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branes

string theory - not only a theory of strings

@ basic objects

coordinate fields X*(o, 7) with world-sheet coordinates o, 7 J

o closed strings ¢ € [0,27) with X*(o,7) = X*(0 + 2w, T)
e open strings o € [0, 7]
@ e.o.m. for the open string features 2 possible constraints

o Dirichlet boundary condition oXF=0,atoc=0,7
e Neumann boundary condition 0, X* =0, ato=0,7

string theory - also a theory of "dynamical" branes? )
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branes

general properties of branes

@ quantizing the open string yields

o scalar fields ¢; (transverse fluctuations of the brane)

e gauge field A, on the brane

1 1

@ tension Tp ~ F?:

e non-perturbative objects

Do D-branes exist in any dimension? )

@ depends on the string theory you look at

e no Dp-branes in heterotic string theory
do exist in type |

Dp-branes with p even in type IIA
Dp-branes with p odd in type IIB
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Excursion |: Maxwell theory

o electrically charged point particle under a gauge field A

qdeGTX“(T)A#(X(T)) = qJ A

3o

o electrically charged string under Kalb-Ramond field B

qf B>
N

o electrically charged p-brane under p + 1-form Cpi1

q J Cp+1
Xp
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Excursion |: Maxwell theory

o field strength F» and dual field strength F,

F2 = C/Al s *FQ = :;"_2 = C/Al

@ Bianchi identity (Maxwell's equations)

C/FQZO, d*FQZJ
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brane charges

Are D-branes electrically charged? |

q f Cp+1
Xp

e Ramond-Ramond flux Gpi2 = dCpi1

@ D-brane

lower dimensional D-branes electrically charged under
Ramond-Ramond flux G J

@ dual Ramond-Ramond field strength

*Gp = Gp_p=dCp_p1
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branes

brane charges

Are D-branes electrically charged? |

q f Cp+1
Xp

e Ramond-Ramond flux Gpi2 = dCpi1

@ D-brane

lower dimensional D-branes electrically charged under
Ramond-Ramond flux G J

@ dual Ramond-Ramond field strength
*Gp=Gpp=dCp p1
@ higher dimensional D-branes magnetically charged

af &Dfpfl
3Xp_p-2
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low-energy effective description

@ p-brane solution

1 1
2 _ 77232 2 ]2
ds® = 2, dsH + Z5dsT
° ds‘z| Minkowski spacetime along the brane
o ds? flat Euclidean space transverse to the brane with radius r
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branes

low-energy effective description

@ p-brane solution

_1 1
ds® = Z, 2ds| + Z3 ds?
° ds‘z| Minkowski spacetime along the brane

o ds? flat Euclidean space transverse to the brane with radius r
e warp factor completely determines the p-brane solution

q
Zp(r) =1+ 2,

for p <6
@ @p a constant related to the tension of the p-brane
@ corresponding Bianchi identity
dG = q d(x1)

e p-brane localized by § in D — p — 1 directions
e typically boils down to a Poisson equation

Ap_p1Z, = 8P=P=V(r)
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The NS5-branes

Which object is magnetically charged under the H-flux? )

@ magnetic counterpart of the fundamental string
@ counting: By —» H; — H; — Bg — 5-brane

@ codimension 4 brane

ds? = dsg + fy d87 , Hmnp = —/|&4€amnpgg™ - Infy , €7 = fy
a2 2 2 2 2 q
where ds; = Z (dx™* s = Z (x™2, fy=-e OH 4 >
m=1...4 m=1...4 4
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The NS5-branes

Which object is magnetically charged under the H-flux? )

@ magnetic counterpart of the fundamental string
@ counting: By —» H; — H; — Bg — 5-brane

@ codimension 4 brane

ds? = dsg + fy A8 , Hmnp = —/|84l€amnpgg” 0r In iy, €*° = fy
a2 2 2 2 2 q
where ds; = Z (dx™* s = Z (x™2, fy=-e OH 4 >
m=1...4 m=1...4 4

@ sources H-flux
.
Hmnp = _64mnpq5q Orfy
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branes related by stringy dualities

Are there more branes related by string dualities? J
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Smearing/T-dualizing p-brane solutions
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Smearing/T-dualizing p-brane solutions

@ p-brane solution
ds®> = Z, %dsﬁ + Z,,% ds?
@ Smearing relates proper warp factors
Zp+1(rp—p-1) ~ de Zp(rp—p-1) rL27—p—1 = x* + rE)—p—z

e x a direction transverse to the p-brane
e new isometry direction for the smeared p-brane

André Betz Max-Planck-Institute for Physics Munich

Smearing NS-branes
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Smearing/T-dualizing p-brane solutions

@ p-brane solution
_1 1
ds? = Z, 2dsf + ZZds?
@ Smearing relates proper warp factors

Zpi1(rp—p—1) ~ de Zp(rp—p-1) » rgfpfl = x>+ f%fpfz

e x a direction transverse to the p-brane
e new isometry direction for the smeared p-brane

@ Buscher rules (radial inversion) take care of the correct powers
of the warp factor in the metric

Zy(r) — Zp(r)~1, T-duality transverse to the brane
Zp(r)™t — Z,(r) , T-duality along the brane
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T-duality chain of NS-branes

NS5—brane
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Hassler, Liist '13
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@ a solution to pure 5d general relativity

@ codimension 3 brane
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The KK-monopole

@ a solution to pure 5d general relativity

@ codimension 3 brane

ds? = dsg + fx d33 + f, o (dx + ady)? , Hppp =0, €29 =1
20 _ 9K

where d82 = dp? + p2de? + psinp dy? , fx = e y

o twisted by a connection a

@ sources the geometric flux

_3
fxeoy = fK Zapr
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The Q-branes

@ one of the many branes first found by string dualities
@ codimension 2 brane
@ non-geometric vacua of standard supergravity
e metric g and b-field b no longer well-defined
@ geometric vacua of S-supergravity

d8? = ds? + fo d&3 + f M (dx® + dy?) , B %0, ¥ = f5?

where d§22 = dp? + p?dy? fq = e e _ qqlnp
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NS-branes

The Q-branes

@ one of the many branes first found by string dualities
@ codimension 2 brane

@ non-geometric vacua of standard supergravity
e metric g and b-field b no longer well-defined

@ geometric vacua of S-supergravity

d8? = ds? + fo d&3 + f M (dx® + dy?) , B %0, ¥ = f5?

where d83 = dp? + p?dp? , fg = e 200 _ qglnp
@ sources non-geometric Q-flux
_3
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Excursion |I: S-supergravity

@ no non-geometric flux present in standard supergravity
Lxsns = ¢ 2/ lel (Rlg) +4(09)° — 3H°)

o with geometric NS-fluxes f?pc, Hapc
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NS-branes

Excursion |I: S-supergravity

@ no non-geometric flux present in standard supergravity
Lxsns = ¢ 2/ lel (Rlg) +4(09)° — 3H°)

o with geometric NS-fluxes f?pc, Hapc

How do we make non-geometric fluxes appear?

field redefinition (gmn, bmns @) < (&mn, 8™, B)

@ [-supergravity (rewriting £xsNg)
Ly = e (R(8)+4(06)*+4(87 0p6—T°)*+Rq—3R* P canap—3 R°)
o with non-geometric NS-fluxes Q,%¢, Rab¢
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Bianchi identities

NSNS Bianchi identities without sources

@ Bianchi identity for H-flux in standard supergravity

DA =2e?(d—HA)(e®A), D?*=0< d>=0anddH =0

André Betz Max-Planck-Institute for Physics Munich

Smearing NS-branes



Bianchi identities

NSNS Bianchi identities without sources

@ Bianchi identity for H-flux in standard supergravity
DA =2e?(d—HA)(e®A), D?*=0< d>=0anddH =0
@ Bianchi identities for Q- and R-flux in 3-supergravity

DA = 2e‘$(d — V1, 4+ T v +Rv)(e?A),
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Bianchi identities

NSNS Bianchi identities without sources

@ Bianchi identity for H-flux in standard supergravity
DA =2e?(d—HA)(e®A), D?*=0< d>=0anddH =0

@ Bianchi identities for Q- and R-flux in 3-supergravity

DA = 2e‘$(d — V1, 4+ T v +Rv)(e?A),

Opf?cd) — FPe[pfCcd) = 0

a[an]de*Bg[dagfe f**diefg f+2Q dfe flg =0
0,ReEM — 3p9180,4Q,M + 3RIERFT,; — 3Q,9l8 Q4M = 0
5g[d6gRabc] + %Rg[danbc] =0

Blumenhagen, Deser, Plauschinn & Rennecke '12

D?=0 <
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Bianchi identities

sourced corrected Bianchi identities for NS-branes

@ smearing warp factors and Poisson equations

g

fy = const + r%
4
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Bianchi identities

sourced corrected Bianchi identities for NS-branes

@ smearing warp factors and Poisson equations

fy = const +

[ e

fx = const +

g
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Bianchi identities

sourced corrected Bianchi identities for NS-branes

@ smearing warp factors and Poisson equations
fy = const + r%

4

fx = const + % f
fo=const —2qminnr
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Bianchi identities

sourced corrected Bianchi identities for NS-branes

@ smearing warp factors and Poisson equations

fy = const + r%
4
_ qm
fx = const + T f
fo=const —2qminnr

fr = const — 2q7?|n |
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Bianchi identities

sourced corrected Bianchi identities for NS-branes

@ smearing warp factors and Poisson equations

fy = const + r%
4
_ qr .
fx = const + s | f Aif=c 5(1)(,,[)
fo=const —2qminnr

fr = const — 2q7?|n |
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Bianchi identities

sourced corrected Bianchi identities for NS-branes

@ smearing warp factors and Poisson equations

fy = const + r%
4

- qr ,
fx = const + s | f — Af=c 5(1)(,,[)
fo=const —2qminnr
fr = const — 2q7?|n |

@ source corrected Bianchi identities
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Bianchi identities

sourced corrected Bianchi identities for NS-branes

@ smearing warp factors and Poisson equations

fy = const + r%
4

— qar ,
fK const + s l f — Aif: c 5(1)(,,[)
fo=const —2qminnr
fr = const — 2q7?|n |
@ source corrected Bianchi identities
o NSb5-brane

a[aHbcd] - %fe[abHcd]e = % 64Labcd§(4)(r4)
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Bianchi identities

sourced corrected Bianchi identities for NS-branes

@ smearing warp factors and Poisson equations

fy = const + r%
4

- qr ,
fx = const + s | f — Af=c 5(1)(,,[)
fo=const —2qminnr
fr = const — 2q7?|n |

@ source corrected Bianchi identities
o NSb5-brane

a[aHbcd] - %fe[abHcd]e = % 64Labcd§(4)(r4)
e KK-monopole

O ed) — FPeipf *ca = & €31bea €1/1763)(r3)

Villadoro & Zwirner '07
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Bianchi identities

sourced corrected Bianchi identities for NS-branes

@ smearing warp factors and Poisson equations

fy = const + r%
4

- qr ,
fx = const + s | f — Af=c 5(1)(,,[)
fo=const —2qminnr
fr = const — 2q7?|n |

@ source corrected Bianchi identities
o NSb5-brane

a[aHbcd] - %fe[abHcd]e = % 64Labcd§(4)(r4)
e KK-monopole
O ed) — FPeipf *ca = & €31bea €1/1763)(r3)
° Q—brane Villadoro & Zwirner '07
012 Q) =810 F Ny~ 5 Qe 8 ap +2QUE1bY 11y = F €210 219617 ()
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Bianchi identities

Thank you!

André Betz Max-Planck-Insti

Smearing NS-br:
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