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Abstract: The information loss paradox is usually stated as an incompatibility between general relativity and quantum mechanics. Howev
assumptions leading to the problem are often overlooked and, in fact, a careful inspection of the main hypothesises suggests a radical refor
of the problem. Indeed, | will present a thought experiment that shows the existence of an incompatibility between (i) the validity of the la
general relativity to describe infalling matter far from the Planckian regime, and (ii) the so-called central dogma which states that as seen f
outside observer a black hole behaves like a quantum system whose number of degrees of freedom is proportional to the horizon area. We
revise the standard arguments in support of the central dogma, and argue that they cannot hold true unless some new physics is invoked ev
reaching Planck scales. This leads to the counterintuitive result that the information loss problem, in its current formulation, is not nece
related to any loss of information or lack of unitarity. Semiclassical general relativity and quantum mechanics can be perfectly compatible
reaching the final stage of the black hole evaporation where, instead, a consistent theory of quantum gravity is needed to make any predictiol

Zoom Link: https://pitp.zoom.us/j/94637978136?pwd=VmIWalBJU3I1LUGVRN;jliMEpUTIl02dz09

Pirsa: 21100019 Page 1/93



Dynamical friction
from light dark matter
in the relativistic regime

Katy Clough




Plan for the talk

» A brief background on light dark matter candidates

 Dynamical friction in the non relativistic regime

* Dynamical friction in the relativistic regime

* Next steps
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A brief background on light DM

See Wave Dark Matter review by Lam Hui
(Annual Review of Astronomy and Astrophysics, arXiv 2101.11735)
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Why light dark matter?

Direct detection Direct datecton
Superadance
GW EMRI dephasing PBH mergers & SGWE
GW NS mergers
NS heating
CMB 5D CmB 8D CMmB 5D
K& rays M rays 5, cosmic rays & 1 Radio, X &7 rays
Rado lines X-ray lines
Microlensing Microiensmng
Structure formition Structure formation
107" eV ueV DleV eV MeV GeV 10 TeV 1071 Af. w0M 10 M,
PBH

Fuzzy DM QCD axion/ALPs Sterile v WIMPs & WIMPzillas
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A =
Why light dark matter? i

Katy d[h{:gh
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Light dark matter is wave-like

* |n the limit of small mass m (sub eV), the number density is high, and dark matter is well described
by a classical field, obeying (for a spin 0 particle) the Klein Gordon equation:

J7; =
VAV, = WP
* |t has a wave like behaviour, and pressure support on length scales of order 1/mu

* The underlying properties of the particles (number density, velocity) at each point can be inferred
by considering properties of the field, for example:

k~dod  p~d+up+09? ==
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Light dark matter is wave-like

* |n the limit of small mass m (sub eV), the number density is high, and dark matter is well described
by a classical field, obeying (for a spin 0 particle) the Klein Gordon equation:

e
e V,uqb = ()b
* |t has a wave like behaviour, and pressure support on length scales of order 1/mu

* The underlying properties of the particles (number density, velocity) at each point can be inferred
by considering properties of the field, for example:

k~dap p~F+pP 0@ v ==

25 50 75 100 135 150 115 200
> * -00:00 |
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Light dark matter is wave-like '

Katy Cléugh

V($) A\

Cold!
ki~ ¢ 0gp~0

= Energy density set by local amplitude

b A\ ¢ p~ @+t = (p) ~ ¢’
— Pressureless (on average)
"‘ -
= p~¢—pp* = (p)~0
space
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Non relativistic description

Katy Clough

* Modulo out the oscillations:

d(x, ) =wix,t) e¥ +c.c.

» Assuming that iy << uy one can show

that y obeys the Schroedinger-Poisson
equations

» Density is related to the amplitude of y as
p~yy*
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Non relativistic dynamical friction




- A
Dynamical friction '

Katy Clough
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Dynamical friction
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Dynamical friction - Newtonian calculation

> Mass M
_ : . velocity v
Drag forcek - -
Overdensity GMp X'
r: r

Dynamical friction force
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;/ radius r '
: i
X-momentum p # |
!
—_— — ___‘_.‘L \\
.: . _______-____ll_“-_""-“_ X-momentum p
| | | -___“__"_-__
l > e
| | | |
o | velocity v
i1 Mass M :
\\ f;
43 | ‘
. Fy(v,r) = JTi “
L Dynamical friction force

(in the stationary limit)
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Dynamical friction - Newtonian calculation for scalar DM

For scalar mass m the behaviour is parametrised by the ratio ~ *%] — smaiim
large m
3000 4
e GM 1 2500
vz my 2000
- 1500

And the force is

1000

2 500

F=4np (G—M)H (ln(2mvr) — 1.0 — Re(W(1 + iﬂ))) 0 hh__——_ : ——

Vv oo 02 04 & 08 10

Force versus velocity
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Dynamical friction - Newtonian calculation for scalar DM

For scalar mass m the behaviour is parametrised by the ratio ~ *%] — smaiim
3000 4 large m
— % -1_ 2500
- 2 my 2000
- 1500
And the force is
1000 ]
2 500 ' :
GM M
F = 4zp (—) (In@2mvr) — 1.0 — Re(¥(1 + ip))) A 2 020
v o0 02 04 06 08 14

Force versus velocity
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Dynamical friction - Newtonian calculation for scalar DM

-300 =100 0 100 200 -200 -0 0 100 200

Plunging
BH

=200 -0 0

W00 200 -200 -0 0 w200

-5 o 5
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Dynamical friction - Newtonian calculation for scalar DM

For scalar mass m the behaviour is parametrised by the ratio ~ **] — smallm
large m
3000 4
_GM 1 el
v2 [ my 200
N 1500

And the force is
10400

2 500

F=4mp (G—M) (In@2mvr) — 1.0 — Re(¥(1 + if))) o e

T T T T
Vv oo 02 04 & 08 10

el '* (2017 Force versus velocity
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Dynamical friction - Newtonian calculation for scalar DM ’

Katy Clough

-200 =100 0 100 200 -200 =100 0

200

) 200
100/
0 -
1004 100
2009 {! 200
1
5

Plunging
BH
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Superradiance

R 0.1Mpy

~ 1073
[R7?] Z(10R,)?
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radial

Accretion field profile

Katy Clough

o 25 50 15 100 125 150 175 200

energy
density

2

45
P qo-12 Mau i 0
[R] 1M, ) \GeV em—= ) \ 103
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154 4 : 4
: radial

Accretion field profile

o(t) / po

Loan s 0 25 50 75 100 125 150 175 200

energy
density

2

=3
" S 10-12 Mgy po® Vo
109M GeV cm™3 10-3¢

|Rr%]
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Katy Clol:.lgh
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Dynamical friction - impact on EMRI orbits

- Can work out presence of a i g g G e g
superradiant cloud by studying the : ) gi®
dephasing of the inspiral of a smaller 10* I 80 %
object into a supermassive BH ' - log B o7 3
= 60 =
" log Byl = 14 =
, . ez 10 — =
- Impact of dynamical friction not z 10 5
included, only backreaction of cloud - 0 =
. 0~ &
on the metric g
10 ;
- For inner orbits, relativistic | A B — 0T BT T gm0 =
corrections potentially matter WRIRRGN R S BV

Pirsa: 21100019 Page 26/93



Reminder - Newtonian calculation for scalar DM

For scalar mass m the behaviour is parametrised by the ratio

300 - small m
GM 1 3000 large m
2 my = Force versus velocity

2000

And the force is ~ 5o
1000 |

GM X . 500 \ 2?
F=4mp (— ) (In2mvr)— 1.0 — Re(¥(1 +iB))) —
v 0 : : . .
00 oz o4 06 08 10
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Dynamical friction - impact on EMRI orbits

- Can work out presence of a i g g G e g
superradiant cloud by studying the : ) gi®
dephasing of the inspiral of a smaller 10* I 80 %
object into a supermassive BH ' - log B o7 3
= 60 =
" log Byl = 14 =
, . ez 10 — =
- Impact of dynamical friction not z 10 5
included, only backreaction of cloud - 0 =
. 0~ &
on the metric g
10 ;
- For inner orbits, relativistic | A B — 0T BT T gm0 =
corrections potentially matter WRIRRGN R S BV
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’

Katy Clough

Dynamical friction from scalar dark matter in the relativistic regime
arXiv:2106.08280 (To appear PRD)
Dina Traykova, KC, Thomas Helfer, E Berti, P Ferreira, L Hui
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Dynamical friction - expected relativistic corrections

Katy Clough

» Qverall relativistic correction 0.06

....... ;':J_“.'-u el

F, onrel X y2(1 T v2)2

n
» Also replace densityp — p+p

p+p
p

F

nonrel

Force versus velocity
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Dynamical friction - expected relativistic corrections

* First relativistic correction

2 252 v i LN
Froma XX A4V e , <

: y2 relates to the increase in the “ P~~~ —__/t__‘:‘_'_‘::-*-_-_---
momentum of the fluid as seen in the fu .
rest frame of the perturber n

* The second part comes from the Y 4
increase in the deflection angle at g -
relativistic velocities

2M>.<(1+ 2)
X =— vV
bv?
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-
Dynamical friction - expected relativistic corrections

Katy Clough

* Pressure is not isotropic, and is zero in the rest frame of the
dark matter, so we use the pressure in the direction of motion
as in the BH rest frame:

P+ Py
P

= Scalar field does not have a well defined equation of state,
consider:

F

nonrel

A J

152.' ’52 2?1).2

= 1 1
—_ 4._+__a 2+_ 2.2
Py 2¢ 2(,¢) 2#4)

* Assuming a plane wave in the x direction, we get a velocity
dependent correction factor of:

-

F X1+
nonrel 1+ 1"?'
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Dynamical friction simulations
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Dynamical friction simulations
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Dynamical friction simulations
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Dynamical friction simulations "

Katy Clough
Smaller scalar mass

- ‘
Bm0s = 1o

Pl Pasymptotic

Larger scalar mass
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Dynamical friction simulations "

Katy Clough

time = 0,00 M
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Dynamical friction - results

——— Ty Fy+ Fonai. A € (0, 1. — L (s
\ T \ T
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.
Reminder - Newtonian calculation for scalar DM ’ -

Katy Clough

For scalar mass m the behaviour is parametrised by the ratio

S0 — small m
GM 1 3000 large m
R 2500 ;
y2 my Force versus velocity
2000 \
And the force is ~ 1500 __
o 1000 \ 1
GM X . 500 “
F=4mp(— ) (In2mvr)— 1.0 — Re(¥(1 +iB))) .
1% R 0 , : , ,

v

Pirsa: 21100019 Page 40/93



Dynamical friction - expected relativistic corrections

» Qverall relativistic correction 06
2 222
Fr?rmreixy (1 TV )
» Also replace density p = p+p

p+p
p

F

nonrel

Force versus velocity
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Dynamical friction - results
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Dynamical friction - results

kappa
= Conclusion: Expected relativistic expression 2.0
fits pretty well — 10
me=e lin. fit
B 9 151
- 2 2
FreI_Fm;rnre!x 1+x XYy (1+V)

N+ 2 ..+
2 L1 -_“‘l"-

deflection/boost

______
Iressure I_“-‘-'
pressure | T Smea
“““'I‘
o

* “Fudge factor” kappa encodes dependence of
pressure correction on scalar mass - in 0.0 _ . _ , .
masses uM >> 1 we should recover the 0.0 0.2 0.4 0.6 0.8 1.0
pressureless limit, for small masses it is of

order 1. Scalar mass
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Some technicalities of a
relativistic gravitational “force”
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Relativistic gravitational “forces”

Katy Clough

 We can define a “force” as the change in the ADM
momentum of the spacetime, sourced by a net flux o =

of momentum*; o7 e
_ 3 pADM _ _ j — o oo
Fy= 0Pt =~ | anp ds
() \ i / . [ e
 However this is only really the dynamical friction in l\\ - /;’
the stationary limit, otherwise one is just “growing % 7
the cloud” i A8

* |t takes quite a while for our simulations to become
stationary

*Accurate to first order assuming a small asymptotic
energy density - we neglect backreaction on metric
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Relativistic gravitational “forces”

Katy Clough

* |n a dynamical situation, the growth in the ADM momentum will include the momentum of the growing
DM cloud as well as the BH

ADM __ UV
P'; _[ Sj d“ ¥ Pf_(urmrurs
z

* |n an asymptotically flat spacetime (in appropriate coordinates), one can show that at any instant in time

0,PAPM — d:[ S, dvV - J aT}Vv ,(6)) dV
3 x

cloud growth dynamical friction

* Then we can use instead the volume integral to find directly the quantity of interest

F, = g,peurvature — _ J ol T, dV “ e ——
z

dynamical friction
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Relativistic gravitational “forces”

Katy Clough

* Also need to take account of singularity DF only

aIPfcurvamre - I C{Tf Vy(ﬁ;’) dv — J aN;TT ds
Z_Z‘BH dzBH .

dynamical friction accretion 01

.41

* In the relativistic case the split between
accretion and dynamical friction is slicing .| DF +accretion
dependent -

* |t is less coordinate dependent to measure

the sum of the two il

-
7ol 1000 1250 1500 17500 2008}

t/M

T T
L} 250 5006
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Relativistic gravitational “forces”

. Katy Clough
—_— Q- Quft=0) ——= [8.dt
cmme [Feondt  seasee J{Fe ot —Fein — Se) dt
“Fi A tlt
1001 Flux in (change in ADM
momentum)
00 Scalar cloud momentum
L3
200
101} ; ——
Dynamical friction
0 e T | : . Accretion ~ small
] 1) 2001) ) HEE BOUN) LY M)
t/ M

Checking the (non) conservation of momentum over time
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e

Katy Clough

Next steps
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What next?

2 = Katy Clough

* Feed result into EMRI calculations :r 3 .

» Treat more realistic scenarios \\_/ ./

* Impact of cloud having a finite size

* Impact of circular orbit | radlus r\

» Can be easily extended to other cases

- e.g. self interactions/vector field - “M, '

that are analytically more challenging
Mass M
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Relativistic gravitational “forces”

Katy Clough

* |n a dynamical situation, the growth in the ADM momentum will include the momentum of the growing
DM cloud as well as the BH

ADM __ UV
P'; - [ Sj dVv + P;'( urvature
z

* |n an asymptotically flat spacetime (in appropriate coordinates), one can show that at any instant in time

AP — a,[ S dV —J aTl vV ,(8)) dV
X X

cloud growth dynamical friction

* Then we can use instead the volume integral to find directly the quantity of interest

F,= dtpl_c‘m‘varm’ = — J aT! F;J. av e ——
z

dynamical friction
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Dynamical friction - results
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Reminder - Newtonian calculation for scalar DM ' -

Katy Clough

For scalar mass m the behaviour is parametrised by the ratio

e — smallm
GM 1 3000 large m
i, T 2500 .
v: [ my Force versus velocity

2000 \

And the force is ~ 1500 _

) 1000
F=4nmp 3 (In@2mvr) — 1.0 — Re(¥(1 + if))) e

v
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Francesc'f!:lDi Filippo | 34

Francesco Di Filippo

Based on on arXiv:2107.05662 with Luca Buoninfante and Shinji Mukohyama.

QG seminar series Perimeter Institute
October 14 2021

L YITP >

=== =  YUKAWA INSTITUTE FOR CGP
- THEORETICAL PHYSICS Vukava e o Tecrstiot Prysics
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e
__:_'Y'TP

VUBAINA INSTITUTE FOR
- THEDRETICAL PHYSICS

Observations of black holes exteriors constitute one of the most successful
confirmation of general relativity predictions.

We do not have a consistent theory to describe black holes interiors.
Cosmic censorship conjectures = no problem for outside observers.
At the semiclassical level black holes evaporates.

This eventually leads to the information loss paradox.
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ol

Lawéﬁt Freidel

Al. Quantum states evolve in a unitary way. Pure states evolve into pure states;

A2. Semiclassical general relativity is a valid low-energy effective field theory to
describe black hole physics during the entire evaporation process;

0

r

A3. Black holes evaporate completely and end up leaving a regular spacetime.
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Francescé‘ﬁi Filippo

B1. Quantum states evolve in a unitary way. Pure states evolve into pure states;

B2. Semiclassical general relativity is a valid low-energy effective field theory | f s

to describe black hole physics far from the Planckian regime;

B3. As seen from the outside, a black hole behaves like a quantum system

whose number of degrees of freedom 1s given by A/4G, with A being the

"l'(l_L_‘,r t

apparent horizon area.
>
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C1. Quantum states evolve in a unitary way. Pure states evolve into pure states;

C2. Semiclassical general relativity is a valid low-energy effective field theory
to describe black hole physics far from the Planckian regime;
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: f
Francesco Filippo
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- Black holes obey standard thermodynamic laws with the Bekenstein-Hawking entropy

S = A
BH = 4
For a generic system
Sth 2 SyN -

- This suggests that the apparent-horizon area A = 162G*M? has an intrinsic statistical nature and the
total number of internal states might be bounded by ez
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- The Bekenstein bound
S <2nRE,

applied to the Schwarzschild geometry R = 2GM, E = M.

A

- Holographic principle. The number of degrees of freedom is proportional to the area.
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y =
Francesca DiFilippo

- It is difficult to obtain a different limit for the von Neumann entropy.

- If the limit is unbounded, a fixed size object, can have an unbounded number of orthogonal states.

- These objects would be produced at rates far above what would be consistent with our observation.
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{
FrancescoDi Filippo

Let us assume that our assumption B2 holds

B2. Semiclassical general relativity is a valid low-energy effective field theory
to describe black hole physics far from the Planckian regime;

0

A far away observer prepares a pure state. Half of the state falls into the black |
hole, the other half reaches .#*.

The ingoing energy flux is tuned to be equal to the outgoing Hawking flux.

The mass of the black hole is constant.
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; |
Francesceo DiFilippo

4G 4G

v
L J

Independently on the behavior of 4 the central dogma will be violated if B2 holds.

al
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Francescgiﬁi Fﬁ!po p

B2. Semiclassical general relativity is a valid low-energy effective field theory to describe black hole physics far
from the Planckian regime;

vs)
LS ]

. As seen from the outside, a black hole behaves like a quantum system whose number of degrees of freedom
is given by A/4G, with A being the apparent horizon area.

No assumption about unitarity was required!
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Let us assume that our assumption B2 holds

B2. Semiclassical general relativity is a valid low-energy effective field theory
to describe black hole physics far from the Planckian regime;

0

A far away observer prepares a pure state. Half of the state falls into the black |
hole, the other half reaches .#*.

The ingoing energy flux is tuned to be equal to the outgoing Hawking flux.

The mass of the black hole is constant.
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Francesca DiFilippo
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Consider a system made by two subsystems A and B

Sp(AUB) > S,n(AUB)

Pirsa: 21100019 Page 71/93



Consider a system made by two subsystems A and B

Sy (AUB) = S, (A UB)
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Consider a system made by two subsystems A and B

Sp(AUB) > S,n(AUB)

If the two subsystems are not in causal contact, we can study their thermodynamics independently.
However, we need to consider the full system for the von Neumann entropy if there is entanglement.

S (A) 2 S;n(AU B)

A B

In our thought example, the conclusion

A
S, ravity U matter) > —

Is not a pradox. It simply implies
A
4G
This would also explain how the entropy goes from a volume law to an area law during the collapse

= S, (gravity) # Sy, (gravity U matter)

Pirsa: 21100019 Page 73/93



Consider a system made by two subsystems A and B

Sp(AUB) > Sn(AUB)

If the two subsystems are not in causal contact, we can study their thermodynamics independently.

However, we need to consider the full system for the von Neumann entropy if there is entanglement.

A

4G

This would also explain how the entropy goes from a volume law to an area law during the collapse
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Sin(A) 2 S,n (AU B)

In our thought example, the conclusion

S, (gravity U matter) > A
N (gravity U matter) > —
N | gravity G

h
Is not a paradox. It simply implies

= S, (gravity) # Sy, (gravity U matter)

B

See also Rovelli 2019
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There are several works looking for a microscopic interpretation of the BH entropy.

Loop quantum gravity [Rovelli 1996; Ashtekar, Baez, Corichi, Krasnov 1998]

String theory [Strominger, Vafa 1996]

Corpuscolar gravity [Dvali 2013-2015]

All these examples only consider gravitational degrees of freedom.

Violating the central dogma would simply mean that matter degrees of freedom should be taken
into account as well.
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The Bekenstein bound can be formally proved only in the context of quantum field theory in flat
spacetime [Casini 2008].

Bousso covariant entropy bound can be applied in curved spacetime and reduces to the Bekenstein
bound for Schwarzschild black holes [Bousso 1999].

However, the proof of the Bousso bound requires the dominant energy conditions.

A quantum version of the Bousso bound can be applied, but it does not imply the central dogma.
[Bousso, Casini, Fisher, Maldacena 2014

Pirsa: 21100019 Page 76/93



Can we treat black holes as particles in QFT in curved spacetime?

What does small size means? The area is small, but the volume is huge.

Our toy model would not be effected by this. Production of black could could be seen as a
possible observational channel to decide which assumption to drop.
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The B2 assumption is sometime split in two pieces.

B2a. Black holes whose mass is larger than Planck mass emit thermal radiation according to
semiclassical gengral relativity.

B2b. Infalling matter far from the Planckian regime obeys the laws of general relativity.

The entropy problem is formulated in terms of B2a.
The contradiction is between B2b and the central dogma.
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Francescd;'bi Fliipo

Complementarity and stretched horizon [Susskind, Thorlacius, Uglum 1993]

An outside observer can replace the black hole in terms of a hot membrane one Planck length above the
horizon at the so-called stretched horizon.

The entropy coincides with the Bekenstein-Hawking entropy A/4G.

An infalling observer would not see any membrane in the proximity of the horizon, and would not experience
any deviation from general relativity.

From the conclusion of our thought experiment, it follows that the entropy of the stretched horizon can be
bounded by the area only if some new physics beyond general relativity is invoked at the horizon scale.

Firewall [Almheiri, Marolf®Polchinski, Sully 2013]

Black hole complementarity is not compatible with a smooth horizon.
However, the conclusion is reached assuming B1 U B2a U B2b U B3.
In this sense, our conclusion is compatible but more general.
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