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• Slides for each lecture will be posted on iLMS before the class. Feel free to 
download in advance and take notes! 

• HW5 & HW4 solutions will be posted on iLMS today. HW5 due next Tuesday.

• 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

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


§ By 5/11 (next Tuesday), please form a team of 3 people for the final report. Choose a 
team leader and enter your names on iLMS -> 小組專區. After 5/11, people who have not 
found a team will be assigned. 

§ Each team will choose any black-hole-related topics, do research and gather information, 
study, discuss, brainstorm, and write a 3-5 page research proposal（中英皆可）

§ The research proposal will include background introduction to the topic, what unknown 
question to be solved, and proposed methods used to answer the question

§ The report will be due on 6/11 (Friday) at 5pm through iLMS

§ On Week 16 (6/15), the proposals will be evaluated by panels formed by other teams

§ Please start gathering ideas and discuss strategies with your team members. 

§ For ideas, please pay attention to the “Open Questions” part of the lectures

§ Your team could also come to discuss with the instructor/TA during office hours



§ 授課教師：

§ 清華大學天文研究所楊湘怡助理教授

§ 綜二館 R504, hyang@phys.nthu.edu.tw
§ Office hour: 每週五11am-noon

§ 課程助教：

§ 清華大學物理所碩士生謝陸程

§ 綜二館 R529-8, ienjoy1218@gmail.com
§ Office hour: 每週一1-2pm

mailto:hyang@phys.nthu.edu.tw
mailto:ienjoy1218@gmail.com


§ 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


§ Active galactic nuclei (AGN) = actively accreting SMBHs

§ Observationally they have many different faces – quasars, Seyfert galaxies, radio 
galaxies, etc, are all different types of AGN

§ Radiative processes: thermal & non-thermal (Compton, Bremsstrahlung, 
synchrotron)

§ The spectrum of AGN at different wavelengths comes from different components
§ Jets – radio, optical, X-ray, gamma-rays
§ Accretion disk – UV/optical
§ Corona (hot gas with unknown origin) – soft and hard X-ray
§ Dusty torus – infrared
§ Gas clouds – broad and narrow emission lines

§ AGN unification – we see different types of AGN due to the viewing angle

§ Only ~1-10% SMBHs are AGNs. While quasars are preferentially found in merging 
galaxies, most AGNs are triggered as long as there is abundant gas supply



§ The different types of AGN can be largely 
explained by our viewing angle relative to the 
orientation of the disk, rather than their 
intrinsic differences 

§ Radio-loud AGN
§ Blazars: looking along the jets
§ Radio-loud QSO/quasar: jets + disk + BLR + NLR
§ Broad-line radio galaxy (BLRG): jets + BLR + NLR
§ Narrow-line radio galaxy (NLRG): jets + NLR + 

dusty torus

§ Radio-quiet AGN
§ Radio-quiet QSO/quasar: disk + BLR + NLR
§ Type-1 Seyfert galaxy: BLR + NLR
§ Type-2 Seyfert galaxy: NLR + dusty torus



§ Why does only a minor fraction of SMBHs appear as AGNs? What triggers the AGNs?

§ What is the structure and origin of the corona and how it depends on mass accretion 
rates?

§ What is the composition, geometry, and morphology of the obscuring dust? How is it 
formed?

§ What are the connections among different types of AGN, e.g., are there any evolution 
sequences?

§ Are AGNs scaled-up versions of X-ray binaries?

§ Why do some AGN have jets and others do not? (Lecture 11)

§ How do the radiation and jets of AGN influence galaxy formation? (Lecture 12)

§ How do SMBHs form and grow? (Lecture 13)



§ Overview of the GCBH -- Sgr A*

§ Observational properties of Sgr A*

§ Tidal disruption events (TDEs)

§ Evidences for past activity of Sgr A*

§ GR effects close to Sgr A*

§ Future prospects and open questions



GALACTIC CENTER SMBH



§ This is only possible with the technology of 
adaptive optics (AO; 自適應光學) !!

§ The images are blurred and distorted due to 
atmospheric turbulence

§ Adaptive optics uses deformable mirrors to 
correct for turbulence in real time

§ Without correction, Keck’s resolution is ~ 1 arcsec

§ With correction, resolution ~ 30-60 milliarcsec!!



Reinhard
Genzel
(1952-)

Andrea Ghez (1965-)

Keck Observatory, HawaiiVery Large Telescope (VLT), Chile



§ ~20 years of IR observations of the star 
cluster at the GC

§ ~25000 light-years away

§ The first confirmed SMBH with precise 
mass measurement

§ MBH = 4.6 million Msun

§ Thanks to its proximity, we could learn 
a lot about SMBHs, e.g., emission 
mechanisms, feeding, GR effects, etc



§ For the GCBH, d=25000 lyr, 1 milliarcsec ~ 1014cm ~ 1 light-hour ~ 100 Rs

§ Implications:
§ Even with Keck’s resolution with AO of ~ 30-60 milliarcsec, it is impossible to 

resolve the accretion flow close to the GCBH
§ Changes of accretion flow properties would cause variability on a timescale 

of < 1 hour
§ The current resolution of the Event Horizon Telescope (EHT) is ~ 25 

microarcsec, thus possible to resolve down to the Horizon scale, but fast 
variability makes it difficult for data analysis



Radio X-ray



§ MBH ~ 4.6x106 Msun, Rs ~ 1.4x1012cm

§ Ledd ~ 5x1037 W

§ Lobs ~ 1028 W ~ 10-9 ~ 10-10 Ledd -> not an AGN

§ Spectrum can be described by thick disks 
rather than thin disks

§ Recall the thick disk model
§ Eddington ratio < 1%
§ Radiatively inefficient -> heat not radiated away 

but advected into the BH (jargon: advection-
dominated accretion flow or ADAF)

§ Accretion flow is hot –> geometrically thick
§ Radiation from non-thermal emission by hot 

electrons (synchrotron, Compton, 
bremsstrahlung emission)



§ Flares – occasional increase in fluxes by a 
factor up to 10-100

§ Variability timescale ~ 30 mins -> size of 
emission ~ 50 Rs



§ Multi-wavelength observations of flares 
allow us to constrain the emission 
mechanism and probe changes in the 
accretion flow

§ Example: Right figure shows a flare 
observed in 2014. Spectrum consistent with 
synchrotron. Measuring changes in spectral 
shape could constrain B field strength and 
infer the mechanism causing the flare



§ In 2013, a cloud called G2 was predicted to pass 
by Sgr A*, disrupted, and create a firework show

Simulated disruption of G2 cloud

G2 survived!

IR image of G2 by VLT in 2013
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It gets ripped apart! 

Evans & Kochanek 1989 

What happens when a star ventures 
too close to a black hole? 

Slide courtesy of 
Prof. Suvi Gezari 

Tidal Disruption of a Star 

The star is ripped apart when 
tidal forces overcome the self 
gravity of the star: 

Tidal Force Self-Gravity 

Tidal Disruption Radius Slide courtesy of 
Prof. Suvi Gezari 

§ Yes if they get too close – a star would be spaghettified and disrupted by tidal 
forces due to the curved spacetime near the SMBH!

§ This is called tidal disruption events (TDEs; 潮汐破壞事件)

§ Recent news:
§ Astronomers see a star spaghettified by a black hole
§ 恒星被黑洞吞噬產生的幽靈粒子

https://earthsky.org/space/star-spaghettified-by-black-hole-at2019qiz
http://www.astr.nthu.edu.tw/p/406-1336-198097,r11.php?Lang=zh-tw


§ A star would be ripped apart when tidal 
forces overcome the self gravity of the 
star:

§ Tidal disruption radius RT :

§ A sun-like star would be eaten by SMBHs 
>~ 108 Msun without disruption!

§ TDEs are more likely to occur for smaller 
SMBHs

𝐺𝑀𝑅∗
𝑟"

=
𝐺𝑚∗
𝑅∗#

𝑅$ ≈ 𝑅∗(𝑀%&/𝑚∗ )'/"

arriving at rates above the Eddington limit should
be blown away rather than accreted. But near tP, the
model calculations do predict accretion rates that
exceed the Eddington limit for the lighter SMBHs.

Stellar diversity
Even with a good handle on ∆t, the unknown stellar
mass and radius in equation 3 leave a large window
of uncertainty as to the black hole’s mass. Further-
more, the radial density profile of the star is also 
unknown. In the long “main-sequence” stage of
their lives, stars burn hydrogen into helium in their
cores. But internal structures of main-sequence stars
vary widely, depending on heat-transfer mecha-
nisms that, in turn, depend on mass.

One might think that such internal-structure
diversity produces yet another serious uncertainty
in deducing MBH from ∆t. But it turns out that a 
correlation between the masses and radii of main-
sequence stars largely cancels out the effect of mass-
dependent internal structure on the rise time.4 Thus
observations of ∆t can constrain the black hole’s
mass even when the mass of the disrupted main-
sequence star is unknown. 

Although main-sequence stars are the most
common in a galaxy, there will still be a contribution
of TDEs from stars that have evolved to later stages:
red giants, white dwarfs, and even more exotic stel-
lar populations found only in the vicinity of SMBHs.
Fortunately, given the extreme radii of red giants
and white dwarfs—of order 100 R" and 0.1 R"—their
TDE light curves have extreme time scales that are
easily recognized.

We also expect to see the tidal disruption of
giant gas clouds, albeit at much larger distances
from the black hole due to their fragility. Indeed, the
SMBH hole at the center of our galaxy was reported6

in 2012 to be in the act of tidally shredding an Earth-
mass dusty gas cloud at a distance of 100 AU. From
that large distance, the time scale on which the gas
is consumed by the black hole is quite long—hun-
dreds of years. But observers are following the dy-
namical evolution of the tidally distorted gas cloud
in real time, eagerly monitoring the galactic center at
all wavelengths from radio to x rays in the hopes of
detecting signatures of the SMBH’s hydrodynamic
interaction with the hot gas in its environment.

Multiwavelength coverage
Though the x-ray-flaring galaxies detected by
ROSAT were the first strong evidence that the the-
oretically proposed TDEs really do occur in galactic
nuclei, the lack of multiwavelength coverage and
light-curve sampling made it difficult to constrain
the parameters of those events—in particular the
SMBH masses. In fact, observations of the early, ris-
ing phase of a TDE light curve, which is the most 
diagnostic phase for determining the SMBH and
star properties, remained elusive until very recently.

As a postdoc at Caltech in 2006, I initiated
searches for TDEs at UV and optical wavelengths in
order to improve the temporal sampling of candi-
dates.7 Although those low photon energies are not
ideal for probing the very hot accreting gas expected
in a TDE, they constitute the wavelength range in

which the most advanced wide-field temporal sur-
veys are being conducted. My coworkers and I have
so far discovered a total of seven candidate TDEs in
the UV and optical. Our prompt multiwavelength
follow-up of those events—in particular with
NASA’s Chandra x-ray orbiter and ground-based 
optical spectrographs—has enabled us to constrain
their total energy outputs and temperatures, and
look for direct signatures of the stellar victims. 

Our most promising TDE candidate, PS1-10jh,
was discovered in 2010 by coordinated monitoring
of a patch of sky every two or three days with
NASA’s GALEXUV telescope and the Pan-STARRS1
optical survey telescope in Hawaii.8 We detected a
flare from the nucleus of a normally inactive galaxy
about 3 million light-years away. Our frequent sam-
pling of the celestial patch let us catch PS1-10jh on
its rise to peak luminosity (see figure 4).

The light curve, by itself, constrained the inter-
nal density profile of the star and yielded a black hole
mass estimate blurred by uncertainties related to the
mass and radius of the disrupted star. But we have
extra information from spectroscopic observations

www.physicstoday.org May 2014 Physics Today    39

RT

RT ≈

RS

MBH = 106 M
⊙

M MBH
6= 10

⊙

107 M
⊙

108 M
⊙

24 RS 5 RS RS

a

b

Red
giant

White
dwarf

Sun

Figure 2. The tidal-disruption radius RT depends on
the mass MBH of the black hole doing the disrupting
and on the properties of the star being disrupted.
(Nothing here is shown to scale.) (a) RT (orange 
circles) grows like (MBH)1/3. But the black hole’s
Schwarzschild radius RS (black-disk boundaries)
grows like MBH. For the Sun-like star of this illustra-
tion, RS and RT become equal at MBH ≈ 108 M". So the
tidal disruption of a Sun-like star by a (nonspinning)
black hole heavier than 108 M" couldn’t be seen. 
(b) For a given black hole mass, RT depends sensi-
tively on stellar size. The stellar radii of red giants
and white dwarfs are, respectively, a hundred times
bigger and smaller than the Sun’s. Near a 106 M"

black hole like the one at the Milky Way’s center, a
white dwarf would irretrievably disappear behind
the central black hole’s RS before being torn apart.



§ In 1988, Martin Rees predicted tidal disruption of stars 
by SMBHs of <~ 108 Msun in nearby galaxies

§ Once a star passes within RT, the star would be 
stretched and disrupted. Half of the mass would fall 
back while the other half escape

§ The bound materials would form accretion disks and 
give out radiation lasting months

§ Assuming light curve follows the mass fallback rate:

§ Peak accretion rate can be super-Eddington for smaller 
SMBHs!
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II : Tidal Disruption of Stars by 
Supermassive Black Holes 

Rees (1988)

𝐿 = 𝜀𝑀̇𝑐# ∝ 𝑡)*/"

of the event; they reveal broad emission lines from
fast-moving ionized helium gas that fade along with
the UV and optical flare.

Based on the chemical composition of the gas,
we concluded that we were seeing the photoionized
debris from the tidal disruption of a helium-rich stel-
lar core. For the first time, we could constrain both
the radial profile and the chemical composition of
the star in a TDE. Helium stars, stripped of their hy-
drogen outer layers during the red-giant phase, had
been predicted to exist in galactic cores. Models for
such stripped red giants yielded a stellar mass and
radius good enough to let us pinpoint the PS1-10jh
black hole’s mass to (2.8 ± 0.1) × 106 M".

Spinning black holes
A TDE can also tell us about the spin of the respon-
sible SMBH. As we saw in figure 2, the Schwarz-
schild radius RS of a black hole becomes equal to the
RT of a Sun-like star at an MBH of about 108 M". The
event horizon of a spinless black hole is at RS, and
nothing that happens inside the event horizon can
be seen by an outsider.

But the event horizon shrinks with increasing
black hole angular momentum J. At J = GM2

BH/c, the
maximum allowed by general relativity, the event
horizon has shrunk to RS/2. For maximally spinning
SMBHs, the event horizon does not reach RT for Sun-
like stars until MBH reaches 7 × 108 M". So if we see a
Sun-like star being disrupted by a black hole heav-
ier than 108 M" , we know that the SMBH must be
spinning. 

Another consequence of SMBH spin in a TDE
may be the powering of a transient jet of high-energy
material and radiation out along the axis of the
ephemeral accretion disk formed by the stellar de-
bris. Steady-state radio synchrotron radiation from
persistent, powerful jets is observed in about 10% of
all active galactic nuclei (AGNs)—galaxies whose
central SMBHs feed vigorously and steadily on gas
from a large accretion disk. The x-ray emission from
AGNs is generated by radiation from gas viscously
heated in the accretion process.

It’s conjectured that AGN jets are powered by
rotational energy extracted from a spinning SMBH
via a magnetic field that’s wound (the short way)
around the donut-shaped accretion disk.9 Similarly
but on a smaller scale, a TDE might launch a tran-
sient jet if the star was disrupted by a spinning
SMBH, assuming that the new accretion disk
formed by the returning stellar debris has a strong
enough magnetic field. Exciting new observations
favor such a scenario, but theorists have not yet
worked out TDE jet formation in detail. In any case,
the transient jet from a TDE could be used to probe
the previously undisturbed environment of a quies-
cent SMBH through the interactions of the jet as it
propagates outward.5,10

Looking down the barrel
The 18 or so TDE candidates that have been discov-
ered to date in soft-x-ray, UV, and optical surveys
have been broadly consistent with theoretical pre-
dictions for radiation from a newly formed accre-
tion disk of stellar debris around an SMBH, with

peak luminosities close to the Eddington limits for
black hole masses of 106–107 M". But a new class of
“relativistic” TDEs with very different properties
has emerged from all-sky monitoring by NASA’s
Swift hard-x-ray telescope (see figure 5).

Swift has discovered two hard-x-ray outbursts
peaking at luminosities far above the Eddington
limits, each accompanied by brightening synchro-
tron emission detected in prompt follow-ups with
radio telescopes. One of the Swift events, recorded
in 2011, was spatially and temporally coincident
with the near-IR flaring of a very distant (4 × 109

light-years) galactic nucleus recorded by the Hubble
Space Telescope.11

The extreme luminosities of both Swift events,
combined with their spectral distributions from
radio to hard x rays, were interpreted as beamed
emission seen by looking down the barrels of tran-
sient, ultrahigh-velocity jets of stellar debris.12 Nei-
ther host galaxy had shown previous evidence of ac-
cretion activity onto its central black holes, and the
x-ray light curves faded at rates consistent with the
fallback of TDE debris. It’s likely, therefore, that both
events involved jets generated by stellar tidal disrup-
tions.13 Because the TDE jets are thought to be highly
collimated, seeing one head-on should be a rare treat.

TDEs provide a cosmic laboratory for studying
the formation of accretion disks and jets in real time.
There are still important theoretical hurdles: How
does stellar debris falling back onto the SMBH from
highly eccentric orbits eventually circularize and
form an accretion disk that feeds the black hole
through viscous transport of angular momentum?
Several mechanisms have been proposed to drive
the circularization; the most promising is general-
relativistic precession of orbits.14

Another challenging problem is to understand

40 May 2014 Physics Today www.physicstoday.org
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Figure 3. The accretion rate onto a supermassive
black hole (SMBH) of debris from a star’s disruption
by that SMBH is plotted for different black hole
masses MBH as a function of time t. With increasing
MBH, rise time to peak accretion increases, but the
peak accretion rate decreases. For the lighter 
black holes, the peak accretion rate surpasses the 
Eddington limit, above which the accretion is likely
to generate collimated jets of outflowing material
and radiation. At late times, the accretion rates 
exhibit the t −5/3 decay expected for the range of 
eccentric Keplerian orbits of the gravitationally
bound debris. (Adapted from ref. 5.)



§ So far 20-30 TDE candidates have been 
identified in the local universe

§ Why study TDEs?
§ Super-Eddington accretion
§ Trace quiescent SMBHs (a unique chance 

to measure their spins!)
§ Search for low-mass SMBHs and 

understand how they growhow the accretion rate translates into the radiated
emission detected by telescopes. The luminosity
and spectrum of a TDE have not been rigorously cal-
culated with codes that take account of both hydro-
dynamics and radiative transport. There are already
significant discrepancies between the observed spec-
tral distributions of TDEs and models that assume,
for simplicity, that transient TDE accretion disks look
much like their larger, steady-state AGN cousins.

Figure 3 shows that for SMBHs with masses
less than 107 M!, accretion rates near peak lumi -
nosity are likely to exceed the Eddington limit. At
super-Eddington accretion rates, the resulting radi-
ation either generates powerful outflowing winds
or is carried into the black hole with the gas.15 Ob-
servations of TDEs should provide a unique test bed
for super-Eddington accretion models applicable to
black hole systems in general. Measuring the frac-
tion of TDEs that produce jets, with follow-up radio
and hard-x-ray observations, should also shed light
on the conditions necessary for jet formation in
TDEs and AGNs. 

Demographics with large samples
It’s now clear that TDE searches can probe the de-
mographics of SMBHs and their neighboring stellar
populations in very distant galaxies. The future
workhorse surveys will be wide-field, high-cadence
monitoring at optical wavelengths. The most prom-
ising of such projects is the Large Synoptic Survey
Telescope (LSST) to be based in Chile (see PHYSICS
TODAY, September 2012, page 22). Construction,
funded by NSF and the Department of Energy, is

scheduled to begin this year. The LSST will have
about 30 times the TDE survey power of existing fa-
cilities. It’s designed to survey half the sky per night
with high sensitivity. Accumulating thousands of
detailed TDE light curves, the LSST should make
possible the statistical study of TDEs as a function of
host-galaxy type, cosmological age, and SMBH mass. 

Large samples of TDEs have the potential to re-
veal the extremes of the SMBH population, from
108 M! spinning SMBHs, to black holes lighter than
106 M! , the so-called intermediate-mass black holes
(IMBHs). Neglecting spin effects, one would expect
a sharp cutoff in the TDE rates beyond 108 M!. But
taking into account that SMBHs are spun up during
their growth over cosmic time,16 one anticipates a tail
of TDEs from spinning SMBHs heavier than 108 M!.

We also expect TDEs from IMBHs, the pro-
posed missing evolutionary link between stellar
black holes and SMBHs. In particular, IMBHs of
masses below 104 M! have tidal fields strong enough
to disrupt white dwarfs—the oxygen-rich compact
remnants of evolved Sun-like stars. The tidal dis-
ruption of a white dwarf could trigger a thermo -
nuclear explosion similar to a type Ia supernova.17
A peculiar type Ia supernova accompanied by a
TDE in the nucleus of a dwarf galaxy or globular
cluster would be the smoking-gun signature of an
IMBH. Large enough samples of TDEs should make
possible the study of rare and exotic objects such as
coalescing binary SMBH systems and their recoiling
merger remnants. 

Impostors
To assemble large samples of TDEs from monitoring
surveys, one has to filter out the much more com-
mon populations of supernovae and variable AGNs.

www.physicstoday.org May 2014 Physics Today    41

Figure 4. The optical flare of this candidate tidal-
disruption event (TDE) was discovered in 2010 by the
Pan-STARRS telescope in Hawaii two months before it
peaked. Through a range of optical filters, the telescope
recorded the flare for more than a year. (Arrows are
upper limits.) The GALEX orbiter contributed early and
late measurements in the near-UV. At late times, all 
the light curves show fading similar to the t−5/3 decay 
expected of TDEs. Magnitude is an inverse logarithmic
measure of apparent brightness. For clarity, the optical
light curves are offset downward. (Adapted from ref. 8.)

Figure 5. The peak luminosities of the 20 candidate tidal-
disruption events (TDEs) discovered to date by ground-based
and orbiting telescopes. Arrows indicate upper limits. The
shaded region shows the range of Eddington upper limits on
luminosity for black holes with masses ranging from 106 to 107

solar masses. Only the two TDE candidates discovered in hard-
x-ray flares by the Swift orbiter peak well above the Eddington
limits, suggesting highly beamed radiation in our direction
from jets of stellar debris boosted to relativistic velocities. 
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§ Expected TDE event rates (estimated from 
scattering of stars into RT given the stellar 
distribution near the BH):

§ The Vera Rubin Observatory (previously 
called Large Synoptic Survey 
Telescope/LSST) in Chile will soon find 
~thousands TDEs!  

§ So…will we be able to see TDEs by Sgr A*?

Vera Rubin Observatory in Chile

Meanwhile, the bound debris is doomed to return to the scene of the disruption on a timescale approx-
imated by its Keplerian orbital period. However, the extremely short pericenter distance (typically several
Schwarzschild radii) implies that the debris’ orbits will precess under relativistic e↵ects. Because relativistic
precession is prograde, the most tightly bound material (which moves most quickly) will “catch up” with
the tail end of the debris and collide with it. The ensuing turbulence causes the debris to fall onto circular
orbits within a few dynamical times, forming a compact accretion torus around the black hole. It is the
accretion of this material by the hole that is thought to supply most of the observed radiation from a TDE.

The accretion hypothesis implies that the light curve of a TDE should closely trace the rate Ṁ of accretion
by the black hole as a function of time, provided that one adopt a fiducial radiative e�ciency ⌘ = L/(Ṁc2)
(e.g., ⌘ ⇡ 12% per Novikov & Thorne 1973). The accretion rate, in turn, is assumed to reflect rate at which
bound debris returns to the tidal radius, called the fallback rate. The canonical TDE scenario estimates the
fallback rate as a function of time by assuming that the debris acquires a flat spectrum in mechanical energy
in a small interval centered at zero. The result is (Phinney 1989)

L(t) / Ṁ(t) / t�5/3. (3)

Of course, this power law cannot hold prior to the arrival of the most tightly bound debris, so there is a delay
between the disruption of the star and the beginning of the accretion flare, which begins with an abrupt
increase in luminosity. This delay is of order a few dynamical times, the time during which the accretion
torus forms and begin to funnel gas into the hole.

Analytic estimates and numerical calculations agree that the accretion rate onto the MBH during a TDE-
induced flare can rise well above the Eddington rate and, moreover, can persist in such a state for up to a
year (Rees 1988; Evans & Kochanek 1989). This property, along with the characteristic power-law form of
the light curve, are arguably the two most important features to observe in order to determine whether a
transient astronomical event be plausibly a TDE.

1.1.3 The TDE Rate in the Local Universe

It is desirable that the theory of tidal disruption explain the observed rate of TDEs as well as the qualities
of individual events. Recall that the canonical TDE is the result of chaotic di↵usion of stellar orbits in the
nuclear star cluster by two-body relaxation. In particular, it is assumed that a TDE occurs each time (and
every time) a star is scattered into the MBH’s loss cone, where its pericenter distance is less than the tidal
radius. The theory of stellar dynamics can be used to estimate the rate at which stars enter the loss cone:

�TDE ⇠ �loss ⇠ 10�4 yr�1

✓
M

106M�

◆4/3 ✓ N⇤
105 pc�3

◆⇣ �⇤
100 km s�1

⌘�1
, (4)

where N⇤ and �⇤ are the stellar number density and velocity dispersion in the nuclear star cluster. This is
the TDE rate expected in a single galaxy; the total TDE rate would be given by a convolution of equation
(4) with the number density of galaxies in the local universe and the black-hole mass function.

2 Observations of TDEs

Because of their relative scarcity, TDEs have been observed infrequently in comparison to novae, supernovae,
AGN flares, and other transient astronomical phenomena. The catalogue of candidate events has grown
slowly over the previous two decades; even now, the number of robust TDE candidates stands well below a
hundred. Encouragingly, the discovery rate has perked up in recent years, due to the advent of high-cadence
optical surveys such as the Palomar Transient Factory (https://www.ptf.caltech.edu/) and the All-Sky
Automated Search for Supernovae (ASAS-SN, http://www.astronomy.ohio-state.edu/⇠assassin). The
Large Synoptic Survey Telescope is expected to substantially augment the discovery rate of TDEs.

One of the best-known candidate TDEs was discovered in 2014 and has been studied extensively ever
since from both theoretical and observational perspectives. This is ASASSN-14li (e.g., Holoien et al. 2016a).

3

For a galaxy with 106 Msun BH, predicted 
TDE rate ~ 1 event every 104 years…. 

That sounds hopeless….





§ Evidence of past activity inferred from 
X-ray light echoes / reflection nebulae
§ Electrons in gas clouds excited by 

radiation from Sgr A* and emit in X-ray
§ Mechanism similar to BLR clouds in 

reverberation mapping

§ In 2007, echoes of an outburst were 
observed in the X-ray band from gas 
clouds in the GC region

§ Suggests that Sgr A* was ~105 times 
brighter in X-ray about 50 years ago
§ Distance between clouds and Sgr A* is 

50 lyrs -> time delay effect

§ Sgr A* may have eaten a Mercury-mass 
object 

Light echoes





THE FERMI BUBBLES
§ Giant gamma-ray bubbles revealed 

by Fermi Gamma-ray Space 
Telescope in 2010

§ Extending ~50 degrees (i.e., 100 full 
moons!) above and below the GC

§ Energy required to inflate the bubbles 
is enormous



THE FERMI BUBBLES
§ Giant gamma-ray bubbles revealed 

by Fermi Gamma-ray Space 
Telescope in 2010

§ Extending ~50 degrees (i.e., 100 full 
moons!) above and below the GC

§ Energy required to inflate the bubbles 
is enormous

§ The symmetry suggests they originate 
from past activity from the GC such as 
nuclear starburst or SMBH activity

Starburst winds (M82) Black hole jets (Cen A)





Fermi bubbles require

--> 10 x current star formation rate!

Starburst

Black hole activity

--> 10000 x current black hole activity!!!



Our Milky Way

NOW PAST



X-ray map by the ROSAT satellite (Snowden+ 1997) 

**X-ray emission is produced by gas within the Milky Way (bremsstrahlung emission by gas with T~106 K)
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and Fermi bubbles are causally connected, with the Fermi bubbles driv-
ing the expansion of the eROSITA bubbles and both structures being 
associated with the same (gradual or instantaneous) energy release in 
the nuclear region of the Milky Way. In this scenario, the outer bound-
ary of the Fermi bubbles plausibly represents a contact discontinuity 
that separates the shock-heated interstellar medium from the shocked 

outflow, and the boundary of the eROSITA bubbles is the shock that 
propagates through the halo gas. The pressure is thus continuous 
across the interface between the eROSITA and Fermi bubbles and the 
total thermal energies of the two features simply reflect their volumes 
(ignoring the effects of stratification, which may be non-negligible). 
Given that their characteristic sizes differ by a factor of about 2, the 
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Fig. 2 | The soft-X-ray eROSITA bubbles. a, False-colour map of extended 
emission detected by eROSITA in the 0.6–1.0-keV range. The contribution of 
the point sources has been removed and the scaling adjusted to enhance 
large-scale structures in the Galaxy. b, One-dimensional surface-brightness 
profiles in the same energy band (red lines with pink shading representing 
statistical uncertainties), cut at various galactic latitudes (as labelled). For 
comparison, we also show the predictions of four possible geometric models 

(not normalized to the data): a full sphere (yellow), a very thick shell (thickness, 
4 kpc; brown), a thick shell (thickness, 2 kpc; cyan) and a thin shell (thickness, 
0.2 kpc; green). The thick shell (cyan) is the most consistent with the data (see 
Extended Data Fig. 2 for a two-dimensional projection of this model). The 
region indicated by the white rectangle is where a preliminary spectral analysis 
was performed to constrain the line-of-sight absorption column density 
towards the southern eROSITA bubbles.

X-ray map by the eRosita satellite [click here for news link] 
(Predehl et al., 2020, Nature, 588, 227) 

http://www.sci-news.com/astronomy/erosita-x-ray-bubbles-09208.html
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total thermal energy of the eROSITA bubbles is almost 10 times larger 
than that of the Fermi bubbles.

T h e  o b se r ve d  ave ra ge  X- ray  su r f a ce  b r i g h t n e ss  of 
(2–4) × 10−15 erg cm−2 s−1 arcmin−2 in the eROSITA bubbles (Methods), 
which decreases with Galactic latitude, is in broad agreement with the 
above scenario. The observed surface brightness, integrated over the 
full extent of the eROSITA bubbles, implies a total luminosity of hot 
X-ray-emitting plasma of L ≈ 1 × 1039 erg s−1.

To inflate the eROSITA bubbles, an average luminosity of the order of 
1041 erg s−1 during the past tens of millions of years would be required, 
and could arise from either star-forming or AGN activity in the Galactic 
centre. As discussed above, the arguments in favour of each interpreta-
tion in the context of the Fermi bubbles have been debated extensively. 
In the case of the eROSITA bubbles, the energetics are such that they are 
at the limit of what the past starburst activity at the centre of the Milky 
Way could provide. Alternatively, the eROSITA bubbles could be inflated 
by a period (about 1–2 Myr) of Seyfert-like activity (L ≈ 1043 erg s−1) of 
the central supermassive black hole (Sgr A*). The long cooling time of 
the hot plasma is consistent with such a hypothesis.

The structures seen here are reminiscent of similar effects seen in 
AGN that host rapidly accreting supermassive black holes1. These can 
inject a vast amount of mechanical energy into the ambient gas, as 
revealed by radio-bright bubbles embedded in the X-ray cocoons27. This 
process, known as AGN feedback, is seen in objects ranging from indi-
vidual early-type galaxies, such as Centaurus A28, to massive clusters, 
such as A426 (Perseus)29,30, and is thought to have potentially marked 
effects on the evolution of galaxies. On the other hand, explosions of 
supernova associated with star formation yield kinetic energy of the 
order of 1051 erg per supernova in the ejecta (also known as stellar feed-
back), which may drive an outflow from the central region of a galaxy31. 
M82 provides a good example of the latter mechanism32. The energet-
ics and the most salient features of the observed eROSITA bubbles are 
such that neither of the two mechanisms could be excluded a priori.

Irrespective of the specific source of energy, our results cor-
roborate the notion that inactive disk galaxies, such as the Milky 

Way, have hot plasma in their haloes that is highly perturbed by 
activity in their disks, demonstrating the presence of a feedback 
mechanism in apparently quiescent galaxies. Galaxies are thought 
to grow via the slow recondensation of the hot halo plasma, which 
was shock-heated during the collapse of the dark-matter halo33. 
The cooling time of the hot plasma in the halo is comparable to 
the Hubble time, so the process of growing a galaxy is assumed 
to be steady (apart from mergers) and slow. Here we have direct 
evidence of the re-heating of such plasma, to considerable heights 
above the Galactic disk.

The detection of these X-ray bubbles was enabled by the combined 
capabilities of the eROSITA instrument and the Spektr-RG mission 
profile. More detailed analysis following accurate calibration of the 
instrument, substantial increases in data quality from the ongoing sky 
survey and follow-up observations in other parts of the electromagnetic 
spectrum will reveal further details of the properties of the eROSITA 
bubbles and the implications for the structure and evolution of galax-
ies, including the Milky Way.
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Fig. 3 | Comparison of the morphology of the γ-ray and X-ray bubbles.  
A composite Fermi–eROSITA image is shown. The X-ray extended emission 
revealed by eROSITA (0.6–1-keV band; cyan) encloses the hard component of 

the extended gigaelectronvolt emission traditionally referred to as Fermi 
bubbles (red; Fermi map adapted from ref. 35), unequivocally establishing their 
close relation.

X-ray map by eRosita + Gamma-ray by Fermi 

Fermi bubbles: cosmic rays injected from past activity at the Galactic center
eRosita bubbles: gas being compressed by shocks due to the energetic outburst



§ Simulations have found that the SMBH jet model can 
successfully explain the morphology and multi-
wavelength spectra of the observed bubbles

§ Parameters constrained by the jet model:
§ Bubble age ~ a few Myr
§ Jets were active for ~0.3 Myr
§ Eddington ratio ~ 1-10% -> AGN!!
§ Mass accreted ~ 103 Msun!

**Note that there are many different models proposed, 
and each of them could give different estimates

13

it can effectively experience a wind and the ram pressure
over time might affect the direction of the jets. How-
ever, little motion of the SMBH at the GC is detected
based on proper motion measurements of the Sgr A*
(Reid & Brunthaler 2005).
Another possibility is the ram pressure from supernova

(SN) explosions. It is well known that the Sgr A* is sur-
rounded by nuclear star clusters, among which exists a
population of massive young stars that formed ∼ 6 Myr
ago in the inner 0.5 pc from the SMBH (Paumard et al.
2006). These massive stars typically have main-sequence
lifetimes of a few Myr, and hence it is possible that
one of them exploded as a SN during or sometime be-
fore the active phase of the AGN jets. In such a case,
assuming a compressed interstellar medium of density
ρ ∼ 10−25 g cm−3 and a typical SN shock velocity of
v ∼ 104 km s−1, the ram pressure generated by the SN
would be sufficient to bend the jets. One could more ac-
curately calculate the ram pressure as a function of time,
the ambient gas density and the initial energy of explo-
sion from, for example, the Sedov solution (Sedov 1946).
We found that for a typical SN energy of 1051 erg and
ambient density of 10−25 g cm−3, the duration within
which the SN can effectively bend the jets by more than
10◦ is ∼ 104 yr, which is about one tenth of the duration
of our jets.
In order to see whether such SN event could cause the

observed bends of the Fermi bubbles of approximately
the right morphology, we did a numerical experiment
in which the northern and southern CR jets are both
tilted by 10◦ to the negative x-axis (positive Galactic
longitude) from the rotational axis of the Galaxy for
0 < t < 0.1 tjet, and then returned to the normal axis for
0.1 tjet < t < tjet. The projected CR energy density at
tFermi = 1.4 Myr is shown in Figure 5. As can be seen,
the ‘left’-bent jets result in a fatter CR distribution in
the east, causing asymmetries about the rotational axis.
The simulated bubbles have a remarkable resemblance to
the observed bubble morphology, considering the simple
assumptions and models employed. This suggests that
bent AGN jets acting even for a short period of time,
possibly due to ram pressure from a SN explosion that
occurred near the SMBH, could plausibly cause the slight
bends of the observed Fermi bubbles.
As mentioned in § 3.2, the asymmetry of the observed

bubbles could also be a result of large CR diffusivity
combined with magnetic fields orienting perpendicular
to the bubble surface. However, a special field configura-
tion would be required for both bubbles to bend toward
the same direction. Improved observations of the field
geometry near the bubble edges will help to verify this
possibility.

4.3. Comparison with ROSAT X-ray Map

The ROSAT X-ray 1.5 keV map (Snowden et al.
1997) has revealed enhanced emission surrounding the
northern Fermi bubble, which is likely produced by
bremsstrahlung emission from shocked gas during bubble
formation (Su et al. 2010). The observed X-ray emission
is limb-brightened, suggesting that the bubbles are hot
and underdense. As discussed in § 4.1, this provides an
important constraint on the thermal content of the AGN
jets, i.e., the jets cannot be too ‘heavy’, otherwise the

Fig. 5.— Projected map of CR energy density in logarithmic
scale in cgs units for the case where both CR jets are tilted to the
east by 10◦ (possibly due to SN ram pressure; see texts) from the
rotational axis of the Galaxy for 0 < t < 0.1 tjet, then returned
to the normal direction for 0.1 tjet < t < tjet. Solid and dotted
lines show the edges of the observed northern and southern Fermi
bubbles, respectively.

bubbles would be too bright on the X-ray map as they
would be filled with large amounts of thermal gas. In
§ 3.1 we have shown that our simulated bubbles are in-
deed underdense and hot (see bottom panel of Figure
1). However, the projections from the 3D distribution
onto the 2D maps may be nontrivial, affecting the X-ray
intensity distribution and location of the shocks, for in-
stance. In order to show general consistency with the
observed X-ray images, we make a simulated X-ray map
by projecting the bremsstrahlung emissivity computed
from the density and temperature of the simulated gas.
For the simulated X-ray map, the X-ray emissivity

in an energy range 1.4 − 1.6 keV is calculated using
the MEKAL model (Mewe et al. 1985; Kaastra & Mewe
1993; Liedahl et al. 1995) implemented in the utility
XSPEC (Arnaud 1996), assuming solar metallicity. Note
that the observed X-ray emission is contributed by all
the gas in the Milky Way halo, which likely extends
to a radius of ∼ 250 kpc (Blitz & Robishaw 2000;
Grcevich & Putman 2009), much bigger than our sim-
ulation box. Therefore, we first compute the X-ray emis-
sivity from the simulated gas within a radius of 25 kpc
away from the GC. Then, beyond 25 kpc the gas is as-
sumed to be isothermal with T = 2 × 106 K and fol-

et al. 2005). Note that the strengths for both the magnetic field
and the ISRF rapidly decay away from the GC, and hence utot
in the above equation represents an average value near the GC
(roughly within the central kiloparsec). For the following
discussion, we assume w �f E E 0.3cool max max,0 to account
for the difference between the characteristic CR energy near the
GC (Emax,0) and that observed today (Emax).

Another criterion comes from the fact that the initial cooling
cannot be so strong that the energy of the CRe cools below the
energy required to produce the observed high-energy cutoff
today. In other words, the energy of CRe after the initial
cooling losses has to be greater than the maximum energy of
the CRe today, i.e., �E Emax. The CR energy after going
through synchrotron and IC losses is given by

C� �( )E E tE10 0 (Kardashev 1962), where E0 is the initial
CR energy and C T� ( )( )m c u4 3 T e

2 3
tot. For very large E0, the

CR energy after cooling is approximately

C
U

_ _
� �

� �⎛

⎝
⎜

⎞

⎠
⎟

⎛

⎝
⎜

⎞

⎠
⎟ ( )E

t

u1
2.5 TeV

10 erg cm 0.018 Myr
. 8tot

11 3

1
dyn

1

The requirement of �E Emax gives a lower limit on the jet speed,

�
� �

⎜ ⎟
⎛

⎝
⎜

⎞

⎠
⎟

⎛
⎝

⎞
⎠

( )v c
u E

0.02
10 erg cm 300 GeV

. 9jet
tot

11 3

max

In Figure 6, we plot the permitted values of vjet as a function
of utot bracketed by the above two criteria (Equations (7) and (9))

in the shaded region, assuming �E 300 GeVmax . The color
shows the value of Emax for given values of vjet and utot
(Equation (8)). The parameter set adopted in the current
simulation (plotted using the star symbol) lies within the
permitted parameter space and is therefore able to successfully
reproduce the spatially uniform spectrum of the bubbles.
However, this figure illustrates that the solution is not unique.7

For example, for the current observational constraint of
2 _E E 300 GeVmax max,obs (near the lower solid line), if we

were to use an average energy density for the magnetic field and
the ISRF of � q � �u 2 10 erg cmtot

11 3, the initial velocity of
the AGN jets would have to be in the range of –c c0.04 0.13 in
order to have a successful model. Generally speaking, in order to
produce CRe with energy 2E 300 GeVmax , the initial jet
velocity must be faster (slower) for a larger (smaller) initial
strength of the magnetic field and ISRF.
Figure 6 also shows that, assuming utot at the time of

injection is not significantly smaller than the value adopted in
the current simulation, the required initial velocity of the
outflow that transports the CRe must be at least _ c0.01 or

�3000 km s 1. Such a fast speed is easily achievable by AGN
jets but not by winds driven by nuclear starburst, for example.
Therefore, the mechanism for generating the spatially uniform
spectrum proposed in this work would not be applicable for
models that are based on outflows with lower velocities.

Figure 5. Simulated spectra of the Fermi bubbles calculated for a longitude range of � � n n[ ]l 10 , 10 for different latitude bins (top-left panel). The other three panels
show the decomposition of the simulated spectra into different components of the ISRF, namely, the CMB (dashed–triple-dotted), IR (dashed), and optical (dotted)
radiation field. The gray band represents the observational data of Ackermann et al. (2014). The leptonic jet model successfully reproduced the latitude independence
of the observed spectra, including the normalization, overall spectral shape, and the spectral cutoff above ∼110 GeV, despite the complex convolution of CR energies
and the latitude-dependent ISRF.

7
Though not unique, the jet parameters adopted in the current simulations

have been shown to satisfy many other observational constraints (see Y12 for a
detailed discussion), in addition to those presented here.

8
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§ GRAVITY (2nd-generation VLT) uses IR interferometry to precisely 
measure properties of the S2 star with resolution of 4 milliarcsec

§ S2: pericenter ~ 120AU ~ 1400 Rs, max orbital speed ~ 7650 km/s

§ By collecting data over the past 26-year, they have confirmed two 
important predictions of GR

§ Gravitational redshift (bottom right):  velocities measured from 
redshifts of lines close to pericenter is consistent with the GR 
prediction

§ GR precession (upper right): objects would orbit not in closed 
ellipses but would precess. The precession of Mercury’s orbit 
around the Sun was one of the first confirmation of GR. Precession 
angle of S2 is consistent with GR [see news here]

GRAVITY Collaboration: Detection of Schwarzschild Precession

Fig. 1. Summary of the observational results of
monitoring the S2-Sgr A* orbit from 1992 to the
end of 2019. Left: SHARP, NACO (black points),
and GRAVITY (blue points) astrometric posi-
tions of the star S2, along with the best-fitting
GR orbit (grey line). The orbit does not close as
a result of the SP. The mass centre is at (0,0),
marked by the cross. All NACO and SHARP
points were corrected for a zero-point o↵set and
drift in RA and Dec. The red data points mark
the positions of the infrared emission from Sgr A*
during bright states, where the separation of S2
and Sgr A* can be directly inferred from di↵er-
ential imaging. Right: RA (top) and Dec (middle)
o↵set of S2 (black and blue) and of the infrared
emission from Sgr A* (red) relative to the posi-
tion of Sgr A* (assumed to be identical with the
mass centre). Grey is the best-fitting GR-orbit
including the Rømer e↵ect (finite speed of light),
SRT, and GR to PPN1. We assumed fRS = 1 and
fitted for fSP. Bottom right: same for the line-of-
sight velocity of the star.

The situation is di↵erent for GRAVITY. Here we detect and
stabilise the interferometric fringes on the star IRS16C located
⇡100 NE of Sgr A*, and observe S2 or Sgr A* within the sec-
ond phase-referenced fibre (see GRAVITY Collaboration 2017),
such that the positional di↵erence between S2 and Sgr A* can
be determined to <100 µas levels (see Appendix A.1). To obtain
this accuracy, the measurements of S2 and Sgr A* are made
within a short time interval and linked together interferometri-
cally (Appendix A.2). Between the end of 2017 and through-
out 2018, S2 and Sgr A* are simultaneously detected in a single
fibre-beam positioning as two unresolved sources in >95%
of our individual integrations (5 min each), such that the S2-
Sgr A* distance is even more directly obtained in each of these
measurements (Appendix A.3). The development over time of
the astrometric and spectroscopic measurement uncertainties are
summarised in Fig. A.3. For more details on the data analysis of
all three instruments we refer to GRAVITY Collaboration (2017,
2018a,b, 2019) and Appendix A.

3. Results

3.1. Schwarzschild precession in the S2 orbit

Figure 1 shows the combined single-telescope and interferomet-
ric astrometry of the 1992�2019 sky-projected orbital motion of
S2 and the line-of sight velocity of the star. The almost 100-fold
improvement of statistical astrometric measurement precision in
the past 27 years is one key for detecting the SP in the S2 orbit.
As discussed in Sect. 2, the accurate definition of the reference
frame for the NACO data is the second key. The robustness of
the detection of the SP strongly correlates with the precision of
knowing (x0, y0, vx0, and vy0), as this sets the angle of the orbit
at the last apocentre (2010.35). Using the priors from Plewa et al.
(2015), we fitted these four reference frame parameters in our
posterior fitting, but we found the additional constraints obtained
from Sgr A*-S2 flare o↵sets in NACO to be very helpful. To this

end, we included in the calculation of �2 the constraint that the
flare positions are tracing the mass centre.

Confusion of S2 with nearby other sources is the final key
issue (see also Gillessen et al. 2009a, 2017; Plewa & Sari 2018;
Do et al. 2019). Ghez et al. (2003) and Schödel et al. (2002)
already have noted that the NACO or NIRC2 AO astrometry
at times was unreliable and biased over longer periods of time
(0.5�1.5 years). These systematic position excursions are mainly
caused by confusion, that is, the positional pulling of the appar-
ent sky position of S2 by a passing nearby background object.
This issue is especially detrimental when the variable Sgr A*
emission source is within the di↵raction limit of the telescope
(Ghez et al. 2003, 2008; Plewa & Sari 2018; Do et al. 2019),
making the 2002 and 2018 AO astrometry more uncertain or
even unusable. Fortunately, GRAVITY removed any need for
AO imagery during the 2018 pericentre passage, therefore we
excised most of the 2002 and 2018 NACO astrometry from our
data set. We identified further confusion events with fainter stars
passing close to S2 on a number of occasions (e.g., 1998, 2006,
and 2013/2014) and removed these questionable data points.

At pericentre Rperi, S2 moves with a total space velocity
of ⇡7700 km s�1, or � = v/c = 2.56 ⇥ 10�2. The SP of the
orbit is a first-order (�2N,N = 1) e↵ect in the parametrised
post-Newtonian (PPN, cf. Will & Nordtvedt 1972) expansion,
PPN(1)⇡ �2 ⇡RS/Rperi ⇡ 6.6⇥10�4. We used the post-Newtonian
expansion of Will (2008) and added a factor fSP in the equa-
tion of motion in front of the Schwarzschild-related terms (see
Appendix C). This corresponds to (e.g., Misner et al. 1973)

��per orbit = PPN1SP = fSP
3⇡RS

a(1 � e2)
for S2
= fSP ⇥ 12.10. (1)

Here a is the semi-major axis and e is the eccentricity of the orbit.
The quantity fSP can then be used as a fitting parameter, simi-
lar to our approach for the RS (GRAVITY Collaboration 2018b,
2019). Appendix B explains the e↵ects that the SP should have
on the measured parameters of the S2 orbit.
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Fig. 3. Residual velocity c�z=c(zGR�zK) for the best fitting prior Keple-
rian Kprior ( f =0, grey) and the same orbit with f =1 (red GRprior). Kprior
was constructed from all 1992-2018 astrometric data with NACO &
GRAVITY and the SINFONI data between 2004 and 2016 (open black
circles). The 2017/2018 SINFONI data points (black circles with cyan
shading) can then be added to test if the spectroscopic data around peri-
centre follow Kprior or the GRprior predicted from Kprior. The new data
points near and up to pericentre, where the �2 e↵ects in radial velocity
are expected to be important, fall close to the predicted GRprior curve,
and exclude the Keplerian prior orbit.

6 km/s. If the total orbital redshift ztot is separated into a New-
tonian/Kepler part zK and a GR correction, one can write ztot =
zK+f (zGR�zK), where f is zero for purely Newtonian physics and
unity for GR. In the following we show the residuals �z=zGR�zK.
The Keplerian part of the orbit is at �z=0, and the PPN(1)z cor-
rections appear as an excess.

3.2. Analysis with prior Kepler orbit

We define a prior orbit Kprior by excluding those data for which
the PPN(1)z corrections matter. For Kprior we use the entire 1992-
2018 SHARP/NACO and GRAVITY data and the SINFONI data
from 2004 up to the end of 2016. We then obtained Kprior as
described in Gillessen et al. (2017), which requires a simulta-
neous fit of 13 parameters. The Rømer delay is included in the
calculation. The resulting orbit is a modest update of Gillessen
et al. (2017). Using this as the prior orbit, we then added the
radial velocities from 2017 and 2018 (Fig. 3). The 26 residual
2017/2018 spectroscopic data relative to Kprior clearly do not fol-
low the best-fitting Keplerian orbit derived from all previous 51
spectroscopic and 196 positions in the past 26 years (grey line in
Fig. 3), but instead follow the f = 1 (i.e. GR(Kprior)) version of
Kprior (red line in Fig. 3). This test is fair: GR-corrections should
only be detectable with our measurement errors within ±1 year
of pericentre.

This a priori test demonstrates that the spectroscopic data
around the pericenter passage are inconsistent with Newtonian
dynamics and consistent with GR. However, both Kprior (�2

r
=21)

and GR(Kprior) (�2
r
=8 ) are poor fits to the data.

3.3. Posterior Analysis

Because of the uncertainties in the parameters of Kprior, in partic-
ular, in the strongly correlated mass and distance, a more conser-
vative approach is to determine the best-fit value of the parame-
ter f a posteriori, including all data and fitting for the optimum
values of all parameters. In carrying out the fitting, it is essential
to realise that the inferred measurement uncertainties are domi-
nated by systematic e↵ects, especially when evidence from three
or more very di↵erent measurement techniques is combined (see
Appendix A.6 for a more detailed discussion). In particular the
NACO measurements are subject to correlated systematic er-
rors, for example from unrecognised confusion events (Plewa &
Sari 2018), which typically last for one year and are compara-
ble in size to the statistical errors. We therefore down-sampled
the NACO data into 100 bins with equal path lengths along the
projected orbit (Fig. 4, middle) and gave these data in addition
a lower weight of 0.5. Depending on exactly which weighting
or averaging scheme was chosen, the posterior analysis includ-
ing all data between 1992 and 2018 yielded f values between
0.85 and 1.09. With a weighting of 0.5 of the NACO data, we
find f = 0.90 ± 0.09 (Fig. 4). GR ( f = 1) is favoured over pure
Newtonian physics ( f =0) at the ⇡10� level.

The error on f is derived from the posterior probability
distributions (Fig. 4, bottom) of a Markov chain Monte Carlo
(MCMC) analysis. Fig. A.1 shows the full set of correlation plots
and probability distributions for the fit parameters. The distribu-
tions are compact and all parameters are well determined. The
best-fit values and uncertainties are given Table A.1.

The superb GRAVITY astrometry demonstrably improves
the quality of the fits and is crucial for overcoming the source
confusion between Sgr A* and S2 near pericentre. A minimal
detection of PPN(1)z (Eq. (1)) is provided by a combination us-
ing only NACO and SINFONI data ( fNACO+SINFONI=0.71± 0.19,
3.6�), but the inclusion of the GRAVITY data very significantly
improves the precision and significance of the fitted parameters:
the improvement reaches a factor of 2 to 3.

A still more demanding test is to search for any Keplerian
fit to all data and determine whether its goodness of fit is signifi-
cantly poorer than the goodness of fit of the best-fitting GR-orbit.
For linear models the formula presented in Andrae et al. (2010)
can be used to estimate the significance. However, the value for
the degrees of freedom (d.o. f .) is not well defined for non-linear
models (Andrae et al. 2010). In our case, we have two models
that only di↵er significantly over a very critical short time-span
given the uncertainties in the underlying data. We therefore used
the number of those data points as d.o. f . for which the two mod-
els predict significant di↵erences. This is, in e↵ect, the number
of SINFONI measurements in 2017 and 2018, that is, 26 mea-
surements. The di↵erence in �2 amounts to 87 in favour of the
relativistic model and therefore yields a formal significance of
8.5�. For further comments on a Bayesian analysis of our data,
see Appendix A.9.

4. Discussion

We have reported the first direct detection of the PPN(1) gravi-
tational redshift parameter around the MBH in the Galactic cen-
tre from a data set that extends up to and includes the pericen-
tre approach in May 2018. Three di↵erent analysis methods of
our data suggest that this detection favours the post-Newtonian
model with robust significance. Further improvement of our re-
sults is expected as our monitoring continues post pericentre.
Still, there are reasons to be cautious about the significance of
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Fig. 3. Residual velocity c�z= c(zGR � zK) for the best fitting prior Ke-
plerian Kprior ( f = 0, grey) and the same orbit with f = 1 (red GRprior).
Kprior was constructed from all 1992–2018 astrometric data with NACO
& GRAVITY and the SINFONI data between 2004 and 2016 (open
black circles). The 2017/2018 SINFONI data points (black circles with
cyan shading) can then be added to test if the spectroscopic data around
pericentre follow Kprior or the GRprior predicted from Kprior. The new data
points near and up to pericentre, where the �2 e↵ects in radial velocity
are expected to be important, fall close to the predicted GRprior curve,
and exclude the Keplerian prior orbit.

to only 6 km s�1. If the total orbital redshift ztot is separated
into a Newtonian/Kepler part zK and a GR correction, one
can write ztot = zK + f (zGR � zK), where f is zero for purely
Newtonian physics and unity for GR. In the following we
show the residuals �z= zGR � zK. The Keplerian part of the
orbit is at �z= 0, and the PPN(1)z corrections appear as an
excess.

3.2. Analysis with prior Kepler orbit

We define a prior orbit Kprior by excluding those data for which
the PPN(1)z corrections matter. For Kprior we use the entire
1992–2018 SHARP/NACO and GRAVITY data and the SIN-
FONI data from 2004 up to the end of 2016. We then obtained
Kprior as described in Gillessen et al. (2017), which requires a si-
multaneous fit of 13 parameters. The Rømer delay is included
in the calculation. The resulting orbit is a modest update of
Gillessen et al. (2017). Using this as the prior orbit, we then
added the radial velocities from 2017 and 2018 (Fig. 3). The 26
residual 2017/2018 spectroscopic data relative to Kprior clearly
do not follow the best-fitting Keplerian orbit derived from all
previous 51 spectroscopic and 196 positions in the past 26 years
(grey line in Fig. 3), but instead follow the f = 1 (i.e. GR(Kprior))
version of Kprior (red line in Fig. 3). This test is fair: GR-
corrections should only be detectable with our measurement er-
rors within ±1 year of pericentre.

This a priori test demonstrates that the spectroscopic data
around the pericenter passage are inconsistent with Newtonian
dynamics and consistent with GR. However, both Kprior (�2

r
= 21)

and GR(Kprior) (�2
r
= 8) are poor fits to the data.

3.3. Posterior analysis

Because of the uncertainties in the parameters of Kprior, in par-
ticular, in the strongly correlated mass and distance, a more
conservative approach is to determine the best-fit value of the
parameter f a posteriori, including all data and fitting for the op-
timum values of all parameters. In carrying out the fitting, it is
essential to realise that the inferred measurement uncertainties
are dominated by systematic e↵ects, especially when evidence
from three or more very di↵erent measurement techniques is
combined (see Appendix A.6 for a more detailed discussion). In
particular the NACO measurements are subject to correlated sys-
tematic errors, for example from unrecognised confusion events
(Plewa & Sari 2018), which typically last for one year and are
comparable in size to the statistical errors. We therefore down-
sampled the NACO data into 100 bins with equal path lengths
along the projected orbit (Fig. 4, middle) and gave these data
in addition a lower weight of 0.5. Depending on exactly which
weighting or averaging scheme was chosen, the posterior anal-
ysis including all data between 1992 and 2018 yielded f values
between 0.85 and 1.09. With a weighting of 0.5 of the NACO
data, we find f = 0.90± 0.09 (Fig. 4). GR ( f = 1) is favoured over
pure Newtonian physics ( f = 0) at the ⇡10� level.

The error on f is derived from the posterior probability
distributions (Fig. 4, bottom) of a Markov chain Monte Carlo
(MCMC) analysis. Fig. A.1 shows the full set of correlation plots
and probability distributions for the fit parameters. The distribu-
tions are compact and all parameters are well determined. The
best-fit values and uncertainties are given Table A.1.

The superb GRAVITY astrometry demonstrably improves
the quality of the fits and is crucial for overcoming the source
confusion between Sgr A* and S2 near pericentre. A minimal de-
tection of PPN(1)z (Eq. (1)) is provided by a combination using
only NACO and SINFONI data ( fNACO+SINFONI = 0.71± 0.19,
3.6�), but the inclusion of the GRAVITY data very significantly
improves the precision and significance of the fitted parameters:
the improvement reaches a factor of 2–3.

A still more demanding test is to search for any Keplerian
fit to all data and determine whether its goodness of fit is signifi-
cantly poorer than the goodness of fit of the best-fitting GR-orbit.
For linear models the formula presented in Andrae et al. (2010)
can be used to estimate the significance. However, the value for
the degrees of freedom (d.o.f.) is not well defined for non-linear
models (Andrae et al. 2010). In our case, we have two models
that only di↵er significantly over a very critical short time-span
given the uncertainties in the underlying data. We therefore used
the number of those data points as d.o.f. for which the two mod-
els predict significant di↵erences. The di↵erence in �2 yields a
formal significance of 5� or greater in favour of the relativistic
model.

For further comments on a Bayesian analysis of our data, see
Appendix A.9.

4. Discussion

We have reported the first direct detection of the PPN(1) gravita-
tional redshift parameter around the MBH in the Galactic centre
from a data set that extends up to and includes the pericen-
tre approach in May 2018. Three di↵erent analysis methods of
our data suggest that this detection favours the post-Newtonian
model with robust significance. Further improvement of our
results is expected as our monitoring continues post pericen-
tre. Still, there are reasons to be cautious about the signifi-
cance of these early results, mainly because of the systematic
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GRAVITY (2018)

GRAVITY (2020)

https://www.sciencealert.com/a-star-dancing-around-a-supermassive-black-hole-is-another-win-for-relativity


§ Event horizon telescope (EHT) combines radio 
telescopes around the globe to reach resolution of 25 
microarcsec! 

§ Predicted shadow size of Sgr A* ~ 52 microarcsec

§ M87 SMBH is 1500x more massive and 2000x more further 
away -> shadow size ~ 40 microarcsec

§ These are the ONLY TWO BHs in the universe for which 
the shadow can be resolved with current resolution!!

§ Why observation of Sgr A* has not been announced? -> 
Variability timescale < 1 hour! 

LETTERSNATURE ASTRONOMY
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Fig. 2 | Simulated black hole shadow images of Sgr A* from GRMHD simulations of an accretion flow onto a black hole.  a,b, Six-hour-averaged black 
hole shadow image of Sgr A* from GRMHD simulations of an accretion flow onto a Kerr black hole (a) and a non-rotating dilaton black hole (b). c, Pixel-
by-pixel image difference between a and b. The colour scale is linear, with red marking the pixels for which the Kerr black hole image is brighter and blue 
pixels indicating where the dilaton image is brighter. RA, right ascension.
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Fig. 3 | Synthetic shadow images of Sgr A* for a Kerr black hole and a non-rotating dilaton black hole. a–c, Kerr black hole images. d–f, Non-rotating 
dilation black hole images. a and d show reconstructed images without interstellar scattering convolved with 50% (red shading) of the nominal beam 
size (light grey shading). The contour levels start at 5% of the peak value and increase by 2 . b and e use BSMEM convolved with 50% (red shading) of 
the nominal beam size (light grey shading). c and f are reconstructed images including the effect of interstellar scattering using BSMEM. Both images are 
based on visibilities that consider possible VLBI antenna configurations and schedules of EHTC April 2017 observations. The red cross in the images marks 
the position of the flux-density maximum. The convolving beam size is plotted in the lower left corner of each panel (see Supplementary Information).  
RA, right ascension.
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Simulated image of Sgr A*

EHT image of M87 SMBH

Mizuno+ (2018)



§ What will we see and learn from the image of Sgr A* by EHT?

§ Will we continue to validate GR or will we find new physics?

§ What can we learn from the TDEs?

§ What is the origin of the Fermi bubbles?

§ What is the activity history of Sgr A* and what it tells us about the history of our 
Milky Way galaxy? 



§ Advancement in technology (adaptive optics, interferometry with long baselines) has 
allowed us to study Sgr A* with unprecedented details and learn about SMBHs

§ Currently, Sgr A* is a dormant SMBH with occasional flares

§ We might see accretion events from gas clouds like G2, but unlikely to see tidal 
disruption of stars by Sgr A*

§ Tidal disruption events (TDEs)
§ A star would be disrupted by tidal forces when it passes within the tidal disruption radius
§ About half of the materials would fall back, form accretion disks, and shine
§ Predicted lightcurve follows a t-5/3 decay and can be super-Eddington

§ Evidences (X-ray light echoes, Fermi bubbles) suggest elevated past activity of Sgr A*

§ GR effects have been confirmed. EHT image of Sgr A* is coming soon!



Link to the video: https://www.youtube.com/watch?v=lDYjnjTy0wQ&t=2s

https://www.youtube.com/watch?v=lDYjnjTy0wQ&t=2s


§ Researchers find the origin and 
maximum mass of black holes 
observed by GWs by Hao-
Sheng Wang 王皓陞

§ NICER probes the squeezeability
of NSs by Ying-Chi Hu 胡英祈

https://qrgo.page.link/Pyyk3
https://qrgo.page.link/Lku6u

§ Primordial black holes and the 
search for dark matter from the
multiverse by Jean Nelson 倪宇強

https://qrgo.page.link/ULxy2

https://www.ipmu.jp/en/20200625-PPISN
https://www.nasa.gov/feature/goddard/2021/nasa-s-nicer-probes-the-squeezability-of-neutron-stars
https://phys.org/news/2020-12-primordial-black-holes-dark-multiverse.html

