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E) D-branes

last leÉ defined a Dp-brane as a

p_Éal subspace of target space where the
ends of open strings can end
/We refer to this subspace as the D. brane world volume )

We saw how D-branes appear from f- duality
strings Neumann boundary ← Dirichlet boundary
with conditions ambitions

Today : a number of observations about ☐branes
1ms]fly without proofs us just an idea of what these
important objects are in the castes of string theory )



In this lecture nurse we studied

• Manti sed strings (open & ubnd) in R
""

a salient feature is that the massless sector includes
a graviton ( from the cbad sector )

gang fields (from the gym sector )
Note that we discussed 0s with Newman bis only

• We also discussed quantified strings in IR "
"
× she

↳ new features eg
CS • states have amanti not momentum abng SI

and a winding quantum number
• T duality

0s more complicated ; Tonality leads to the
notion of D-branes



LEE :

OS - T-duality
c-

open string with dual 0pm string with
Neumann boundour 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"=Yz quantized
no translational symmetry
along SHE

no winding string corn wind around S'É
'

f'

mail.hn tutor :(both sides) s
'T )

↳ dimensional Uil gauge field
Ñ D24 brane



ED 0pm strings with Dirichlet b.cs in that IR
""

1ns compactification )

Comindw an 0pm string on IR
""
with Dirichlet boundary

conditions in 1M direction (E)and Newmain boundary
in all other directions IX.

i
i :O,
- ,
24 )

ends of string to translational symmetry along ✗
"

move on a D24 brane→

] space-time symmetry

X
"

, * >

5011,251 → soll ,24)

D24 -brane

✗
"
= xÉ

[More generally , one can consider an open string with Dirichlet boundary conditions
in Z6-1PH ) directions and Neumann boundary conditions in (p -111 directions .
In this case string ends move on a Dp brave and 5011,25 )→ 5011

,b) ✗ 50125-p) ]



Mode expansion for ✗
"
lar) :

Nbc ✗
'
It
,
- Xi -12 ✗ 'Epi+ iÑi¥. f- ✗ in both5) i-a.ly

☐be ✗
"

ii. r) - E- + ftp.E.1-ndi-e-inirininr) |×?%¥i⇒
LIFE .

⇒ no momentum nbng X
"

laterm pat ⇒ endpoints would not stay at ×." when 0--1-0)



quamtiring the string : mostly as before except
✗E remains a number

ix.
"
is mt a parameter ,it represents the

location of a fixed D brave )

Viva sono operators as before .

Mass - shell ambition : Lo- I = HIP
'
-1N ) - l

becomes ✗
'ME, = - t

'
/pf=N -1 1pm , p.fipnmm.int

""
""

Ground level IN -_ 0 ) : tachyon on-teome.INT, = -1



: must be level N- I

(N=o)
ISIRIK> = 15.x, +qq.FI/-o;#-9romdstahi
I

1T chin
momentum (1+24)-dim
]

polarisation vector
IP91-1TM scalar

Imposing L
, 15in ;K > =o (⇒ LM14)=o , m>2)

we find that IS ,n;k >
- is physical if 5. k=o

with humanstrained .

415,nik> =/ 5,114,41 ] -1×-141+1114 ,É] -1×-741110 ;K>
= ( s •t.tn#-/So.&+-ryxT/ 4) to ;k >
=/ Sook + 15.*, -1Mt?Hfo ) to ;k > =/Sook ) to ;k >



null states at level one of the form 1+10 ; k > :

L-110 ; k > = K • d-, to ik >

with K • 1<=0 / from Its-1) (L -110; k> 1=0)
Then we have the massless physical stats

• 25 -dimensional photon 5 • &, 10 ; k > tell ] physical
-

5 . K =o state

to the D.brane has a hut field on its world volume
(true for any Dp brave )

• scalar field if =mÉ to ; k >

more grvwalhg a Dp brane has a massless slalom
for each normal direction .

q can be identified
with fluctuations in the position of the D-brane along the

transverse ✗
" direction fuse proof here 1)

see
.

B Zwieback



17.IS/vetchedstrings-

One can also have systems of D-branes with

different classes of 0pm strings I open string sectors )

strings stretchingÉ between the D-branes

string starting andmany aon the same brane

✗
"

< >

Consider a string stretched between two ,pwallet
D14 branes located at iii. = KI and No - Is



ri

string endpoints ✗as (0,0--0)=34 ,
Xiii (I ,r=ñ-- Is

✗É=xa
"

-1¥ YEE)r+Ññ[ f. an
"é"'n'nino,

HF0
D.Xab

✗
•

"
= # ( ✗Exit

mass-shell audition : Miis = -p.pe/XF-XiiY-- IN -1]d '

-E
> shift of mass -levels : ftp.x-j-ITDxj-masiotadavicd

string stretched between
the branes



spectrum of the stretched string :

• N=0 1K ,abf
information about which

☐ brane string ends live-

Chan- Paton hurls

labels cab ] [
a demotes brane on which
end 6=0 lives

-

b denotes brine on whichinouvb take values end F- IT lives
1- or 2 ; more generally , for N Dbrnnb

they take values 2--1N

(For a string with ends on the same brane a- b)

man shell condition : mais = - 1- + (¥f→ )
"

✗
'

tachyon if I D. ✗as / < hi VÑ



•N Mai -- ( £I÷T
5. d- , 1k , ab ) IK50) ↳ massive vector

mÉ 1K ,
ab

'

>
on 25 dim space time

12,5
,
ab >

hull states

↳ 101k;ab> = K. &
,
/K
,
Kjab> + Eats a IN ,K;ab>

IT



off
hull states

L -i 10 ; k ; as > =j% d-i-n.tn I - - >

= £ ( d-it . -1 £
.

( IN + ✗ ++n - d-n)) I -→

=L / d-i. to -1 d-it. 11--3=4, -a) 1- ->
= ( d-i. K + did

.

"

) 1-→

= K - L
, I . - - > + 1¥ É I- >

with K.lk = 0 ( from Hot ) (L -110; k> 1=0)



coincident limit : suppose we have N D-branes

*

- →
we ]✗as→ 0

a b

stretched swing states between
☐brane at ✗a & D-biome at ×, as

massless gang fields

DXag→o
N massive vector fields

Ñ 1K ; ab > * Kalay

a ,b = 1
, -,Niki

,
ab ) Chan- Paton labels

at sectors



0m can show that the spectrum has a UN ) global
symmetry and that then (NY states transform in the

adjoint representation of UIN]

One can choose a basis for these states

I 5 , k ; A > = I (F)
"
is 15 , k ; as >

[
" is [ hermitian basis of HIM

A =L , - , N
"

µ (fatB) = SAD
'

Chan -Raton factors



A
]

As
✗ ✗

3-point coupling of massless vectors ☒✗ An -1 An ✗☒
¥

As

A ( & , -14 , Ais 52,14, Ai, 5] , K, As)

nego 81141-14+47 { 51 ' ki, Sis + Sik] , 5 , -% + 53 . K12 5IG

+ {
'
Sikes 5 , -15; s,Snfxtr It"[ Ei ta] )

gives the 3-point vortex for the MINI non-Abelian gauge theory
L = - { Trlfmvf

"-

I - hija
'
Tr / Fm

"
Fu
" Fwm ) + scalar,

EFT action
on D74 brave Yang-Mills µ at corrections

One can also obtain this from the f- function
(needs boundary coupling, and boundary renormalization
flow )



D- brane picture of the Higgs mechanism

I

> ~

v13) Utd V11)

stack of 3 Dbramus
Mai =/hf¥ man ot

string
stretched
between branes



D-branes as dynamical objects ?
If they are , maybe they need to be included
in the pntwbah.ve description of strings ? how ?

Estimate mass scales relevant to D-branes by
computing its feminism

gravitational

closed -

-

(
coupling

K- got

string
✓

.

# # A- Kip - lgoiexchange [between
D-brwmtmn.su Tommi °

two

Dbvwhls
Ep- £ ⇒

D-brains are
massive
"
non rortubaiu"

what harms them as go →
• ? object?

Polchimlci 1185 ,
" duality revolution

"



Final remarks :

We have seen that the theory of Manti sed string
has a very rich structure

as quantiied gravity (at low energies we obtain
Einstein 's gravity )

• gauge fields

* consistency of the theory→ fixes dimension of

spacetime
• S - matrix with good UV behaviour



More

• dualities

> CFT

* emergence of non- perturbative Branes



Improvements :

• remove Tachyons → (ST2)
.

superstring?
( fermions in 2ohm NL0M : supwsymetric.WS theory )

• spacetime fermions → ST2

• superstring theory :(ST2 ) vs spacetime dim = to

;

> strong coupling
Black hole physics
realistic phenomenology
mathematical structure



End of string Theory I

Thanks !


