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String theories & dualities

Superstring theory: r T-DUALITY r Q: Why do dualities
. )
candidate of the |y|3_\e —> |y|pBe relate them
unified theory of all &Y
forces S-DUALIT / S = ' %RJECTEN
. =Suppose * a unified
M- ' type | framework based on a
theory 1 S
arger duality with
many faces
S-DUALITY .
- ORA¥IEHE -
Heterotic '\« Heterotic
ES8 XE8 SO (32)
Eleven-Faced Kannon at Hasedera Temple
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String theories & dualities

Superstring theory: T-DUALITY T Q: Why related
candidate of the ¢ 3 IyIpBe through dualities?
unified theory of all
forces S-DUALITY \P.RJECHM
. =Suppose * a unified
ASTHEORY type | framework based on a
U larger duality
S—DU’ALLTX& S-DUALITYGoal: construct a unified
framework (&-THEORY)
Heterotic \«—5 /' Heterotic guided by U-DUALITY
E8 XE8 SO (32)
T-DUALITY
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T-duality

Momentum modes Winding modes J
are excited! are excited!

T-duality symmetry % =,
O(DaD) Small space, o’/R
O(D,D)

SO(D-1,1)2

gmn» mn €

Spaces: gptdo
People: irasutoya
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S-duality

String 1s D-string 1s
oscillating sitting there Soliton

fermion
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U-duality

Momentum modes
are excited!

String 1s
oscillating

duntendo, Tokyo, established in 1538

Winding modes

are excited!

D-string is
51tt1ng there

~
5 L

String, D-string, D-brane

U-duality symmetry
Exceptional group

9mn> Bmn, Crr €
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Exceptional group U-

duality symmetry

SL(3)SL(2)

SL(5) ]

1

2

3

4 SO(5,5)
> Ee(o)
6

E;7)

Hidden symmetry: '78 Cremmer & Julia,
de Wit &Nicolai, -

U-duality: '94 Hull& Townsend, 98
Obers & Piolin---
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I Introduction: string theories & string dualities

II A-theory: &5-brane SL(5) current algebra,

Virasoro constraints, Hamiltonian & Lagrangian

I Sectionings: T-string, M5-brane, SUGRA M2

IV Conclusions
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String theories

I Intr() dUCtiOn String dualities
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String dualities & duality covariant
theories

e ATH il
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s
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Juntendo, Tokyo, establisied in 1538

S & T dualities are unified into U-duality

T ’84 Kikkawa & Yamasaki, ’86 Sakai & Senda, ‘87 Buscher, ...
U “78 Cremmer & Julia, de Wit &Nicolai,...'94 Hull& Townsend, 98 Obers & Pioline ...

‘95 Witten: What is the strong coupling limit of ITA?
= M-theory«— S-duality—IIA , I «— S-duality— HO, M « S-duality— HE

‘96 Vafa: What is the geometric meaning of SL(2) S-duality of IIB?
= F-theory «— U-duality— IIB, F<M

‘93 Siegel: What 1s the theory with manifest T-duality? ‘14 : What 1s the one for U-duality?
= T-theory & &(F)-theory
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String dualities & duality covariant
theories

* Double Field theory (DFT) has been actively studied. DFT is a low energy effective theory of 0-
modes of string with manifest T-duality, and DFT ¢ model has been developed.

’93 Siegel, 09~ Hull & Zwiebach, >10~ Hohm, Kwaw, Jeon, Lee, Park, Thompson, Berman, Aldazabal,Marques,
Nufiez, Lust, Klimcik, Hassler,Severa, Sfetsos, Demulder, Sakatani, Watamura, Sasaki, Yata, Mori, Polaceck, M.H. ,...

* Exceptional Field theory (ExFT) has been actively studied. EXFT is a low energy effective theory
of 0-modes of superstring with manifest U-duality, and ExFT ¢ model has been developed.

11~ Coimbra, Strickland-Constable, Waldram; 12~ Berman, Cederwall, Kleinschmidt, Thompson; Godazgar, Godazgar,
Hohm, Nicolai, Samtleben; *14~ Musaev, Samtleben, Henning , Blair, Malek, Baguet, M. Magro, Wang, Bossard, Ciceri,
Inverso, Kleinschmidt, Abzalov, Bakhmatov, Sakatani, Siegel, Wang,... , Review ’20 Blair,...
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String theories & gauge fields

B, €111, 3
F1,NS5,D00,D2,D4,D6,D8

Type By Cio)y Clz)y Crag
1B F1,NS5,D-1,D1,D3,D5,D7,D9

S-DUALITY PROJECTION
mn Canp Mm=0,..,D Cr21s Am[so(32)]
M2, M5 D1,D5,D9
— | theory type | —

Bmn, Amieexes)  Heterotic Heterotic ' Bmn Amisoc2)]
M
FLNSS | EBXES S0(32) / FLNSS

Five brane current algebra in type II string theories
21 M.PIIZSasaki, Yata
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String theories & gauge fields

.......................................
a

Il (N=2 SUSY)

Bmns Cp11, Cp3 Type Type Bins Cio)s Cra2)s Cra
F1,NS5,D0,D2,D4,D6,D8 IHA 1B F1,NS5.D-1,D1,D3,D05,D7,D9
S-DUALITY
: mn Canly Mm=0,..,D ¥
s“......“......“......“......“....‘..‘M%‘zzl‘\é’%::....“::.t:hM.:...‘..:‘..‘....‘..‘....“....:::..:é.5 type I C[Z]’ Am[SO(SZ)]
:  1(N=1 SUSY) eory PLD.DY

S-DUALITY S-DUALITY

Binn, Ampexes) ( Heterotic \e——s,/ Heterotic | Bmn Amisos2)
F1, NS5 E8 XE8 S0 (32) F1, NS5
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String theories & gauge fields

:STRINGS
: Bn, €11, C [3] Type Bin, Cro, C2), C[4] :
F1,NS5,D0,D2,D4,D6,D8 1B F1,NS5,D-1,D1,D3,D5,D7,D9 :

S-DUALITY =y PROJECTION

SFEGRY s

Imn Caaly M= 0,..,D Cl2p; Amfsoz2)]
M2, M5 theory type | D1,D5,D9

S-DUALITY S-DUALITY

Binn, Amizsxes) © Heterotic \e———s,/ Heterotic | Bmn Amisoi2))
FILNSS | 'EBXES S0(32) / FLNSS
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Dynkin of duality symmetry groups

A-THEORY

ED+1 =) gﬁﬁ , Cial ED+1 U_duahty Symmetry ED+1 S39mn Bmn® , Crr
Hp m=20,-D D+1 Hp m=0,--D-1

1._’-“"1;,3 D—2 D.— 1 9 T-THEORY
O(D,D) T-duality symmetry
M-THEORY D
GL(D+1) (D+1)-dim. diffeo.

o0 -0 0900 oo

D-3 D-2D-1 D 1 2 D-3 D—-2 D-1
(D,1) GL(D) D-dim. diffeo. :
Imn M = 0,---,D 9mn »Bmn
0 000 v
Bgmn
1 2 D—3 D—2 D—1| SO(D-1,1)
H»?D"&\GD. 5 <‘;.
g};ﬁ“‘ JPS : 2024.03.20 15



Dynkin of duality symmetry groups

A-THEORY
Ep+1 U-duality symmetry
D+1

._._-----. r O—X T-THEORY

-3 D-2D-10D O(D,D) T-duality symmetry

M-THEORY '\ ¢79D
GL(D+1) (D+1)-dim.diffeo.
0o 006 oo
1 2 D-3 D—-2 D-1 1 2 D—-3 D-2 D-1
S-duality STRINGS

GL(D) D-dim. diffeo.

1 2 D-3 D-2 D-1
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&-theory cube & diamond

A&l

M T
GL(D+1) 0(D,D)

S

oL SITA/IIB
“Diamond” in F-theory with worldvolime Open F-branes 23 M.H. & Siegel
Dagsc sectioning, ‘15 Linch & Siegel
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Strategy

&5-brane with SL(5) U-
duality symmetry

Current algebra

Virasoro constraints

Hamiltonian

I &-theory Lagrangian

s

..... oo JPS : 2024.03.20 18



A&-theory: strategy

‘93 Siegel: What is the string theory with manifest T-duality symmetry? = T-theory
"14 Siegel: What are the brane theories with manifest U-duality symmetry? =  f&-theory
T-theory’13~ Siegel, Polacek, M.H. , Kamimura, ...
A-theory’ 14~ Siegel, Polacek, Linch, D. Wang, Y-T. Wang, Hulik, M.H. ...

Current

algebra

duntendo, Tokyo, esablished in

1338
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» Exceptional * Virasoro & * New duality » All string
o pU_ Gauss law symmetry by modes
(gl alllilz constraints worldvolume =>string gas
S}lflmm}(;try covariance! cosmology
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A&-theory: strategy

Current

algebra

* Spacetime: &4
» Worldvolume: 0¢

(>4 (0), =5 (0')]

= ifyp’ >c §(0 —0')

e Virasoro: §%,7
« Gauss law: U§

a BCa
=Bp 1N =c
_ ~BC

J=ep N’ ¢

Uf =, Ugpa®

Lagrangian

« Spacetime XV

» Background
G MN

» Current: Fy
» Lagrangian: £

Far = Naenp0P XY

 Sectionings:
To string:
0% — 0,4
XM — x™

+iT]ABCaC6(O- - OJ) UACl — 5A5a CAa MN
= - L=FywG""F
\UBb BOp ~ Nlcpl ) X M N
Translation p,,, = e covariant derivative V,,,— stringy covariant derivative >,

(] s
”;%%é*‘j IPS : 2024.03.20
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A& 5-brane with SL(5) U-duality symmetry

A5-brane in 10-dim. spacetime % Both spacetime & worldvolume are

* Spacetime: 10 X"™ m=1,---5 representations of SL(5)
- Worldvolume: 5+1 o™, 1 = Current algebra 1s SL(5) covariant!
(. )

SL(5) &5 current algebra

[mn (), 21 (0] = 20 Emniy 976 (0 = o)

_ 1 I vk
Bmn™ P‘mn+ Eemnlkp g° X*P y

\_

SL(5) inv. tensor : €, ...;m,

D=3 A-theory ’14 Polacek & Siegel, ’15 Linch , Siegel, D.Wang, *23 M.H., Hulek,Linch, Siegel, D.Wang, Y-P. Wang

S A D
...

: ¥
F 2

el
ﬂ %Q
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&5 Virasoro & Gauss law constraints

A&5-brane in 10-dim. spacetime

(/irasoro ; §™ = 1is o>, €MHkp >p=0  Worldvolume G-diffeo.\
J = %6 S 0T & =0 Worldvolume t-diffeo.
Gauss law: Uy =0">0,=0 Gauge transf. of X™"

\_ J

» SO(5) inv. tensor :§ ™K

* In curved background: gg—g 3 E™ EE," §%SPAEES = G, & = EUE" o

S inert = section condition, J = — &,,,, G™%% ;. = kinetic term in curved b.g.
16

R
F 2
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&5 Hamiltonian

A&5-brane in 10-dim. spacetime

ﬁamiltonian \

« auxiliary coordinate for the Gauss law

H=9gJ+5s,8™+3J+5,8™+Y™U,,

J,8™: Bilinears of selfdual currents >n= Pnnt %emnlkp dt X*P  physical

. : ~ 1 :
M. Bilinears of anti-selfdual currents &.,,,,,= B, — > Emnlkp dt X*P  unphysical
5.,,= 0 Selfduality condition !

J,8
k with [, (0),8 ()] =0 /

* Anti-selfdual parts are needed for the worldvolume covariance

o GD S ¢
Wﬁ}ﬁg& JPS : 2024.03.20
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A5 Lagrangian

A&5-brane in 15-dim. spacetime
* Spacetime:  10+5 X™* Y™ m=1,.-5

* Worldvolume: 5+1 o™, 71

- Field strength: 10+10> E, ™" = xmn — glmynl g = %emnlkpalxkp; Fspsp = F + F,
% Using auxiliary anti-selfdual currents for conformal wv

. m
‘ Gauge parameter. Stk , K ‘84 Siegel, 18~ M.H. & Siegel, ‘22 M.H., Mori, Sasaki & Yata

\_

apadags,
‘T

J

JPS :2024.03.20 24

ﬁ{amiltonian form action =SL(5) &5 action \
k
I= JdeSU [(pFSDFS_D + ¢FEZ + ¢1n€mnlka@ans—D P+ ¢mnF@mlF@n l]
.  Free kinetic term selfduality constraints
in conformal gauge
I = j drd®c E (Xxmn — glmynhyz %(a[mxnll)zl



A5 Lagrangian with new symmetry SL(6)

A&5-brane in 15-dim. spacetime

* Spacetime: 15 X™ m=01,-,5
- Worldvolume: 6 o™ ¢ New U-duality symmetry SL(6)
 Field strength: 20 F mal — gl yAl]

* Gauge parameter: 6 Kk

(SL(6) A5 action 6 A2 M palk g ma kp a7 A
I= [ d% |@(F™)2 + paaF ™ FHUK + o™ e sn s FIPFT |
in conformal gauge » Free kinetic term + selfduality constraints
I = f d%%(a[ﬁlxﬁfl)z
\ J

";){-}'L"ﬁc qD 45 :I iﬁz(_
g IPS : 2024.03.20 55



Consistent reduction

T-string

MS5-brane

III S e Cti Oning S SUGRA M2-brane

..... oo JPS : 2024.03.20 26



Dynkin of D=3 theories

A-THEORY
E4 = SL(5) U-duality symmetry
4
T-THEORY
M-THEORY 1 5 3 N 0(3,3) T-duality symmetry
GL(4) 4-dim.diffeo. e 3
| ] 1—.
1 2 3 1 2
STRINGS
%~ GL(3) 3-dim. diffeo.
1 2

S GD v {‘;.
S Al JPS : 2024.03.20 27
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Reducing spacetime & worldvolume

A-THEORY
E4 = SL(5) U-duality symmetry

st sectioning by Virasoro time wv sectioning by Gauss law
m

=0 World U.. =0
volume 541 o™ T m
M-THEORY ) T-THEORY
GL(4) 4-dim.diffeo. 0(3,3) T-duality symmetry
S Space T
EHERECE R
World 4(5)+1 0'— World 1+1
vol(:;ne (2.21 P STRINGS volume o, T
wv sectioning by Gauss law =% GL(3) D=3-dim. diffeo. st sectioning by Virasoro
m time
World
1+
volume

-;)@45,*\([]){ 48 %‘;-
sy IPS : 2024.03.20 28
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Reducing worldvolume by Gauss law

A-THEORY
E4 = SL(5) U-duality symmetry

Space mn
ime | 10 | X .
1 wv sectioning by Gauss law

World 5¢1 o™ T U, =0
volume
—— T-THEORY
Reduce WV by Gauss law: U, |o—mode = 0" Ppn =0, m=1~5,m = 1~4 0(3,3) T-duality symmetry

s e | 6L xm
umlo—mode Z%Pm +0 PMZ 0, Uslo—mode ZXAPSm =0 time s

= 0Mm=0, 0°# 0 = d,= string 1+1 oT

World
volume

Psm =0, Byy# 0 = 6-dim. space: X™ = (x™, yz) , m = 1,2,3
Survived Virasoro:

1 1 1 : .

o 5T 16 € Bun + 5 Emnpg 0 XD (Pt 3 st 0°x ) = Tostring
-;)))?L;:"\?..m T
wﬁﬁﬂﬁ > JPS : 2024.03.20 29




O(3,3) T-string current algebra

T-string in 6-dim. spacetime
* Spacetime:  3+3 X4 =x™, xn = m"lym, =1,2,3
- Worldvolume: 1+1 o¢°> =0, 7

ﬂ)(3,3) current algebra \

[Dm (0),>" (a’)] = 2i05(a —0')

3§ 0 &
% O(3,3)invariant metric:n = _ ™
67 0

1 7 ~

\Cm=Csm=Pm + Oo¥m, OT= ;€M eg=p" +0,x" )

peDasic

Juntendo, Tok;



O(3,3) T-string background

T-string in 6-dim. spacetime

* Spacetime: 6 X

- Worldvolume: 2 ¢° =g,

T-string currents: Fomn —

Curved background in SL(6) vielbein: E.2E,’E ; CFR

m: 1,...’4

o =171

XM pSMR — g xMn - gthers=()

~

L= 0,1~5, Em2 S g, B

ﬁ(6) vielbein for T-string:

[ &

5
\ £

l Worldsheet zweibein! \

Ey Eoﬁ\ /1/9 0 0 \

E5 E5— — —S/g 1

E5E/ \0 Ogl/‘.)

% Spacetime &
worldsheet mixing!

Spacetime vielbein

apalDasic,
Juntendo, Tokyo, established in 1338

JPS :2024.03.20
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Reducing spacetime by Virasoro

A-THEORY
E4 = SL(5) U-duality symmetry

st sectioning by Virasoro time
m

=0 World
volume 541 o™ )t
M-THEORY
GL(4) 4-dim.diffeo. Reduce ST by Virasoro: $™|o_moge = = Pnlemnlkppkp =0,m=1~4

16

me -- & % %34
ti m — m5nl — 5 _ 1 mnl —
e 5_|O—mode - PSnE k — 0/ 5) |0—mode - 1_6 n€ k —

world 4(5)+1 a—

volume 241 ol T = Pnn = 0, Pspy, # 0 = 4-dim. space: X S — xM

Survived constraints

apraRasi, Gauss law: Us = 02 p,,, , U, = 0°p,,
= ENE m m m

Virasoro: S™= pna[ nl,s5 = emnlk(am Y (9txK) =» M5-brane




GL(4) M5-brane

M5-brane 1in 4-dim. spacetime
» Spacetime: 4 XM= xm (XS =Y),m=1,-,4

AN

 Worldvolume: 6 o™

* Field strength: 10 F5™% = glm x7s 5 =011, .. 4

- Gauge parameter: 5 K™

/M5 Lagrangian in 4-dim. SUGRA b.g.

e 1

1
Lwz = (X2 4+ 02Y) Crpypyy 0%x* + A amxﬂs[ﬂCﬂ](ﬂxﬁ

~N

J

";){-}'L"ﬁc qD 45 :I iﬁz(_
%’}‘ﬁ& JPS : 2024.03.20
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GL(4) M5-brane background

M5-brane in 4-dim. spacetime

KL(@ vielbein: m =1,---,5 Worldvolume vielbein \

A Bl By
Eﬁz,a — X =
Emo Ema
v Spacetime vielbein
- 3-form gauge
E5 Bl o35 @2/5(m, a fields
Erna == ? o 2
By’ By 0 eyt

~ 1
\ m — gE?nnlkC@: e = detemﬁ /

JPS :2024.03.20
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i

SUGRA M2-brane

(« Action fora M2 in SUGRA : [ = [d3c (Lo+Lyz) , u=012,i=12 A

T .
Ly = —Ty/—det 9,x™ 0y,x™ gyn ,  Lwz = 5 €*"P 9,x™ 8,x™ 0,x" Cmnl) Non-perturbative

U-duality symmetry of 4+7=11 dim. is SL(5) = Focus 4-dim. part x* , m =1,---4
* Currents: 12 M.H. & Kamimura
= Pm Momentum |, > mn = %EM € 9;xt 0jx5 M2-brane volume
* SUGRA M2-brane current algebra:
om (0),5 (01| =0
> (0), > (a’)] = 2i€mnik€e’ 0;xt 9; 6%(0 — ")

& (), 54 (67)| =0

"""’)*"'&\QD. S
ERIE IPS : 2024.03.20 35



=,

SUGRA M2-brane tfrom M5

* MS5 Lagrangian:
L = (F%%)?2 — (F522)2 + €,y [0;(x™ 02yHE) — 02 (x™ 9,y %)) + -+ Perturbative
Spacetime: 4 XM =y ymn — gmn x0m —ym i, =1,...4

Non-perturbative projection
m _—_ ij m 0_— 5 __ —
Worldvolume: 2+1[ 0= =€ a X a] 0°= 2 0°=10 > L= 1’2 ’24 M. H., Hulik, Linch, Siegel, D. Wang, Y-P. Wang

* Field strengths: 10 FO5™ = g x™ F>mn = glnyml pomn — g ymn  pmnl — —
» Curved background: Eo’E,” E; ¢ il
* 6-bein gauge fixing
.. hOl 2 -1 \/—_hhoo
Sme”(?jx———m,g nro0y2 S5 5 = 0,hj = 0;x™ gmp0jx™,p = — a ,h = deth,,
= Non-perturbative SUGRA M2 Lagrangian !
2adDassss,
g JPS : 2024.03.20 36



IV Conclusions
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Conclusion & future topics

* SL(5) U-duality symmetry 1s realized by the &5-brane current algebras and
actions.

* The worldvolume Lorentz covariance requires SL(5) to SL(6) which 1s new
duality symmetry!

* We showed how perturbative &5-brane with SL(5) reduces to T-string with
0(3,3), string with GL(3) & non-perturbative M2-brane in SUGRA.

Future topics

 Higher dimensional generalization, quantization, scattering amplitude,
constructing gravity theory, application to plank scale gravity theory,...

rﬁ" et JPS :2024.03.20 38



	スライド番号 1
	References & collaborators
	String theories & dualities
	String theories & dualities
	T-duality
	S-duality
	U-duality
	Outline
	Ⅰ Introduction
	String dualities & duality covariant theories
	String dualities & duality covariant theories
	String theories & gauge fields
	String theories & gauge fields
	String theories & gauge fields
	Dynkin of duality symmetry groups
	Dynkin of duality symmetry groups
	A-theory cube & diamond
	Ⅱ A-theory
	A-theory: strategy
	A-theory: strategy
	A5-brane with SL(5) U-duality symmetry
	A5 Virasoro & Gauss law constraints
	A5 Hamiltonian
	A5 Lagrangian
	A5 Lagrangian  with new symmetry SL(6) 
	Ⅲ Sectionings
	Dynkin of D=3 theories
	Reducing spacetime & worldvolume
	Reducing worldvolume by Gauss law
	O(3,3) T-string current algebra
	O(3,3) T-string background
	Reducing spacetime by Virasoro 
	GL(4) M5-brane
	GL(4) M5-brane background
	SUGRA M2-brane
	SUGRA M2-brane from M5
	Ⅳ Conclusions
	Conclusion & future topics
	Thank you    (#^.^#)
	スライド番号 40
	T-duality



