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Introduction

Infrared behaviors of planar open string theory and planar quan-
tum field theory are identical. (Joel Scherk, 1971)

All physical phenomena in large N QCD should also appear in
planar open string theory

There is a chance that in 't Hooft limit, confinement may be
more tractable in string theory than in field theory:

e.g. for summing planar diagrams numerically, open string dia-
grams are better defined.

This talk: perturbative open string physics or
A closer look at results from 40 years ago

Focus: Open string Regge trajectory
at) = o't + 1+ X(t) with 3X(¢) = O(¢?)



Projections: Even G-parity and S Massless Scalars
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One Loop Correction
Open String Coupling;:
9> gsN

—_— = SN:
27T “ 47

One Loop M Gluon Neveu-Schwarz Even G-Parity Amplitude
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| Ly [ —m\ 10D/
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_ 9 do P

M (87T204’> /H k/o q (lnq) *

+: Even and odd G enter loop with same sign

—: Even and odd G enter loop with opposite sign
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Jacobi Transform: Ing = 272/ Inw under which
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where the average (- --) is evaluated with contractions:

Py = \/72 k; cot 0, + Z T sin 2n6;;
(PiPr) = (Pi)(P) = L sc? o, — z:: n- _qq% cos 2nb;;
()T = xal;) = 50200022
- 2sir11 0. 227; : 1Sjrnqz27;9ﬂ
)™ = x5 = 50(00:0) 346
= e X

0-6



Some comments:

o M™T — M~ difference projects out odd G-parity states.

e Open strings end on N Dp-branes for p = D—1. (ﬁ

>(10—19)/2

e S massless scalars: (1 F w!/2)10-P—5

e ¢ 2 UV divergence absorbable in g (Neveu-Scherk)

e For 4 < D < 8 no other divergences!
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Coupling Renomalization

GNS (Goddard,Neveu-Scherk): temporarily suspend momentum
conservation ) . k; = p, continue to p = 0 at end.

Neveu-Scherk counterterm — tree
If D < 8, no subleading ultraviolet divergences
D > 4: no infrared divergences:

6 integrals at p = 0: with p # 0 subtract and add Neveu-Scherk
counterterm: I(p) = (I(p) — C(p))p=0 + C(p).
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Open String Regge Trajectory

(B(t) +88)s* D0 = Bs* + 6afs™ lus + 635
Compare loop at s — —oo to Tree

Mbree _2¢%¢y - €36 - 64F(—a’t)(—oz’s)1+0‘/t

+ 8920/2_D/2 1dq o (10—D)/2
> - (87T2)D/2 / q (hlq) Py
Wd@ a2 0)1 o't a't 4
[ (o @mur o x
_1 a2 o'ty .y 1
L) o+ L)
Xt = i[— lnw]/ﬂ + Xi(e)xl(e) _ X’i(e) . QXi(H)[— In )"
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Next use the identity

" 1 — 46" sin 20
d6 ( [n 1] _
/0 ([mp] " Sin29> <Z 1 —2¢°" 60829+q4”>

n=1

=0
0

to replace each sin™? 6 term by [— In]”:

2 12—D/2 1 N\ (10-D)/2
»tE o= 89 O; =73 / dq( W) Py
(872)P/ o ¢

/ow da((—W(@)Un p)) Uf ;Z],,X = (02O g ~ ][~ In W)

>+ formally vanish as t — 0: the gluon remains massless!

1
alt) = 1+a't+ 5(E+ —YT)=1+dt+X(t)
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Contrary to appearances X + are 6 independent

+ 1 4 s FE 4 , E° 4
Xt = 194(0) 05(0)" — ?94(0) 05(0) + §93(0> =4q +
- 1 4 1 E 4 2
X~ = —194(()) 03(0)" + p93(0) = O(q”)
_ T 4 4 07'(0)\ _ T
E = 605 (02 (93(0) + 604(0) 9,1(0)) =3 2mq 4+ O

small ¢ behavior shown on extreme right

2n

q2n)2

07" (0) — 4
= —1+24
01(0) ,; (1-
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Small ¢ and the Field Theory Limit

Small ¢ probes the IR (hence field theory) regime.

Integer powers t”, n > 0 in X(t) depend on whole range of g.
Nonanalytic behavior at ¢ = 0 comes from g ~ 1 or w ~ 0.

Change ¢~ 'dgq — 2n%(wIn® w)~*dw to get w ~ 0 behavior:

_ 2\ 5-D/2 dq
- 2P XT-P X)) ~
(IHQ) q (P )

dw [ —2m\ 3tP/? (L D+S-2 2 2
w \ lnw 2 In w
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Small w contribution
2 12—-D/J2 6 B —34D/2 g
S A ~8g7a /dw 2T /d9
(872)P/2  J, w \Inw 0

(om0 [2 P (e )]

_D+S—2 ( s

: ) (v @) - - ml")

In w
New variables: w = e T and 0 = 7rz. As T > el/?

_¢2(9)[1n w]// N ex(l—x)T(l . e—xT)Q(l . 6—(1—:13)T)2
[ 1 e— T 6—(1—:13)T ]

T ™ (1 —e—aT)2 + (1 — e~ (1-2)T)2
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Nonanalyticity in t ast — 0 from region 1 < A < x(1—x)T < oo:
2, .12—D/2 / / 2 o0

8% 2 (—a'tT(=2+ o't + D/2) / 2 a't-D)2 |t
(4m)D/2 4 ['(D — 44 2a't) A

o) 2 2
RALELY D@/t + D)2’ i —uaty _ T(D/2)

Y &~

If p+1 <0, afew integration by parts shows that for small &

| dwree o T4 1) 4 PE A
A
where P is a polynomial in &. In X this term is analytic at
t = 0 as is the contribution for w away from 0. The first term
dominates only if p+1 > 0 (D < 6 for 1st integral). 2nd integral
is down by a factor of ¢.

2 T(3-D/2)I'(-2+ D/2)?

v (4725]19/2 T(D —4) (—t)"*"P/2 + O(a/tIn(—a't))
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The O(a’tIn(—a't)) term is to remind that the displayed first
term is dominant only for D < 6. IR divergences are absent for
D > 4.

Reggeized gluon in D-dimensional gauge theory has a trajectory
a(t) =1+ C(—t/p?) P~/

As D — 4 from above, a In(—a't) dependence remains:

g° 2

In(—a't
2 | poa T m(=at)

dipyg ~ —

agreeing exactly with one loop gauge theory calculations.
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Large t Behavior
Return to g variables since large ¢ controlled by small ¢

Small g part of X:

_ 5 25—5D /228
N(¢) ~ _4920/2 D/27r25_5D/2_250/t/ dq (—1 /
; (8m2)P/2 o ¢ \Ing

T
N 2 . 4 .
/ df e |t|164q~ sin QSIHQQ
0

_ ) 25—5D/2—28
X 920/2 b/ 7T25—5D/2—2S/ dq (—1 /
(8m2)P/2 o ¢ \Ing

/ do [e—o/|t|16q2 sin? @ . 1} CSC2 0
0

First integral larger than the second by a factor of v/t
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Consider the integral

) P pm
I = / dq ( —1 ) / 40 SiIl2 96—16q2|o/t| sin* @
o ¢ \Ing 0

Large |o/t| limits integation range to —Ing? > In(16|a’t|sin* 8):

. T 1\t
- §<ln|a’t\) p—1

Applying this to ¥ with p =25 —-5D/2 — 2§ gives

E(t) N 20/292 (QW)Q_D()/t
(20/)P/224 —5D/2 — 2S5 \In |/t

9 )245D/22S

as |a't| — oc.
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Summary of Results

aft) = 14+a't+X(1)

,T(3—D/2)[ (-2 + D/2)?
T'(D — 4)(47)D/2

S(t) ~ —2g (—)72P2

2%a”  (27)* Pt ( o )245D/22S A
) —

(2a/)P/224 —5D/2 —2S \ In|a’t]
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Conclusion: ¥ v.s. t Graphs (D = 5)

Large In(—a’t):

B = 4g20/2_D/2/(87T)D/2
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i =10

~15k
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Blow up of small ¢ region (D =5 gauge theory)

-

L(0)

vs Leading Behavior

k " " " n " " " " " " " L " " i i " " i
= 0.010 - {1 (W = (KM - {0 {H4 = Kl Q002
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