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Black holes exist in
nature !



X-RAY CLOSE-UP

SGR A" (X-RAY & INFRARED)

Black Hole Sagittarius A*




Nobel prize in physics
2020:

Reinhard Genzel R
oger Penrose



LIGO: e+ Merging of binary black holes

* Discovery of gravitational waves

(Image credit: LIGO/A)




Nobel prize in physics

Rainer Weiss Barry Barish Kip Thorne



Event Horizon Telescope:

* Image of a Black Hole on April 10,2019




Theory perspective:

No complete description of
BHs, consistent with
Quantum Mechanics !!



Two kinds of problems in Quantum Gravity:

* Singularities and infinities at Lpjanck

Renormalizability of Quantum Gravity !
* Puzzling physics around black hole horizon

Unitarity of Hawking radiation ?

Signal of breakdown of effective field theory ?

Need for UV completion of gravity ?



Swampland program:

Which IR consistent effective field theories (EFT)
cannot be embedded into a UV complete
quantum gravity theory!?

Quantum Gravity / String Theory

[Reviews by E. Palti (2019)
M. van Beest, J. Calderon-Infante, D.
Mirfendereski, |.Valenzuela (2021)]

[H. Ooguri, C.Vafa (2006)]

BHs play an important role in the swampland
program !



Swampland distance conjecture (SDC):

At large distance A directions in the parameter space of
string vacua there must be an infinite tower of
states with mass scale m.

SDC: m = M P e_A [H. Ooguri, C.Vafa (2006)]

EFT breaks downat A., = m

A, << Mp when A — 0

Decoupling condition: mL, >0 for L, — 0

Swampland arguments mostly apply when coupling
gravity to additional matter fields.



For (string) compactifications the SDC is often due to the
higher dimensional nature of theory:

At the KK mass scale a new dimension is opening up.

The relevant tower are the KK particles with masses

Mass

0

A

n

mKK:E

or the winding strings with masses

/
7nmnnd:::7L}%

Related distance in the internal moduli space:

Ap ~

log R| > 00 for R — 00,0



In this talk we want to address the question if certain limits

in the parameter spaces of black holes belong to the
swampland and signal a break down of the effective field

theory.

Basic two parameters:
Black hole entropy: S

Black hole temperature: T

Related distances in the BH moduli space: Ag, A7

Interesting limits: large and small BHs with large/small
entropy or temperature (possibly relevant for

Hawking radiation).

For some additional discussion on properties and problems with small black holes see:

Y. Hamada, M.Montero, C. Vafa, |. Valenzuela (2021);
C. Holzhey, F. Wilczek (1992).



So we want to know what is happening in the limits where

T,S — 0,00

and we ask
O AS, AT ?% O

® |s there a related tower of light states (on BH
horizon) in these limits ?

® Dualities between these limits!?



Temperature and distance

Flat space-time with Euclidean time on a circle:
Temperature is given in terms of the radius 3 of time circle:

h h
T - —
0 2R
Tower of states: Thermal KK modes = Matsubara modes
2TN, 2TN,
wn - — —T
15 h
n/
Possible thermal winding modes: W,/ 22 — J. Atick E. Witten(198)

27 L
Temperature distance: A7 ~ log( hp )

See also K. Saraikin, C. Vafa (2007)



Rindler space with acceleration parameter a:

ds® = (—a’p*dn® + dp*) + (dx2)® + (dw3)

h ha
Unruh temperature: Tir= — = —
5(] 2T
2T
Unruh frequency: Wy = = To = a

However for wys the swampland decoupling condition
is no satisfied and the limit /;; — ( should not lead to
an inconsistent EFT.



The Schwarzschild black hole:

One parameter (= mass M) family of metrics:
2M G N

r

ds® = —f(r)dt® + f(r)"rdr® +r2dQ5, f(r) =1

Horizon: 75 =2MGyx  Surface gravity: K = (27’5)_1

B 3T4rs B LZQ,JW2
L2 2h2

Bekenstein-Hawking entropy: | g

 hk f 2

Hawking temperature: | 77 — —_ — —
or ~ 8tGNM ~ L2M




For the Schwarzschild BH Sand T are interdependent:
Hyperbola S772 = 1/2

Hawking modes: wpy = —'/ = —
Limit of large blackhole:

T—-0,8 >0 =— wyg—0

Corresponding black hole distance:  w; ~ e ABH

ABH: 10g<27TL T) - 10g<\/\/7§ﬂ-> — OO
T —0

S = o0
Now the swampland decoupling condition is satisfied.




App agrees with the distance in the space of Schwarzschild metrics:
Q. Bonnefoy, L. Ciambelli, S. Liist, D.L. (2019).

Agy(a) ~

oy
/ do (

Questions:

1

Vol

/ d*z\/g g"" g"°

09up 9o

da O«

)g

~ log M

What is the role of the Hawking modes for the swampland!?
Does the (2d) EFT on the horizon break down in the limit
T — 0 resp. S — 00 ?

Is there a new tower of states in the limit of

and 7 — 00, S — 0,i.e.for small black holes?



The Reissner-Nordstrom charged black hole:

Two parameter (M, Q) family of metrics:

ds® = —f(r)dt* + f(r)"rdr® +72dQ3, f(r)=1-—

P 8m2ry T hk hc
L2 21 27G N (M 4+ c)?

Extremality parameter: € = VM2 — Q2?2 =2S5T

Hawking modes: Wi = 2_7T7-
h



Now S and 7 areindependent parameters:

Schwarzschild line ST =1/2 (Q? =0)

excluded region (Q% < 0)
Extremality line £ o

c=7T =0 \
?)

(M*=Q

Line of ¢ = const.

Extremality line {1
c=8=0



Metric distance in this parameter space:

A(g) =~ 2v/2|1og AT| + V2| log AS]
It becomes large for small/large 7 and S .

In the extremal limit 7 — 0 a light tower of (Matsubara)
modes appears.

(The limit 7 — 0 corresponds to the formation of an
infinite throat with AdSs X S* geometry.)

Does the SDC then predict a breakdown of the effective field
theory for extremal BHs with 7 = () ?

22



This seems to be quite unlikely !!

Therefore we want to couple the BHs to physical
scalar fields: Dilaton ¢ ,volume modulus ) .

Relate BH distance to moduli space distance:
AS,T < Aqb,y

Whenever Ay — 00 then the SDC predicts a
breakdown of the 4d EFT.



The Electric/Magnetic dilaton black hole:

__ 4 ./ 1 2 1 _—2X\¢ UV
G. Gibbons, K. Maeda (1988); D. Garfinkle, G. Horowitz, A. Strominger (1991)

¢ : Additional scalar fields, coupled to EM.
2

h = <2
14+ 2X\2 —

ds® = — f(r)dt* - f(lr) dr® + r? (HeHm)hng ,

F(r) = (HoHy) " (1= ),

41r
2N _ (E)Q_h
H,.)

q
F=2
742

H?2H?>72hdt Adr + psin(0)do A de



C C —h
T = c(He(55)Hm(55))
C C h
S =3¢ (He(55)Hm (%))
Extremal limit: ¢ =287 — 0

Can be realised in different ways:

T — oo
S—0

excluded region




Single (magnetically) charged BH:

H(r) =1, Ho(r) =14+ he(Em + ) = 1

2 kinds of extrema limits:
(i) magnetic RN with / = 2
to: T =0,8#0 = ¢ — const.
A7 — oo but Ay, — const.

(i) heterotic string with fh = 1 M. Cvetic, D. Youm (1995)
t1: T #0,5=0 = 0=
As ~ Ay ~logg(p) ~ ¢ — o

SDC — tower of light string states.



Dyonic BHs with electric charge q and magnetic charge p:

Extremal limit Toisat /7 = () and is at finite distance in scalar field space

S — 8m%pg 02X
c—0

A qfixed: S =n?¢*e*?

T4
2\

B pfixed: S =n?pe

T+

The infinite (zero) entropy limits are at infinite distance in
the scalar field space and lead to a tower of massless states.

(Cases A and B are S-dual to each other.)



The N=2, multi-charged & multi-scalar black holes:

1 X' XIXF

B . Ay Lo
N =2 prepotential: F(X") = Edwk 0

Type |l A compactification on a torus or on a CY 3-fold:
Scalar fields: 2 = Xi/XO withe=1,...,h1,
U(I) gauge fields: F* with A=0,..., hi 1

| XixX2x°
Special case: STU - model F'(X) = X0
6-dimensional volume: |V = —j2122:3 — _;9TU

1

1/6
KK states: mxx = (9) Winding states: Mind = V1/6



For a review see: L. Andrianopoli, R. D’ Auria, S. Ferarrar, M. Trigiante (2008)

Non-extremal BHs with four non-vanishing charges:
1 .2 3
do,pP »P » P
ctdp? c?

- d6*? + sin® Odg? ]
sinh*(cp)  sinh?(cp) ( sin” 0dg’)

e 2V = e 2Vet2¢r  Gith e 2V = 44/ T4

The 3 scalars run from spatial infinity to their values
at the horizon p = —0C .

ds® = —e?Vdt? + 72V

ag
Vapataa3

Volume at horizon: V),

a 1 1 a’ 1 1 .
— 14+ = 2 1 16g2(L0 )2 A Za /02 i)\2 \J2
(i) = v [ 2V = 100007 (5) =~ [+ sown



Entropy: S = 1677\/(10&1&2@3 ¢

T Jp—
emperature: = Sor edaaiare

The known extremal (BPS) limit is obtained for ¢ = (

' = — 12
with 7 =0, S§=2mr/qop'p?p?
(C]Q ) 3/2 K. Behrndt, G. Lopes Cardoso, B. De Wit,
— R. Kallosh, D.L. , T. Mohaupt, (2008)
112n3
Vpp?p

See A. Ceresole, S. Ferarra, A. Marrani (2010) for small N=2 extremal black holes.

Vh

See Q. Bonnefoy, L. Ciambelli, S. Last, D.L. (2019) for the corresponding swampland discussion.



Consider now two non-extremal cases:

(A): qo kept fixed and pi are varying.

2\ 2
= |y, = e <8T+ \/5272 ; 2‘“)

S Voo
T —0(c0): mrx ~ (q@T)" "% = 00 (0)
S — 00(0) Muwina ~ (qT)"* — 0 (c0)

This leads to to the following BH temperature distance:

AT

1
m —= e with AT — §| log(QOT)l — O



(B): pi kept fixed and Qo is varying.

8(M1 M2 MS )283

Vh: O O O

2
I (VAL + S7T7 + ST)

T —0(c0): mgg =T (p'p°p®)? — 0(c0)
S — 00(0) Moy ™ T—l(p1p2p3)—1/3 — 00(0)

This leads to to the following BH temperature distance:

1
m=e 27 with Ay = g\ log(p'p*p>T?)| =



Thermodynamic dualities between large and small BHs:

There is a dual behaviour between A and B type black holes:

exchange of electric and magnetic charges.

A

S 4

Large BH with large p

Mawind
MKK

Maind —

mgr — 0——=—s

\

Small BH with small q

4

7.

Large BH with large g

Mwind 0.9
MKK 0
Mawind
MKK — OO0 —— .

4

>
Small BH with small q

Exchange of a large black hole (large p) with a small black hole (small q)
leaves the internal KK and winding states unchanged!



There are also dualities between large and small temperature/entropy
inherited from T-duality in the internal compact space:

1
A T 1 B | +—

— 1,,213)2/3
2T (p'p?p?)?5T
4

S+ D S (p'p*p®)*"/?
S S

KK — Winding

Muwind

MK — 00—

The exchange of a small with a large black hole maps
iInternal KK and winding states onto each other!



Summary
® Non-extremal, charged black holes with infinite/zero
entropy resp. zero/infinite tenperature are at infinite
distance in the black hole moduli space.

® Coupled to additional scalar fields these infinite
distance limits can often lead to a tower of massless
physical fields on the BH horizon and are therefore
problematic from the SDC point of view.
(This is not the case if electric and magnetic charges
scale in the same way.)

® |n particular small extremal black holes with vanishing
entropy and constant temperature lead to a massless
tower of states and are problematic.
(Here quantum and higher curvature corrections seem
to be important).

For some recent entropy arguments see: Y. Hamada, M.Montero, C. Vafa, |. Valenzuela (2021).



Summary

® However extremal black holes with vanishing

temperature and finite entropy do not lead to a
massless tower and are not doomed by the SDC.

y,. = arctanS

excluded region

S

Y = arctan7

S

® We have seen some interesting thermodynamic
dualities between small and large black holes.






Many thanks!



