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spontaneous nucleation of black holes, r ~1/H,

S? x 8% instanton, nucleation rate ~ exp(—m/AG)

ANTONIADIS, ILIOPOULOS, TOMARAS 1986
graviton propagator in dS is infrared divergent,
quantum corrections change dS to Minkowski

PERLMUTTER, RiEss, ScHMIDT 1998-99
accelerated expansion of the universe,
~ 68% dark energy,
A = late-time cosmology is asymptotically dS
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GIDDINGS, SLOTH 2010
IR divergences in dS lead to large loop corrections,

IR regime requires non-perturbative treatment
(similarity with information paradox in BHs)

PoLyakov 2012
IR divergences in dS lead to catastrophic particle

production and breaking of dS symmetry

Dvarr Gomez 2014
constant A > 0 is incompatible with corpuscular
picture of dS (‘quantum N-portrait”),
decay of coherent graviton state by condensate
depletion
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AO YEARS OF RESEARCH (VERY SMALL SELECTION)

RAJAMARAN 2016
IR divergence in graviton propagator is removed by
spontaneous deformation of dS background

FERREIRA, SANDORA, SLOTH 2016
cosmological expansion in dS produces soft gravitons,
which change the vacuum,
dS Page time tgs ~ M2H ® is the relevant time scale

DvaLi, GomEz, ZELL 2017
dS is a classical approximation (coherent state) of
some quantum evolution,
quantum break time tqs ~ MGH™®

MARKKANEN 2017
renormalized stress energy tensor for conformally
coupled scalar in dS implies

H~ H*'M,? = tas ~ MZH™®



horizon thermodynamics spontaneous

(BH) evaporation symmetry breaking

N

instability of dS

/‘\

o soft gravitons
classicalization

. asymptotic symmetries
corpuscular picture

gravitational memory



OUTLINE

@ peculiar things we know

o Unruh effect, BH evaporation
© de Sitter instability

e review of two approaches
© corpuscular picture of gravity

e BHs, dS space, some speculations about Dark Matter
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peculiarities

\ notions of particles and the vaccum are observer dependent
Unruh effect

cosmological particle production

presence of horizons
entanglement, mixed states, open quantum systems
thermodynamics, Hawking radiation

information paradox, firewall argument

It’'s not Quantum Gravity
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QFT IN CURVED SPACE-TIME

“failure” of QFT at horizons

'

BHs: classical background = coarse grained picture

breaks down at the horizon

)

// \\f A~rg

fuzzballs quantum N-portrait cosmological
(Mathur) (Dvali, Gomez) (apparent)
horizons

@ BH = BEC of gravitons
ey ?
N~ (M/M,)?




(massless scalar in 2d Minkowski space\
ds? = —dUdVv
U=T-X V=T+X
positive frequency modes (w > 0)
M —iwU M —iwV

Uinw ~ € Uour,w ~ ©
. J

UNRUH EFFECT

[BIRRELL, DAVIES][WALD]

M _ E M M af M M T
d) - (u’in,wam,w + uin,wain,w + uout,waou[,w + uout,waout,w

w>0

Minkowski vacuum anwM) = agu.wlM) =0



(‘massless scalar in a Rindler wedge (R)\
1 _ 1
U=—e<0 V=-e¥>0
a a
ds? = —e2(v4) dydv

positive frequency modes (o > 0)

R —iou R —iov
L Upos~©€ Uout,o ~ € )

UNRUH EFFECT

R __ § R R R R
d) - (uin,crbin,cr + uouz,rrbouz,cr + C.C.)

o>0

Rindler (R) vacuum bR IR)

mn,o

— pR

out,o

IR) =0



(‘massless scalar in a Rindler wedge (L)\
1 ., 1
U=-¢e">0 V=—2¢e*<0
a a
ds? = —e2(v=4) dydv

positive frequency modes (o > 0)

L —iou L —iov
L Uip o ~©€ Uout,o ~ € )

UNRUH EFFECT

L __ § L L L L
d) - (uin,crbin,cr + uout,cbout,cr + C.C.)

o>0

Rindler (L) vacuum bl 5IL)

—pL

out,o

L) =0



UNRUH EFFECT
Minkowski Hilbert space in terms of Rindler modes

R-out, L-in sector

ef%"ln(aV) V>0
R
Uout,o
0 V<0
L 0 V>0
u.
" emean <o

M __ § R R L L
d) - (uin,crbin,tr + uout,cbou[,c + C'C')

o>0



UNRUH EFFECT

Fourier components with respect to V'
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UNRUH EFFECT

Fourier components with respect to V'

{oe]
i _ic
uffum(ﬂ:w) NJ eiLwVe T In(aV) dv
0
S
(&) .
R . T9 —wy ,—“lIn(ay) ;
uou[’c(w)NLezd J dye Ve a (ay U
0 —
) ) )
. 7o — o
ulo?ut,a(_w) ~—le = J d'ye Ve a n(ay)
0
G )
repeat for positive frequency combinations
>
L 1 e —— o —y—
uin,o’ uout,c’ uin,a ufut’a +e a ui,m uﬁw +e a uoum



UNRUH EFFECT

Bogoliubov transformation

M) is entangled state in |[R) x [L) Fock space

dM) =d2 M) =0 =  |Mye) Z Pal0) 115, 0) X I, )
o\ — no Unruh
pulo) = (1—e %) 2 e ¥ T=2
2T temperature

thermal density matrix

Pr = trL |Mout 0' out 0'| Z |p ou[ 0'> <n§ut,cf‘
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UNRUH EFFECT

R: ds?2 = —e® dvdU
L M) < thermal for R-out modes
vacuum for R-in modes
[ R: ds? = —e 2 dudV
M) < thermal for R-in modes
vacuum for R—out modes )
R: ds? = —e2(v4) dyvdu
L

M) <

thermal for R-out modes

thermal for R-in modes




EFrFecTIVE CFT ON THE HORIZON

[PADMANABHAN]
generic metric with horizon
horizon
2 o flr )? 2 a
ds® = —f(r)de* + 122 (1) dr? + gap (r, x) dx® dxP flrn) =0

interacting scalar field

Vi —V'(p) =0

&= o Inf(r)

fr)>0 1p

(-0 +0%) =0

2d massless scalar



EFrFecTIVE CFT ON THE HORIZON

[PADMANABHAN]
generic metric with horizon
horizon
ds? = a2y U7 ) dx? do (ra) = 0
st =—f(r)dt +4a2f(r) r° + gap(r, x) dx flrn) =

interacting scalar field
CFT know-how:

Vi —V'(p) =0

ds? = C(xT,x")dxtdx~
&= Inf(r)
2 EM tensor
fr)>0 1p 1
v (Tax) = —ETCI/ZaiCA/Z

(=07 +0%)dp=0 1
<T+7> = E[a+af lnC

\. J

2d massless scalar




BHs: THREE VACUA

<THV> =0

Hartle-Hawking vacuum, time-symmetric

32

(Ty) = (Tyw) =0, (Tw) = 181

Unruh vacuum, time-asymmetric, evaporation

a2

<TuV> =0, <Tvv> = <Tuu> = _@

Boulware vacuum, time-symmetric, singular




BH EVAPORATION: PAGE TIME AND EMITTED QUANTA

Schwarzschild BH emits Hawking quanta with thermal spectrum

T=8nM)™! A=16nmM?>~S (h=G=1)

Planck’s formula
AL #A o
dw ~ 8m2ew/T 1
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BH EVAPORATION: PAGE TIME AND EMITTED QUANTA

Schwarzschild BH emits Hawking quanta with thermal spectrum

T=8nM)™! A=16nmM?>~S (h=G=1)

Planck’s formula
AL #A o
dw ~ 8m2ew/T 1

#? 4 dr 1 .dL
L= @AT number flux 1o~ o do
dM # . dN  #C(3) .5 #C(3) .
= = = ou_ =—= AT = M
d 1527 r dt 472 12874
Page time number of emitted quanta

M?>~S

trse 120¢(3)
tpage =9 - ol a—1pr3 N = JO rde = 3



DE SITTER PAGE TIME

dS in comoving coordinates
ds® = —(1—H*r*)de® 4 (1— H*F*) 1 dr* + r* dQ?

H2
ideal fluid: —p=¢ = e apparent horizon r, = H™!

horizon thermodynamics

4
Mh = VhE Vh = 77’(!‘2
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DE SITTER PAGE TIME

dS in comoving coordinates
ds® = —(1—H*r*)de® 4 (1— H*F*) 1 dr* + r* dQ?

H2

ideal fluid: —p=¢ = e apparent horizon r, = H™!

horizon evaporation
dSh #7(2

horizon thermodynamics

4
My, =Vye Vy=—mr} B ed L
hE= Ve V= 3T nar ~ 1zoms T
Ah 2 2
Sh=—= Ap=A4mr; 3 3 #Lp
t)=r3(0 t
AnG = rn(t) =ry(0) + 160
th = Th dSh —pth
T, = h dS Page time

2r
Las ~ L;ZH_3
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SPONTANEOUS DEFORMATION OF DE SITTER

[RATAMARAN]

physical graviton modes propagate like a minimally coupled
massless scalar field

massive scalar in dS

(—dt* + dx?) T e (—00,0)

1
O-m?)$p=0 ds*= T

mode expansion d(x) = Z [uk(x)ak + uk(x)a,q
k

positive frequency modes we (T, x) ~ (—1)%/2 g ikx H\(,l)(—kT)

with v? =9 —m?H~?2
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SPONTANEOUS DEFORMATION OF DE SITTER

scalar propagator in dS is IR divergent for m =0
Schwinger-Keldysh formalism (CTP)

. o i
GSK(X,y)_(LF(X’Y) GR(x,y)) (O—m?) Flx.y) = 0

GA(X?y) 0 (D_mz) GR’A(X?.V) = 5(X9y)

F(x,y) = 5 (e(X)dW)) + (¢ d(x))]

N —



SPONTANEOUS DEFORMATION OF DE SITTER

scalar propagator in dS is IR divergent for m =0

Schwinger-Keldysh formalism (CTP)

iF(x,y) GR(xy) (O—m?) F(x,y) =0
Gsk(x,y) = B ,
GA(x,y) 0 (O—m?) GR4(x,y) =5(x,y)
Flx.y) = 5 ((I60)) + (60)b(x)]
k—0:  Flkt,t) 2 m=0
: ;T1, T2 QHT;(szsz)# m£0

F(x,y) is ill-defined for m =0!
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SPONTANEOUS DEFORMATION OF DE SITTER

deformed dS spontaneous deformation

1
ds® = e [—dt® + f(1) dx*] flr) =1
for example,
€
flt) = <T> e <1
To

O Seg=0 = O9-m)p=0 m’~eH

background deformation acts as IR regulator in graviton propagator
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HZ%\/kt

classical source

8h — 8th’ — 47*K" =
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Consider pure trace components

8f — Af” 1
2R = 2,22 !
8h*8Th/*4T h”— HZ—\/ET + 2\/EH hijT =0
classical source  ‘@dpole
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(hg(x)hy(x)) ~ F(x,x) ~ 573
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SPONTANEOUS DEFORMATION OF DE SITTER

Consider pure trace components

8f — Af” 1
2p = 2,2 2) 1
8h*8Th/*4T h”— HZ—\/ET + 2\/EH hijT =0
classical source  tadpole
1
(hg(x)hy(x)) ~ F(x,x) ~ 573

tadpole cancellation fixes

2k H?

Bz Y

2+

Nice idea, but needs more study
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QUANTUM BREAK TIME OF DE SITTER

[DvaLi, GoMEzZ, ZELL]

linearize gravity (with A) metric —

around Minkowski approximation of dS

—1/2
Bhap = —2AM,0 for tq < A7V

o
€nv

They agree up to an additive constant! m = VA

gravitons with Fierz-Pauli mass graviton dynamics valid

—1
eff{fh“ﬁ + m? (hyv —Muvh) =0 for tqg < m




QUANTUM BREAK TIME OF DE SITTER

Quantum resolution of dS

trace component of <N|(D|N> =0y
= We

Fierz-Pauli graviton

1 . .
O = a e*th _’_aT elkX
A k X
O = ——— cos(mt) ; 2V wy, ( )
VAanm?

h=G=1) coherent state |[N) = eVN(a0—af) |0)

VA? 1

with m=vVA, V~A32 N

= 8rum3 " hGA




QUANTUM BREAK TIME OF DE SITTER

decay of the coherent state

p = (m/2,p)
M p'=(m/2,—p)
decay rate

JVEEERAYAVAVAVAVAVAVAVAVAVAV,
IAVAVAVAVAVAVAV AV AVAVAV —
NI %

quantum break time

tg~TIN~NATV2 - L2H 3 ~ 145




CORPUSCULAR PICTURE OF GRAVITY

[DvaLri, GomEzZ]

object
N = (M/Mp)*

gravitational field

>

mass M

= graviton coherent state w = 2h/R

|

gravitational

radius R

energy

E,=Nw



CORPUSCULAR PICTURE OF GRAVITY

[DvaLri, GomEzZ]

object
gravitational field N = (M/Mp)?
mass M - >
= graviton coherent state w = 2h/R
radius R

|

ravitational
Eg =M g
“BE condensation" energy
condensate E,=Nw

depletion



CORPUSCULAR PICTURE OF GRAVITY

Misner-Sharp mass function

—

2G m(r)

r

static, spherically symmetric metric

ds® = —f(r)de* + f(r) " dr* + r* dQ? flr)=1-

horizon  f(ry) =0 = ry=2Gm(ry)
Quantum N-portrait

N = [m(ry)/Mp)? gravitons with mean energy w = 2h/r,



CORPUSCULAR PICTURE OF GRAVITY

Misner-Sharp mass function

—

2G m(r)

r

static, spherically symmetric metric
ds® = —f(r)de* + f(r) " dr* + r* dQ? flr)=1-

horizon  f(ry) =0 = ry=2Gm(ry)
Quantum N-portrait

N = [m(ry)/Mp)? gravitons with mean energy w = 2h/r,

For dS, turn the argument around: Dark Energy density

471 m2 2h 3
3 =R 7 T 8nGR?



CORPUSCULAR PICTURE OF GRAVITY

2 masses, my, mg, of radii Ry, Re, distance ri2 > Ry, Ry

# of gravitons

N — (my +m2) _omi m% 2m1m2
YR VR Vo)
M; M;
gravitational energy // /
m} m3 2mymy

E, = —2 ==
o MIZ;, Rl MIZ, R2 MIZ;, 2

Newtonian gravitational potential

total mass
2 2
my 2h mymy my 2h mymy
m+my=|(m— —— —G Mg — —5— — E
1 ( e M2 R, r2 ) * ( M2 R, r2 M

E1 EZ



CORPUSCULAR SPECULATIONS ON DARK MATTER

[Capont, Casaprio, Grusti, W.M., Tuveri]

“baryonic” mass p inside a universe filled with dark energy

m? 2um, 2
rh = 2G(mq + 1) N= M‘é + ;Izd + %
P
dark energy f\—J /
2 h
my = 4 Ky

MIZ’ I”h+5 MZ A

w
new length scale

horizon shift 2uG =r, K ALy



CORPUSCULAR SPECULATIONS ON DARK MATTER

[Capont, Casaprio, Grusti, W.M., Tuveri]

“baryonic” mass p inside a universe filled with dark energy

m? 2um, 2
rh = 2G(mq + 1) N= M‘é + ;Izd + %
P
dark energy (\—J /
2
my = 4 Himg

M}% rp+ & M123 A

w
new length scale

horizon shift 2uG =r, K ALy

5
hal ( — L“) fu T 1 equation, 2 unknowns
A ry



CORPUSCULAR SPECULATIONS ON DARK MATTER

[Capont, Casaprio, Grusti, W.M., Tuveri]

generic solution must satisfy r, <A < ry

) r rz I‘2 r
LA IV v - O (RN

v: O(1) constant

O~ /vy lrur AR \YTulh



CORPUSCULAR SPECULATIONS ON DARK MATTER

[Capont, Casaprio, Grusti, W.M., Tuveri]

generic solution must satisfy r, < A < ry

) ry r? 1‘2 r
—_ = = 1— B L 0 3 )\3
P ST e A RRR S A R A

v: O(1) constant

O~ /vy lrur AR \YTulh

dS horizon shift = total apparent matter in dS universe

2p

rh%HilfGM:Hilfé :> @



CORPUSCULAR SPECULATIONS ON DARK MATTER

(one) evidence of DM:

galaxy rotation curves

rbaryontc Tully-Fisher relation |

vi(r) = agGu(r)
1
ap ~ EH
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galaxy rotation curves

rbaryontc Tully-Fisher relation |

vi(r) = agGu(r)
1
ap ~ EH

™~

Verlinde 2016
elastic reaction of space-time

to presence of matter




CORPUSCULAR SPECULATIONS ON DARK MATTER

(one) evidence of DM:

galaxy rotation curves

rbaryontc Tully-Fisher relation |

4

vy (r) = aoGu(r)
1
: ©6" A
Verlinde 2016
corpuscular origin ? elastic reaction of space-time

to presence of matter




CORPUSCULAR SPECULATIONS ON DARK MATTER

static, spherically symmetric vHGu 1
match BTF| p| ~¢~ ?Gur_Z

anisotropic fluid space-time kinematics ]
p: baryonic mass

dS asymptotics

horizon shift Jo /HG
£ = 3 + /6 %
Hr ool /HG1/6 8nG 4G r
" 1+ o __8H*  HGW/61-«
PIZ=78rG "~ 4nG 12




