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④ Compactification cantinaed . . I

5- compactification of the bonnie string

112
""
→ IR

""

✗ s
'

,

We have discussed this from two perspectives
I



① From the spacetime EFT :

Kaluta- Klein mechanism on the R
""
EFT

We obtained a massless sector for a R "" EFT

Gmvlx) → Gnu (Xi ) : { Gij (Xi) , Gimli) , Guru Hill
25dim

Graviton
Navi photon radion

e'•Ar et

Bunty → Bnvlxi) : { Bijli ) , Diii (X2u( 1)
25 dim
KR field

"R -Phst⇒ gauge
symmetriesA- <

☒ (x) → §(Xi) a-dim dilation

I a discrete infinite tower of massive states
LKK -mods )



For example : the 26 dimensional dilators gives rise to
aÉb infinite tower of scalar fields LKK modes)

-

$n with mass Mi- I knee

☐
•

Then are charged in .to) under the grauiphoton :

change ¥ (KK-momentum change)

There are no males changed under the hill) corresponding
to the KR photon .



Of course this introduces a new scale

Mick ~ ¥
-

In fact one can show that <J> = R

( see Blumenhagen twist 1- Theisen )

We should mt trust the EFT analysis for
Mick ~ Ms : howw→ one can perform an

e- analysis of the world sheet CFT.



② The -Eheet perspective
2dm Would sheet NL0M with target space with .

a nontrivial topology

✗
i
→ Xi i= 0 , . - , 24

×
"
- ✗
"

+ 2ñR (X
"

pavmnehises a circle SL )

states in the string Hilbert space are similar to those of R
""

however we have now quantized KK-modes onstandardizedwinding modes

The winding modes come from requiring

✗
"
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,
TUT ) = ✗

"
Carl + 2ñRw we 26

(✗
"
(f.6) pwioclic

.

up to NTR w)



The expansion of ✗
"
IT , r ) i=o

, -124

is as for IR
""

, but the expansion for ✗
"
changes

✗
"
( f. f) = ×
"
-12 ✗

'
p"t+2Rwr- oscillator nudes

where the P
"
-

momentum eigenvalue is quantized
p"= -21M ME I



separating this into left & right movers :

✗
"

cars --

xiir-y-xiiir-ixiilr-t.vn?-fdy--wR)r-+oscXElrY--xY-
+ (Hf +WR1E + Ño
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"
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The Vivasovo operators are as before except

iii. ✓É(p"+w£ ) ✗E-- ✓ p
"
- w¥ )



The states are of the form :

IT41 1TI.mu 1k ; m ; w >
I 1 [¥1T,r+ñ)

2T-dim

momentum P"=tÉ = ✗
"

(A)+2ñRw
e.value

and must satisfy the conditions :(apart from LM14> =o two

2

+ 2 INTÑ-2) mass shellMan __rÉ+£É ,
- condition

I 4

contribution to the mass
contribution# the mass •1- the (Mew, depends on R ! )

from momentum along the string winding around the

compact direction
title IW1 time ( 12¥ /? fUTRTw]Z

N -Ñ=mw level -(mismatching condition



•

state with m=w=o
Massless spectrum : for any R

25 dim•

graviton Kj &; ñi, /jµ>É
°

25 dim
•
B- field Bij É IT 101K > ④ too>

• scalar from the trace part of J : %-)
* 2×25 Him g. (×,IY± I

,
to
,
K >④ 190>

UH ✗v41 gang fields

fgvauiphstsn from the Hedin nutria -1 another photon from the team KR field )

a- scalar ×F IT to , K >① 190>
I"r action " )

identified with the scalar r

massless string spectrum ← massless spectrum from KK
reduction of EFT

For curtain values of leg ✗ '=VÑ ! ) there are more .



Remark : we have introduced a new scale R

IÑve have a one parameter family
of compactificationwith R E 10

,
o)

R is called a modulus

(More general compactification, give rise to a moduli space )

However co ,-1 containts values of R which

give rise to indistinguishable physical theories .



④ |T-duality⇒ ( closed strings )

Returning to the mass formulas

Mii, = IT -1¥ w't
'

-1£ IN +Ñ-2)

N -Ñ = mw

limiting cases :
expert theory on IR

""

↳
• R → - : continuum of KK modes → sign of 25th
( SL→ IR ) w - o dimension

• R → 0 : continuum of winding modes ?
m=O



Éf of the spectrum : observe that the formulas

Mii, = IT +¥ w
'R'+ ¥ IN +Ñ-2) , N -Ñ = mw

are invariant under: m← w & R ← %-=É
⇒ compactification son Sn & 5×4,2 have the /SAME spectrum.

I

[Note that D= VÑ is a fixed point of this

transformation : something special happens at this point .]
I



This is in fact an exact symmetry of the CFT

t.T-dnah.TT
to compactification ]Fsi with Ñ=¥ are
indistinguishable as physical theories .

The interchange maw mean, that

momentum excitations ←s windingmode excitations

so continuum of KK modes → continuum of winding modes
hr ☐→ - for ☒→ 0



T- duality as an exact symmetry of the CFT

BUT
,
we have only shown that the spectrum is the

same bv two theories where

R ← Ñ= I
R

and vimnltomens.ly
1m
,
w) ← (w ,m )

We need to consider the full CFT to prove this is

an /exact symmetry of the CFT



Noting that
/ %
"

- ✓É ( IE - ¥4→ - do
"

interchanges
\ the .

/ ñ" =✓ÉY¥ + guy
- to
" Terminator

with the KR
photon

we extend action of the transformation to the oscillatormiles
25
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✗plot → - ✗☐ (5)
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XÉr+<→ ✗clot)
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circle radiusR
circle radius ¥

csnj momentum p"±Yz conjugate momentum①'= wÉ



✗ & I have the same energy momentum Tenno
-

in a

T+± = 2±X' 7=11--2-1 ✗ J±X

so one can recover Lm him as Fourier modes

⇒ CFTS of ✗ & I are the Isaf with E- I12

As a consequence of this duality the moduli space
of circle compactification, of the bosonic string is not
to

, not but instead

RE 10
, VÑ ] or equivalently RG [Ñ ,

-)



EE.int of the duality transformation :

A

R ← R = £
' when |R=VÑf

R=Ñ is special → more massless states and

enhanced gauge symmetry
R=Ñ

MEI, = IT +¥ w
'R'+ £ IN +Ñ-2) =&É( t.MY w'-121N+Ñ -4)

go Mi, = 0 When MY W4 2IN +Ñ )= 4

also MW = N -Ñ



There are in fact 4 extra massless vectors

which enhance the hill ✗V11 symmetry to
sun)xsuD

and 8 additional scalar fields in a 13,11

representation of suit ✗ SU1H

1BL T for details 7



openshrinysomdT-dnality.TN
hat happens to T- duality ?

Read : openstring boundary conditions compatible
with Poincare invariance in 26 dimensions

*✗
" 15,01=0 at 0--715 Neumann

boundary conditions

(ends of the string are free to move in space time)

consider now oomrsactifying on a circle

→ no winding modes ⑧
.

while Kkmsmmtnm momentum males still make sense



compacting on a circle with X
"

pavamehtisihy
the circle of radius R .

Now consider what happens when interchanging

xi-xixii-s-x.it

Should we expmct a dual string for which there is

a winchnj quantum number but no KK -momentum ?



The proposed dual coordinates is

i. "ii.a = ✗Eco - XIN
=I +2N p"r + if I £ in e-

"'
sinker)

h-1-0

=L +2×1,12 T1-0SC =I + 2m£ it osc

• no term linear in T ie the dual string
has no momentum in the circle direction : translation
invarrimuabngslisb.ro/un-

• Moreover dual string wraps around the
dual circle m times ?



Boundary ambitions of the dual string : at F- 0,1T
I. " (T.tl/=I position of the

0=0
a.

the dual stringÑ" (• ' ☐ ↳=,- × + a ✗ ¥-1T, ,g +
apm.gg/ end points of

our fixed
.

so This is a Dirichlet boundary condition !

The dual 0pm string is attached to a 1.1+24) dimensional

hyperplane ,
_a /D24-6TL
-
°

?
A"

;]
← sÉ

①
25 -dim plane



Wnew a T-duality transformation :

open string with open swing with
Newman boundary

← Dirichlet boundary
condition on Sf condition on 5£

[ momentum ;E along she ←→ no momentum alongs're
no winding around Sk ←→ winding around Std ]

The subspace where the htring ends are attached to
is called a D-brane

careen : a Dp -brane is a D-brane with

p spatial dimensions
(so it is p-11 dimensional )



T-duality
c-

open string with dual 0pm string with
Neumann boundary audition, Dirichlet boundary conditions
compactification Ste combatted on 5£ ,

É= a /

D25 space-fillingbrave endpoints of the htriny
↳ open string ends are live on a D24brane
tree to move on space-time

P
"

--

if quantized
no translational symmetry
along SHE

no winding string corn wind around S'É
'

f'

man.hn suitor :(both sides) s
' ID24 braneZI dimensional UV gauge fields
Ñ



Next : epilogue on D- branes


