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Page numbers in sloping type denote items treated in an insert.

A-genus, 215-218, 220
A-D-E classification
of ALE spaces, 187, 289
of discrete SU(2) subgroups, 289
of simply laced Lie algebras, 112
of singularities of K3, 386-390
action
Born-Infeld, 134
Dirac-Born-Infeld, 135, 205
Einstein frame, bosonic, 61
Einstein—Hilbert, 5, 69, 234, 272,
410
Einstein—Hilbert—Maxwell, 224
Euclidean, for gravity, 410
for particle motion, 24
from boundary counterterms in
AdS, 449-452
low energy effective, bosonic, 59
low energy effective, heterotic,
175-176
low energy effective, superstrings,
174-175
Maxwell, 7
Nambu—Goto, 27
of D-brane world-volume, 131—
140, 198, 220
of Euclidean Reissner—Nordstréom,
416-417
of Euclidean Schwarzschild, 414—
416

Polyakov, 29
string frame, bosonic, 59
o-model, 58
adjoint representation, 109
affine connection
computed for Reissner—
Nordstréom, 226
from derivatives of metric, 3
affine coordinates, 379-390
for torus T2, 379-383
52 or CP' example, 380
amplitude
D-brane exchange of graviton
and dilaton, 146-147
vacuum, cylinder, 142-144, 197—
200, 324-333
vacuum, Klein bottle, 324-333
vacuum, Mobius strip, 148-150,
324-333
annihilation operators
coherent states and, 152
in description of fermionic states,
159, 231
string modes as, 40
anomalous dimensions, 481
anomaly
conformal, 45, 170
conformal, and Virasoro central
term, 45, 79
for K3 orientifolds, 341-344
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anomaly (cont.)
gauge and gravitational, 160, 161,
341-344
Green—Schwarz mechanism,
165-169, 206, 220, 344
inflow mechanism, 219
miraculous cancellation, 164, 183—
184, 342
polynomials, 161, 162
world-volume curvature
couplings and, 206-220
anti-de Sitter (AdS)
AdS/CFT correspondence, 22,
243, 441-466
AdS/CFT correspondence and
holography, 464-466
AdS/CFT correspondence
dictionary, see dictionary
as a hyperbolic slice, 236
as solution of gauged
supergravity, 445, 467-471
black holes in, 452-466
charged black hole and, 455-459
domain wall in, 469-471
extremal black branes and, 442
extremal black hole and, 233
Freund-Rubin ansatz and, 237—
238, 445
holographic renormalisation group
flow and, 467-471
in various coordinate systems, 235
local vs global coordinates,
235-237
antisymmetric tensor fields
as generalisations of photon, 12
coupling to branes, see under
p-form
in world-volume dynamics of
Mb5-branes, 277-278
in world-volume dynamics of
NS5-branes, 268-270
R-R sector, 163
asymptotic freedom, 84
asymptotically locally Euclidean
(ALE) space, 187-191
A-D-E classification of, 187, 289

https://doi.org/10.1017/9781009401371.023 Published online by Cambridge University Press

Index

as Higgs branch, 285-289
D-brane probes of, 282-291
Eguchi-Hanson as, 187, 287
Euler characteristic, 189
Gibbons-Hawking metric and,
187, 287
hyper-Kéahler property, 289
hyper-Kéahler quotient and, 289—
291
T-duality of, 295-296
topology of, 292-294
Atiyah—-Hitchin manifold
as two-monopole moduli space,
364-366
hyper-Kéahler property, 351, 365
O6-plane and, 351-352
relation to Taub—-NUT, 364-366
Atiyah—-Hitchin—Drinfeld-Manin
(ADHM) construction, 304, 307
attractor mechanism, 429

B-function
of N =1, D = 4 Yang-Mills, 481
of N' =2, D = 4 Yang-Mills, 393
of NN =4, D = 4 Yang-Mills, 373,
441
of string world-sheet o-model,
59
RG flow and, 84
Yang—Mills and asymptotic
freedom, 84
background fields
D-branes in R-R, 315-318
dielectric effect and R-R,, 315-318
in D-brane tension computation,
145-147
string propagation in, 12, 56-61
basis
coordinate vs orthonormal, 65-67
Banados—Teitelboim—Zanelli (BTZ)
black hole, see under black hole
Bekenstein—Hawking entropy, see
under entropy
Bernoulli numbers, 216
Bertotti-Robinson solution, 233
bifundamental matter, 284, 288
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Blons
as BPS states, 138-140
stretched D-branes and, 308
stretched fundamental strings and,
139-140
black brane
D-branes vs, 241-245
extremal, see extremal black brane
non-extremal, 238240
black hole
Banados—Teitelboim—Zanelli
(BTZ), 431
BTZ and CFT dual, 431
BTZ as near horizon geometry,
429-430
Bekenstein-Hawking entropy, 21
charged, see also Reissner—
Nordstrém
charged in AdS, from spinning
branes, 455-459
constructing extremal Reissner—
Nordstréom, 418-425
constructing non-extremal
Reissner—Nordstrom, 427-428
construction from branes and
momentum, 420-425
D1/Db5 bound states and, 425-427,
433-439
entropy, microscopic description,
425-428, 433-434
flat, in AdS, 452, 458, 459
holographic principle and, 465
large vs small in AdS, 454, 461
multicentre solutions, 232
non-extremal Reissner—Nordstrom,

see non-extremal Reissner—Nordstrom

Reissner—Nordstrom, 225, 226,
228-233, 412414
Reissner—Nordstrom and super-
symmetry, 231
Reissner-Nordstrom—AdS, 459
Schwarzschild, 225228, 412-414
Schwarzschild—AdS, 452
temperature of, 412, 413, 452,
454, 460
thermodynamics, 409-414

531

thermodynamics in AdS, 459
Bogomol’'nyi condition, 312
Bogomol'nyi—Prasad—Summerfield

(BPS) states
AdS domain wall as, 469-471
Blons as, 138-140
BPS monopole limit, 812
D-branes as, 195-197
extremal branes as, 240, 245
extremal Reissner—Nordstrom as,
228-232, 413

monopoles as, 311-314

no-force condition and, 232, 240,
245

O-planes as, 200
bolt singularity

of Atiyah—Hitchin manifold, 364—

365
of Eguchi—-Hanson space, 188
of Euclidean black hole, 412
bosonisation, 113-116, 163
bound states
of D-branes; mass formulae, 253
of D-branes; various, 258-260
of D1- and D5-branes, and black
holes, 425-427, 433-439

of F-strings and D-strings, 254-
255, 369-371

dyons and, 314, 374-375

of F-strings and D-strings,
tension, 253, 254, 370, 371, 397

of NS5-branes and D5-branes,
375376, 398

SL(2,7Z) and five-branes, 375-376

SL(2,7Z) and strings, 257, 263,
369-371

tension formula and Pythagoras,
397

boundary conditions

closed string, 30

fermions, R vs NS, 115, 156

open string mixed Dirichlet and

Neumann, 250

open string Neumann, 30

boundary counterterm prescription,
450-452
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boundary state, 150-154
as coherent state, 151, 152
brane distributions
from spinning branes, 457
branes ending on branes, see
stretched branes
Breitenlohner—Freedman bound, 448
bundle
instanton, 211, 212
monopole, 209, 210
normal, 220
tangent, 215, 216, 220
toroidal or elliptic fibration of K3,
383-392

Cartan subalgebra, 110
Casimir energy
from boundary counterterm
prescription, 452-453
world-sheet zero point energy
and, 45-46
central charge or extension
as charge of gauge field, 232
of supersymmetry algebra, 230—
231
of Virasoro algebra, 41, 79
Chan—Paton factors, 51-54, 159
for oriented strings, 52
for unoriented strings, 53-54
orbifold action on, 283284, 323
characteristic classes, 210-216
Chern, see Chern, class
Euler, 215, 216
Pontryagin, 214-215, 216
chemical potential
AdS/CFT correspondence and,
455-464
Chern
character, 208, 219
class, first, 208, 211
class, first: of Dirac monopole,
209, 210
class, second, 211
class, second: of instanton, 211,
212
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Chern—Simons three-form, 167, 168,
211
circle
closed strings on, 96-116
fields on, see Kaluza—Klein
self-dual radius of, 100-103
Clifford algebra, 68, 116, 158
coherent state
boundary state and, 151, 152
cohomology, 64, 210-216
Coleman—Weinberg formula, 143, 144
complex
affine coordinates, 379
coordinate transverse to seven-
brane, 376
coordinates on world-sheet, 48
coupling of D = 4 Yang—Mills
theory, 393, 502
coupling of type IIB, 368, 393, 395
confining/deconfining phase transition
large N Yang—Mills and, 462-464
conformal anomaly, 83
conformal dimension, see conformal
weight
conformal factor
world-sheet geometry and, 4748
conformal gauge
fixing by reparams and Weyl, 36
fixing with Faddeev-Popov
ghosts, 8587
conformal ghosts, 85, 87, 157
and critical dimension, 8687
conformal group, 72-73
anti-de Sitter isometries and, 236,
443
four dimensions, 373, 441
two dimensions, 73
conformal invariance, 70-80
as residual symmetry, 37
at fixed point, 84
of N =1, D = 4 Yang-Mills,
480-482
of N =2, D = 4 Yang—Mills, 393
of N =4, D = 4 Yang-Mills, 373,
441
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conformal weight, 79, 93
constraints
Virasoro, 39, 41
coset
as target space of scalars, 279,
369, 443
cosmic string
seven-brane as, 377
cosmological constant
Einstein’s equations and, 233
negative, see anti-de Sitter
positive, see de Sitter
Coulomb branch, 285, 346, 349,
426
Atiyah—Hitchin as, 351-352,
364-366
enhancon and, 362-366, 502
fractional D-branes and, 291-292
lifting by tilting D-branes, 298
lifting by unwrapping D-branes,
292-294
of large N Yang-Mills, from
holographic RG flow, 472-480
Seiberg—Witten theory and,
393-394, 502
singularities on, 351-352
stretched D-branes and, 297
Taub-NUT as, 349-352
touching Higgs branch, 351-352
covariantly constant spinor, see Killing
spinor
creation operators
coherent states and, 152
in description of fermionic states,
159, 231
string modes as, 40
critical dimension
bosonic string, 43-44
heterotic string, 170
supersymmetric string, 157
critical string theory, see citical
dimension
current algebra, see Lie algebras, affine
curvature
couplings in DBI action, 222-223

extrinsic, see extrinsic curvature
two-form, 66, 6769
world-volume couplings, see also
world-volume
cylinder
amplitude, see amplitude,
vacuum
fundamental region, 148

D-flatness condition, 285, 303304,
307
D-manifolds, 191
D-term, 285, 303-304, 307
de Sitter
and the sphere, 234
decoupling limit, 349, 363, 441
AdS/CFT and, see under anti-de
Sitter
of non-extremal D3-brane
solution, 452
of spinning branes, 456
on D3-brane supergravity
solution, 441-442
Dedekind’s n-function, 91, 378
deficit angle, 90
of Zy orbifold, 388
of bolt, 188
of Euclidean black hole’s bolt,
412, 460
of nut, 350, 351
of seven-branes, 378-379, 388-390
dictionary, AdS/CFT
action and energy-momentum
tensor, 449-452
AdS3 and D =2 CFT, 431
boundary metric, 446447
Breitenlohner—Freedman bound,
448
BTZ black holes and D =2 CFT
sectors, 431
chemical potential, 455-464
fields and operators, 447-449
finite temperature and black
holes, 452-453
Kaluza—Klein reduction, 449
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dictionary, AdS/CFT (cont.)
partition function, 447, 449
semi-classical action, 449
spherical harmonics, 448
symmetries and isometries, 443
ultraviolet and infrared, 446
dielectric effect, 314-321
background R-R fields and,
315-318
non-Abelian Dirac-Born-Infeld
and, 314-316
non-Abelian R-R couplings and,
314-316
differential forms, see p-forms
dilatations, 72, 441
dilaton
as massless closed string mode,
12
propagator, 146
string coupling and, 12, 60
dilute gas limit
non-extremal black holes and,
427-428
dimension
critical, see critical dimension
eleventh, and Kaluza—Klein, 271—
273, 274, 346-348, 400-404
eleventh, from brane world-volume,
269, 277-278, 346-348
eleventh, from strong coupling,
271-273, 275, 400-404
of spacetime, and conformal ghosts,
86-87, 170
of spacetime, for bosonic string,
43-44, 86-87
of spacetime, for heterotic strings,
170
of spacetime, for strings, 14
of spacetime, for supersymmetric
strings, 157, 170
Dirac genus, see A-genus
Dirac monopole, see bundle, monopole
Dirac string, 201-202, 210
Dirac—Born-Infeld, see action, Dirac—
Born-Infeld
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Dirac—Nepomechie-Teitelbiom charge
quantisation, 201-202
for D-branes, 202
for M-branes, 277
discrete light cone quantisation
(DLCQ)
matrix string theory and, 407
matrix theory and, 403
discriminant of cubic, 380-383,
387-390
dissolving D(p — 2) into Dp, 206, 294
domain wall
in AdS, see holographic
renormalisation group
duality
Hodge, see Hodge duality
S-, or strong/weak coupling; for
field theory, see field theory duality
S-, or strong/weak coupling; for
string theory, see string duality
strong/weak coupling, see strong/
weak coupling duality
T-, or target space, see T-duality
U-, see U-duality
Dynkin diagram, 111
extended, for simply laced Lie
algebras, 288
for simply laced Lie algebras, 112
U-duality groups and, 280
dyons
D/F-string bound states and, 314,
374-375

Eguchi-Hanson space, 187, 188
Euler charcteristic of, 188
Gibbons—Hawking metric and,

287
eleven dimensional supergravity, see
also dimension, eleventh, 261
bosonic form of, 272
string duality and, 271-273
eleventh dimension, see dimension,
eleventh

elliptic fibration, 383-392

energy-momentum tensor
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and Einstein’s equations, 3

as generator of conformal
transformations, 76-78

fermionic part, 156

for electromagnetism, 7, 225

from boundary counterterms in
AdS, 449-452

in two dimensions, 35-36, 3842,
76-82

of excision, 360-362

perfect fluid form, 234, 451

string world-sheet, 35-36, 38-42

Virasoro algebra and, see
Virasoro

enhangon

as a filter, 439

black hole and, 433-439

black hole horizon and, 439

BPS monopole and, 356-359

Coulomb branch moduli space and,

362-366, 502

mechanism, 358-362

positivity of coupling and, 502

positivity of tension and, 362,
502

second law of theormodynamics
and, 437-439

enhanced gauge symmetry

affine Lie algebras and, 113

F-theory and, 386-390

from D4-branes wrapped on K3,
358-359

from D5-branes wrapped on K3,
359

from M-theory on K3, 352

from type ITA on K3, 298, 400

heterotic string and, 171, 386-390

of coincident NS5-branes, 268—
270, 299

of string on circle, 100-103, 358

small instantons and, 305-306

entropy

from Euclidean path integral, 411

of black hole, Higgs branch and,
426, 434

of Reissner—Nordstrom, 417,
424
of Schwarzschild, 416
Euclidean, see also signature
path integral, 410, 411
path integral and temperature,
410
quantum gravity, 410
Euler angles, 180
Euler characteristic
of ALE space, 189
of graphs, 444
of K3, 187-189
of sphere S2, 216
of torus T2, 380
Euler class, 215
excision techniques, 360-362
energy-momentum tensor,
360-362
exponential corrections
Atiyah-Hitchin manifold and,
365
of Taub-NUT, as instanton
corrections, 363
exponential map, 47
exterior derivative, 64
extremal black brane, 240-246
distributions of, 248
extremal black hole vs, 240
multicentre solutions and, 240
near horizon geometry, 241
no-force condition and, 240, 245
extremal black hole, see also extremal
Reissner—Nordstrom
extremal Reissner—Nordstrom
as BPS state, 228-232, 413
as interpolating solution, 233
construction from branes and
momentum, 418-425
in AdS, 460
extrinsic curvature, 229
from wrapping branes, 360
of Reissner—Nordstrom, 416
of Schwarzschild, 414
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F-theory, 263, 367
enhanced gauge symmetry and,
386—390
from M-theory, 394-396
orientifold limit of, 390-392
torus and, 394-396
twelve dimensions and, 394
Faddeev—Popov ghosts, 85-87,
see conformal ghosts
Fayet—Iliopoulos term, 286
fermionisation, 113-116
fermions
in curved spacetime, 68
R vs NS boundary conditions, 115,
156
Feynman graphs
of large N gauge theory, 444
fibre bundle, see bundle
field equations
Einstein’s gravitational, 3
from vanishing of world-sheet
B-function, 59
field theory duality
Montonen—Olive, 374-375
SL(2,Z) and, 373-375
fixed points
SL(2,7); fundamental domain
and, 371
of SL(2,Z); fundamental domain
and, 90
of orbifold, 117-119, 126, 388-390
of RG flows, 84
orientifolds as, 126
flat direction, 83
fractional D-branes, 291-292
from wrapped D-branes,
292-294
T-duality to stretched D-branes,
296-300
frame
dual tangent, 67, 220
inertial, 6
string vs Einstein, 60
tangent, 61-69, 220
Freund—Rubin ansatz, 237-238
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fundamental domain, 89, 379
j-function and, 382, 387-390
SL(2,7Z) fixed points, 90
SL(2,Z) fixed points, 371
special orbifold points, 90, 371

fuzzy sphere, 317-318

gauge fields
as massless open string modes, 12
gauge theory/geometry
correspondence, 243
AdS/CFT, see anti-de Sitter
geodesic
analysis of repulson, 354-356
equation, 2
gerbes, 270
ghosts
Faddeev—Popov, see conformal
ghosts
negative norm states, 43
Gibbons-Hawking boundary term,
410, 450, 462
Gibbons-Hawking metric, 187
as moduli space metric, 287
Eguchi-Hanson space and, 187,
287
from D-brane probe, 287
hyper-Kéhler property, 287
Gibbs
thermodynamic potential,
416, 462
Gliozzi—Scherk—Olive (GSO)
projection
D-string and, 262, 302
heterotic string and, 172, 265
superstring and, 158-159
tachyon and, 158
graviton
as massless closed string mode, 12
linearised gravity and, 7-11, 145—
147
propagator, 146
Green—Schwarz form, 262, 405
Green—Schwarz mechanism, see under
anomaly
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Hamiltonian
Euclidean path integral and, 410
of matrix string theory, 405
of matrix theory, 402
on world-sheet, 39
Hanany—-Witten, 300
Hawking temperature, see black hole,
temperature of
heterotic strings, see supersymmetric
strings
Higgs branch, 346, 349
ALE space as, 285
black hole entropy and, 426, 434
touching Coulomb branch,
351-352
Hirzebruch ﬁ-polynomial, 215-220
Hodge duality, 65
D-branes and, 196, 198, 201,
348
fundamental string and
NS5-brane, 198
M-branes and, 276
on D2-brane world-volume, 278,
347
on K3 wrapped D6-brane world-
volume, 362-363
holographic principle, 467
a rough statement of, 22, 464-466
AdS/CFT correspondence and,
464-466
black holes and, 464-466
remarks, 508
holographic renormalisation group,
467-471
brane distributions and flow
geometries, 478-480
domain wall and, 469-471
fixed points and, 467-471
from gravity, 467471
Kahler potential of
supersymmetric Yang—Mills,
489-493
Hopf fibration
S$3: 81 < $2; and Taub-NUT,
349

S3 . St §2, 209, 210
S7: S8 §4 211, 212
horizon
as null surface, 228
enhancon and, 439
flat vs round, 452, 458
geometry near, 233, 241, 429-430,
441-442
of black branes, 239, 240
of BTZ black hole, 431
of Reissner—Nordstrom, 228, 412,
419-420, 424, 439
of Reissner—Nordstrom—AdS, 460
of Schwarzschild, 227-228, 412
of Schwarzschild—AdS, 452
hyper-Kéahler property
of R%, 289
of ALE spaces, 289
of Atiyah—Hitchin manifold, 351,
365
of Gibbons—Hawking metric, 287
of K3 manifold, 289
of Taub-NUT metric, 349
hyper-Kéhler quotient, 289-291
ADHM construction as, 304
ALE spaces and, 289-291
hypersurface technology, 229

induced metric
on World-sheet, 27
on World-volume, 131-132
inertial frame, 6
infinite momentum frame (IMF)
matrix theory and, 402—404,
407
inner product, 65
instanton
contributions to moduli space,
363, 365
core size, 212, 267, 305
corrections of Taub—-NUT, 363,
365
D(p+4)-Dp system and, 208, 300
301
D-brane as, 208, 300-306
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instanton (cont.)
from D-brane probe, 301-305
in large N gauge theory, see
under large N gauge theory
moduli space, and black hole
entropy, 426, 434
NS5-brane as, 267
number, 212
positivity of Coulomb branch
metric and, 363, 365, 393, 394, 502
positivity of gauge coupling and,
363, 365, 393, 394, 502
world-volume coupling, 208
zero core size, see small
instantons
intercept
critical dimensions and, 42-44
numerical value, 43-44, 157,
170
interpolating solution
extremal black branes as,
442
extremal black hole as, 233
kink as, 18
invariant polynomials, 210-216
isotropic coordinates, 226227

j-function
fundamental domain and, 382,
387-390
modular invariance and, 382,
387-390
Jacobi
identity for Lie algebras, 108
¥-function identities, 328
Y-functions, 327
¥-function identities and super-
symmetry, 198

K-theory
cohomology vs, 221
other remarks, 507
tachyon condensation and, 220—
221
world-volume couplings and, 220—
221
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K3 manifold, 322-344
compactification and black hole,
432-439
elliptic, moduli space of, 383
enhanced gauge symmetry from
wrapped branes, 298, 352, 399-400
Euler characteristic of, 187-191
heterotic string on, 343
hyper-Kéahler property, 289
Kodaira classification of
singularities, 390
string duality and, 186, 343
topology of, 184-185, 187-191
torus or elliptic fibration, 383-392
type ITA superstring on, 184-185
various orbifold limits of, 189-191,
388-390
K3 orientifolds, 191, 322-344
anomalies of, 341-344
Kahler potential
of N =1 D = 4 Yang-Mills, 489
493
Kac—Moody algebra, see Lie algebras,
affine
Kaluza—Klein, 94-96
charged black holes and, 455-459
DO0-branes and string duality, 271,
400-404
in construction of D = 5 black
hole, 421-425
monopole, 357
monopole; six-brane as, 348-352
reduction formulae, 95-96, 27/
sphere reduction and gauged
supergravity, 443-445
type IIA from eleven dimensions,
271-273, 274, 400-404
Killing
spinor, 232, 233
vectors, 225—228
kink solution, 18
Klein bottle
amplitude, see amplitude,
vacuum
fundamental region, 148
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Kodaira
classification of singularities of
elliptic K3 manifold, 390

ﬁ—polynomial, see Hirzebruch
large N gauge theory
as a string theory, 444
confining /deconfining phase
transition, 462—464
Feynman graphs, 444
instantons in, 365—366
RG flow from gravity, 467-471
't Hooft coupling, 363, 365, 442,
444
lattice
Euclidean signature, 171-172
even, self-dual, 104, 106, 171-172,
176-177
Lorenzian signature, 103, 106,
176-177
modular invariance and even,
self-dual, 103, 106
Laurent expansion
of open and closed strings,
48
left-invariant one-forms, 180
level matching
from translational invariance,
42, 91
modular invariance and, 91
of closed string modes, 42
Lie algebras
adjoint representation of,
109
affine, 102
Cartan subalgebra, 110
classical, 111
Lie groups and, 108-111
simple, 109
simply laced, 112
Yang-Mills and, 66
linearised gravity
graviton from, 7-11, 145-147
Lorentz group, 68
as a gauge group, 67-68

inertial frames and, 6

representation using gamma
matrices, 68, 159

tangent frame and, 62, 6768

M-branes
descending to D- and NS5-branes,
277278
descending to odd D-branes and
NS5-branes, 396-399
Dirac-Nepomechie-Teitelbiom
charge quantisation, 277
supergravity solutions, 276-277
tensions, 277
M-theory, 367, 400-408
and strongly coupled strings, see
string duality
eleven dimensional supergravity
and, 271-273
F-theory and, 394-396
matrix theory formulation of, 20,
400-408
Mobius strip
amplitude, see amplitude, vacuum
fundamental region, 148
magnetic monopole, see monopole
Majumdar—Papapetrou solutions,
232
matrix string theory, 404-408
Hamiltonian of, 405
interactions from irrelevant
operator, 407
long strings from twisted sector,
406
orbifold of (R®)N by Sy,
405-407
matrix theory, 367, 400-408
and non-commutativity of
spacetime, 20, 403
Hamiltonian of, 402
toroidal compactification of, 404—
408
Maurer—Cartan one-forms, 180
McKay correspondence, 187, 289
Melvin solution, 320
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mode expansion
of open and closed strings, 37, 48
various open string boundary
conditions, 250
modular invariance, 91, 103-104, 116,
158
even self-dual lattices and, 103, 106
j-function and, 382, 387-390
level matching and, 91
seven-brane metric and, 378-379
modular transformations, 88-89, 145,
379
as generators of SL(2,Z), 88
fundamental domain and, 89, 379
moduli space
Coulomb branch, see Coulomb
branch
Higgs branch, see Higgs branch
of BPS monopoles, 363366
of elliptic K3 manifolds, 383
of instantons, and black hole
entropy, 426, 434
moduli space metric, see also moduli
space
from Dp-brane probe of p-brane,
245-246
from D-brane probe of RG flow
geometry, 476, 487, 488, 493, 500,
502
from D1-brane probe of ALE
space, 286-289
instanton contributions to, 363,
365
of D =2 4 1 susy gauge theory,
348-352
monodromy
SL(2,7Z) and, 376-382, 384-396
monopole
BPS saturated, 311, 312, 313,
314, 363-366
BPS, enhancon and, 356-359
D-brane as, 306-314
Dirac, see bundle, monopole
H-, as wrapped N5-brane, 357
Kaluza—Klein, 357
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Kaluza—Klein; six-brane as,
348-352

moduli space of, 363—-366

't Hooft—Polyakov, 310
Montonen—Olive duality, 374-375
multiple D-branes

boundary conditions, 249-252

unboken supersymmetry, 252-254
Myers effect, 314-321

Nahm
monopole data, 311
monopole equations, 307
naked singularity
as limit of charged black hole in
AdS, 460
enhancon and, see enhangon
mechanism
from holographic RG flows, 495
repulson as, 354
near-horizon, see horizon, geometry
near
Neveu—Schwarz fermions, 115, 156
Newton’s constant
from low energy effective action,
61, 175
relation to central charge of 2D
CFT, 431
relation to large N gauge theory
quantities, 443
no-force condition, see Bogomol’'nyi-
Prasad—Summerfield states
non-Abelian
Dirac-Born—Infeld, 136-137
Dirac—Born—Infeld, and dielectric
effect, 314-316
gauge theory, see also Yang-Mills
R—R couplings, 221-222
R—-R couplings, and dielectric
effect, 314-316
Taylor expansion, 316
tensor multiplet on coincident
NS5-branes, 270
vector multiplet on coincident
NS5-branes, 268
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non-commutative geometry
fuzzy sphere and, 317-318
matrix theory and, 20, 403
remarks, 508
non-compact Lie groups
by continuation, 111
T-duality and, 108
U-duality and, 279, 280
non-extremal Reissner—Nordstrom
construction from branes and
momentum, 427-428
dilute gas and, 427-428
non-perturbative strings, see under
duality
and extended objects, 17
normal ordering, 40
time ordering vs, 76
NS-NS sector, 160
NS5-brane, 241
as dual of fundmental string,
198
as instanton, 267
branes ending on, 268-270, 297
coincident, 268-270
from D5-brane, 266
heterotic, 267-268
T-duality of, 267268
type II, 268-270
world-volume dynamics, 268270
nut singularity, 350
of Taub—NUT metric, 350-352

operator
irrelevant, and matrix string
theory, 407
marginal, 83, 84
relevant and irrelevant, 8/
string state correspondence,
48-51
vertex, see vertex operator
operator product expansion (OPE),
75-76
operators
spherical harmonics and, 448, 478
states and, 74-75

orbifold, 117
action on Chan—Paton factors,
283284, 323
blow-up to smooth manifold, 185
fixed point, 117-119, 126,
388-390
from T-duality of Type I, 193
K3 limit for superstring, 179-191
of (R®)N by Sy, and matrix string
theory, 405407
of circle (bosonic), 117
of superstring on T4, 179-191
points of fundamental domain,
90, 371
superstring on R*/Z,, 282
T*/Zsy spectrum, 180-184, 336-
339
orientifold
as orbifold fixed point, 126, 193—
194
at strong coupling; O6, 352
at strong coupling; O7, 392, 394
at strong coupling; O8, 275, 277
from T-duality, 125-126, 193-194
group, 126, 166, 194, 324
limit of F-theory, 390-392
making type I from type IIB, 165—
166, 201
parity and, 125
tension of O-plane, see tension
world-volume curvature
couplings, 217, 220
oxidation
of RG flow geometries to ten
dimensions, 475, 486-487, 499
reduction as, in compactified
matrix theory, 405, 408
reduction vs, 405, 408

(p, g)-five-branes, see bound states of
NS5-branes and D5-branes

(p, q)-seven-branes, 384-386

(p, q)-strings, see bound states of
F-strings and D-strings

p-branes, see black branes
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p-forms, 63-65
Dp-branes charge of, 197-200
NS-NS coupling to F-string and
NS5-brane, 198
Op-planes charge of, 200
R-R coupling to p-branes, 196,
198
R-R coupling to p-branes,
non-Abelian, 221-222
Yang—Mills theory and, 66
parity
right-handed, and T-duality, 100
world-sheet combined with
spacetime, 125
world-sheet, closed strings, 54,
165
world-sheet, open strings, 52-54
partition function, 87-93
at bosonisation radius, 113-115
black hole entropy and, 427
of closed string on circle, 103-104
of open string, 142-144, 326-330
of orbifolded circle, 118
simple computation, 92
Pauli matrices, 283
perfect fluid, 234, 451
periodic time
temperature and, 410
phase transitions
AdS/CFT correspondence and,
462-464
confining /deconfining, 462-464
physical state conditions, see Virasoro
constraints
Poincaré
form of AdS, 235, 237
group, 72, 236, 441
Poisson brackets
of classical strings, 38
replaced by commutators, 40
Poisson resummation formula, 106,
107
Poisson’s equation
seven-branes and, 378
Pontryagin class, 214-215
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positivity of coupling
enhancon and, 502
instantons and, 363, 365, 393, 394,
502
positivity of metric
instantons and, 363, 365, 393, 394,
502
positivity of tension
enhancon and, 362, 502
instantons and, 502
pp-wave, 423
and gauge/string duals, 503
in construction of D = 5 black
hole, 422
primary field, 74, 79
probing
black hole with D-branes, 434-436
extremal p-branes with D(p — 4)-
branes, 345-348
extremal six-branes with
D2-branes, 346-348
extremal black p-branes with
Dp-branes, 243-246
holographic RG flows with
D-brane, 475-478, 487493,
500-502
of ALE space by D-branes,
282-291
of Dp-D(p+4) system by D-brane,
301-305
wrapped six-branes with wrapped
D6-brane, 356-359
propagator
closed string, 153
dilaton, 146
graviton, 146
Pythagoras
D-brane bound state tension
formula and, 397-399

quasi-primary field, 74
quiver diagram, 284, 288

Ramond fermions, 115, 156
Reissner—Nordstrom, see also under
black hole
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embedded in string theory, 424
extremal, see extremal Reissner—
Nordstrém
renormalisation group flow, 84
AdS/CFT and, 467-471
reparametrisation invariance
of classical string action, 29, 31,
36
repulson geometry
excision of, 360-362
geodesic analysis, 354-356
naked singularity and, 354
wrapped D-branes and, 354-356
Revolution
First Superstring, 15, 169-170
Second Superstring, 15, 17, 170,
261, 508
right-invariant one-forms, 180
Romans’ massive supergravity,
275
roots
of cubic, torus and, 380-383,
387-390
simple, 110
R-R sector, 163
R—R charge
D-branes and, 197-199, 201
p-branes and, 238-240
orientifolds and, 200

SL(2,C) invariance, 73
fixing with 3 points, 74, 383
SL(2,R) invariance, 73
fixing with 3 points, 74
SL(2,R)
vs SL(2,7Z), 368
supergravity action and, 368-369
SL(2,7)
and bound states of F-strings and
D-strings, 257, 263, 369-371
bound states of NS5-branes and
D5-branes and, 375-376
field theory duality and, 373-375
fundamental domain and, 89, 379

generators, see modular
transformations
monodromy or jump, seven-
branes and, 376-382, 384-396
string duality and, 263, 367-400
torus and, 88-89
U-duality and, 278
scaling dimension, 79
Schrédinger picture
Euclidean path integral and, 410
Schwarzian derivative, 80
Schwarzschild, see under black hole
mass from Euclidean action, 415
Seiberg—Witten theory
N =2 D = 4 Yang-Mills, 353,
393, 394, 502
Coulomb branch and, 393-394,
502
enhancon and, 502
from F-theory, 393-394
torus and, 393-394
semiclassical quantum gravity, 411-412
signature
Euclidean, 410, 412
Euclidean de Sitter as sphere, 234
Fuclidean world-sheet, 47
mostly plus convention, 2
of lattice, Euclidean, 171-172
of lattice, Lorenzian, 103, 106,
176-177
singularity
conical, see deficit angle
of black branes, 239, 240
of Reissner—Nordstrom, 228
of Schwarzschild, 228
small instantons
Eg x Eg, 305-306
enhanced tensor gauge symmetry,
305
enhanced vector gauge symmetry,
305
S0(32), 305
smeared brane, 206, 248, 295
special conformal transformations, 72,
441
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spherical harmonics
operators and, 448, 478
spin connection, 6769
fermions and, 68
Killing spinor and, 231
spin field, 163
spinning branes
brane distributions from, 457
charged black holes from, 455-459
states
operators and, 74-75
spurious; spacetime gauge
invariance and, 43-44
vertex operator correspondence,
48-51
static gauge, 134, 136
static solutions, 227
Stefan—Boltzmann law
AdS/CFT correspondence and, 453
stress tensor, see energy-momentum
tensor
stretched D-branes, 294-300, 375
as monopoles, 306-314
Blons and, 308
T-duality to fractional D-branes,
296-300
wrapped D-branes and, 294-300
stretched fundamental strings, 314, 375
string coupling
dilaton and, 12, 60
from eleven dimensions, 273, 395
large N gauge theory and, 443,
444
world-sheet topology and, 34
string duality
D = 10 supergravity and,
175-176
D = 6 supergravity and, 186
Es x Eg heterotic «— M, 273-276
S0O(32) heterotic < type I, 264—
265
dual branes and, 265270,
277278
eleven dimensional supergravity
and, 271-273
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Index

F-string «» D-string, 262-263
heterotic < heterotic in D = 6,
343
heterotic < type IIA in D = 6,
186, 298, 357, 358
heterotic < F in D = 8, 383-384,
390-392, 399
heterotic <~ M in D = 7, 399-400
heterotic <> type IIA in D = 6,
400
K3 manifold and, 186, 343, 383—
384, 399, 400
M-theory and, 17
SL(2,7) and, 263, 367-400
type ITA < M, 271-273
type IIB « type IIB, 261-263,
367-400
string field theory
and background independence, 15
and non-perturbative issues, 15
matrix string theory as, 407
tachyon condensation and, 507
string network, 371-372
three-string junction and, 371
string spectrum
infinite tower of excitations, 11
massless sector, 12
NS-NS sector, 160
NS-R and R-NS sectors, 163
of heterotic string, 172
of type II strings, 160-164
on circle, 98
perturbative, 11
R-R sector, 163
stringy cosmic string, 377
strong coupling
and gauge theory, 21
fate of strings, 17, see also string
duality
strong/weak coupling duality
for field theory, see field theory
duality
for string theory, see string
duality
structure constants, 108
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supergravity
gauged, and anti-de Sitter, 443—
445, 467471
gauged, and sphere reductions,
443-445
SL(2,R) and, 278
SL(2,R) invariant form, 368-369
ten dimensional, 174-176
superpotential
of supergravity, for AdS domain
walls, 471
supersymmetric strings
heterotic, construction, 169-174
type I and type II, construction,
155-169, 201
supersymmetry multiplets
long, 231
N =1in D =10, 159
N =1in D=6, 341
N =2in D =10, 163
N =2in D =4, 230
N =2inD=6,183
short, 231, 255
surface gravity
black hole temperature and, 413
symmetric polynomials, 213

f-angle
in N =2, D = 4 Yang-Mills, 373,
393, 494
't Hooft coupling, see under large N
gauge theory
T-duality, 19, 94-128
action on dilaton, 129
action on Dirac—Born-Infeld, 136
action on R—R fields, 193
as O(d,d +16,Z), 177
as O(d,d,Z), 108
as right-handed parity, 100, 105,
125, 192
boundary conditions and,
120, 125
discovering D-branes, 119-121, 193
discovering orientifolds, 125-126,
193

545

in background fields, 129-131,
193
minimum distance and, 19
of ALE spaces, 295-296
of black brane solutions, 246-248
of closed strings, 99-108
of fractional D-branes, 296-300
of heterotic strings, 177, 194-195,
273
of NS5-brane, 267-268
of NS5-branes, 295-296
of open strings, 119-125
of stretched D-branes, 296-300
of tilted brane, 133-135, 205-206,
294
of type I superstrings, 193-194
of type II superstrings, 192-193
type IA vs type IB, 193, 273
tachyon
condensation, 220-221
of bosonic string, 42
removal by GSO projection, 158
tadpole cancellation, 201, 324, 330-336
tangent space, see frame, tangent
Taub-NUT metric
as moduli space metric, 348-352
hyper-Kéhler property, 349
instanton corrections, 363, 365
K3 wrapped six-brane and,
363-366
negative mass parameter, 363
relation to Atiyah—Hitchin
manifold, 364-366
six-brane and, 348-352
temperature
from Euclidean path integral,
410
of black holes in AdS, 454
of BTZ black hole, 431
of Reissner—Nordstrom, 412
of Reissner—Nordstrom—AdS, 460
of Schwarzschild, 413
of Schwarzschild—AdS, 452, 454
periodic time and, 410
surface gravity and, 413
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tension
of bound states of NS5-branes
and D5-branes, 376
of D-brane; recursion relation, 132
of D-branes in bosonic string
theory, 142-147
of D-branes in superstring theory,
197-200
of F/D-string bound state, 253,
254, 370, 371
of fundamental strings, 11, 32
of O-planes in superstring theory,
200
of orientifold or O-plane, 148-150
tensionless
branes, 358-359, 362
strings, 270, 359
thermodynamics
entropy from Euclidean path
integral, 411
first law, for black holes, 417
free energy, 462
Gibbs potenial, 416, 462
Hawking—Page phase transition,
462, 465
of black holes, 409-414
phase transitions in AdS/CFT,
462-464
potential, 411
second law, and enhancon, 437—
439
second law, for black holes, 417
third law, for black holes, 417
three-string junction, 255-258
string network and, 371
throat, see horizon, geometry near
tilted brane
and Born-Infeld action, 133-135
dissolved brane and, 205206, 294
F-flux coupling and, 205-206, 294
toroidal compactification
heterotic string and, 171, 383—
390, 399-400
moduli space of, for bosonic
string, 108
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moduli space of, for heterotic
string, 177
of bosonic strings, 104-108
of heterotic string, 176-177
of matrix theory, 404-408
of superstrings, 178-179
U-duality and, 279, 280
torsion, 67
torus
compactification, see toroidal
compactification
F-theory and, 394-396
fibration of K3 manifold, 383-392
in affine coordinates, 379
maximal, of Lie algebra, 110
moduli space of, 88-89
roots of cubic and, 380-383,
387-390
Seiberg—Witten theory and,
393-394
special shapes, 90
Weierstrass form, 379-383
transition functions, 208, 209, 211
twisted sector
Fayet—Iliopoulos terms and, 286
long matrix strings and, 406
of (R®)N /Sy orbifold, 406
of S'/7Z, orbifold, 118-119
of T* /7, orbifold, 181-183

U-duality, 278-281
bound states and, 279281
near horizon geometry and, 429
non-compact Lie groups, 279,
280
SL(2,Z) and, 278
toroidal compactification and,
279, 280
type IT on T, 278-279
unorientable
closed strings, 54
open strings, 52-54
orientifolds, see orientifolds
world-sheet diagrams, 55-56, 57
UV/IR connection, 143, 446, 450
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vacuum energy, see zero point energy
vacuum interpolation, see
interpolating solution
vertex operator, 4851
correspondence to string states,
48
enhanced gauge symmetry and,
101, 102
for R-R states, 163
of Gy, By, ®, 50, 58
of gravitino, 158, 163
of tachyon, 50
of vector gauge field, 51, 52
vielbein, see frame, tangent
Virasoro
algebra, and stress tensor, 39, 79
algebra, supersymmetric, 157
central charge or extension, 41,
44,45, 79
constraints, 39, 41, 157, 163
zero mode and mass spectrum,
40-42, 157
volume element, 69
volume form, 64

wedge product, 63
Weierstrass
form of torus T2, 379-383
weight vector, 110
Wess—Zumino coupling, see p-forms,
R—R coupling
Weyl invariance
of classical string action, 30, 36
of world-sheet o-model action, 59
Wick
contraction, 76, 81-82
rotation, 410
Wilson lines
Chan—Paton factors and, 121-123
D-brane positions and, 121
fractional momentum and, 121,
122
on a circle, 122
SO(16) x SO(16), for heterotic
T-duality, 194-195, 273

world-line
of particle, 2, 24
world-sheet
of string, 13, 27
various possible topologies, 57
world-volume
clues to eleventh dimension, 269,
277278, 348
curvature couplings, 205-223
curvature couplings for D-branes,
217, 220
curvature couplings for O-planes,
217, 220
dynamics of D-branes, see Yang—
Mills and action, Dirac-Born—
Infeld
dynamics of M2-brane, 277-278,
466
dynamics of Mb5-brane, 277-278,
466
dynamics of type II NS5-branes,
268-270, 297
Hodge duality in D=2+1, 278,
347, 362-363
instantons on, 208
of D-brane, 131
wrapped D-branes, 292-294
Dé6-brane on K3, 353-366
dual strings from, 390-392
enhanced gauge symmetries from
D4-branes on K3, 358-359
enhanced gauge symmetries from
two-branes on K3, 298, 352
extrinsic curvature of, 360
fractional D-brane as, 292-294
K3-induced charge, 222-223,
352
K3-induced tension shift, 222-223,
352
on K3 manifold, 352-353
repulson geometry and, 354-356
six-brane as BPS monopole,
357-359
spacetime metric, 352-353
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Yang-Mills

N =1 D = 4, fixed point theory,
480-493

N =2 D = 4, 392-394, 494-502
N =4 D = 3, 348-352, 363-366

N =4 D =4, 373, 441, 472

at finite temperature via AdS/
CFT, 459-464

at large N, see large N gauge
theory

G-function and asymptotic
freedom, &4

B-function of N' =2, D = 4, 393

B-function of N' =4, D = 4, 373,
441

complex coupling in D = 4, 393,
502

coupled to Higgs, 309

coupling, and D-brane tension, 138

D-brane collective coordinates as,
123-125
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from compactified matrix theory,
408

from D-brane world-volume
action, 138

Montonen—Olive duality, 374-375

open strings and, 60, 123-125

f-angle in N' = 2, D = 4, 373,
393

zero point energy, 4546, 116, 157,
181, 250, 262, 264
as Casimir energy, 45
BTZ black holes and, 451
exponential map and, 46
from AdS/CFT, /31, 452-453
general formula in D = 2, 46
of twisted sector, 118
¢-function regularisation and,
46
(-function regularisation, see zero
point energy
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