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DELIVERED	WITH	SUCH	GRACIOUSNESS				

AND	FOR	YOUR	PASSION	IN	CREATING	THIS	MAGNIFICENT	INSTITUTE.	



Some	successes	within	AdS/CFT:		Curved	extra	dimensions	captures	certain	point-like	
features	of	QCD	(Polchinski	and	Strassler	followed	by	many	others).		But	weakly	coupled	
QCD	involves	understanding	fundamental	string	theory	in	a	highly	curved	holographic	dual.		

Polyakov’s	discussion	of	QCD	in	terms	of	Liouville	theory	captures	other	qualitaYve	
features	–	but	also	involves	highly	curved	space-Yme.	

“Fundamental”	string	theory	clearly	fails	to	capture	many	aspects	of	large-N	QCD.	

Reconsider	a	“prehistoric”		procedure	for	reweighYng		the	measure	so	that	point-like	
configuraYons	contribute	significantly	in	the	relevant	kinemaYc	regimes.	

•  THE	FUNDAMENTAL	STRING	IS	A	DIFFUSE	OBJECT	WITH	NO	POINT-LIKE	SUB-STRUCTURE.		

•  BUT,	IN	QCD,	OFF-SHELL	CURRENTS	MUST	COUPLE	LOCALLY	-		TO	POINT-LIKE	ENERGY	DENSITIES.		

Point-like	configuraYons	contribute	with	zero	measure	to	the	fundamental	string	
funcYonal	integral.		

INTUITIVE	MOTIVATION	FOR	THIS	TALK		

I	WILL	HERE	CONCENTRATE	ON	CLOSED	STRINGS	(GLUEBALL	STRINGS).	

SU(N)	QCD	in		the	large-N		limit	is		expected	to	be	some	kind	of	string	theory	in	which		
the	coupling	constant	is	1/N.				

NOTABLY:		ABSENCE	OF	POINT-LIKE	SUBSTRUCTURE	– NO	HARD	PARTONS	
s → ∞,

t

s
≤ 0fixed	FIXED	ANGLE	SCATTERING	AMPLITUDES	DECREASE	EXPONENTIALLY	WITH	ENERGY		



POINT-LIKE	COUPLING	TO	OFF-SHELL	CURRENTS	

•  		Power	dependence	on							(modulo	divergences	in	bosonic	string).	q2

F (q2) =

∫
dDyF̃ (y) eiq·y ∼

∫ ∞

0
dt e−(q2/2+2)t
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(1− e−2nt)−24
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e.g.	FORM	FACTOR	-	string	collapses	to	a	point	at																				,																		.	X+ = y+ XI = yI

LIGHT-CONE	FRAME	DIAGRAMS	– 																																																																			
												MANDELSTAM	
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POINT-LIKE	BOUNDARY	STATE		c.f.	first	order	contribuYon	of	a	D-instanton	
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Zero-momentum	boundary	inserYon	– POINT-LIKE	CORRECTION	TO	PROPAGATOR	

Required	by	local	coupling	to	off-shell	currents		
Must	interpret	problemaYc	singulariYes:		Dilaton	singularity	at	L=0	;		open	string		divergence	at	L=		p1+	



TREE-LEVEL	SCATTERING	AMPLITUDE	WITH	A	DIRICHLET	CORRECTION	

Sphere	 ExponenYal		
fixed-angle		
scaiering	
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Hamiltonian	for	open	string	with	fixed	end-points	winding						Ymes	around	a	circle	radius		m R

WORLD-SHEETS	LOOPS	WITH	DIRICHLET	BOUNDARIES	

SingulariYes	at:		
(x2 − x1)

2 = 4πα′(1− n) , n ≥ 0
Space-like	singularity	due	to		

open-string	tachyon.			
Absent	in	certain	superstring	models	
(with	BPS	boundary	Dirichlet	states)	
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Two-current	amplitude	(viz.	e+-	e-	annihilaYon)	

Dirichlet	boundary	state	
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“DEEP	INELASTIC	SCATTERING”	

p	p	

q	 q	

Total	cross-secYon	for	current	carrying	large	space-like	momentum.		
Light-cone	dominance														.	

ImA(q, p) = F (q2, q · p)

q2 , q · p >> 1/α′

Electron-proton	total	
cross	secYon	
																								(space-like)	

q2 >> 0

F̃ (x1, x2, p) ∼
∞∑

n=0

cn(p · (x2 − x1))

[(x1 − x2)2 + 4πα′(n− 1)]2

F (q2, q · p) =
∫

dx1 dx2 e
iq·(x1−x2) F̃ (x1, x2, p)



Large-						behaviour	determined	by	singulariYes	at																												.	α′ (xi − xj)
2 = 0

Express	as	integraYon	over	posiYon-space	variables,		
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A	CONDENSATE	OF	DIRICHLET	BOUNDARIES	

x1	

•  E.g.Two	boundary	case.		IntegraYon	over						generates	log	correcYon	in	
4-dimensional	compacYfied	theory	(modulo	problemaYc	divergences	of	
bosonic	string	theory)	–	could	these	indicate	asymptoYc	freedom?	

xi

This	diagram	is	NOT		
	in	light-cone	gauge	
-	stretch	the	two	slits.	

x2	



HIGH	TEMPERATURE	LIMIT	OF	THE	CONFINING	PHASE	

•  QCD	has	a	deconfinent	phase	transiYon.		In	the	large-N	limit	this	should	correspond		
						roughly	to	the	Hagedorn	transiYon	of	the	equivalent	string	theory.			

•  Finite	temperature	analysis	of	large-N	QCD.		Consider	the	correlaYon	funcYon	of	two		
						Wilson-Polyakov	loops	winding	k	Ymes	around	the	euclidean	Yme	dimension	of	
						radius																						.			β = 1/kT

•  Confinement	phase	signalled	by	unbroken								in	the	centre	of															.				ZN SU(N)

⟨Wk(0)W−k(L)⟩ ∼ e−Mk(β)L , L → ∞

•  Compare	with	typical	closed	string	theory	result.				

α′M2
k (β) = −c− 1

16π2α′ β
2 k2 , c > 0

(Polchinski	1991)	

(Polchinski	1991)	

•  Lowest	mass	glueball	exchange	becomes	tachyonic	at														.				β = βc

β << 1 Running	coupling	M2
k (β) = −

2g2
Y M

(β)N

π2β2k2
gY M (β)ConYnue	to		

Wk(x) =
1

N
TrP exp

(
i

∫ βk

0
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Open	string	propagator	 No = 0(																tachyon	absent	in	type	0)	Σ =
1

4 k2β2

α′ +No − 1

β → 0 Σ ∼ α′

4k2β2
No = 1 term	(massless	vector)	dominates	as														:		

∆(β) ∼ 1

p2 − gswD

4k2β2

NOW	CONSIDER	CLOSED	STRING	PROPAGATOR	WITH	A	DIRICHLET	BOUNDARY	INSERTION					
																AT	FINITE	TEMP.			(compacYfied	on	spaYal	circle	of	radius			)	β

If	we	suppose	that																				and																											,		there	is	a	pole	at	wD = N gs = g2
Y M

/4π

p2 = −M2
k (β) =

g2
Y M

N

16π2β2k2

xx

k
Fixed	endpoint	string	winding		

							Ymes	around	temp.	direcYon	

Winding	number	
k

L0 + L̃0 = α′p2 +Nc + Ñc +
β2k2

16π2α′
∆(β) =

1

L0 + L̃0 − 2− gswD Σ

Closed	string	mass	renormalisaYon.		Renormalised	closed	string	propagator	to	lowest	
order	in											with	winding	number:	kwd gs



•  QualitaYve	connecYon	with	fixed	angle	n-parYcle	scaiering	of	(scalar)	glueball	states			
						in	SU(N)	QCD.	

•  GeneralisaYon	to	superstring	theory	(far	from	QCD).		

SOME	COMMENTS/QUESTIONS	

•  Entertaining	extension	to	open-string		(meson)	strings		-	dynamical	massive	end-points.	

•  CompacnicaYon	to	a	variety	of	D-instanton	boundary	states.	

•  May	be	a	rôle	for	the	Type	0	theory	(no	closed-string	fermions).	

•  Type	IIB	D-instanton	boundary	states	are	BPS	–	holographic	duals	of	YM	instantons.	
Precise	connecYon	in	supersymmetric	–	low	energy	-	limit	

•  HOW	DOES	THE	DIRICHLET	CONDENSATE	AFFECT	THE	SPECTRUM?		
																												(is	there	a	massless	spin-2	state	??)	

•  InterpretaYon	of	logarithmic	correcYons	in	D=4	compacYficaYons?	


