LECTURE 3: SOME HOT TOPICS

¢ PBHs and separate universe condition
(with Harada)

» PBH constraints from Galactic gamma-ray background
(with Kohri, Sendounda and Yokoyama)

* Higher dimensional black holes
(with Giddings)

« Black holes and the Generalized Uncertainty Principle
(with Modesto and Premont-Scwarz)

ORIGINAL ARGUMENT (Carr & Hawking 1974)

Overdense region is part of closed FRW model in flat FRW bgd

: y . 2
Curvature of overdense region at max’ expansion ~ Gp,, /c

-1/2

=> separate universe scale Ry, ~c(Gp,) " ~ct~

~ MO

Collapse to black hole if max radius exceeds Jeans length

R, >R, ~kR, (k=w)

where equation of state is p = kpc* (0<k<1)
=> fine-tuning to get primordial black hole

SEPARATE UNIVERSE PROBLEM

“Black Holes in the Early Universe”
Carr & Hawking, MNRAS, 168,39 (1974)
Overdense regions in our universe cannot extend too far

“Separate Universes Do Not Constrain Primordial Black Holes”
Kopp, Hofmann & Weller, PRD 83,124025 (2011)
This condition does not pose any constraint on density fluctuations.

“The separate universe problem: 40 years on”
Carr & Harada (2014)
This is true but argument still gives the maximum scale for PBH

CONSTRAINT ON INITIAL DENSITY PERTURBATION

Consider overdense region with initial size R,>>R,

2

Overdensity ="~ evolvesas 4 — At "+

o
Time of max’ expansion, region’s size and horizon size then are
by e Lo e R N | 71 S O e
Avoid separate universe for R, <R, (t,)
=> b (B Rp) 7~ (M M)

=> PBH formation for (M/Mu.) *" = = MMy

In terms of overden3|ty Oy when region faIIs inside horizon at t,

by bl Ry Rt ) Ryglt) ~ Ritg )y

Lhai

PBH formation requires 1 = éx =k => fine-tuning



PROBLEMS WITH HEURISTIC ANALYSIS
Every quantity in the heuristic analysis is ambiguous!

What is R?
s’ = —cdt* = a*{1) dy* sin” y[d6? - sin” g L
=> proper radius L = ay R
. X

s’ = —ctdt? u'll:.'] ] F e (df® 4 sin’ fido")

=> greal radius i =ar = (A/dx)"" = asiny
L—ma put R—0 as x—x

What is M?

Misner-Sharp mass is 3 — "

M —0 and 2G22/[—>0 as X =7 (atanyt)
C

=> separate universe constraint on §,(M) makes no sense!

What is R,?

Background particle horizon

L fedt 31k "
apl alt - Lot (ks =1/
Ren(t) =alt) | R 1/3)

Background apparent (Hubble) horizon

e 4E
Rylt) = e (ks 1)
HUEET =l

Local or background horizon scales?

What is 6?7

Expect overdense region to be surrounded ,f /\\

by compensating void: K=1 FRW model with | 7T
\\; //

0 < x <y, replaces FRW background with r <.

It is more natural to describe region by curvature perturbation.
Kopp et al. use central volume fluctuation T, average volume

fluctuation <C>, overdensity when regions enters horizon 9,
1

. 1, Ny, —siny, o8y, 5 _ T ST D
[ = 2]m:u:>1;' {=-ln e — ': Phal by S o (B + 8in” Xxa)
A 3 2sin’ o

&

Sc—xoand §, -0 as X, 7T

MORE PRECISE ANALYSIS (-1/3 <k <1)

b~ byl Ry~ R8T Rylt,) ~ Ritg)6, "
overdensity at t
become | yatn
I [.\1 ; f) L H,-,-(l :5”)] . Rylty) = RyAY (1 :5”)]

Still have separate universe length (but not mass) scale

LopeeHfT
Him L = 72517 =37 L8
£ MR T S Vas(l+k I'. o
L max™Rpy for k>0.12 Lmax>Ray for k>-0.2
= — — SU
L, H,=2 for infinite k. LmaxHy=0 for k=-1/3 e N HH
- PH
________ K

Maximum scale of PBH is half L,



ANALYSIS FOR -1 <k <-1/3 CASE
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But physical interpretation is different in this case

CONCLUSIONS

* Separate universe condition can be applied but must be
interpreted carefully (length not mass scale).

* Can extend analysis to -1 < k < 1 but interpretation for

-1 <k <-1/3 is different: baby universe instead of black hole.

* Links concepts of black hole, baby universe, wormhole

type | type Il local baby separate
black hole  black hole wormhole universe

universe

USUAL -1/3 <k <1

A

Positive-curvature region has max’ expansion and recollapses
(a) (b)
a

=> primordial black hole
I Y T t

EXOTIC CASE -1 ;% perturbed big bang time

Positive-curvature region collapses, bounces and expands
1 (e) tom

a

=> baby universe
Lt | — t
Both cases involve separate universe condition

CONSTRAINTS ON PBHS FROM GALACTIC GAMMA-RAY BACKGROUND
Carr, Kohri, Sendouda & Yokoyama (2014)

« Must distinguish between initial mass M and current mass m

G TP =g 1
=M. (1+p) m -J,'_" ,I. L L
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* Must distinguish bétween primary and secondary emission

Ey ‘ = (100 MeV),/(B00 M, MeV) = 0.85(M /M,
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* Must distinguish between initial and current mass function

dn ( ]
dm - \M.) L-.-‘(.»r.]

1

()=

),

Main contribution from m?2 low mass tail
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BLACK HOLES AS A PROBE OF HIGHER DIMENSIONS

WAYS TO MAKE A MINI BLACK HOLE

Detactor

B A

PRIMORDIAL DENSITY
FLUCTUATIONS

Earlyim the history of our
universe, space was Mled with
hot, denseplasma, The density
waried from place to place, and
i lacations whereth relative
Gensity was sulliciently high,
the plazma could collapse inta
a black hole

COSMIC-RAY COLLISIONS
Cosmic rags—highly energetic
particles from celestial
sources—coukd smack into Earth's
atmosphere and form Black

holes, They would explode in 3
snower of radiation and secondary
particles that could be detected
on the ground.

PARTICLE ACCELERATOR
Anaccelerater such as the

LHE could crash two particies
fagetner at such an energy that
shey would cedlapse into 3 black
Fiole. Desectors would register
the subsequent decay of the
Fole

Carr & Giddings (2009)
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» Must specific density profile of halo and direction of observation
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« Then obtain constraints from FermiLAT observations
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Translated into Japanese
by Tetsuya Shiromizu!



Forming black holes by collisions

BLACK HOLES AND EXTRA DIMENSION o of mass energy
) ) ) Cross-section o(ij =BH) = nirg?©(E - Mp,™")
Higher dimensions => Mp"*2V, ~ M? Schwarzschild radius rg= My (Mgy/Mp)/(+0)

V, is volume of compactified or warped space T§mperature Ty = (n+1)/rg < 4D case
Lifetime tgy =Mp (Mpy/Mp)™+3 1+ > 4D case

Standard model =>V ~Mp™ ,Mp ~ M,
Large extra dimensions =>V, >>Mp™, Mp, <<M,,
h partiebes must

& black bede

TeV quantum gravity?

.. Inerdinary space

THE RISE AND DEMISE OF A QUANTUM BLACK HOLE

BIRTH BALDING PHASE SPIN-DOWN PHASE SCHWARZSCHILD PHASE PLANCK PHASE il DETECTABLE AT LHC?
10"®cm (n=1) excluded

M, ~TeV = R. ~10%*"" ¢y ~ 107 cm (n=2)

” 106cm (n=3)

10-3cm (n=7)

108 | e
— 10% L .
e 10 No evidence from LHC so far
=
<ol | _
s sub-mm gravity Cosmic Rays
100 o A ;/x,y/,r/xxw.r//x/)z
| | | | .':~{;1'|.—\-;.-. . |
Duraniverse 2 3 4 5 8 T




BLACK HOLES AND HIGHER DIMENSIONS

Assume D=3+n dimensions for R<R.

log (R/cm) G
4 pMm,
Fgmv = R2+n (R<RC) GD
Q, Gauss law G= R
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Evaporating black hole is higher-dimensonal if R;>10-"3cm!
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BLACK HOLES & GENERALIZED UNCERTAINTY PRINCIPLE
(with Modesto and Premont-Scwarz)

L. Modesto & I. Premont-Schwarz,Self-dual Black holes in LQG: Theory
and Phenomenology, Phys. Rev. D. 80, 064041 (2009).

B. Carr, L. Modesto & |. Premont-Schwarz, Generalized Uncertainty
Principle and Self-Dual Black Holes, arXiv: 1107.0708 [gr-qc] (2011).

B. Carr, Black Holes, Generalized Uncertainty Principle and Higher
Dimensions, Phys. Lett. A 28, 134001 (2013).

B. Carr, L. Modesto & |. Premont-Schwarz, Loop Black Holes and the
Black Hole Uncertainty Principle Correspondence (2013).

B. Carr, Black Hole Uncertainty Principle Correspondence (2014).

B. Carr, J. Mureika, P. Nicolini, Sub-Planckian black holes and
Generalized Uncertainty Principle (2014)

What happens to Compton and Schwarzschild lines near Mp...

log (R/cm)

CLASSICAL
DOMAIN

RELATIVISTIC

QUANTUM QUANTUM
DOMAIN GRAVITY
- DOMAIN
///Plan{:ks‘.{:ale/W
-24 -20 -5 15
log (M/gm)

...Is important feature of theory of quantum gravity.

UNCERTAINTY PRINCIPLE -

Photon of momentum p determines position to precision

Ax>A=h/p butimparts momentum Ap~p

I I AN
=>Ax>—— =R. =—
> D c =24 (Compton wavelength) @
Particle production for R<R. = QFT -
'-\""2e=
BLACK HOLE EVENT HORIZON f
R < R¢=2GM/c? (Schwarzschild radius)
Intersect at Planck scales
CS

~10* gem™

R, =NGhlc® ~107 cm, M, =~lhc/G ~107g, Pr =5

GENERALIZED UNCERTAINTY PRINCIPLE
Newtonian heuristic argument ~ Adler, Am. J. Phys. 78, 925 (2010)

Photon of frequency w approaching to distance R induces
=> acceleration a ~ Ghw/(cR)* over time ¢ ~ R/c
=> uncertainty in momentum Ap ~ p ~ hw/c and in position

A

Ax, > at’ ~ Ghwlc* ~GAp/c® ~ R,’Ap/h

aravily

WAVE MALITE

Einstein heuristic argument of light

—

A E— A

Metric fluctuation 6ng on scale Ris L,

68, (8JZG)E

o e = Ax, ~Rdg,, ~GAp/c® ~R,’Ap/h
C

h A
Both suggest Ax > a7 + RPZTP >2R, (GUP)



GUP in string theory  (Veneziano 1986, Witten 1996)

Ax>i+aAp

o~ (10R,)*
Ap P (I0R;)

Minimal length considerations (Maggiore 1993)

Link with back holes (Scardigli 1999, Calmet et al. 2004)

Modifications of commutator [x,p] (Magueio & Smolin 2002)

Principle of relative locality (Doplicher 2010)

Polymer corrections in loop quantum gravity
[1——<Ap) +0(X‘)] (Hossain et al. 2010)

Experimental probes of GUP (Pikowski et al 2012))

GENERALIZED COMPTON WAVELENGTH

2 Ap i

These arguments suggest Ax > L3 +aR,
Ap h Ap

2
1+ ol 2P
cM,

Putting Ax — R and Ap —cM gives

Il MY e
M, (M <<M,)

por, ot am ,
< Mc ¢ aGM |, 1( M, =59
C2 al m (M>>MP) =47

Compton scale becomes Schwarzschild scale for M>>M,?
Compton irrelevant for M>>M;, since R<<Rp?

. i ?
Cannot localize on scale below Rg? Firewalls*

BH radiation => quantum boundary becomes BH boundary?

Pikowski et al. Nature Phys. 8 39 (2012)
Probing Planck-scale physics with quantum optics

Figure 1: The minimum Hetsenberg uncertainty (red curve) is

N plotted together with a modified uncertainty relation {dashed

"J"p e 2 P % blue curve) with modification strength &, Me and Lp are
i -'l Lhp l'l 1 H g | the Planck mass and Planck length, respectively. The shaded

J"' M region represents slates that are allowed in regular quantum

.Il mechanics tut are Torbadden in thearies of guantum gravaty
I|' T m——— that moslily the uncertainty relation. The imset shows the wa
I S — curves far from the Planck scale at typical experimental pos-
Mg l forkidden P tion uncertaimties Ar 2 Ar.,. An experimental precision
J.IT quanTLEm graity L of fir A is neguined o distinguish the two curves, which is

propasals beyond current experimental possiilites. However, this can
be overcame by our scheme (hat allows W0 probe the usder-
Iying commaulation relation in massave mechanical oseillatons

k A '1{-7 _1-9 J Ax and 1l guantum gravilational modilications.

GENERALIZED EVENT HORIZON

Rewrite GUP in the form

ph 2GM
RoR = et e

For M>>M, we obtain generalized event horizon

2
/ 2GM (small correction
R>Rs = I+ ﬁ( ] to Schwarzschild)
This becomes Compton wavelength for M<<Mp, suggesting
“Black Hole Uncertainty Principle Correspondence”

Generalize/unify Compton/Schwarzschild expressions such that
hi(Mc) (M<<M,)

2GM /c* (M >> M)



* HUP "
. ' GUP  GEH

POSSIBLE FORMS OF BHUP CORRESPONDENCE

n=1
n=2

' n=20

Could allow any form for RC’(M) ERS’(M) with usual asym’ limits
* Does form of Ax(Ap) determines Rg(M)?
* Do we need M <> 1/M symmetry (t-duality)?

* Can there be black holes for M<M; since Rg<R;?

DO GUP UNCERTAINTIES ADD LINEARLY?

Root-mean-square error would give

o O e PR L It

=RS/=\/(2GM)2+(/3_}’)2 2G_M1E(£]
8 \ M

c? Mc c
n n 1/ h n GM n 1/n M 2n
R R e s
Ap h Mc c M,
1/n 2n
Mc n\M

C C
Minimum at R . =2""\2BR,, M, =+/B/2M,

More generally
h

Mc

/ 1+

an
Ax >
n

=R/ =

N

INTERESTING ALTERNATIVE

a. < 0 => cusp rather than smooth minimum

G — 0= asymptotic safety (Bonanno & Reuter 2006)
h—0=> classical theory (Scardigli etal. 2009)



“Generalized Uncertainty and Self-dual Black Holes”
Carr, Modesto & Premont-Schwarz, arXiv: 1107.0708

"Loop Black Holes & Dual Universes

- - c—
Leonardo Modesto
e B e e

Perimeter Institute for Theoretical Physics

2

Physical radial coordinate R=+/H(r) =4[r* + f—z

2Gm
(2Gm)2 c’a, ’ c’ (m>Mp)
ﬁRS = —2 + | — =
c 2Gm \3yB h (m < M.)
_— P
4 mc

This removes the singularity, permits existence of black holes
with m << Mp, and corresponds to the quadratic GEH.

Introduce dual coordinates
r=a,lr=R=\r+r t=1"la,
Metric has self-duality with dual radius  r=r=+/a,

=> another asymptotic infinity (r=0) with BH mass My2/m

However, sub-Planckian black hole hidden within wormhole.

LOOP BLACK HOLES

r=—r )r—r_)r+r.)?

GF) = e

. , . I | Lo

Metric ¢ =-Gtrld' + % <+ H{r)da, Bl = e a)
Hirl=r"+ :f .

roo=D0m/et

where - =umrje and o = Awin /87 = V31 RH/2

= o X
oS R X

Immirzi parameter” M<t<4

Polymeric function p=¥lteol ~ g

Vite+1

Gir) = 1— 2;#(1-.:’] )

Atlarger ., ., 2 implies M=m(1+p)} (ADM mass)
Hir) = £

GUP AND BLACK HOLE THERMODYNAMICS

Heuristic argument

kT, =ncAp=——-=——~—"- (M>>M,) n=1/n)

Putting Ap ~T and Ax ~GM/c*in linear GUP (Adler & Chen)

2GM _nhe _ aR,’kT
c’ kT hnc

aM,’
aM?

= Ty

1+

=r]Mc2 - 1_OtMP2 _ he?
ok M? 81GkM

l (M>>M,)

Complex for M <~+/aM, => Planck mass relics.



Quadratic GUP

2 2 2
(n_hc) [ @RkT
kT hnc

1/2
2GM
$_2=
C

1/2
\2nMe? oM.’ he? M
= Ty =L 1= 15 | = 1+ =L (M >> M,)
ak 4M SaGKkM |~ 32M
T,
Complex for M <~a/2M,
’quadraii.c GUP
=> smaller relics S e
Planck regime E g . -
T =M N e \\
Hawking
“ " MM,
(ay2)2 al?
T,
1 GUP + GEH . BHUP
BHUP, ™ “ 7" quadratic GUP
N ’ ©linear GUP
1 Planck regime _
n u-l-zTP e
BHUP
GUP + GEH BHUP
"" " > MIM,
(a/d)? (o/2)'2 gl

Quadratic GUP + GEH
. (2GM)2+(ﬂ)2 o (n_hc)+ R, KT |
c’ Mc kT hnc

1/2
2 2 4 2 2 4 4 8
:TBH=W/217MC (“/3 M, _\/1+(2ﬁ aM," M, ]

1/2

4

ak , 4M* 16M,°
a<2p
3 2 2 4
mhe |y (C =4\ Me | g ss )
2GkM 2 M
= TBH = 2 2 2\ M 4
mMe | | P (M << My)
Bk 28" M,
BHUP => R L SR J YR
" 2kGM BB
M=+BI2M, T =nT, /2B

SURFACE GRAVITY ARGUMENT

GM
o

RS

T <

M2 M MM >> M)
o9

M +(BI2)"M,” M*(M << M,)

=> different prediction in sub-Planckian range!

Both arguments predict deviations from Hawking formula
and imply that T never exceeds Ty but which one is correct?

RESOLUTION: THERE ARE TWO ASYMPTOTIC SPACES
Emission looks different in two spaces!

So different asymptotic spaces in M>M, and M<M;, cases.

Need asymptotic space on same side of throat as horizon
=> our space for M>M, other space for M<Mp.



Three mass regimes
M>P°M,=r,<r <r,=T, <M T, «P°M>
M<MP=>r_<r+<rP:>TwocM3,ToocP2M

M,<M<P’M,=r <r,<r,=T, < M"T, < P’M

T,
our space im}SPGCG
! AN N
/ o
- P M T
p3 //’ \\\
/ CMB N
MM,
P 1 P pz  ps

A RAINBOW-INSPIRED BLACK HOLE SOLUTION
Carr, Mureika, Nicolini (2014)
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CAN SUB-PLANCKIAN RELICS PROVIDE DARK MATTER?

stable

am

wr N Tors
1 L . T unstable
™ +5table equil
wl'ﬂ
/ oUnstable
/ equilibrion
w0 /
/ .
™
1000 N,‘ I - /
B
/ ~
e A =\
1 N
s 1000 ! 13! 0¥ Mg

P

— «RT e M = M(t) ot

dt

=> never evaporate but current mass M ~

o

1/3
T « M*> = cooler than CMB for M <(7§M9) M, ~10"g

=> same observational effects as PBHs with M~1075g!

CONCLUSIONS
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* Both black holes and Generalized Uncertainty Principle
provide important link between micro and macro physics.

* They are themselves linked and black holes with sub-
Planckian mass may play a role in quantum gravity.

1/9
(t") M, ~10"%g
tO

1/3
t

=> current temperature 7 ~ (") T, ~10"K
t



