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String Field Theory: Achievements, Challenges, and Future
Directions

Center for Theoretical Physics, MIT, Cambridge, MA 02139 Barton Zwiebach

E-mail: zwiebach@mit.edu

We give an overview of the major developments in covariant string field theory from its early
start in 1984 to early 2012. Open problems are pointed out and the role of background
independence for future development is discussed.

String field theories were first formulated in the light-cone gauge by Kaku and Kikkawa
(1974) using the interacting string picture of Mandelstam. A cubic closed string field theory
was written. An open-closed string field theory was written as well. Light-cone string field theory
is of considerable interest, especially for the case of superstrings. Our focus here, however, will be
on Lorentz covariant, gauge invariant string field theories. After all, we would like to understand
the gauge symmetry of string theory. Moreover a Lorentz covariant formulation allows the study
of the theory in more general backgrounds.

THE EARLY PERIOD (1984-1999)

As recognized by Siegel (1984), Lorentz covariant formulations of string field theory required
the use of the BRST operator (Kato and Ogawa (1983)). Free gauge invariant (bosonic) string
field theories were formulated by Siegel and Zwiebach (1986) and Banks and Peskin (1986).
The complete classical interacting open string field theory was given by Witten (1986) who
devised an associative multiplication rule for open string fields.

Open string field theory is defined by an action, S(®) that given an open string field ® is
gives us a number. The action is:

S(®) = —gig (%(@,QO@ + %@,@ ).

The various ingredients in this action are
e The BRST charge Q,.
e A bilinear inner product (-, -).

e A multiplication rule * for open string fields, defined by the following picture:
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The action is gauge invariant because the multiplication rule satisfies the following properties
Ax(BxC)=(AxB)*xC,

QO(A * B) = QOA * B+ (—1)AA * QOB .

This is a very elegant and compact string field theory. The quantization of the theory can be
carried out:

e The full required collection of ghosts, antighosts, ghosts-for-ghosts, etc, arises by allowing
the string field to become an extended field that includes all ghost numbers.

e The master action is the classical action with the extended string field.

e The Feynman rules correctly generate moduli spaces of surfaces with boundaries and thus
all amplitudes with external (off-shell) open strings. The amplitudes have closed string
poles

e The master action solves the classical master equation
{S,5} =0,
but does not appear to solve the quantum master equation
{S,S}+hAS =0,

because AS' is plagued with divergences and does not vanish (Thorn (1989)). This is a
complication!

The bosonic closed string field theory took longer to formulate, basically due to the
intricate structure of the moduli space of Riemann surfaces without boundaries. The classical
closed string theory required the nonpolynomial “polyhedral” setup of Saadi and Zwiebach
(1992), Kugo, Kunitomo, and Suehiro (1992). The string interactions can be visualized by
gluing closed string tubes on the faces of a polyhedron, with the various strings overlapping
across the edges, as shown for the cubic interaction below,
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Closed string field theory, just like Einstein’s gravity, is a nonpolynomial theory. Its action
is written as

S(¥) = —% (%@,chm + %(xy, (U, U]) + %(\If, [0, U, U]) + - ) '

Q. is the closed string BRST operator. The string field must satisfy
(bo —bo)¥ =0, (Lo— Lo)¥ =0.
[A, B] denotes the product, which is graded commutative
(A, B] = (-1)*8[B, 4].

It satisfies the derivation property,

QelA, B] = ~[QeA, B] = (-1)[A, Q.B],
but it does not satisfy a Jacobi identity:

[A,[B, C]] £ (cyclic) #0.

This failure requires (for gauge invariance) a new higher product [A, B, (] associated with a
quartic interaction. The failure of this product to be a (). derivation must equal the failure of
the Jacobi identity. Roughly,

Qc[A, B,Cl £[Q.A, B,Cl £[A,Q.B,Cl £[A,B,Q:C] = [A,[B,C]] £ (cyclic).

Higher point interactions are associated with polyhedra with larger number of faces, and poly-
hedra with all number of faces are needed to have a classical gauge invariant theory.

The quantum closed string field theory was obtained by recognizing that all classical closed
string diagrams were solutions to a modular invariant minimal area problem, and by demanding
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that the higher genus diagrams solve that same problem. An elementary vertex V,, can be
isolated for each genus g and number of punctures n, as including those string diagrams that do
not exhibit long tubes. The full “action” (Zwiebach (1993)) has quantum vertices Vg,

Squantum = Z (ngn’\l’nf

g,n=>1

It was also realized that the string diagrams of open string field theory solve the analogous min-

imal area problem for Riemann surfaces with boundaries. Thus by the early 90’s nonpolynomial

closed string field theory was seen to be the natural analog of cubic open string field theory.
The quantization of the theory can be carried out:

e The full required collection of ghosts, antighosts, ghosts-for-ghosts, etc, arises by allowing
the string field to include all ghost numbers.

e The master action is the full classical plus quantum action with the extended string field.

e The Feynman rules correctly generate moduli spaces of genus zero and higher genus sur-
faces with punctures. Thus all amplitudes with external (off-shell) closed strings are con-
sistently obtained.

e The master action solves manifestly the quantum master equation {S, S} + AAS = 0.

Closed string field theory is a conceptually perfect string field theory. It is hard to use, however.

For open superstring field theory there was an early proposal by Witten (1986), which
was found to have complications associated to the insertion of picture changing operators at
interaction point. Better versions were proposed by Arefeva, Medvedev, and Zubarev (1990), as
well as Preitschopf, Thorn, Yost (1989). They use a NS field A of picture zero and a Ramond
field ¥ of picture —1/2.

S:%/Y_QGA*Q/H—%A*A*A) —|—%/Y_1<\II*Q\II—|—A*\II*\I'>.

This action did not receive much attention due to its complicated structure of picture changing
operators.

Berkovits (1995) gave a Lorentz covariant formulation of the Neveu-Schwarz sector of open
superstrings that avoided neatly these complications. The key idea was to work in the “large”
Hilbert space of Friedan, Martinec and Shenker. Recall that the superghosts 3, are fermionized
into (£,7n) and a scalar ¢,

B=0¢e™, y=mne.
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and thus the zero mode &j of £ does not appear! If we include it, we need a new gauge invariance.
In addition to the familiar §® = Q® we will also take §® = 1y®. Here the string field has ghost
number zero and picture number zero. The full action requires a nonlinear extension of these
two symmetries. A useful combination, with X a derivation, is Ax = e~®(Xe®). The NS string
field action takes the WZW form

1 [ L
S = _ﬁ /Odt<8t(AnAQ) + At{AQvAn}> = _?/0 dt((nA:)Aq) -

The action features no picture changing operators. The gauge invariance requires no careful
manipulation. For the Ramond sector there are Lorentz invariant and elegant field equations.
No Lorentz invariant action known from which these equations follow. A reformulation of the
R-sector with a Lorentz invariant action and a supplementary constraint on the string field was
given by Michishita (2005).

In this EARLY PERIOD, in addition to providing the string actions, string field theory had
several achievements:

e Suggested the fundamental role of the BRST operator in string theory. It gave a pre-
cise definition of the spectrum as BRST cohomology classes for open strings and BRST-
semirelative cohomology classes for closed strings (all bosonic).

e Suggested a fundamental role for Batalin-Vilkovisky (BV) quantization. A Batalin-Vilkovisky
algebra of moduli spaces of Riemann surfaces was discovered. These appreciations led to
much study of BV geometry.

e Provided, via minimal area problems, a useful new parametrization of the moduli spaces of
Riemann surfaces. This results in a manifestly Lorentz invariant and pertubatively unitary
presentation of the string amplitudes.

e Background independence of string theory: two string theories formulated using two nearby
conformal theories were shown to be the same theory expanded around different vacuum
(Sen and Zwiebach (1994)).

e Dilaton theorem; a shift of the dilaton was shown to shift the string coupling in the string
field action.

None of the above items refer to the use of string field theory to do non-perturbative string
physics. Of course, doing such kind of physics was the main motivation for writing string field
theory in the first place. By the middle 90’s, with many exciting developments in understanding
D-branes and dualities, it was widely assumed that string field theory was not a non-perturbative
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definition of string theory. It was thought that the string field was only defined as a fluctuating
perturbative field, and nontrivial solutions, such as D-branes, were far away from the domain of
validity of string field theory. The string field, it was said, could not be expected to reach such
nontrivial configurations. All these expectations were proved wrong at the turn of the century.

THE CURRENT PERIOD (1999-2012)

The key progress was motivated by the question of tachyon condensation. The bosonic D-
brane is unstable and it carries no conserved charge. Its instability is reflected by the tachyon
of the open string field theory describing the dynamics of this brane. For the open string field
theory described before, the associated D-brane mass is: M = 1/(272g?)

Tachyon Conjecture (Ashoke Sen (1999)) The stationary stable point of the tachyon potential
represents a vacuum with no D-brane.

If this is so, the energy difference between the unstable and the stable vacua in the tachyon
potential V(T') must equal the D-brane energy:

V(T)=M[(T), f(0)=0,

f(T') must have a stationary point 7' = T, such that

f(Te) = —1.

The tachyon conjecture was first tested in level expansion of the string field theory. The
level of a field is its Ly eigenvalue (up to an additive constant). The approximation truncates
the interactions of the string fields in the action to those for which the total level is less than
a given fixed constant L. Then one tries to estimate the L — oo limit of the observable.

The excellent results obtained by this method has made it the gold standard. But it should be
pointed out that there is no explanation or proof for its apparent convergence. Level expansion
was devised by Kostelecky and Samuel (1989), who themselves calculated much about the open
string tachyon potential and claimed the existence of a critical point before D-branes were known.

The tachyon conjecture was tested in OSFT by Sen and Zwiebach (1999). The test was
extended to very high level by Moeller and Taylor (2000) It was also learned that the tachyon
potential is universal: A single tachyon potential describes all bosonic D-branes regardless of
their dimensionality, how they are curled up, the compactification, etc. Similarly, a single
tachyon potential describes all superstring D-brane anti—-D-brane pairs.

Additional numerical work on level expansion studied the following issues

e Absence of physical states at the tachyon vacuum.
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e Tachyon vacuum for D-brane and anti-D-brane pairs in superstring field theory. Good
results for Berkovits action, less good results for modified superstring field theories.

e Lower dimensional D-branes as solitonic tachyon configurations. Sen had conjectured that
the tachyonic lump solution T'(x) with T'(+00) = T, represents a codimension one D-brane.
A D-brane is nothing but a tachyon soliton! For the superstring it is a topologically stable
tachyon kink!

The discovery by Schnabl (2005) of the Schnabl’s solution was a breakthrough, as it
provided the first analytic solution of string field theory. This solution is in the (Schnabl) gauge

Bo¥ =0,
where By is the antighost zero mode in the sliver conformal frame
2
z = fs(§) = —arctan ¢ .
0

More explictly,

dz 2 2
80:%%217(2)—[)0—’—5[)2—1—51)4—’— .

The Schnabl’s solution ¥ is constructed as

v =ngnoo[—wN+§jw;} .
n=0

where )
! (0%
= — 9 « > 07
Vo da -
and 1, with a > 0, is a wedge state W1 with suitable operator insertions.
VO_ ‘/U+ V;(_nqtl)
Y
0 c(1) c(n+1)
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A simple description by Okawa (2006) using the CFT formulation of OSF'T defines the state
1, by its overlap with test Fock space states ¢:

(&) = <fso¢(0) c(l)/_ d—z.b(z) c(n—|—1)>wn+1.

v 2mi
A large number of developments were associated with the Schnabl solution:

e The discovery and understanding of star algebra projectors.

e New analytic solutions for marginal deformations (Rastelli, Okawa, Kiermaier and Zwiebach
(2008), Schnabl (2007), Fuchs, Kroyter, and Potting (2007)). These include the physical
rolling tachyon solution. The solutions were extended to Berkovits’ open SF'T.

e A general study of perturbation theory in linear b-gauges. Novel structure of propagators
(Kiermaier, Sen, Zwiebach (2008))

e Perturbative amplitudes in Schnabl gauge ( Kiermaier and Zwiebach (2008)). An extraor-
dinary simplification of the quantum string diagrams. The construction of the closed-
string boundary state using open string field theory solutions (Kiermaier, Okawa, Zwiebach
(2008)).

e Simplification of the tachyon vacuum solutions (Erler and Schnabl (2009)).

In this period there were also some important advances in fundamental string field the-
ory. That is, some progress in the basic issues of writing missing string field theories and
developing their quantization:

e NS Heterotic String Field Theory (Berkovits, Okawa, Zwiebach (2004))
2 [ 2 (1 K
S=— [ d{n¥)¥q) == smV.QV)+ V. [V.QV])) +... .
o Jo o'\ 2 3!
e Vacuum string field theory (Rastelli, Sen, and Zwiebach (2001, Okawa (2002)) A conjec-

tural string field theory that aims to describe physics around the tachyon vacuum.

e Open superstring quantization — Arefeva et.al. version. Progress especially in the Ramond
sector (Kohriki, Kishimoto, Kugo, Kunitomo, Murata (2011)) NS sector harder.

e Open superstring quantization — WZW version Progress towards the BV quantization.
Partial construction (Berkovits, Kroyter, Okawa, Schnabl, Torii, Zwiebach (2012)).
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FUTURE DIRECTIONS AND CHALLENGES

A major challenge is the fact that there are no (natural) formulations for a set of string field
theories.

The missing string field theories are:

e The R sector of Heterotic strings.
e NS- NS sector of type II strings.
e NS- R sector of type II strings.

e RR sector of type II strings.

We had to learn much to formulate each of the presently known string field theories. Much
will be learned to find relatively natural versions of the above (even if we do not presently have
the ability to calculate with them!). The present lack of type II closed superstring field theory
is probably just a reflection of our incomplete understanding of superstring perturbation theory.
Even BRST cohomology has not yet been defined properly in the RR- sector.

The missing string analytic solutions:

e Multibrane solutions: finding the solution that represents multiple branes starting on a
background with just one brane. Work in progress by Murata and Schnabl (2011). High
possible impact.

e Tachyon vacuum in superstring field theory.

e Lump solutions (see work by Bonora, et.al. (2011))

For open string theory, the correct physics of tachyons was anticipated from CFT and OSFT
benefitted from it, providing a clean cut proof of the tachyon conjectures. The physics of bulk
closed string tachyons remains mysterious. Their condensation presumably destroys spacetime
or may produce non-critical string theories. Closed string field theory could help find the correct
physics. No analytic tools presently exist that apply to closed strings. This is a difficult challenge
for SF'T practitioners!

Many other aspects of string theory (AdS/CFT, holography, F-theory, Matrix theory...)
could help develop SFT but the question most likely to determine the future of SFT is the
question of background independence.
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This issue arises because all string field theories can only be written after choosing what
amounts to a classical solutions, namely CFT’s with ¢ = 0. We then use the appropriate BRST
operator () and the state space of the CFT to formulate the SFT. Even at the early stage of
SFT, one could prove that SFT’s formulated on nearby CFT’s related by infinitesimal marginal
deformation are the same theory.

If the theory on a given background contains solutions that describe all other possible back-
grounds the theory is physically background independent (if not manifestly so). Thus the exis-
tence of the tachyon vacuum solution was crucial, and so is the existence of multibrane solutions.

We need manifest background independence.

In summary, we can speak of three periods for string field theory. The first one associated
with light-cone string field theory. The second associated with Lorentz covariant string field
theory, and a third, future one, associated with manifestly background independent string field
theory:

Stage 1: Light-cone string field theory.

Stage 2: Lorentz covariant string field theory.
Stage 3: Background independent string field theory.

We are probably more than half-way through stage 2. If stage 2 is fully completed, SFT
will remain an important tool in our understanding of string theory. String field theory — after
stage 3 — may look quite different from present-day formulations. When stage 3 is realized, SF'T
will have the right to be the formulation of string theory.
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WHEE ARG a vy N7 MULZEED, RTDART L7008 (VU FroEEIRER2E
@T)Eiﬁofw%#amﬁﬁﬁu\%E&%%fu%éﬁ\~ﬁm@#ﬁmﬁtwﬁgf
b, IE, ARITTN =2 BRFMEEZ DDy 87 MEics 1} % BPS IREEICE L THRED
D, ARZ F I LZ2HBET2TFERRELTCETVE, TOARTZ FIALIICIBEY 254 (A
717 =G OEEWRHE) OWRFEERSH D, TR ZBSR) LI Tw5, I 2 TIRESRZ
REE &)f'BPSX/\ﬁl\7AJ)u>“CO)I/l::L #4179, E£7-. Conifold F® D4-D2-D0
HREOBA FIFICBIL T, BEZ 249 T BPS IREED RIS 2 58410 R D 72/ R, B &
O BPSIREEDBrZ2 BT L HABDOEFHRNE T I OWTHHT 5,

BA

ZZTIE, BHEEETAXRIGICa Y7 ML E EIC,

[y

o AXJLTED L) R FDHN 2 H
o ZNo DR TDMDHEAERIZE ) 7o T30,

EWVIHRTEZIND B 72w, 2 OREIZIER ICEEZFMETIZH 205, —MICIZH L WITETH 2,

fil & U< 1A BB % Calabi-Yau kA Ca v 7 MUL G EE2EZTHA DL, 20
G ARILTIEN =2 OBIHMELRH D, KFDARZ b7 L5132 OENHMEDRE (% EHE)
RN g, o856, HEDOZWEHIZOW T, KNS a»r>oTE D, ZOIERD X
o T3,

o 1HDENLEIE (FIE. 2 DD gravitino, graviphoton & FFEN 5 X7 V1674 25)
o WL DR FILEEIE (X7 RV, 2O0D Weyl spinor. HEA D 7 —0»56%3)
o W2l L1 D NA =% EIH (2 DD Weyl spinor, 2 ODEFEAD 7 =057k %)

2 ZC. hP9 1%, Calabi-Yau ZHEED Hodge BT 5. £7-. 1o DEROAWEOMOME
2z R TR 2L X =GRS OV TIN Y VL EEICET 28555122 TIIZEsEA
TWw3,

. HEHODH AR A IOV TIEE)THA ) D, HEDDH R FICBL T, Z0HE M
& central charge Z DR D &k 9 % TBPS A%y DD LD EDBHILNT WS

M > |Z|. (1)
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Z 2T, Central charge & 13 N =2 D SUSY fREICELN % charge D—DT, % OfEIEEM, %
MZRONIIRE 2EHFEBCTH S, COAFERDFE G2 THE, 20 M = |Z| DIREIR
BPSHRAE L XN 5, BPSIREETIE, BRAEDORIDNS D M > |Z] DA NIC
TEI %70, BPSIREOEZHZ 5 LI MEIT 7 70 —F 23R ETH 5, A
THID B2 REIZ 2 0 TBPSIREEDEZ LT (BPS state counting); ORIETH 5.

S TRIE D RBIERIY R0 513, 20 BPSIREEOE (IEMEICIZRITSIER 2 X ) 12HE) 13
WS T A= —DEETALLG L HICHZS, L, TUPARULSHZFHELPTVART A —
F—HEHTHZ ROIUL, TRTDF X —F —fCRIE IR 72 2 L2k 5,

L L. COFEMLIRHIRD 2727, H5EOMfE 7 X —% — (X7 VL EEOBHOHE
AN 7 —HOBEEWRHE) 2Z2LS %5 L, BPSIREDENT 2 2 LA 5, ZOBIRIE THE
B2 BIR (wall-crossing phenomena) | &FMFHENLTW 5,

WEZOTITHEND D, BEZBZ 2RI BPS i8I ED X ) I T 20 L v ) AAD
REIN(, 2,3, TNEV2S LE4 7 Calabi-Yau %5k T BPS 8805 % % 2 &£ 23]
HEE %5, AfETIE, ZDEERZ AR (wall-crossing formula) IZ2WTLEa—L, ZOIRHE L
T Conifold [ D4-D2-D0 % ® BPS {8 DFHEL [4] I2OWTHM T 5, £/, ZoFEHzHT X
) AR IE (5] IZD W T Hfilin 5,

2 BPSIREE

I ARITLDON =2 DENTEOHFERRBZEA %, 20L& IO TOFIERICES>TE
25 EHEE M EEFED central chargeZ DIHIC

M = |Z] (2)

DAFEXDED LD Z Va5, LS 286 LMD - wETRIOX T
WEZ 2 FEEDRR D O3 FEBLL short multiplet, Z DIRAEIZ BPSIRFE L WXL 5, — /7.
FFDIR D 37 B 0EE I long multiplet, Z OJRAEILIE BPS IRRE L WX 5, Long multiplet
1% short multiplet 4 DT DEI ZHK>TWw3,

Short multiplet (%, long multiplet & RILDRKITHEZ 2 DT, HERDEHATZIZ & > T short
multplet 2% long multiplet 122192 Z & 1d7% 0, Flwo 21U, BPS REDIE BPS IREICZL
THZ IR, UL, ZOEmICIZIRITIDH > T, BlEmOEGEEZEIZIC X D, short multiplet
4 253H3—2®D long multiplet 127 ), JEBPSHREEIC AR 2 L W) T LIEH NS,

DX BB EZE L) 2T, BPSIRED T, & L THRNLERIEREE Z 72 \0»,
Short multiplet 2> & long multiplet % ff %4 #5{%. Fermion Y7 short multiplet 2 -2 & boson HJ
7% short multiplet 2 222 61F%, L7%23>THIZ /8T X — % D2 T short multiplet 236
I > T long multiplet 127> 72 & L THRD BPS f5BUIZAL L 72>,

Q(y) := (boson Y short multiplet D%) — (fermion Y short multiplet D%Y) (3)
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ZIT, y RREOEM LW 2 FEDLLDTH S, REIZy ZHEE L T, ZDOEMPEN % FF
DHDDAEZ 5,

ZOO(y) ZKD 22 EH TBPS REOHA 1T, LN, 2N 27 LIETSH 2.,
2 ETOED S Q(y) FFERPEEOHHARIC L D Z L Bk ) icllbins, L LEE
i3, HLHEOERAICLX D ZT20THS, 0D TEEBZHR, TH5, ZHUuo20»T
R Crlimd %o

3 BEIEAR

BPS BT % £\ ) T LR FIAT 27 DI, b 2 BB v ZFFOR T3, ZNE Iy, 79
DEMEAT 2 F5D BPS K20 2 A RETH o7t L), TDEE vy =9+ 27T
72®. central charge d

Z(v) =Z(m) + Z(y2) (4)
27T, BPSEMFE2EZ 2 LG RLX—IF
(FEEZFNVE =) =Z()| +1Z(v)| — [Z(n) + Z(72)] (5)

&%, ZNEEAAEADPSIEERIZ0THE, SITHELRZDIZZDREIRILT =13
0L%256THD, ZOLE, LRRE»S 2K FIREBIC THIE, §52L083TE%, OF
D, IREEDS LRI FIRRE L 2 R FIRREZ AT E KT 5 2 LR T, 1 K HIREBEDOAZITEH L 254,
REOBDPZLTLE) L) T ENRINEGL2DTH S, TN TEEZBIR (wall-crossing
phenomena)) TH %, £7. HZZD moduli ZHOHFTHIAZ RN X =230 L4257, 2% D
central charge Z(vy1) & Z(y2) DN Z 59 K9 hifsrz TIRVZEDEE (wall of marginal
stability); &PPS,

FLwp L, BERMABIR EIZEZED moduli 2 @A &€ Tl EREVLE D BEZ B2 7R IC
BPS 88 Q(y) BELT 2BIRD L TH B,

ST, BEMZBIROE Z o 7R, BRI BPSHEBDS ENZ T AT 2 D02 £ T DD THER
ARy TH D, BEEZAKITOWTIE, WALALN—=2avyDbDNH 503, T 2 Tid Denef
& Moore I & > T [1] THER#MICEZ 547 “semi-primitive wall-crossing formula” & F-ENL % b
DEFAINT %o

1 & e ZZNZFN primitive REMWEA & T 5, T Ty 2 primitive &1d, H 252D ED
BHon EMOBMBAT v3 ZHOTy =ny3 EFESZLIEFTERVEW) 2 ETH D, BT
11+ nye ZROREZEZ, 2O EZEZ S, Q 2IBANL A7 X =2 L LT, /7l

Z2(Q) = 0n +np)Q" (6)

nel
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BEZD, TDX)BIREIZ Z(11) & Z(v) DIMHDEZ S ) & TADVRALEDREL 0D, Zh
A D LR ZBIR 2 EET, arg Z(v1) > arg Z(2) & arg Z(m1) < arg Z(7y2) TOELEI%L
ZENENZ, 2 ET B EINGDRITIE,

Z(Q) = 2(Q) x H(l + (_1)”(72771)Qn)nﬁzvlm(n%) (7)
n=1

EVIHRERBH B, TI06 QNE )T B0 HAMN S,

Z @ semi-primitive wall-crossing formula & Kontsevich-Soibelman DEE# Z A (2, 3] 26
HEHTE %, ZDEMW T semi-primitive wall-crossing formula (& Kontsevich-Soivelman ®E##k
ARAROR L HGE LS A 5,

4 Conifold £® D4-D2-D0 %

INFETR—MamzED TS, T 2Tk, BARZREE LT Conifold 10 D4-D2-D0 %D
BPS IREEDH 2 EVF 2 IREIC L 72\,

Conifold & 13FFa > 237 k7 Calabi-Yau R EDO—fThH H, —D27Z1Fa 37 k7% 2-cycle
2RO, 2D 2-cycle DRKEX, BLUZ 2% 2 BEOBEEARHEDY 1 DOEFEE L %D, Moduli
WRIR=F%H 25,

22T, a7 R d-cycle IZE E DWWz Dd-branel & 2>/ b7 2-cycle IZ& E D
WA D D2-brane, £ X Milfi2>D DO-brane DFEAIREEERE Z 5, 2415 D brane ? central
charge DfHIZ, ZNZENRD K9 fHICE %,

DO-brane 1
D2-brane z
D4-brane | A2e2%

ZZT, 2z 13RIEERBR T2-cycle DREZ ) TH D, H#EIZIE DO-brane D central charge % 1
& L7 & D D2-brane ? central charge & \» 9 E#IZ7 5, D4-brane D central charge 2Bl 5
AlF, Z0cnwd2IEa %7 b 2cycle DREITH D, ZDMEHIFIERICT 2MBRE &5, —)5
AR FD p lZ ZDIFa 7 F 2cycle ICH 5 BL2EALTOBNIbDTHL, DL
AT (6] IS X W IO TEAI N,

ST, 2DE)BREBORALEDEEZFTRT 2 FHI LICRLZDDDK1 THD, DX
) BREEICZS>TWBE DT, £ —20HETHREED X UXthd T X ToHE DR
BUIBER Z "R Z > TRD S Z EHK S,

T DRD 7B DFERIIRD EE D TH %, DO charge # £y, D2-charge % (o, Z1Z
NZPZ BRI X —=F % w0 & LT, TRLREEIZ

Z(u,v) =Y Q((D4) + £o(D2) + £o(DO))u'ov™. (8)
Lo,
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Figure 1: Conifold ® D4-D2-D0 & D [RAVZE DEED IR T,

£9 %, M1 DOROHUIZZ 5T Moduli ZE)\ T <, z = —ico TORRBIEZRIIIZEMAL LTL
Z 5, T3UE, D2 charge ZFi7e W EEZEZLNLDTo ISRV, FHEE 4 XILD Instanton

DR BT DEZNS
1
S AT .
LY 20NN TH S, Tk EHEEEE W, kW, OITRE,
_,44444};44447 X =1 N R
Z(u,v) = 0 ) 7]__[1(1 u'v )THOu uv), (10)
%%, FFIT Im 2 =0 Tl
1 i .
Z(U, 'U) = I_WTI;[O(I — U ’U)7 (11)
THs, —~H W, LW o,
1 et .

&b,

DX % BPSHREOKZ LiFIE, LIFUIFHEIE 7L & &Ml & 2 D, 22O BERIN 22 f5E
ES ATHIRIR GG 2 5.2 2, WA DREEBMETET LV E LTRERTE %, Rl (11) oo
FeBI% 2 B E 2 HiatE TV 2N T 5 (5o
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Figure 2: Triangular partition D4l

Z U3 Young KD 4 i % 3 AIZIC L7 & 9 %€ 7L T triangular partition & 4T 547z,
BAARNICIZK 2 D L9 BRIBOZ L TH 5,
COMEHE TNV DI ZRD L ) ICERKT 5, £7.

o= (EREZMBORK), b= (FTHEZMAHOR). (13)
LERT B, SR oy BRI T A =5 E LT

Zpi(zy) =y, % (14)
triangular partition

LERT S, §5L. ROADRE S,

oo

0 gy L+ (15)
r= r=0

DFED, u=2ay, v=—y EEETL, (11) OTEEEZHET 5,

Zt'ri (.’E, y) =
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Exact Results in 3D Gauge Theories and M2-branes
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Bt JRATLA R Z T ABIM BZ 12U %8 M2-brane O 2 DR O V) EH B3
WCEDPN TS, ZOHBDBEDHERED TS WL 2Dy 7 23T 5,

1 F

M2-brane (& M5-brane & & 12, 11 RInEFH MG = M-theory D IR Z 1A H T
H 5, 11 XGHEENHEGRICIEEE, BRI DA TIBRAIRT Y YV =Y B HET 5
23, M2-brane 1 ZDEXMRE 2% 2+ 1 Xk TH %,

M2-brane 1%, il d HQTEREIND L AdSy DilEZAEL 2L WHIWERH D, fEoTZ
Nz MW T AdS/CFT SIS oflz2 kK 5 L ifE SN 2, 2 oEfIC D < 3 ZoulLps
EMOMEFEE . 2007 4E2> 5 2008 ISV bW % BLG 7 [1] % ABIM B [2] 72 & 0 &l ik
;a? 4 7z Chern-Simons-matter BlGaS R IN /D2 K E L TR E -7z, P Tl I s o

OHTH - & HEHER L ABIM B2 & 0 | mEOMERIERZ AN T 52 12T 5,

ABIM #8  ABIM BERUZ LI FDOA —E 7 4 )V F C*/Z;, ED N KD M2-brane @ E) % Zib 3
% 3RITGN = 6 X7 —P HEwmTH 5,

CZi = {(21,22, 2, 20)} [ {(20) ~ (e F 20)}. (1)

AdS/CFT Mt & . 2 OFRIE AdS, x (S7/Zy) £ 11 Xt E S8 & WTh 5 L PR

Nz, 2ZTS2CPP EOSTHERLZLT, 774 3= 8% TMBGEHD St LFRET 2L,

7r 1:77r11/]~ Z 2D ST OYREE 1/kEICTEDOT, k2 RELT S E MG 6 [TA #i%H
D GIRE A D2 )

HBHIXILF—EZOXRT—YUYJH] ABIM BRIZ N x N D75 % ALK L T 250 8
ThH D70, FHATE T EERO NENHBHEORIE O(N?) DA — ) v JHIZHE ), v olE
9 AdS/CFT MIEZRET % & | MkiatEsic 3 2 AHED B ON3/2) o 27— v 7]
ﬁé*’)o CNELTEHELTH S,

WA BEOKE AR L L T3, AT 2 VX — (DEBEBDONE) 252 3,
z :“c 37— B TERAS G & 7 D EDBCHEER O BT RIS A RN L 7 B 87 A= S fHEE LD |
HHMENHEROMEH%E AdS, WHRO ETHiL THHREZ 2L X —%2 KD 2, AdS, IZHHE T 2153
O L 75 G

L2 .
ds® = G,derde” = ¥<du2+gij(u,x)dmldx3> 2)
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IZ XL T, Einstein-Hilbert M & FHHHE, HiR T > VoL o xAANC 3 2 FiiHE (Gibbons-
Hawking J) OfI»6 HHZ RV X —%2ED 5 &, FAMNITERKE & 2, 2 2 TERHDEE
Zu>e & IEAMLL | S SICHEBOHBOHLE U THER LOFEG R ~;; D@4 7% RISz 2
%, ZOFEH, 3 BRI H O Euclid it AdSy KBV TUEHHZ AL F —IZ U T X HIck 3,

1 1
= — d*eV/ L—2—/ B K
S 167Gy /uze VERG) +6L77) —ome | davy
1 w2
S d? 4 = :
Horger | aVAtToRO) = 2o @)

N #® M2-brane % £ $ 11 ZIGEE S BERO IR | HISPRGAE T
ds? — L2<ids(AdS4)2 +ds(ST/24)?),
Fy = gL3dvol(AdS4), xFy = 6L5dvol(S7/Zy,). (4)
THZS6N %, 727 L brane DWEH N EH A X LIZTOBHRICSH
167G 11 = %(zﬁp)g, (276,)5N = 6LEVol(S7 /7).

Z D% A XTI KIGHREL TR (3) ZH\v 5 L N D M2-brane D% D H T 2 )LF¥ — I3 D
TokHicksE s,
\ﬁr ,

F —k N3 (5)

HEHI ALY — ODO(N3/2)7\’T—‘)/7EU7E’T ¥ P CHBLT 5 I3RS S IR O R ATHS
BT HEL WIEE B2 6N TER, & ADERIA LD ITBLRIED B RATIC B § 2 oD
HEIRIZ X > T, Drukker & [4] 12 X > T Z ORES BN, LT TR ZOFL WiEREZ BT 5,

2 ABIMEREEODE 5L

IIB brane #A¢ 9 [2] IZHEV>. type IIB #IXELER D brane DFLfAzA: & HFEL T N KD M2-
brane DRI E| 5 Ef % BGHZ 9, 10 XKL L D o6 Z B 2rRICa > )7 FEL T,
N #® D3-brane (0126) Z&Z 21} %, Fi% (0126) I brane 2% xg, x1, T2, 16 THD TN PN T V>
ZEVIHEKRTHD, LFTHHWS, R Tag =08 LY rRIZHK 13D NS5-brane(012345)
% EE, D3-brane E X1 D L HIIKAET HRMEEZ 5,

I 512 1 D NS5-brane Z k B D5-brane (012349) & #5& S ¥ 7T (1,k)5-brane £ L, T
% (x3,27) PIHIB X (24, 28) PHIZ PR & T 25D ZRZE T, FER3KITN =3 D
HFEZ RO L 91T 5 (K1 £F), RBIEZFLE =R R — 0% £ ) M-theory B
28, 2D KKE /) R—IVDLHAET LR ~CY/7Z, 12H % N KD M2-brane %1%%,

2
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—
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Figure 1: type IIB brane #§i% JH\>7z ABIJM A1 EH,

BEEZAWCER BROHTOMMDLDIC, ABIMBMD 77 57 % 3KILN =20
HGIEAZ e THOTEL, 2oL 4 X000 N = 1 BEEAORTTHIRTH . WHESLE
HHIZAA VY (B5 XY, 0hE), ¥—YSEERE-RY (V,VAE) TEINS, 3KG
N = 4 R FERO BN RIEICIZN 7 FVSEIE, N S—%EERH D . BiF i3IS
ENA TIVEBEOR (V, ), BEZT =P HOLWICEZERRLZRIICET 2 1 Noh 4 7L
B (X,Y) TIN5,

HIDBE T3 type 1B #5EHLERD D3-NS5brane D %2> 6 HFEL 72, D FED D3-brane D
R FI2iE 3RICN = 4V, — P BERSFHB I LT %, NS5-brane IV 6 4172 2 DD X[
I2dH B N D D3-brane ld U(N) x U(N) 27 =L HEET BN =47 FLVEEE(V, ), (V,d)
Z:C | NSh-brane Z £7:\>T 2 DD X[H]D D3-brane Z 274 C V7255026 U(N) x U(N) DM
HARKRBUCIET 2N A= HIH (X1,Y7), (Xo,Yo) 23BN 2, ZOFRDI T 707 v I3
KT

Lan—y = — / d*0Tr (XaeQVXa€_2V + Yanf/Yae_Qv)
V2 / 420y (Yaq>Xa + Xaéya) the
1 1 -~
+—5—Lyau[V, @] + 5—Lyvau[V, @], (6)
Iym Iym
LB, 2L LywalV, @] 13 N = 4 B Yang-Mills (YM) Bl 77 5V P72 Th 5,
1 _

LV, @] = 5 / d?0Tr(WW,) + h.c. — / d*0Tr(®e?V de2Y), (7)

RIZ—F7D NS5-brane 12 k HFifizD D5-brane #fiiz 52 N = 3N Z RO X HHIT 72, 2D
BB N = 3 A% ££> Chern-Simons (CS) JHZ {25 k TERICINZ 2 B/EICHYS T 5,

L = La—y+kLoss[V,®] — kLogs[V, D] (8)

3
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T 2T Logs|V, @ EFEHE V ON =2 CSIHE & D 2 KD superpotential H 5 7% 5,
Less[V,®] = LogofV] — ;/d20TrCI)2 +h.c.,
7r
1 27 _
@Mmzzaﬁpmhm@—é%%@w%pnmx 9)

2 DIFADOMEL AL X —RIRIF PRI > YM S aE e SIRAIC L > TBNZ L T2 L
Cynua BUR WKL TH A 7 Vil @, & IS E % 5, SR BUIRIL T, il vV = 28
g cEriiz ABIM BERIOEREZE 5,

£ABJM = kﬁCSQ[V] — kﬁcsz[f/] — /d49TI‘ (X-anVXae—QV + Yaem}Yae_QV>

—i?/ﬁ%&%wTdXﬁ@nxg+h@ (10)
ABJ &R 5 FTld a6 TIANIEE DO\ N D D3-brane 3 5-brane 12 & T 2 DD X[EIZ 57
o RMZEmL CE 7, ZOIREL T, 220D XEICH % D3-brane DED IR 5 565%
EZBHE, UN+n)pxU(N)_p CS7 =25 EBIERRBOYELG» 6 & 2 Hmr o ns,
3 ABJ B (3] EWHEI, CY/Zy 2 TEENT 2 N KD M2-brane IZ A TA—¥E 7 4 )L F [FH7E R
IZ n D fractional M2-brane 23 I N 72 R DBEHE FAEIN TV 5,

3 3-IKME L DIEFRD R AT

Euclid ft. & 172 3 Zoulxiy — 2 Blimo 3-BKifl Lo srBoB%ud . mptbEEL Z2 @M § % & 1751
RITICIAETE 5 2 £AY Kapustin 512 X > ORI N 5, ZOFEIED BIC Jafferis[6] 8 L O
Hama & [7]1C &> TR S L, (EED 3 RXIE N = 2 AR — 2 B E A © & 2 2AX05HENL
L 7z, B EoBERO TS XX EPHbEBZ @EH T 2 £ W) 7 AT 7id. Pestun i & % 4 XJG
N = 27— MEROT E L TH 5, RIUB 1K AV RAZ Y Py DFELE WD, 3
RICTDEEIZ 4 RICITHARTIE B0 fifHiIc i 2, 22 TR ZDOREARDERZEHT 2,

Killing 2 /)L 3-BRIIC IR S 3B A3 5 7 220 o RIS R B2 €/ TE 57
DITIE, ZD%EMD ETRD Killing A€ 2V HRRDEEZ O Z EBBETH B,

1
Dpe = (am+1wg$7“b>a = ymé for some é. (11)
B 0 DALBRI Iz, .
i
Dy = +—m 12
e =E5,me (12)
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7% Killing AY /A5, IEEADFFSZRZIUCRL 23>, Ail4>FET S, Iz HwT
3-ERI LR 355D BlGw 2 MR % o

Killing spinor AT S2 x R T2 L. 2nx v 3 Rouo@BILBELR% 52 %
PRty 2 EFRL . R Z B L T 22 L3 TE 5, 2D EEIR Kim[8] I2 &> T
ABIM BRUSET S 4, & D —MD7 — 2 A~ DIGHA Imamura 5 9] ICX D G5 TWw 5,

3-FRE_LOBRINT —I B s o 72 20 IR S0 MiaE MR T 5 1cid . 9
M Lo % — RIS E EE T, R CTERE_ETo SUSY ZHHI2SPHU 72 RFREREE 7%
TEI. LTI IVOTUBALETH S L) MFHELBIEZ O, 0(072) DIETEIEL T
1<, TOXHICL TR LD 3RITN = 287 =P HimE RO L E, X7 MV A, HE
AHT7 =Yoo, 7zIVIF VNN GBI D»S 57 M VSEEBEOEHANIDITOEED |

0Am = —5(EmA — AMme),
so = Li(eEx—e),
o\ = %,Ymnean — De+ 1y"eDp0 + %U’}/mDm@
SN = 2y™EF,, + De—iy"€Dyo — Loy Dpyé,
§D = —L&Y"Dp) — EDpAyMe + LEN, 0] + LA, 0] — L(DpmEy™A + M Dye),  (13)

BEANT— ¢, 7zNIF v, WG F2o%5, F—YHBICHELZREMqDAA TV
LHRHOZHILTDO X HIck 5,

op = &,
0 = iy"eDpnd +icop + %VmDmegb + €F,
SF = e(iY"Dpp — ioy) —idd) + £(2g — 1) Dppey™ . (14)

2T Dy, & MIEEBE IOy = WAL IEM I TH L, ZOHETAERTI T 7P TUIE
CSHH Log. YME Ly 8 XOWELGOEEIE Lot R EDD 5,

»CCS = Tr [%é“mnp(AmanAp - %AmAnAP) - 5‘>‘ + QDO-}’ (15)

Lyi = Tt 4FunF™ + 5DpoD" + 3(D+ §)2 4+ £ DA + 520, A =AM, (16)
Loae = Dm@D™¢+ 606 + 24 gog + U5066 +igDg + FF
—ipy" Dp + it — LLAnp + ipAg — ipAY. (17)
ZDMo SUSY AERICOWTIR [T REE2BHDZ &,

Lym BEY q # 12DHED Loy 13, Dy = +2yme IKHEH SUSY BETOAARETH 5,
ZHUFHEENTRTH 205 TR WHERZ BREICHY 72 2 81k b, £/ Lym, Lomar 13E D X
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)7 SUSY ZiBATH, ZDDHLETRETH S EDVRE S, FHe e % Grassmann R TED
Killing A J VDORE T 5 E | DLNDIRYE 5,

e Lot = 0 (V0 = 2ido0 + 20 60)
e Lyn = <k&ﬂ}<%XA——2Da). (18)

BFERE LOfEHTERIN 2 KA LOMGROREERE I L > CHRBESE ER T2, 2D
FEEERE SR LR Z v 5 E BIRIOTUESICRE T 5 2 L23nE %,

— UMD & 2 RIS BV TE, FEFOMIEIT TH#R ) 2 D RO TH 7 =
WAV DSUSY BHDERICE DX I, RY Y ORMICEILT 3, BREEON =27 -8
ORI I Z2#HT 2L, Lymld (62D 7 2V IS4V D SUSY B EFHIF5DT)
R ETIEETH S, o> T LTk

Em:[Ma:D+%:0 (19)
ThHhd, 7 —INEZ HOTHE ETIE A, =0, D= —0c/{hDc 3EBRERZD, 2DoD
EBMEPE D TNV E 5, FAROEBEZYEHLGIZOWTHIT) &, B ETo=F =021
w5,

WA RRIRICEE R FHOE—F (EXE—F) OMIZ2 L2 IEALT 27201, iR
BOMEZZEZ R WD EY L — L+ t1Lym + t2Lmat Z1T o LyM, Lmat DTEENMED S 47
BIBLODMEIX ¢y, to DIEIZC K S0\, Z2T Tl taZ KRELEDE, Lym, Lmat ZEXE—F D 2R
FTTEMIL 72 Gauss FODSEE L 72 D . BEOEIZ RIS T 2 EEREE O 771 (1-v— 71751
K) THAZLN D, T 3R LED superpotential (2RI RUC L B2\ LT, oBCEIEUX
superpotential D BIBIGITIZMAFEL o,

DEBEBROITIEAIRAN Lz &, DEEEII Lie RBUED LR o BT 2T D & 9 2t

TIIET 5 A
det fermions>
Z = |[[do]exp (—Sy) x | ——lfermions ) 20
/[ ] p( 1) ( detAbosons ( )

S \FEERDICZ DIEH DR S EToOfET, HlZIEL XL kD CSHIZ#H M LT Sy = itk(lo)?
DHELExET L, HOHEL 1V =715 RIS T 32 % HEIED L OF G0 THHlicE
%, DD 2l =1 LHEETEE, F =P WHEGC DR 7 VL EIEDEHS1X

Vlw/dra 1;[ (251nh¥>2 (21)
acA

LB, HELWIE GO Weyl BE, r 13BEB. o€ Ay BIEAL—FThH 2, 77— itk
HOTHEAZE o % Cartan i REMEIC I SICHIBRBL 72, ¥ =Y HORHE RICET 2 U(1)R &
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il q DAA 7 NEEEL, PETBEBICRDOFEGE2T 5,

o (m+3)b+ (n+ )b~ —ix
Sp=1t —1q —p-0), Spx)= .
pgz p1(i=ig=p-o), @) mlnlo (m+ b+ (n+ )1 +ix

7L plERH ROV ANRI I LTH S,

(22)

4 Large N T®DO ABJM 1T3E D D B Z i
ABI(M) T3S E BRER  HIfiOARE U(N)e x U
BIZUI DL T D Ny 4+ Ny RO TH A 61 5,

zZ = exp[_F(NlaNQLQSE%)}

JILg L2 T o 52) I (o 5 2)’
xﬂﬁ(%ogh‘“;”j)_ ex p[—(Zuz Z )]

i=1j=1 i=1

/H dp; H dv; exp ( V). (23)

H T %L ¥ —13t Hooft D> T, V —< v HDMHBIEBHICHE S

F(vaNQags) = Zgzh_th(tlth)' (24)
h>0
Z 2Tt = gsN; 13t Hooft A ERTH 5, Fx DHKD H 2 iEFEGMIRIL t; 2 K& ZfEHIc [EE
L. N ?oJZU‘k’a?ﬁfﬁﬁjik IR TH 5, ZOMRTHBEZ FLX —%XALT % planar HH
(h=0) 1Z. FLOBYOWEERE L TEHMicE 3, 2% D

Frgfoltity) = S ' »
95 “fo(t1, t2) () Oy S = 0y;5=0 ()

BURCHIT 5 X 91C . large N (FAIBUHO BIERA Fikns - ORI IEHT S 5,

(NQ),k ABI BRUZHEHT % &, TR

Large N TOEZERE 3T, N+ Ny flloiEH) 5K

i thu_zt h“i%yj?

J#i
S Z coth 2 Z tanh 2 (26)
gs
J#i
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{ZE%EZDL, NS DRI FAMOEGEHEO ANEZ DL L THARELD T, 2 HHEDEA{E

% i
Do3A % 25 BIE py (1), p2(v)

|t = [ dvpate) =1 (27)
C1 C2
ZEAL T, LMD X)W TRAUTHED pr,po KD ZEICEEZHEZ 5,

/

— / J—
T tl][d,u’pl(,u’)coth a 2,u — tQ/dl//pQ(l//) tanh 2 5 v )

/

vV—v /

vV —

—v = t2][ dv' ps(v') coth — 1 /du/pl (¢') tanh (28)
Z CCHIE D E DfETEL T3 Cauchy O FEME 72 R, F 7%l Lo X[HE C, O 13 2 MO [
GO T 28 Z R T, I 6 I (resolvent) & MHIN 2 HEBIB w(\) 2 EET 5,

A—v

wA) =t dppi(p) coth AzK to dvpo(v) tanh . (29)
& 2 s 2

R (M) W 2mi 2 5B . C1. Co+in B X002 DRIBITEC & 21812 5\ CREETH 5 130>
BIRNTIICH 2. B ATRA % T H S WA R

2n = w(p+ie) +w(p—ic), (neC),
v = wy+inm+ie) +wv+im—ie), (vely) (30)

1. cut I O NEGEZ BET 5, TR EBERSFMAELD . w(\) 2 HTER R L
7e IRV 2 R OB 2 MR § % 2 L3 CTE 5,

et fev 4 A7) = 14 (2422 (z=¢" CRBETER) (31)

INZRIEICOWTHEL LT 255,

w(A) = log [;e” {1 + 2422 — (1 +Ca+22)2 — 4@2nz2}] . (=t —t) (32)

NS BRIRILF —Z25H S planar K HHIZ VX — fo & t1,to DEEEE L TRD 512
.t te BEY fo DL RWIB R THRRORARRTE L TR0, B (¢,n) DB%E L TF
F 52 LICEET 5, £7(20) B 5B

1 -1
t = — d\, ty=— d
1= alw(x) A b=~ agw(x) A (33)
BHEH, TITRE a1, 00 DERIBN 22O L, WolF I HHZRLXY — FDO5 5N, # 1
BT L 4 13 g BT 205, 24U Ny EOGEEE py, -, vy ISFT72IS 1 D3BINT 2RI %
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K

Figure 2: #3 \ FHIDFEARTEIRND 2 DD cut C, Cy & . R DRE TR a1, an, .

9 %, Bl EAMEE o EFL L, ERED?S cut Oy LD p, FTH - REAMEE 5] -8E->
T % MEg) 2%
OF /“*d 98 (pis vj)

95871 . Ko Ao

EET B EHRTE B, po DAL DEIHEDBIE p1 (1), po(v) IKHE>THMHL T 2§25 L fE
FABIBCS D po W 13 fid#E%E o CE ., LoFEf ek

gff z /o: ) Y EOESY (35)

L7 %, HEZMERNE £ TORITIIFEHT 2 DTHEALXIIEL < 2wy, b hic

(34)

(5214632)jb — iw(ht2)4deAw(A) (36)

DD D, oy kR 2220 &,
ER o)\ 1F—REHELRERXZ L TWws, LA TIN%E (THILTASL,
—dz
V(L4 (2 + 22)2 — de2n 22

9 i) =

ac (37)

L% b, TRDRFOHEHIL : DARKTH 206, THEH 5 —7 2 LoibHl 1Bz
59, ZDRBIRETIRE 1 FEEeEMNED K(k) 2 HlwTRIns,

_ ! dx / _
K(k) = /0 Vi K'(k) = K(VI—1). (38)

(1 — k222)’
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ABIMERDIBE INETOHEHRZ Ny = Ny =N O ABIM BRLZ#EH 5 & . planar H i
I3V FE — fo D 't Hooft 787 X =% X\ = N/k ~DEIFEFHNEE % FWT

d\ dfo(A) S K'(ik) +iK (ik)
dr 71'2K( 2 2N —An K(ir) (39)
DEITET D, 2OHADS kZHETLE NDIFFICRELYGA (k> 1)1
Fo(A) ~ _@ﬁw?, F~ Qk N3 (40)

ZRG T EMTE, HIBONHERO MR RDIEL < HBLE N5 (4],

5 #bbhiC

Euclid ff5 D 3 Xyut 7 — 2 MmO BRI Lo 3 BLR S Rt LIE B2 b T T IR 3 1 s
TELILEBAL., ZOIEHEL TABIMBRDHIHZ 2L X —D O(N3/2) 27— v 7 HID
B AN 72, BE R EBIE0E 3 X007 — Y HERE A H L WA T OYHETH B, S
Zhz HoT X DENHED D2 WHERDO D EA TIT DT R LI N 5,

F 72 BRI -0 4 B BB B 2 O HRIR L 72 0 . AWEREIDANO W RE £ Z 54 L IR
bIEFICBRIE C . SROFRNWIGFIN S,
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RBESA L7 VDT =X F 42— a VEFILTIR, 7= — ) OEEIHENHRIEO
DY) —=FT 4 v I A =¥ —TX¥ullh3lEIPAONT VS, BEZOEHRVBETLVLDRT V
e VORBENARREEEBEESIIONS Z LRI N, ZoHTIRZOREL, MED
[\EED HEICOWTHENT 5,

X7 PVEIOMERTY A F I AN SUSY 7L A XV 73825 2 EBERMI Tk, Eict
FELOHHZXI LT, X)L RZ PAVBIDEF NI B Z 9 LB HEOB IR T
HHEMBING L)IThoT, ZOFLWARMEX, Intriligator-Seiberg-Shih & 12 & > THiA»
Nz, ok, FEFIC IV ERET AR LT, WEREREZH WA F A VICEATREZ
WrETNVEHELL, COETNVEZDOS Y ILIWIL L DEINE -6 LTk, 2D
O & D23, SUSY breaking 2 7 ¥ — TR A5 Z L OREEMDOFETH S, X7 MLl T
WVORFETREMIZ, EFV2 R CIEFICHBICERHTESZZETHD, ZDTLA TR
V—DDYL | FeA BN O WELZEIREEER I\ - ¥4 F 2 AL ENFREOB N SER I ., 5T
IFHEZZEIRRETH A Z L3, DIERIToNnI LD TR VLhEFEINBICE-STNR S,

WZEREBEHRT L2 LD, RELMNIFISGRNLE T VEREET 2 L ZOFIRN L
RFTL B2 ETHE, ZHUICEYDTIREETLVELT 4 V7D AREE e 5, 2 OBLED & BRIC K
MTGERINT O =P AT 4 2= a VPFHOEEZ RO T3, Frlcy (4L 7 M loeT
VTR, == OBEEPEL 5o TL ) MEBERMI N TV, £iZZ OREDEE S
HWELZEIRFE L BRI D> TR I EDRRIEIC R > THEONIThote, K== DR o
TLE 9 &, sfermion SIEFICELS 2D, by J2AOERICBHT 2MIENKRES 2D, ZORGHE
tunining FEPSHFELTL £ 9,

JE4E Komargodski & Shih 12 & 5T Z ? light gaugino DAY E 9 L THEL % 5D systematic
R EZ SN, Sk, BOIARTERA 7 77 T4 TN TY =T 4 VI A =5 —D/5 —
C— ) DERBPMEZBHAZEAN, FAFIHANEETFTLTY, ZOHRKB—HNICEB I >TW
ZZLERER L, 771C0)t, RF vyl LD EVI RV —DELETHNEZ PR
27— DEEBNEDTH S, TOHZITmIIC, LK, KREKE L b, FL DR
PN FETH S, Holxznz kb BRNIGERL7ZDTH %,

FALVLY MDD =P AT 4 =2 avETIAEEETEEEDHH) O EODORENIZ, 7~
FOR—NVEEEXIEZ25DTH S, A VY—FETILVOF =V 2N ZM 227 ¥ —
D7a—=URFREICH DAL E & S DEBAY VY —FETILDF =% DO LIl
b, $HE, FNODERTF =AYV TDT = JICEHEE L, unification 238 Z A HjIZ,
F=hy TV ITRFBLTLEIDTH S, TNE2ITEDICIE, 208 (AvkryPy—)
DB % HEEWEICE > TuiHiE kv, 2ohkiE, X7 FAUVBIoE FILTIRERNES I
HHTES, ZNTEEEZRBICANDE ZEVBTELDLSTHS, ZDORBAAL TINVEETIVE
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DENEHBWZ B, LT, FV I R—LEZBTAI LN TELETNVIZT Z7ICES
THRIIZ 20D AT — V%20 ELFi> T ARERH 2, —DIEFAvRyY Iy —AT7—)L
b 9 —DIk SUSY breaking A7 — )V ThHh s, FIZID2AT7T—NLUDODL)ITHbEVW) T L L,
uplifted vacuum 23R TE 5 &) T L, B L T TLIE % uplifted vacuum 2T % (T
Z. ATV TH D EFRINDGZELDH D, TD LI, 7 V¥ R—)LREED AN S
NTWBEETFILTIE, TeV 27—V 5 sub-Planckian A7 — )V TEETE 30T, JEHICH
FLWETIWVER S,

ISSETNEZEBLEETNVIEZEREINTVE, ZOLLDETFANBEEL TR>TWw»3
PRI 7 e — o OUEo AR TH 5, LI, ET 2 vk 75— U(1)g NFMEOBEN
Ths, ZOUN)p WHMEE, X7 PAVHRKEONRETH D, ZOWUEHT A2 LT, C
NETORAE LRI PVHFFEDOFPE 2RO N HRENDDH 5, 20D —DD5 RO T —
2 CTH 5, ZONFREDHAIUCET#HL T =V KA YRV UL, 777 A7 —)ILOflilE%
EZ25E, ZORTFIC I, BEENGZ 605, ZORFD I E% pseudo-Nambu-Goldstone
boson &\, BEWKFDALEITFHmIICIEF ICEE R Rz 2o, ZhdFmrEl L
D, ZOZF VX —DFHEZ LT A EHVHID 672,

COMEZEET 2 —DDNIER, Ul)g NWEZ7—2 v 7L TLETIETHSE, —/T
=T B E 2 DONTMEDIINIZLERIAI Y VAR VI DFERZ TFET S, LLIT. &
MEIC L TWwE5 A L7 FRIOET LTI, NEEDBNDARAr — L EXy ey Y Y —R7—)b
BEICTHH, VIR NVEEZ T E-DICEWAT — VICREIN TS, ZHUIIEHR
Bl E W) ESIEDZFFE LY, 2RIy Z2A MY v FZavy AP v MCENKEEZEL T %
LWE¥—=%I)LoTw3, ZZCHZENFEOBRS X, WNFREOWIND A7y —)v & B ICBHEL T
BO, A7 = PEOCESEICE ISR OENEIE S, Lo T, FEREIH SN Tw 58N
Bk 9, Advanced LIGO, LISA and BBO %% £ T, ZDEFEZBIET 2 2 & ixHoIcnigT
H5,

1 Light gaugino problem

FTHOIIC, AL 7 MO =P X T4 2= ayETNLTL 6T 5, light gaugino [jE
IZOWTLEa—72%, SUSY breaking A7 — V23X v ¥ v — A7 —)LVIZHRTHFITNE
WEAIZIE, analytic continuation into superspace EWEHINS T 7 = 73O Z 5,

1.1 Gaugino screening

Ay d Y v = SUSY breaking field (X) = M + 0*F EXDEXIRA VI 577> arzdbo>T
w3EL &I,

W =" M(X)a"d". (1)
ab



Soryushiron Kenkyu

ZIT AV yYy—OHBRITI My(X) 13 X OEHIZERTHZ, AveyPr—A7—L
EDEOART— LT, ZNo IS I, 2L ) SM O =Y — 2 ICEREPNEZ 6N 5,

)
my = — mgﬁmmm) (2)

S22, b L det M(X) DSERESIE, )V —F 4 v /A —F =07 —v— ) BERIEYn Lk 3,
T, FO RGBT —F—RT UYL EZRAv Py — 7Y —DEOEAEE2 %2 L),
RIEFDEIIICLT A=V -/ DHBEZD ED S,

() ~ (®) ~
K =37 Zu(X, XT)(gHeVo g0 4 JoteVsii go), 3)
a

Zo(X, XT) 13 X DFEBK,

== OEEIIES I X v Y v —D  wave function 125 Z 3 EH 50 6 FHTE %,
FEEIXRELDIEIYHNLE Ay 7YV T R EIEML Ay 7V v T DECTH D, FHiT /) vh /=
ANT =53 =BT VT2 VE) =TV I A= —D7r—y— /) OHERICFLGT LT LRk, C
NER2D12, MRy TV T2 X vy —A7— )L LD TDRAT —)LTEWLTH
%, HO7DHIC, 72V 34 Y OERITIIE M(X)=m £T2, LED>TW =med, YH
1728 & 1$ wavefunction renormalization Z,; % F\» T

qu |m|2
" ZM(Mm)2
LB, CORF—LED FCRYENA v 7Y v S TO L5 IC5 A 63
2 2
o w1 Im| T,  ReS(p) < T Zr (1)
Ru) = B o) + 753108 L+ 55,3198 e 02 502 18 o)~ 2 672 %8 27 )

po BHERD A Y b A7 TH 2, S(p) FIEHIAA Y TV v I TH B, N SEbEDIE. Zy(m)
WHEEDMEZZ L X —TF v v 2L L TVARILETHSD, LT, VA ) ANy —F5—
W) —F 4 VT = —DF—2— ) DERICELG TS LIER0,

2 Generating leading order gaugino mass

R WFMEDBENITIC L 5T, WL DETNTTY =Y — ) OHBEB) —F 4 v I A =¥ —T
HATLE) ZEHoNT VWS, u.O)F%E I ik & 72 2 72 D%, Komargodski-Shih
Thh, ZITIEZOEREHENT

if%@m~ﬂ#§mtﬁixx\/%?w%#—?—ﬁ%yvaﬁﬁ/:ﬁw&%%%i
X9, A=RN=RF T v VIV AARTELL D ET B,

N | =

1
W=FX+ *()\abX + mab)d)agbl; + 6)‘abc¢a¢b¢c .
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Z DA tree level THXIFEIZBEIL, X 1 pseudomoduli A E RS, ¢y BXSM DF v+ — %
FoTws L35, Gsy = SU(3) x SUEQ) x U(L)e SISRL—RINERAD S =2 =) D
HEE, detAX +m) BEBDEEXU LD, LB>T, /ry¥nnsr—y—/)0HEZAG
B7-DI2ld, Z0UE, X ORISR > TR 238D H 5,

det(AX +m) = Zci()\,m)Xi .
WZIZ, Xplane D E T, ZDLHEAWFE R 2D, X=X ZDEbhH TIX
(AXo+m)v=0.

CNDEWRT 2 DIE. 2> massless fermion 3FET 5 E VW) 2 ETH S, ZHUINIGT HHRY
VODE—RBFIXA IR BIEEREY, A —TITIE,

s (((MpMe)y
Mi= (M ) W

T Fop=F*(OxMp)a DT, /XU D off-diagonal component |+ T 14 7 DEE%ZE
U5, SNFHELEREBEI T oV EvI) iz AL TwS, — T, y—Y—/DH=
BRI R ZETIINTIE, X HABFERICEEICR>TWT, ZIUIC) —F 4 v 74 =% =T
DEEPE TRV I L9 s, TOFRFEN, EIH)LT, TRETOETATIRTY = — /08
B o TLEoTAZHSNIZL TV 5,

3 A dynamical model

HiDX 7> ay CRELEREEY =T v /A== = — /) OBHRICERELZARES 5 2
xR AT, TITE, AT IANBETVNTENEREBTLETADH 2 2 LE2PNT S,

RN ISS ETVOEE D6 A%, SU(N.) gauge theory with Ny flavors Q; and Q; DE T
WT, A=N=RT VY ILig W = Zfifl miQ'Q; TH 5, %V ZN%EEH L T~ A% 2HIC
TFBH T EITT B, m; =diag(mg, -, mo, o, -+ 5 fo)-

Whnass = W@0<CQIC?I) 4‘/¢0(¢2a(?a> ) (5)
ZZ<TI=1,---,N=Ny—Ncanda=1,--- ,Nee THIIMATRNHIEZMKS X 9 %IHZ AT
iz %,

1 _ _
Waet = ——(Q"Qa)(Q"Q1) , (6)
mx

L7235 T, BRI T M, SUN) x SUN) xU(1)p xU(1)g THD, 72T 4
TFaT7INTIE, AV 7Ly FTHin L.

Vi =Q'Q,, Z,=Q'Q.., Z%=Q"Q:, %=QQs. (7)
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A=N—=RT YT YVEXRDEHIICHEZ 6N,
MfthrWﬂY+#ﬂ@—XYX—XZﬁ—PZX—P¢ﬁ—”%ZZL (8)

ZZTm?=moA and i = oA TH S, ZDETILITIE L Db DEERBEEBEIET 5,

I e I m?
Y = 1n @(Z - 1n a *1(1

J mZ(N)J7 b mZ(N)b""Y b
XIJ = md{; ) )NCIJ = m(5§ (9)
pIa = :U’]-—Ja ) ﬁal = MFQI

MU 7a MU g

zl = _pl Z% = ——tre.

a m, a I m,

nﬂiOﬁ)‘g N i?@%{&o

IMG:: ( 1, Onxﬂvfn) > 7 Idé:: ( 1, Onx(Akfn) ) ) (10)
ONe—myxn  O(Ne—n)x(N—n) ON—n)xn  ON—n)x(N.—n)

1y & m x m ROHFATHIT 15 13RO p HOWER T2 1 T2 E R D g x ¢ fT51T
b5,

Z DR 2 RO FEZ2 TR D WFMEIE, SU(n)x SU(Nf—Ne.—n)x SU(N.—n)xU(1)%
SU(N —n) 257 =ML L GAICEY =Y — BRI —F 4 v /4 —4—T

2 2 2
9" (Ne —n) hpm,, m;
A= (47)2 m? L O(mQ) ’

&% %, FBRIC, SUN, —n) 27 — L L 7256121

2 2 2
_ g* (N —n) hp*m. ms
= (47)2 m? L+ O(mQ) '

Lb, —HTHLSUM) 27— LEBAICE Ay ey Py —3 8 X4 =y 7 afif%E R
FTEF 2534 BENREZTHOLREIIRY, =Y — /) OHRIZXYu Lk 3

4 Cosmological aspects

INEFTHHEE SN TELETVDOBEDBUREIC 227D T, 29 LB LWETFVEAOME
ZHWTAEIIENTH B,
ISSETNALILI-ET VL REINTVRIED, 2L DETABMEL CUN)g %t
FlEZ AFICE> T3, 2o U(1)g SR, X7 PAVRIREEONBEETH D, 2 D
HEHT2ZLET, SNFEFTORALE Z L RZRT PIVHKEOYE2 O NI WRELH L, 2D
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MNIEDWAURE L TV FRA LRV VD%, 77V 7 A7 =V OffiiE2HEZ 5L, C
DRI —ICIE, HEPGZ 65, ZORFD I L% pseudo-Nambu-Goldstone boson & \»
9o BRI T OFEIXFHERIVICIER ICEE LR 2 b7 6 T, ZEHFMPELSRD, ZDiRkE)
DIFNFX—DFHZLET 5 L3bh 5,

COMEZBET 270, Ul)g REZ 7S —P v 7358, ZOGEIILERIAI Yy 7 A b
VU P DEREFET S, LI, SEICLTw B354 L7 MOETFLTIE, WO
DAT—=NERY 2P Y —AT7—=ADFELTHH, 7 ¥R —)LIEZET 2 7-DI2E A
F—VICEREIN TS, ZHUIIERICBIIE V) HrIEDFE L, aXIvy 7 AM) v
Fa v RAYy MCENFEZBELTIZALE—%2) LoTw5b, ZITHL2ENPEDOMIIE, A
HEDWND A — )V EEFICBEL TE D, A7 —ABEOEEIEHacsmueE IS, L
7o 3o T, REREHE S T 2 E PSR, Advanced LIGO, LISA and BBO % & C, Z®
HaERZBET 22 L3 HoIcagETdh 5,

CORIZHiTzmETVENT 4 7O, FHmNWAICB WL EELZH 252 L
Bohrd, SHIGIC, FHmNEEZELO, FHED» o K 2HRVPEREICRL EEZ NS,
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BEHERALIZ 5 H £ CRE LR %2 D T E 7205, Wt SMdnEETch s, 3
WRRITII ey 7 AR FICHREWSHEOB 25 SR ZE 5720, AD 2 BEREZFT
HAEL TR 208 H 57z, SHEL IGEXILT — Y HERORMA I B VT, RIREAEH %
D1 RILEF LR OM [1)-[3] ZISH L, REXITTH AN N2 BN S 2 BET 52 LI
EoT, MY X > TEF V7 DEHICED 2 FEBHZE AT 2 Z & % LI HFERXFRE DI
NPT EERH L, M?2>005RGEFEA D 7 —EDOEHABRTEH Z 654,

s= [ [ o wn@o, 45 - ey -5 (@ woeen) ]

RFERTCITANFF SN RN BIFERSAF IR D KL )G 65,

®(2,0) + Ly9,®(x,0) =0,

O(z,L) — L_0y®(x,L) = 0.

ORISR S D b & Tld, Kaluza-Klein(KK) K FOBEREARZ b7 A0 2 THE

E—FOEELGS LD, ARTLDORT v vV EHREBEAREICEEET 2 L TR S,
Vir = J} dy| @ ()03 + M) + 3 (3 (2.0l

= > (En + M?)|pn(z)> + (quartic term) (3)
22T B, WIEAM GBI 2 ol TV S — NEELT (-02) DA
- _ fn(o) + L+8yfn(0) =0,
) =Bt { POTAROG (W
DIEFETH D, FOHE—BRINLERSEMITRA§ 2 JEHREBICHR L T ADMHEIFE LG
%, 2FDRBICTE > T

(00 < Ly < 400) (2)

Ep+ M? <0, (5)
RO TKKKTOEBARY 7 MCAD2THRE—FOIFEL, JUTK D AD 2 RER
HZE AT 208 7% LICHFEWNTMEOMNZEBLT 52 LN TE S, £/, T4 DI DOHEMIC
k. REZTCOFEPHERSFMEZIET 287 XA =8 % IR L 7238 NS e T 5,
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Intersecting brane models in six dimensions'
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VAR, D & B FERERRI 28 2 53k & L CF B35 o OEHBEA R I N T
o —JIT, ¥4 7 1B RS b OEMEROEHNII LA 7L — v 2ol ik &)
%%ﬁhf%f%b MFOEHHAESI N TN D,
CDOWMFETIZ, ¥4 7 IBAREEMGORE T L —vZ2ary 7 MuTd sz ickhEons
6 XL EH 7 B @%ﬁ%n&otoﬁAEtiﬁ@ 7/ = mﬁ%ﬁ_ibﬁ%ﬁﬁﬁn
DEHHIR SN2 [1], Z DB 10 KICOFFRDOIE N2 L 13 2 DI BEICHIET 255, 4 X6
D @ﬂk%«%&@%hf%b ZOOKERTRS T EIFBERICEB I 2 EEAHED D
TH5, FoNi 6 ROGHEENBGHD A7 PVICBET 2% E LTZ 2] b 2, Hrixl
_Tﬁzen#x«7bw%iwékﬁ%%&ﬁﬁé’&*;b T*)Zy LOETDRET L —
IR TBART MLZ ABEOSEEDTTOL ETRDZ, ZDIH L D—21F Gimon-Polchinski
ff%ﬂ;[ | EXEL TS
:newﬁ“iF@%k§ﬂF§ﬁé’&ﬁT?6 F BlEn%E A 7 EX 7 S8Rk T 6 Xtz a

37 MEL TR o 2 BENHGRIZ 4] IS X DI nTw5, 6127/ 2 —ZHACEN
518 L F BEw O divisor class & DEOMIERARIZ 5] ICX D 55N T3, HAIILAET L —

vET =) —%HEROBREEDBOMNIGEBREHS NI T B LIk, FHEE 6 X0
TL—r EDOMDORINZEHS L 7,
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7

LI, KHEDOF—7—F R zEX) v 7RV )L (B CKY L8T) 12oWWT
FHHL L9, CKY IZFV IR b EEBORHT Y VIR L 72 b DTH D, 1968 4E37
fE-RIHIC & D #CBeA ot R & L CEA I . FHPBLA~ DG 1Z Penrose-Floyd (1973
YISk o TIRBNCHFZE S Nz, 35 1E 2 DT v Y V%5 T, 4 K0 Kerr B522_ 1o R /5 X
DEBTHET 2 2 L ORMAN R BiHEZ 5 2 7. Z D, Klein-Gordon /723, Dirac i, &
JIHEE RO HENE, 2 LTl T > v L OREIEHESE 4, 4 X0C Kerr K22 Eo> TR
B OWRIC CKY DSFET 5 2 LS IR o 7. BRI IER X ) v 77 b v
THZ 6N 2%, Kerr R LD Z D & ) BWEIZZ2 N7 TIEFHB O\, CKY OEHRICH
2 22 D NFE L R N FE” EEIE NS .

CKY ZERILT 7 v 7 A —IICSHIET 5D TH A )5 ? ek ld, CKY DEERZRET % &,
TRTORILTHEZED Einstein JTRA L7277 v 78— VIRREP—ENICIkRE-S>TLES Z
E AL 2. Z D221 Chen-Lu-Pope(2006 ) IC X > THAIN T2 b D & —E L, BifEA
LENTVEHRIARAVDKED F Ay —2FoRd ~RINBEERTH S, OBITIZTHIE
DIELE LRI 77 C (Anti)de Sitter SRICHINE T 5. FHIFHIEAMZ ORI, 4 K0T Kerr 2D 5
RIEND AR BIRREIC R > TWwb.  CKY DL, ZORZEORL 2B % 5idh 3 2850 5/
RZIEHICHD B R T VS DIZT B0, 777 v 75—V OEEMOME, Hawking Hid o f@HT
4 B O FEREN 2 ISR LTI 72 7 7' 0 — F DY A[RBIC 2 > T & 7

RO &9 B, @B E RO L ) ICENGUNOWES E & TG EIC bR
MTEDTHAIN? FHENoThs. Lh¥lao, WESHEET L1077 v 7 —)VIKZEEIX
IR D DL R DV EEOGSICHEE L BN NIREDL I T 2 B2 o056
THL. L2LEDS, HEFED T 7 ADRIIH L TiE CKY O—{L2NERTE 25 ENH 5.
—2D— Mt % Kubiznak-Kunduri & OILFIHIETIT> 7. 5RO E NI &M % FF
D7 T 7R —)Uf 121d CKY IZFFFE L 72\ 028, BT Maxwell 3% > T CKY 2 £ §
LI, b Z iz CKY BERTE S Z Ehbhol. TOEBITEMANICIZREED
TR (F—vayv) LMRTEZ25DTHS. DX LIz CKY 37 7 v 7 h—)LfiR
IHET 5. XYV T - REFT vV (CKY ORI AEGG) ZIRETEBT % L v ) H 21 1953
HFEDREF-Bochner D33 TCurvature and Betti numbers; 1225 Z & TES. L LARDS,
PIFE DR T L S 7z CKY SN 7 DD TTH 5.
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of rotating BPS black holes in five dimensions !
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It has been expected that the Kerr black hole is dual to a two dimensional conformal field
theory since the Kerr/CFT correspondence proposed in [1]. The strategy of [1] is as follows. The
authors considered the near horizon limit of the Kerr black hole, and studied the asymptotic
symmetry group (ASG). Then they foun