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Schwarzschild black holes and fundamental strings

Schwarzschild Black Hole with mass M
g >1

Black hole entropy

SeH
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Schwarzschild black holes and fundamental strings
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Schwarzschild black holes and fundamental strings

Schwarzschild Black Hole with mass M

Closed strings with mass M ~ /N Ms
g >1
Black hole entropy

SeH

Microscopic Entropy
5Micro
If Ag adiabatic
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Schwarzschild black holes and fundamental strings

Schwarzschild Black Hole with mass M

g >1

Closed strings with mass M ~ /N M
Black hole entropy

SeH

Microscopic Entropy
5Micro
If Ag adiabatic

5BH ~ SMicro
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. rHN(MMP)DL_3 /P,\,(g2%s)DL_3 ls, < <r)N\/%ISN\/SMiCro/sa
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The Correspondence [Susskind. Horowitz+Polchinski, Damour+Veneziano...]
e Change the string coupling g while keeping the entropy S fixed.

e The black hole and free string descriptions change when the curvature at the
horizon of the black hole becomes of the string scale.
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The correspondence

[Susskind, Horowitz+Polchinski, Damour-Veneziano. .. |

e Change the string coupling g while keeping the entropy S fixed.
e The black hole and free string descriptions change when the curvature at the
horizon of the black hole becomes of the string scale.

e For Schwarzschild Black holes the correspondence point is when the horizon
radius is of the string scale:

ru ~ s

>
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[Susskind]

e Fix the entropy of a large black hole

. MBS . (M\53
~ _— ~ D-3 -
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e Fix the entropy of a large black hole

Db-2 Db-2
M \ -3 2 M \ D=3

Mp M,

® ry ~ Is when
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SRH
e At g =g
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[Susskind]

M
e Fix the entropy of a large black hole e ‘
M |53 M\ 55 “
s () o ()" |
BH Mp g M. )
® ry ~ Is when
Mg 1
g2~ —~ «1
M Spn

e At g =g

M
S ~ — ~ § icro
BH Ms M

1
g~ g
e A parametric match between black hole and string states up to O(1) factors.
May 24, 2023 7/23
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Other properties

e Hawking temperature increases to the Hagedorn scale

1 1
7—Haw N &= THag
rHlg=g. s
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e Hawking temperature increases to the Hagedorn scale

1
7—Haw N

1
| & = THag
rle=g. s

e Sizes do not match — string is much larger
m~ls < {r)~VSI.

o One needs to include the effects of self-interaction.

[Horowitz+Polchniski, Damour+Veneziano, Chen+Maldacena+Witten, Brustein et al., ...]
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o One needs to include the effects of self-interaction.
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7—Haw ~ |
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ng is much larger

m~ls < {r)~VSI.
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- e

[Horowitz+Polchniski, Damour+Veneziano, Chen+Maldacena+Witten, Brustein et al., ...]

e Upshot: Self-interactions

between black hole and free string V'S |

sizes.
e Modelled using a winding

condensate near the Hagedorn

temperature.
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Dilaton wave

e The string coupling is determined by the dilaton field, g = e?, and can vary in
spacetime.

Nejc Ceplak (IPhT) Rotating black hole/string correspondence May 24, 2023 9/23



Dilaton wave

spacetime.

Ao

e The string coupling is determined by the dilaton field, g = e?, and can vary in
e Send a long wavelength dilaton field through the black hole
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Dilaton wave

spacetime.

Ao

e The string coupling is determined by the dilaton field, g = e?, and can vary in
e Send a long wavelength dilaton field through the black hole

Ao

e Goldilocks rate of change for the string coupling

1 1
— s At g
S <
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Stringy objects (g = 0)

e Highly excited strings are string balls: isotropic random walks with
M ~ \/NMS steps [Mitchel+Turok, . ..]
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Stringy objects (g = 0)

e Highly excited strings are string balls: isotropic random walks with

M ~~/N Ms steps [Mitchel+Turok, . ..]
2
e Strings can have angular momentum up to Regge bound J < Jregge = %

Slowly rotating strings

Typical strings J

J~O(/N)

{r)s~ f(n=1J])

S~f(n-1J)
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Stringy objects (g = 0)

e Highly excited strings are string balls: isotropic random walks with
M ~ \/NMS steps [Mitchel+Turok, . ..]
MZ

® Strings can have angular momentum up to Regge bound J < Jregge = 172

Typical strings

Slowly rotating strings

Highly rotating strings  J

J~O(N) Jrogge
(). ~/n—1J]

S~+/n-|J]|

[Russo+Susskind]

J~O(/N)

{r)s~ f(n=1J])

S~f(n-1J)
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Black hole zoo

e Two characteristic length scales:

M \ 7
Mass length: Ly = (—) Ip, Spin length: L, =
Mp

2l
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Black hole zoo
e Two characteristic length scales:

1
M \ D3
Mass length: Ly =|(— Ip,
g M (MP) P
Kerr regime

LJ<LM

Spin length:

LJE

El
M

b

Kerr (D =4) and

Myers-Perry (D > 5)
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Black hole zoo

e Two characteristic length scales:

M \ o3 J
Mass length: Ly = (VP) Ip, Spin length: L, = i
Kerr regime Ultraspinning regime J
0] L_j < LM L_/ > LM

S o o

Ultraspinning

Kerr (D =4) and Black hole-string

Myers-Perry (D > 5) Myers-Perry Black rings hybrids
black holes black holes
[Deng+Gruzinov
[Myers+Perry] [Emparan+Reall] L A
m] = = = ==
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Stability of solutions

e Kerr bound can be rewritten as

Ly<Lpy, — RS
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Stability of solutions

e Kerr bound can be rewritten as
Ly<Lp, <— J<S

e In D =4, the Kerr bound is an existence bound: No solutions with J > S.
e In D >5, the “Kerr bound” is a dynamical bound.

e Solutions with J < S are stable,
e Solutions with J > S exist, but are unstable. (Except D =5 ultraspinning
Myers-Perry black holes)

DTN D

J J J
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Stability of solutions

e Kerr bound can be rewritten as
Ly<Lp, <— J<S

e In D =4, the Kerr bound is an existence bound: No solutions with J > S.
e In D >5, the “Kerr bound” is a dynamical bound.

e Solutions with J < S are stable,
e Solutions with J > S exist, but are unstable. (Except D =5 ultraspinning
Myers-Perry black holes)

[Emparan +Harmark-+Niarchos- Obers]

DN DN

J J
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Adding angular momentum to the correspondence

e |dea: Rotating black objects are related to rotating closed strings.
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e Similarity between Kerr bound and Regge bound

M? M?

Jxerr = M2’ JRegge = M2’
P s

but ultimately expressed in different units.
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In D = 4 there are stringy objects that violate the Kerr bound.
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e |dea: Rotating black objects are related to rotating closed strings.
e Similarity between Kerr bound and Regge bound

M? M?

Jxerr = M2’ JRegge = M2’
P s

but ultimately expressed in different units.
e At weak string coupling g < 1

2 M2

2
JKerr ~8 < = JR :
2 2 egge -
Ms Ms

In D = 4 there are stringy objects that violate the Kerr bound.

In D >5 there are black hole solutions with arbitrary large angular
momentum, which can be larger than the Regge bound.
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Adding angular momentum to the correspondence

e |dea: Rotating black objects are related to rotating closed strings.
e Similarity between Kerr bound and Regge bound

M? M?

Jxerr = M2’ JRegge = M2’
P s

but ultimately expressed in different units.
e At weak string coupling g < 1
M2 M?

2
JKerr ~8 <

= JRex
2 2 egge -
Ms Ms

In D = 4 there are stringy objects that violate the Kerr bound.

In D >5 there are black hole solutions with arbitrary large angular
momentum, which can be larger than the Regge bound.

Stringy configurations that saturate the Regge bound (String rods)
have low degeneracy: (S ~+/N —|J|) and look nothing like black holes.
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General principle

e Adiabatic change of string coupling g, keep both S and J fixed.
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General principle

e Adiabatic change of string coupling g, keep both S and J fixed
e Follow black objects as g decreases.
g2

e Follow strings states as g increases.
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General principle

e Follow strings states as g increases.
2
g

transition into non-stationary objects.
Nejc Ceplak (IPhT)
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The correspondence for black holes

e In Kerr regime (J < S) angular momentum contributes an O(1) factor

M [ M M? M3
r+:/\/],,|:1+ 1/\/,4_12]IP7 SBH:Mil‘% 1+ 1*7./2

= To leading order g2 ~ S7! as in the non-rotating case.
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The correspondence for black holes

rJr:—1+\/1—&;§J2 Ip SpH =
Mp M4 ’

e In Kerr regime (J < S) angular momentum contributes an O(1) factor
M
= To leading order g2 ~ S

2 M4
_ P p
M2[1+\/1 I\/I4J ],
P
~1 as in the non-rotating case.
e Plump rotating black holes are matched with slowly rotating black strings
e For long lived ultraspinning black holes, transition faster at the equator
- —

/
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The correspondence for black holes

e In Kerr regime (J < S) angular momentum contributes an O(1) factor

M [ M M? M3
r+:l\/lp|:1+ 1—/\/,4_/2]IP, SBH:Mil‘% 1+ I_WJ2 9

= To leading order g2 ~ S7! as in the non-rotating case.

e Plump rotating black holes are matched with slowly rotating black strings.
e For long lived ultraspinning black holes, transition faster at the equator

- — )

— . —
= Become hybrids and then stringy bars with suitably localised excitations.

/
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The correspondence for black holes

e In Kerr regime (J < S) angular momentum contributes an O(1) factor

M [ M M? M3
r+:l\/lp|:1+ 1—/\/,4_/2]IP, SBH:W 1+ I_WJ2 9

P
= To leading order g2 ~ S7! as in the non-rotating case.
e Plump rotating black holes are matched with slowly rotating black strings.
e For long lived ultraspinning black holes, transition faster at the equator

= Become hybrids and then stringy bars with suitably localised excitations.
e Most J > S objects are unstable to fragmentation.

SO — S —
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The correspondence for black holes

e In Kerr regime (J < S) angular momentum contributes an O(1) factor

M [ M M? M3
r+:l\/lp|:1+ 1—/\/,4_/2]IP, SBH:Mil‘% 1+ I_WJ2 9

= To leading order g2 ~ S7! as in the non-rotating case.

e Plump rotating black holes are matched with slowly rotating black strings.
e For long lived ultraspinning black holes, transition faster at the equator

= Become hybrids and then stringy bars with suitably localised excitations.
e Most J > S objects are unstable to fragmentation.

SO — S —

e Each individual fragment will transition into a (slowly rotating) string.
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The correspondence for strings

e Slowly rotating strings go to Kerr regime black holes.
= The correspondence naturally extends to the Kerr regime.
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The correspondence for strings

e Slowly rotating strings go to Kerr regime black holes.
= The correspondence naturally extends to the Kerr regime.

e String configuration with larger angular momentum (J 2 O(y/n)) will radiate
at g > 0 and lose angular momentum. [lengo+Russo]
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e Slowly rotating strings go to Kerr regime black holes.
= The correspondence naturally extends to the Kerr regime.

e String configuration with larger angular momentum (J 2 O(y/n)) will radiate
at g > 0 and lose angular momentum. [lengo+Russo]

e Stringy pancakes, rings and bars form non-stable (or non-stationary)
ultraspinning objects that quickly shed angular momentum.
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The correspondence for strings

e Slowly rotating strings go to Kerr regime black holes.
= The correspondence naturally extends to the Kerr regime.

e String configuration with larger angular momentum (J 2 O(y/n)) will radiate
at g > 0 and lose angular momentum. [lengo+Russo]

e Stringy pancakes, rings and bars form non-stable (or non-stationary)
ultraspinning objects that quickly shed angular momentum.

e If sufficiently long lived, a string hybrid can form non-adiabatically
[Deng+Gruzinov—+Levin+Vilenkin].
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Summary

e We determined the correspondence between rotating black holes and
fundamental strings with momentum in arbitrary (D > 4) dimensions:
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Summary

e We determined the correspondence between rotating black holes and
fundamental strings with momentum in arbitrary (D > 4) dimensions:

e For slowly rotating black holes J < S, the correspondence is an extension of
the non-rotating case:
= The black hole/string correspondence provides stringy insight into the
black hole degrees of freedom.

e For higher angular momentum, there are non-trivial transitions that depend
on the configurations.
= |t is crucial to involve the dynamics.
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Summary

e We determined the correspondence between rotating black holes and
fundamental strings with momentum in arbitrary (D > 4) dimensions:

e For slowly rotating black holes J < S, the correspondence is an extension of
the non-rotating case:
= The black hole/string correspondence provides stringy insight into the
black hole degrees of freedom.

e For higher angular momentum, there are non-trivial transitions that depend
on the configurations.
= |t is crucial to involve the dynamics.

e Some transitions depend on the direction in which we change the coupling:
Non-reversible changes due to unstable solutions.
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Summary

e We determined the correspondence between rotating black holes and
fundamental strings with momentum in arbitrary (D > 4) dimensions:

e For slowly rotating black holes J < S, the correspondence is an extension of
the non-rotating case:
= The black hole/string correspondence provides stringy insight into the
black hole degrees of freedom.

e For higher angular momentum, there are non-trivial transitions that depend
on the configurations.
= |t is crucial to involve the dynamics.

e Some transitions depend on the direction in which we change the coupling:
Non-reversible changes due to unstable solutions.

e This resolves several puzzles for the correspondence of highly rotating objects.
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Outlook

Details of transitions?
= For which configurations with angular momentum can one find bound
states at g > 07 [Horowitz+Polchinski]

What happens near the extremal bound in D =47

Other asymptotics (AdS/dS)?
Adding Ramond charges?

e What is the microstructure at strong coupling?
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Dynamical evaporation

e Hawking evaporation: Fix g at a large value and decrease M and S.
e When ry ~ /s

1 1
MNEMsv SpH ~

) THaw ~T THaga

g3 s

you can think of the black hole becoming a hot soup of weakly interacting
strings = Possible endpoint of BH evaporation

rH~/s
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Calculating the Goldilocks regime

e The upper bound is obtained by demanding that no additional stringy state is
excited
i _ g — (b < 1 ,
At, g Is
= Dilaton wave Wavelength must be larger than the string length.

e Black holes and strings radiate at finite g
2 S —ﬁ 2 S
u rString ~ g2 M ~ £ 9

Is ’ Is

I~ Th ~

and these two rates match at the correspondence point.

e For a Black hole, a quantum is emmited every thermal time T,f,l. In At, we
want the change of entropy to be negligible

1 T
|A5|~Ath<<5, — —>>§~

Aty Sls’

where we took the maximal temperature at g = gc.
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Black objects in D =4

o Kerr black hole
e Radius of the outer horizon

Entropy

e Temperature

MA
1-+£J2
THaW ~ M
r+
e Kerr Bound
M2
JKerr < Vg .
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D>5

e | will focus on black objects with only one plane of rotation.

e Simplest solutions are Myers-Perry black holes [Myers-+Perry]

ds® = —dt® + 5 5 (dt-a sin>0.dg)’ + % dr* + £d6? + (r* + ) sin® 0 d¢’
o

2 2 2
+r° cos” 0dQp_a4,

where
Y =r’+3a° cos’ 0, A:r2+a2—%,
D=
and
167G D-2 J
b= M, as—— -
(D-2)Qp-2 2 M
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Myers-Perry Black holes

e The event horizon is determined by

2 2 [
np+a -—45=%=0,
o

e The entropy is proportional to

SMp R r0D_4 (r02 + 32).

S D=4| S D=5| S D>6
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Black rings (D > 5)

e Gravitational attraction is balanced out by angular momentum.

e Can also have arbitrary large angular momentum.

e We will consider two cases:

e Neutral black rings
e Dipole black rings (additional fundamental string dipole charge)
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