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Black holes Ken EBISAWA (ISAS/JAXA)

Today, | will use "One Note", and | will write on the@w,

Please take note by hand, as much as possible!
Also, bring a calculator, so that we can carry out simple calculations
during the lecture togetyer.

This One Note and PDF output will be made available on my HP,

https://www.isas.jaxa.ijp/home/ebisawalab/ebisawa/

If you have questions, please write on chat, or speak-up!

Very fundamental physics:

1. What are the three most basic physical parameters of the univ
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2. Indicate that the dimension of "length", "mass", "time" can be reprod d from these three parameters.

What are the meaning of these values?
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btain the relationship between the Planck length and the Planck mass. Compare the Planck length with the l

Schwarzschild radius of a particle having the Planck mass. " eé_/o\k

4. In which physical theories, which of the three parameters appear? Are there physical theories in which all

the three parameters appear? What is the implication of this fact? G_‘—Qﬂ/\ A WL/Q \QQ L)T
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https://www.isas.jaxa.jp/home/ebisawalab/ebisawa/

2. What kinds of black holes exist?

Stellar-mass black holes

Super-massive black holes (SMBH)

Intermediate-Mass black holes?

Eddington limit

Primordial black holes??

3. Observations of black holes

"Direct" observations by gravitational wave

Measurements of mass
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What to know about black holes

202144720 6:42

Basic of Black Holes:
1. In Newtonian mechanics, obtain the radius of a star with ma@here the escape-velocity

is equal to the light v(elocity. Compare this}vl\(i(t::\the Schwarzschild radius.
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2. Mass of the black hole in the center of our Galaxy (Sgr A*)? (A latest result, Stellar Orbits
around the black hole, Nobel Prize 2020! )
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3. Are there(intermediate mass black holes (IMBHs)" Wwith a mass of 100-1000 Msolar? Which

source i intermedi: lack holes?
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. Estimate apparent size of a black hole, dividing the Schwarzschild radius by the distance to

Feel the "size" of Bla

the source. Which is easier to "resolve", stellar-mass black hole in our Galaxy, or super-

ive black holes in other galaxies? ] h (z ff‘&(l[)v "”\C‘SS
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km (=maximum on Earth). Also, estimate spatial resolution of an X-ray interferometer at 1 W
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2. il spatial a radio inter at 1mm, where the base-line is 10,000

A, with the base-line 10 m. Which has better spatial resolution?
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Event horizon telesco e

HALCA - The first Space LBI project e‘
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3. According to General Relativity, "Photon-capture radius" of a black hole is Y27 ry, where
o

ry is the gravitational radius (=GM/c?). In 2019, the Event Horizon Telescope observed a T
bright photon "ring"-around central blackhole M87 (distance = 16.8 Mpc), where the
==2=27PC),

as/ By identifyng the ring radius as the photon-capture radius, estimate %é'(uf 4o
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https://iopscience.iop.org/article/10.3847/0004-637X/830/1/17
https://www.mpe.mpg.de/6590570/Stellar-Orbits
https://www.mpe.mpg.de/6590570/Stellar-Orbits
https://www.nobelprize.org/uploads/2020/10/advanced-physicsprize2020.pdf
https://www.annualreviews.org/doi/abs/10.1146/annurev-astro-091916-055259
https://www.nature.com/articles/nature13710?page=2
https://eventhorizontelescope.org/
https://darts.isas.jaxa.jp/astro/halca/vsop/index.html.en
https://blackholeimager.gsfc.nasa.gov/maxim-home.html
https://ui.adsabs.harvard.edu/abs/2019ApJ...875L...1E/abstract
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4. Assume that black hole is a sphere having the Schwarzschild radius (ignore General
relativistic effects). Estimate "density" of the black hole, simply dividing the mass by the
volume. Is the density smaller or larger for more massive black holes?

5. Can the black hole "density" smaller than that of water? If yes, when?
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What more to know about black holes

202154A208  16:42

Gravitational energy release from black holes
1. Innermost Stable Circulr Orbits (ISCO) of non-rotating blackhole (Schwarzschild black hole)?

What about a spinning black hole at the maximum rate (extreme Kerr black hole)?

figure from 10.1007/511433-018-9297-0
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2. Ignoring general relativity, estimate total energy E (potential energy + kinetic energy) of a mass m
rotating at the ISCO around a black hole with mass M. Consider the Schwartzshild case and the

extreme-Kerr case.

3. When the mass m reaches the ISCO from infinisty (where the initial velocity is assumed to be zero),
the energy -E is released. What will be the energy conversion efficiency, n, where -E = nmc??

Compare with the precise values using general relativity.

4. Compare with the efficiency of nuclear burning.

Black hole spin

1. How can we estimate black hole spin from X-ray observation?
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http://dx.doi.org/10.1007/s11433-018-9297-0

Comparison of Newtonlan, Schwarzschild and Kerr disk spectra
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Measuring the spins of accreting black hole
Merury Tabbe 1. Spin results 1o date for cight Black holes®,
Source Spina, Reference

1 GRS 19154105 =098 McClintock ef al 2006
2 LMC X1 0,924 Gou ef al 2000
4 M3IixX.g 0,84 £0.05  Liv et al 2008, 2010
304U 154347 080 £0.05  Shafee et al 2006
5 GROJI655—40 070005 Shalee er al 2006
6 XTEJS50-564 03475 Steiner et al 2010b
7 LMCX-3 =0, Davis ef al 2006
8 ADG20—00 0122018 Gou et al 2010

XTE J1850+226 - * Errors are quoted ot the 63% level of confidence

- T-u - SAX J1B19.3-2525 b Provisional result pending improved measurements of M and i,

- -
b frrns-zn GRO J1655-40
L4
XTE J1550-564
- L
44U 1543-47

Gravitational Wave and black holes

1. What happens if two "bare" black holes ary Black Hole Coalescence?

Nobel prize 2017

2. Let's assume that we detected a gravitational-event due to a blackhole merger, where amplitude of the gravitational wave @
How much the distance between Sun and Earth (1 astronomical unit) varies due to this gravitational event? Answer with the unit of

Too I?}H*Soc = 57° (fo L SO0 s0C

Bohr radius.
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3. What about in the case of neutron star mergers? I Q )( " S ’L ,d CC@ | L ?% 'Q CQ‘\/“:—)
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These observations support the hypothesis that GW170817 was produced by the merger of two neutron stars in
NGC 4993 followed by a short gamma-ray burst (GRB 170817A) and a kilonova/macronova powered by the
radioactive decay of r-process nuclei synthesized in the ejecta.

The historical first neutron star merger paper

Binary Neutron Star Mergers as the Production Site of Gold, Platinum, and Rare Earth Elements
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https://www.nobelprize.org/uploads/2018/06/advanced-physicsprize2017-1.pdf
https://ui.adsabs.harvard.edu/abs/2017ApJ...848L..12A/abstract
https://www.nao.ac.jp/en/news/science/2014/20141014-neutronstar.html
https://ui.adsabs.harvard.edu/abs/2003ApJ...597..780E/abstract
https://ui.adsabs.harvard.edu/abs/2011CQGra..28k4009M/abstract

4. What do you expect in the case of the binary super-massive black hole merger, where both of the super-massive black holes are X-

ray active AGN (i.e., they have accretion disks)?

"A unique experiment to explore black holes" by ESA

See also the You tube video by ESA

Hawking radiation and black hole evaporation

1. According to Hawking (1974), a black hole with the mass M has a temperature,

Estimate the temperature in [K] for stellar mass black holes. Would it be possible to detect the "Hawking ratiation”

from these black holes?

2. Black holes may evaporate at a timescale of

Estimate the black hole mass which would evaporate in the age of the Universe
S POt I IS ags pTIne Pnivers

N 107 h s¢ o™k

3. Estimate the temperature (in eV) of those "primordial black holes" which may have been created in the early

universe and would evaporate in the age of the universe.

ey
Predics Gamma-Ray Seacko
o[ from Primargial Block Holes

4. How can we search for such primordial black holes?

Mev
Mev]
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https://www.nature.com/articles/248030a0
http://articles.adsabs.harvard.edu/pdf/1976ApJ...206....1P
https://ui.adsabs.harvard.edu/abs/2018ApJ...857...49A/abstract
https://www.nao.ac.jp/en/news/science/2014/20141014-neutronstar.html
http://www.esa.int/Science_Exploration/Space_Science/A_unique_experiment_to_explore_black_holes
https://www.youtube.com/watch?v=IpkPh6H8p4M

4. How can we search for such primordial black holes?

Gamma-rays from primordial black holes

S

earch for Gamma-ray emission from local
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http://articles.adsabs.harvard.edu/pdf/1976ApJ...206....1P
https://ui.adsabs.harvard.edu/abs/2018ApJ...857...49A/abstract
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Black holes Ken EBISAWA (ISAS/JAXA)

1. What are the black holes?
2. What kinds of black holes exist?
3. Observations of black holes

4. Future space astronomy projects

1. What are the black holes

Three most basic physical parameters of the universe?

Planck length, Planck time, Planck mass

What is the meaning of the Planck mass?

General relativity --> Einstein equation --> Schwarzschild radius
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Remember the Schwarzschild radius of the Sun and Earth!

Intuitive meaning of the Schwarzschild radius
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Feel the "size" of Black Holes:

a. Estimate spatial resolution of an radio interferometer at 1mm, where the base-line is 10,000 km (=maximum on Earth). Also, estimate

spatial resolution of an X-ray interferometer at 1 A, with the base-line is 10 m. Which has better spatial resolution?

Event horizon telescope

HALCA - The first Space VLBI project

Micro-arcsecond X-ray Imaging Mission

According to General Relativity, "Photon-capture radius" of a black hole is V27 rg, where rg is the gravitational radius (=GM/c?). In 2020, the
Event Horizon Telescope observed a bright photon "ring" around central blackhole M87 (distance = 16.8 Mpc), where the diameter was 42
pas. By identifyng the ring radius as the photn-capture radius, estimate the black hole mass. (see 2019ApJ...875L...1E)

MS87*  April 11, 2017
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https://eventhorizontelescope.org/
https://darts.isas.jaxa.jp/astro/halca/vsop/index.html.en
https://blackholeimager.gsfc.nasa.gov/maxim-home.html
https://ui.adsabs.harvard.edu/abs/2019ApJ...875L...1E/abstract

2. Assume that black hole is a sphere having the Schwarzschild radius (ignore General relativistic effects). Estimate "density"” of the black

hole, simply dividing the mass by the volume. Is the density smaller or larger for more massive black holes?

3. Can the black hole "density" smaller than that of water? If yes, when?

4. Estimate light-crossing time of the Schwarzschild radius of a black hole with mass M.

5. Which is technically easier to detect X-ray variability taking place near the Schwarzschild radius, stellar mass black holes or super-massive
black hole?
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2. What kinds of black holes exist?

Stellar-mass black holes

Super-massive black holes (SMBH)

Intermediate-Mass black holes?
Eddington limit

Primordial black holes??

3. Observations of black holes

"Direct" observations by gravitational wave
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Measurements of mass

Observations by electromagnetic waves (This is astronomy!)

4. Future space astronomy projects
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