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The temporal and spatical activity of natural earthquakes is complex. The difference
between the earthquake activity and the complex systems in general lies in the large size-
effect on the component natural earthquakes, which composes the complex activity of
earthquakes. Continual fracture of innumerable small-scale fault heterogeneities generates
an earthquake faulting and many of earthquake faultings with variety of sizes form an
earthquake activity. Particularly the earthquake swarm activity and the aftershock activity
are characterized by substantial number of events and are difficult to be described by the
theory of simple stochastic processes. We will investigate the fundamental property of this
complex activity of earthquakes and derive a mathematical theory to represent the dymanics
of the activity as a complex system. The discussion is further extended to understand the
fundamental condition of actual earthquake activity determined preferentially by Nature.
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BT HRBIRICIY, FEERBILEMES L RERNLEHEI MO N T 5, HEERRN LM
BITlE, 77 VEBOL ) CHEAESCHTHEMEL ZIc L > TEL 2BELBRSNELH
% (Koyama and Feng, 1995). BuEimby e i S 1213, EAFEROIEHIEL LEL 544
AR — \WEBDBZE) B L2 LHE) HEN S EAR—Welerstrass Bt e & n7 5 7 I W% #
MR L% 5 (Feder, 1988 ; Hara ef al., 1994).

TER2Z IS ETHLNTOREER DI, ¥E < OBERBENZr—NVERIN, 1
LOBBELNHoTREL TV HIHBERELMRA r— N E#HRD# 2 TERLL T3 (Koyama
and Hara, 1993), 7, HEEREZA 7 — VB, LE L 2EERIELICEL ) DV EHAREELIS
SRR r—NERTERLL T 5 (Hara ef al,, 1996), aH#E2 Tv 2 EHERPH
LR T, BB E Flc KBS 5 & 5 7 Slow dynamics MG % =¥ = & 5 EAHERD 5
fEMTEC B D,

EXREREHESPAS LRRMEBENORAERMREEFENS &, HBREWIIHRY T Y FARLR
HELTW5B I Edbd S, Poisson BF2% Markov @2 CHEIND 20 & 5 oG I3 HEREN
THMES I HEINZMBEHOWE TH 5. WENDY A X404 Gutenberg Richter M EERR
(GRR) TEMZIN 2D LHEERLHCHIMEIC L 230 THLZ ErHLNTW S (B,
1987 ; Turcotte, 1992). KIIMEMEL MKW HBYEICEIZA TN, =X FHICREL
DT BHARORICII A RBRE L THHAZINSE DL H 5 (Ouchi, 1993).

RELHBICTEDTERAT IRBEH CRAZT - FROBRBR TCRHEOTLNB LI I,
REDFEEBUIRHNONEFIIKLIF L THET 5 (Utsu ef al, 1995). F7z, WHERHLHE
IEE T, 8o H CHBEIBEL RO & I IHIT 5 & ) 2 BRYERNOMEE %/~ 7 (Ogata
and Abe, 1991). Z 1 & i3HEIEE)H Slow dynamics & IEFN A2 ERROME LR LT 5
BTHS5. 1K, ZnLnEHIZ, GRAD b ERPRFE—FERDpEL ERBRA LT A—2 T
NHhFELENET:,

ERE, HRHE BE, &E KUEBRELZEZWAWALHEFRENC DWW T I LRIk
FA—FEERDONTNE, ZDEH) LT 2— B ESNERELEE2ZLL TN T
HoH, EDL ) URBOMBEH CLERINFEL T2 b TRV, iz 0ESCHE
BOREICHEVEKEET, BREIL T 24— 2 BRI ENEL IS Z L% b5 N Tw
B, T2E2iE, KER-FEAD P EII 1 EIROMERS 2 &2 % <, RHMBLRRME, KREE
B, EXMEAOGRRA L & T, bEIMEBROKREICH I VBRETIC, ZNEFN1IERETH
5, TEBRVLDZOBRIRBIIEDL I L THRE > TWBENEL ), Z 2 TRIEEHD
RO EE, RIS —NVEREEREZR = NVERDE 2 FE AT, BEROBERE L
TR ERZT L LIc L &9,

'El-lll
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II. EFENEHS

HWEITHFR Y PN TOBIM L MIEHEIC k> TRET 5, WEREOEITIIEC L v |
L7 T, AN MIBE LA (WG <y F) HUWRHIC 7 > 7 2 ICHEE T 2 8 ik
ALY 285, Wi sy FIIRMN LI IERICKEL, 20—, oL L 72 KgEE,
FAE-KREUOHEBEHCHEHEL PHBEHNVWAVS R >2HE EHHICHEKRL TS

(Cheng and Knopoff, 1987 ; Koyama, 1996). ¥ 7Kg LiZizW2bWhHh k& S DME <y
FOEBICHEL, FNLEEES L COFRAPMEBREARERIC L > TnaEEILNTNS
(Koyama, 1994 ; Ruff, 1992).

ZNL D WBEAOAHEEE WiE v F) 337, RERENFRIRLZ->TwbEHEZ LN
Twv % (Yamashita and Knopoff, 1992), L 725°» T, KE L HEOSKBEBIEST # OWEHHEC
&0 2RMICEL ZANEEBOIGHERIBNT2HRATH S LEZ N5, ZOIEHENS
BIIAR-—FROBRA L LT

n(t)oct™? (1)

D&, REOREE) M t ONERICREBT IR TELEIND, NEFE P FHR
FOLL DHBEHTHANLN, BBLZ0.795 1.4 0EFHNEZ2I2 (Utsy, 1969 ; Wang,
1994).

Fig. 11z 1988 4F & 1989 R T} BE TCOHRHEBORERNOEILELRT. 215 DH4, BB
NERE P16 & 1.7 L RELEERL, EROMEM (Burridge and Knopoff, 1967), &
FS1iE sk (Das and Scholz, 1981 ; Yamashita and Knopoff, 1992), 7' —7 (Gu et al., 1979)
T EDETND LHFER N BB p ETIL BB HL V-,

—H A R HEER T, R ICEBOTERILL, ZOBKERICHEET2O0EEBTH 5,
L»L, 3—RZTomEE* e &, MEKDHREEBAICHRE & HICHEP L2 Er%
LITWw3 (R, 1991), 1A (1993) 2 ki, EEBEFIPOBREMETLINL J Ll
BIEY e MBEBI DTS R S LT w5, BEIICIE, BEOREBIRN L REIL 2 oEsy
Poisson @f&Ic L7229 T2 FLLBRBTH LI E2RLTWE, Lrl, RERETH- 720
BB TH - 72 ) ¥ 5 MEERBINE ORFER 2 DI ROANEN L WEBEIIBE I N Th iy,

Poisson #f2I2#E 5 7 > FLBRDEE, TIE DD 2 DD X~y | DR REOMEREES
i3, BRI L o, EERERLAL T E, P(r)=lexp(—Alr|)TEbLEN 3. Fig. 2 & Fig. 3
KENFNEREXRBE & KE T RBHBNORARBMEROBIELTRT. H{ L bMbn T
5 L9, ITNLEEMEIZ BICRAZ: Poisson B OHEREESA THHENSE, Lz -7,
EXMEBENREIZT VT LTHDZ bbb, KL, LR HEREIOH CHERE
FUIRBEIE TId % <, [P O<HZSD)D & ) AN EBCiEl& 115 (Ogata and Abe,
1991), BICEEL CRT, 20 & ) LHEBEEORRY E L TCORLBO LRI NEHERE LT
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Fig.1. Time-decay of Izu earthquake swarm, Japan in July of 1989 and in
July to August of 1988 (Tokyo University, 1989). Hyperbolic decay rate
p of earthquake number is about 1.6 on the left and 1.7 on the right,

respectively.
DEEERL TS,
. HBEEDERR Sy —LEH

Poisson j##2%> Markov RN HE A BB ZIEMA L T, kX LHBERXESCRETLIRBNH
ARG M ATFFE 2 LT3Rz (4238, 1956 ; W, 1990). =k 9 HfFRTlE, KE 3 L 22 ¥—
bLVHEEPELZDEE LT, BE WR) 2HANICHEZ CER, 23 )V HERENKRY %
B L TRk ->TE 2, 20k ) ZBIE BN (Ogata and Abe, 1991) I2BWT 3
FETH B, L2L, TNTHOBEBEOMBHIBIIARLAKEZ 2L L, ZOKE SMMIIHE
ENC—RRTId %, REZHBE NS UHEAZRANT—IZIZHEIC K 5 VT E DB HEE
T3, ZOL) GHEERENDT > 5L HRNREER TR INEG YA X% L3 HBEBROARE
WA WETHDE, ZOWETRMBEEHNT > 2 E LA IO WEMBICEZ 20T,
M EBRROHRBENET VL ERNICHEZ B,

WERR I D LI+ ADMICRET IRBEORE 2 n(t)dt T 5L, Zohicii~r=Fa—

FHRLBNLVLLEREZIDRENETIN TS |

n(t)=£nd2) (2)

XT3 EANC S = Fa— FELORBORER TH S, i=0Fhws=Fa—F,
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1885/01/01 00:00-1992/02/28 24:00 N= 63
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Fig. 2. Cumulative number of time-intervals of successive earthquakes in and
near Japan. Large and great shallow earthquakes from 1885 to 1992 (earth-
quake magnitudes larger than or equal to 7.3) are analyzed. Epicenters are
plotted by different symbols representing focal depths.
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Fig.3. Cumulative number of time-intervals of successive
deep-focus earthquakes worldwide. Earthquakes from
1977 to 1994 are tabulated by the U. S. Geological
Survey. Earthquakes are selected for the analysis, whose
magnitudes are larger than 5.5 and focal depths more
than 500 km.
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=Mk =2F2—F2RTINET S, bbsA, n(t)bn()id 4 THNEBHNT >~
0T Bk G T B B O I IR T H Y, iF % b, EWICHNTH L. ERE
BOWMBGRMEE LT, t=0TNBOBBIEEES D 2D LT 5, FRLyBHp DL ED
B L C, BRSO BRI ¢ TN(OBEICRAT 5. Th 2RI HRER TEb
(3,

ni(t)dt = — dN:{(t) = p(t)N«t) dt (3)

=2 Tudt)dtiy | BOBETRERSET 2METH 5, ORI, —RNICE, w7 =
Foa— FRBEICKFT 5725, BELERZQEICLT w0l EEL, (3)R%
EZ2HZEHTED, LL, ZITRZENL ) LR LEERRS $iz, —HiEtkI &
U BHED 2O T L IRET 5.

FERBBN()en )7 DHERN W 4 X8R E2BL T WERN LT A—y TRbTZ &
BTELW, Z,2RAL27=F2—FE3OREHY (3) RTEXLEINIFELHEHRRNS
B Lz e LTh, Bub~r=Fao—FOREHLOBEREHL»ICL T2 E
STEIEESARNERIT TX v, Koyama and Hara (1993) 13, HaSREEoMERMS HRERIC 2

T NVBEREEAT DR T — VEBRNDE Z R HRE Lz, I 2 TR OB DR HE
fbiz -

fat %N,-(Bdt)ﬁzv,-ﬂ(r) (4)

EUDMERAS—NEREFEZ D 22 Taak fald A7 —") v TR E LEINZEDERTH
3, LLIZ1IPTTHE, 2oy — NVEBRIBHEVOBOCHUELHEL TWbENTIIL S,
HERBBN(ODFEOMTNER N A —) > VBMFEEZRAEL Tb, Lt »T, 7777 0%
fife ECLIELITRN S H 5B/ (2)ic BT 2 27— ) > 7B% © flax)=a"f(x) (Feder,
1988 ; Koyama and Feng, 1995) 70 & & i3i#Evs, (4) DAy —VEHRIIHERNTH 5.

(2) & (3) OffE (4) DRy —NVERE DD ZIERELIIKRHLNS !

n(t)=— dt[ZM<B)exp( /zo,@dt)} (t=20) (5)
INDPREBEBOBHREZ D LT, 0< mwili s, (5) ULt IKET 5. 72,

M>1Tt>l % b, (5) DENEERBIRAMTEL L LW THET 2 Z L 4T % (Koyama
and Hara, 1992) :

n(t) = Aa(pt) ™%, (6)

Aa= o',/ m(&— Dexp([&z—=1][In(&s—1)—1]) (7)
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2L, EdIR—) T IRE LRE BT T 7 I KT

lna/d
fa= InBa (8)

Th5,

(6) DELETL, BREEZINCEZ UL, aak P DIZT LD KREWELATLHY D, (5)
DRI BRI IEEBIBRANCRET 22 e 2R L T b, F72, (6)I3BRON & Fiz I
LTEBETLIE2RLTWS, Lizh-T, TIRENEERE L ConEEENIERICE
PENLMEFHORELHE—OCHATLILOTH L. KE-—FEORBRRE (6) R HE
T5ZET, REHLNEGHpIIHRZr— VBN T 5 7 F VKT T

p=E&u (9)

ERDLIN, BEHICOAEMLN T 2pEIEEEHOEM I P LRI IPEETH LI LA
REND,

N, SU9LRMETEH

1. hEFSHORBEE
Poisson @iz L 2758 ET 5 7 > F LABRDEEEIBIR OS5

Po(r)=Aexp(—Ar)  (r=0) (10)

TERbLEND, Z 2 TAITHAFEES 72 D ICHAET 2 FHERETH 5, Fig. 2 Fig. 3 Tidgl &
BEERAET 2 ERRAHECK E L RFEME K H M g 44 5 Poisson 446 THHE I 1.5 2
EEFRLE. CHRARHBORESBEPEERBICEFE L LW T v T LLBRTHEZ L 2R
LT3, Fig 4 i3 BARMHE THRE L 2 BEORBHEBOSH 2 [T 7T — 2 £ v TN,
OB, RT3 %R I TEBIZIH—%T—5 1y b ehblHiz, w7 =Fa—
FESUEEL, BENERI A 60 km LIT ORFEHELZITEMICHWE K2R Thbr b L5,
HENRV< I =F 2 — FHEOWERSIZ (10) Ko Poisson 5A THH I D, ZHHHIR~
T=Fa— FH5BEVNELHEBENTEE)P S, 97 =Fa—F08 77 ANERMENEST
bERRICREBENS, Fig 2 Fig. 3 THNLZKMEN~ 7 =F 22— FHirbE VL hwneF
AL, T TOMBRERMBTH DL, o), HARMETREET A</ =F2— FHI5BED
NS HEERETL, 877 ANERMENEHTY, &Lz Poisson @B L7249 k5% 7
VELLBETHDIEERL T D,

L& L, Fig 4 iR L 2 BRHED T THOMBEEEND & Ked 7 R I 0534513 Poisson 43
HTIRAATEL Y, BHEBRO/NE &8 TH RE cHFE TY Poisson SAHNOMHE &3 - &
DR -T2, RFIEIWAEREINEGHEZREL2LNT, BHAXESMTHATS Z
ELEELWL
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Fig. 4. Cumulative number of time intervals of successive shallow earthquakes in
Japan and its vicinity. Number of earthquakes N is normalized to represent
the probability distribution in 9. The earthquakes are from the Japan
Meteorological Agency catalog for the period from January 1st, 1930 to
February 28th, 1992 and have focal depths less than or equal to 60 km. (a) All
earthquakes in the analysis. The curve in the figure is the Poisson probability
distribution calculated from the mean number of earthquakes. It does not fit
the observed time-interval distribution. Two straight lines are for a power-law
dependence between time interval and cumulative number in days. (b) Similar
plot for earthquakes in the magnitude range from 5.0 to 5.1. (c) Earthquakes
in the magnitude range from 6.5 to 6.6. (d) Earthquakes in the magnitude range
from 7.0 to 7.1.

FETRI - - ERMEES D 87 Poisson 4345 Tl 3B TE %v», Fig. 512 1989 4 7 B»
512 B TIo R L 724 2000 BOBERMES & Kb 72 BRI 0545 T 5. Poisson 5345 )
BB L Vi3, Bohic, RPIRL 2NESHA2BI2HA L Tw b, RBRIICELNLX
BRI R EL T AR T 0.5, BWEHATIZ 1.0 X N2 L& W,

#r4F Ogata and Abe (1991) 2 & 0 LEREY 2 R IR B> B CARBIBI S T~ b i, HERE)
IR r DR E B PR b EN A RMEROMELH 52 LB L T ENTZ, 28T A —
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Fig.5. Cumulative number of time-intervals of successive earth-
quakes in Izu peninsula, Japan for the period from July to
December, 1989. Two straight lines indicate the power-law of
cumulative number and time-interval in minutes.

SOHRBZHEBINCIZ0LS 1 TOERTH LD, WHORIIFN0.6 THE, HoHi1THAMNE
THEAEL LHEDHCHBBEELFEL T b, ZOBREERFNOT— 0 LB
WEIZEAERLTH -2, HENKE SRPHBEEIERE) L2 b 6T, TOo0EERS
T B2 LREETH S, T/, HOHBIBIK E REHEROSHREBIIFMTH S Z & 5°
w2 B0 T (Koyama, 1994), Ogata and Abe (1991) o#5Rix Fig. 5 icm L 72858 & M8y
TH5d.

2. IUTALRMWEEHOETI
BN BN R A — NWERDEZ b, (10) 2 &b~/ =F 2 — P2 OMERHEEI T
FTHEREBELEZ FRINALAKEVWS S =F 22— F2EHOMBERNIEE)IL

fst %Pi(ﬂsf):PH-l(f) (120’1’2”M) 1)

DAYy —WVEHBE WL THNALZBEEREELDVNET D, a6l 3R r—Y) 737 4=5F
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T, EDERE D, (1)DRT— ) > 7O HERERR Y 275 —NVEBRL TWb01Eh 5, HER
WTHb, thbrtdrnEEER TR, i(BHO> 7 =F2— ¥ L DB PA0)dr DR
BTH5D, INIRHEREEPICHL THENNICRE > TWIRET, i=0DMEBROREEEZ N
i, AN LBENEEEZ TL LY, L -7, 8BS DBEIFEL TWw b & T,
MBEN2 S =F 22— FOMEIRET 20 BB TEEC, WAWALEREIDMBRSKE
LTEDL S BHAEOEIRFINDG ST, FEROSGAITRE S

Pi()=2P(x) (12)
Z TP (10), (11) » &
B(r)z/b(%f)iexp(—/loﬁsir) (r=0) (13)

WERAS— U T ABICREL S =2F 2 — FOMBEHLEZ Twd 3L, P(O)%rT0
»hbooF TG LIZEIR

g§s1 (14)

ELGBZ LRI NG, LOREBEXDAT—1) v TR, BJADBIRL, GRADHMEE W
T,

s 0d _1n-baM
B~ B 10 (15)

ERDLEIND, 2L, AMBAY— )Y 75 E2D2 7 =Fa—FORTH L, ZOR» LK
BREDOMEOWENLERY, WOLWLLHBERREEOHEOEHS L L TEEIND.
(12) Ro#mERBY (6) LERICEFHE SN,

Ps(1)= AslAor| 5, (16)

As—_—AO’/ 21n(as/7,2’s lnBSEXD([Es"l][ln(ES_1)_1]) (17)
CZTEEAT— N TRTI A —Fask Bshr Lk B

¢ nas (18)

Thb, INERAT— )y 7Rz eicl, (8) 77770k RiT 5,

(14) DAFERD L 24— ) » TRTCIFEL2TH B, #HERBLD (16) 13E>1THAR N LD
DTH BN, 0<EINBETY (16) Rk o) ~E454FI2% 3 (Koyama and Hara, 1992),
BRE, ThEno<=F 2— FHIHERD Polsson @R THESITLNLLDTH-Th, I
B RDOREEERO I IZNE A TEPEN, Slow dynamics OME#/RY., Lizh-T,
Fig. 5 2 & TR ED L BBAN KD 72N EFE 413 (18) TEBIN L2 HMBEEHOERS 2R
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TRy — ) > IRIGET

d=2-¢;s 19)

ERDLEND, ZZTORBRENEREE X7y —) > 7RG & DEMRIT— kB e FHimd L BN
AERTH B0 b, ZOBERESEMTHEEESI, ) Tl (, REEEL T TEEROARIC
IRSEHTE 5,

3. WBERDIH LB Tr—ILER

MEEESONEZH LM L RBERETIABZ2TUT DI LREERTH 5.
1975 EREERE T, 300 % 2 2 2B BEL, HETHAFEEZRIRICCVWEDLZZ
ETHONG, 2L ICHE OMEREB»THINLZ LiIZENTH S, Fig.6 (a) ICHIE

1975 Haicheng Earthquake, China

B a— T
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=1 L
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'S>_’ 107 Feb. 1 o 4 Fig. 6 (a) Cumulative number of foreshocks
® _ ' and aftershocks of the 1975 Haicheng
g . earthquake in China as a function of
8 10% magnitude. Empirical estimate of &-value
=L - S V- A is about 0.6 for foreshocks and about 0.9
Magnitude for a}ftershocks. The origina_l data was
10 a | provided by the State Seismological

3 Bureau of China.
(b) ] (b) Cumulative number of foreshocks
] and aftershocks of the 1975 Haicheng
E earthquake in China as a function of
] successive time-interval. Solid line indi-
cates a power-law with coefficient of
about 0.8 for foreshocks. Solid curves
labeled Ex indicate exponential distribu-
tion and those labeled LN indicate log-
normal distribution for foreshocks and
aftershocks. Scaled sum probability
(labeled Sc) by the stochastic scaling is
also derived from the aftershock data.
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FEE L RBIEBNMER RS, FNENH0.6 L 0.9BETHSE (Wy 1990). Fig.6 (b) i
IR 27 2R Y. FUERISE Tl RS0 0.8 DX & 5777, Poisson BRENDIEHSH LN D
Bz L) LCHHEL WD, KREFBHTIE, REBEBI/NS L8 T RS L EIH T BES
OB E N RTINS (BB AL REM D & L ICBBRR & 3 —B L %\,

B bz, BREMBEEEOWME R0 RERATEOBRMEFRE 24 L VFANTA LY.
1995410 Hic2h & - 7- AR R EISENI06F 7 Adh F TIcibEE A FE MM E T BN
Wikt F—HEBEEEROLLDIZTTHLHMEEZ Z 25, 20 ) bEADMEIIILA23HICS
ELlze/=Fa—FH 4.6 DMETH B, Fig TIC5I &k & AL LHBEOREEROSH4 %
LT BN SRR ESHA T BRABRZHAT L2 LML EXFRTEN S,

Fig. 6 % Fig. 7T ORI IENRTH 2 Z & R L T B, JENBR RS DA, 3
ERSHmFLIELITH NS, MEERSHIIME T T— 4 v FERS N, RYEENO T
BLRT D5, Bedit ewflzig, SRS & AOREDFA 7% EFRFICILRPFE T
HAwsnTw s, Fig.6(b) 2 Fig. 7 o#fR % R, HESAP~NEH0H THBE S Nk Wik
D445 57 Log normal k¥ EN3 N2 IERM S A THEZI N, ZZTCOBRIELLALNT
WEBIH SO T EL Hh DL JHITRL B,

bL, Inz»ERDME L T% 6, HEERL

g(x)air 1 (_[hl(x/f)]z\dx/f

T/ Jar P 20° ) x/%
DHEERFEN M % LD, DOV KREWHERER e ZIE WEE T, 9B EKe(x)ix
VxR ES5AICIHVWIR 5%V 27 5 (Montroll and Shlesinger, 1983), F## k& iUl
i3, Vb CRNTE 28BIZ L VIE< k5.

1) RXERIUTb» B L 512, MEAr—NVEBOEZ Clras~> B2 b L &, 12t
LB, L7255 T, MEERSMIIHERZ 75— VERD 2 L &bt oMK it 32k
FREND, (16) R Ta=B2 % ETIUE, B(<L.0)ZT DRI ERDDIST A—F L0 B,
EBE, SERPD DB WD L EDONBIER S R BENIC D), R —VEBRD I L& bES
WD T 2 —F FRABRENICRD TR B L, 2ODHRMEIFEEICI KT
PHEPDHLNE, bHLAABBEIE) 2L, FHUICLPEZ S L WHERO/NS 2#F TR, —
HLEWDIIHLHD2TH 5,

Fig.6 (b) R Fig. TICBRHE N1 T— S DG H ) & 5 ICHEREA T —WVERD T A —F %
W, ZOSHBEEERL 2, SEIERSA & F UREIC i 2 2 BRED D % FERRIC L
T2MULEOHRATHBEL T2 Edbh s, 2F Y, HasrEL (EALLHEERAS—VE
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Fig.7. Cummulative number of successive time-intervals from the 1995
Matsumae earthquake swarm, Hokkaido, Japan. All the events (more
than 4500) from October of 1995 to early July of 1996 are analyzed,
whose hypocenters have been determined by Research Center for
Earthquake Prediction, Hokkaido University. Exponential and log-
normal distributions as well as scaled sum distribution by the stochastic
scaling are shown in the figure.
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