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Quick outline

1. Cosmological PBHs
a. Dark matter considerations
b. Cosmological black hole solutions
c. Thakurta solution
2. New phenomenology
a. LIGO binary abundance constraints

= fully lifted

b. Hawking evaporation
= asteroid-mass range constrained

3. Morals and takeaways
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PBHs as dark maiter

Masses in the Stellar Graveyard
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PBHs as dark maiter
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Cosmological PBHs

e Schwarzschild metric:
o Embedded in flat, empty space
o Mass is defined at infinity
e (Cosmological solution:
o Should be embedded in cosmological fluid
o Asymptotically FLRW

o Local mass definition
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Cosmological PBHs

Require dust backgrounds Pesky singularities

Sultana-Deyer e Lemaitre- Tolman- e McVittie
Bondi metrics o Spacelike singularity
o  Shell-crossing

e Einstein-Strauss at horizon
(swiss-cheese

singularities
vacuole)
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Cosmological PBHs

Require dust backgrounds Pesky singularities

Sultana-Deyer e Lemaitre- Tolman- e McVittie
Bondi metrics o Spacelike singularity
o  Shell-crossing

e Einstein-Strauss at horizon
(swiss-cheese

singularities
vacuole)

Generalized McVittie metrics = Thakurta metric
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Thakurta solution

e Attractor solution of generalized McVittie metrics

2
schw.

'

: H?R? 9 2HR dR? .- ‘ : ‘
2 142 BFLAD o o Bia g D
* ds” = f(R) (1 - fz(]?)) dt” + F(R) dtdR — (R) - R ((19 + sin“ 6 d¢ )

o f(R)=1-2Gma(t)/R

e Simple & Elegant: ds® = a*ds

8/21



Zachary S. C. Picker,
University of Sydney

Thakurta solution

e Attractor solution of generalized McVittie metrics

2
schw.

'

2 p2 ¢ 2 ' ) ) )
ds®> = f(R) (1 = J{i (1;)) dt* + jﬁg dtdR — }15_{) — R?* (d6* + sin® 0 d¢?)

o f(R)=1-2Gma(t)/R

e Simple & Elegant: ds® = a*ds

H?2R3
2Gf(R)

e |Quasi-local Misner-Sharp mass: m(r,t)= ma(t) +
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Thakurta solution- Kodama time

No Killing field for dynamic black holes

Analogous geometrically preferred vector field: Kodama field

o (Can define a ‘natural’ time coordinate:

2m(r, t) di2 + dr?

e (s = 1 —
T 1 —2m(r,t)/r

+r* {d6” + sin? 0 dp* }

For observers far from the BH and below cosmological horizon:

o Kodama time = cosmic time
H. Kodama, Conserved Energy Flux for the Spherically Symmetric System and the Back G. Abreu and M. Visser, Kodama time: Geometrically preferred foliations of spherically
Reaction Problem in the Black Hole Evaporation, Prog. Theor. Phys. 63 (1980) 1217. symmetric spacetimes, Phys. Rev. D 82 (2010) 044027 [1004.1456].
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Binary abundance limits
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Binary abundance limits - decoupling

Schwarzschild decoupling:

Thakurta Decoupling:
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Binary abundance limits - constraints

Schwarzschild PBHs:

At matter-radiation equality:

Thakurta PBHs:

At matter-radiation equality:
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Many of these coalesce ~today

t .~ 100 sec ()
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Binary abundance limits - constraints

1% | To be observable by LIGO: 0 < z < 0.49
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Hawking evaporation

e Interested in smallest PBH which survives until today
o ‘Critical mass’
o Smaller PBHs cannot be a dark matter candidate
o  Why?
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Hawking evaporation

e Interested in smallest PBH which survives until today
o ‘Critical mass’
o Smaller PBHs cannot be a dark matter candidate
o  Why?
e ‘Stability constraint’:
o  You could have smaller PBHs today...
o Extremely sensitive to PBH mass at formation
o Cannot populate DM today

e Further constraints from effect of radiation on CMB, BBN, cosmic rays...
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Hawking evaporation - critical mass

e Surface gravity is relatively well-defined in Kodama time

e For the Thakurta metric:

1
2G'ma

= QHSChW/CL, T =k/2m

dm 1 8 [dm
o _— = —- — — —
dt 1920w G?m2a? @&\ dt J e

° R~

e New ‘critical mass’ which evaporates at matter-radiation equality:

-
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Hawking evaporation - critical mass
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Hawking evaporation - constraints
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Morals and takeaways

e Important PBH dark matter calculations take place in
the early universe
e Choice of cosmological BH metric is not trivial
e |n particular, for the Thakurta metric:
o LIGO binary abundance constraints are lifted

o Asteroid-mass PBH range is constrained

Main lesson:
Important phenomenological consequences from

PBH metric! The story is not yet over...
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Morals and takeaways

e Important PBH dark matter calculations take place in
the early universe
e Choice of cosmological BH metric is not trivial Thanksl
e |n particular, for the Thakurta metric: -
o LIGO binary abundance constraints are lifted

o Asteroid-mass PBH range is constrained

Main lesson:
Important phenomenological consequences from

PBH metric! The story is not yet over...
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Extra equations: Thakurta metric

e Misner-Sharp mass definition: 1 _ 2MgSH = V°RV.R
e Thakurta pparent horizon: Ry = % (1 —yf 1= 8HGma(t)) ~ 2ma(t)R

HR dR
f(R) . 2(}717%1\[5

e Transformation to Kodamatime: g, — qs +
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Extra equations: binary abundance

. | 171:.7. - 3 : a
e Exact Schwarzschild decoupling: V. AnG

= Per |—Q,,,,(1 +2)% —-2Q.(1+2)* + QQ_,\|

a

e Dominant term in quadrupole energy

loss with Misner-Sharp mass: = TS Ba_ea)n 51 T 9g¢

e Expanded Thakurta decoupling:

: 1 96 73 o 37
14 2gee)® Hzges) < —— [ 1+ —€2..+ —eh
( dee) " H (%) ~ 125 ( + o Cdec gﬁpdec>
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Extra equations: Hawking evaporatin

Thermodynamic identity:

Artificially add blackbody term to LHS:

Critical mass relation:

Redshift at formation (m = ympy):

University of Sydney
v _pds _ odv S = A/4
dr dr dr
dU’ 4 - N ¥
e —oT A+ 20 1/8 > 6 := HGma
dr
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