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TACHYON DyNAMICS (N OPEN
— AT o il S I St B = . A
STRING. THE ORY

(MWD REVIEW OF TACUHYON
CONDENSATION CONJTECTURES IN

&) SUPERSTRING THEORY

b) BoSoNIe STRING. THEORY

@ DERIVATION” ©oF TreESE
CoNTECTURESL USING STRING
FIELD THEORY
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OUR ORJITECT ofF ST UDV :

A CoOINCIDENT Dp- Db PARIR
N ' N JA/TOE:

> HAS FOVR KINDS OF OP&
STRING ExciTATIONS

EACH OF THESE OPEN STRINGS
CONTAINS A STATE OF m <o

b‘_fﬁ;‘? Tﬂn-{f
= TACHYONIC MODE Baw ks & Suschid
- G el & Gubharle

= CAN BE DESCRIBED BY
2 REAL OR | CoMPLE X FIELD
T wWITH NeAeTive Mass)®

> POTENTIAL WVCT) XAS A
MAXLI MUM AT T=0
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CLASSICAL
VAR

TACHY ON

- PoTENTIAL
I'I"'.l-

Q. Do ES VvVCT) XAVE A
STABLE MNI MUM, AND (F
IT DOES, WHAT PHVYSICAL
CoON FlaURATION DOES (T
DESCRIBE ?

CONJTECTURES : As
' STABLE

(M V(T) DoFs HAVE MINIMA
A

\ 1=/ .

I
L
1

V{(Toe) EXACTLY CANCELS THE
TENSION oF Dp-Dp SysTEM

(w_n‘u %+:ﬂ. =O}
5 TOTAL ENERGY DENSITY = O

e e
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@ THE MINIMA DESCRIRE Cloer
THEORY

STRING , VACUUM WITHOUT
ANY D- BRANE.

= THERE ARE NO PERTURBATIUE
OPEN STRING ExXCtITATIONS
ARO UND THIS MiN My

R THERE ARE SoLiTonN|c
EXC(TATIONS AROUND THE
MINTIMUM

~> THESE DESCRIBE LOWER
DIMENSIONAL D-BRANES

e.9. |InN THE PRECSENT ExAMPLE
WE CAN CoNSTRUCT A VORTEYX

SOLUTION [INVOLVING T (& A U
LIVING ON DD Sysrem)

AAUGE FIELD

TS DESCRIBES A D-(}4-3)
BRANE
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ANOTHER ExXAMPLE: THE KinNK

x

5 DESCRIBES THE NoN-BPS D)
BRANE (UNSTABLE)

SiMILAR ConNTECcTURES EXIST
For TACHYoON CoNDENSATWDOMN
ON e SING.LE NonN-BPSE D -BRAMNE
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WHY ARE THESE RESULTS
OF INTERECST?

e e

CONSIDER TYPE TB STRIN&
THEORY WITH A CERTAIN

NUMBER OF Do -D9 PAIRS
e -

S'PACE -FILLING BRANES

FuLL DYAMICS OF THESE
D3-Ds BRANES IS TDESCRIBED

BY AN  OPEN STRING FI€D THEy
CSFT)

= A FIEFELD THERY WITH o0
H+ ofF FIlE LDS

ACCORDING T THE CoNIECTURE
THIS FIELD THEORY XAS A

STABLE CLASSIcaAL GROUND STATE
WHICH REPRELSENE TYPE 1B
STRING THEORY WITHOUT ANY

D-BRANE BACKGROVND.
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IF wWweE EXPAND THE SFT

ACT(ON AROUND THIS VACUUM
THEN THE THEORY TDOES NoT
HAVE ANY TPER TURBATIVE

EXCITATIONS ALTHOUGH THERE
ARE o0 No. OF FIELDS

HoWEUER THIS FIE LD THEORY
HAS CLASS|ICAL SolLITON
5GLUT5N-§ WHICH DESCRIBE
ALL THE D-BRANES OF
TYPE 108 STRING THEORY

et

GtoPE: WE CAN ULE THIS OPEN
{STElNa FIELD THEORY TO GIVE
A NON-PEERTUVEERBATIVE DEFRINITION

\OF TYPE TR STRING THEORY )
—— . R

NOTE : OPEN STRING FELD THEORR
ARE MUCH TRBETTER UNDERSTDOD

THAN THEIR CLOSED STRING
~_ e~ TrrEFT PAET.

|'
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IN ORDER FOR THIS PROGRAM To
BE SUCCECSS FUL WE NEED TO
SHow THAT THIS STRING FIELD
THEORY CONTAINS ALL KNOWN
OBJECTS (N TYPE TR TP&TI'E:NG. :rHEn-Ey

@O D-BeRANES- .~

¥

® CLOSED  STRINGS @ " LU0y

BT
THERE (S INDIRECT EVIDENCE
THAT THEY EXIST (N THIS THEo

A SIMILAR PROGRAM CAN RE
SET UP FOR TYPE TA STRING THEORY

.

STARTING. PoINT: OPEN STRING FIEw
THEIORY FOR UNSTA BLE DD-BRANES
OF TIrA STRING THEORY
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Q. XMHow DO WE TPRovVE / EIND

EVIDENCE FoR THECE THREE
CONTJTEC TURES ¥

THE RE ARE VARIOUS - APPROA®S

-
LOON FOR MAL FIELD THEORY
RRENOR MALI 2AT 10N GRDUP FlLowy

ICETRINC‘L FIELD THEGF’-’-Y]
Encuaamuwn INDE PENDENT SET

5. NON-CoMMUTATIVE SolL(TONS
OF ALL THE APPROACHE S|

STRINaG FIELD THEORY SEEMS
To BE Mo ST ComPLE TE

~ XHAS THE CAPARBILITY OF
ADDRE SSING. ALL THREE
CoNTECTU RE L.

WeE SBALC FoCUS oOoN THLS
APPROA CH
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WE SHALL STuDyYy THIS PRoBLEM
IN A SIMPLER CoNTEXT:

~ BomcoNIC STRING THEORY

REASON: CCASSICAL PROPERTIES
OF D-BRANES IN BoSomnNiC STRING
THEORY ARE VERY SIMILAR TO
THAT oOF BRANE - ANTIBRANE

SYSTEM IN SUPERSTRING THERY

HOPE: ONCE WE UNDERSTAND
THE CLASSICAL TDyMNMAM(ICS In
BOSoON(C STRING THE ORY 7D-BRAW&
we SHovLD BE ABLE To
GENERALIZE THIS TO BRANE-
ANTIBRANE SygTEM N
SUPERSTRING THEORY
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PROPERTIES oOFf D-BRANES N
ROSoN|C STRING THEOQRY

RS+ -DIMENSIONAL BOSoN(C
STRING. THEORY MHAS D-p-BRANES
FOR  ALC p £ 25

N THIS CASE €EvEeEnNn A SINGLE
D-b-BRANE XMHAS A TACHYOWNIC
MODE

5 A REAL SGACAR F(ELDTWITH
NAGATIVE (MAsS)®

= VIT)Y MAS @AK!MUM AT T=O

&. IS THERE A CLOCAL) MINIMUM
OF THE TACHYonN PODTENTIAL val?
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CONTECTURES :

Y

MO THE TACHYON POTENTIAL
HAS A (LoeALl) MINIMUM WHERE

THE NEGATIVE CoNTRIBUTION
FRoM™M THE PoTENTIAL EXRET LY

CANCELS THE TD-p BRANE TENSH
v
|~/

E T

SNV,

@ THE LOCAL MINIMUM T, OF V(T
REPRESENTS CLOSED STRING
VACUUM W ITHOUT ANY D-BRANE.

S THERE SHOULD WNOT BE AWY
OPEN STR(NG., ExXCITAT(oN AROUND
THI( raCouvm™M
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(3) THE THEORY CoOoNTAINS
CLASSICAL LUMP SolUTIoN S
(IOHICH TDESCR|IBE lowE R

DIMENSIONAL D-BRANES

T
To

N
\/ ”

NoTE : ALTHOUGH WE HAVE
BEEN TALKING ARoUT TRCHYON
POTENTIAL / TACHYONIC LUMP
SOLUTION, FullL DYNAMICS OF D-bews
IS DESCRIBED By A FLELD
THEORY OF 20 H# of CoJPLED r€Lus

D STRING. FILELD THEORY
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REVIEW oOF SFT DESCRIBIN&

A D-BRANE DyYyNAMICS:

Witfan
STRING FIELD 1> : A STATE
OF &axosST MNo. 1 IN THE HIL BERT
SPACE X OF MATTER-GHOST CFT
DESCRIBING FIRST QUANTIZED
oPEN STRING THEORY

L@? Z"W icp,,.,j

DYN’ﬂMtcHL A BASIS OF STATES
VARIABLES ofF spp ©OF GYosT nNo il
— “\
3 <FIG!I$>

L <s| F« ¢>§J
<) > : BPZE INMNE PRODJCT

JAx B @ WITTEN'S *=- TRODUCT

L @ X — X
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INVARITANCE -

e

s

(g 17 = Qg INY+ 135 %> —mu@:;}
(AN

AN ARBITRARY STATEE OF
GHOST M™Ngo. O

1]}

_,rz -}“‘t‘ l"hn,h:)
/

< INFINITESIMAL GAUGE TRS.
PAERAMETER

PROOF OF GAUVGE

F’QEE =

INVARIANCE NEFNK

|

| Qs IA¥EY < IR A% B> s P 1A « QgD

GHOST NO.

OF 1A
< RAIBY = - (0" <AIQe e

T

T e—

E{HIB} - (—|’)hﬁna

<BIA>

LAl BxC> = {AxB|l c>

L]‘iu (B#d‘)) - [(Awg}#g’)

l-—-_,-'-"_
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START WITH A D-25- BRAWNE

SUPPOSE B,y IS THE CLASSICAL
SolUTioN REPRESENTING THE
TACHYOMN VAC UUM

m;} + | P, % $;, 2 =r::=]

—
- E Qs. OF MOTV\ON

——

DE FINE [hp:-a = 18> - énbj

S = & SCH) -'52 [—':— {V[m

S¥)
1<y lwewy]) |

QA = Q1A + 1T xA - (;.3"“ A &)

Q 'SHT'SF’IEE: W Hen
e

Q* =0, <LQRIBY = *a-t}ﬂ“ JALQIBD
wWQ [A¥ B> = QAN+ B +&1?ﬂ'[n=€25‘)

E

> GAUGE 1Nv. OF Sc¢):
@Hp}: Ql$}+ WA= [A* W‘?j
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CoNJECTURE 1
s s¢&) = VP g,
¥ L5 pas-srane
voLu ME OF TENSION
SPACE-TIME |

CONTJECTURE 3

2 £QS. OF MoTloN XAvE CODIMENSE
R5-p) LuMP SotLuUTioN M Witk

scE®)-sc3) = - v o

L
D-}-BRANE D-p - BRANE
WOR LD -VoLuME TE NS IoN

= DESCRIBES A D-F-BRANE Solf

oM G;_E‘ETU'RE A

= Q HAS VAN SHING CoMHoMolLOGY



[18] Ashoke Sen, Harish-Chandra Inst (ITP 4/19/01) Tachyons and Open Strings
\8 @
ALL THREE CONIECTURES XAVE
BEEN TESTED NUMERICALLY
veiNnGg LE VECL TRUNCATION
c ME .
SeHE € Koghe lecky 2 Samud.

BASIC IDEA = IN Z Yy (P, >
RESTRICT THE EXPANSION
TO THOSE LD FoR WHICH

EVEL
F s Aaha) € L
/ > SoME FIXED
CoN FORMAL WEIGHT NO.
oF Pi.x

FoR FINITE L, WE MHAvE A
FNiTE No. OF Fl1ELlps

= CAN <SolufgE LET e8RS oF
MOTIoN, COMPUTE SCP,y,) AND

CoMPUTE CcoHoMoms LOGY oF 2
NUMERI CACLY
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CoNTEC TURE 1 -

n.e. 2 Zwlebeck

Mope  Ler & Tﬂ-‘,r"?»'l'h'
- adte, = hive bha e
Horvey &2 KErarg

CONTECTURE =2 da. Mefho Wack , Tevicky,
P?":ML'EECMJ T—-‘{‘n-’.l_

Moelleh, A.5., Tuwrle bach
da. Melle Koek, R.dAigues

Moel (en

W Ft*klﬁain?{?#?,ﬂ'r,
Eil dood & Tn.*fi.af

FE‘ngF He, Mselleh
T#.?'{ETE H.rﬂ'.,%w':fhﬂ-{:{‘-

SIMILAR ANALYSIS XHAS TBeEEN
CARRILED OuUT FoR SUPERSTRING

THEORY

CoNTECTURE 3 -

GETTING ANALYT\cAL RESULTS
SEEMS TDIFFICULT IN THIS APPRoACH

THERE 19 HOWEVER AN INDIREC
APPROACH N LOHICH ANALYTICAC

LE Raste LL, AT,
STUDY SEEMS PosSIBLE S oo ok
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WHHAT 1S THE FoR™M oOF QY

- NOT PoSS)BLE To FIND
DIRECTLY UNLESS WFE wNOW BT

AT PRESENT 18> 128 kNOWN
ONLY NUMERICALLY

OUR APPROACH : TRY To GUE SS
THE Form OF Q.

REQUIREMENTS ON & :

@ P MUST SATISFY IDENTITIES E,

®© O MUST MHAVE VANISHING
L
CoxoMomo &Y

~» ABSENCE OF PHYSICAL OPEN
STRING STATES

~ IMPLE MENTS CoNTECTURE (@) .
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©® THE NEwW pAcTioNn MuUsT
HAVE CLASSICAL E_GLUT[GMS
RC PRE SENTING THE ORIGINAL
D-BRANE AND OT HE B TD-BEANES

S5 IMPLE MENTS CoONTEC TURES

® A~D @

@ Q SHouULD BE "UNIVERSAL

AN Y
STARTING WITH sS=FE D-BRANE

LJE SHOULD END VP LI ITH THE
SAME <c¢w) AFTER TACHYON
CONDEN SATION To VAEULM VALVE

p» GUESS: @ 1S MADE PURE LY
OF G&GMo<T FIELDS

~> PDOoES MNOT INvVOLVE ANY
OPERATOR FPomMm MATTER CFET
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IS THERE A Q SATISFYING
ALL OF TMESE CoNDITIONSY

IT 1S EASY To FIND Q
SATEEYING Cammﬂ‘lomiﬁ@ D & @

E' x n M p LE 1 1L1I"W' Cﬂﬁchn{;i}u Iﬂ-‘(.d:f;;
EQ E G— ( C, + (_1\] C...)
_r..:tn'rnh-'-'f-l"-"?-'.
HR B !TE..EI E"_f CoN (__.:Tﬂl\j"r's ""'-r:-rrlt-lff"""f:,
Loedard.

NON -TRIVIAL TASK : CoNDITIoN @)

~ CoONCTRUCTION OF CLASSCAL
SOLUTIONS REPRE SENTING
VARIOUS D-BRANE<

NOTE : MANY (RBUT NOT ALL) DIFFEPEAT
cHolICES OF aqa, ARE RELATED

By FIELD KETDVEFfN
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WE SHALL PROCEED WITHOUT
CoMmmM I TT ING oUR SELVES TO
A SpPECILFIC FORM oF Q.

FQS. OF MoTIoN:

@w:ﬁwwﬁw? =e\

B

EACTORIZATION ANSATZ FOR Solm

— - ToyloY
"/ AN

ghost matteh

5 EQ. oOF ™MOTION SPLITS

Iqwé?:r 14 « ¥ > -.-c;)

L | Hn > = #:i/;*‘#’m?1 g

e e o

, <¢IQIvs

CAN'T BE CALCULATED
Wi THoOUT KNoWiING CZJ

T
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UNIVERSALITY ANSATZ FoR SolJll

l"a"g*?lﬁ THE SAME FOR DIFFERaT
SolUTIoNS REPRESENTING
DIFFERENT D-BRANES, smFwHEREA

Y4 DIFFERS.

5 IF WS AND [PIODEKRIBE Two
DIFFERENT D-BRANE SoluTlong,
THEN THE RATIO o0fF THEIR
ENERGY 1S :

Edwr;t%,?/ < K 1%:‘:»]

ey

NOTE : ¥ DROPS OUT

LJE SHALL NOW LOOK FoR
SOoOlLUTIonNS o

| = lc#h..ﬁ M

USIN G TECHNIGZ"E'S‘ DEVELOPED BY

KOSTELECKY AND POTTING.
( he}p-th fooog 252)
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¥: A MRP FROM ¥HO®X — X

E | 1
1 =2 3

G;rn;r-j—tu ' len
SAL® <BI VY, et

|A « '373

.

v = (42, 4 by 4 Pa)

123
5[‘2E‘Cf’f;]+ oyt b{ﬂ) exp ) lm’b?as

i S

I'ﬂ'i 'Pb'lz:'«]. = 1!’{11)1 @ {i:'(:uz‘ ® 'P(?n])a
| I f

Fock VACUA CARRYING MOMENTUM hfi.l

e -
T

5 .
_ ST (omt
E = é. E‘L:t Y?I*-U P~ v"""“ &“
mnzl
C:’-
4 fd]"ﬂ ~ 'h-'"sl
J‘Eﬂl 7?}-‘# ID{,‘:. ﬁfﬂl’“’hﬂ “t
nZi - - o _J

a_‘:” . PREATION OPE RATORS
ASSOCIATED wiTH XP IN g,
V:‘i . CALCULATED TBY .HTﬂEI-jEUL'{.kJ-'_;Sﬁhud
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g_[;
NORMALIZATION CONVEMNTION:

~

¢ -r- W
(G'ET]P. O_{‘f’}? ] = '7"]H 8‘1".-'.- E":-'-r-.‘u-'n

b a'

<pib'> =S¥ (pept)

£ (o) = @9/ @m)*
Y

— T T ———
B SR

I: 25-BRANE (WoRLD-VOLUME |
N )
FoR THE SolUTlonN

ANSATZ
RE PRESENTING A T.‘J-H.E-EEQHE=

I

.F
W“ exf [ R
-7

CARRES ZERO MoMENTUM \xloZ

¢ -DIMENSIONAL TRANS-
INVARIANCE A< REQVIRED
IS A R oDViT

= HAS
LATIpN

NoTE: THE ANSATZ
OF 2¢ FACTORS-> ONE fFoe Eacp xP
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SUBSTITUTE THIS ANSATZ INTO
THE EQ. [(Yed D = (RD -

KESULT :

e
—ee e R

Va,

B R
= e — i

V¥ S : MATRICES WITH
CoMPONENTS NV* S, Fog

T !

1< N L0

S=(S © VAN ALVARNAY A
O S) ? Vll Vil

SOLUTION : | woske Lecky & Pething

S=CT, ‘ Cmn:‘:(':'\im Svan

Te@X) (14 %- TFC-X) | xzCV

Ld‘f = Jddak (1-%X) dek (1:"'1“5}!&'
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RECALL :

L - A <Y | Q IYa 7 > UNKNow

\
\é‘;‘“ $ dak Q1-XY " dek (i)

i
FROM <oloy = 29 (o)

5 D-2s5 -BRANE TEWNSION:
:f:lg = "S:.L/ vrul

3 %
b § dak G- 7 gk Cre3xY 'S

(-?

NOTE : X=CV' 1S A KNOWN
o0y 0 M™MATRIX BUT K (S UNKNoIN

=

_'_,_.—-_.n.—\.—ll-'!_\-'l—...._".._u—'__i—\.-\.-\_lu—'\- ——

S hs CANNOT BE CALCULATED
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D-(R5-k) -BRANE SoLUTION:

(FoltoWiNG SuvuGgaGrESTIoN BY
KOS TE LECkY & POTTING)

GENERAL <GuUIDELIN ES:

e

® NOTE THAT IY,.> FoR D-25-
BRANE IS A PRODUCT OF 26
FACTORS, ONE For €Epcd Xk

@ D-(25-k)-BRANE SoLUuTloN (S ALSo
TAKEN TO BE A PRoODUCT o0F 2¢ fauw

® FOR DIRECTIONS (] THE D-RQs-&
BERANE (WE KEEP THE FACTOR
70 BE IDENTICAL TO THE OnNE
APPEARING IN D-25- BRANE Soln

@ FoR E£ACH DIREECTION L
THE D-RS-kR)-BRANE WE CHOOSE
A DIFFERENT FACTOR
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*

xF: DIRECTIONS || D-R5-k)- BRANE
(0 < K < R5-k)

%% : DIRECTIONS | D-RS-k)-BRANE
| (826-kR € < < 25)

B Grrevs -
DEFINE OSCILLATORS - Tewices
B A - F
@u‘{ - 4 * _ 2 x“f
M
aj*=éﬁp*+ T ox X
N ,

b: ARBITRARY CONSTANT

%, b* : 2ERO mM™MoODES OF X P*
ﬁ&f, aft - &"‘PL

DEFINE I.__ﬁ_h“;»: SUycH THAT:

(aﬂf‘ 12,7 =0 lﬂ

T;I(a:‘*)m 15,7 1 HARMONIC 0SCILLAT™R
BASIS ©F STATES
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CoONVERSION FRo™M MOMENTUM

BASI € T0O0 XHARMONIC OSCILLATOR
BASIS:

. - '
I{I:‘-‘ §) = (_"E—E-'J / @‘A’é[:-—&"*ﬁﬂﬂJ-j:ﬂ

-3 a Fast] 15y
_"'"-'—h,.,-—
NOW REE XPRESS THE 3I-STRING

VERTEXx V), N THIS BASIS:

== - =
— - — — — — — -

3 IVC.BJ ?' __r S d}?s-h [:’0] d:”—h h!] d-ﬂ-hﬁ

(2¢-k
S YChy + beay ¥ Pen)
Rt s my
Z Z T?-— &Th vﬁh ﬂ'“ M
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(3) o )
(Vi D23 ‘{@mﬁ)f’* s hl}

)« ExP[-3 = T af<t ™ @ Jm‘g

A 'rﬁn‘: 0

e
T — ———y —
R —— ——

[‘j?'b7|23 IRE‘:} @ I“R'h} @ {Rh?

rYs
th o KNOW N IN TERMS oF

V¥S AND b (@ross- Jevicks)

ANSATZ FOR ©D-R5k|- BRANE Sof_ﬂ

\“nn?ﬂ

147! > = W3 oxp (-4 Z Son & Fal) ']_Q
| OVgm
XON')S exh (-4 S SwnaST oF1 120

SUBSTITUTE INTO:

Yy > = (e * P 2
, : , {31;7
= 14?,,.,\!@24‘%.\' V' Azz
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A SOLUTION:

................................................................. —

&, Swm : SAME AS FOR  D-25-Bewe
e —
S'= ":'.FT' pt T = GZX'} (H—}C J{yam‘ (f—x‘])

I — '
el =S ., | Xz ey
\N‘ = E 11 _é ’ , 14
{(Eﬁb';)y‘f (\Inu * ] l E&M G—-H}QHI

\ S _ J

NOTE @ FOR PRIMED VARIABLES

........

— 7 (R6-R) TE’NS!'DN ﬂF’
=V Dk ™ o os-k)- BRANE
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725—#1 = K {MCl*ﬁ)%M(“HF}H*
| () *e® |

2ok 3 #
e (V0 41 Q0o dakcaf']

R
T

=

( T

[ =

= .g..... Vii +b )1 ‘?

j Ak (_:-—x‘)%{f M(:+3x’)ﬂ?§
fdat C-x) 7% At (143x) 3 /

NOTE: K XAS DRoPPED OUT

X

i

1l .
X=CV 5 X =cv'" : IkiNOoWnN od x=0
MATRICES

WE EVALUATE THE DETERMINANG
By RESTRICTING X,X' BEftow
CERTAIN (EVEL L.



[35] Ashoke Sen, Harish-Chandra Inst (ITP 4/19/01) Tachyons and Open Strings

2% @3
RESULT FoR %, . /(27 s i)

(CEXPECTED ANSWER = 1)

— g

L | bes b-2 beg
50 ‘94968 | ‘965 18 102101
200 ‘95906 97172 1-01802
€00 | "96539 | ‘99606 1LOISS@
3200 | -97007 | 99929 | o3¢
1100042 1-00063 99339
S— l | Y,

OBTAINED (USING. AN INTERPOLTING
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