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® Standard model = GUT: gauge-sector unification

— hypercharge structure, a-unification, neutrino mass
— Baryon asymmetry, strong CP(Peccei-Quinn symmetry)
® GUT = SGUT: boson-fermion correspondence
Dark matter, A problem, hierarchy problem
® SGUT = Sugra GUT: inclusion of gravity
— Primordial inflation, flat inflaton potential
® Sugra GUT = HD Sugra GUT: matter sector unification
— Generation repetition, CKM/neutrino mixing, CP violation
® HD Sugra GUT = Superstring/M theory

— Consistency as a quantum theory, finite control parameters

— No A freedom (M-theory)



Candidates of the Ultimate Theory

Mysteries of SM
Inflation in the
early Universe

Dark Energy Riem? Horava
-
uv Completion of rtatively alisable aIisabIe? Masensible

Einstein gravity finite with ghosts Einstein at IR?  theory yet
Any info on Violation of

y . od theory of }l{ Lorentz inv. >|\§
thSICS beyond all interactions her info on
SM? tHe matter sector

At present, superstring theory and its extension is

the only viable candidate of the ultimate theory.




Does SST actually describe our Universe?

Landscape Problem
e The flux compactification of Il B SST
predicts a huge variety of universes.

M{ultiverse)-Theory

10°* Universes

* Intersecting

D-brane model

in [IA SST gives

10'> MSSM-like ]

models. i i

[Gmeiner F, Honecker G| __ _____T__U:'“ o
JHEP 09 (2007)128] - MUSglii Lo

F- Landscape
M nft ML)

FUE
- FUT FUM-1 e

Li T, Maxin JA, Nanopoulos DV, Walker JW: arXiv: 1111.0236



Our Universe is not in this landscape?
® On the particle physics side:

— “Not a single string based model has yet been found which satisfies
all known constraints.”

— [Heckman JJ: arXiv:1001.0577]
® On the cosmology side:

— “Atypical analysis collects ‘ingredients’ that are understood to
varying degrees in isolation, and assembles them in a single
compactification with suitable cosmological properties ... in which
the mutual interactions are neglected.”

— [Burgess CP, McAllister L: CQG28(2011)204002]

We need more info !!



Windows to the Ultimate Theory

From High Energy

® Collider experiments (LHC, ILC)
® INFLATION

® Cosmological relics (DM, Baryon#, GW, cosmic string,...)

From Low Energy

® Change of the fundamental constants on
cosmological scales

® New forces in submm ranges
® AXION COSMOPHYSICS



Find phenomena characteristic to string theory!!

: Geometric
Geometric
* Compactification
Matter sector Bran.es/or|e|.1t.|folds
duli Singularities
— Background flux
SUSY Vioduli Stabilisation | | Landscape
Breaking Problem Problem
: — |
Hidden Sector 4D Effective Theory |
. | L]

Not stabilised
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FATZ D & DG

® & (16 susy)
— ANTORE Egx Eg/Z, i = 10RJT Type | sugra + Egx Eg-SYM
— ~AT0O#E SO(32)EE = 10RIT Type |l sugra + SO(32)-SYM

® [1# (32 susy)
— NARYERER = 10 JTtype lIA sugra

Yk
/I

— IBEIHEER = 10RJTtypelIB sugra
5% + PASKEEER(16 susyLLF)
® AR+ TL—> = 10X Jttype |l sugra + brane £ ® (chiral)SYM
® IBRIEH+TIL— = 10RJTtype Il sugra + brane L (chiral)SYM
® & S0(32)= IBEHEiH+D, 7L — | Orientifold projection
MIEER

2?2 = 11RJTsugra



Classical Limit of String Theory

® String action (bosonic part)

1
4o )
1

tm [ dol=0) 2Ro(X) + i / A0y XM Ay (X).
47{' o

Sp = d*o(—g)'"? [(¢°°Grrn (X) + i€ Bayn (X)) 0 XM XN

® QFT on the cylinder WS T~—g /
. . X
= Asymptotic free particle spectrum
\

® S-matrix

1
Scl---c 01+ 0Om — E / dXd G_Sm[X’g:BG]_X(Z)QS(X)
o Vaift x Weyl X dg]

WSStopologies

xH/dzazg 0;) 1/27/ (o, H/ ds; V5, (55)



® Low Energy Effective Action (bosonic string)

2

2= [1dG)aBldél Y exp[iSH] €9 Zug(BCF) = Zutring (BGE)
X=—00
Seﬂ‘ _ 25% /d :C( G) € { RYe%

1
+R - §H[QS] +4(Ve)® + O(a'g)} .

+ RR field contributions.

® Corrections to the classical supergravity limit
— o’ corrections (higher-derivative/-dimension terms)
— fermion contribution (condensates)
— WS instanton effects
— Brane contributions (D-brane, O-plane)
— Euclidean D-brane (Brane instanton)
— loop corrections (y<2)



Type llA Sugra in 10D

® Fundamental fields

Bose fields

— NS-NS fields: gyn, ¢, Bs
— RR fields: Cy, 3

Spinor fields

— Two Majorana 1/2-fields: A € 16, X € 16/
— Two Majorana 3/2-fields: 1y € 16 ® 10, ¢}, € 16" x 10



® Action (string frame)

SIIA,bosonic — SNS + SR + SCS;
1 1
Sns = 5 /d10 (—g)/%e™ (R+4(v¢)2—ﬂg.
K10 2
1 . .
Sr = P /dm( )1/2(F2'F2+F4'F4),
K10
1
Scsg = T /BQ/\F4/\F4.
K10
where

Hs =dBy, Fo =dC7 +mogBs, Fy = d03,
ﬁ4 :F4—C1/\H3.—%Bz/\82



Type IIB Sugra in 10D

® Fundamental fields
Bose fields

— NS-NS fields: gM N, qb, Bg
— RR fields: Co, OQ, 04

Spinor fields
— Two Majorana 1/2-fields: A = A1) 4403 T'j A = £
— Two Majorana 3/2-fields: 1y = 'Y + 02, T = Fou



® Action (Bosonic part: impose *F_=F after variation) string
frame:

S =  Sns + Sr + Scs;
1 , 1

Ss = 57 [ A9 (R4 A(VOP ~ 3Ha - Ha).
1 10 1/2 I 1~ -

SR = ) d.ﬁ() (—g) Fl'F1+F3'F3—|——F5-F5 ,
4K 2

Scs = 4&2/C4AH3AF3

where

F1 = dco, F3 — dCQ, H3 — dBQ,
Fg L= F3 —Co /\Hg,

- 1 1
Fs=dCy— 502 NHs+ 5B AN F3 4am Self-dual 5-form



® Action (Einstein frame)

String frame g = e?/2¢

V1-VT 1 ~ 1 =~ ~
21> = 1 ] Gy NGy — = x5 N F
KoSe /* [R 2(11117)2] QMmO TS T e
+ ! C4/\G3/\ég.
4Im 1
where

T=C0+i€_¢, Gg 1=TH3—F3



Type | Sugra in 10D
® Fundamental fields

e Gravity multiplet

— Bose fields: gy, ¢, Bo
— Majorana 3/2-field ¥p; € 16 ® 10; I'11¢a = 9
— 1/2—ﬁeld A€EL16; I'11 A =FA

e Gauge multiplet

— Gauge field A; € ad(G) (Gauge group G can be arbitrary)
— Majorana 1/2-field y € ad(G) ® 16

Anomaly free = G = S50(32), Eg X Eg



® Action

, I ,
S=[ e [R.g(w+)+4|qu|2—§|T|2—% (tr]F|? — tr| 2 (w4)|* + 26r(xPx))+- - ]
J M

AB AB | 1y17AB M 12
wi” =w" £ 5HY pdr™ + O(a ) :
o 7 /=) —aEEH
T = Hs + gtr()zlj[g]x)’

Hz = dB; + %[CS(W+) — C5(4)], |f‘>[dH3 — j (Tr(# NR#) — Tr(F A F)]]
CS(A) =tr (ANdA+2ANANA).

® Gauge transformation

SA, = d\—ilAy N,
owp = d@—l—[wl,@]?

/
5By = % [tr(AdA;) — tr(Odw: )]



D=11 Supergravity

® Fundamental fields
Metric/frame field :  e4q = (eX); ¢MN =n?Pellel, 0%(ep) = 05,
Form gauge fields: Ag = %AMdemM A dxt A dz@,
Majorana 3/2 field : Wy Dy =+

® Action

1 1
23‘%25 = /d11$|9| [Rg(g) — §|F4|2 - 6 X (F4 A\ F4 A\ Ag)

—i\flMFMNPDN\Ilp + U? terms

1, =

_l_% (\I’MFN[N****\PN + IQQ*F**\D*) F****



® Field equations

. 1 . 1 - - 1
Ryn(w) — §9MNR(W) =5 vporFNT O — ZQMN|F4|25
MNP D (@)U p =0,
-1~ .
dxF + §F ANF =0
where
- ~ ~ 1 sk >k 3k 3k % kkk\ T
DM(LJ) :DM(LO)+—(FM —85MF )F****

288

?{ _
- NP
WABM = WABM — é‘I’NFMAB Up

- 31
FMNPQ — FMNPQ + gw[MrNPlIJQ]



2. 3 D-Brane



D-braneé& (X ?
o BIRLICH T HHEAEM: Dp=1,.,

— Neumann: ¢, X, =0

— Dirichlet: X, =0

@ D-JL—Y E[ZFEINSIS
N¥#®DODp-TL— =
- UN)-7—215: A,
— adi(U(IVN)-E5 R18: O, (i=1,..,D-p-1)



7738

o DRFETWZEIZEITHDp-braneld, C ., KT ¥LEBTHIZ, Cp 4
RToOvIILEBTBICHEE T S, 9405, dCy, = dC* LT,

p+1

Electric ;Lp/ Cp+1,
Dp

. / E
Magnetic : / Cpi1-
. Dp

® JA—LiGF,  DHERIEVLF, ,DERMEFLIS:
Electric charge / kP = Qrsfoup,
SD p—2

: | 6,2
Magnetic charge / Fp_p—2 = 2K{gly,-
SD p—2



Potential Flux electric magnetic
P dd — NS7(?)
Bs Hs F1 NS5
Ch Iy DO D6
H H C3 Fy D2 D4
(Cs) (Fs) D4 D2
(C7) (F5) D6 DO
Cg FlO D8 —
Potential  Flux electric magnetic
P dP — NS7(7?7)
Bs Hs F1 NS5
Co I D-1 D7
H H % C, I D1 D5
= (Ca)y  (F5)+ D3 D3
(Cs) (£7) D5 D1
(Cs)  (Fy) D7 DI
Cho 0 D9 —




=11k

D(D-p-4)TL—U G SRR S, EEDPAS, 520 N, ,,[Z#>TD(D-p-4)
DEYE—BTBE, DpOEBEAMITT DHEITA - EBIZ&Y,

exp | tup / Cpt1 | =exp | ity / Fpi2
Ypi1 Np-2

EHEAANEILT S, WE BEELEARANSLT, N,y S, b5 &
51EITHEHDHE, HAOELFEELENENTENDT,

exXp (iﬂp/; Fp+2) — €xp (W;_n X 2”-%0#?7—;0—4) = L.
ip+2

h&Y, XRODiracHEFILEHRZEHFD:

QK%Oupub_él_p = 2nm, n € 4.
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5 115 TR D AT E AL F
ERIERD L, CERZEFEELT

S:rrzc/dsq/A
C C

Dp7 L—UIZxtd H1ERERD

FIERFZEDOTL—2 bR TE, — DD L—DERBESERICHE
EELH, KEMNIE, F1IEFMENSDIL—OEFEIZ(DBIERTES),
FHDMHAZC,, [CHBILIE=MA DT L—2 ETOIES (Chern-
SimonsfEATED)ICETA =L DIZH5.

Spp = SpBI + Scs



Abelian Case

® DBI{EATERD

SDBI.Dp = — fp / dPTLE e 20/ det(gap(X) + 2ma’ Fop(X)).

Sp+1

27’ F = 2ra' F + B,

1 for type 11

— —p—1
o = Hpls * { % for type I

® CSYERWER
5r 1\ A(TB)

Scs(Dp) = Q?T/ C A Trets -
Bret A(NB)

C=> Co/t?
q

_ _op—4 T \/L(%T/Zl)
Ses(Op) = =272m | ON oy



Non-Abelian Case

N EH>f-DpTL—>
= SUN) T —15A,, SERTRAHS15D(i=1,.., 9-p)

27
gs(2mlg)PH1

A =272 =2na’, p, =

DBI{EAHTES

SpBI = — 11y / AR \* (e—¢\/—(detp TR det Q) .

Pup=Euw + Eui(Q~ ' —0)YEjp, Emn =9gun + Bun,

Q'; =0 + N[O, ¥/ Ey
CSERER

Scs = Mp/Tr (93 [eiAI‘PI‘PCGB/@} eF/(QW)) A(TB).

a
z
=z
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