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Abstract: Constraints on the formation of primordia black holes - especially the ones which are small enough to evaporate - provide a unique probe
of the early universe, high energy physics and extra dimensions. For evaporating black holes, the dominant constraints are associated with big bang
nucleosynthesis and the extragalactic photon background, but there are also other limits associated with the cosmic microwave background, cosmic
rays and various types of relic particles. For larger non-evaporating black holes, important constraints come from their gravitationa and
astrophysical effects. Small non-primordial evaporating black holes may be produced in the LHC if there are large extra dimensions and this would
also have important implications for the early universe.
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Hs as probe of early Universe

Hs as probe of high energy physics

Hs as probe of dark side
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LACK HOLE FORMATION

s =2GM/c? =3(M/M) km => pg = 1013(M/M)2 g/cm?

ellar BHs (M~10M_) and SMBHs (M~10°M_,) form now
all “primordial” BHs can only form in early Universe

. cosmological density p ~ 1/(Gt?) ~ 10%(t/s)-2g/cm?

= PBHs have horizon mass at formation
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LACK HOLE FORMATION

s =2GM/c? =3(M/M) km => pg = 1013(M/M)2 g/cm?

ellar BHs (M~10M_) and SMBHs (M~10%M) form now
all “primordial” BHs can only form in early Universe

. cosmological density p ~ 1/(Gt?) ~ 10%(t/s)-2g/cm?

= PBHs have horizon mass at formation

10°g at 104¥s (minimum)
ppg ~ /G = 1015g at 10 3s (evaporating now)
1M, at10°s (maximum)
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LACK HOLE FORMATION

s =2GM/c? =3(M/M) km => pg = 1013(M/M)2 g/cm?

ellar BHs (M~10M_) and SMBHs (M~10°M_,) form now
all “primordial” BHs can only form in early Universe

. cosmological density p ~ 1/(Gt?) ~ 10%(t/s)-2g/cm?

= PBHs have horizon mass at formation

10>g at 104¥s (minimum)
e ~ /G = 10'5g at 10-3s (evaporating now)
1M, at10°s (maximum)

gher dimensions => TeV quantum gravity => larger minimum?
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LACK HOLE FORMATION
=2GM/c? =3(M/M) km => pg = 101¥8(M/M) g/cm?
ellar BHs (M~10M_) and SMBHs (M~10°M_,) form now
all “primordial” BHs can only form in early Universe
. cosmological density p ~ 1/(Gt?) ~ 10%(t/s)-2g/cm?

= PBHs have horizon mass at formation

10>g at 10%¥s (minimum)
e ~ Ct/G = 1015g at 10-3s (evaporating now)
1M, at10°s (maximum)

gher dimensions => TeV quantum gravity => larger minimum?
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cond inflation phase or domain walls => larger maximum?




... AND EVAPORATION

Black holes radiate thermally with temperature

3 -1
T=_" 107 |M|K (Hawking 1974)
S 7GkM M,

3
=> evaporate completely in time t_,, ~10% [;’;} y
0

M ~ 1015g => final explosion phase today (10°° ergs)
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... AND EVAPORATION

Black holes radiate thermally with temperature

3 -1
T=_"¢ 107 |M|K (Hawking 1974)
S 7GkM M,

3
=> evaporate completely in time t,, ~10% [ﬁ} y
0

M ~ 1015g => final explosion phase today (10°° ergs)

y-ray bgd at 100 MeV => Qup.(1015g) <103
(Page & Hawking 1976)

=> explosions undetectable in standard particle physics model
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W PBHS FORM
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W PBHS FORM

ordial inhomogeneities
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W PBHS FORM

ordial inhomogeneities

flation

essure reduction
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W PBHS FORM

ordial inhomogeneities
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W PBHS FORM

ordial inhomogeneities
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[AT PBHS DO
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W PBHS FORM

ordial inhomogeneities

flation

essure reduction

ubble collisions
(See CKSY for references)

OSmicC Strings

tring necklaces

omain walls
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AT PBHS DO
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AT PBHS DO

obe fundamental physics (M~1
ck-mass relics

ra dimensions and higher dimensional BHs
e cosmology
quantum gravity
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AT PBHS DO

obe fundamental physics (M~10-5g
ck-mass relics
a dimensions and higher dimensional BHs
e cosmology
quantum gravity

obe early universe (M<10%5g
osynthesis
cleosynthesis
vitino/neutrino production
oving monopoles/domain walls
ionization
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robe high energy physics (M~10%5g
osmological and Galactic y-rays
osmic ray antiprotons and positrons
amma-ray bursts

ithilation line radiation from Galactic centre
tra-high-energy cosmic rays
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obe high energy physics (M~10%5g
osmological and Galactic y-rays

osmic ray antiprotons and positrons
amma-ray bursts

ithilation line radiation from Galactic centre
tra-high-energy cosmic rays

Probe gravity (M>10%5g)
Cold dark matter candidate
Dynamical/lensing effects
Gravitational waves
Large-scale structure

Black holes 1n galactic nucleil
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LACK HOLES AS A PROBE OF HIGHER DIMENSIONS
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Bulk

1 ‘LD M-theory

10D supersirings
5D Kaluza-Klein
4D Einstein
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BLACK HOLES AND EXTRA DIMENSIONS

Higher dimensions => My **V_ ~ M,?

il Bulk
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1 ‘LD M-theory
1 QD supersirings
EP Kaluza-Klein
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BLACK HOLES AND EXTRA DIMENSION

Higher dimensions => Myt +*V_~ M,?

Standard model =>V_=Mp" , My, =M,,
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[arge extra dimensions => V_>> Mp™, My << M,
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LHC, cosmic rays => higher dim BHs

Figure |: T'wo partons, & and 7, form a black hole by passing within the event horizen
¥ - - - V1 3 = " t
determined by the Schwarzschild radius associsted with thgctmm-nfmmmqgﬁ.

/e iy
. - "
T “-L,__-r’ ‘“%\‘

Frgure 2- The blark hole smits Hawking

radistion predomicantly ioto brame modes (sclid lines) and also into bulk
: . . . : modes (dotted
ines) Grey body factors for brane modes are determined from the metric indumi(hy the

D-dimensional black hole geometry on the brane.

2 A D-dimensional black hole bound to a 3-brame.

Pirsa: 10060005

Page 29/115



Forming black holes by collisions

Cross-section o(ij —=BH) = nr?O(E w Mo
Schwarzschild radius rg= Mp1(Mgy/Mp)V(+D)

Temperature Tgy = (n+1)/rg < 4D case
Lifetime tgy =Mp {(Mgy/Mp)@H3/ (140 > 4D case

Region into wheeh pariscies must
Squeele 1o maie 4 black hale

.. InNigher-dimensional space

s ofdinary space
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THE RISE AND DEMISE OF A QUANTUM BLACK HOLE
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THE RISE AND DEMISE OF A QUANTUM BLACK HOLE

BIRTH BALDING PHASE
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THE RISE AND DEMISE OF A QUANTUM BLACK HOLE

BIRTH BALDING PHASE SPIN-DOWN PHASE
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rg= 2GM/c?
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ANE COSMOLOGY (Bowcock et al. 2000, Mukohyama et al. 2000)

ne can be viewed as moving through 5% dimension in static bulk
cribed by 5D Schwarzschild-anti de Sitter solution:

2=-F(R)dT? + F(R)'dR? + R? [(1-Kr?) -1dr? + r2dW],
F(R) =K - m/R2 + (R/L) 2

0, +1, -1
dimension 1s identified with cosmic scale factor R=a(t)
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Universe or
Multiverse?
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Higher dimensions

Page 45/115



Pirsa: 10060005

= —
1 7 = o W T % W £
- ¥
¥ A et & BB B e N
+

10 1 ‘.r s

y

Higher dimensions

-
L
-
— -
e -
. -
i S Py

A

] -
"
<
(7,
]
]
L
A
TN
1)
i ] "1
1
‘em

Ear=r

N

e B W' S



(95

S

VI

—t
(T

llar 1 M,

Pirsa: 10060005

o - a ™ - F i i .
se | Higher dimensions | M-theory
y 10-°g Planck
- - . = i
3 - 10* - I =43 Tl q.l.:frfl
- (0% . [(109) g
o R "'r._/l
# :'_‘. _I’-'rl ..____'_,..- l:'j . i _ -I:I - L_""i:”
i ] A 2 .,“u_ n K
IR RN
—_—
--'.""1_ / e I ;-\ oo T em
el ry g -.If {10
f..”"'l WAk, II v s
= — sfranmg t S [ (10!
=Ty A - weak J :..-.«';"#' / Iy
£ \ d i) |
A\ \ s/ { 10'g Exploding
I N\ ‘ " ~— m— v v‘_“‘? :_‘_". 10 cm /
' Rl on /" (10%
\ N\ : s =S /
0*+2em =3 % a5 Y 3
- - " - 1075 em
W £ 0=) R /
L] |"_!-‘I- ~
- 107" em o 71 I - -
B i 10“lg Lunar
—~.

Page 47/115

BT ACK HOI ES



LARGE VERSUS SMALL BLACK HOLES
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Limit on fraction of Universe collapsing

B(M) fraction of density in PBHs of mass M at formation

General limit

1/2
t
= Pb<10°0.... Lec}«: 10120, [0%}

Q
Prea _ ““ppu

Peze 107 R,
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MIDWAY MESSAGE

uge potential mass range of PBHs makes them a powerful
robe of both macrophysics and microphysics.

BHs could provide unique information about higher dimension
levant to accelerator experiments and creation of Universe.
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Limit on fraction of Universe collapsing

B(M) fraction of density in PBHs of mass M at formation

General limit

1/2
t M
=3 <10°Q,.... Lec}«: 1970 ... [OT}

Q
Prea _ ““ppH

Pcar 107 R,
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Limit on fraction of Universe collapsing

B(M) fraction of density in PBHs of mass M at formation

General limit

P PISE ... QPBH

Pcar 107 R,

i/2
4 M

Unevaporated M>10g => Qpp; < 0.25 (CDM)
Evaporating now M~105g => Q... <10 (EGB)
Evaporated in past

M<10%5g => constraints from entropy, y-background, BBN
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Novikov et al. (1979)
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Limit on fraction of Universe collapsing

B(M) fraction of density in PBHs of mass M at formation

General limit

0 o R , T2 -
PBH PBH

= =3 <10°Q — (<1018 Q ——
Unevaporated M>10g => Qpp; < 0.25 (CDM)

Evaporating now M~103g => Q... <10 (EGB)
Evaporated in past

M<10%5g => constraints from entropy, y-background, BBN
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Novikov et al. (1979)

entropy og 3
F
e W 18 0 logMig

._‘ r—

“<«— density
Al

B y-background

Y L |

BB nucleosynthesis

Pirsa: 10060005 Page 55/115



ey (1994)
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Novikov et al. (1979)
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ey (1994)
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onstraints on amplitude of density fluctuations at horizon epoch (M
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Josan et al. (2009)
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Carr, Kohri, Sendouda & Yokoyama, PRD 81, 104019 (2010)
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Carr, Kohr, Sendouda & Yokoyama, PRD &1, 104019 (2010)
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Carr, Kohri, Sendouda & Yokoyama, PRD 81, 104019 (2010)
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Carr, Kohr, Sendouda & Yokoyama, PRD &1, 104019 (2010)
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Carr, Kohr, Sendouda & Yokoyama, PRD &1, 104019 (2010)
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-

w=0.25

Cosmology Acpm, 1=0.72, Q.

—
—

PBH mass =M= 1l

»

0.2 in simple analysis, critical phenomena << 1, extended overdensity >>

Density parameter %s=——={{z 10/ (167 0
-

L2 o< 0.25 value for t<10-5s
-

CDM density limit 500 <208 x10* 2 (20) 7 () vz

Renormalization M) =+"7(o=) M cumulative number
- density fromOto M

General mass function
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grey-body

.
PBH temperature Ton = —yr = LO6Mg! TeV

Peak in flux E_,=4.02T, E_=571T, E._, =2381T, f::
Mass loss Who _ 531 107 f01) Mi2s™

effective no.species emitted, 1 for massless

207 1 0.060. [=30o=0020. [, L.OOT

Quark and gluon jet emission

Tay > Aqep = 250-300 MeV => big f increase

PBH lifetime -~07 (22)) 1z,
 <—__TeVBHs
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Mass evaporating today L~ie«<nb (=] x3lx10% (f=4 g T.=21MeV)



NacGibbon and Webber (1990)

> AQCD = 250- 300 MeV => \L%L,“;‘;:«_f A~

_""'-'-H- T X7 -.-'lh-—\-\.-..-|1—- ,,_,...,,_.......-_..,_._.. =
L [
W | | W

M7
ELA8 “"JsALL LAY Sl BB NAL LU C.._ LW
L

A RL LIPS R

JI

D

N
'I'"I_I'I"[I'I"Iii1l1llIIII.ITIJ"H..I,][II

pion decays

1Ll|.lp|

e N

i I

bl b
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O EVAPORATING PBHS FORM PHOTOSPHERES?

ED interactions => e*e y photosphere e+e—>e+et+y

s> T ~45GeV => Mgy, <2 x 1012g el -l S

’ Photosphere

N0\ Heckler (1997, 1998)

Black Hoie
/
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O EVAPORATING PBHS FORM PHOTOSPHERES?

ED interactions => e*e y photosphere e+e—>e+e+y

> Ty ~45GeV = My, <2 x 1012g eif -bpld $e

Photosphere

TN Heckler (1997, 1998)
f/' Bi:f_t Hoie \hk
(IIL J‘\\ } p -
\ ;f/ “n‘\fu .)__.r'l | bao . QED
\ <a . /
\ \_¥ b% / w&e QeBn
- /
N Jo00Ts
\\ ~\Tg
,.\_/ . .
~ ; QCD interactions => quark-gluon photosphe
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P i BE PYTHIA CODE
\ s

TV E M)y=—1(E. M) +-

[y
i
—

= TN dE. dE. E.
\H\
"m.‘_\_\\ . . . . ! : I
\ fraction of jet energy going into pion:
S 1.6 x 10°
- J 3
2) =2 2 ) B
Secondary emission below I\, = 0.1\,
.1-:. l i —

Mito) = (3p) (1 —p—-p"/3) "M. < M, for p < 0.02

amskinry Ky promary sk Phex

el y |-I|'I HELITY |'-'-i|'- Gy

: o | : SO secondary fraction drops off very
Rirsa: 10060005 . Page 71/115
= ) rapidly above M.
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| % 1 x| y 5 _'I-.‘ # ' . r i . - ( e -
I Vv L J - Il I AINL 3 . — “w Y [\ =1 ui b 1IN S e A "’*.., -
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Injection of neutrinos (Vainer & Naselskii 1978)

Injection of photons (Miyama & Sato 1978)
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Injection of neutrinos (Vainer & Naselskii 1978)

¥ . — i M __- i " L 3 Tal ol 4
3 1) 10 M. M 107-3 % 10" o

Injection of photons (Miyama & Sato 1978)

(M) < 1072 M " (M =10"-10"g

Injection of nucleons (Zeldovich 1977)
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EVIOUS BIG BANG NUCLEOSYNTHESIS CONSTRAINTS

Injection of neutrinos (Vainer & Naselskii 1978)
c3x (107 -107°) M,” (M =10°-3x 10" g)
Injection of photons (Miyama & Sato 1978)
'(M) < 1078 M (M = 10°-10% ¢
Injection of nucleons (Zeldovich 1977)
(M : I o I 0*-35 x 10%g
) x 107 : 1 =3 % 1P 3 0" g
b i 2B - ' 10" o

Photodissociation of deuterons (Lindley 1980)
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article reactions

High energy nucleons => extra interconversion between backgd p and n
High energy hadrons dissociate helium into light elements
High energy photons from cascade further dissociate helium
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article reactions

High energy nucleons => extra interconversion between backgd p and n

High energy hadrons dissociate helium into light elements
High energy photons from cascade further dissociate helium

l -3 j \ l _- { \ DT e hadronic reactions
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article reactions

High energy nucleons => extra interconversion between backgd p and n

High energy hadrons dissociate helium into light elements
High energy photons from cascade further dissociate helium

1 F3Hny lj. _ [ 1 __ [ L:;f 1 | L:r.-[_ He. *He."Li. "Li ~ hadronic reactions

Fro - -
[ Hi
o = - — p— 1D

TABLE II: Observational constraints on abundances of hehs elements at 20 to |

lemens
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102s => M<10°%g

NO trace r

O

=
) e
-

!
1
4
|
_{
|
|
|

102-10% => M=10°-10""g 17 . — =
d

hadrons increase (N/p)-

[
L L LU

— —
o
© o
I |I|I| I ||
|
IlIlIII L1 |JI
—_ =
e -

1 0-20 SO 1C

Loy |
LD-=2= &
10-23 |

1 024
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102%s => M<10°g
no trace

10-2-10%s => M=10°-10"g 10-17
hadrons increase (n/p)- and Y

1{]-15

102-10's => M=1019-1 0129 10Q-19
hadrons increase D and °L; 1 0-20
=a ]
107-10"2s => M=10"2-10"3g 10—
photons increase D and *He 10-22

1 0-23
1 0—24
10325

Pirsa: 10060005

[TTH
| Illuhl L L LA

uu| 4 .I:.Il| m

v

16/1.17

| IIIII.I| | I.IILI| || LU

Log,,(M /g)



102%s => M<10°%g
no trace

10-2-10%s => M=10°-10"%g 10-17
hadrons increase (n/p)- and Y

]_O—IE

102-107s => M=1019-10"2g {O-18
hadrons increase D and °Li | y-z0
==l

107-10"2s => M=10"2-10"3g 1 0-21
photons increase D and *He 10-22

10-23
>10125 => M}‘IOng -
no effect but M"# cut-off
from low-mass tail 1 ()25
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BEN
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KSY

Diffuse y-ray background
{PTEL (Weid *j-.-_ R |
..... ) I | !
e — - f h |_|'!_
P / It (1 Py
//;/ji“\‘\' ; o | f E
'\\- - u
. \‘x b Y 1 9
_l_— Fa N
- - " ~ s Fa VW A
Constraints on (M)
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GALACTIC y-BACKGROUND

Qpppy (ML)< 5 x10°10
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OTHER CONSTRAINTS ON EVAPORATING PBHS
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OTHER CONSTRAINTS ON EVAPORATING PBHS

-'.;—-. -\i-..-\ - X T
Galactic y-rays

Phosoy hack Fround

"o Galactic vormys
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OTHER CONSTRAINTS ON EVAPORATING PBHS

Galactic y-rays

Galactic cosmic rays

i vy ) ATaIm Fa aTatlobeaal TADE uis k1
= ¥ 3

L

L -1 W 1 1 1 | !
e e Bl R e, B B G N - L N S’ W M D R RL N L Rt W

CvH

Phososy hackrround

"o Galactic yormys
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OTHER CONSTRAINTS ON EVAPORATING PBHS

Galactic y-rays

Galactic cosmic rays

T 1 .
HYTT30r9 5 =4 ™ *ACTNI™ T°9%

il el 1.-1-:-—.“...“L' L v S M0 I CLY 5
PBH explosions B SK acucrino
BBN
\_—-I_ ""-'-l'!'p-"\l ™S --l-"-\--‘ - -; _.\"_-- i _:___ L'G.:.ZIF'.I‘{I‘I'.IE_"I.
LIRS L L -k T Photory backpround

o Galacte yormys
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OTHER CONSTRAINTS ON EVAPORATING PBHS

Galactic y-rays

Galactic cosmic rays

— 1 . T = Qpamn
R I F M ~*AASTNIC T3 | LEP reifics
e e B A “I_“_-n.“l\v -\.-4._"&.- ' W ._‘J_a__._._l\-.- _._*:.--\-i- "h
CMB
= A= iy gy ]
PBH explosions | riiorton  SK seserime
OvH
BBN
\i ~-....-ﬂl:,l MC:;C: — ;____-.--"'_.:_:_ B aceiprosons
SUBBEILV AT § LW Li Li o Photon background
"o Galactic yormys
CME anmsctiorrs
Mg
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COULD COLD DARK MATTER BE PBHS?

10'7-10°°¢ PBHs excluded by femtolensing of GRBs
10%5-10°%¢ PBHs excluded by microlensing of LMC

But no constraints below 10'7g or for 10*°-10%%g or above 10*g

Planck relics?

Pirsa: 10060005
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CKSY

DAMPING OF SMALL-SCALE CMB ANISOTROPIES

Similar effect to that of decaying particles (zhang et al 2007)

0.00452°. r=loe. ./l



LENSING LIMITS
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LENSING LIMITS
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LENSING LIMITS

MACHO microlensing

Femtolensing GRBs
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MACHO microlensing DN L

l M 10~ .'_'l_f_ M<c01M-)

Femtolensing GRBs

1 4
HLT

Microlensing QSOs

RS i}
L - -

Millilensing Compact Radio Sources
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Binary disruption

[ /500AT - - HD0AL: 10- - D \\.‘ 1; _L_LC l'& }’JI?S
Globular cluster disruption
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Binary disruption

Globular cluster disruption

LO= A . L _-.”- .1||II ; F? I-|'.

Disk heating

=5 % r

Dynamical friction

Page 106/115
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Binary disruption

f__'j SO0AL- 1 DAL
Fl(M :
1 & II.IJ.J.

| 0.4

Globular cluster disruption

DYNAMICAL LIMITS

£\ J ()3 x ]I ‘M : ) < 107 M \ )* M g
| )03 10" A1 A [ |
Disk heating -
Dynamical friction
[ /2 x 100 M) 7197 e, /2kpe (M < 6 x 10°M "
fIM) < ¢ (M/4x10*M;)"%{r./2kpe)’ 6x 10°M- < M <3x1 Zkpe “M
\ MDAIM:) Y2 M 10 A

Large-scale structure
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Afshordi et al (2008)
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CONCLUSIONS

™ IO

A F_JE'
! WH LSS /
! QS0 L
5 IO
: MACHCO)- ol
1 :
| TRAS 1 |
SLSP | WaaD2
/ J el
/ GRB
E
# Planck |
. -,t,.l
BBN et
[ BA Gala |
{ EGB |
MEB 71 |
: S GW
0 10 20 0 S0

H constraints over 60 mass decades provide unique probe of

lation, dust phase, cosmic strings, domain walls, primordial
omogeneities, non-Gaussianity, extra dimensions, variable G,
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Ricotti et al. (2008)

ACCRETION AND GRAVITY
WAVE CONSTRAINTS

BH accretion => X-rays
> CMB spectrum/anisotropies

> FIRAS/WMAP limits

[ rm b

Saito & Yokoyama (2009)

ssadullahi & Wands (2009)

Scalar
erturbations

.
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Binary disruption

| (M/500ML=)~1  (500AL:

lll.: 102M-

FIM) < -

Globular cluster disruption

W NiERY 1 1nd ar
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£ i 'I._-f
005 107 M-

Disk heating

Fi% '

Dynamical friction

[ \[/2 x 10* M —10/7 . 2w =
! 1y =2 . ¥

[Large-scale structure
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DYNAMICAL LIMITS

10° M- —

10F M.

Afshordi et al (2008)
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MACHO microlensing

Femtolensing GRBs

Microlensing QSOs
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LENSING LIMITS
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CKSY

DAMPING OF SMALL-SCALE CMB ANISOTROPIES

Similar effect to that of decaying particles (zhang et al 2007)
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