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Abstract: <p>We introduce a simple and modern discussion of rotational superradiance based on quantum field theory. We work with an effective
theory valid at scales much larger than the size of the spinning object responsible for superradiance. Within this framework, the probability of
absorption by an object at rest completely determines the superradiant amplification rate when that same object is spinning. We first discuss in detail
superradiant scattering of spin O particles with orbital angular momentum | = 1, and then extend our analysis to higher values of orbital angular
momentum and spin. Along the way, we provide a smple derivation of vacuum friction&€” a &€osguantum torquea€e acting on spinning objects in
empty space. Our results apply not only to black holes but to arbitrary spinning objects. We also discuss superradiant instability due to formation of
bound states and, as an illustration, we calcul ate the instability rate 1 for bound states with massive spin 1 particles.</p>
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Outline:

 What is superradiance? What is it not

 Why think about it now?

* Build an EFT of spinning objects

e ...butfirst review SSB and coset construction

« Superradiance from the EFT perspective
 Bound states (+ LIGO + beyond the SM physics)
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What is (rotational) Superradiance?

For relativists: Superradiance in
the context of a kerr black holes

. - add linearized
Kerr solution * .
| perturbations
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What is (rotational) Superradiance?

Solve Teukolsky equations and find
something incredible

that satisfy the superradiant
condition

. : AMPLIFICATION for modes
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Penrose process
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(rotational) superradiance

A
v

A> Rg
w, l,m) — (1 4+ A) |w, £, m)

A< (0 = Absorbtion
A >0 = Amplification
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Two Claims:

1)  Superradiance is a consequence of
rotation + dissipation

2) Superradiance follows from a
tension between absorption +
stimulated emission
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Why care now”

* Black hole physics mined for
the purposes of AdS/CFT —
boundary acts as a mirror

* Axions and the like motivate "

thinking about light particles L)

interacting with rotating BHs —
mass acts as a mirror*

*A. Arvanitaki, M. Baryakhtar, R. Lasenby and friends
hep-th/0905.4720 + hep-ph/1411.2263 + 1604.03958
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An EFT for (small) spinning objects™:

Lorentz

Want theory with - DOF = {&(),6;(1)} &= | -0~

A

*Details can be found in L. Delacrétaz, S. Endlich,
A. Monin, R. Penco, F. Riva: hep-th/1405.7384
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Point particle: g&
3 8
Add small perturbations:
(t(A), Z(N))

dzt(N) dx” (\)
While obeying the constraint:  "luw = 5y T -

' ' m .
—m / dr — / dt (—m + E,Uz 4. )
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Point particle: %\\
3 8
Add small perturbations:
(t(A), Z(N))

dz*(N) dx” ()
While obeying the constraint:  "lw = 5y T -]

' ' m .
—m / dr — / dt (—m + E,Uz 4. )

how can we arrive at this directly?
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SSB of spacetime symmetries—
more recent literature:

+ Neilson and Chadha (1976)

+ Schafer, Son, Stephanov, Toublan, and Verbaarschot hep-ph/0108210 (2001)
+ Low and Manohar hep-th/0110285 (2002)

+ Watanabe and Brauner 1109.6327 (2011)

+ Nicolis, and Piazza 1112.5174 (2011)

+ Watanabe and Murayama 1203.0609 (2012)

+ Hidaka 1203.1494 (2012)

+ Nicolis, Penco, Piazza, and Rosen 1306.1240 (2013)

+ Endlich, Nicolis, and Penco 1310.2272 (2013)

+ Endlich, Nicolis, and Penco 1311.6491 (2013)

+ Brauner, Endlich, Monin, and Penco 1407.7730 (2014)

Interesting (and rich) story

+ Nicolis, Penco, Piazza, and Rattazzi 1501.03845 (2015)

- eftc.
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“CliffsNotes” of that story using CCWZ(+V)*:

1. ldentify symmetry breaking pattern:
G~ H

2. Build objects out of Goldstones that transform linearly
Dr 255 h(g, ™)Dm
3. Eliminate redundant** d.o.f.
Drt =0 — 7B(0r?)

4. Build a Lagrangian out of H invariant objects using {Dr, A}

*Callan, Coleman, Wess and Zumino + Volkov

**but not always; so-called “Inverse Higgs constraint”
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INn essence:

G — H L(OT, V)

.i ; Invariant under full

with Goldstones
transforming non-linearly

+ missing ingredient: “external field coupling”

~ 9€eG

schematically R=Q '(n)-R = RT3 hR

w/ o Qr) = ei™ T
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An EFT for spinning objects:

Unbroken

Broken

{
{

Py
],} = S»,{j + ],}

B
'] ab

S c SO(d)

time translations
spatial rotations

spacial translations
rotations and boosts
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An EFT for spinning objects: i ?

Wsessassasssassan >
Py time translations
Unbroken = = . .
Jij = Si; +Ji;  spatial rotations
1.
P; spacial translations
Broken = )
Jab rotations and boosts
w/ S C SO(d)
2->4,

I ,
Z)f\] D(}’,’JJD(Y.AI _|_ . . )

S = /dT (—m—l—
angular

w/ Do =A"d A+ u' A w, A =Q yelocity

Aar) = A(n)A(0)
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Missing light modes are dissipation

A

MUST have supportat w — 0
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Superradiance is then just a general
consequence of the fact that the spectral
density of bosonic operators is an odd
function of its argument, and that it is positive
for positive arguments.

Qo < P;;, when w—ml >0
Dbt > P, when w—m <0

/.‘/1
(I)(mt, - (I)in _p P o ]‘
— dem T £ abs —

(VT O vw

plw — m) (L=1)

w/ Aw) — A(—w) = p(w) density of states
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igher moments:

Leading interaction ol N 7 7,
v Him.:() I"'dp(/)Rh 1"'Rlp (O-II”HI!’

given by:
very similar calculation vm oy ym
as before but with : f1Le
(I)(ml, - (I)in 4 A;zﬁ—i_z
:P(‘III_RL)H:_ : — mf2).
o, ’ ! 21 (20 4+ 1)Now pe(w —mA)

Higher spin similar...
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Matching at low energies:

Density of states admits
low frequency expansion*:

p(w) ~yw + Ow?) with v >0

Extract this parameter from numerical
simulations or analytical calculations in a
simple, idealized problem

“More on dissipation S. Endlich, A. Nicolis, R. Porto, and J. Wang: hep-th/1211.6461
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Bound states

More concretely

) 1 A . (Bt At . .
“ddntm

ném

To leading order in PN fuem(r,0,¢) = Rne(r)Yem (0, ¢)

' : . - 2 ”’-2
satisfy usual Hydrogenic Schrédinger Egn w/ E2pm =~ p? ll - .,] (+1<n

n4

Gravitational fine structure constant | « = GMp < 1

*Arvanitaki, Dimopoulos, Dubovsky, Kaloper, and March-Russell: hep-th/0905.4720
and e.g. recent paper by Hui, Ostriker, Tremaine, and Witten: astro-ph/1610.08297
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Bound states — superradiant instability

Just as before compute X, + (n,¢,m) — X; (=1

W/ Hint — 01(/) RIJOJ

. . GM p? ° p(mS§ — ) G M 2 ° (mS2 — p)y
Things follow aefolebutinowwith 9 2 h = 5 o

Cdw A ' |
l)nlm - / * (w) / dt (‘)I./.n.("'m.('f' S [))[{I.I(I-)("ﬁ(w )t
- Mool

2w 2

L (GMp*\’
@ Cabs = ( £ ) A — ms) (n=2(=1)
; 27t 2

WP 1 (GM2
T T 2mp 2

‘)
<

similarly ) A(mS — ) (n=2,(=1)
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Bound states — superradiant instability

AF — F(Ell] - F}I.I)H

N GM p? ° p(m& —p) GM 11* ° (mS) — )y
B 2 27 N 2 27
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Bound states — superradiant instability

AF — F(Ell] - F}I.I)H

N GM p? ° p(m& —p) GM 11* ° (mS) — )y
B 2 27 N 2 27

; . 9
Using the matching we AT ~ (GMp) 0

have from before G
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Outlook/more things to talk about:

« bound states of massive vectors ATV ~ (GMu)'$

* use EFT to do hard computations (higher
order in PN, mode mixing etc.)

» useful for general objects and for BHs in a
regime where numerics is difficult (long time
scales)

 LIGO observables and tests of fundamental
physics
Just the beginning!
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