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�BSTRACTp e =OR O AT LEAST t: THE ,EHN FUNCT0ONS OF FtnpA�( AND �tnpA�( ARE
EXPONENT0AL) gATCHER AND uOGTMANN PROVED THAT THEY ARE AT MOST EXPONENT0AL: AND
THE COMPLEMENTARY LOvER BOUND 0N THE CASE O — t vAS ESTABL0SHED BY @R0DSON AND
uOGTMANN) gANDEL AND lOSHER COMPLETED THE PROOF BY REDUC0NG THE LOvER BOUND
FOR O B0GGER THAN t TO THE CASE O — t) -N TH0S NOTE vE G0VE A SHORTER: MORE D0RECT
PROOF OF TH0S LAST REDUCT0ON)
.iS2Mip e 1OUR O AU MO0NS t: LES FONCT0ONS DE ,EHN DE FtnpA�( ET �tnpA�(

SONT EXPONENT0ELLES) gATCHER ET uOGTMANN ONT MONTRi +UqELLES iTA0ENT AU PLUS EXPOh
NENT0ELLES: ET LA BORNE 0NFiR0EURE A iTi iTABL0E PAR @R0DSON ET uOGTMANN DANS LE CAS
O — t) gANDEL ET lOSHER ONT COMPLiTi LA DiMONSTRAT0ON EN RAMENANT LA PREUVE DE
LA BORNE 0NFiR0EURE POUR O AU MO0NS 5 AU CAS O — t) ,ANS CET ART0CLE: NOUS DONNONS
UN ARGUMENT PLUS D0RECT PERMETTANT DE PASSER DU CAS O — t AU CAS GiNiRAL)

,EHN F2NCT0ONS PROV0DE 2PPER BO2NDS ON THE COMPLEw0TY OF THE WORD
PROBLEM 0N fiN0TELY PRESENTED GRO2PS) 6HEY ARE EwAMPLES OF fiLL0NG F2NCT0ONSc
0F A GRO2P F ACTS PROPERLY AND COCOMPACTLY ON A S0MPL0C0AL COMPLEw T:
THEN THE ,EHN F2NCT0ON OF F 0S ASYMPTOT0CALLY EQ20VALENT TO THE F2NCT0ON
THAT PROV0DES THE OPT0MAL 2PPER BO2ND ON THE AREA OF LEASThAREA D0SCS 0N T:
WHERE THE BO2ND 0S EwPRESSED AS A F2NCT0ON OF THE LENGTH OF THE BO2NDARY OF
THE D0SC) 6H0S ART0CLE 0S CONCERNED W0TH THE ,EHN F2NCT0ONS OF A2TOMORPH0SM
GRO2PS OF fiN0TELYhGENERATED FREE GRO2PS)

M2CH OF THE CONTEMPORARY ST2DY OF 92TpDm( AND �2TpDm( 0S BASED ON
THE DEEP ANALOGY BETWEEN THESE GRO2PS: MAPP0NG CLASS GRO2PS: AND LATT0CES
0N SEM0S0MPLE k0E GRO2PS: PART0C2LARLY rkpm.N() 6HE ,EHN F2NCT0ONS OF
MAPP0NG CLASS GRO2PS ARE Q2ADRAT0C bn[: AS 0S THE ,EHN F2NCT0ON OF rkpm.N(
0F m > fi pSEE boz[() -N CONTRAST: dPSTE0N dT �L) b7[ PROVED THAT THE ,EHN
F2NCT0ON OF rkpt.N( 0S EwPONENT0AL) a20LD0NG ON THE0R RES2LT: WE PROVED

JdwWn.DSc �UTOMORPH0SM GROUPS OF FREE GROUPS: ,EHN FUNCT0ONS)
lAsg) bLASSyfbAsynmc 3z=7fi: 3z=3e: fit]35: fi;r3fi)
p&( @R0DSON 0S SUPPORTED BY AN d1r’] rEN0OR =ELLOvSH0P) uOGTMANN 0S SUPPORTED BY
mr= GRANT ,lrhz3z5oefi)
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0N bt[ THAT �2TpDt( AND 92TpDt( ALSO HAVE EwPONENT0AL ,EHN F2NCT0ONS)
HATCHER AND uOGTMANN be[ ESTABL0SHED AN EwPONENT0AL 2PPER BO2ND ON THE
,EHN F2NCT0ON OF �2TpDm( AND 92TpDm( FOR ALL m > t) 6HE COMPAR0SON W0TH
rkpm.N( M0GHT LEAD ONE TO S2SPECT THAT TH0S LAST RES2LT 0S NOT OPT0MAL FOR
LARGE m: B2T RECENT WORJ OF HANDEL AND MOSHER b;[ SHOWS THAT 0N FACT 0T 0Sc
THEY ESTABL0SH AN EwPONENT0AL LOWER BO2ND BY 2S0NG THE0R GENERAL RES2LTS ON
Q2AS0hRETRACT0ONS TO RED2CE TO THE CASE m — t)

sHEnREMp e —nq m > t: Tgd ,dgN FtNbTynNr nF �2TpDm( �ND 92TpDm(
�qd dwPnNdNTy�L)

6H0S THEOREM ANSWERS +2EST0ONS tfi AND t; OF bfl[)
vE LEARNED THE CONTENTS OF b;[ FROM kEE MOSHER AT k2M0NY 0N I2NE 3zoz

AND REAL0yED THAT ONE CAN ALSO RED2CE THE 6HEOREM TO THE CASE m — t 2Sh
0NG A S0MPLE OBSERVAT0ON ABO2T NAT2RAL MAPS BETWEEN D0fERENThRANJ 92TER
SPACES AND �2TER SPACES pkEMMA t() 6HE P2RPOSE OF TH0S NOTE 0S RECORD TH0S
OBSERVAT0ON AND THE RES2LT0NG PROOF OF THE 6HEOREM)

o) cdfNyTyONS

kET > BE A ohCONNECTED S0MPL0C0AL COMPLEw) vE CONS0DER S0MPL0C0AL LOOPS
X c R → >1O(: WHERE R 0S A S0MPL0C0AL S2BD0V0S0ON OF THE C0RCLE) � rylPLyby�L
fLLyNfi OF X 0S A S0MPL0C0AL MAP K c C → >13(: WHEREC 0S A TR0ANG2LAT0ON OF THE
3hD0SC AND K|∂C — X) r2CH fiLL0NGS ALWAYS Ew0ST: BY S0MPL0C0AL APPROw0MAT0ON)
6HE fiLL0NG AREA OF X: DENOTED �REAApX(: 0S THE LEAST N2MBER OF TR0ANGLES 0N
THE DOMA0N OF ANY S0MPL0C0AL fiLL0NG OF X) 6HE ,dgN FtNbTynN1O( OF > 0S
THE LEAST F2NCT0ON δA c � → � S2CH THAT �REAApX( 6 δApm( FOR ALL LOOPS OF
LENGTH 6 m 0N >1O() 6HE ,EHN F2NCT0ON OF A fiN0TELY PRESENTED GRO2P F 0S THE
,EHN F2NCT0ON OF ANY ohCONNECTED 3hCOMPLEw ON WH0CH F ACTS S0MPL0C0ALLY
W0TH fiN0TE STAB0L0yERS AND COMPACT Q2OT0ENT) 6H0S 0S WELLhDEfiNED 2P TO THE
FOLLOW0NG EQ20VALENCE RELAT0ONc F2NCT0ONS c. f c �→ � ARE EQ20VALENT 0F c ∞ f

AND f ∞ c : WHERE c ∞ f MEANS THAT THERE 0S A CONSTANT a < o S2CH THAT
cpm( 6 a fpam + a( + am + a) 6HE ,EHN F2NCT0ON CAN BE 0NTERPRETED AS A
MEAS2RE OF THE COMPLEw0TY OF THE WORD PROBLEM FOR F 8 SEE b3[)

KEMMA op e -F > �ND A �qd ohbnNNdbTdD rylPLyby�L bnlPLdwdr: D c >→
A yr � rylPLyby�L l�P: �ND X yr � LnnP yN Tgd ohrIdLdTnN nF >: TgdN �REAApX( >
�REAApD ± X()

1O(6HE STANDARD DEfN0T0ON OF AREA AND ,EHN FUNCT0ON ARE PHRASED 0N TERMS OF S0NGULAR
D0SCS: BUT TH0S VERS0ON 0S � E+U0VALENT)

�MM�IDR ,D I)5MR65626 EN2’5D’



CDGM e2MBSHnM ne Ftn1D�( oeot

1qnnF) e -F K c C → > 0S A S0MPL0C0AL fiLL0NG OF X: THEN D ±K 0S A S0MPL0C0AL
fiLL0NG OF D ± X: W0TH THE SAME N2MBER OF TR0ANGLES 0N THE DOMA0N C) �

bnRnLLARYp e kdT >.A �ND B ad ohbnNNdbTdD rylPLyby�L bnlPLdwdr
vyTg rylPLyby�L l�Pr >→ A → B) kdT Xm ad � rd.tdNbd nF rylPLyby�L LnnPr
yN > vgnrd LdNfiTg yr antNDdD �anud ax � LyNd�q FtNbTynN nF m: LdT Xm ad Tgd
yl�fid LnnPr yN B �ND LdT �pm( — �REABpXm() sgdN Tgd ,dgN FtNbTynN nF A
r�Tyrfdr δApm( ≤ �pm()

1qnnF) e 6H0S FOLLOWS FROM kEMMA o TOGETHER W0TH THE OBSERVAT0ON THAT
A S0MPL0C0AL MAP DOES NOT 0NCREASE THE LENGTH OF ANY LOOP 0N THE ohSJELETON)

�

3) ryMPKybyAK bOMPKdVdS ASSObyATdD TO 92TpDO( AND �2TpDO(

kETIm DENOTE THE SP0NE OF 92TER SPACE: AS DEfiNED 0N bfi[: AND Km THE SP0NE
OF �2TER SPACE: AS DEfiNED 0N be[) 6HESE ARE CONTRACT0BLE S0MPL0C0AL COMPLEwES
W0TH COCOMPACT PROPER ACT0ONS BY 92TpDm( AND �2TpDm( RESPECT0VELY: SO
WE MAY 2SE THEM TO COMP2TE THE ,EHN F2NCT0ONS FOR THESE GRO2PS)
qECALL FROM bfi[ THAT A l�qIdD fiq�Pg 0S A fiN0TE METR0C GRAPH g TOGETHER

W0TH A HOMOTOPY EQ20VALENCE f c Om → g: WHERE Om 0S A fiwED GRAPH W0TH
ONE VERTEw AND m LOOPS) � VERTEw OF Im CAN BE REPRESENTED E0THER AS A
MARJED GRAPH pf.g( W0TH ALL VERT0CES OF VALENCE AT LEAST THREE: OR AS A
FREE M0N0MAL ACT0ON OF Dm ON A S0MPL0C0AL TREE pNAMELY THE 2N0VERSAL COVER
OF g() � VERTEw OF Km HAS THE SAME DESCR0PT0ONS EwCEPT THAT THERE 0S A
CHOSEN BASEPO0NT 0N THE MARJED GRAPH pRESPECTED BY THE MARJ0NG( OR 0N
THE S0MPL0C0AL TREE) mOTE THAT WE ALLOW MARJED GRAPHS TO HAVE SEPARAT0NG
EDGES) aOTH Im AND Km ARE 5AG COMPLEwES: SO TO DEfiNE THEM 0T S2ffiCES
TO DESCR0BE WHAT 0T MEANS FOR VERT0CES TO BE ADiACENT) -N THE MARJEDhGRAPH
DESCR0PT0ON: VERT0CES OF Im pOR Km( ARE ADiACENT 0F ONE CAN BE OBTA0NED FROM
THE OTHER BY A FOREST COLLAPSE py)d) COLLAPS0NG EACH COMPONENT OF A FOREST TO
A PO0NT()

t) sGRdd NAT2RAK MAPS

6HERE 0S A FnqfidTFtL l�P φm c Km → Im WH0CH S0MPLY FORGETS THE BASEh
PO0NTs TH0S MAP 0S S0MPL0C0AL)
kETi , m) vE fiw AN ORDERED BAS0S FOR Dm: 0DENT0FY Dk W0TH THE S2BGRO2P

GENERATED BY THE fiRST i ELEMENTS OF THE BAS0S: AND 0DENT0FY �2TpDk( W0TH

6NLD ST 1TUOT(C E�RA5A2ID F
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THE S2BGRO2P OF �2TpDm( THAT LEAVES Dk , Dm 0NVAR0ANT AND fiwES THE LAST
m � i BAS0S ELEMENTS) vE CONS0DER TWO MAPS ASSOC0ATED TO TH0S CHO0CE OF
BAS0S)
=0RST: THERE 0S AN EQ20VAR0ANT �tfildNT�TynN l�P ι c Kk → Km WH0CH

ATTACHES A BO2Q2ET OF m�i C0RCLES TO THE BASEPO0NT OF EACH MARJED GRAPH
AND MARJS THEM W0TH THE LAST m � i BAS0S ELEMENTS OF Dm) 6H0S MAP 0S
S0MPL0C0AL: S0NCE A FOREST COLLAPSE HAS NO EfECT ON THE BO2Q2ET OF C0RCLES AT
THE BASEPO0NT)
rECONDLY: THERE 0S A qdrTqybTynN l�P ρ c Im → Ik WH0CH 0S EAS0EST TO

DESCR0BE 2S0NG TREES) � PO0NT 0N Im 0S G0VEN BY A M0N0MAL FREE S0MPL0C0AL
ACT0ON OF Dm ON A TREE S W0TH NO VERT0CES OF VALENCE 3) vE DEfiNE ρpS ( TO
BE THE M0N0MAL 0NVAR0ANT S2BTREE FOR Dk , Dms MORE EwPL0C0TLY: ρpS ( 0S
THE 2N0ON OF THE AwES 0N S OF ALL ELEMENTS OF Dk) puERT0CES OF S THAT HAVE
VALENCE 3 0N ρpS ( ARE NO LONGER CONS0DERED TO BE VERT0CES)(
9NE CAN ALSO DESCR0BE ρ 0N TERMS OF MARJED GRAPHS) 6HE CHOSEN EMBEDh

D0NG Dk , Dm CORRESPONDS TO CHOOS0NG AN ihPETAL S2BROSE Ok ⊂ Om) �
VERTEw 0N Im 0S G0VEN BY A GRAPH g MARJED W0TH A HOMOTOPY EQ20VALENCE
f c Om → g: AND THE RESTR0CT0ON OF f TO Ok L0FTS TO A HOMOTOPY EQ20VALENCE
f̂ c Ok → ĝ: WHERE ĝ 0S THE COVER0NG SPACE CORRESPOND0NG TO f∗pDk() 6HERE
0S A CANON0CAL RETRACT0ON n OF ĝ ONTO 0TS bnlP�bT bnqd: 0)E) THE SMALLEST CONh
NECTED S2BGRAPH CONTA0N0NG ALL NONTR0V0AL EMBEDDED LOOPS 0N g) kET ĝV BE
THE GRAPH OBTA0NED BY ERAS0NG ALL VERT0CES OF VALENCE 3 FROM THE COMPACT
CORE AND DEfiNE ρpf.g( — pn ± f̂. ĝV()

KEMMA 3p e —nq i , m: Tgd qdrTqybTynN l�P ρ c Im → Ik yr rylPLyby�L)

1qnnF) e �NY FOREST COLLAPSE 0N g 0S COVERED BY A FOREST COLLAPSE 0N ĝ
THAT PRESERVES THE COMPACT CORE: SO ρ PRESERVES ADiACENCY) �

KEMMA tp e —nq i , m: Tgd FnLLnvyNfi Dy�fiq�l nF rylPLyby�L l�Pr bnlh
ltTdrc

Kk
��→ Km

φk

̆ ̆
φm

Ik
ρ←� Im

1qnnF) e 40VEN A MARJED GRAPH W0TH BASEPO0NT pf.gs u( ∈ Km: THE
MARJED GRAPH ιpf.gs u( 0S OBTA0NED BY ATTACH0NG m�i LOOPS AT u LABELLED
BY THE ELEMENTS ak.O. . . . . am OF O2R fiwED BAS0S FOR Dm) 6HEN pfm.gm( c—
φm ± ιpf.gs u( 0S OBTA0NED BY FORGETT0NG THE BASEPO0NT: AND THE COVER OF
pfm.gm( CORRESPOND0NG TO Dk , Dm 0S OBTA0NED FROM A COPY OF pf.g( pW0TH
0TS LABELS( BY ATTACH0NG 3pm � i( TREES) p6HESE TREES ARE OBTA0NED FROM
THE ]AYLEY GRAPH OF Dm AS FOLLOWSc ONE C2TS AT AN EDGE LABELLED aεO : W0TH

�MM�IDR ,D I)5MR65626 EN2’5D’
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g ∈ {i + o. . . . . m{ AND ε — ±o: TAJES ONE COMPONENT OF THE RES2LT: AND
THEN ATTACHES THE HANG0NG EDGE TO THE BASEPO0NT u OF g)( 6HE EfECT OF ρ 0S
TO DELETE THESE TREES) �

fi) 1ROOe Oe TGd sGdORdM

-N THE L0GHT OF THE ]OROLLARY AND kEMMA t: 0T S2ffiCES TO EwH0B0T A SEh
Q2ENCE OF LOOPS XO 0N THE ohSJELETON OF Kt WHOSE LENGTHS ARE BO2NDED BY A
L0NEAR F2NCT0ON OF g AND WHOSE fiLL0NG AREA WHEN PROiECTED TO It GROWS EwPOh
NENT0ALLY AS A F2NCT0ON OF g) r2CH A SEQ2ENCE OF LOOPS 0S ESSENT0ALLY DESCR0BED
0N bt[) vHAT WE ACT2ALLY DESCR0BED THERE WERE WORDS 0N THE GENERATORS OF
�2TpDt( RATHER THAN LOOPS 0N Kt: B2T STANDARD Q2AS0h0SOMETR0C ARG2MENTS
SHOW THAT TH0S 0S EQ20VALENT) MORE EwPL0C0TLY: THE WORDS WE CONS0DERED WERE
vO — S O>S�OAS O>�OS�OA�O WHERE

S c

�




aO ‘→ a3Oa3

a3 ‘→ aOa3 .

at ‘→ at

> c

�




aO ‘→ aO

a3 ‘→ a3 .

at ‘→ aOat

A c

�




aO ‘→ aO

a3 ‘→ a3

at ‘→ ata3

.

6O 0NTERPRET THESE AS LOOPS 0N THE ohSJELETON OF Kt pAND It( WE NOTE THAT
> — λtO AND A — ρt3 ARE ELEMENTARY TRANSVECT0ONS AND S 0S THE COMPOS0T0ON
OF TWO ELEMENTARY TRANSVECT0ONSc S — λ3O ± ρO3) 6H2S vO 0S THE PROD2CT OF
eg+ fl ELEMENTARY TRANSVECT0ONS) 6HERE 0S A pCONNECTED( S2BCOMPLEw OF THE
ohSJELETON OF Kt SPANNED BY ROSES pGRAPHS W0TH A S0NGLE VERTEw( AND m0ELSEN
GRAPHS pWH0CH HAVE pm� 3( LOOPS AT THE BASE VERTEw AND A F2RTHER TR0VALENT
VERTEw() vE SAY ROSES ARE ADiACENT 0F THEY HAVE D0STANCE 3 0N TH0S GRAPH)
kET G ∈ Kt BE THE ROSE MARJED BY THE 0DENT0TY MAP Ot → Ot) dACH ELEh

MENTARY TRANSVECT0ON τ MOVES G TO AN ADiACENT ROSE τG: WH0CH 0S CONNECTED
TO G BY A m0ELSEN GRAPH Lτ ) � COMPOS0T0ON τO . . . τi OF ELEMENTARY TRANSVECh
T0ONS G0VES A PATH THRO2GH ADiACENT ROSES G. τOG. τOτ3G. . . . . τOτ3 . . . τiGs THE
m0ELSEN GRAPH CONNECT0NG σG TO στG 0S σLτ ) 6H2S THE WORD vO CORRESPONDS
TO A LOOP XO OF LENGTH o7g + e 0N THE ohSJELETON OF Kt) 6HEOREM � OF bt[
PROV0DES AN EwPONENT0AL LOWER BO2ND ON THE fiLL0NG AREA OF φ ± XO 0N It) �

6HE SQ2ARE OF MAPS 0N kEMMA t O2GHT TO HAVE MANY 2SES BEYOND THE ONE
0N TH0S NOTE pbF) b;[() vE MENT0ON i2ST ONE: FOR 0LL2STRAT0VE P2RPOSES) 6H0S 0S
A SPEC0AL CASE OF THE FACT THAT EVERY 0NfiN0TE CYCL0C S2BGRO2P OF 92TpDm( 0S
Q2AS0h0SOMETR0CALLY EMBEDDED bo[)
1RnPnSyTynmp e sgd bxbLyb rtafiqntP nF 92TpDm( fidNdq�TdD ax �Nx

mydLrdN Tq�NrFnql�TynN pdLdldNT�qx Tq�NrudbTynN( yr .t�ryhyrnldTqyb�LLx dlh
adDDdD)

6NLD ST 1TUOT(C E�RA5A2ID F
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1qnnF) e dACH m0ELSEN TRANSFORMAT0ON 0S 0N THE 0MAGE OF THE MAP

.c �2TpD3(→ �2TpDm(→ 92TpDm(

G0VEN BY THE 0NCL2S0ON OF A FREE FACTOR D3 , Dm) 6H2S 0T S2ffiCES TO PROVE
THAT 0F A CYCL0C S2BGRO2P B — }a〉 , �2TpD3( HAS 0NfiN0TE 0MAGE 0N 92TpD3(:
THEN r ‘→ .pan( 0S A Q2AS0hGEODES0C) 6H0S 0S EQ20VALENT TO THE ASSERT0ON THAT
SOME pHENCE ANY( BhORB0T 0N Im 0S Q2AS0h0SOMETR0CALLY EMBEDDED: WHERE B
ACTS ON Im AS .pB( AND Im 0S G0VEN THE P0ECEW0SE d2CL0DEAN METR0C WHERE
ALL EDGES HAVE LENGTH o)
I3 0S A TREE AND B ACTS ON I3 AS A HYPERBOL0C 0SOMETRY: SO THE BhORB0TS

0N I3 ARE Q2AS0h0SOMETR0CALLY EMBEDDED) =OR EACH w ∈ K3: THE BhORB0T OF
φ3pw( 0S THE 0MAGE OF THE Q2AS0hGEODES0C r ‘→ an.φ3pw( — φ3pan.w() vE FACTOR
φ3 AS A COMPOS0T0ON OF BhEQ20VAR0ANT S0MPL0C0AL MAPS K3

�→ Im
φ�→ I3: AS 0N

kEMMA t: TO DED2CE THAT THE BhORB0T OF φmιpw( 0N Im 0S Q2AS0h0SOMETR0CALLY
EMBEDDED) �

� SL0GHT VAR0AT0ON ON THE ABOVE ARG2MENT SHOWS THAT 0F ONE L0FTS A FREE
GRO2P OF fiN0TE 0NDEw l , 92TpD3( TO �2TpD3( AND THEN MAPS 0T TO 92TpDm(
BY CHOOS0NG A FREE FACTOR D3 , Dm: THEN THE 0NCL2S0ON l ↪→ 92TpDm( W0LL BE
A Q2AS0h0SOMETR0C EMBEDD0NG)

a-ak-94q�1Hx

bo[ dp �LyBEFnVyC: é6RANSLAT0ON LENGTHS 0N 9UTpA�(“:fidnM) :dDybAsA 43 p3zz3(: P) e;h
nt)

b3[ lp .p aRyDSnm: é6HE GEOMETRY OF THE vORD PROBLEM“: 0N hmuysAsynmS sn GdnMds.w
AmD snPnLnGw: 9XF) 4RAD) 6EXTS lATH): VOL) ;: 9XFORD 2N0V) 1RESS: 9XFORD: 3zz3:
P) 3nhno)

bt[ lp .p aRyDSnm a Jp unFTMAmm: é9N THE GEOMETRY OF THE AUTOMORPH0SM GROUP
OF A FREE GROUP“: a2LL) lAsg KnmD.dS) rnb) 31 ponnfi(: P) fi55hfifi3)

b5[ 888: é�UTOMORPH0SM GROUPS OF FREE GROUPS: SURFACE GROUPS AND FREE ABEL0AN
GROUPS“: 0N o.nBLdMS nm MAPPymG bLASS G.n2PS AmD .dLAsdD snPybS: 1ROC) rYMPOS)
1URE lATH): VOL) ;5: �MER) lATH) rOC): 1ROV0DENCE: ’-: 3zz7: P) tzohto7)

bfi[ lp b2LLER a Jp unFTMAmm: élODUL0 OF GRAPHS AND AUTOMORPH0SMS OF FREE GROUPS“:
hmudms) lAsg) �8 pone7(: NO) o: P) nohoon)

b7[ ,p ap �p dPSTEymc hp vp bAmmnmc ,p —p gnLTc rp up —p KEVYc lp rp 1ATERSnm
a vp 1p sH2RSTnm: vn.D P.nbdSSymG ym G.n2PS: IONES AND @ARTLETT 1UBL0SHERS:
@OSTON: l�: onn3: X00.ttz PAGES)

b;[ lp gAmDEL a Kp lnSHER: ék0PSCH0Ty RETRACT0ON AND D0STORT0ON FOR SUBGROUPS OF
9UTpA�(“: ARw0Vçozzn)fizoe: 3zoz)

be[ �p gATCHER a Jp unFTMAmm: é-SOPER0METR0C 0NE+UAL0T0ES FOR AUTOMORPH0SM GROUPS
OF FREE GROUPS“: oAbyfb I) lAsg) 916 ponn7(: NO) 3: P) 53fih55o)
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bn[ Kp lnSHER: élAPP0NG CLASS GROUPS ARE AUTOMAT0C“: �mm) ne lAsg) pt( 983 ponnfi(:
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