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• HW4 will be posted on iLMS and course website today. Due date: 4/27/2021 

• Please search for black hole news for the oral presentation and paste the news link 
here:

https://docs.google.com/spreadsheets/d/1_aYyMj1wf_uGheZ7zp_hvthmy4mdmPwI
xFDdZOMG-nc/edit?usp=sharing

• For the oral presentations, I will compile the scores and comments from the 
audience and send to you after the presentation

• Please start forming a team of 3 people for the final report. Choose a team leader 
and enter your names on iLMS -> 小組專區

https://docs.google.com/spreadsheets/d/1_aYyMj1wf_uGheZ7zp_hvthmy4mdmPwIxFDdZOMG-nc/edit?usp=sharing


§ Your feedback and comments would be valuable for improvements of this course!

§ Link to the course evaluation form: 

https://qrgo.page.link/9f6cE

§ Or scan the QR code here:

https://qrgo.page.link/9f6cE


§ The Eddington limit – the maximum luminosity a body can achieve due to the 
competition between radiation pressure force and gravity

§ Accretion properties depend on angular momentum and mass accretion rates

§ When no angular momentum -> spherical Bondi accretion; when there is angular 
momentum -> accretion disks

§ Solution of the angular momentum problem: outward angular momentum 
transport due to viscosity in shear flows, which allows mass to flow inward

§ Three types (slim, thin, and thick) of accretion disks depending on the mass 
accretion rate

§ X-ray binaries exhibit state transitions between X-ray hard and soft spectra, 
corresponding to transitions between thin and thick accretion disks due to varying 
accretion rates
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�̇�#$$ § Radiatively less efficient than thin disks
§ Radiation pressure driven winds
§ Only occur in rare cases

§ Radiatively efficient
§ Spectrum well described by 

superposition of black-body radiation
§ Quasars, disk-dominated X-ray 

binaries

§ Radiatively inefficient
§ Accretion is hot – corona
§ Spectrum described by nonthermal 

processes
§ Sgr A*, low-luminosity AGN, corona-

dominated X-ray binaries



§ Measuring BH masses
§ Four methods
§ Mass distribution of BHs
§ Open questions and future prospects

§ Measuring BH spins
§ Three methods
§ Spin distribution of BHs
§ Open questions and future prospects





§ Use the orbital parameters of stars to determine the mass of the central object

§ Newtonian gravity:

§ Complications that need to be taken into account:
§ Mass of the companion star (due to orbits around the center of mass;  important for smbhs)
§ Inclination of orbits (because Doppler’s effect only traces velocities along the line of sight)
§ The mass function (Week 5):
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232 6 Evidence for Black Holes

Beaming and collimation is also compatible with the observation of “achromatic”
breaks, the name given to the simultaneous steepening in the light curve at all ener-
gies. The radiation emitted by a plasma moving at relativistic speeds is beamed into
an angle θ ∼ 1/Γ in the direction of motion. If Γ is very high only a small portion
of the jet’s section is visible. But in the internal/external shock model the outflow
decelerates in the external shocks. As the bulk Lorentz factor decreases and the jets
advances a larger fraction of the emitting region becomes visible. As long as θ < θjet
beamed emission cannot be observationally distinguished form spherical. But even-
tually when Γ < 1/θjet the whole section of the jet becomes visible. An observer
now receives less radiation than she/he would do if the radiation were spherically
symmetric because the observed section increases only because the jet is advancing.
So the light curve begins to decays faster. The jet opening angle can be calculated
from the time of the break. For long GRBs θjet ∼ 5◦–10◦ whereas θjet ∼ 5◦–25◦ for
short GRBs, although the latter estimate is more uncertain due to poor statistics.
Gamma-ray bursts with chromatics breaks and very late breaks (which could imply
large jet opening angles) have been observed.

In the classical fireball model the outflows are matter (not magnetically) dom-
inated; recall from Chap. 5 that a low magnetization is essential for shocks to
develop. Electrons accelerated at the internal shocks radiate the prompt emission
through synchrotron radiation in the locally amplified magnetic field, and perhaps
also synchrotron-self Compton and inverse Compton scattering of thermal photons.
The afterglow radiation is synchrotron emission from electrons accelerated at the
external shocks. If the jet is powered by the rotational energy of the black hole it
is likely that the magnetization remains high and magnetic energy is dissipated by
reconnection, instabilities, or other mechanisms different from shocks. Although
the baryon load (if any) of GRB jets is unknown radiation of hadronic origin has
been also considered, recently in particular to explain the GeV emission from some
GRBs detected with Fermi-LAT. Gamma-ray bursts jets with a content of relativistic
protons should be sources of neutrinos created in proton-photon interactions. Inter-
estingly, neutrino bursts could be expected even in the absence of a burst of radiation
if the jets cannot make it through the stellar envelope in a collapsar. These are called
“choked” gamma-ray bursts. Short gamma-ray bursts and their progenitors must be
as well sources of gravitational radiation.

6.2 Evidence for Stellar-Mass Black Holes

6.2.1 Dynamical Arguments

It is possible to derive from Kepler’s laws an expression that relates the masses of
the two components of a binary system and the inclination angle of the orbital plane.
This is known as the mass function and is given by

f (M) = V 3
∗ Porb

2πG
= M3 sin3 i

(M + M∗)2 = M sin3 i

(1 + q)2 . (6.2)
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Fig. 6.4 Definition of the parameters in the binary mass function. The angle i gives the inclination
of the plane of the orbit with respect to the plane of the sky (perpendicular to the line of sight). The
velocity V∗ is the component along the line of sight of the orbital velocity of M∗ measured where
indicated

Here M and M∗ are the masses of the compact object and the donor star, respec-
tively, q = M/M∗ is the mass ratio, i is the inclination angle of the orbit, Porb is the
orbital period, and V∗ is the semi-amplitude of the donor star’s line-of-sight velocity.
The definitions of i and V∗ are made clear in Fig. 6.4.

The mass function is an interesting quantity because its value can be calculated
from parameters (Porb and V∗) measurable from the light curve of the donor star.
If i and M∗ are independently known the value of M follows directly from that
of f . For our purpose, however, it is enough to notice that the mass function sets an
absolute lower limit to the mass of the compact object:

f (M) ≤ M, (6.3)

where the equal corresponds to i = 90◦ and q → 0. The upper limit for the mass of
a neutron star is uncertain, mainly because of the relatively poor knowledge about
the equation of state of matter at extremely high densities. It is presently thought
to be somewhere in the range MNS ∼ 2.9–3.2M& (e.g. Rhoades and Ruffini 1974;
Kalogera and Baym 1996), and up to a ∼20–25 % larger if the star is rotating rapidly
(Friedman and Ipser 1987; Cook et al. 1994). A value of f larger than this consti-
tutes a piece of dynamical evidence for the presence of a black hole.

There are more than 20 stellar-mass black hole candidates in binary systems iden-
tified on dynamical grounds (e.g. Remillard and McClintock 2006; Casares 2010;
Özel et al. 2010). In some cases f < MNS, but independent constraints on i or M∗
allow to assure that M > MNS. The first to be discovered and perhaps the most ex-
amined galactic black hole candidate is Cygnus X-1. This is a binary system formed
by a compact object and a massive O-type donor star. According to the latest es-
timates by Orosz et al. (2011) the mass of the compact object in Cygnus X-1 is
M = (14.81 ± 0.98)M&, far beyond any upper limit for the mass of a neutron star.
Aside a few other exceptions, however, most galactic black hole candidates have
been found in low-mass binaries—particularly in those classified as “X-ray tran-
sients” or “X-ray novae”. These systems spend most of their lives in quiescence
(X-ray luminosity LX ! 1033 erg s−1) until some type of instability in the accretion
disk triggers a sudden increase in the accretion rate. Then they enter in outburst,



§ This is how we knew Cygnus X-1 and Sgr A* are BHs

§ This method provides the most precise mass measurements, but it can only be 
applied to really nearby systems 
§ smbhs:  dozens in the Milky Way Galaxy + a few in nearby galaxies
§ SMBHs: one in the Milky Way and <~20 nearby galaxies



§ For SMBHs in other galaxies, it is 
impossible to resolve motions of 
individual stars

§ But for relatively nearby galaxies 
where the sphere of influence (the 
region where BH’s gravity is 
dominant) can be resolved, 
motions of stars/gas can be 
measured by the smearing of 
spectral lines due to Doppler’s 
effect

§ Velocity dispersion (s) = standard 
deviation of the velocity 
distribution



§ One could then obtain the map of velocity dispersions 
near the center of nearby galaxies

§ The mass of the central SMBH can then be derived 
using:

§ Complication: stellar motions are not only affected by 
the BH but also the galaxy itself. Need to model this 
effect to isolate the mass of the BH
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Figure 1 | Two-dimensional maps of the line-of-sight stellar velocity dispersions.
The maps show the central regions of NGC 3842 (a) and NGC 4889 (b) ob-
served using the GMOS spectrograph 23 on the 8-m Gemini North telescope.
Additional kinematics at large radii were measured using the VIRUS-P spectro-
graph 24 at the 2.7-m Harlan J. Smith telescope, and additional high-resolution
data were acquired with the OSIRIS spectrograph 25 at the 10-m Keck 2 tele-
scope. GMOS, OSIRIS, and VIRUS-P are all integral field spectrographs,
which record spectra at multiple positions in a two-dimensional spatial array.
The horizontal dashed line in each panel traces the major axis of the galaxy.
The median 1 s.d. errors in velocity dispersion are 12 km s�1 and 20 km s�1

for NGC 3842 and NGC 4889, respectively. In NGC 4889 the highest velocity
dispersions, near 410 km s�1, are located on the east side of the galaxy, at
least 1.1 arcsec from the centre.
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Figure 2 | One-dimensional profiles of the line-of-sight velocity dispersions. (a)

Dispersion versus radius in NGC 3842, after averaging data at a given ra-
dius, based on measurements with GMOS (black circles) and VIRUS-P (red
diamonds). The solid blue line is the projected line-of-sight dispersion from
our best-fitting stellar orbit model of NGC 3842. (b) Dispersion versus radius
along the major axis of NGC 4889, measured from GMOS (black circles) and
the William Herschel Telescope 13 (green diamonds). The maximum velocity
dispersion occurs at r = 1.4 arcsec. The solid blue line is the projected line-
of-sight dispersion from our best-fitting orbit model using data from the east
side of NGC 4889 (r > 0). The dashed orange line is from our best-fitting
orbit model using data from the west side of NGC 4889 (r < 0). Error bars, 1
s.d.
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§ This method is used to measure masses of SMBHs 
for even more distant galaxies, again using

§ In the spectrum of many AGNs, some spectral lines 
are broadened due to gas clouds orbiting the 
central SMBH with high speeds (Week 9)

§ This is called the “broad line region (BLR)”

§ s = velocity dispersion of the broad lines 
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§ The radius of the BLR is not resolved, but can 
be inferred using the time delay effect

§ Emission from the BLR is from electrons in 
elements being excited by radiation from the 
central SMBH 

§ Because AGN is often variable, the fluxes of the 
broad lines will vary with the central source

§ There is a time delay between their variations, 
t = RBLR /c

§ By measuring t, we could infer RBLR and derive 
the BH mass



§ Reverberation (殘響／混響) = remaining sounds from reflections after the source is stopped



§ Gravitational waves (GWs) are ripples in spacetime

§ LIGO = Laser Interferometer Gravitational-wave 
Observatory

§ LIGO can measure spacetime distortions to the level of 
10-21!!

§ LIGO has detected 50 GW events to date

§ LIGO’s sensitivity and frequency range (~10-1000 Hz) 
allow us to detect GWs from mergers of stellar-mass 
BHs and NSs



GW150914
§ Generated by merger of two BHs with 36 

and 29 Msun -> 62 Msun

§ Some energy is carried away by the 
GWs

§ Frequency: 35 -> 250 Hz 
§ Hear a “chirp”

§ The waveform can be used to determine 
parameters including masses, spins, 
distance, etc



GW150914 Ø To 1st order, frequency (f) and frequency  
change (df/dt) can constrain the ”chirp 
mass”:  

Ø To 2nd order, mass ratios and spins can 
be fit from the waveform, enabling 
constraints on individual masses

Ø This is why the chirp mass, or total mass 
(M), can be measured with higher 
precision, but mass ratios and spins have 
higher uncertainties

GWs are circularly polarized, whereas for a binary observed
edge-on (cos ι ¼ 0), GWs are linearly polarized.
During the inspiral, the phase evolutionϕGWðt;m1;2; S1;2Þ

can be computed using post-Newtonian (PN) theory, which
is a perturbative expansion in powers of the orbital velocity
v=c [27]. For GW150914, v=c is in the range ≈0.2–0.5 in
the LIGO sensitivity band. At the leading order, the phase
evolution is driven by a particular combination of the two
masses, commonly called the chirp mass [28],

M ¼ ðm1m2Þ3=5

M1=5 ≃ c3

G
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where f is the GW frequency, _f is its time derivative, and
M ¼ m1 þm2 is the total mass. Additional parameters
enter at each of the following PN orders. First, the mass
ratio, q ¼ m2=m1 ≤ 1, and the BH spin components
parallel to the orbital angular momentum vector L affect
the phase evolution. The full degrees of freedom of the
spins enter at higher orders. Thus, from the inspiral, we
expect to measure the chirp mass with highest accuracy and
only place weak constraints on the mass ratio and (the
components parallel to L of) the spins of the BHs [21,29].
Spins are responsible for an additional characteristic

effect: if misaligned with respect to L, they cause the
binary’s orbital plane to precess around the almost-constant
direction of the total angular momentum of the binary,
J ¼ Lþ S1 þ S2. This leaves characteristic amplitude and
phase modulations in the observed strain [30,31], as ψ and ι
become time dependent. The size of these modulations
depends crucially on the viewing angle of the source.
As the BHs get closer to each other and their velocities

increase, the accuracy of the PN expansion degrades, and
eventually the full solution of Einstein’s equations is
needed to accurately describe the binary evolution. This
is accomplished using numerical relativity (NR) which,
after the initial breakthrough [32–34], has been improved
continuously to achieve the sophistication of modeling
needed for our purposes. The details of the ringdown are
primarily governed by the mass and spin of the final BH. In
particular, the final mass and spin determine the (constant)
frequency and decay time of the BH’s ringdown to its
final state [35]. The late stage of the coalescence allows
us to measure the total mass which, combined with the
measurement of the chirp mass and mass ratio from the
early inspiral, yields estimates of the individual component
masses for the binary.
The observed frequency of the signal is redshifted by a

factor of ð1þ zÞ, where z is the cosmological redshift.
There is no intrinsic mass or length scale in vacuum general
relativity, and the dimensionless quantity that incorporates
frequency is fGm=c3. Consequently, a redshifting of
frequency is indistinguishable from a rescaling of the
masses by the same factor [20,36,37]. We therefore
measure redshifted masses m, which are related to source

frame masses by m ¼ ð1þ zÞmsource. However, the GW
amplitude AGW, Eq. (2), also scales linearly with the mass
and is inversely proportional to the comoving distance in
an expanding universe. Therefore, the amplitude scales
inversely with the luminosity distance, AGW ∝ 1=DL, and
from the GW signal alone we can directly measure the
luminosity distance, but not the redshift.
The observed time delay, and the need for the registered

signal at the two sites to be consistent in amplitude and
phase, allow us to localize the source to a ring on the sky
[38,39]. Where there is no precession, changing the
viewing angle of the system simply changes the observed
waveform by an overall amplitude and phase. Furthermore,
the two polarizations are the same up to overall amplitude
and phase. Thus, for systems with minimal precession, the
distance, binary orientation, phase at coalescence, and sky
location of the source change the overall amplitude and
phase of the source in each detector, but they do not change
the signal morphology. Phase and amplitude consistency
allow us to untangle some of the geometry of the source. If
the binary is precessing, the GWamplitude and phase have
a complicated dependency on the orientation of the binary,
which provides additional information.
Our ability to characterize GW150914 as the signature of

a binary system of compact objects, as we have outlined
above, is dependent on the finite signal-to-noise ratio
(SNR) of the signal and the specific properties of the
underlying source. These properties described in detail
below, and the inferred parameters for GW150914 are
summarized in Table I and Figs. 1–6.

II. METHOD

Full information about the properties of the source is
provided by the probability density function (PDF) pð~ϑj~dÞ
of the unknown parameters ~ϑ, given the two data streams
from the instruments ~d.
The posterior PDF is computed through a straightfor-

ward application of Bayes’ theorem [40,41]. It is propor-
tional to the product of the likelihood of the data given the
parameters Lð~dj~ϑÞ, and the prior PDF on the parameters
pð~ϑÞ before we consider the data. From the (marginalized)
posterior PDF, shown in Figs. 1–4 for selected parameters,
we then construct credible intervals for the parameters,
reported in Table I.
In addition, we can compute the evidence Z for the

model under consideration. The evidence (also known as
marginal likelihood) is the average of the likelihood under
the prior on the unknown parameters for a specific model
choice.
The computation of marginalized PDFs and the

model evidence require the evaluation of multidimensional
integrals. This is addressed by using a suite of Bayesian
parameter-estimation and model-selection algorithms tail-
ored to this problem [42]. We verify the results by using

PRL 116, 241102 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
17 JUNE 2016

241102-3



§ These are the so-called “EM black holes” 
which emits electromagnetic radiation due 
to accretion

§ A few dozens have been detected

Mass distribution of X-ray binaries





§ Every massive galaxy hosts a SMBH

§ Larger galaxies host larger SMBHs

§ This M-s relation hints co-evolution 
of SMBHs and their host galaxies

Stellar velocity dispersion within galaxy bulges



§ Stellar-mass black holes:
§ The smallest: ~3.3 Msun (check out this news)
§ The most massive: 142 Msun (check out this news)

§ Supermassive black holes:
§ (One of) the smallest: NGC 4395 – 3.6 x 105 Msun (using reverberation mapping)
§ The most massive: quasar TON 618 --66 billion Msun (check out this news)

***The fact that many of these are news within 2 years means that this is a 
quickly evolving field!!!

https://www.technologyreview.com/2019/11/01/65095/scientists-have-spotted-a-tiny-black-hole-that-may-be-just-12-miles-across/
https://physicsworld.com/a/ligo-virgo-spots-its-most-massive-black-hole-merger-so-far/
https://www.sciencealert.com/an-absolutely-gargantuan-black-hole-has-been-found-as-massive-as-40-billion-suns


§ BHs within the range ~102 – 105 Msun are called “intermediate-mass black holes 
(IMBHs)”
§ Note that the definition is not very exact. There is no clear dividing line between a smbh

and an IMBH, or an IMBH and a SMBH

§ If one defines the mass range of IMBHs to be exactly 102 – 105 Msun, then the smbhs
of 142 Msun detected by LIGO is qualified as an IMBH

§ In general, they are hard to find observationally!
§ For small IMBHs ~ 102 Msun, they are rare so few of them could be detected using EM 

waves -> GWs are probably the best bet
§ For large IMBHs ~ 105 Msun, many are “candidates” as it is hard to definitively confirm they 

are indeed BHs
§ They live in dwarf galaxies so emission is faint
§ Their small masses make it hard to rule out alternative models



§ The ultra-luminous X-ray sources (ULXs) are often 
suspected to be accreting IMBHs

§ They are similar to X-ray binaries, but have very high 
luminosities (L > 1032 W or 1039 erg/s)
§ Typical luminosities of X-ray binaries ~ 1028-32W

§ The MW does not have a ULX, but other galaxies 
typically have one ULX on average, some can have many

Two ULXs in the M82 galaxy



§ Their origin is still debated. Possible explanations:
§ Beamed emission of stellar mass objects (NSs or BHs)
§ Accreting IMBHs
§ Super-Eddington accretion of stellar mass objects (NSs 

or BHs)

§ There could be more than one answer!
§ For example, M82 X-1 may be an accreting IMBH (with 

~400 Msun), but M82 X-2 has found to be a pulsar!

Two ULXs in the M82 galaxy



§ HLX-1, or Hyper-Luminous X-ray source 1, 
is an IMBH candidate located in galaxy 
ESO 243-49 ~290 million lyrs away

§ Its luminosity is ultra high: LX ~1035 W

§ If it is an IMBH, its mass is estimated to be 
~104 Msun

§ Follow-up observations showed that it is 
surrounded by a young star cluster, 
suggesting that it was at the center of a 
dwarf galaxy, which was stripped when it 
fell into the more massive galaxy

§ News about another IMBH candidate

The star cluster associated with HLX-1

HST image of galaxy ESO 243-49

https://www.nytimes.com/2020/05/06/science/black-hole-intermediate.html


§ X-ray/optical/infrared missions with higher 
sensitivities will continue to increase number 
of sources to probe lower-mass galaxies and 
to larger distances

§ LIGO will continue to find more and more 
massive smbhs or small IMBHs

§ LISA (Laser Interferometer Space Antenna) is 
a space-based GW observatory
§ Frequency range:  0.1 mHz ~ 1 Hz
§ Capable of detecting mergers of IMBHs/SMBHs 

with chirp mass of 103 – 107 Msun

Conception of LISA
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Figure 14. Plot of radius of innermost stable orbit vs. spin.

More generally, by eliminating r between (7.8) and the expression for k in (7.7)
we can get a useful relation between the black hole spin and the efficiency of energy
release for a particle which has reached the ISCO. For prograde orbits this relation is

a

M
=

2
⇣

2
p

2
p

1 � k2 � k
⌘

3
p

3(1 � k2)
(7.9)

This provides the plot of efficiency versus spin shown in Fig. 15. Again taking the
maximum attainable value of a/M as 0.998, this leads to a maximum attainable effi-
ciency of 32%.

7.2 Current Observations of Accreting Black Holes contd.

The accreted matter can be supplied by a companion star, in the case of a BHB, or
from surrounding gas in AGN. How much is captured by the black hole in the AGN
case will depend on the density, temperature, magnetic field and angular momentum
of the gas. The case when there is no angular momentum and magnetic fields can be
ignored is known as Bondi accretion, which assumes that the gas can be treated as a
fluid. Basically gas within the Bondi radius, defined as the radius beyond which the

r = 9GM/c2

r = GM/c2

(a < 0)

(a = 0)

(a > 0)



§ This method for measuring BH spins can be used for systems with thin accretion 
disks, i.e., highly accreting systems such as quasars and disk-dominated X-ray 
binaries

§ For thin disks, their spectra is a continuum with superposition of thermal black-
body radiation

§ The highest energy part of the spectrum is sensitive to the hottest gas at the ISCO

§ By fitting the thermal continuum, the ISCO can be determined, thus the spin



§ This method requires accurate measurement of BH masses
§ Uncertainties are larger for SMBHs than smbhs

§ Modeling the observed spectrum of the disk also needs to include Doppler’s 
effect and gravitational redshift effect, so disk inclination needs to be determined
§ For X-ray binaries, this can be inferred using the companion star; for AGNs it is 

more difficult  

§ For thin disks, the characteristic temperature T0 ~ MBH
-1/4 

§ This method is more easily applied to X-ray binaries since the spectrum peaks 
in X-ray

§ For some AGNs, the spectrum peaks in UV, which cannot be observed because 
of strong absorption by gas and dust in the Milky Way Galaxy



§ In the X-ray spectrum of many X-ray binaries 
and AGNs, there is a Fe line at 6.4 keV

§ It is often explained by iron within the (thin) 
accretion disk excited by a hot corona (with 
unknown origin)

§ The shape of the Fe line is broadened and 
skewed due to
§ (Relativistic) Doppler’s effect
§ Relativistic beaming
§ Gravitational redshift

§ This indicates that the Fe line is emitted close 
to the BH and thus can be used to measure 
the BH spin!



§ For BHs with higher spin, RISCO is smaller, so the gravitational 
redshift effect is stronger

§ By fitting the shape of the Fe line, one could determine the BH spin

§ This method does not require the knowledge of BH masses, so 
could give more precise spin measurements for SMBHs



§ Waveform of GWs not only contain 
information about BH masses, but also BH 
spins

§ What it is sensitive to is the ”effective spin 
(ceff)”, i.e., mass-weighted average of spins 
projected onto the axis of rotation

§ The spins projected onto the orbital plane 
could cause precession of the plane, called 
“precession spin (cp)”. This also affects the 
waveform in a subtle way

§ Note that this method only probes 
merging BHs, and thus the spin 
distribution may not reflect that of the 
whole population 

GW150914



§ To date, ~10 smbhs have spin measurements using method I, and ~15 smbhs have 
spin measurements using method II

§ 6 of these objects have both measurements and have consistent results (except for 
one object, 4U1543-47)

§ The distribution of spins for smbhs have a wide range, from slowly rotating (a=0.3-
0.4) to rapidly rotating (a > 0.95)



§ Within the next few years, improved soft X-ray data 
from NICER and distance measurement from Gaia 
will provide more reliable spin measurements

§ Gaia is a space observatory launched in 2013 to 
precisely measure the 3D positions of ~ 1 billion 
objects (mostly stars) within the Milky Way Galaxy 
and other galaxies 

§ Maybe Gaia will really find “black” black holes!

The Gaia space observatory



§ To date, ~two dozen SMBHs have robust 
spin measurements using method II

§ There appears to be more rapidly 
spinning SMBHs
§ But be careful! It could be due to selection 

effects because rapidly spinning BHs have 
smaller ISCO and tend to be brighter and 
easier to detect

§ The true distribution could be uniform

§ There seems to be a trend for lower-
mass SMBHs to have higher spins
§ More data is needed to confirm this trend
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spinning objects (a ~ 0.5–0.7). As discussed later, this may hint at 
different formation modes in the two mass regimes.

Interestingly, there may be selection biases that favour finding 
high-spin black holes in AGNs. Fundamentally, AGNs are chosen 
for study because they are bright (or, more technically, they are usu-
ally drawn from flux-limited samples). For a given mass flow rate 
onto the black hole, the accretion disk around a more rapidly spin-
ning hole will release more energy and hence be over-represented in 
any sample based on brightness thresholds34,35. A full understanding 
of these selection biases is still ongoing work but, in a simple treat-
ment, the observed spin distribution (summed over all masses) is 
statistically consistent with an underlying population that has equal 
numbers of black holes with spins between a ≈  0.4 and the extreme 
limit (a =  1), as shown in Fig. 3b.

X-ray reflection-based spin measurements do not require 
knowledge of either the mass of the black hole or its distance from 
us as the gravitational redshift of the ISCO depends only on the 
spin parameter. This means that it can be equally applied to AGNs 
(where the black hole mass is often poorly determined) and the 
stellar-mass black holes in X-ray binaries (where the distance can 
be highly uncertain36). To date, 15 stellar-mass black holes (14 
within our Galaxy and one in the Large Magellanic Cloud) have 
reflection-based spin measurements, revealing a wide range of spins 
from rather slowly rotating (a =  0.3–0.4) to very rapidly spinning 
(a >  0.95) objects33,37. This observed diversity makes sense since we 
expect the selection biases affecting AGNs to be absent from these 
stellar-mass results — we essentially know of and have studied every 
stellar-mass black hole in our Galaxy that has undergone an out-
burst in the past 25 years, so we have a ‘fair sample’ of these objects.

The second major technique that has been extensively used to 
measure black hole spin employs the temperature of the accre-
tion disk to diagnose the location of the ISCO. Specializing again 
to geometrically thin accretion disks, we expect much of the liber-
ated energy to be radiated as thermal emission (with an approxi-
mate blackbody form) from the disk surface, a disk around a rapidly 
spinning black hole possessing higher temperatures (and brighter 
emission) than a similar disk around a non-spinning black hole38,39. 

Building models of the thermal spectrum that take into account the 
detailed structure of the accretion disk as well as the influence of 
the Doppler effect and gravitational redshifting, we can compare 
with observations and determine spin. Unlike in the gravitational 
redshift-based methods, we must also have knowledge of the black 
hole mass, inclination of the accretion disk and distance from the 
Earth to build these models.

This ‘thermal continuum fitting’ technique is particularly effec-
tive for accreting stellar-mass black holes in X-ray binary star sys-
tems. In these systems, the inner accretion disks are hot (T ~ 107 K), 
placing the bulk of their emission in the low-energy X-ray part of 
the spectrum where it can penetrate the dust and gas of our Galaxy, 
and where we have sensitive detectors on space-based observatories. 
The fact that the gas in the surface layers of these hot accretion disks 
is highly ionized leads to only small distortions from a blackbody 
spectrum, making the spectral models easier to calculate and more 
robust40. We can also use classical techniques in optical astronomy 
to extract the black hole mass and accretion disk inclination from 
analyses of the orbit of the companion star41. Finally, stellar-mass 
black holes cycle through different states and so we can wait for 
them to enter a state where the thermal emission is completely dom-
inant over the high-energy X-ray-emitting corona42, validating the 
assumptions underlying the continuum fitting technique.

To date, ten stellar-mass black holes (seven in our Galaxy, two in 
the Large Magellanic Cloud and one in the dwarf galaxy M33) have 
thermal continuum fitting-based spin measurements43–46. Six of 
these objects have both thermal continuum- and X-ray reflection-
based spin measures, allowing us to examine consistency of results. 
Only for one object, 4U1543-47, does a significant discrepancy exist 
with a =  0.3 ±  0.1 from X-ray reflection37 and a =  0.8 ±  0.1 from ther-
mal continuum fitting43. However, both of these measurements were 
made with old data from the Rossi X-ray Timing Explorer (RXTE), 
which had limited low-energy X-ray sensitivity and limited spectral 
resolution. So it is not surprising if one or both of these measure-
ments is compromised by systematic errors. With new soft X-ray 
data coming from the Neutron star Interior Composition ExploreR 
(NICER) and greatly improved distance estimates from Gaia36, we 
expect a new surge of spin results based on continuum fitting over 
the next few years.

Application of the thermal continuum fitting method to AGNs is 
more challenging. The black hole masses are often highly uncertain, 
and the inner accretion disks are relatively cool (T ~ 105 K) with the 
bulk of the thermal emission in the far or extreme ultraviolet region 
of the spectrum. This part of the spectrum is strongly absorbed by 
the dust and gas in our Galaxy, making it hard to even see this radia-
tion from an AGN. Furthermore, atomic processes in the surface 
layers of these cool disks also distort the thermal spectrum away 
from blackbody form, making it more challenging to calculate 
robust models47. Indeed, the surprising degree of optical/ultraviolet 
variability displayed by AGNs has called into question whether a 
thermally emitting standard accretion disk is even the right basic 
description for the optical/ultraviolet part of the spectrum48. Still, 
there have been several studies of SMBH spin using variants of ther-
mal continuum fitting49–52. Encouragingly, for two objects that have 
well constrained masses as well as both X-ray reflection and thermal 
continuum spin measurements, the results are in good agreement51.

Gravitational wave astronomy and black hole spin
On 15 September 2015, the Advanced Laser Interferometer 
Gravitational-Wave Observatory (aLIGO) detected the gravita-
tional waves as two orbiting 30 solar mass black holes underwent 
their final merger in a galaxy more than one billion light years 
away53 — this initiated the era of gravitational wave astronomy and 
has opened a new window on black hole spin.

There are three distinct stages to the merger of a binary black 
hole system. During the inspiral stage, the two black holes orbit 
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Fig. 3 | Results on the spins of SMBHs in AGNs using the X-ray reflection 
method. a, Spins and masses of 22 black holes with robust results. 
Following the conventions in the relevant primary literature, we show 90% 
confidence error bars on black hole spin but 1σ errors on black hole mass.  
b, Distribution of these spins along with the expectations based on a simple 
efficiency-based selection bias assuming an underlying population of black 
holes that has equal numbers as a function of spin parameter. Data from 
ref. 34, updated with results from refs. 29–32. Note that four objects (IRAS 
00521–7054, Swift J0501.9–32.39, RBS 1124 and 1H 0323!+ !342) have poor 
SMBH mass constraints; these have been included in the spin distribution 
(b) but not the mass-spin plane.
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§ What are the true distributions of BH spins? 

§ Do the BH spins depend on other parameters (e.g., BH masses, environments, etc)? 

§ Are there other ways to measure BH spins? Do all the methods give consistent 
results? 

§ What can we learn from the BH spins?

§ …



§ The observed BH spin encodes its formation and evolution history!
§ Jfinal = Jform + Jaccretion + Jmerger

§ For smbhs in binary systems, it could tell us through which binary-evolution 
channel they are formed
§ Recall the “chemically-homogeneous scenario” for forming massive smbhs in 

HW3, the predicted spin could be used to validate/invalidate the model

§ For SMBHs, in general
§ A higher spin would suggest that the BH growth is dominated by disk accretion 

or major mergers, for which the accreted materials tend to have more coherent 
directions

§ A lower spin would suggest chaotic accretion or minor mergers, for which the 
accreted materials have more random directions

**Major/minor mergers refers to galaxy mergers with mass ratios >1:3 or <1:3



§ Measuring BH masses
§ Four methods: (1) dynamical mass from stellar motions, (2) using stellar/gas motions 

(velocity dispersions) near the center of galaxies, (3) reverberation mapping, (4) 
gravitational waves

§ Big open question – whether IMBHs of 102 – 105 Msun exist or not and what is their 
distribution? The origin of ULXs?

§ Measuring BH spins
§ Three methods: (1) continuum fitting method (use thermal black-body spectrum to fit for 

the ISCO and obtain spin), (2) X-ray line fitting method (use skewed Fe line in X-ray to 
measure the gravitational redshift effect and determine ISCO and spin), (3) gravitational 
waves

§ Open question – what are the spin distributions for smbhs and SMBHs and what can we 
learn about BH formation/growth?



§ Astronomers image magnetic 
fields at the edge of M87’s black 
hole by Hsiao, Tiger 蕭予揚

§ The environment around the 
supermassive black hole that 
changes drastically -The site of 
interstellar molecule destruction 
captured by the ALMA telescope 
by Wu, Jie-Ru吳婕如

https://qrgo.page.link/xLuvQ
https://qrgo.page.link/9u3iq

§ Black hole caught spewing jets 
into space at nearly the speed of 
light by Cheng, Ming-Chien鄭銘
健

https://qrgo.page.link/5aiGg

https://www.eso.org/public/news/eso2105/?fbclid=IwAR0jZsfaegGMpJxjy2AD9jnvcuXsD29_agfv8Uh9Q0dJyDdvjOzWMYIuR8I
https://alma-telescope.jp/news/xdr-202103?doing_wp_cron=1617982397.8922359943389892578125
https://www.space.com/black-hole-jets-near-light-speed-chandra-video.html

