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Why Study Primordial Black Holes?

- Evaporation has implications for
— Baryogenesis [Dokuchaev et. al, 2004]
— Nucleosynthesis [Kohri and Yokoyama, 1999]
— Cosmic Rays [Kim, Lee, MacGibbon, 1999]
— Quantum Gravity [Coleman et. al, 1991]

« Dark Matter

— MACHOSs in galactic halo [Alcock et. al, 2001]

— Remnants from evaporated PBHs?
[MacGibbon, 1986]
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Formation — Qualitative Description

« Over-dense region crosses the horizon
« Over-dense region expands
« QOver-dense region stops expanding

* Depending on conditions, over-dense
region will either collapse or disperse
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Classifying Over-dense Regions

Regions are specified by:
— When they enter the horizon

— Their over-density b
o,

At horizon crossing: B
P = Prl+0)

T=T,

~ N
|l |l
NI D
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General Approach

Adapted from an approach put forth by Cardall and
Fuller [astro-ph/9801103]

-

- Specify a region with given p,.0

» Determine the turnaround point and size at
turnaround

* Apply collapse condition

« Calculate the resulting mass spectrum
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Evolution of Overdense Region

* Qutside the metric I1s a flat FRW universe:

ds® =—dt* + R*(1)|dr* +r*(d6 +sin* 6dg* )|

* Inside the metric is a_closed FRW universe:
dr

ds* =—dz* +8*(7) +r*(d6* +sin> 0dg*)

e
» The size S of region evolves as:

(dS) 315
— a8 =«
drt 3

p = energy density of region
r = time coordinate for region
o= CONStant (from matching regions)
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Evolution of Overdense Region

» Outside of the overdense region the scale
factor R evolves as:

dRY 871G
bt Pl
(df) 3 i

« Match the inner and outer regions at horizon

crossing:
g Sh = Rh

(%),
dl" It df I

Pirsa: 07050048




Turn-around Condition

« Evolution of over-dense region is given by:

(dS(r)
dt

): = 8?’1'3G [P(T')S *()- lt_)}zR,&:é‘]

» Expansion of over-dense region stops

when: s
p*’s* :thh O

« Solve for T at turn-around
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Size of Over-dense Region

The over-dense region’s proper
size at the time of collapse is

a—

X S = d
Sl I R
— (f )

1 h 0

= particle horizon at crossing
S, =scale factor at crossing
It —

S. = scale factor at collapse
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Collapse Condition

A fluctuation in energy density p' satisfies the
equations of General Relativity.

o~ p — |
= L= vV p'HxGw(l+3v)) o'

cl~

w = P+ p =enthalpyv

,  ArGw(1+3v° ,
E = i 4 (Jeans wavenumber )
Vv
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Collapse Condition

Size of region must exceed relativistic
Jeans length at turnaround.

T TV
d;t, >'_: =

k, V4G(1+3v)w

-~ o 2 ) 1‘—
For a constant sound speed: 0 >0_(v])=

3 (1+vi)(1+3vD)

T 0822
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Collapse Condition

This is roughly consistent with Niemeyer and Jedamzik

-

(1999) who got o0.=0.70£0.02 in a numerical approach.
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Collapse Condition

This is roughly consistent with Niemeyer and Jedamzik

(1999) who got o0.=0.70£0.02 in a numerical approach.

However, Green et al. (2004) and Musco et al. (2005) got
0.~045+002 because they only included the growing
mode, not the decaying mode. This halves the critical
value of over-density.

0. ~f(growing mode) J_ ~t ' (decaving mode)

so=a |

E t

do 00 i
E(rﬂ)zo = A4=PB (50% mixture)
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» Machinery in place to:
— Find temperate at turn-around
— Find size of collapsing region
— Find Jeans Length
— Evaluate collapse criterion

« Study various equations of state.
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Models of Degrees of Freedom

|E_Y 1 (I>1)
| N, (T <I)

Bag Model

NI )—

Softened 1st or 2nd Order

B — ﬁe:q)) 3
N(T)= '

N, + aexp -

Rapid Crossover

J.iTi::J.q+}~.&+i_1q—_1k)tanh)
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N off

(T > ‘T: )

(T -::II;.I

T
A

| —— bag model
| —-- first order

L] r L] E L j L] I L] I L] I L] i L]

| ———- second order ——
-- rapid crossover | . .-

-
— r_'.r“I

o
=

—

8 8 &8 &8 8 & 8

L -

{

o

A !. ] I i I i ! i

o

o8 09 10 11 12 13

T/T,

N, =6L75 (u.d.s quarks. gluens)
N, =17.25 (leptons. pions)
A=005T,

a@=11.125(1s%) 13(2ad)

B =11.125(1st) 33.375(2rd)

06 07
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Energy Density

Obtained from N(T) and thermodynamic relations

40 —E = % = & * F " FE =" FE " F
— bag model
A . sy
s(T) = = T>N(T) | Sl
T = j:ﬁﬁ?n_
P()=[sthdarr % ® %
0
p(1)=—P()+Ts(T) I
D 1 | 1 L 1 1 |

06 07 08 09 10 11 12 13 14
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Pressure

Obtained from N(T) and thermodynamic relations

B =K = k& ¥ E* " F*= 8 F ¥
: —— bag model =
[ —-— first order :|
4 ﬂ,l . I o second order ';' i
s T) - TJ;\ T) —~ rapid crossover ,,,: 4
( 90 : £ i |
T ‘E 1 E ]
P(T)= [ s(T")dI"’ & :
0 A

p(T) =—P(T)+Ts(T) E

:/1-| I | | | | | i

0 1 2 3 4 =1 6 7 8
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Scale Factor

Conservation of entropy relates
scale factor and temperature

1.50

s(IR*(T)=s,R,’

with
RGT )1 125
E'b
~
>
1.00
0.75
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— bag model
—-—first order

---- second order
----- rapid crossover
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Softening of the Equation of State

Reduction in the speed of sound

S —E - & " &k r K.
- —— bag model
—-— first order

---- second order

> dP i dP /' dT = B e rapid crossover

V. =—= '
s - L d’-:_::::-f?"'-""'
dp dp dT sh o i
o2 g Ao .
S :b-- i 1. £
= 2 —
dp dl - ‘L Y }(}
N LA
. b— 1:(11 o
-l
.u I s 3. | i | i l 1 1 1 s
0 1 - 3 k4 S 6 7 8
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Determination of Critical Deltas

» Specify
— When over-dense region enters horizon
— Over-density o
— Model of phase transition
* Determine
— Point of turn-around
— Jeans length and size of region at this point

» Find critical deltas using collapse condition




Critical 0 — First Order Transitions

10

08

06

04

02

00

10
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- mixed phase st horion

Bag Model

collapse

Crossing

0" 10 10"
p, (GeV/fm?)

10° 10° 10*

10

08

06

04

0z

0.0

10

First Order

* wt o 10° 10° 10° 10*
p, (GeV/fm®)

0, Is the density at horizon crossing
areen reaion denotes the mixed phase
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Critical © — Higher Order Transitions

Second Order Rapid Crossover

collapse

o0y ©y
02 }
u'u y s asesml 5 seseemel 5 ssassmd & Fasesml & seasaml 0§ S aN u_u y sasssml 5 sasssml & sasessl & s asssed s s esssml 3 s aw
10 10 10 10" 10° 10° 10* w: w w 10" 10° 10° 10*
p, (GeV/fm®) p, (GeV/fm®)

P, Is the density at horizon crossing
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Notable Features — Critical Deltas

« Greatest reduction in o for regions
crossing horizon before softening and
entering the mixed phase at tum-around.

« Slight reduction in 6 for regions which
cross horizon near softest points.

« The tail goes to infinity for 1st order phase
transitions.
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Spectrum of Perturbations

Assume Gaussian distribution

1-#

N 1 o’ f M. Y*
P(o.M,)= exXp| ——— =95x107| —=
: V2o (M) \p{ 35'(*‘[;1)) i ’ [10_1‘[5)

Width & 1s COBE normalized variance which
depends on the spectral index n. [Green and Liddle, 1997]

Power spectrum of fluctuations P(k)—~ £~

Limits from inflation etc. give 7 <1.3 but

thev come from larger length scales.

irsa: 07050048 Page 24/59




Integrate Formation Rate

T_ 1 'y | I' P =
n(t)=[dr MEX E Sy ¥ [ds P(s.AL, ()
R(p) | |18 dit |T,() 5,

0

a

t i i s ¢+
Integration
range in
delta
_ Probability that
Prescnd Dilution from Horizon Density factor overdensity at
density formation crossing (1 per horizon) horizon crossing
to present time rate leads to collapse

To calculate the mass distribution dn/dM insert the factor

SM ., (5.M,)—M)

collapse
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Bag Model
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First Order
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Bag Model
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First Order
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Bag Model
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Second Order
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Rapid Crossover
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Existing black hole could find
itself inside a collapsing region

dn™
d\ d\f
t I (£
S(Ut)=|d 1 dI(f)
- () dr
x (M
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Bag Model

[u—y
o

n =095, 10, 1.1, 12, 13, 14
—-60 F .

—_=n | =
-80 - =
—90 + =

—18—16 14 1210 -8 - 6 4 2 0 =2
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First Order

[y
o

n =095, 1.0, 1.1, 1.2, 13, 14
—60 | | -

—_=n | -
-80 L =
—-90 + -
—100 e 8 = F 0 0 0 b - MEEIGR,
—10-16—-1¢ -3 —-10 -8 &G 4 ¢ 0 &£
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First Order
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Bag Model
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First Order
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Bag Model
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First Order
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First Order
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First Order
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Second Order

[
o

—10 n = 125, 13, 14 =

10[dN/dM (1/km? M'un)]

—90

—100
- I8 - 4% & 0 2
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Rapid Crossover
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Fixed Speed
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Rapid Crossover

[
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—10 n = 125, 13, 14 =
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Second Order

[
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Rapid Crossover
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PBH Abundance

_ n=14 | n=13 | n=1.25 | n=12 | n=11 | n=10 | n=0.95
Bag Model | 7.8x10' | 7.8x10" | 4 4x107 45x107 | 46x107 | 4.7x107 | 4. 7107
First Order 1.3x10'° | 1.3x10'2 | 2.3x107 2.3x107 | 2.3x107 | 2.3x107 | 2.2x107
ond Order | 1.8x10' | 1.9x10”2 | 9710 | ~ il ~a |-=0
Crossover 1.8x10'° | 1.9x10'% | 9.7x10%® ~0 ~0 ~0 ~0

Fixed Speed 1.8x10" | 1.9x10"? | 9.7x10%® ~0 ~0 ~0 ~0

B =14 [n=13 [n=125 [n12 |[n=11 |n=10 |n=0.5
Bag Model | 6.4x10%* | 75x102 | 1 5¢10° | 4.0x10° | 2.6x10° | 1.7x10 | 4.1x10'
First Order 1.0x10% | 1. 2x10% | 3.1x107 8.1x107 | 54x10° | 3.6x10° | 9.3x10°
2nd Order | 1.5x10= | 1.8x10= | 1.3x10°™ ~0 ~0 ~0 ~0
Crossover 1.5x10%= | 1.8x10%= | 1.3x10°%4 ~0 ~0 ~0 ~0

. Ommfixed Speed 1.5x10%° | 1.8x10= | 1.3x10°4 ~0 ~0 ~0 L
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Existing black hole could find
itself inside a collapsing region

dn™
AV d\f

1 dl(t) ¢

E—
(') dr
x (M

collapse
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(M.1)= d—(\[ t)expl(— S(\[ £))
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First Order
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Bag Model
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Second Order

— 10 | : | | : | | : |'
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mE —20 o

= o X

= 40 :

T

< —50 \ -

g‘ —60 =
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PBH Abundance

_ n=14 | n=13 | =125 | n=12 | n=1.1 | n=10 | n=0.95

Bag Model | 7.8x10' | 7.8x10'" | 4.4x107 | 4.5x107 | 4.6x107 | 4.7x107 | 4.7x107
First Order | 1.3x10' 1.3x10'2 | 2.3x107 | 2.3x107 | 2.3x107 | 2.3x107 | 2.2x107
ond Order | 1.8x10'5 | 1.9x10” [97x16% | ~g i ~0 =@
Crossover | 1.8x10"2 | 1.9x10" | 9.7x10% ~0 ~0 ~0 ~0
Fixed Speed | 1.3x10'° [ 1ox10” |97x10% | ~Q i - =~
I =14 [n=13 [n=125 [n12 |[n=11 |n=10 |n=0.5
Bag Model | 6.4x10% | 7.5x10%2 | 1 5¢10° | 4.0x10° | 26x10° | 1.7x10' | 4.1x10™
First Order | 1.0x10% | 1.2x102 | 34x107 | 8.1x107 | 5.4x10° | 3.6x10° | 9.3x10°
2nd Order | 1.5x10% | 1.8x10% | 1.3x10° ~0 ~0 - 0 -0
Crossover 1.5x10% | 1.8x10% | 1.3x10°™ ~0 ~0 ~0 ~0
... | Fixed Speed | 1.5x10% 1.8x10% | 1.3x10° ~0 ~0 ~0 =
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Our Halo is not made
of Machos?
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Conclusion

» Black holes would have been produced over a wide
mass range when the universe passed through the QCD
phase transition/rapid crossover due to softening of the

equation of state.

» QObservation of the mass distribution and abundance
would provide information on the QCD equation of state
If the spectrum of primordial fluctuations i1s known.

« Observation of the mass distribution and abundance
would provide information on the spectrum of primordial
fluctuations if the QCD equation of state is known.

» A first order QCD phase transition would seem to have
overclosed the universe: is it therefore ruled out?
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Ask me about the
Electroweak transition!
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PBH Abundance

_ n=14 | n=13 | n=1.25 | n=12 | n=11 | n=1.0 | n=0.95
Bag Model | 7.8x10%™ 7.8x10" . 4 4x107 | 4 5x107 | 4.6x107 | 4.7x107 | 4.7x107
First Order 1.3x10'° 1.3x10'2 | 2.3x107 2.3x107 | 2.3x107 | 2.3x107 | 2.2x107
ond Order | 1.8x10' ox0 |o7x0%= | -~ 0 -0 -a |-~-6
Crossover 1.8x10" | 1.9x10"% | 9.7x10%® ~0 ~0 ~0 ~0

Fixed Speed 1.8x10" | 1.9x10'% | 9.7x10%® ~0 ~0 ~0 ~0

I =14 [n=13 [n=125 [n12 |[n=11 |n=10 |n=0.95
Bag Model |64x10% | 75x¢102 | 15105 | 4.0x10° |26x10° | 1.7x10% | 4.1x10
First Order 1.0x10%= | 1.2x105 | 3.1x107 8.1x107 | 5.4x10% | 3.6x10° | 9.3x10°
2nd Order 1.5x10= | 1.8x10= | 1.3x10¢ ~0 ~0 ~0 ~0
Crossover 1.5x10% | 1.8x10= | 1.3x10™ ~0 ~0 ~0 ~0

. Ommfixed Speed 1.5x10% | 1.8x10% | 1.3x10°™ ~0 ~0 ~0 =
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Softening of the Equation of State

Reduction in the speed of sound

o _dP _dP dr

* dp dp/'dT
_ S
dp dT
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