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Introduction



Low codim branes (1)

» Branes: important for nonpertubative physics

» Low codim (< 2) branes:
Less studied

Non-standard features
Codim 2 = destroys asymptotics

Codim | = spacetime ends at finite distance

Peculiar, but all the more interesting!



Low codim branes (2)

Why interesting?
F-theory

Exotic, non-geometric in general 53, 75, 13, ...
[de Boer+Shigemori’10,’12]

codim 2 brane

_ 2 U-duality monodromy

/ 0 Metric not single-valued
O Naturally lives in DFT/EFT



Low codim branes (3)

» Can be created out of ordinary branes

spontaneously
polarize

oo — % 55
Dé D2 “supertube
transition”

» More common than previously thought

» Relevance for black hole physics

- Cf. Fuzzball proposal,
Microstate geometry program



Multi-center solutions

”A on T6 — T425 X T627 X T829

- System of (D6,D4,D2,D0) =T

> Multi-center solution C:’Oddpg':
I I3 l
O ® r
a, I, a; H(x)=h+z| P |
[ ) X—Aa
R3 3 7 : ’

= Paradigm for BH physics
» Split attractor flow, wall crossing, quiver QM...
» Microstate geometry program



Codim-2 solutions

D2(45) + D2(67) — NS5(14567)
D6(456789) + D2(89) — 52(14567,89)

o o
: -
R34 Ri23

H(x) : includes codim-2 source.
multi-valued.

If‘> New solutions!

Various applications
New microstates (MGP)



Goal:

Demonstrate that these codim-2
solutions exist by presenting some
simple but explicit examples

: ’
3 —
IR123 A

We will see monodromy structure
characteristic of codim-2 branes



4D/5D Solutions



Setup

» M-theory on T®°

\ 4

» D = 5,N =1 sugra with 2 vector multiplets
gauge fields: Al , 1 =1,2,3. F! =dA".

scalars: X!, X1X?Xx3 =1
» Action

Sbos = J(*SR — QuadX' Axs dX' — Q F' Axg F/
—=CpF' ANFT A AK)

CI]K — |EI]K| ' QI] — %dlag(l/Xl, 1/X2,1/X3)



° [Gutowski-Reall ’04] [Bena-Warner ’04]
BPS solutions (e o

» Require susy

» Assume U(1) symmetry

"

Solution specified by harmonic functions in R3:
4 R
H=(V,K,L,M), 1=123

[y
AH=0 = H=h+2
|x—ap|
p

Bates-Denef/Gutowski-Gauntlett/Bena-Warner solution, or

“4D/5D solution”




Multi-center solution

Fl F3
o o
a1 FZ a3
3 .a
R723 g

K!' & D4(6789) L, « D2(45)
V < D6(456789) K% & D4(4589) L, & D2(67) M < DO
K3 & D4(4567) L; « D2(89)



Integrability cond.

» Positions a,, satisfy “integrability cond”

r,,T _
Z L. Lo) = (h,I'p) apq = |2, — 3y

a
q9(#p) P
» Represents force balance

» Comes from integrability for w

1
0=VAM = MAV + 7 (K'AL;— LiAKY)



10D IIA fields

2 _
dSlO,str -

NG (dt +w)? +/V(Z — V) da'da’

Z — Vu?
% a (Zfldx?m -+ Z{ldﬁ? + Z;ldxgg)

2P (Z — Vuz)g/z
e

= a0 B= (V'K = Z ') I,
AWAVAYA Ji=de* Ndx®, Sy, =da® Adx', T3 = da® A da?
1 —1ypJ 17K
ZIZLI—|—§C]JKV KK
1 1
Hn = M -+ EV_lKILI + EOIJKV_ZKIKJKK

1
# dw = VM — MdV + (K'dL; — LidK")



Torus moduli

Complexified Kihler moduli for Tj:

Tl = B45 1r l\/det Gab
K1 JV(Z — V2 wh=
( M)_I_l (Z —Vp?) R, = R: = I

vz 7.V

v

TP 2 -3 2 2
We likewise have 74,77 for T¢&,, Tgq

Related to SL(2,7Z)3 duality of STU model



Example: 4-charge BH

» Susy BH in 4D (4 supercharges)

- 0

D6(456789) . N° Kl —

D2(45) r

D2(67) N;
Li=1+— M=0

D2(89) r= AT

» Single-center

» Macroscopic entropy: S ~ /NON; N, N,

16



Microstate geometry program

What portion of the BH entropy
of supersymmetric BHs is accounted for
by smooth, horizonless solutions of classical sugra?

T e
® o O
R3
BH smooth multi-center solution

» 4D/5D solution: paradigm for MGP

» Not enough microstates found so far



Supertube transition



Supertube transition weewommsnmuon

DO + F1(9) ==) D2(19)

. |
polarize 4 D.Z (49)
dipole charge

»  F1(9) [iDO j1>
| A
x8 :

- —

» Spontaneous polarization phenomenon

. cf. Myers effect
» Produces new dipole charge (ct-My )

» Cross section = arbitrary curve



F1-P frame
F1(9) + P(9) F1(4)

polarize

x? / .
FI(9) ‘P wiggly
| FI

xt 7 / >S4

» To carry momentum,
FI must wiggle in transverse R®

» Projection onto transverse R® is an arbitrary curve

20



Dualizing supertubes

Original supertube effect:

DO + F1(9) — D2(19)

dualize! @

F1(9) + P(9) = F1(19)
L D2(45) 4+ D2(67) — NS5(14567) J

D6(456789) + D2(45) — 55(16789,45)

» Constituents of 4-chg BH!

» Need to incorporate codim-2 objects in 4D/5D sol'n



Sol’'n with codim-2 centers

5 B

22



3 4 5 6 7 8 9
O O 0O 0O 0o ~ =~

To1T+1

T = Bgg + i /det Gy

T-duality along x8

\/
2 3 4 5 6 7 8 9
O O O O O (» =~
T-duality along x°
v T
T -
2 -7+ 1

23



Codim-2 solutions

(1)



Straight contfig (1)

p2(45) NS5(14567)

et T S T

—_—

A

V=1, K'=K?=0, K3=q6

Ly =1+Qlog>, L, =1+Qlog>, Ly=1 M=—-qf

25



Straight config (2)

L, =1+ Ql,zlog; : D2 source along x> axis ng

K? =g :monodromy around x3 axis

0
= By=--dx’Adx’ = NS5(34567) charge

» Metric is single-valued (no exotic brane, NS5 only)

4D modulus:

o SL(2,7)
3 = Bgg + i/det Ggp = — 3 5 73 ’
‘ 89 T A€t bap = o7 w2+l honodromy

26



D2+D2-NSS (1)

NS5 along general curve:
D2(45) o x = F(4)

D2(67) ® -) @ NS5(14567)

—

A

V=1 K" =0, Li=1+2, L,=1+%2 L;=1, M=0
r r 3

’ V=1, K'=0, K?=0, K3=vy
Li=fs L=f Lz3=1, M=_%

Qi (L dA L@ (L[FW[an

L 70 |x=F(Q)|’ fa=1+ L fo |x—F(A)|
- & L Fi(/l)d/l

a; =, x—F(D)|

fi=1+

dy = *3da,

27



D2+D2-NS5 (2)

V=1, K1=O, K2=0, K3=y
L1=f2: L2=f1: Ly =1, M=—§

» Obtained by dualizing known supertube solution
E.g. [Emparan+Mateos+Townsend ’01]

@:} Yy — Y + const.

» Integrability condition satisfied

» ¥ multi-valued

1
VAM = MAV + 5 (K'ALp = LIAK') = = Ay =0

no 0 func sourse

28



D2+D2-NS5 (3)

» 10D metric is single-valued
Zy=1fy Z;=f1, Z3=1 u=90

dsiy = —(fufa) "2(dt — @)® + (fofo)/2da’ da’
+ (f1/f2)Pdais + (fo 1) Pdagy + (fifo)Pdad,

Asymptotically RY3 x T©
» Torus moduli

lei\/g, T2=l'\/%; T3=V+i\/f1f2
2 1

)

?—>1°+1 > NS5 charge

29



D6+D2- 55 (1)

D6(456789) o x = F(4)

D2(89) ® -) @ 52 (14567,89)
A

V=Ff K=y, K?°=y, K3=0
L1:1, L2=1, L3=f1, M=O

30



D6+D2- 55 (2)

» |0OD metric: multi-valued

2
Zy=7Z,=1, Z3=fiF, pu=fly F_1+L
f1f2
dsi, = —(f1fo) V2 (dt — @)2+(f1f2)1/2d35id$-+(f1/f2)1/2 (dxi.s,ﬁ?‘i‘fl_lF_ldxgE%)
2 = fIP P By = — ff dz® A da®,

» Asymptotically RY3 x T® @i)

» Non-geometric

31



D6+D2- 55 (3)

» Torus moduli
hi2F " JfifoF

T3 = ng + l\/det Gab =

T-dual modulus:



Summary so far

» Codim-2 solutions exist

» Constituents of BH systems

D6(456789) o

D2(45) /> can polarize into NS5
D2(67) ) L
D2(89) ; can polarize into 55

—> must be important for BH physics

33



Codim-2 solutions

(2)



More general solutions?

» Need to find harmonic functions such that...

01 Give desired monodromy for moduli

- (Kl u) . iV (Z —Vu?)

aA 7.V

etc.

0 Give single/multi-valued metric as necessary

O Satisfies integrability condition
1
0=VAM - MAV + 2 (K'AL; — LiAK)

» Difficult in general

35



2-dipole solution

D2(45) D2(67)
o o

NS5(14589)*  NS5(16789)

D2(89)



D2+D2+D2-NS5+NS5 (1)

*=h ) x = Fy(22)
NS55(46789) NS5(14589)
V=1, K=y, K?:=vy, K3=0,
~ di ~ dA;
Li=1+0Q; R—l, L, =1+ 0Q, R_2
LRI AR
Ly =1+0, R, 2 R,

2R1R;  Fi2RiRy(Fip + Ry +Ry)

_1 €ijkF1ziR1jRak 1 ,..,9 2
M = 2 QlQZ ff d/‘lldlz Fy5R1R,(Fi2+R1+R5) 2 (K Ll + K LZ)

F,-F, FyF,;(R{;Ry; — RyiRy;
+Q1Q2J d/lld/lz( 1 F2 Fu 2]( 1ilX2;j 1j 21))—1(1](2

R,(1,) =x—F,(4,), Fi; =F1(4) —F,(1y), R, = |R,|, Fiz = |Fy12|
37



D2+D2+D2-NS5+NS5 (2)

A A
V=1, K'=vy, K*=y,, K>=0, L1—1+Q1fd1 112—1‘|‘Q2fd2

|F1|2dA4 |F2|2dA, <F1-F2 FliFZj(RliRZj_leRZi)) 11,2
L; =1 — dA,dA = — KK
3 =1+ Q=4 G T 4 00 [ dhidd (5 = 5 e

_1 €ijkF12iR1jR2k 1.9 2
M =-0,0Q; Jf dA,d2, FiaRiRy(FigtRitRy) 2 (K°Ly + K°L;)

» Obtained by smearing and dualizing “superthread” solution
[Niehoff+Vasilakis+Warner ’12]

» L3, M are multi-valued but harmonic by non-trivial cancellations

» Z3, U are single-valued - metric is single-valued
Tt 512+ 1

» Correct monodromy for NS5 CJ\% C_?D

1ol 41
38



3-dipole solution

NS5(14567)
D2(45) “‘ .............. .:. D2(67)

NS5(14589)* . NS5(16789)

D2(89)

» Can be found, but more complicated and implicit

39



More dipoles

D6(456789) 52(14567,89)

52(16789, 45) 52(/14589 67)

D2(45) . ............. -: ........... .. D2(67)

NSS(/14589) ' NSS(/16789)

"o NSS(/'14567)
D2(89)

» Represents microstates of 4-charge BH

» Difficult to find...not successful so far

40



Mixed configurations



Codim-2 & codim-3

x=F(1)

I
o
o L Nss(a4567)

V =1y +—
Kkt k* k3
K'=kij+—, K*=ki+—, K =kj+y+—
0 rl 0T l 0 Vl n
Li=04f+=, Ly=l+fi+=, Ly=13+=
1 1 f2 r 2 2 fl r 3 3 r
y m

M:mo__‘l‘_

42



Integrability condition

1 1Q [*  KFOW)|? + k2
a 0= — G Y L o R—— dA

(b) O:n+l3,

2

[F(A)]

1

(c) 0=Fki+ Ol

+ |[F(\)|? (ké + ) for each value of \.

(a): total force from tube to the r = 0 brane is 0

—> Easy to satisfy

(c): force by the r = 0 brane on each point along tube is 0

—> Constrain curve F(A)
—> Only 2 components in F(A) are free

43



Conclusions



Conclusions

» 4D/5D solution: a paradigm for BH research
» Only codim-3 solutions studied so far

» Codim-2 solutions also important
Scratched the surface
Interesting dynamics

General solutions!?
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Future directions

» Applications

Split attractor flow, wall crossing, quiver QM

Microstate Geometry Program

» Lower codimension

Superstratum
codim-2 brane
» Connect to DFT/EFT
Brane charge and flux formulation s SS twist

More general non-geometric sol’ns!?

Add your own

46



Thanks!



