§ % LODE (7) D4 TOIEEMEM x(r) € R 13, FEAMEFHAT = (0,...,0,
x1(0) + - + x4 (0)" € REMIZUUR T 2. DX D, limy00x(0) =X TH 5.

SERA LCRN G 1%, HH S22, ME—D D terminal strong linkage class {X;,1} Z® 2. o> T, &1
&0, dimker(L(G) =1 TH5. 7z, 19 &0, Vv=10,...,0, 11T eREI Iy p=11,...,1] €
RXGD QKT T ESD. LAdoT, T 125, TORAHEMR (1) e RE) I, FEEEF
B 5 X = VPx(0) = (0,...,0,x1(0) + - - + x4 ()T (CUURT 2 Z 2 AURI N B, O

WIZ, NT A=K EecRDYINIMED G DEFRBADINFEEDEALEZEZEZ S, £3, T~
N—=NRX YV MNMTFIOMWE [8] 225, 175 L(G)) D _EHAME L(E)IZRLUT, ROWHELZRT.

R 1 175 L(G)) DE _FHEMHE (E) 1%, BOERBUENODBEMETH 5.
SEBR 174 L(G)) DM R e 25

det(Al+1 — L(G1)) = Adet(A; — L(G1)) = 0 (20)

ZZT, T LG) e RXE, THILG) D5 1+ 1478 [+ 15 2B\, IRRTEZ SN DN T
WThd :

[ —ki(E) 0 ki(E)
ki(E) —ky(E) 0
LG) = kx(E) 0 (21)
~(ki(E) + ko(E)) |
ZDrE, 75 LG) FBERN 23 V8=~ A v MTFI[8], 2D,
det(L(G1)) = ko(E)ky(E) - ki_1 (E) # 0 (22)

Wiz T NN D, ULEDo>T, XHB]DEH 1110 BLIUTZFDRNS, LG) DEKEHE
L, BOEBELDHEMIBTH S, ZNIE, T8 LG) OFE _FAMHE L(E) D, ADOFEEE»D
BB THARZ L2 EKT 5. O

22T, LG) DFEM%IER
g() :=det(A; — L(G))) = A + aim (E)A7 + -+ + a1 (E)A! + ao(E) (23)

DEBE a(E)i=0,...,1-11F, RTEZSND :

ay(E) = [ﬁ 12[] exp ({li M,-} E) , (24)

=0 i=0




+ Z [ﬁ]}jp]exp[{iMjp}E], i=1,...,1-2, (25)
p=1

{j1sjizitCI \p=1
!
a-1(E) = Z kiexp(ME). 26)
=0

7-7-U, I:={1,2,...., TH 5.

Z DREMEZIHA (23) DFRE ai(E), i=0,...,1-1 2@ 1525, LCRNG D/8F A —X E DI
AL S EHFIRBEAN DU HGHE DIEJHIZ DO WT, A DEFERTH S, IROEHPK D LD, Z
DEMDIERIE, HB6FIZITHERS.

EE3I NIA—KEeRDEINIMED G) DREFAREAN DR EE D INEEEMIZBEI LT, RD 5
DOMEDEY LD

L My>M 235, ZOLE, £2TDi=0,...,[- 112 LT M >0%01X, G DEFIREA
DU KR FIET .

I My>2M, &35, ZOE, Mi=0%7%%i=0,...,1-1 DPFETHE, G DEFHIREBAD
IR T E R I 5.

M. My<M; &35, ZDEE, Mj>Mo+M; &5 i=1,...,1-1 DFIETHIE, G DERR
REA DI HE 13 T 5 .

IV. My < M, tj_é :O)c‘_’.%, M()>075V3é5\f@i: 1,...,l—lc:>ﬁ'bf M0+M,->M17‘I‘5
iE, G1 DEFIREANDPCREE IHET 5.

V. Mg<M; £35%. ZOLE, £2TDi=1,..., -1 LT My+M;>M;, BXU, My=0

EULE M+ M =M 255 i=1,...,1-1 DMEAETHIE, G DERIREADIP R ERE 1
EHIZ A,

EH3NG, HIHNT A =X EcRDOEINIZAEN, LCRN G DEFIREBANE L HE X, H#HT
L2 TIHRL, BRIGEDNRT A=K EDRFEEM;, i=0,..., ] DFMFIZE > T, BEPEHIZE 2
DS EeMRINZ. THE, NTA—XDEINTENE KIS D HEE B INT X, LCRN G’
DEFIREBADOUHHE IINET B L\ D, 1 BB EBA R FTRICK L, T ONR#HE
DEALIX, BRIGDNT A —=RZRDOMFML ZD Xy N7 —IREEIC L > TREBO T 5 h, —#iC
IEST 2 LRSI e E2RBLTWS.

F 7z, BURMIGE LD BRIREEIE D CRN 1, KOBLKDMIZE T 2 BAED LD A H =X L
Ziek 95 CRN D —ffbTH 2. U7zh-T, KEHDI, 1, V ik, B|AGALLEED EINNEL DR
IMZAENEHE R EA L 2 S U < IZEHIC X85 & 5 s, HRIAICIXFELET 52 & 2RI
LCTWa. iz, ZoEHI, FELEIC X250 EH 2 BIKT 2 msh R Bl o,
MEmN B S r o HEkT 5, WHECEEHREETHELEEZOND.

6 3Dt

9, 75 L(G)) DREMEZIER 23) DR a(E), i=0....,1- 112 LT, ROGHEEZLZ 5.
AT, ZOMMEDIEHIZENT 5.



wWE2 75 L(G) DR IEA (23) DR a;(E), i=0....,1- 112/ LT, RD S5 DDOMWEEIE
URVASI

1.

Mo>M; &5, ZOrE, £2TDi=0,..., -1 LUT M >07%51, IROMBEAKD
VASIH
lim = lim aj(E) =
E—+o ag(E)  E—+o ao(E)

0, j=1,....1-1. (27)
My>M &35, ZOLE, Mij=0,4%2%i=0,...,l-10"FETNE, DEHEAFEwe
(2,...,1 =1} BEHE L,

aj(E)
E—+o a(E)

Mo, K a, j=0,2,...,wIFELT,

0, j=w+1,...,1-1, (28)

(E
a0 )—aj, =02, .w. (29)

1m =
E—+o0 a1(E)

K2, Mi>0&75i=0,1,..., | EETIUL, IROMRMEDER DD :

1
=0. 30
E—1>I}’—loo al(E) ( )

My<M 2353, ZDEE, My>Mo+M; 2725 i=1,.... -1 DBEETNE, HIHRAT
wel{2,..., -1} WEFEEL,

aE) _ . a;(E) _

I - - =0, jEw+l....i-1, 31
Ete a1(E) | Eoiw aj(E)  E—te a)(E) J=wE GD
o, ERE Gy =2, w AELT,
(E
I (32)

Foeo ai(E)

My<M; &35, ZOLE, My>0P2OE2TDi=1,..., -1 0T Mg+ M; > M 7%51%,

. a;(E)
lim = lim =
E—+o0 ag(E)  E—+o ap(E)

0, j=1,...,1-1 (33)

My<M; &5, ZOEE, 2TDi=1,..., -1V TMy+ M >M, BX, My=0%
USIE Mo+ Mi=M &72% 0= 1. -1 BEETNE, HIHATwe (2.1~ 1) BFHE
U, PARDOMRIEARL DD ¢

a;j(E)

I - =0, j=w+l...,l-1, 34
Eoteo a1 (E) | Eow a)(E) J=wE (34
2o, ERE ), j=0,2,. .., w BHHE LT,
(E
GE =02, (35)

E-steo ai(E)



Ml 2t DE, EH3IA2ATS. £9, TH3IDI LIV 2iHT 5.
FEE3IDI &IV QI HHETHHT S, 2% 0, EEHK>00EHELT,
Re(L(E)| <K, YE=>=0 (36)

THdILERELTFEEZEL.
X9, IVMEBOEEEEZD. 36) 2 g((E) =0, BLY, #i#E 1 X0, L(E) IFEDERE
THHZEDND, RDOAREXNDK DD :

1 = L ai-1(E) 4 ai(E)
S a® PP am BB e
1 ! a2(E) ;o a(E) ,
< —aO(E)/lz(E) + o (E) A H(E)+- + ao(E)/l2(E)

< 1 K+ al—Z(E)Kl_z I ax(E)
ao(E) ao(E) ao(E)

— 5, fiE2D2 450, AER BT DELIZR LT, ROMPREA D 2D :

K%, VEE€R. (37)

K+ al—z(E)Kz_z I a2(E)K2 _

e\ @t w® ao(E) 0 %)
i, AERQGEDIZFE. LEDR-T,
Elim A(E) = —c0. (39)

IPEBDOEED, FRIZUTHRETAZeNTES. EXD, EHMIDIE IVIASRINAZ. O
Wiz, EHE3IDOIU ZFHAT 5.
EE 3D DR B g :R >R EZIRATEERT S :

L 1 i ai-1(E) -1, ao(E)
gl(/l)._al(E)/l + a1 (E) A7+ +/l+a1(E)'

(40)

ZZT, g)=a(E)g(1) TH5.
wel2,..., -1} %, WHE2D3ZM-TIRAFLL, EEHK > max{d,..., 4, = — D&,
TorE, WE203LD, FOBME>0ODREELT, RO - DODDARERDEKY LD :

1 ai(E) _
<K, »D, --_— <K, VE>E, j=2,...,1—1. 41
a1(E) a(E) / *h)
| EBOGEEZEZS. 5, EED A€ (-0,0] 12X L T,
gQ)SK@ﬂ+ﬂ4+~~+Aﬂ+ﬂ+adE{ VE > E. (42)
ai(E)
TDEE, E>0MFAELT, MORERDHY LD -
K(s’ T 82) +(—£) <0, Vee(0,3). (43)
X5, WiE2D3 &Y, EOWE>ENFEELT,
ap(E)

gi(-&) <K (' +& 2+ + &%)+ (o) + <0, VE>E, (44)

a(E)



"o,
ap(E)
a(E)
UL7z23oC, hREEDOE L D, TREDE > EIZx LT, AE) € (—&,0) BFIELT, g1(AE)) = 0.
5T, £€(0,8) DIEEMEDNS, IROMBMELR D LD Z D15

21(0) = >0, VE>E. (45)

lim A(E) = 0. (46)

E—+c0

I DRERDOYGES, BEOLE L FRIZ (46) ZFFHTE 5.
E72, AE) ZTH L(G)) PFRMEZIHA g(1) DIRTEH B DT, 175 L(G) DERKBEHME L(E)
EIRDAEXRDBERAED 2D -

AE) < (E)<0, VE>E. 47)
L7=M->T, (46) &b,
lim A,(E) = 0. (48)
E—+c0
UbkXb, EBHE3IDOUINEEHINS. O

BBz, EH3IOINE VEIHTS. TODIZ, £7, RO_DODHiEEZRT.

WE3 THIDIN L VOIREZRZMEZL, M >0&8%5%i=01,... I0"WEET5LRETS.
wel2,.... -1} %, WiE2D2E 52 THRAFEEL, RO _DODORBSFBERE2EZ 5 :

an(E)A + ay_ 1 (E)2" ' + -+ + a1 (E)A + ay(E) = 0, (49)

G’ + AV + A+ dy = 0. (50)

X512, HERGO) DHERSLEE L, eCi=1,.... k&L, 1, ORBKEHEEZ m T 5.
TDEE, FHNIVe>0ITNLT, EOBE>0REELT, FEDE > EZX L TR

B.(A):={deC|ll-Ql<e}, i=1. .k (51)

Wiz, AR 49) DD m; [EF/ET 5.
EEEA 2 D2 &5 K0, EDERKa;, j=0,2,...,.w PFEELT,

a(E) .
E—lg—looal(E)_aJ’ j=0,2,...,w. (52)
FoT, XHR[IDHEA 4.1 X0, ZOMENTHINS. O

HE4 THIDINE VOIRERMZL, M;>0&%5i=0,1,.. I PEETEIERETS. =
DEE, 75 LG) DE_REHME L(E) I22WT, IROAREADNED LD -

sup [A2(E)| < +oo. (53)
E>0

EERA 2 DD g, :C>Ck g3:C>C%, TNEFNRD LI IZEET S :

by aE) Ly awa(BE)
a=rmtr et T am

(54)
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aw(E) , ao(E)
D= A+ )
$W =5 a1(E)
72720, wel2,...,I-1} %, #EH2D2L5%25-2THRATTHS.
FFIZ, (40) TEBSI N gD IZHUT, g1(1) =200 +g31) 27BN 5.
L SRR (50) OMELRZEAEM AL € C,i=1,.. kIR LT, AE2HWLT LI, EEK
r>07%EN:

(55)

L e€B0), i=1,... k. (56)

TorE, fiE2D225%50, FOME>OWFELT, TEDOE>EIZHLT, ROAR%
WA RVASR

g3(DI = Ig2(DI, VYA € 8B,(0), (57)

7272L, 0B.(0):={1€C||l=r} TH5.
& T, Rouche DEHL [12] L#HEH3 &V, EEDE>EICRLT, B g (E) i,

B,(0)Nn{1€C|Re(1) <0} (58)

HNIZwilEDBEZE D,
51, EEDESEICRLT, L(E)IE, g1() DEBIPREAKDHZDT,

M(E)e B(0O)N{AeC |Re(1) <0} (59)

THLHIENN5.
Lo T, 53) I hd. o

EEIOMNEVOIRE £TDi=0,1,..., [ IZHLT, M;=074261%, THIDUIPKILT DT
CIEHONRDT, Mi>08745%i=0,1,... I 0FHETIHEE2ERS.
75 L(G) DE A ,(E) DS, FHBERGO)DHBRAL eC,i=1,... kiliEId T 2R,
HELEDTRIFNE, ME4 XY, 75 LG) DE_FEAME AL(E) X, [0,+0) ETHRZDT,
A <0 & FIHE  pey BEAEL T, limy_i0 Ep = +00, 5,

1113 L(Ey) = A (60)

N A RVASN
X517, MiE2m2E5, BXU, MERE 60) 25,

lim g1(A(E,) = a5 + Gty 4o+ a1 + g # O, 61)
£oT, FHKRELReNIZHUT, g1((E)) #0. 1T,
81((En) = B(Ey) + as((E)AS N (Ey) + - + a1(E)A(E,) + ag(E,) =0, YneN  (62)

ThHhHILIZFHIE.
L7z oT, LE)IK, HEXGODHZHBW A eC,i=1,.. kilixDdL. £z, d9#072DT,
FRER (50) ZFEMICE 7220, PLEXD, limpiRe((E) =125 % A<0DBFEET S, O
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