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Recap of the superstring

Recall the bosonic string

Ot =0 & 0,0 at=0
(z+2')°=0 & (dpa")’>=0

The Ox* =0 equation comes from

SN/ deonaﬁﬁax“ﬁﬁx”nW

Where does the constraint come from? Either
1) we go back to S~ [ d?cy/=g (Nambu-Goto), or

2) Polyakov
S~ / dr do /= h heBaaH 032" Ny
The constraint < T,3=0 which is the h.gs field equation. (Traceless due to scale invariance).
The constraint is a consequence of coordinate invariance.
Top=0= (rz")>=0.

We repeat this strategy in the superstring case.

1) Introduce an action

SN/ deO’(a:L' Ox + hp® Oﬂ/})
This is supersymmetric (global symmetry). It produces

Oz*=0
pOatp* =0

2) Then we need the constraints (to avoid negative-norm states in the Hilbert space). To be able
to eliminate the effects of ¥*=° (negative-norm states), we need local supersymmetry. In other
words: supergravity.

S=S[zH, Y*, hag, Xa| With spin 0, %, 2 respectively.
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dhap (Einstein’s equations): T, =0 (in general R, — %gWR =T, but the left hand side is not



present in two dimensions, for many reasons.) This gives us a constraint:
« 2 1 »
(Oxx*) :Eg?/)iai?/)i#:()

0xao (Rarita-Schwinger equation) J, =0 (supercurrent).
= ’l/)iai Xp= 0

Boundary conditions:
1 ) ( (i ) : :
= = in Zwiebach.
v ( b )=\ oy

W61 — PhO | T =0

ato=0: 1/)1:1/)2
ato=m YP1==1 1o

+: We combine these into ¥ which is 27 periodic. This is called the Ramond sector.
—: WU is 27 anti-periodic. NS sector.

NS:

U(r—o)= Z beir(r=)

rel+y

U(r—o)= Z dye”im(r=o)
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Open superstring
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(N,j‘—l—NbJ‘—i—a), a=—=
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Mis=— 5
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M;%:?(NaleNlera), a=0

Here

oo
J__E : 1 1 1 Jl — 1J
Na - O pQnp, [amaan} —m5m+n,06
n=1

N =3 rbl bl (bl bl ) =600
=
Nt =" mdldh,  {dh,dl}=bmin00"
m=1



Note: {d},dd} ="’ and that d{ does not appear in Nj. = Combining the 8 d{’s into four cre-
ation and four annihilation operators we can construct 2* = 16 degenerate vacuum states: i.e.
the Ramond-vacuum is either a spinor |s) or a cospinor |c).

Closed superstring

Four sectors

(NS,NS) (NS,R) (R,NS) (R,R)
bosnicstates  fermionic states  bispinor
ex.blyofs) ls)®@|s)

= tensor = bosonic states
RR-sector
ITA: AT ATTE = Ay, A,Wp

IIB: A, A7 ATJKL(+) :>A,AW,A(+) Compare ¢, By, ¢ from (NS,NS).

pvpo*

Chapter 15: D-branes and gauge fields

Consider the open superstring in D = 10 and configurations where they end on the same or dif-
ferent D-branes.

Figure 1.



Note: Two strings are identical (as particles in Quantum Mechanics), but D-branes can
be “marked”.

Figure 2.

Figure 3. In the left figure the intersection is 6-dimensional, in the right one the intersection is 2-dimen-
sional.



Example 1: Two cases: The two ends can end on
1) the same D-brane, or
2) on different, parallel, D-branes.

Let’s consider Dp-branes.

0 .1 ,.2 +1 d
o x e, xP P L

in the brane Ltheﬁp»brane
z’s N, N z’s D, D

29, ..., 2P give expansion as usual. These z’s we call z+,z~, 2.

xPT1 . 27 give new expansions. These x’s we call 2% where a=p+1, ...

For each z% we have

z*(1,0)| _,=x%r,0)| __=F*=fixed

o=0 o=T

if the ends are on the same D-brane.

Expansion
1
Oz=0 = z%r,0) =§(f“(7'+0)+9a(7'_0))
0 =0 boundary condition

=

(f(r)+g(r)) =2

| —

o )= fo(u) 250
S (o) =%+ o(f*(r+0)~ [%(r —0)): note: mims sign
o = boundary condition
= :r‘/u%(f“(ww)—fauﬂr)):f/a
= fo(r )= for —7)

= f%is 2m periodic.

1 ; .
=z%7,0)=T%+ V2 Z Ea‘,’le_”” sinno
n#0

Note: there is no term linear in 7 = no momentum in this expansion. (OK: there is no motion
in the z%directions.) Also, ¢ is a number, not an operator.



Quantise: [af;“ aﬁ’,} =m St o

= M?=—p?>=2pTp~ —pip' — pp”

1
2ptp~ :?(Lé‘ —-1)

2 1 — % % = a a
M == Z a ,oq + Z a o, —1
n=1 n=1

Comments: The fields (excitations) “live” on the D-brane.

The spectrum
e Has a tachyon.

e M?=0 states of two types:
o' 1|p) = Gauge fields living on the brane.

a1|p) = Scalar on the brane (pointing L the brane).
e M?>0: infinitely many.

Let the string now end on two different branes:

Repeating the story above:

z¥(71,0) =&+ (T3 — T{")o + V2’ Z %af{ e~ "sinno
n#0

Still no momentum perpendicular to the branes.

o (@5 — &)’

1 1 1
+—(NZ- FNA 1)
(27’(’0&’)2 Oé/ () (a)

So M? now depends on the distance between the branes. M?=0 can occur in different ways.

Gauge fields? o' 1|p)

a0 —a\2
N M2:(952 — ')
(2ma’)?

= These vector fields a’ j|p) are only massless (gauge fields) when 5 = #{’, i.e. when the

branes are on top of each other (forming a “stack”).

Higgs effect: the branes in a stack separate. The massless gauge field becomes massive, eating
one of the scalars.

Non-abelian gauge fields. Consider again a stack of n D-branes.
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Figure 4. The oscillators are o,

We can now consider 3-point interaction:
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Figure 5.

i.e. [ij]*[jk] =[ik]. This is the 3-point interaction term in the Yang-Mill Lagrangian.
A,=A0TA
T4: matrices. Generators of some Lie algebra.
F,,=0,A,—0,A,+ g[A. A
[T4,T5] = fAB,TC

Gauge group?



2 D-branes: 2 U(1) + 2 string going between the branes = 4 branes = U(2).
U(2)=SU(2) x U(1)

N branes = U(N) gauge group.

Figure 6.



