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§

The first direct gravitational-wave detection was made
by the Advanced Laser Interferometer Gravitational
Wave Observatory on September 14, 2015. The
GW150914 signal was strong enough to be apparent,
without using any waveform model, in the filtered detec-
tor strain data. Here those features of the signal visible
in these data are used, along with only such concepts
from Newtonian physics and general relativity as are ac-
cessible to anyone with a general physics background.
The simple analysis presented here is consistent with
the fully general-relativistic analyses published else-
where, in showing that the signal was produced by the
inspiral and subsequent merger of two black holes. The
black holes were each of approximately 35MØ , still
orbited each other as close as ª 350 km apart and sub-
sequently merged to form a single black hole. Similar
reasoning, directly from the data, is used to roughly es-
timate how far these black holes were from the Earth,
and the energy that they radiated in gravitational waves.

1 Introduction

Advanced LIGO made the first observation of a gravita-
tional wave (GW) signal, GW150914 [1], on September
14th, 2015, a successful confirmation of a prediction by
Einstein’s theory of general relativity (GR). The signal was
clearly seen by the two LIGO detectors located in Hanford,
WA and Livingston, LA. Extracting the full information
about the source of the signal requires detailed analyti-
cal and computational methods (see [2–6] and references
therein for details). However, much can be learned about
the source by direct inspection of the detector data and
some basic physics, accessible to a general physics audi-
ence, as well as students and teachers. This simple anal-
ysis indicates that the source is two black holes (BHs)
orbiting around one another and then merging to form
another black hole .

Figure 1 The instrumental strain data in the Livingston detec-
tor (blue) and Hanford detector (red), as shown in Figure 1 of
[1]. Both have been bandpass- and notch-filtered. The Hanford
strain has been shifted back in time by 6.9 ms and inverted.
Times shown are relative to 09:50:45 Coordinated Universal
Time (UTC) on September 14, 2015.

A black hole is a region of space-time where the gravita-
tional field is so intense that neither matter nor radiation
can escape. There is a natural “gravitational radius” as-
sociated with a mass m, called the Schwarzschild radius,
given by

rSchwarz(m) = 2Gm
c2 = 2.95

≥ m
MØ

¥
km, (1)

where MØ = 1.99£ 1030 kg is the mass of the Sun, G =
6.67£ 10°11 r mm3/kg s2 is Newton’s gravitational con-
stant, and c = 2.998£108; m/s is the speed of light. Ac-
cording to the hoop conjecture, if a non-spinning mass
is compressed to within that radius, then it must form a
black hole [7]. Once the black hole is formed, any object
that comes within this radius can no longer escape out of
it.

Here, the result that GW150914 was emitted by an in-
spiral and merger of two black holes follows from (1) the
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Plan of the Talk

✦Brief overview of superradiance 

✦Brief overview of axions

✦Superradiance and supermassive black hole nurturing

✦Superradiance and local phase transitions

see a talk by Pani for an up to date detailed story



Generic superradiance: rotating absorbing 
object may serve as a source of energy 

Super-radiant scattering of a massive object

Zeldovich’71
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Penrose Process 

Extracts angular momentum and mass from a spinning black hole 

Ergoregion

Rotating Black Hole

Penrose’69; 
Misner'72; Starobinsky’73



Black Hole Bomb

Photons reflected back and forth from the black hole  
and through the ergoregion

Press & Teukolsky 1972 
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Superradiance for a massive boson

Particle Compton wavelength comparable to the size of a black hole

 Damour et al.’76; Gaina et al.’78; 
  Detweiler’80; Zouros & 

Eardley’79; 

Press & Teukolsky’72  

m ⇠ 10�10 ÷ 10�20 eV
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Standard Model Landscape
Arkani-Hamed, SD, Nicolis, Villadoro hep-th/0703067 

What are the vacua in the Standard Model?
Radion Potential

R

V (R) classical contribution from �

Casimir from   g, �

Rmax = 14 µm � ��1/4Casimir from   �e,µ,⇥

R0 � (2�m�)�1

lAdS ⇥ 3.7 · 1027cm
2⇥R0 � 20µmAdS3 ⇥ S1
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vacuum with Trichamoeba sp.
typical habitant of the SM Landscape

50µm



Extremal Reissner-Nordstrom black holes connect between flat                    
and                       vacuaAdS2 � S2

ds2 = (1� rh

r
)2dt2 � dr2

(1� rh
r )2

� r2d�2
2

a) b)

Figure 4: a) Extremal Reissner–Nordstrom black hole interpolates between asymptotically flat region
and AdS×S vacuum; b) Extremal black hole interpolating to the lower dimensional vacuum stabilized
by the Casimir effect.

a lower-dimensional wall of tension σr while the pressure difference is pr, so a 3D bubble
has a size R3 ∼ (σr)/(pr) ∼ R4. For our neutrino-supported AdS3 vacua, the AdS3 length
is only few times smaller than the dS4 Hubble; so if there is a discretum of vacua allowing
for the adjustment of our cosmological constant, the AdS3 must also be unstable, with an
exponentially long lifetime.

Presumably this means that the CFT must itself be ill-defined at a tiny non-perturbative
level 1; for instance by having a marginal perturbation g with a metastable minimum and
an unbounded below potential. The timescale of the instability of the CFT could be of
order ℓ3 e−1/g. If our vacuum is isolated by huge barriers from the rest of the landscape, it is
conceivable that the AdS vacua are absolutely stable, since the required bubble, while being
smaller than ℓ4, could be larger than ℓ3 ∼ ℓ4/4, though this seems incredibly unlikely!

4 Quantum Horizons

Given the existence of a landscape of vacua in the Standard Model, it is natural to ask
whether it is possible to find geometries interpolating between vacua with a different number
of non-compact space dimensions. Such interpolations are already familiar for classical
AdSn×Sm vacua. For instance, the Standard Model possesses AdS2×S2 vacua with the
sphere stabilized by a flux of the electric field. The interpolating solution is nothing but the
extremal Reissner–Nordstrom black hole. Indeed, far from the black hole the metric is flat,
while in the vicinity of the horizon an infinite AdS2×S2 throat is developed, see Fig. 4a.

It has been fruitful to view extremal black holes as interpolations between different vacua
(cf. [6]) in the context of the interpolation of the scalar moduli fields in supersymmetric
theories between spatial infinity and the black hole horizon (“attractor mechanism”). As
we will show, this viewpoint is useful in broader context. In particular, for the Casimir

1We thank Juan Maldacena and Nathan Seiberg for a discussion on this point.
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Many More Vacua



Particles in                     vacuumAdS3 ⇥ S1
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✦All of the Standard Model 
✦Radion (a cousin of graviton) with 

mR ⇠ R�2
0

MPl
⇠ 10�40GeV
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✦Axion (a cousin of photon/Aharonov-Bohm flux) with 

ma ⇠ eR�2
0 e�2⇡R0me ⇠ e�108
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Exponentially light axion comes from power-like small fa
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String Lanscape: 
Plenitude (‘          ‘) of vacua  � 10500

Ultimate Unification of 
Fundamental Physics and Geography





Standard Model

Hidden Valley I

Hidden Valley II

In both cases no reasons to apply 
Occam’s razor



Axions in String Theory
Exactly the same story!  Starting from  

a higher dimensional theory, and very small 
and very complicated internal compact 

manifold 

µa / e�
MPl
fa
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the same factor is suggested by gauge coupling unification



The QCD axion 

Sa =
⇤

d4x
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(⇤µa)2 +

a

32⇥2fa
�µ⇤�⌅TrGµ⇤G�⌅

⇥

�eff � ⇥a(x)⇤
fa

+ �̄ = 0 solves strong CP!

Non-pert  QCD gives potential           of height                                              �4
QCD = µ4 exp(�8⇤/�s(µ))

Axion is a pseudo-Nambu-Goldstone boson
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QCD

fa
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Minimum of potential leads to axion vev such that

V (a)

=)



Gravitational Atom in the Sky

Occupation number

Far from the Black Hole: Newtonian Potential 

fermions �� bosons

1 �� 1075

�EM =
e2

4�
�� � = GNMBHµa = Rgµa

Ebinding = ��2
EMme

2n2
�� Ebinding = ��2µa

2n2

 Arvanitaki, Dimopoulos, SD, Kaloper, March-Russel 0904.4720 
Arvanitaki, SD 1004.3558 
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Superradiance Parametrics

a : BH spin, between 0 and 1

       �axion < m �+

Superradiance Condition

µa + Ebinding < m
a

2Rg(1 +
�

1� a2)
m : magnetic quantum number

Maximum superradiance rate for level with min. l, max. m

l=4



Axion annihilations

BH Gravitational field

ωgraviton = 2 maxion



Graviton Transitions
Super-Radiant Mode (n+1, l, m)

Super-Radiant Mode (n, l, m)

Gravitons



Spin Gap for the QCD Axion

ma=2x10-11eV, fa=3x1017GeV
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FIG. 11. Limits on mass and self-coupling of light axions de-
rived from (a) quickly rotating stellar black holes (at 2�) and
(b) quickly rotating supermassive black holes (at 1�). The
limits disappear for lower fa because the axion cloud can col-
lapse due to self-interactions before extracting a significant
fraction of the BH’s spin. The lighter regions are where the
BH may be on a Regge trajectory and are therefore not ex-
cluded. We also translate the fa dependence to the quartic
coupling � (right axes).

are extracted from the ergo-region than fall back in, is

�����
�n

0
`
0
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0

dump

�n`m
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�����

1/2 �����
h 

n
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dump |�V (~r)| n`m

sr i

�E

����� < 1, (31)

where  sr,dump are the wave functions of the superradiat-
ing and dumping levels, �E is the energy di↵erence be-
tween them, and �dump and �sr are the analytical dump-
ing and superradiant rates [2] (an excellent approxima-
tion at small ↵/`). The ratio of the rates comes from
relating the wave functions at the cloud to those at the
horizon [4] and scales as a high power of ↵,
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with a weaker dependence on m.
The energy di↵erences�E are µa(↵/n)2 between levels

with �n 6= 0, with ⇠ µa(↵/`)4 “fine” level-splitting from

relativistic corrections (if �` 6= 0) and ⇠ µa(↵/`)5 “hy-
perfine” splitting from spin-orbit coupling (if �m 6= 0),
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and higher order corrections to the Newtonian potential
from the black hole.

A. Companion Star

The observed stellar BHs are in binaries with com-
panion stars, the masses and especially orbital periods
of which are known to great precision (Table III). For
the systems used in setting limits, the companions have
mass M⇤ of order the BH mass and orbit at a distance
R ⇠ 106 rg from the BH. To compute the e↵ect of the
companion, we decompose its gravitational potential into
multipoles; schematically,

�V

µa

⇠
M⇤
M

rg

R

✓
1 +

rc

R
Y1,m +

r
2
c

R2
Y2,m + . . .

◆
. (34)
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where T is the orbital period of the companion star and
M is the black hole mass. Higher multipoles mix with
other `0 6= ` modes and give a comparable bound, while
mixing with �` = 0,m0

6= m modes gives a weaker
bound since the ratio of dumping to superradiance rates
for these modes is smaller. Thus, a typical companion
star may disrupt superradiance only if the axion-black
hole coupling is small, ↵/` < 0.05; the bound has very
weak dependence on the black hole binary parameters.
We take this constraint into account in setting limits on
axion parameter space. For our GW signal estimates,
the bound on ↵/` is irrelevant: the weak coupling pro-
duces signals too small to observe, and signals are just as
likely to come from the over 50% of BHs which are not
in binaries [65].

B. Accretion Disk

Stellar BHs in binaries and supermassive BHs are sur-
rounded by accretion disks which extend out from the
innermost stable orbit. For stellar black holes, the accre-
tion disk extends to the companion star at 106 rg, while
for a M = 108M� black hole, the disk ends at ⇠ 103 rg

[66]. Although the disk can spatially overlap with the
axion cloud, it does not source a large perturbing poten-
tial since the mass in the disk is very small compared to
the BH mass. To compute the e↵ect on the axion cloud,

Combined Exclusion Plot
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FIG. 11. Limits on mass and self-coupling of light axions de-
rived from (a) quickly rotating stellar black holes (at 2�) and
(b) quickly rotating supermassive black holes (at 1�). The
limits disappear for lower fa because the axion cloud can col-
lapse due to self-interactions before extracting a significant
fraction of the BH’s spin. The lighter regions are where the
BH may be on a Regge trajectory and are therefore not ex-
cluded. We also translate the fa dependence to the quartic
coupling � (right axes).
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where  sr,dump are the wave functions of the superradiat-
ing and dumping levels, �E is the energy di↵erence be-
tween them, and �dump and �sr are the analytical dump-
ing and superradiant rates [2] (an excellent approxima-
tion at small ↵/`). The ratio of the rates comes from
relating the wave functions at the cloud to those at the
horizon [4] and scales as a high power of ↵,
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with a weaker dependence on m.
The energy di↵erences�E are µa(↵/n)2 between levels

with �n 6= 0, with ⇠ µa(↵/`)4 “fine” level-splitting from

relativistic corrections (if �` 6= 0) and ⇠ µa(↵/`)5 “hy-
perfine” splitting from spin-orbit coupling (if �m 6= 0),
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and higher order corrections to the Newtonian potential
from the black hole.

A. Companion Star

The observed stellar BHs are in binaries with com-
panion stars, the masses and especially orbital periods
of which are known to great precision (Table III). For
the systems used in setting limits, the companions have
mass M⇤ of order the BH mass and orbit at a distance
R ⇠ 106 rg from the BH. To compute the e↵ect of the
companion, we decompose its gravitational potential into
multipoles; schematically,
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where T is the orbital period of the companion star and
M is the black hole mass. Higher multipoles mix with
other `0 6= ` modes and give a comparable bound, while
mixing with �` = 0,m0

6= m modes gives a weaker
bound since the ratio of dumping to superradiance rates
for these modes is smaller. Thus, a typical companion
star may disrupt superradiance only if the axion-black
hole coupling is small, ↵/` < 0.05; the bound has very
weak dependence on the black hole binary parameters.
We take this constraint into account in setting limits on
axion parameter space. For our GW signal estimates,
the bound on ↵/` is irrelevant: the weak coupling pro-
duces signals too small to observe, and signals are just as
likely to come from the over 50% of BHs which are not
in binaries [65].

B. Accretion Disk

Stellar BHs in binaries and supermassive BHs are sur-
rounded by accretion disks which extend out from the
innermost stable orbit. For stellar black holes, the accre-
tion disk extends to the companion star at 106 rg, while
for a M = 108M� black hole, the disk ends at ⇠ 103 rg

[66]. Although the disk can spatially overlap with the
axion cloud, it does not source a large perturbing poten-
tial since the mass in the disk is very small compared to
the BH mass. To compute the e↵ect on the axion cloud,
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GUT QCD axion
✦ Running out of BHs. l>1, large      regime 

✦Spindown and annihilations signals are too small 

✦Most conservative from theory viewpoint 

✦Need to think how to go for high frequencies 

✦Need to understand axion non-linearities. Bosenova 
burst?  

✦Need to look for possible ways to transmit GW power 
into lower frequencies: 

✦6g-5g transitions? 

✦ Resonances in binary systems? 
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✦Spindown and annihilations signals are too small 

✦Most conservative from theory viewpoint 

✦Need to think how to go for high frequencies 

✦Need to understand axion non-linearities. Bosenova 
burst?  

✦Need to look for possible ways to transmit GW power 
into lower frequencies: 

✦6g-5g transitions? 

✦ Resonances in binary systems? 
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Transition Events Estimates

• Lower number of observable sources due to signal duration
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FIG. 4. Evolutions of 211 and 322 levels associated with parameter points labeled above.
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Effects on BH accretion rate

Axion spins BH down and accelerates the 
accretion rate
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large values of the ✓-parameter—for instance, the pion mass is smaller by a factor of order 3 at
✓ = ⇡ as compared to the ✓ ⇡ 0 vacuum, where we live (see, e.g., [44] for a recent discussion).
Given that (multi)pion exchange is one of the dominant forces responsible for the nuclear binding
it is natural to expect that nuclear binding energies change by order one in the regions with ✓ ⇠ 13.

Consequently, it is natural to speculate that some of the stable nuclei may become unstable
towards disintegration, and gamma- or beta-decay when they enter in the region of the cloud as it
approaches the maximum size. Even if (47) somewhat overestimates the maximum ✓ in the cloud,
it appears very probable that ✓ becomes of order one at least during the Bosenova events. The
characteristic timescale for the latter is set by the black hole size and is of order 10�5 seconds.
Consequently, it’s only strong and electromagnetic nuclear instabilities that have enough time to
be important during the Bosenova event.

Under the optimistic assumption that an order one fraction of nuclei in the vicinity of the black
hole horizon decays and produces �-quanta with MeV energies let us estimate the resulting flux
of photons at the Earth from the Bosenova event. If the black hole accretes with an Eddington
limited rate, the total amount of matter within a distance of order rg from the black hole horizon
can be estimated as MBHrg/⌧E ⇠ 1035 GeV⇠ 10�22M�, where ⌧E is the Eddington time (33).
This may give rise to the emission of order 1035 photons with MeV energies on a time-scale of
order 10�5 seconds. This is not very much—for a black hole at 10 pc away one would obtain one
photon per 10 m2 at the Earth. However, there are several ways the signal can be significantly
stronger. First, the major limiting factor in the above estimate is the amount of matter in the
vicinity of the black hole horizon. This amount may be roughly 22 orders of magnitude larger
immediately after the supernova explosion. Of course, this is a violent event providing lots of
radiation by itself, and also immediately after the explosion the metric perturbation due to the
surrounding matter is likely to be strong enough to damp the superradiance. However after the
environment cleans up a bit this may give rise to a signal many orders of magnitude stronger than
in the Eddington regime.

Also the signal may last significantly longer if, as the estimate (69) suggests, nuclei may get
destabilized not only during the Bosenova collapse, but also when the cloud is still stable. Another
possibility for the signal to last longer is for the Bosenova to produce long-lived axion clumps (such
as “pulsons” of [45]) that would be able to escape from the near-horizon region.

Finally, rather than directly detecting photons one may look for spectral X-ray lines of exotic
elements in the vicinity of the black hole, that could have been formed as a result of the nuclear
disintegration triggered by the large axion field4.

4.5 Accelerated growth of black holes

Yet another indirect consequence of superradiance is that axions, if present, would accelerate the
black hole growth. As a toy illustrative example we pick the Eddington saturated thin disc model
(see [46] for a review and references). In this model the black hole mass evolves according to

dM

dt
=

1� ✏M(ā)

✏M(ā)

M

⌧E
+ Ṁsr , (70)

3
Note, that this e↵ect was not taken into account in the analysis of [44].

4
We thank Steve Kahn for pointing this out.
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Superradiant Creates Huge Field Values

Setup:
✦Axion, coupled to QCD-like sector.
At least 3 light quark flavors with close masses.
Pure glue also works.2 Phase Structure of Hidden Valleys

To illustrate how an adiabatic change of a ✓-parameter can trigger a phase transition in a strongly
coupled gauge sector, let us consider SU(Nc) QCD-like gauge theory with N light quark flavors
(this section is mostly a summary of well-known facts, an incomplete list of original references
include [20, 21, 22]). In this case all the relevant dynamics can be analyzed in a weak coupling
regime using the low energy chiral Lagrangian. Indeed, from the chiral perturbation theory we
get the following e↵ective Lagrangian

L =
F

2
⇡

4
Tr @U †

@U +
⇤3

2
Tr

�
Me�i✓/N

U +Mei✓/NU †�
, (1)

where U 2 SU(N) are pions, M is the quarks mass matrix and the pion decay constant F⇡ is of
the same order as the QCD scale ⇤. With appropriate field redefinitions one can always make M
real and diagonal, M = diag{m1,m2 . . .mN}, with

m1 � m2 � . . .mN > 0 . (2)

All masses are assumed to be much smaller than the dynamical QCD scale ⇤ 1.
Let us study the extrema of the potential (1); our main interest is to follow the dependence

on the CP-violating phase ✓. As we show in the Appendix, one can always search for extrema in
the diagonal form, U = ei✓/Ndiag{ei�1 , e

i�2 , . . . e
�N}, with

NX

i

�i = �✓ + 2⇡k , (3)

where �i 2 [�⇡, ⇡) and k is an integer. With this diagonal Ansatz the pion potential becomes

V (�i) = �⇤3
NX

i

micos�i . (4)

The extremality conditions for the potential (4) are simply

misin�i = mjsin�j, (5)

for any pair i, j, plus the constraint (3). For each value of ✓ this set of equations has various
solutions which correspond to di↵erent type of extrema — minima, maxima and saddle points.

To determine conditions for an extremum to be a local minimum let us consider the Hessian
matrixM↵� using �1, . . . ,�N�1 as independent variables, so that indices ↵, � run from 1 to (N�1),

M↵� = �↵�m↵ cos�↵ +mN cos�N , (6)

where no summation over ↵ is assumed. Then it follows from Eqs. (2), (5) that a necessary
condition for a local minimum is cos�↵ > 0, ↵ = 1, . . . , N � 1. Moreover, if also cos�N > 0

1Strictly speaking, in the large Nc regime, one needs mi ⌧ ⇤/Nc for the description (1) to hold, otherwise one
should also include the ⌘0 meson in the low energy theory.

3

Effective action describing axion and mesons:

✦Some portal, allowing for hidden pions to annihilate 
into SM. Simplest example: dark photon with kinetic 
mixing.

SD, Gorbenko, 1012.2893 
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Figure 1: Extrema of the axion potential at N = 3 for equal quark masses (left), and for mass
ratios 1:1.2:1.4 (right).

referred to as axion monodromy. Even at equal masses this name is a bit misleading—as we see
on the way from 0 to 2⇡ extrema change their nature and turn from minima into maxima and
vice versa. Fig. 1a demonstrates that for non-degenerate masses something even more dramatic
happens—there are branches of extrema that are not defined over all range of ✓ from 0 to 2⇡. Of
course, the physics is still periodic under 2⇡ shifts of ✓—the sets of extrema at ✓ and ✓ + 2⇡ are
identical.

Note that the two minima have equal energies at ✓ = ⇡ both for di↵erent and degenerate
masses. This is not a coincidence, but rather a consequence of the 2⇡-periodicity in ✓ and of
✓ ! �✓ reflection symmetry.

Let us estimate now the life-time of metastable minima in the pion potential. As usual the
probability of tunneling is determined by the classical bounce action, � / e�S [23, 24]. It is clear
that the tunneling probability becomes large for ✓ close to ✓c, where the height of the barrier goes
to zero. Indeed the relevant part of the pion Lagrangian at ✓ ⇠ ✓c can be written in the form

L ' F
2
⇡

2
(@�)2 �m⇤3

�
M

2(✓)�2 � ��
3 + . . .

�
, (10)

where M
2(✓c) = 0, � is a linear combination of pions �i that becomes massless at ✓ = ✓c, and �

is a constant. Dots in (10) stand for corrections which are higher order in � and/or in (✓ � ✓c).
These terms can be neglected at ✓ ⇠ ✓c when the bounce solution is localized near � = 02. In this
limit the tunneling rate becomes [25]

� ⇠ exp

✓
�91

2

M
2(✓)

�2

F
4
⇡

m⇤3

◆
, (11)

2The cubic coupling � can turn zero at some special values of quark masses. In this case one has to include
the quartic self-interaction to calculate the bounce action. This will change some of our formulas but not the
conclusions.
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Figure 2: A total energy release as a function of a characteristic temperature of a fireball for
di↵erent values of parameters ↵ and l. Two red axes on top represent a corresponding black hole
mass and time scale for ↵ = 0.5, l = 1. For the blue line a black hole mass is 5 times larger than
the value on the red axis and a time scale is 5 times longer. For the green line a black hole is 5
times lighter and a time scale is ⇠ 51/3 times longer.

To produce this plot we assumed that the axion potential is dominated by the hidden sector,
so that T = ⇤µ with fa = 2 · 1016 GeV. The total energy release is determined either by (22) or
by the total mass of the axion cloud (23) depending on whether thermalization condition holds or
not. To check the latter we assumed that the mixing parameter ✏ takes the largest possible value
compatible with the observational bounds at the corresponding meson mass scale.

The reason we have three di↵erent curves on the plot is the following. In our previous estimates
we were assuming ↵ ⇠ l ⇠ 1. The three curves are meant to illustrate the uncertainties in the
estimates related to variations of these two parameters. The red solid curve on the plot corresponds
to l = 1 ↵ = 1/2, i.e., to ↵ ⇠ l ⇠ 1 regime5. The dependence on ↵ and l comes mainly from
two e↵ects. First, the size of the cloud scales as Rc ⇠ l

2
/↵, a↵ecting in turn the energy release

through expressions (22), (23) and through the Rc-dependence of the thermalization condition.
To illustrate this e↵ect we presented the blue dashed curve, corresponding to l = 5, ↵ = 2.5.

Yet another e↵ect enters when we vary ↵ and l, such that the ratio ↵/l changes as well.
Namely, as we already mentioned in section 3, the value of the ✓ parameter when the Bosenova
collapse starts was estimated in Ref. [10] to be proportional to ↵/l. Consequently, for small ↵/l

5Recall that the superradiance condition implies that ↵/l < 1/2.
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What about QCD itself?

What happens to nuclear physics at large    ?  ✓
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Conclusions

✦Superradiance opens lots of opportunities to 
brighten up black holes 

✦Lots of analytical and numerical work still needs 
to be done to fully understand this phenomenon 
and to make a full use of these opportunities 


