Plan

miércoles, 8 de octubre de 2025 11:34

Gravitational action and GHY terms
Causal structure and Penrose diagrams
Schwarzschild black hole

EF coordinates
Charged black holes

Main properties

Extremal limit

Remarks on strong cosmic censorship
Rotating black holes

Main properties

Ergosphere, Penrose process and superradiance
Laws of BHs
BH thermodynamics
Hawking radiation

Heuristic derivation

Consequences
Euclidean black hole
Euclidean quantum gravity and the GPI
Entropy and thermo from GPI
AdS BH thermodynamics
2d and 3d gravity and black holes
Microscopics of BH entropy: BTZ and D1-D5-P
Black Hole Information Problem
The Black Hole Guide to the Quantum Theories of Gravity

Pagina 1



The Gravitational Action
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Penrose diagrams

30 August 2025 19:37
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More from the Penrose diagram

jueves, 11 de marzo de 2021 10:55
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Eddington-Finkelstein coordinates

jueves, 11 de marzo de 2021 10:56

L
le.o (L) ale 2 v eda,

r |_'L

L:T's S\A«ue \'. L\—l.
d

e

vao\wa_ Ac,:_, \néw f’~7S
B, b comslant o 2
~  d1 = .
S
I
t: -
1=
D) "L-. — ('x -+ c_om:‘_--“

\V\éoa-sa_ l.é(: r'——7S

‘AQ r-72M ald;,\a

(WS g YYe) a\ o
) — o0 -~ >
a v

+(‘¥ = G—‘h;—(‘wl

BT 'L (s o— uﬁrallvu«\.n ~(\‘¢sd— (Ml .9—

c\e-»r wenr 0,

Pagina 15

—

\ers so o— swu.(‘



/\J\)q_ \M47 \.\oage I &S wor'lcme, aAa
( s, ..s\a_._l t.
T }L (£.¢) — (\;[ f‘)
. C “"2 c\ )

-
e

L (\- %"\ lo* 24d5dr € LS\L,‘

s = -

_(l-l?\ | ©
(%Cl\:( \ o » : vuvvsiva\)\w\r

. VRS
Ceq, o c=2H

L't: JJ- a0, = Q\‘Y‘

0

[wt)owa “éU rv7$ .a\.\cou:-w =L oy a Swm\
?\ACQ.

Aul/m el LT g

lde S (l 7’”)&6: lel de
5 Uz cevel vaowa

C= ZM Q‘v\‘s—\m‘(’ \l\lius

Q-L_:( \ J«Lllr:) U - Cy 4 comsC ¢ au\\ao\'w}

¢ i\ ‘ OZTQ,‘_& U200+ consl
|/

Pagina 16



N\

J-C :tl (fd,-\"\
ot Q” rasSiM

U= Coas |

\ I
?“-0 2N

_h_

\

[}
N T laealw g 9(0‘” w0\ LScape

Pégina 17

4V



r;O

r=2M

v = const

Siv\CQ ol (\AA.«&SQ\‘V‘Q 0L’ e?s) wL oUR (\«\\‘Je l‘“a—\/\l S )

mm (usile TC)Y\ Nw€ Lauv\T MQ&?QTD C)?M

r'LV\ :

{WQW ) _l = S“
/

- ‘\-( o120

one Yl TO\W' Tl S?L\%‘Q:

Lor\’zm is mne =4

\«7 al =

‘\Sol\ L—,Tzrs\,(‘ace < 1R

—

s‘«uau -\n'b.)
N. |

-

—

i~ (L

Pégina 18

—

\_,4— rﬂ] S avmagwate

C‘ﬁ%l«é'

\ ' < _.Qx)Q(\QKCQa\ al awn ot

’ure.

u

= )

{m “(he
\

Le See )

—_—



[RS=N ‘j«-ﬂ { SUWQ

Si»aukk"«? 'S ﬂ‘r"“

—_—

gtace—, LT an mmomenT i T e
-‘,é«-i de 7T ml'-ec s wen i ATV A
S
o Coll iy STov
v

=0 is wapl onsy
A

0_( Qoo

l‘x AQCV'Q&S*-'S ’\MT“/\ '\{lu\_e

NP a((ﬁ]k,

Péagina 19



- 1M

’sz’z}‘" N (a(ac(l L\_é(.g

_(orw\i

EV,_,:T Lo 2Lon

- al‘as/lﬂ-u‘ l" \A(
i . ! T 0
S | S o

21 eoqe o
C__OHA\/\;T—

— — —

Oo\ “ E’ \- Cwor*xf :
aa Va wad 4y
w- t-c.

b (l, l:—\ Lo~ 2hudes cd)

o _ _a\dW 2 bl de
,D\a_JAa-\ tOL« r*o7$- Q ()

—_—

~ o ul
- aorwa
21 : Lo -

A= Cona

Pagina 20



\A: —-Zr* 4@%? : "b/dea

Mo/d Al Chn ool T L oTol T\u. \Aorilév\.

]
VL,A/I‘AQAlQ-T ﬂ\vs 9 s a ,-\,JL:TL \\.oLz_

Pégina 21



Charged Reissner-Nordstrom Black Holes

30 August 2025 19:39
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Rotating black holes

jueves, 25 de marzo de 2021 15:02
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Kerr solution

jueves, 25 de marzo de 2021 17:22
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Kerr ring singularity

ljueves, 25 de marzo de 2021 17:23
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M>a black holes
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M=a extremal black holes

martes, 6 de abril de 2021 17:23

—_— —_—

E xVeemeed  Wewr wld—‘\m M-a . fbbbww@ LOV\‘E—M =0 , Q»\

(c

200

/-\wa.\ seliom  B=0,N

New e lodzar The solGhim ﬁwc.\o‘s oun i~<(;W«T< Thea LT Me a@ow\.:«—]
c\é% W(\— l—;—game A—lgz)‘gi l:.u-‘ uav\_.ﬂ-a-L o WT‘-A ?ro lu:

( P)Mp\tcm 4"\0\'00/\-'—“2 L\QT-T‘«l ‘iﬂoSOQq>

—_—

ﬂm 1< MﬂTh SUTIW‘&? wmwamae{ e q,‘lg—l\m

X @;TMA-A wol TPl oliTicn Thot  are non- \\'\a\)\wz o Mv( au_l;\o&a

Mhe  even Lonzas . Mue  cemgmn 5 LT There's wo exos wcel(:M -f
,(.rvcw AM(DapuS /Ta '\’I—Jm S Ca...la%(;..

Toa~re 1€ a s]lw— S"lw reTu|<n'm. _Fw A‘rzu\\u\ gTiws) Lov Mhe ](wce ioMm‘\l
BL“

Y s T
AV AN arts T appane o oo o couTie balance

q\,\.e oA Trenc(Con

la(lw” e Vo nTTead like Vs, bk s W s

Pagina 43



Ergosphere
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Penrose process
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Black Hole Thermodynamics
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Hawking radiation

jueves, 1 de agosto de 2024 15:48

From 2306.11139 Sec.4

4. The black hole that evaporates

In 1974 Hawking studied quantum fields propagating on a geometry that collapses to form a black
hole. He found out that during the process of collapse. quantum radiation is emitted, as expected in
a time-dependent situation. But more surprisingly, after the black hole has settled into a stationary
configuration and the transient effects have died out. there remains a steady outflow of radiation.
which observers at a large distance detect as a black body spectrum' with temperature
Ty = E (4.1)
2n

4.1 Particle production in an external field

We intend to study the production of particles in a given background field, due to fluctuations of a
quantum field. Virtual quantum fluctuations of a field with mass m are described by

e

(¢(x)8(0)) ~ e 7. (4.2)

This is the probability amplitude that a pair of field-quanta separated by a distance x would
spontaneously form. In vacuum, these fluctuations do not materialize in the production of a real
pair since that would violate energy conservation. But the energy required for this materialization
can be provided if there is an external field to which the quantum field couples.

Let us denote the field strength (force per umit charge) by F, and the coupling (charge) by A.
Assuming the field is uniform, in order to materialize the pair of quanta, we need the equality

AFx = 2me?, (4.3)

for energy conservation to hold. Then the probability for a pair creation per unit volume and unit
time is given by

5 4m? L-_':'

[~ {(x)@(0))[* ~ e~ FaF . (4.4)
A proper calculation in quantum field theory involves a tunneling process (hence the exponential
suppression) which can be evaluated in the WKB approximation, and indeed gives

2
HJFE"(_'S

I'~Ae ¥V RF (4.5)

where A is the quantum one-loop determinant factor, which we will ignore in the following (it is
not easy to compute, and yields subdominant corrections), and y is a numerical factor of order one,
which depends on the specific type of particle and its coupling to the field.

This is a process of pair creation by a background field, where the latter is a semi-classical. coherent

ctatn imunduine a laraoa nimhbhaor AF ananta in tho hasl-oenaond . Tha aeacoaco 10 dacaribhad in tarme af a
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This is a process of pair creation by a background field. where the latter is a semi-classical, coherent
state involving a large number of quanta in the background. The process is described in terms of a
non-perturbative instanton bounce. It is different than the perturbative process of pair creation, e.g.,
e*e™ creation by photon-photon collision. The non-perturbative e*e™ production in a background
electric field was studied by Schwinger in a classic paper in 1950. In this case 1 = ¢, F = E. and
y = |. Schwinger’s leading order result yields

2.3

T~

Coip- ~ Ae heE (4.6)

The energy for the creation of the pair is provided by the background field, which as a result decays
gradually.

A black hole creates a strong gravitational field, so we might also expect particle pairs to form near
the horizon. In this case the coupling is the particle’s mass, while for the force we take the surface

gravity,
A=m, F=x, (4.7)
With these choices, we find that
Irmc3 .
F ~ (,—’_]/ he | (48}

Observe that the exponent is proportional to m. i.e., to the energy E = me? of the particle. Thus we
can write it as

[~ ¢ Ellu (4.9)
where 5
Tipimse s, (4.10)
yme

This is a thermal spectrum with temperature Ty o k. So, the black hole is expected to radiate like
a blackbody. In contrast, the Schwinger production rate (4.6) is not thermal. The reason that it is
thermal in the case of a black hole is that gravity couples to the particle’s energy. Itis very suggestive
that the universal character of gravity appears to be related to a universal thermal behavior.

Some caveats about this heuristic argument:

* We have not pinned down the value of y. For this we need Hawking’s proper calculation,
which yields y = 2.

* The argument was made for massive particles. However. Hawking's result applies as well to
massless quanta, with E = fuw.

-

* The energy required by the creation of the pair is supplied by the black hole. The energy of
the black hole decreases, since one of the members of the pair has negative energy (relative
to asymptotic observers) and falls inside the black hole. In more detail. if the pair have four-
momenta pp and pa, four-momentum conservation requires that

p1+p2=0. (4.11)

If g, is the generator of asymptotic time-translations, so that ¢ is conjugate to the energy

measured by asymptotic observers. then the energy of a particle with four-momentum p is
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If 0, is the generator of asymptotic time-translations, so that 7 is conjugate to the energy
measured by asymptotic observers, then the energy of a particle with four-momentum p is

E=—=p-8;. (4.12)

Thus for the particle pair we must have E1 + E> = 0. Now, if particle 1 is to escape to infinity,
it must have Ey > 0. If particle 2 goes inside the black hole, then in that region d; is spacelike,
so E7 is actually not an energy but a component of momentum, which can be negative. Thus
it is consistent to create the pair if one of the particles falls inside the black hole. In this case,
the total mass of the black hole will decrease by an amount

M=E=-E;, (4.13)

consistent with conservation of the energy as measured by outside observers.
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time T

Hawking radiation

collapsing
interior

Figure 17: Hawking emission as quantum pair production, in an Eddington-Finkelstein diagram (cf. fig. 2). A quantum
wavefunction initially straddling the horizon is stretched by the collapse of the black hole interior, until one of its
components escapes away as a Hawking quantum and the other falls to the singularity. The pair is created in an entangled
Bell-like state.

Let us provide yet another viewpoint on why quantum physics in the presence of a black hole
horizon gives rise to what may seem an unexpected consequence. A classical particle outside a
stationary black hole perceives that nothing changes. A quantum field can be excited when the
geometry that it lives in is time-dependent. a phenomenon of parametric excitation well-known in
cosmology. The exterior of the black hole is static, and so naively one might conclude that no field
excitation will occur. However, a quantum wave function can have support simultaneously in the
exterior and the interior of the black hole. This is a crucial property, since the interior geometry of a
black hole is dynamically collapsing (a Little Big Crunch) in a time scale ~ ! (in units ¢ = 1). A
quantum field will be sensitive to the time dependence of the collapsing interior and therefore will
be excited. The characteristic time of this collapse implies that the field excitations will have typical
frequency ~ «, and the energy of the produced quanta will be ~ Ak, which agrees with (4.10).

The part of the wave function that is in the interior will be dragged in by the collapse, and stretched
until it becomes a wave packet separated from its exterior partner (see figure 17). This produces a
pair of quanta, with positive and negative energies relative to asymptotic time. The quantum that
is radiated away will be entangled with the quantum in the interior, since they are part of the same
wave function, so they will be in a maximally entangled Bell-like state.

Observe also that, according to this interpretation, a black hole with a time-independent interior
(static or stationary) must not give rise to Hawking radiation. This is indeed what happens in
extremal black holes, which have x = 0 and therefore Ty = 0 too. Nevertheless, extremal black
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holes can decay through non-thermal spontaneous emission of superradiant modes (3.18).

4.2 Further aspects of Hawking radiation and black hole evaporation

We can now draw two major consequences: black holes must have entropy, and they will evaporate.

Back to the 19th-century, with a black hole. Rudolf Clausius explains to us that black holes
must be assigned an entropy on very general phenomenological grounds: an object with energy £
that radiates at a temperature T has an entropy S given by

5:1/'55. (4.14)
T

Let us see how this works. As the seasoned experimentalists that we are, we can measure the energy
(mass) of the black hole and its temperature from far away without even knowing that the radiating
object is a black hole. We proceed to collect data using a dynamometer and a bolometer and thus
we obtain T(M). Our measurements yield

h
T = ; (4.15)
8nrGM
which, using that E = M, we plug into (4.14) to find
8nG
ds = ”TMdM, (4.16)
dnG

When we work out the numbers we are at first surprised to find that this entropy is (as we will see
in a moment) enormous. But we attribute it to having a peculiar object that has a very large energy
but is radiating at an extremely low temperature.

By now we have also figured out, e.g., by scattering particles or waves, that the radiating object is
a black hole whose radius we have measured to be ry = 2G M. Then we realize that we can write

4r(2GM)* Ay
4Gh  4Gh
Horizon area

= . 4.19
Planck area | ]

S= (4.18)

Therefore. the entropy of the black hole is nothing but its area measured in Planck units—truly. an
enormous number for any macroscopic area! But then Clausius looks puzzled at us: why should
entropy—a quantity that he introduced for understanding the efficiency of heat exchanges—bear
any relation with that most basic entity, the geometry of space and time?

The identification of the black hole area with an entropy was first proposed—very boldly, and not
without controversy—in 1973 by Bekenstein. It was then put on a firm footing by Hawking's
discovery that black holes emit thermal radiation with a precise temperature. For this reason,

Ay
L] 420
BE™ aomn (&.20)
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is called the Bekenstein-Hawking Black Hole entropy formula. It contains G and h, and over the
last half-century it has provided the deepest and most fruitful guidance towards a quantum theory
of gravity.

Now we go to interrogate other 19th-century physicists about the implications of this result. Lud-
wig Boltzmann informs us that, ultimately, it implies the existence of many microscopic states
corresponding to the macroscopic system that we characterize by this mass and temperature i.e.,
the black hole. Indeed. he continues, there must be as many as ¢S54 states! In other words, a
black hole—which is nothing but strongly warped space and time—must somehow be made of a
humongous number of microscopic degrees of freedom, even it we do not see them at all.

Boltzmann raises an eyebrow and asks: if we are to think of these degrees of freedom as somehow
related to ‘atoms of spacetime’ (an idea he seems to relish). shouldn’t their number scale like
the spatial volume, instead of the area? He begins to warn us about the tribulations of applying
statistical reasoning to entities that have long been regarded as paradigms of determinism, but it is
time that we take leave of him (some of his concerns will reappear later) and continue with other
consequences of Hawking’s discovery.

Evaporation rate and black hole lifetime. The black hole will evaporate by emitting radiation
like a blackbody. The radiating power of a blackbody of area A and temperature T is

dE
— = cAT*, (4.21)
dt
where ¢ is the Stefan-Boltzmann factor, which depends on the specific (effectively massless) fields
that are being radiated. For a real scalar field, oo = 7%/60. As a first approximation we can take

A =~ Ay . For a Schwarzschild black hole,

Ay = l6aM?, T= ﬁ (4.22)
and since dE = —dM we can obtain the evaporation rate of the black hole as
dM o 1
= e M W
so that the total evaporation time derived from
* Lovap 0 5
j dr o —f dM’ M’ (4.24)
0 M
is simply
fevap o M2 . (4.25)

[t is then obvious that the black hole evaporates in a finite time. This calculation is of course very
rough since it neglects the back-reaction effect that the emission of radiation and loss of mass have
on the black hole geometry and on the radiation process itself. These effects should be small when
the energy of emitted quanta is much smaller than the mass of the black hole.

Ty < M. (4.26)

i.e..as long as M > Mpynec. Therefore, for most of the black hole lifetime the approximation is
good, and its mass will reach Planck size in a time oc M3,
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Generalized Second Law (Bekenstein 1972). The second law of thermodynamics is extended to

include the contributions from black hole entropy so that
ASiotal = ASpr + ASmatter = 0. (4.31)

Each of the two contributions can separately be negative. but only as long as their total sum is
positive.
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In the process of collapse to a black hole, ASmaer < 0 but the entropy Sgy that i1s produced
overwhelms this decrease by far. A simple estimate for the collapse of a weakly-gravitating ball of
radiation gives

(4.32)

ASgH N M t/2 29

|=‘3Smatter| (M Planck] |
which is in fact > | for any astrophysical black hole. In order to understand the huge increase
in the entropy, observe that the ordinary matter before the collapse naturally probes only a small,
low-energy subset of all the degrees of freedom of the fundamental theory (e.g., string theory), so it
has a low entropy. The black hole, instead. samples all the stringy (fundamental) states available.2°

On the other hand. in the process of black hole evaporation we have ASgy < 0. but the radiation
carries sufficient entropy to compensate for it. Again a simple calculation for the entropy production
when massless radiation is emitted can be seen to yield
... T (4.33)
|ASgu| 3
Observe that in this case the entropy produced is of the same order as the entropy of the black hole.
The reason is that the evaporation produces a number of quanta N ~ Sgg. The factor 4/3 comes
from the relation spyg = %Emd}‘" between the entropy and energy density of massless radiation at
temperature T (in D spacetime dimensions, Spq = %EWT). The number is guaranteed to be > |
for any form of radiation or matter that is thermodynamically stable.
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Euclidean Quantum Gravity and Gravitational Path Integral
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Euclidean thermo of Schwarzschild
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Black holes in JT gravity
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2D black holes from Hi-D gravity

martes, 6 de agosto de 2024 18:14
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Microstate counting of D1-D5-P black holes

domingo, 12 de octubre de 2025 21:57

Microstate counting of D1-D5-P black holes

It is a striking irony that the classically simplest black holes  such as the Schwarzschild and
Kerr solutions —are the hardest gquantum mechanically; and, viceversa, the black holes best
understood in quantum gravity — such as the D1-D5-P or MSW {ie., M5%-P) systems — are very
strange classically.!

[n these notes we sketeh of how microstate counting works for the archetyvpal DI1-D5-1 black
hole, We will not give the full derivation, but we will outline the main ideas,

The black hole arises as a solution of a five-dimensional (super)gravity theory that deseribes
the low-energy limit of string theory, with metric

; 1 . o
R 2 1/37 5. 2 2
dsig) = — [_m_rf_rjﬂp}-;f,arit + (H Hy Hp) '3 (dr® + rdSy) . (1)

It carries charges under three (1) gange fields, labeled by indices 1,5, p. The solution also
involves a dilaton field, which is regular on and outside the horizon but will not play a direct
role here. This geometry is closely related to the 4D extremal Reissner Nordstrim (RN) solution

discussed carlier. The functions H;, i = 1,5, p, arc harmonic in B?,
E-:I.
Hi =14 & [EJ

and if we set them equal g; = g we obtain

1 . q
dsfoy =~ grzdt® + Hidr® + 7%ddg),  H=11. (3)

Up to dimension-dependent. exponents, this is indeed analogous fo the 4D extremal BN black
hole. From gy we sce that there is a horizon at » = (), and from goo we find that the horizon

has finite area,
A = Vg = 20/ (4)

The solution exhibits a throat region similar to RN, with near-horizon geometry AdSs x 5% when

H —» g/v?. For general, unequal but nonzero g;, the entropy is is

2

Sk = ;%; = ;_G..m (3)

This is the entropy we aim to reproduce through microstate counting in string theory., The g

are proportional to the charges of the three gauge fields. Before discussing their quantization,
it is useful to reformulate the selution.

A common trick is to relate a black hole in 12 dimensions to a black string in 241 dimensions,

wrapped on a compact cirele z ~ 2+ 2x /. In the same way, our five-dimensional black hole can

be uplifted to a six-dimensional black string,®

. H _ 2 : I e A T .
dsley = ——t—(dz + (1 — H, ")dt)” — : —dt* ¢ T (de® ot dyy) L (6)
(6] H',HHI,’M { r } Hpr’HH.rlM 1 5 [J}}

il

'Similarly, de Sitter space is very simple classically but notoriously elusive in quantum pravity.
*This is the Finstein-lrame metric.
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We omit the details of the uplift and how the H; are rearranged. The solution is translationally
invariant along z, and henee string-like, but it is not static: the ofl-diagonal components gy,
indicate frame-dragging along =z, much as angular momentum causes dragging in Kerr. Thus,

the black string carries linear momentum along z. Asymptotically,
o —4
o= % 1 O() g

g0 the linear momentum is proportional to g,. 1 we set g 5 = 0, this reduces to a black string
boosted to the speed of light.

The geometry behaves smoothly near r = 0: the 5% and the compact §' both remain finite
due to cancellations among the H;. The horizon geometry is 51 % 5% with finite size, and its

entropy,
A[ﬁ!f‘tug’] .
Spp = L — (8)
4G

agrees with the 51 result (5), once we use Gy = 2w RGys. This consistency is expected: both

deseriptions refer to the same physical object.

Quantized charges. The advantage of writing this 5D black hole as a 6D black string is
that one charge becomes momentum along the compact cirele.  In quantum mechanics, this
momentum is quantized in units of 1/R. In gravity, conserved quantities like mass, angular
momentum, or momentum are extracted from asvmptotic behavior of the metric? so from (7
we can read ofl the momentum P, and thus the quantization of g,

4G 4, N
- p- 2B
i T R

Ip (9)

Here Ny is an integer counting momentum units, In the elassical solution disereteness is invisible,
since validity of the semiclassical approximation requires Ny = 1.

The other charges gy 5 are quantized similarly. Their precise identification depends on the
embedding of the solution in string theory, bul U-dualities guarantee that if g, is quantized,
then so are g1 5. In the embedding of interest to us, g; and g5 correspond to D-brane charpges,

and one finds?
AG 1
g5 = WJ Nig (10)

with integer N 5. Thus the entropy becomes

Spyr = 214/ N1 NsN,, . (1)

Remarkably, this expression depends only on integer charges, not on Gy, R, or other moduli.

Supersymmetry guarantees that this structure is preserved as couplings are varied

Teg, in AD gy = 1L 20Mfr 4 Ofr %) and gogy = 2050 8/ 1 O(r %)
TWe take the internal T to have volume (208,007 (508 below),
SStrictly, what is protected is a supersymmetric indes, whose gravity computation has been clarified in recent

VEATS.
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Thus we may imagine beginning from this black hole, and then decreasing the strength of the
gravitational interactions while keeping the N; fixed. All the ‘charge radii’ g; then decrease and
at some point the horizon size becomes smaller than the string length and the system is more
appropriately described as a state in perturbative string theory, rather than as a black hole®,
Which state in string theory this is, can be determined by looking at string theory states with
the same charges. In some cases we may be able to count their degeneracy, at least for large
values of the charpes. Before we identify the charges, we anticipate how the counting may be

performed.

Counting microscopic states. We have constructed a siv-dimensional black string that
carrics momentum along its length., To reproduce its entropy, we model it as a relativistic
circular string wrapped on z ~ z + 20 R and carrying quantized excitations.

The oscillation energies are quantized in units of 1/R, and can be deseribed by a 141-
dimensional field theory with one bosonic degree of [reedom for each polarization, Taking the
oscillators to be thermally distriboted, extensivity and scale invariance imply an energy of the
form

E = aRT? {12)
where o is a numerical constant that measures the number of degrees of [reedom (polarizations)
of the string. A standard calenlation in statistical mechanics gives

2 2

T = % for a boson , o= ?lr_g for a fermion . (13}

The entropy follows from (5 = dF/T,
S =2aRT =2voR. (14)

Since we are considering massless (and chiral) excitations along the string, they have momentum
P = I, which is quantized, so

E= (15)

=|2

and
S=2oN,. (16)
This already shows a feature of the entropy of the black hole we seek: 5 oc /N,

For a theory with Np bosonic and Np fermionic degrees of freedom, weakly interacting, the

contributions simply add: ,
Il PV
o= (w3 "

“This is the case when the black hole is embedded as a DI-DS-P solution, but not when it is F1-NS5-P,

which has the same Einstein metric and the same expression (11) for the entropy. The reason iz that in this case
g1~ GplNy, gr ~ GY Ns, so the size (charge-radiug) of the NS5 does not become small as the gravitational coupling

i= sent to wero,
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Thus

(18)

where ¢ = Npg + %NF corresponds to the central charge of the theory”. In a supersymmetric

theory N = Np, so

3
= =Np. 19
e 5Np (19)
Therelore, if the effective 141 theory has
Np = AN N; (20)

its entropy matches the black hole formula (117, What remains for us is to ebtain this number

from a microscopic string picture.

D1-D5 bound state. To identify the underlying string theory degrees of freedom, we uplift

the solution to ten dimensions,®

H 2 1 (H
2 ¥ —1 2 1 4.2
{1.‘5{10':' - ﬁ [dn’i + {1 — H" }dl‘) — md! + Fﬁdb [‘I‘{)
oy HyHg (dr® + rd€y) (21)

We have added four compact directions forming a T At v = 0, their size is finite since
Hy/Hs — q1/gs- Setting qp = [ isolates the other charges: with ¢ = 0, the solution has
translation invariance along z and T, so gy corresponds to a five-brane.  Conversely, with
qs = 0, g corresponds to a one-brane (a string) along z. Thus, the system is a bound state of
a string and a five-brane, aligned along 2, carrying momentum in that direction.

Taking the gravitational coupling to zero while keeping N; and B finite sends all charge-
radii g; to zero, flattening the spacetime. The entropy (11), however, remains finite.” We must
therefore have some perturbative string confipuration in Minkowski space that gives rise to this
entropy. We can identify it from the charges of the state. In string theory, the objects that
carry the charges that source the RR fields of the supergravity solution are D-branes. So the
supergravity solution must turn, at weak coupling, into a bound state of 10 and D3 branes.
Their dynamics is well captured in perturbative string theory via open strings ending on the
branes.

To connect with the effective string picture, we take the T to be much smaller than the
z-circle, The bound state then appears string-like in six dimensions, The compact T provides
polarization directions for oscillations, but modes with momentum along T are heavy and

decouple. Supersymmetry ensures fermionic pariners as well,

"The concept of central charge remains meaningful even in the strongly coupled regime.

HThis is the string-frame metric, not suitable for computing horizon areas.

TThe 131 and D5 contributions diverge in mass, but momentum excitations remain finite, as appropriate for
viewing the aystem ag excitations above the 11 D6 ground state. Fxcitations that create D-anti-1) brane paire

Are suppressed,

Péagina 122



For Ny = 1, the Ny Dl-branes bound to the D5 can oscillate freely inside it

massless modes," Tach D1 has four transverse directions inside the D3, yielding
Ng=4N,  (Ns=1).
With Ny Da-branes, each D1 can oscillate inside all of them." Thus
Npg = AN N,

(3
L]

which is precisely the number (20} needed to reproduce the black hole entropy.

Remarks:

these are

(22)

o We have described an extremal, zero-femperature black hole in terms of a fhermal dis-

tribution of string oscillations. How can this be consistent? The key is that the string
supports both left- and right-moving excitations, Suppose each sector is thermally pop-
ulated, with temperatures Ty, g, and that their interaction is weak so that § = 5, | Sg,
I = P+ Pr, and the net momentum is P = P, — Pg, with g = ‘"'l[f..,ﬂ‘p'fH- Since
Since T!_,j't =5 /0P 1) = 2008 1/ p, the actual temperature of the full system,
T 1 - Iif}Sfr'}E]p B is
|
—1 —1 —1 ‘

T =S (T 4 TR') (24)
Thus, if only one type of excitation is present (say Ty = 0), the overall temperature
vanishes even though the entropy remains finite. This explains how a black hole can carry

cntropy at zero temperature.

Fxtremality and supersymmetry. The microscopic derivation applies strictly to extremal,
supersymmetric black holes. Supersymmetry puarantees that the degeneracy of states is
invariant under changes of the string coupling g, so the entropy computed at weak coupling
continues to hold at strong c:‘x:nu|:nlinf,l;_l2 Without supersymmetry, levels could shift or life
as g varies, spoiling the agreement.

Near-extremal black holes. When the system is slightly excited above extremality, both
left- and right-moving modes are populated. The ‘effective string’ then emits radiation at
temperature (24}, via the annihilation of a left- and a right-mover into a bulk closed string
quantum. If only one type of excitation is present, no such emission oceurs — precisely as

expected for a black hole with zero temperature,

"hsrillations in directions transverse to the 135 brane are instead massive: separating a D1 and 5 brane

involves stretching open strings betwesn them,

" Mare precisely, the oscillations are described by (1,5) and (5, 1) open strings, giving Ny Na species with four
polarizations each. Fouivalently, the [Ms appear as Ny instantons in a O(Ns) gauge theory, and ¢ is the dimension

of their moduli spawee.
Gee footnote 5.

o
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s Rotating black holes. The same picture applies when angular momentum is included, in
both extremal and near-extremal eases. The rotation corresponds to an fi-charge of the
ascillators. The resulting entropy again matches the black hole formula.

o Four-dimensional black holes. Analogous constructions reproduce the entropy of four-
dimensional extremal black holes. In those cases, the effective string picture continues to

provide the correct microscopic account.

» Near-horizon geometry and AdS/CFT. The near-horizon {(or decoupling) limit of the
D115 black string is loeally AdSs x 5%, much as the extremal Reissner Nordstrdm solu-
tion develops an AdSs x 8% throat. The ‘effective string’ we have discussed above is in Fact
a 2D conformal field theory, which appears as the holographic dual of the AdSs region.
This observation became one of the earliest and most compelling pieces of evidence lor the
AdS/CFT correspondence,

[=+]
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BTZ from 6D D1-D5 black string

jueves, 4 de septiembre de 2025 22:13
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Black Hole Information Problem (I): Basic formulation

viernes, 2 de agosto de 2024 23:24

4.3 The black hole information loss problem

Shortly after his discovery that black holes emit quantum thermal radiation, Hawking realized a
surprising consequence: black hole evaporation implies that classical general relativity and quantum
mechanics are incompatible.

It was already known that the merger of the two theories was marred by the non-renormalizability
of the quantum theory of the massless spin-two field (the graviton). But the latter is a problem
of the ultraviclet, high-energy structure of the theory and becomes manifest only when trying to

probe the nature of spacetime close to the Planck scale, where the curvatures are so large that the

very notion of spacetime ceometry beconies dubious. It is therefore a situation where we naturally

expect that general relativity, regarded as an effective theory, breaks down.

The problem that Hawking identified is much more surprising, since it appears in situations where
the geometry of spacetime is expected to be smooth. The curvature near the horizon of a black

hole scales inversely to its size, so for a very large black hole the region around the horizon can be
as weakly curved as we wish. Hawking’s problem arises for semiclassical black holes with sizes
arbitrarily larger than the Planck length. Since there is n¢ difi-invariant quantity that diverges in
these regions, wiy shculd the effective theory break down’?

This has turned out to be a surprisingly deep and subtle question—and a very confusing one too.
We will not be able to do proper justice to all its intricacy, but we will attempt to make the reader

aware of its gist, without going into the resolutions that have been proposed.

4.3.1 Classical prelude: Black holes have no (or too little) hair

A main property of black holes, mentioned in the previous sections, is that they are characterized
by very few parameters. The black hole phase space is therefore of low dimensionality.

We referred to this by saying that ‘black holes have no hair’: the space of black hole sciuiions
s completely characierized by the conservec charges of the black hoie, namely its mass, angular
momentum, and charges associated to local conservation laws such as electric charges. Nowadays
we know of the existence of many kinds of black hole hair. Nevertheless, the phase space of black
hole solutions is still characterized by a number of parameters that, for all we know, is much smaller

than the huge number Ay /2

planck that the Bekenstein-Hawking formula suggests.

Therefore, when a system collapses to form a black hole, it appears that almost all of the initial
information of the configuration of collapsing matter is lost in the process. The final state only knows
about a few aggregate, macroscopic quantities. Classically, there is no way that this information can
be retrieved. Therefore the black hole appears ic be o siok where phase-space volume is desfroyed.

4.3.2 Basic formulation of the information loss problem

One may still regard this as not truly problematic, because the information about the state of the
matter that formed the black hole may somehow be preserved inside the black hole. However, if the
clack hole evaporaies and disappears then the problem comes back?'. We will formulate the puzzle
in different manners, each at a different level of sophistication and detail. The first formulation
contains the core of the problem. The next one makes it more precise. Further formulations are
possible that highlight other subtleties of the problem, but we will not discuss them here.

Fundamental irreversible evolution. The original configuration of matter may have been arbi-
trarily complicated, needing a huge number of parameters to describe it. All but a handful of these
data are lost to the outside observers when the black hole forms. The black hole evaporates by
emitting Hawking radiation, but this radiaiion, having o Bollzmann specirum, enly carries iniorma-
tion about the toial mass of the black hole, and about the conserved charges conjugate to ‘chemical
potentials’ such as angular velocities, electric potentials etc. Thus, when the black hole finally
disappears, the initial information is lost.

2'There is a version of the information loss problem that does not involve the collapse and evaporation of a black hole,

but instead deals with the verv-lone-time hehavior of fluctuations in the svstem of a black hole in eauilibrium with its
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Proposed 50 years ago

The problem is: are black holes
conventional quantum systems, and if
so, how is this compatible with their
being perfect absorbers (in the classical
limit)

It has many facets, many aspects---
sometimes referred to as "versions".
Some people, lines of work, address
only on of them and claim to have
solved it (often they have not). This is
not enough to claim that the BHIP is
solved. We want to understand all its
aspects.

A few years ago one of these aspects
was largely solved: recovering the Page
curve. But the solution left many
questions unanswered eg does an
infalling observer after the Page time
experience a smooth horizon or not? So
there are still very important aspects of
the BHIP that remain unsolved.

An important question is: Is it possible
to find a resolution to all tyhe main
aspects of the BHIP that relies only on
IR physics, like the effective theory of
the GPI? Or do we need more detailed
UV info? It'd look like it's the former



disappears, the 1nitial intormation 1s 10st.

2There is a version of the information loss problem that does not involve the collapse and evaporation of a black hole,
but instead deals with the very-long-time behavior of fluctuations in the system of a black hole in equilibrium with its
radiation. Significant progress has recently been made in this direction, but we will not discuss it in these notes.

This is a problem of ftudamenial iiteversibility at a deeper level than statistical thermodynamic
irreversibility: from the final radiation state we cannot reconstiuct, even i principle, the initial

matier state.

Non-unitary quantum evolution. In the previous paragraph we used ‘information’ in a rather
loose sense. Let us now make it more precise by phrasing the previous problem in quantum me-
chanical parlance. States in quantum mechanics can be generically described using density matrices
p. For pure states, which correspond to vectors |W) (properly. rays) in a Hilbert space, the matrix
Ppure = |¥)(¥] has von Neumann entropy —Trppure 10g ppure = 0. Mixed states are characterized by
having instead —Trpmixed 102 Pmixed > 0. Thermal ensembles pg, = Z~' ¥, e'E"/TIf)<i| are of this
kind and in fact maximize the entropy. Unitary evolution in quantum mechanics takes a pure state
into another pure state

RIERUGIE SN Ppure — Ppure (4.34)

(U™" = UT) and therefore no (fine-grained) entropy can be generated. This is the quantum-
mechanical counterpart of Liouville’s theorem that Hamiltonian evolution conserves phase space
volume, i.e., there are no sinks in phase space. Unitarv evointion is also the gnaninm-roechanicsl
statement that the initial state can be reconstructed out of the final state. So unitarity can be regarded

We may take the initial state of the matter that will collapse into a black hole to be a pure state.
During most of the evaporation the radiation is thermal to a very good approximation. When the
evaporation is completed. only this radiation remains. Thus the evolution of the system violates
unitarity, which is one of the basic assumptions of quantum mechanics. The “black hole information
problem’ is now stated as the ‘black hole unitarity problem’.

Imagine that we manage to collect all the radiation and all the final products of the evaporation of
the black hole, isolating them so well as to prevent any losses of coherence to external systems. We
pass tiese black hole renains theough a quantum super-computer (still under construction) which
attempts to reconstruct the initial state, that is, it tries to find a unitary iransformation that, acting
on the final state. would yield back the initial one. Hawking affirined that the guantum computer

will fuil.
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Black Hole Information Problem (ll): Page curve and entanglement
islands

sdbado, 3 de agosto de 2024 17:42

Corrections due to backreaction. A better-looking alternative is to imagine that black
hole evaporation is not essentially different from the process of burning a chunk of coal, or.
conceptually equivalently, gradually annihilating a lump of matter by throwing antimatter at it.
We know that this process is governed by gquantum mechanies and thus the evolution s imitary.
Although in practice it is very difficult to reconstruct the initial state from the final radiation,
we kmow that the information must be there in the form of extremely subtle correlations among
radiation quanta. Since we know that Hawlang’s calculation must at any stage receive small
corrections due to the backreaction effects of the radiation on the black hole, it could be that
these corrections serve the purpose of encoding the information on the outgoing quanta, in the
form of small deviations from the exactly thermal spectrum.

Appealing though this may seem, it can be argued that small deviations in the Hawking
emission of each guantum cannot add up to the required total information. In the case of the
annihilation of a lump of matter by throwing antimatter, or any initially pure system emitting
radiation in a manner governed by a Hamiltonian, the entanglement between the emitted radia-
tion and the burning system initially grows, peaking at the moment when half the total energy
has been radiated. From that point on. the entanglement decreases, meaning that the radiation
carries more and more information of the total state, and finally the entanglement disappears:
all the information is stored in the radiation (although in a highly scrambled manner).

This is not what Hawking emission appears to be doing. The evaporation of a hlack hole
proceeds by creating pairs of quanta. Each member of the pair is entangled with the other: they
can be regarded as an EPR pair. One of the two guanta falls into the black hole; the other
escapes to infinity. Thus, the entanglement between the interior and the exterior of the black
hole grows monotonically along the evaporation. If backreaction results in a small modification
in the individual emission process, the entanglement will still keep growmg, only now at a
slightly lower rate. So it does not seem possible that backreaction. which must be small for
large black holes, can effect the reversal in the growth of the emtanglement at mid-evaporation

that is required to maintain unitarity of the entire process.
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Black Hole Information Problem (l11): Entanglement structure, firewalls,
and islands again

17 October 2025 16:52
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