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Introduction



Black hole microstates

A

BHs have entropy: Sgy = —

Where are those microstates!?



General microstates

Have the same asymptotic M, Q,] as the BH.

Some states of string theory/quantum gravity.

No horizon or singularity in the sense that the
scattering matrix is unitary.



Microstate geometries

Classical solutions of (super)gravity with the same
asymptotic M, Q, /.

e —

No horizon or singularity.

no horizon,

Many MGs have been constructed. orizon,
no singularity

Some “look like” a BH.

(schematic)



Status of MGs

* We’re restricting ourselves to BPS states

Known MGs are roughly made of two ingredients:
Multi-center solutions

Superstrata



Multi-center solutions

Solutions of 5D sugra
Bound states of branes

Generally, centers are BHs

If centers are “primitive”, represent smooth geometries
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Superstrata

6D sugra

A “graviton gas” on top of multi-center solutions
Coherent excitations of many gravitons
Backreacted geometry

Smooth & horizonless g3

Can have multiple waves with L X
various quantum numbers SR R O

Large entropy




Entropy & AdS/CFT dictionary

We focus on AdS;/CFT, (“DI1-D5 CFT”)
Can put MGs in the AdS/CFT context

The holographic dictionary for basic (2-center) superstrata is known




Bulk Boundary
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Entropy: large but not enough

Sstrata - N5/4 < SBH -~ N3/2

DI-D5-P
D0-D4-D4-D4

Generalizations of 2-center MGs:
(AdS3x53)/Z,, GLMT, JMaRT

“monotone”



Going beyond?

What are “BH states” and their holographic duals?

Cf. “fortuity” phenomenon



CFT side

Graviton states: very special

More general states involve:

AAA A 2

L_%’ a_% ) l/)_% » «++  “fractional modes”

Many such states lift.
(Cf. fortuity)

What is their bulk dual in general?

Relation to BHs?

: Long-standing questions



Modest goals:

There are relatively simple bulk configurations whose
holographic duals are not understood. Let us study those.

branes or strings >3 center solutions,
/} potentially with superstrata

N\ J
This talk
Other direction: internal space
“Themelia”,“super-maze”, “mohawk”

Cf. MSW



(Modest) results:

A “stringy”’ multi-center solution:
Constructed a 3-center solution involving D | -P waves
Matching with worldsheet CFT (FI-P side)

“Effective superstrata”

Effective description of MGs in terms of multi-center
solutions

Reversing the process of resolving a singular solution
into smooth MGs. Avoid having to deal with fine detalil



Multi-center solutions
& DIl waves



Multi-center solutions

» Solutions of 5D sugra
» St fibered over R3

» Bound states of charge centers
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When I are “primitive”, the geometry is smooth and
represents a microstate

Positions 7; must satisfy so-called “bubble equations”

Example

A single center with

[ = (0, (p1; pZ; pg); (0,0,0), qO)

- 4-charge D0-D43 BH with Sgy = 2m/pip?p3q,




D1-D5S sys in terms of multi-ctr solns

We can relate D1-D5 sys (AdS3;xS3xT*) to MCS

[IB/RyXR*X S5 XTgyg9 HA/RXR3XT S 789
D1(y) D2 M2 D2(45)
D5(y6789) Tye; D2 life M2 cptfyy, D2(67)

R* 3
B .
P

Hopf fiber



AdS3;xS3 (vacuum)

DI & D5 puff out into a “KKM supertube”; branes disappear into
geometry with flux

Tye7 lift cptfyy

tube ( ) ( ) ) :;)) (II) l?" O)’ ,,1)’ "l —_ — OCally /2 BFS

_ 2Kk3 ¢ Pure flux

l_‘KKM = (1, (010; _kS); (O)OJO)I O); ¢ —k3 needed for well-behaved 5D geom at oo

* Or conservation of D4 Page charge

=) In MCS language, AdS;XxS3«— 2-center

,,,,,,, AZ
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Ikkm
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3 lKKM tub ° 2m _
R ube tube S q= = a,
> ¢
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Putting a 3rd center

“1/8-BPS giant gravitons”

> Any D1 waves are susy in |IB; )T( =X(), v= % (t+y)

DIl wave ////} T4
/cﬂz y Take a -circle as the profile
]R4
“barber pole”
po Qp

Charges: D1(¥),D1(y), J(¥), P(¥)
21



D1(¥),D1(y),J (), P(¥)

Dualize to IIA
Wave structure (v dep) gets smeared

D2(4589), D2(45), D0, D2(89)

AZ @

3-center solution

113

l—‘tube
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In1p = (0, (0,k5,0), (14,0,15),m), m' =23

Ip1p Wavy profile along y, 1 averaged away

a, b, c determined by bubble egs.

QD(P Can sit anywhere along ¢




The 3-ctr solution

Background:
Ftube = (0,(0,0, k3), (14,15, 0), m)
[kkm = (1, (0,0, —k3), (0,0,0),0)
Now we are adding a probe center
I'p1p = (0,(0,k5,0),(l1,0,13),m") (primed < unprimed)

Backreaction on the background charges:
» D4 Page charge should not change
» Fluxes through the orig S? should not change

Ftube - (O; (0,0, k3)l (ll + kék3; l2) O)) m)
= Tkkm = (1, (0, —k4, —k3), (=kbks, 0,0),0)
p.p = (0, (0,k%,0), (1%, 0,1,),m)




Ftube = (O, (0,0, k3), (ll + kék:g, lz, O), m)
lkkm = (1, (0, —k3, —k3), (—k3k3,0,0), 0)
Ipip = (0,(0,k5,0),(13,0,15),m")

C . lzké — kglg
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Given the probe charges (k5, [1,l3,m', ]J;,]Rr), its location is fixed.

aZ It's more convenient to go to
I 0 coordinates (7, 8) often used in 6D:
KKM
\ » X ~2 ~2 . 2"' . 2
(4 4+ a<)sin“6 = 4r sin“ -
b 2
a [pip #2c0s%0 = 4r cos? 5
c
[tube “Position formula”
ll
<> e L[ T Qalky— )
¢ cos 0=§ 1— ol
Jr + N
: o @ T+ G — ks
r = ? _1 + , Qle
JR + 2 :

This can be reproduced from
worldsheet CFT

25



Worldsheet CFT

DI-D5 S FI1-NS5

Worldsheet CFT as a WZW model
FRR Hé\ISNS

AdS; = SL(2,R)
S3 =SU(2)

Extended this to (AdSs ><S3)/Zp, GLMT, JMaRT using gauged WZW
SL(2, R)XSU(2)xR.XS;

U1 xU(1)g

26
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Classified BPS spectrum of strings
Holog. CFT dual

|/4-BPS strings = |/4-BPS gravitons known -
| /8-BPS gravitons known -
|/8-BPS strings =
BPS stringy excitations unknown D

/

S-dual to DI waves

Given quantum numbers, position fixed
- Exactly reproduces the DI position formula!

More generally can be along y) and ¢
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Comments

Backreaction on background charges is important for
matching with worldsheet CFT

The microscopic control in worldsheet CFT must help us
identify the holographic CFT dual (work in progress...)
(Caveat: orbifold CFT and sugra are far away in moduli
space. Lifting. But see also “moulting”

)
Matching can be generalized to GLMT



Effective superstrata



Motivational words

» Singular BH sol’ns can (often/sometimes) be resolved into MGs

» Explicitly constructing MG solutions is quite demanding
Need to solve PDEs that depend on the base ”{Lé
Nontrivial requirement of regularity (cf. coiffuring) Iy

Explicit solutions known only for specific cases
(such as the “(1,0,n)” superstrata)

» Reverse the philosophy
Replace smooth MGs by “effective geometries”
Avoid having to handle the details of the exact geometry

Accurate for physics at scales much larger than detailed microstructure

30



» Averaging
Typical situation: brane intersection + P

Branes dissolve into fluxes through topological cycles.
Added P localizes away from brane sources, at high freq.

- Average out P waves & replace them
with a singular source

Let’s see how this works.

31



oD equations

» The superstratum in [IB on S1x T* have fields
2

JP

ds? = ——(dv + B) [du+w+§(dv+6)] FVPA(B) P =2y — 72
» The quantities Z;, ©;, w are functions x,,,, v = \/ii (t +y) and satisfy:

D *4 DZl = —@2 N\ dﬁ, @2 = *4@2,
Ist-layer  py, Dz, — —©,AdB, O, =6y, D=d,— B A0,

egs:
D *4 DZ4 = —@4 AN dﬁ, @4 = *4@4.
*41) *4 ((U - lD.F) = (2122 - Zj) + (leg + Zgzl — 2Z4Z4)
2nd-layer 2 i
eqgs: — g ¥4 (©1A By — B4 A By),

(1 + *4)Dw + Fdﬁ = Zlel + Zg("‘)z = 2Z4("')4.

32



Averaging 6D equations

Quantities include v-waves (cos wv, sin wv).
Introduce averaging:
1
(..)= dv ...

2R,

s

d *4 d<Zl> = _<@2> A dﬁ: <@2> = *4<@2>a
ISt-Ia)'er d*4 d<Z2> - _<@1> A d,B, (@1> - *4<@1>, Reduce to
eqgs: zero modes
d*4d(Zs) = —(O4) NdB,  (O4) = x4(6y),

dnd-layer  *ad x4 d(F) = 2AZ1Zy — Z3) + %4(61 A O3 — O4 A By),
eqgs. (]. + *4)d(w> = <Zl(")1 + Zz@g — 224@4> — <f>d,8
RMS on the RHS

33
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In the standard superstratum,

4 @1 = Zz - O, <Z4> - (@2)4) =0

» Z,,03 = df have no v dependence

4

Non-trivial equations:
d*xyd{Zy) = dx4d{Zs) =0,
x4d x4 d(Z3) = (Z7) + %4(O4 N O4),
(1 4+ *4)d(k) = (Z3)O3 — (Z4,0,)

Zy=1-F/2,df =0y, k= L(w+ )



Comparison with 5D eqgs

» Same except that we
6D egs, averaged have extra sources on the
RHS
d *4 d<Z1> =d *4 d<Z2> = 0,

*4d *4 d<Z3> = <ZZ> + *4(@4 AN ("‘)4)

» For the superstratum, the
extra sources are sharply

~

(1 + *4)d(k) = (Z3)O3 — (Z404) I:> peaked for high frequency
and approximated by 6-
5D egs that lead to multi-ctr solns: function
d*sdZy =d*4dZy =0, » The superstratum can

d %4 d7. = effectively be described
Hidea =5 by an extra center in
(1+4)dk = Z30; MCs!

» The extra sources
contribute to P,/
(long distance physics)
35



Check

» Explicit superstratum:

Ak,m,n

Z4 - b4Ry E

COS Uk m n;

k n
a r
Agmn = | ——— ——— ] cos™@ sin*"™4,
o (\/r2+a2) (\/7“2—|—a2)

Vemn = (M + n)ﬂv + (k —m)¢ — myp,
Ry
» Peak of A:
r2=a2E, cos?f = %

This superstratum must effectively be described
by a MCS with a center at this point

36



» In the first half, we did study a wavy probe center in
AdS3;xS3. We did average out v dependence.

» Must serve as an effective description of the superstratum

Position formula:

cos2t§—l 1—J2_Q2(ké_ﬁ) f2—a’_% —1+J1’1+ 212;31_k3l§
2 J o4 @l ’ 9 7 4 @
R+ 2 R—|—_12

Cpip = (0, (0, k5, 0), (11, 0, 1), m")

37



cos? 6 =

DN | =

T+ :

[p1p = (0, (0, k3, 0), (13,0,13),m")
» Superstratum:

Only P(n),J (V) = ky =17 =0
Microstates L",(J5)™|[¢), =» ls=n+m. m'=J,=m—_,

~ 1 @2-0—2(m—k/2) m

25 _ + —

= o8 0= o+ o) »
. m' — [ _oN
7 = 4m(—1+ T 3)=a2E.

» Agree on the nose!

» Confirms validity of “effective superstratum”

38
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Comments

In this case, the MCS is primitive
(microstate © microstate)

Can also consider reduction to non-primitive MCS
Shockwaves

Readily generalized to superstrata on 23 centers

Applicable to v dependent base (zeroth layer)?

39



Conclusions



Concluding remarks

» BH microstates
Going beyond known microstate geometries!?
Graviton states, string states, BH states, and what not
» 3-center solution with DI waves
Interesting configuration from micro viewpoint
Matching with worldsheet results
Holographic dual?
» Effective superstrata

Reverse of resolving singular geom into smooth MG

Can avoid having to handle details of exact MG solution
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