
STRING THEORY I

Lecture 14



compactification

consider 5- compactification of the bonnie

string
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We will discuss this from our two perspectives

① From the spacetime EFT
↳ Kaluta- Klein mechanism to

obtain an effective theory on R
""

② From the world sheet CFT perspective

target space will " look" the same as

[ for flat IR"
"
but with non- trivial topology
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I see D Tony lecture mth )
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I6D spacetime EFT approach

for the closed boronic string theory
wo Kaluta- Klein omsatz for the fields to obtain an

effective action in ELLEN .
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• One then rewrites the effective action Saw in terms of

Gij , Ai , e
"

Bij , Ñi

Ears
• This is a long amputation ,

.

but that is ok
.

than Sia =£; fdii IT e-
* (R - £114441 f)
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etc



All these fields depend on Xi but also on ✗
"

Due to the identification ✗
"
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"TG01-2TR

we can expand these fields in Fourier modes with
with respect to ✗
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• Finally we integrate Siu over X
"

to obtain a

theory in 25- dimensions

We will not be able to do all this explicitly (but see below for the dilator)

↳ long amputation indeed !

as wewill see

f
nso in Fourier series for
the fields

Note however the below) that the thomas typically
give the massless sector of the theory



Then tucks are :

metric Gij (Xi )

KR field Bijlxi)

2×1-form garage fields A and Ñ

← what is the gauge symmetry ?
A ( await photon ) R Ñ ( KR- photon)
correspond to tell )xWD gauge fields
(A : symmetry descends from 26- dim diffeomorphism
A- : exercise )

2 scalars
'

0
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let's look at the
'

dilation move carefully .
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we can expand this field land any other fields>

in Fourier mills with input to ✗
"
:

☒ 1×7 = [ e
" ÉX
"

µ×i ,
4=4:
-

he① inµof ✗a- because ☒ is real -valued

✓

Dilation turns in the action Shot : ( ignoring coupling to

II. ÉI
'

- 2 :& zij + (a,§j Mavity)
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Then

in principle there is a factor VEI ( ignore

fd"✗FEET =/ du-xau-R-ilaionoio-n-%EE.nlE.
-

Hint
⇒ the massless dilation $1K" ) of the 26-dimensional EFT

gives rise to a discrete infinite tower of scalar fields fu,
the Kaluta- Klein modes with mass Mn2=Éñ
- )

For small R all are heavy modes yet the

massless mode In -_ °) [
can ignore for distance scales >> R



Now
,
note that under a spacetime diffeomorphism

SX
"
= c-
" 1×1

the metric changes as
fGµu= On fut Or C-

µ .

Thus under GX25 , g- (×;) reparnmetrisation of ×
"

direction

we find
g.A ; = gig (Ai - Gini ⇒ Sari - ait )

so indeed we interpret Ai as a 4111 gauge field
and the gang symmetry descends from the 26- dimensional
diffeomorphism invariance .
Ai is called the qrariphoton .



The massive KK modes Én Into) are

changed omen this gauge field Ai

⑤1×9→ [ ein 't
(✗
"
+ c-§
,
µi,

HG4

I ¥ = P2J

hence &n→ e.int/R&n

That is the KK-momentum is charge for the grauiphston .

One can show that there are no excitations

charged under the hell) symmetry associated
to the Ramond- Kalb - photon .



Massless sector of the effective 2T- dimensional theory :

Gµv(x) → Gmulxi ) : { Gij (Xi) , Gimli) , Guru Hill
25dim

Graviton
Navi photon radion

e'•A e.
↳

Bunty → Bnvlxi) : { Bijlxi ) ,
☐ i.a- (ki ) I

25 dim KR - photon
KR field

Ñ

☒ (x) → ☒ (Xi) a-dim dilation \



Remark : we have introduced a new scale
-

Mick ~ £
We should not trust the F-FT analysis for
Mick ~ Ms ( small radius R )

.

However
,
in this case one can ttnrbvm an exact

analysis of the world sheet CFT.



FI wokd-rheetpuspeiti-lcbxds.lving)

The target space for the two dimensional NL0M
is 112

""
however X

"
is a field on S

'

R

which is periodic ic ✗
"
~ ✗
"+ a ITR

This nontrivial topology has←EtiEs .

① a space-time translation by NTR : ehTiRÑñ gmwats
← translations

shsud act as identity :byxa@htiRPT.il
. - -

, 14,> = ehñi " "" I . - - , Kar> = 1 . - , Kzr >

ME I just as in thebiff|k+= F-FT analysis



② ✗
"
IT
,
Ttñ ) = ✗

"
Carl + 2ñRw we 2L

( that is it only needs to be pwiodic r → r+ñ

up-to 2 ITR shifts )
w is called the winding number
Term 2ñRw gibes rise to closed strings wrapped on Ste and
aunts how many times the string wraps around SL

;]
.

W =/ W = -1

winding is a stringy effect : there is nothing like
this in the EFT we discussed

(In the 2C dim F-FT : these are solitons ! )



spectrum of the string with target space "" ✗ %
MoÉX(which respects ✗

"
It ,r+ñ)=Hao)tuTRw)
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25 25

and PL =p
"
-1212W Pr = P2T-2RW

This is just as in IR
""
except that xp:{pÉ ,

I:{pit
"
" TÉP"

(%" + Ñ"=p
"

; air- I"= - 2Rw )

The male expansion of ✗
i

i=o,-• 24 remains unchanged .



The shiny stats are similar to those of IR"
"

except that now we
have quantified KK -modes and winding on the circle :

(Recall in IR"
"
we had IT &I IT II. to ; k > 7

IT d.in II. im 1k ; m ; w >

I 1 [ mom
2T dim

momentum pw=tf ¥1T,MIT)
= ✗
"

(A)+2ñRw



TEEM :Virabro operators 4 am, taints

↳ = £1b . a. + to"H +
'III. Ini

-

ÉÉÉ
,

h)0µ±- --
-f- µ(1+24) dim inner

product

Lm = £ 1dm-n
! an + £ [ 4m£ in

"

similar expressions hr In



ttlasseshellandleuelmatohinyconditions

( to-11147=0 ( To -13143=0

↳ -1--5 / pis+p☐ ) -1N - I → M
'
- Pii -181N -1)

25

PR - pup - ZRW

i. + = ftp.i-pi/ + Ñ - I → M,?=pi+8lÑ -11
pl=Pzs -1212W

condition

Then : I
"
contribution -to the mass of the

contribution to the mass string winding around the
from momentum -10ns the aide ④ times (R¥f=tuTRTw]Z

*

:÷:÷:::::::⇒
.

"""

compact direction/ N -Ñ=mw level -mismatching
- . condition

h-

burst energy state : Tachyon :N=Ñ=o,m=o,w=o : Mn!= -8



Massless spectrum : for N=Ñ=1-→ mw :o)

25-dim graviton : Iii filii toi Kes ④ to ,
""°

25-dim B- field : Bij ✗Ii to ; k 's ④ 10,0 >

graniphoton and (g. ✗+ IF ± 5. Ñ, E) to ; k 's ④ tops
extra photon
(gvauiphstsn from the 24ohm nutria -1 another photon from the 26ohm KR field )

ration &?
'

I
,

"
10 ; k's ④ 10,0>

identified with the scalar r

massless string spectrum ← massless spectrum from KK
reduction of EFT

mw-togmwila-ygr.ve marine states ( law )



States with non-trivial m
,
w are

obtained by acting with oscillators on the

state

10 , K
'>④ IM1W> N=Ñ=O

to mw = 0

→ Mari = ,hÉ+4Ñw
'
-8

windingwhen m=o MÉ=4Ñw28- tachyon

etc
.



checking that KK-modes with nato 4 winding males
are charged under the hill ✗hit ) gauge symmetries :

9 4
Ai AT

Grani photon

↳ compute the 3-point function in which

changed~
statesphoton

read off charge of the state : coefficient
"

in front
"

of the

coupling of the fields



Consider them the -3 - amplitude

i

! > winding tachyon
✗ ' l 10 , K > ⑦ 10 ,w> (m = 0)
~:-.

. Mir = -8+412%2
j

Tkalb-Ramond photon
(5. ✗+ I - 5. I. ✗F) 10,1<1×0170>

Vertex operator for the KR photon

VIK) ~ Solids 5 • 14×2×212×2,4
"

)e
""

KR

Vertex operation the tachyon :

Vmwlp) - fdfdfeip-Xeipixti-ipixuanignTF-fsfo.to



compute the amplitude :

A = 60
,

- Ks ; o.io//5.2+X2X*-5.2X2+XYei"" 10
,
K, ;qo>

= Ñ;7w / ( 5. To ✗F- 9. to Ño" ) to,Éo>
= 5-(14+14) to , - K, ;o ,WIRE Io

"

) 10
,
14th j 0,03

= 1212W) 9. K] 8
""
/Kitkat Ko)

e- winding tachyon charge undue A- i Immingham Bw)

similar amputation for the grwui photon :
momentum he is the change maw Ai

R

This agrees with the KK reduction



EE : we have introduced a new scale R

In fact , we have a one parameter family
of compactificationwith RE 10

, g)

e ?

next : T - duality


