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Primordial black holes (PBHs)



Primordial black holes (PBHs)

Figure from Carr & Kühnel 2006.02838. See also Carr, Kohri, Sendouda & Yokoyama, 2002.12778
See also Sasaki, Suyama, Tanaka & Yokoyama, 1801.05235 (more accretion constraints)



What if PBHs are initially clustered?

Introduction & Quick Summary



What if PBHs are initially clustered?    Large PBHs & clusters



What if PBHs are initially clustered?    Large PBHs & clusters
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Figure from Carr & Kühnel 2006.02838



What if PBHs are initially clustered?    Large PBHs & clusters

1. Can discard all 𝑧 ∼ 𝑂(0) constraints

2. Closer thus more binaries → more GW events

e.g. PBH merger on LISA?

1903.07337, Qianhang Ding, Tomohiro Nakama, Joseph Silk & YW



What if PBHs are initially clustered?    Small PBHs & clusters

Page & Hawking 1976: Gamma rays from PBHs?

√ Background (homogeneous/inhomogeneous [Cline 1998])

× Individual





What if PBHs are initially clustered?    Small PBHs & clusters

Page & Hawking 1976: Gamma rays from PBHs?

√ Background (homogeneous/inhomogeneous [Cline 1998])

× Individual

Exotic “star”?

Stellar bubbles in the sky

Yi-Fu Cai, Chao Chen, Qianhang Ding & YW, 2105.11481

c.f. quark star,
axion star,
dark star, 

anti-matter galaxies, 
etc

General, also for 
other exotic matter



What if PBHs are initially clustered?

How?



Plan

Intro & summary → multi-stream inflation → PBH bubbles

GW

stellar
bubbles



What if PBHs are initially clustered?

How?



Most parts of 
the universe
are “normal” 

unusual physics
happens in some
bubbles



Can PBHs be initially clustered?    Multi-stream inflation

Miao Li & YW, 0903.2123





Can PBHs be initially clustered?    Multi-stream inflation



Isocurvature: controls which-way & probability

Bifurcation point: controls scale of bubbles

E-folding difference: controls 𝜁 inside/outside
at the scale of bifurcation

Difference of local physics: model dependent

Join point: thickness of bubble wall



Is multi-stream inflation realistic?    A landscape view

Figure: YW 1303.1523
Duplessis, YW, Brandenberger, 1201.0029
Junyu Liu, YW, Siyi Zhou, 1501.06785



Junyu Liu, YW, Siyi Zhou, 1501.06785

bifurcation
probability

eternal inflation



What can multi-stream inflation offer?

- More observable e-folds 

- E-folds behind the scenes



Multi-stream inflation in more observable e-folds:  CMB cold spot

Niayesh Afshordi, Anže Slosar & YW, 1006.5021



Ease the Hubble tension?

Qianhang Ding, Tomohiro Nakama & YW 1912.12600



Hemi-spherical asymmetry?

Miao Li & YW, 0903.2123



Multi-stream inflation in more observable e-folds: non-Gaussianity

Miao Li & YW, 0903.2123



Multi-stream inflation in more observable e-folds:  low var cycles

(although it’s unlikely to be there in the CMB…)

a chain of 
bifurcations

triggered by a 
topological defect



A model for primordial position space features



PBH: two ways to relate to multi-stream inflation

Nakama, Suyama & Yokoyama 1609.02245

(see also Sheng Li, Yang Liu and Yun-Song Piao, 0906.3608)

Clustered PBH, if only one path has
(by other ways) PBH production

Possibility of two peaks

Qianhang Ding, Tomohiro Nakama, 
Joseph Silk & YW, 1903.07337



What if PBHs are initially clustered?

Details about GW & stellar bubbles



GW from clustered PBH



What if PBHs are initially clustered?    Large PBHs & clusters

1. Can discard all 𝑧 ∼ 𝑂(0) constraints

2. Closer thus more binaries → more GW events

1903.07337, Qianhang Ding, Tomohiro Nakama, Joseph Silk & YW

Figure: Carr & Kühnel 2006.02838



How (and when) is a PBH binary formed?

Consider comoving distances, taking scale factor 𝑅𝑒𝑞 ≡ 1

PBH mean separation: ҧ𝑥 = 𝑀𝐵𝐻/𝜌𝐵𝐻(𝑧𝑒𝑞)
1/3

Two close PBHs: separated by 𝑥

A third PBH: 𝑦 away

When did the PBH pair decouple from expansion?

“Energy density” of 2 PBH exceeds BG:

𝜌 = 𝑓𝜌𝑒𝑞 ҧ𝑥/𝑥 3𝑅−3 > 𝜌𝑟 = 𝜌𝑒𝑞𝑅
−4 → 𝑅 > 𝑅𝑚 ≡

1

𝑓

𝑥

ҧ𝑥

3

Sasaki, Suyama, Tanaka, Yokoyama, 1603.08338

𝑦



𝑦

Feature of the orbit:

Semi-major axis: 𝑎 ∼ 𝑥𝑅𝑚

(comoving distance at decouple time)

Semi-minor axis: 𝑏 ∼ force difference × fall time 2

fall time 2 ×
𝐺𝑀𝐵𝐻

𝑥2
∼ 𝑎

force difference ∼
𝐺𝑀𝐵𝐻

𝑦2
−

𝐺𝑀𝐵𝐻

𝑦−𝑥 2 ∼
𝐺𝑀𝐵𝐻𝑥

𝑦3

Thus 𝑏 ∼
𝑥

𝑦

3
𝑎

Eccentricity: 𝑒 = 1 − 𝑥/𝑦 6 . Note 𝑦 ≤ ҧ𝑥 →

Sasaki, Suyama, Tanaka, Yokoyama, 1603.08338



Sasaki, Suyama, Tanaka, Yokoyama, 1603.08338

Coalescence time:

Probability:  

From standard formula of gravitational radiation:



Sasaki, Suyama, Tanaka, Yokoyama, 1603.08338



Can we have observable event rates of PBH, say 1 /Gpc3 /yr?

1903.07337, Qianhang Ding, Tomohiro Nakama, Joseph Silk & YW



Can we have observable event rates of PBH, say 1 /Gpc3 /yr?

𝑓 > 𝛽1: PBH dominates DM

Challenges:

- Disruption (Raidal et. al., 1812.01930)

- Further clustering

- Locally enhanced structure formation



Stellar bubbles



Yi-Fu Cai, Chao Chen, Qianhang Ding & YW, 2105.11481

1. Hawking radiation in practice

2. Put them together



Hawking radiation in practice



MacGibbon & Webber (1990)



Carr, Kohri, Sendouda, Yokoyama, 0912.5297

Arbey & Auffinger, BlackHawk homepage – Hepforge

Photon emission: primary and secondary

https://blackhawk.hepforge.org/


Putting individual radiation together: distribution

Lognormal distribution as an example (𝜎 = 1 in plots)

image: wikipedia



Putting individual radiation together: “light curve”

Yi-Fu Cai, Chao Chen, Qianhang Ding & YW, 2105.11481



Yi-Fu Cai, Chao Chen, Qianhang Ding & YW, 2105.11481



Yi-Fu Cai, Chao Chen, Qianhang Ding & YW, 2105.11481



Yi-Fu Cai, Chao Chen, Qianhang Ding & YW, 2105.11481



Can PBH stellar bubbles explain some gamma-ray observations?

Yi-Fu Cai, Chao Chen, Qianhang Ding & YW, 2105.11481



Optical PBH stellar bubbles: GW too weak

Yi-Fu Cai, Chao Chen, Qianhang Ding & YW, 2105.11481



GW stellar bubbles: if Mpk greater

Yi-Fu Cai, Chao Chen, Qianhang Ding & YW, 2105.11481



Summary & discussions

- Multi-stream inflation

- Now 𝛿𝑁. More on perturbations & simulations?

- UV models with PBH trajectories, etc?

- GW from PBH-rich bubbles

- CMB constraints? Is LISA PBH indeed possible?

- Parameter regime 𝑓 > 𝛽1?

- Stellar bubbles

- Multi-messenger, e.g., neutrino?

- Survey of parameter space?

- Stellar bubbles with other exotic matter?

Acknowledgement: Some works in this talk were supported in part by ECS Grant 26300316, GRF 
Grants 16301917, 16304418 and 16303621 from the Research Grants Council of Hong Kong SAR,
and EYS Grant 12022516 by the National Natural Science Foundation of China

Thank you!



Appendix



Discussion on observational bounds:

1. Milky Way or local group: invalided.

Eridanus II, wide-binary disruption

Brandt 1605.03665

Eridanus II: 

ultra-faint dwarf galaxy

discovered by DES

distance from us: 366 kpc

𝑀 > 10𝑀⨀ DM can disturb it

until it dissolves into host galaxy

Quinn et al 0903.1644

Binaries separated by ~1pc

sample distances: 200~350pc



Discussion on observational bounds:

2. Millilensing of quasars: depending on if line-of-sight

of quasar to us encounter B patches.

Wilkinson et al astro-ph/0101328

Studied 300 quasar sources, and lens is at cosmological distance

If many B patches, this limit is valid.

radius: impact parameter of lensing

If no B patch, this limit is invalid. 



Discussion on observational bounds:

3. Accretion: astrophysical uncertainties.

For CMB: the larger BH mass, affecting the lower ℓ.

Bubbles: high ℓ. Thus constraints become weaker?






