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④ Compactification continued . . )

s
'
- compactification of the bonnie string

pint → IR
""

xs
'

,

We are discussing
.

this from our two perspectives



① From the spacetime EFT :

Kalnta- Klein mechanism on the IR
""
EFT

We obtained a massless sector

Gmvlx) → Gmolxi ) : I Gijlhi) , GiµCXi) , Girardi)
:÷:

"

Bunty → Bmvlxi) : I Brjlxi ) , Bi.ir/Xi ) I

Ida KR -photography~ symmetries
A '

④ LX) → §lXi) 2Tdim dilator

a discrete infinite tower of massive states
- LKK -mobs )



Ek : the 26 dimensional dilators gives rise to

a discrete infinite town of scalar fields LELIO)

$n with mass Mj= I the E

r
.

Then we charged in .to) under the grauiphoton
charge I LKK-momentum change)

There are no moths changed under the KR photon .



Of course this introduces a new scale

MKK n §
-

In fact one can show that CJ) = R

(Blumenhasrn thistt Thin )

We should mt trust the EFT analysis for
Mick n Ms : howdy in this case she can

perform an 4- analysis of world sheet CFI



② The www.tpevipeotive
2dm Would sheet NL0M with target space with
a nontrivial topology

X
"

→ Xi i= 0 , . - , 24

X
"
- Xt't 21Th pavmnehitesaoirok.sk )

states in the string Hilbert space are similar to those
of D

"" however we have now quantized KK-modes
on Sb and quantized winding modes-

-



The winding modes come from requiring

+75, THT ) = XYO.tl t2ITRw we 2L

(X
"
too) R X

"
IT, fit ) puristic up to 2512 w)

after quantization gives rise to new states
(winching states ) with w → answered Marge



The expansion of Xi CT1N i=o
, →
24

is as before ,
but the expansion for X

"
changes

tilt, f) = it-124 'p"Tt2Rwo -1 oscillator nudes

where the P
"
-

momentum eigenvalue is quantized
p"-= 5th ME 4



separating this into left it right movers :

Econ --

xiihxxiico-ixiiirt-x.E.la#nwigr+oscGFEIwtXElrtI-slit 14¥ +WR1N-1OI
25 L5

p , = PH1RW Pr =p'I IRW
+ I

41

The Vivasovo operators are as before except

IF - VETIP" wtf) do
"
-

- f p
"
- wtf )



The states are of the form : mass - shell condition

M n ✓
IT t.in IT4M 1KJ mj w >

-

y p VIII.oth)
A-dim

25
momentum P =D =XYQrH2iTRw
euahne R

and must satisfy the conditions :
(apart from lmtos =o two)

Mia, -7¥ % + ZINTA-a) mass shell
-

d ' condition
4%1 he tenens" (Mit) depends on R ! )
compact direction wrap string

around St
w times

N -nT=mw level -1mi g)matching audition



•

tachyon with m=w=oMassless spectrum :(For anyR) Mit, = -8
-

• 25 dim

www.ton 8ij I II to ,k > ④ too)
25 dim ~

•
B- field Bij this I 101k > ④ too)

• scalar from the trace part of 8 : oIµ,
* 2×25 him 5. It, It, I, to

,
K 3×01903

WIND gauge fields

[qvaviphston from the Hedin metro+ another photon from the 16 am KR field )

as scalar if IT to , K 3×01903
(" radish " )

identified with the scalar T (associated to R )

massless string spectrum ← massless spectrum from KK
(except whom ak ! )

reduction of EFT



Gauge fields : by conniving the -3 - amplitude
I

;] winding Tachyon
' 10 , K 's ⑦ 10,05

pm
'

'I Mir = -8+412'w'n

]
Vmwlp) - fdfdpeip.XeipiXIip.at

"

Kalb-Ramond photon

V.lk) nfdidr5.la#2xtIa.xa+tt)eik-
×

A = g. KS1 2RW) 811Gt Kit Ko)
-

which reproduces the vortex from a him And 0$
in the spacetime langromgian
.: winding number is the KR-photon charge



Remark : we have introduced a new scale R

In fact , we have a one parameter family
of compactification with R E 10

, a)

12 is called a modulus

(More general compactification, give rise to a

moduli space )

However cop) contains points R 4 it
which give rise to indistinguishable physical
theories

.



IT-duah.TT
-

Returning to the mass formula

Mii, = If +¥ w
'
R't IT IN xD-2)

N -N = mw

limiting cases :

• R → • : continuum of KK modes → sign of 25th
dimension

• R → o : continuum of winding mods ?



of the spectrum :

observe that the formulas

Mii, = II + w
'R'+ IT IN xD-2) , N -N = mw

~

are invariant under: m← w & R ⇒ I =D
R

⇒ compactification son Sn & Say,z have the 1?ame⇒ spectrum.

Note that D= VP is a fixed point of this

transformation i something spinal happens at this
point .

.



This is in fact an exact symmetry of the CFT

|T-dnah
• compactification ,÷Ewith 15=1 are
indistinguishable as physical theories .
The interchange maw means that

momentum excitations ← windingmode excitations
so continuum of KK males → continuum of winding mods

hr R→ no for D- → o



T- duality as an exact symmetry of the CFT

BUT
,
we have only shown that the spectrum is the

same bv two theories where

12 ← I = I
R

and vimnltomenshg
Cm
,
w) N (w ,m )

We need to osnnidw the full CFT to prove this is

an IexactJ symmetry of the CFT



25 7 25

Noting that { do = 1¥ HE - ¥4→ - do

7 ~ 25

if He y
- do

1 R

need to extend action of the transformation to the oscillator modes
25

2T

XdtJ → - Xp IN
IT 25

144 → X. lot)

equivalently
IT ~2$ IT 2T

XCtpt-IIIEKIIKJ.es X tho) = X, lot) - Xp IT)

= It'I2dffEt2Rwr+ . . . = gift 2d
'

YET -1212W It
-

-

-

G - -

air! radiusR circle radius I
12

csnj momentum P5E ff conjugal momentum js
' WE



X 4 I have the same energy momentum Tenno

TEL = 0±X' 7=4--2, I 2±I

One can recover Lm 4 In as Fourier modes

⇒ LET's of × & I are the bad

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

, a) but instead

RE to
, VII or equivalently RG LUI

, a)



EY.int of the duality transformation :

R ← E= I
' when IR=VPJ

D= is special → more massless states and enhanced gauge
symmetry

Mii, = If + w
'
R't IT IN xD-2) =# ( im't w't 21N-1N -4)

so MI. so when MY W4 2INto )= 4

also mw = N -N



Interestingly there are 4 extra massless vectors
which enhance the hill ) XUD symmetry to

SULIIXSUN

and 8 additional scalar fields in a 13,11
representation of SU4X SOLD



|OpenshrinTf
What happens to F duality ?

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

¥ 15,01=0 at 0=9 it Neumann

boundary conditions



Consider now oomrsaotifying on a circle
→ no winding modes

while KK- momentum momentum males still make sense

Recall the mode expansion of the coordinates X
"

XYE ,D= at2d pt + ipT¥o th Ine
-

missing)
µ

= XxlTI t Xt lot)

X,floT= ×, + Ipf -t i f'IT ,

"

a ↳n-dne-inrxilott.su+ alpmot + if ¥ hate
-int'



company on a circle with a" powamihitihy
the circle of radius R and consider what happens
when interchanging

xi ⇒ Ii x - iii.

Should we expmct a string for which there is

a winding quantum number but no
KK -momentum ?



The proposed dual coordinate is

III.A = IE44 - XIN
= IH4P"T+ipT¥o fine

-"Tinker)
~ ~

= I +2211 J + . - -
= sit 2M R Th .

12

→ no twm Wnew in T ie the dual string
Has no momentum in the circle direction ttranslatiow
invariance along S

'
is broken )

→ Moreover dual string wraps around the
dual circle m times



Boundary ambitions of the dual string : at F- 0,1T
I7T

, ill = I

f
position of the

r=o end points of

IY9H fo⇒,
= I + at 'he E-I + aime and string are

R fixed

so This is a Dirichlet boundary condition !

The dual 0pm string attached to a HH4) dimensional

hyperplane ,
a ID24-6TY
-
/ '!

] •
.

. .jo
c- she

T.it -rim plane



under a T-duality transformation :

opus string with open string with
Newman boundary

← Dirichlet boundary
condition on Sfo condition on Stp

[ momentum im along she no momentum along Stik

no winding around she winding around ski ]

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

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

p spatial dimensions (so it is pH
dimensional )




