Miguel Garcia Cutillas

ETH Zurich

27.05.2013 / Proseminar CFT and Strings

Miguel Garcia Cutillas D-branes



Outline

o String boundary conditions and a first glance to D-branes
@ Demotivation
@ Motivation . .
@ Interesting configurations:

@ Single Dp-brane
@ Parallel Dp-branes
@ Yang-Mills theories

Miguel Garcia Cutillas D-branes



Outline

o String boundary conditions and a first glance to D-branes

@ Demotivation
@ Motivation , ,
@ Interesting configurations:

@ Single Dp-brane
@ Parallel Dp-branes
@ Yang-Mills theories

e T-duality for open strings
@ Recap T-duality for closed strings
@ T-duality in the presence of open strings

Miguel Garcia Cutillas D-branes



Outline

o String boundary conditions and a first glance to D-branes

@ Demotivation
@ Motivation , ,
@ Interesting configurations:

@ Single Dp-brane
@ Parallel Dp-branes
@ Yang-Mills theories

e T-duality for open strings
@ Recap T-duality for closed strings
@ T-duality in the presence of open strings

e Gauge theories confined to D-branes
@ String endpoints coupling to D-branes
@ Dual description of a Dp-brane with E field
@ Dual description of a Dp-brane with B field

Miguel Garcia Cutillas D-branes



Outline

o String boundary conditions and a first glance to D-branes

@ Demotivation
@ Motivation , ,
@ Interesting configurations:

@ Single Dp-brane
@ Parallel Dp-branes
@ Yang-Mills theories

e T-duality for open strings
@ Recap T-duality for closed strings
@ T-duality in the presence of open strings

e Gauge theories confined to D-branes
@ String endpoints coupling to D-branes
@ Dual description of a Dp-brane with E field
@ Dual description of a Dp-brane with B field

e The Dirac-Born-Infeld action
@ Non-linear electrodynamics

@ Dirac-Born-Infeld Lagrangian

Miguel Garcia Cutillas D-branes



String boundary conditions and a first glance to D-branes Demotivation

Motivation
Interesting configurations:

Starting point and background

o Theory is specified in terms of an action functional. The Nambu-Goto action:

9 . . X1 OXV 1 r o 5 -
5= /Tf dT/U‘ dory |~y S O / ’dT/ doy /(X - x1)2 — Xexr2
2ra’ Ja; 0 or do 2rwal Jr 0

o Dynamical information is extracted by varying the action:

v e oL ., oL ., . I
68:/7i dr/o dod, (aW‘SX )+a(, (max ) — (0P + 0, P )X

@ Equations of motion
9 PHT +8,PH7 =0
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String boundary conditions and a first glance to D-branes Demotivation

Motivation
Interesting configurations:

Boundary Conditions

@ Have to get rid of 2(d + 1) boundary terms:

/ " dr / "do 0, (PIOX) = / "dr [PoXH]7=T
Ti 0 Ti

@ We need some boundary conditions. Two possibilities:

e Neumann: Pi(r,0.)=0= ag;“ (r,04); 0. =0,07
o Dirichlet: OXH(T,04)=0= 85(: (1,04); 0« =0,04

@ For = 0 Dirichlet boundary conditions are not allowed.
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String boundary conditions and a first glance to D-branes Demotivation

Motivation
Interesting configurations:

Is momentum conserved?

@ The Nambu-Goto action is invariant under translations
0XH* = e*. Conserved current: Oy P™ 4+ 0,P°* =0

pu(r) = /0 " pr(r 0)do

dpu _ 7 87)!: _ 7 87)5 _ 0|01
" Jy 99T e 90 = Pl

@ This is not necesarily vanishing for Dirichlet boundary
conditions

@ Furthermore what interpretation should we give to these
boundary conditions? Where are the string endpoints
attached?
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String boundary conditions and a first glance to D-branes
Demotivation

Motivation
Interesting configurations:

There is more than just strings!

@ A Dp-brane is an extended object with p spatial dimensions
@ The endpoints of open strings are attached to D-branes

@ D-branes have a personality of their own: energy density,
momentum, charge...

@ The overall momentum in the string and the D-brane is
conserved

@ In the presence of a Dp-brane the original Lorentz
symmety is broken:

SO(1,d) — SO(1,p) x SO(d — p)
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String boundary conditions and a first glance to D-branes
Demotivation

Motivation
Interesting configurations:

Conventions and notation

@ Open strings have parameterization range [0, 7]

@ Closed strings have parameterization range [0, 27]
@ Different kind of indices:

e u,v... are spacetime indices that run from 0 to d

e m, n... are world-brane indices that run from 0 to p

@ i j... are spatial indices on the brane that run from 1 to p

@ a,b... are spatial indices normal to the brane that run from
(p+1)tod

e /is a generic index than stands for all the transverse
coordinates | — (i, a)
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String boundary conditions and a first glance to D-branes
Demotivation

Motivation
Interesting configurations:

Gauge coordinates and gauge fixing

@ We work in light-cone coordinates: X, X, {X’}/:gw,,d
@ We work in light cone-gauge:

n-X(r,o) =Ba(n-p)r n-p:?n-PT
ny = ——(1,1,0,....0)
no \/é 9 Ty My eeey
@ Equations of motion are now easy wave equations:
Xn— XH' =0

@ Two constraints: _ _ .
(X+X)P=0=—-2Xt X)X £X)+ X X"
@ The full evolution of the string is determined by:

I + -
X (7-7 U)? p ) Xo
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String boundary conditions and a first glance to D-branes
Demotivation

Motivation
Interesting configurations:

Solution of the wave equation for NN coordinates

@ Coordinates satisfy the wave equation so:

X(r,0) = % (fi(T +0)+4g'(r— a))

@ Boundary conditions at o = 0 implies:
. 1 .
i S F i
X(r,0) =5 (F(r+ o)+ fi(r - )

@ Boundary condition at o = 7 implies that f/ is 27 periodic
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String boundary conditions and a first glance to D-branes
Demotivation

Motivation
Interesting configurations:

Mode expansion for NN coordinates and quantization

@ The mode expansion can be written as:

) . . ) 1 .
X'(r,0) = Xy + Ved'agT + iv2d/ Z Ea’ne_’”TCOS(na)
n#0
@ Note that there is a term linear ,in T so the net momentum
is not vanishing. In fact p' = —2

0 0 Za/ . 0
@ To quantize we impose the communtation relations:

|:Xi(7', o), PTj(T, 0/)] = inijé(a — o)

[X()_7p+] =—i
@ In terms of oscillators the first commutator translates into:
[Oéina O/n] = an5m+n,O [X(I)vp/} = iﬁ"j
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String boundary conditions and a first glance to D-branes Demotivation

Motivation
Interesting configurations:

States and mass operator for space-filling brane

@ A general state is of the form:

oo 25

TIII ()" 1.5

n=1i=2

@ The mass operator is then:

i

M? = —p? =2ptp —p'p' =

oo 25
1 a0\
= (—1 +ZZnaﬁa'n> = Tt

n=1i=2
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String boundary conditions and a first glance to D-branes Demotivation

Motivation
Interesting configurations:

A single Dp-brane

@ 1 <p<(d—-1)— NN and DD coordinates
@ Remember the notation:
e Dp tangential coordinates:

X0 x" . xP = NN — X'™(7,0)|g—0 = X"™(7,0)|g—r = O
e Dp normal coordinates:

xPH1 xP2 . x9 = DD — X3(7,0)|g—0 = X3(T,0)|gr = X2
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String boundary conditions and a first glance to D-branes
Demotivation

Motivation
Interesting configurations:

Solution of the wave equation for DD coordinates

@ Solution of the wave equation for the DD coordinates is
slightly different than for NN coordinates

@ Coordinates satisfy the wave equation so:

X2(r.0) = 3 ((r +0) + G°(r )

@ Boundary conditions at o = 0 implies:
Xé(r,0) = X + % (fA(t +0)— (1 — o))

@ Boundary condition at ¢ = = implies that the function f is
27 periodic
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String boundary conditions and a first glance to D-branes
Demotivation

Motivation
Interesting configurations:

Mode expansion for DD coordinates and quantization

@ The mode expansion can be written as:

_ 1 N
X3(7,0) =X+ V2> —age " sin(no)
n#0

@ Note that the term linear in 7 present for NN coordinates is
now missing — No net time-averaged momentum, no
zero mode

@ To quantize we impose the communtation relations:
{Xa(T, ), PP(r, 0'/)] = i6%5(c — o)
@ In terms of oscillators this means:

[aﬁ;, ag} = M®5mino =0, mn#0
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String boundary conditions and a first glance to D-branes Demotivation

Motivation
Interesting configurations:

States and mass operator for a Dp-brane

@ A general state is of the form:

co p ] . 00 d ma .
it |11 11 ()]s
n=1i=2 m=1 a=p+1
@ The mass operator is then:
M2 = —p? —2ptp~ — pip =

co P o 00 d
:é —1+ZZnaﬁajv+Z Z maZl a2, :i(NL—U

n=1i=2 m=1 a=p+1
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String boundary conditions and a first glance to D-branes
Demotivation

Motivation
Interesting configurations:

Ground states and first excited states

@ The ground states |p*, B) have a mass M? = =}
e Tachyons
e Lorentz scalars
@ First excited states can be either tangent or normal to the
brane: _
o Tangent: &/ [p™,p) i=2,...p
@ p-1 massless states
@ Lorentz vector
@ Photons— a Dp-brane has a Maxwell field living on its world
volume
o Normal: &' |p*,B) a=p+1,...d
@ d-p massless states

@ scalars — a Dp-brane has a massless scalar field for each
normal direction
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String boundary conditions and a first glance to D-branes
Demotivation

Motivation
Interesting configurations:

Parallel Dp-branes

@ Different sectors, depending on which brane the string
begins/ends. Chan-Paton indices [ij]

x;

1§

/ e e ._}
[22]
11 ]
//21]
2//

X

brare 1 brane 2
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String boundary conditions and a first glance to D-branes
Demotivation

Motivation
Interesting configurations:

Mode expansion and Mass of stretched strings

@ Mode expansion for the normal coordinates picks and extra
term:

_ _ _ 1 inr
Xa(1,0) =X+ (X5 — x{")g + V2o E Eaﬁef””sm(na)
T
n#0

@ Mass operator picks up an extra term accordingly:
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String boundary conditions and a first glance to D-branes
Demotivation

Motivation
Interesting configurations:

Sectors and states

@ The vaccum state of sector [ij] is |p™, B; [{j]). It can be
excited as usual:

© Py [ d .
[HH(a’J) ] T IT ()" o Bili)

n=1i=2 m=1 a=p+1

@ Excitations do not mix different sectors, so there is no need
to label the operators
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String boundary conditions and a first glance to D-branes
Demotivation

Motivation
Interesting configurations:

Ground state of the [12] sector

@ Where do the fields in a mixed sector live?
@ The ground state |p™, p; [if]) is now massive:

M2 _ )_(éa — )_(13 2 _ l
a 2ro! o

@ Depending on the separation of the branes we can have a
massive, massless or tachyonic scalar field
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String boundary conditions and a first glance to D-branes
Demotivation

Motivation
Interesting configurations:

First excited states in the [12] sector

@ First excited states can be either normal or tangent to the
branes B
o Normal: & |p*,p;[12]) a=p+1,..,d

za_za\ 2
@ have mass M? = (X2 a )

2mwal

@ d-p massive states
o Tangent: &' |p*,5;[12]) i=2,...p
@ have mass M? = ()_(5;3‘3)2
@ p-1 massive states — massive gauge field? Almost...
@ These (p-1) states are not enough degrees of freedom to
represent a massive gauge field
@ One of the scalar states joins the (p-1) set and this new set
transform as a massive gauge field
> (% - xPail ", p: [12])

a
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String boundary conditions and a first glance to D-branes
Demotivation
Motivation
Interesting configurations:

Yang-Mill theories

@ If the two D-branes overlap the mass of all the first excited
states vanishes and we are left with the same field content
as in the case of a single Dp-brane: a massless gauge
field and (d-p) massless scalar.

@ Considering all sectors we have:

@ 4(d — p) massless scalars
e Four massless gauge fields=—- U(2) Yang-Mills theory

Miguel Garcia Cutillas D-branes



String boundary conditions and a first glance to D-branes

Demotivation
Motivation
Interesting configurations:

@ In general N coincident D-branes carry U(N) massles
gauge fields — AdS/CFT (Next talk)

@ Can visualize interactions:

k

[ij] + Ljk] = [ik]
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T-duality for open strings Recap T-duality for closed strings
T-duality in the presence of open strings

Recap T-duality for closed strings

@ When a spatial dimension is compactified TWO interesting
things happen:
e The momentum gets quantized: p = 3
o A new form of momentum (which is also quantized)
appears: the winding w = 2
@ Mode expansion for a compactified coordinate:
, , o e—inT
X(1,0) = Xo+a' pr+a’wo+i > Z
n#0
@ There is an extra term and so the quantum theory will have
an extra operator, the winding: w.

@ This operator will also contribute to the mass square
w  mPR? 2
R a7 T
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T-duality for open strings Recap T-duality for closed strings
T-duality in the presence of open strings

T-duality in the presence of open strings

@ When a spatial dimension is compactified ONE interesting
thing happens:
e Momentum gets quantized: p = 5
@ T-duality is a good symmetry only if branes transform

/
(D25; R) = <D24; R = ‘;)

@ The brane has changed dimesion as a consequence:
e Nontrivial winding states appear

@ There is no momentum
y
N VAN
Vi [ 7R
A)Ett—brane
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T-duality for open strings Recap T-duality for closed strings
T-duality in the presence of open strings

Left/right movers and dual coordinate

@ For an NN coordinate:
, 1 ;
X(1,0) = X0 + V2dlapT + iV2a/ Z Bozncos noe "
n#0

@ Right and left movers:

- . 1 o
° X, =3(x0+Qq)+ /S ao(r+0)+sV2 Z Eane_’me_’""

n#0

° XoquJr /o 040 + \/72 ae’”T inoc

n#0

@ Guided by closed string T-duality we define the dual
coordinate X(7,0) = X.(7 + o) — Xg(T — 0)
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T-duality for open strings Recap T-duality for closed strings

T-duality in the presence of open strings

- 1 o
o X(7,0) = qo + v2d/ago + V22 Y Eane"’”sm no

n#£0
@ This is just the mode expansion of a DD coordinate since:

V2o ag = M
T

° [5((7',0),75(7', o) =ié(0c —o’) provided
[X(7,0),P(1,0")] = id(c — o)
@ X(r,7) — X(7,0) = V2d'apgr = 27d/p = ZW%H =2rRn
@ Note that the duality interchanges boundary conditions:
0 I, X =X|(1+0)— Xi(r —0) =0, X
0 0. X=X/(1+0)+Xo(T —0) =0, X
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String endpoints coupling to D-branes
Dual description of a Dp-brane with E field

Gauge theories confined to D-branes Dual description of a Dp-brane with B field

Interacting Lagrangian and boundary conditions

@ The Maxwell field that lives on a brane couples to the
string’s endpoints like if they were point charges:

axm

S= Sya+ / o An(X) %~ / dTAm(X |

@ We consider only field configurations such that Fp, is

constant, thus: 1

An(X) = EanXm
@ Boundary conditions are:
P+ Fmnd- X" =0 c=0,7
O Xm — 270 Fron0: X" =0  o=0,7
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String endpoints coupling to D-branes
Dual description of a Dp-brane with E field
Dual description of a Dp-brane with B field

Gauge theories confined to D-branes

Dual description of a Dp-brane with E field

Scenario 1 Scenario 2

x1,x"2,...x"(p-2)

N
@ Boundary conditions:

15552 s X0 5 X\ /1 o0 5 X7
112 -\ X t\x )" \0 1)\ x
1-¢g2

£ =2rd'E

@ We can make a boost to express the boundary conditions in the sytem where the
D(p — 1)-brane is moving:

(%)= (6 5w (%)
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String endpoints coupling to D-branes

) Dual description of a Dp-brane with E field
Gauge theories confined to D-branes Dual description of a Dp-brane with B field

Dual description of a Dp-brane with E field

@ Using the duality relations we obtain:

2
0 (X _ (L7 m), (X
TAx) |2 12U\ X

-2 1-p2

@ Boundary conditions match those of Scenario 1 provided
we identify £ and 8 = € =27d/E = f3

@ Since the brane can not move faster than light the E field is
bounded: E < 5= =T

1
2mal T
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String endpoints coupling to D-branes
Dual description of a Dp-brane with E field
Dual description of a Dp-brane with B field

Gauge theories confined to D-branes

Dual description of a Dp-brane with B field

Scenario 1 Scenario 2

11,x"2,...,x"(p-1)

@ Boundary conditions:

5 1—82
F) )f _ [ 182
TAX —28

1482

DI

@ We can make a rotation to express the boundary conditions in the sytem where the
D(p — 1)-brane is not tilted:
X2

()= )re ()

ia Cutillas D-branes
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String endpoints coupling to D-branes
Dual description of a Dp-brane with E field

Gauge theories confined to D-branes Dual description of a Dp-brane with B field

Dual description of a Dp-brane with B field

@ Using the duality relations we obtain:
o, (X 2\ [cos2a —sin2a 0 (X 2
t\Xx3) " \sin2a cos2a ) " \ X3

@ Boundary conditions match those of Scenario 1 provided
we identify —B and tana = B = 27a/B = —tan «

@ A zero magnetic field produces no rotation, an infinite
magnetic field is required to rotate the D-brane by ninety
degrees
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Non-linear electrodynamics
Dirac-Born-Infeld Lagrangian

The Dirac-Born-Infeld action

Non-linear electrodynamics

@ Relation (E, B) ~ (D, H)
@ Maxwell theory allows arbitrary large E fields
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Non-linear electrodynamics
Dirac-Born-Infeld Lagrangian

The Dirac-Born-Infeld action

Dirac-Born-Infeld Lagrangian

@ Dirac-Born-Infeld Lagrangian:

L= —bz\/—det (n,w - LFW) + b?

@ Gauge and Lorentz invariant but also:

e Reduces to Maxwell Lagrangian for small E and B
e E is bounded when B=10
o Yields finite electrostatic self-energy:
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Non-linear electrodynamics
Dirac-Born-Infeld Lagrangian
The Dirac-Born-Infeld action
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Non-linear electrodynamics

Dirac-Born-Infeld Lagrangian

The Dirac-Born-Infeld action

THANK YOU
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