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PBHs as probe of early Universe

PBHs as probe of high energy physics

PBHs as probe of dark side

LARGE VERSUS SMALL BLACK HOLES

» Huge potential mass range of PBHs makes them a powerful
probe of both macrophysics and microphysics.

* PBHSs could provide unique information about higher dimensions,

relevant to accelerator experiments and creation of Universe.
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MODES OF BLACK HOLE DETECTION
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... AND EVAPORATION

Black holes radiate thermally with temperature

-1

K (Hawking 1974)

3
T=_1C 107 M
8aGkM M,

3
=> evaporate completely in time t,,,, ~ 1064 [M] y
0

M ~ 1015g => final explosion phase today (103 ergs)

y-ray bgd at 100 MeV => Qpp,(105g) <108
(Page & Hawking 1976)

=> explosions undetectable in standard particle physics model

BLACK HOLE FORMATION
Rg = 2GM/c? = 3(M/M,,) km => pg = 1083(M/M,)2 g/em?

Stellar BHs (M~10M,,) and SMBHs (M~103M,,) form now

ing Black Hole Mass

r System M

105g at 1043s  (minimum)
Mpgy ~¢3t/G = 10'5g at 10-3s  (evaporating now)
1M, at105s  (maximum)

Higher dimensions => TeV quantum gravity => larger minimum?

PRiMorRDIAL BLACK HoLES
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PBHs important even if never formed!




WHAT PRIMORDIAL BLACK HOLES DO

Probe fundamental physics (M~10-5g) Limit on fraction of Universe collapsing
Planck-mass relics . oo .
Extra dimensions and higher dimensional BHs B(M) fraction of density in PBHs of mass M at formation

TeV quantum gravity

Probe early universe (M<10'5g)
Baryosynthesis/nucleosynthesis

General limit

1/2
Gravitino/neutrino/entropy production Pren QL{T —|=>B<10°Qusy E <108Q, . Alf
Removing monopoles/domain walls Pesr 10 R, sec 10
Probe high energy physics (M~10'5g) s
Cosmological and Galactic y-rays Unevapm:ated M>10"g => Qppyy <0.25 (CDM)
Cosmic ray antiprotons and positrons Evaporatlng. now M~101Zg => Qpyyy <10% (GRB)
PBH explosions and gamma-ray bursts Evaporated in past M<10™g
Probe gravity (M>10'%g) .
Non—bargonic cc))IId dark mftter candidate => constraints from entropy, y-background, BBNS

Dynamical/lensing/gravitational-wave effects
Seed large-scale structure and SMBHs in galactic nuclei

Novikov et al. (1979) Carr, Gilbert & Lidsey (1994)
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Josan, Green & Malik (2009)

B. Carr, K. Kohri, Y. Sendouda & J. Yokoyama (2010)
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PBHS AS DARK MATTER?

Bulge: 8 kpc
Microlensing searches => MACHOs with 0.5 M, sur® - g y—— Galactic plane

EROS, MACHO
= PBH formation at QCD transition? OGLE, DUO

—

Pressure reduction => PBH mass function peak at 0.5 M,

(Jedamzik 1997, Yokoyama 1997, Widerin & Schmid 1998,

EROS, MACHO,
Kawasaki 1998, Jedamzik & Niemeyer 1999, Fuller et al 2000)

OGLE, MOA

2
s TRy 10
However, it now seems that at most 20% of DM can be in these objects T_Iu M P [’]dl"‘“ 0 ’i:'. .
for Galactic targets




Halo fraction

Limits on macho content of the halo

107 10*° 10* 10* 107 102 10" 1 10

i
00 Mass of the machos (M_)

Q2138432 z = 1.845

e MACHO central value
outside our contour

« Limitat12% for 1 Mg

k T~15108

T T —
« ® ®
e ® = -
8F o o ® .. i
® 1
= E ® e e ® ¢ . ! « ! J
=
- . * .
] |
. T {
E o
1986 1880 1995
Years

Evidence for dark matter in the form

of compact bodies

Michael Hawkin

University of Edinburgh

Evidence for Microlensing

e Lack of time dilation.

e Symmetry of variation

e Achromatic variation

e Microlensing in multiply lensed quasars
e Caustic features in light curves

e Slope of structure function

The timescale of variation implies that

the mass of the microlensing bodies

around 0.1 Mg

1993

HUNTING DOWN
THE UNIVERSE

DETECTION OF 10'"G PBHS BY FEMTOLENSING?

Will measurements of gamma-ray bursts,

like the one shown sterilizing a planet in
this artist's rendering, reveal the existence

Q2118—441 = = 1375
of tiny black holes? We may know soon.
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Fig.3. Light curves for two gquasar

expected of caustic crossing events



Binary disruption

MACHO microlensing LENSING LIMITS 1) < {(M/WUM(;)“ (500M < M < 10°My) DYNAMICAL LIMITS
0.4 (10° Mo < M < 10%Mg)
1078 My, < M < 300, wl =1 U |
Lo (6% 107°Mg < M < 30Mg . . T .
SO <01 (10780 < M < My) & g . Globular cluster disruption o) =1
004 (10 My < M < 0.1Mp). o Jan < {(M/fixllﬁM@)" Bx10M, <M< 100My) =4
L ’ 0.03 (10°M < M < 6 % 10°M) w?
Femtolensing GRBs £ Disk heating .
f < Llor 107180, < M < 1077 My . o
FIA) < (M3 5 0P,
Microlensing QSOs S e Dynamical friction U ‘ _
. . 12 (M/2 X 10 M)~/ 2kpe)? (M < 6x 10°My) C o emg '
fo< Vior 107%My < M < G0M; f= S8 g 8 0y = 411 x 10° (M) (EJ f(M)<{(M/zlxmw@)?(rc/zkpc)2 (6 10°My < M < 3 10%]r, [2kpc]2M)
“(:l::.' M,'-‘ -1/2 B 6 2
(M/0.1My)~Y (M > 3% 109 /2kpc]*Mp).
Millilensing Compact Radio Sources
L : Some of these effects have been claimed as evidence for PBHs
< 006 for WM, < M < 1°M;
CAN PBHS GENERATE LARGE-SCALE STRUCTURE? ASTROPHYSICAL CONSTRAINTS ON LARGE PBHS
PBH formation => Poisson fluctuations which can grow large PBH accretion => X-rays wl E
Meszaros 1975, Carr 1977, Frees et al 1983, Carr & Silk 1983 => CMB spectrum/anisotropies .
=> FIRAS/WMAP limits
Ly-a. clouds => upper limit of 10*M Afshordi et al. 2003 5"
y op o Ricotti et al. (2008) i o
f0Ma\ ™ (M M\ oS (M) < (M0
L —— L M) — —— - o e SRR N W on ” 5
i o | 5 ) () () ! Rl v n
£ °
Similar effect can lead to SMBHs in galactic nuclei i T e U T
Duchting 2004, Khlopov et al. 2005, Chisholm 2006 Ll | [N
m:ur'lo-—,;--ln--:;-'w-*:;-'o: T ;‘?;:S:E;Tﬂ ,_l‘m : -!“’0 “: i :’IT i o -'g-
Accretion of quintessence by 102M, PBHs might also e 04 : w8
. . . e e L RADID
generate SMBHSs but simple accretion analysis is wrong g s e
Bean & Magueijo 2002, Carr, Harada & Meada 2010 i, R %
guel Mack et al. (2008) %
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COULD COLD DARK MATTER BE PBHS?
i i ?

Blais, Kiefer & Polarski (2002) What Would Happen if a Small Black Hole Hit the Earth
10'7-10%°g PBHs excluded by femtolensing of GRBs
1026-10°°g PBHs excluded by microlensing of LMC

Above 10°M, excluded by dynamical effects
But no constraints for 10'6-107g or 102°-10%6g or above 10°g

Micro Sublunar IMBHs

e |
Frampton et al. (2010) . I
Double inflation model £ I
=> peak in spectrum . Il Khriplovich et al. (2008)

. A | ot i H H i
=> PBHs with 10-8- 0 . Long tube of radiatively damaged material recognisable for geological time
5 w6t et 1 10 wow ot o w?

10 MO k [1/Mpe]

Could Primordial Black Holes Deflect Asteriods on a CAN PLANCK MASS RELICS PROVIDE DARK MATTER?

Collision Course with Earth?

by IAN O'NEILL on FEBRUARY 22, 200

(MacGibbon 1987, Barrow et al 1992, Carr et al 1997)

reheat

]
Natural outcome of inflation if fine-tune Ty

Qi< 0.25 => (M) < 8x10-28k-|(M/Mp)*?
= N M /Mp 10
. r but only applies over limited mass range
® . e=
Riica i (Te/Tp)? < M/M, < 101125

-2 F

diluted by inf’ PBHs dominate before evap’
Shatskiy (2008)

Earth-mass PBHs could deflect asteroids onto Earth every 190M years .. .
Above upper limit baryon asymmetry from evaporations

determines final photon-to-baryon ratio => M ~ 10°g,t ~ 1023 s
(Alexeyev et al 2002, Chen & Adler 2003, Barrau et al 2004, Alexander & Meszaros 2007)



GRAVITY WAVES FROM PBHS

- it UG

Saito & Yokoyama (2009)
Assadullahi & Wands (2009)
Bugaev & Klimai (2010)
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T > Agep=250-300 MeV => secondary emission from jet decays
with only pions emitted below Aqcp
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Instantaneous emission from 1GeV black hole

HAWKING RADIATION IN MORE DETAIL
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PBH CONSTRAINTS FROM BIG BANG NUCLEOSYNTHESIS

PYTHIA CODE
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CONSTRAINTS ON PBHS FROM y-RAY BACKGROUND

Page & Hawking (1976) => Q5,,(M.) < 108 (Fichtel et al)

Carr & MacGibbon (1998) => Qg (M.) < 5.1 +2.6 x 109 (EGRET, jets)

Barrau et al. (2003) => Q,5,,(M.) < 3.3 x 109 (subtracting blazars)

Cannot explain the y-ray background but can place limits on g(M.)

For monochromatic mass function, limits are strongest at M.
CKSY (2010) => Qpg(M.) < 5 x 10710 (FermiLAT)

mmm

ot UL .
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TGRET (trong ot al..d
Fermi LAT (Abdo ot al. 2008) « =

1t g 10t o
E [MeV]

s 5
Log g(Mrg)

GALACTIC y-BACKGROUND

Diffuse y-ray background
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Extragalactic y-background => Qppy (ML)< 5 x10°10

Galactic y-background (Wright 1996)
=> explosion rate  dn/dt < 0.07 - 0.42 pcy-!
=> Galactic halo concentration & = (2-12) x 10°h-!

More recent analysis  (Lehoucq et al. 2009)
=> explosion rate  dn/dt < 0.06 pcy!
= limit Qpgy (M)< 2.6 X109 and B(M.) <2 x1026

4 x weaker than EG limit



Lehoucq et al. (2009)
CKSY analysis of Galactic y-background

M; = M.(1+u) => M(t,) = (30u)"3 M.
Y | = Eea=100 (30u)"3in 80-160 MeV for 0.7>u>0.08
=> limit on B(M) strongest at 1.08M. and scales as u'3

Fig. L Instantancous y-zay photon erission ree from a 47 =
20 MeV black hole (VcGibban & Webber [1990) compared
the
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Fig. 4. Predicted photon counts in the merged 70 1o 150 MeV
crergy band originating from x”-decay and bremsstranlung radi- DM distbutiaon FIM,] Lkegy(M.) | BIMLY 1w
ation in the H1 and H; gas {top), inverse Compton scattering of Mars 6.04 + 005 10 : 138 10 : 0.98 107" ® " " " B 18 16 "
the interstellar radiation field (middle}, and PBH emission from Moore. L7 | 0241F | D7 Tog gl Mig)
the Moore dark mater distribation (bettom). All maps are dis- :x ?;g :z 3; :3 t\j: :3 ;g‘: :E_
played in Galactic coordinates with different logarithmic scales ieotheccnal 11622000107 | 265109 | 187107 <«

to easily compare the radial profiles.

ANTIPROTONS MacGibbon & Carr (1991)
CAN PBHS GENERATE PRIMARY POSITRONS?
n,/n, = 104 for 0.1< (E/GeV) <10 => some p- from PBHs?

Small excess at low energy => possible primary contribution Soaf ]
Antiprotons => T >> T(M.) => local PBHs in explosive phase §
. Adriani etal (2008) 5
Maki et al. (1996) g
=> dn/dt <0.017 pc3y-! .
H £,
Barrau et al. (2003) | s | .

Energy (GeV)

= pB(M,) <2x108 ——> =
(0.1 x GRB limit)

FIG. 41 PAMELA positron fraction with theoretical models, The PAMELA positron
fraction compared with theoretical model. The salid line shows « calculation by Moskalenko &
smmglgl for pure secondary 5 posi during the son of s in the

galexy. One standard deviation error bars are shown. 1f not visible, they lie tnside the data points.

but model-dependent
(solar modulation, )
diffusion radius etc) ‘ ontoton et onergy (00

More likely from WIMP annihilations in UCMHs than PBHs




CAN PBHS GENERATE ANNIHILATION RADIATION

FROM GALACTIC CENTRE?

0004 I
0pnz |
L oool |

H 2 gooos |
511 keV line => 3x1043 ann/sec £ oo |
Bambi et al. (2008) =

. . 2 dIJ. I60 &0 100

1078g PBHs could explain this P e
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y-ray background 5 ot
oz
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DO EVAPORATING PBHS FORM PHOTOSPHERES?

QED interactions => e*e"y photosphere

Photosphere ‘

Heckler (1997, 1998)

hoo fm QED
g QT

QCD interactions => quark-gluon photosphere

More careful calculation => no photosphere! MacGibbon, Carr & Page (2008)

CAN PBH EXPLOSIONS GENERATE g-RAY BURSTS?

GRB => dn/dt < 10 pc3y-! (if uniform) or < 1 pc3y-! (if

in halo)

Galactic y-halo =>dn/dt =0.06 pc3y! Lehoucq et al (2009)

Cosmic rays => dn/dt =0.02 pc3y!  Maki et al (1996

)

Observational limit depends on details of final explosive phase

109 pc3y! (standard) Semikoz (1994)
dn/dt < 0.05 pcy! (Hagedorn) Fichtel et al (1993)
0.1 pc3y! (QCD fireball) Cline & Hong (1992)

Can some short (100msec) y-ray bursts i
be PBH explosions? =

Cline et al (2003) => 42 BATSE events 2
Cline et al (2005) => ? KONUS events E“"&rq

A

Cline et al (2007) => 8 Swift events “211 %ﬁ?
Local => Euclidean dbn, V/V____ test e e
max :.::.frif.—u_.___ ﬁ_ﬁaﬁﬁ?

OTHER CONSTRAINTS ON EVAPORATING PBHS

Extragalactic cosmic rays

Neutrino relics

LSP relics

CMB distortions

Reionization and 21cm

CMB anisotropy
C L 2lem

9 10 1 13 14
log(Mig)



W, A MV em s MV

NEUTRINO BACKGROUND LIMIT

/

e w
Eg MeV]

=

12 13
logp(Mig)

(cf. Bugaev & Konishchev 2002, Bugaev & Klimai 2009, CKSY)

CMB DISTORTIONS

Thermalization for t <10 s => photon-to-baryon increase for M > 10%g =>

M) 2 0N MM = 0N ) (M 107 g (Zeldovich &Starobinsky 1977)

Evaporate after freeze-out of double Compton scattering for t >7x10%s
= u distortion in CMB for M > 10"g

Evaporate after freeze-out of single Compton scattering for t >3x10°%s
=y distortion in CMB for M > 10'2g

Limits around p(M) < 10-21
in mass range 10'1-10"3g

(Tashiro & Sugiyama 2008)

—< s MY e oy mese 7l
LSPs from PBHs => (a1 < 1 (m) (_lﬂﬂ{;e\."] (M <10 (_ll'.lﬂ{;e\"] g)

(Green 1999, Lemoine 2000)

13
tog gl Miz)

DAMPING OF SMALL-SCALE CMB ANISOTROPIES CKSY

Similar effect to that of decaying particles (zhang et al 2007)
logof < —108 — 0502 + 0.08%* + 0004027, x =g, (T/10° 571
decay rate

CDM fraction => A< 3x 107 f00) 7 (/107 (25 x 107 M <24k 107
in PBHs

 LSPrelics ; Somy




21 CM ABSORPTION (Mack & Wesley (2008)

PBHs with 5 x 10'3g < M < 10'*g heat IGM in 30<z<90
=> raise 21cm brightness temp => reduced absorption against CMB

PBHs with M ~10'4g raise spin temp above CMB
=> 21cm seen in emission against CMB

PBHs with 10'%g < M < 10'7g => less pronounced effect

"

G z T
_ LSP relics e 7 Sl
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tog g Mig)

12 13
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BLACK HOLES AS A PROBE OF HIGHER DIMENSIONS

WAYS TO MAKE A MINI BLACK HOLE

PRIMORDIAL DENSITY
FLUCTUATIONS

Early in the history of our
universe, space was Mled with
Fot, dense plasma. The density
waried fromplace to place, and
in locations where the relative
sensity was sulliciently high,
ahe plazma coud collapse ina
2 black hale

PRIMORDIAL BLACK HOLEs = PBHs

Dark matter in Planck relics

or sublunar or IMBHs SCientiﬁC American

May 2005
PBHs of M~0.5M, form at quark-hadron era . .
Jedamizk & Nemeyer, Carr and Glddlngs

/4

Microlensing of QSOs 2M>10 M, —» 6y MACHO results »M>0.5M,
Hawkins Alcock etal

COSMIC-RAY COLLISIONS
Cosmic rags—highly energetic
particlesfrom celestial
sources—could smack into Earth's
atmosphiere and form Black

holes. They would explode in
shower of radiation and secondary
particlesthat could be detected
on the ground.

POPULARITY

PBHs of M~10-3M,form at quark-hadron era
Crawford & Schramm

/

PBHs form from inhomogeneities
Hawking, Carr

Microlensing constraints
Hamadache et al

PARTICLE ACCELERATOR
Anaccelerater such as the

LHE could crash two particles
fagether at suchan energy that
shey would cedlapse intoa black
hole. Detectors would register
the subsequent decay of the
Rl

] | I | | | | >
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Black hole radius Rg= Mp (Mg /Mp)V/(+m

H g . . 7
log (R/cm) Hierarchy of compactified dimensions?
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scale of extra
dimensions
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SUMMARY
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PBHs have been proposed for numerous astrophysical and
cosmological purposes. There is still no definite evidence for
them but a large variety of constraints over 60 mass decades
provide a unique probe of the various formation scenarios to be

discussed by ANNE GREEN
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