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Black hole mass measurements are challenging

The over-massive BHs in bulge-dominated galaxies are also
outliers (e.g., M60UCD-1, NGC 1271, NGC 1277, and NGC
4486B; Seth et al. 2014; Walsh et al. 2015, 2016; Saglia et al.
2016). The only galaxies that appear tight are the ellipticals
(Kormendy & Ho 2013; Läsker et al. 2014b). Thus, all
available evidence suggests that there is no clear universal
relationship between BH and galaxy mass. The M•–σ arguably
provides the much better predictor of BH mass.

Several other empirical relations have been considered in the
literature, but most of these are just manifestations of the
simple rule that more massive galaxies have bigger BHs (e.g.,
NSC mass, core radius, globular clusters, Sérsic n, pitch angle:
Ferrarese et al. 2006; Kormendy & Bender 2009; Harris &
Harris 2011; Berrier et al. 2013; Savorgnan et al. 2013). None
of these relationships are tighter—or have less scatter—than
M•–σ over the whole mass range (see the review by Graham
2016 and references therein). Notably, the circular velocity
does not correlate well with BH mass (Ho 2007; Kormendy &
Bender 2011; Sun et al. 2013), which is curious as it implies
that the dark matter halo mass does not correlate with BH mass.

So far, there have been very few satisfying multi-variate studies
of BH scaling relations. Studies that consider additional
parameters have mostly focused on the black hole fundamental
plane1 by adding bulge parameters, like bulge size or mass (e.g.,
Marconi & Hunt 2003; Aller & Richstone 2007; Hopkins et al.
2007b; Graham 2008; Feoli & Mancini 2009; Hu 2009; Sani et al.
2011; Saglia et al. 2016), to the M•–σ relation. The most
exhaustive multi-variate search was conducted by Beifiori et al.
(2012), who confirmed that M•–σ was the best single-parameter

relation. They could only marginally improve it by adding Re as
the secondary parameter.
If M•–σ is the best single-variate relation, then what does σ

truly represent? The total stellar mass does not correlate tightly
with BH mass. Not all host galaxies have bulges. Alternative
interpretations for M•–σ must therefore be investigated. Here, I
undertake a new multi-variate study of BH scaling relations and
examine the link between M•–σ and the global photometric
properties of BH host galaxies. Beginning with a section on the
data and methods, I describe the sample selection and the
measurements of total luminosities and half-light radii. The
regression-fitting technique is described later in Section 2.3.
Then, in Section 3, I first show that for the adopted sample, the
BH host galaxies themselves lie on a tight FP. I then confirm
that M•–σ is indeed the best single-parameter regression in
Section 4. Section 5.1 explores whether M•–σ is internally
consistent with the host galaxy FP identified in Section 3 and
then establishes the BH–size–luminosity relation, using stellar
masses estimated using the mass-to-light conversion described
in Section 5.2.1. Finally, I discuss the implications for BH
scaling relations for different types of galaxies in Section 6 and
conclude in Section 7. Throughout, I adopt a flat concordance
cosmology with =H 700 km s−1 and W = 0.3m .

2. DATA AND METHODS

This section provides details on the construction of the
sample of BH masses and host galaxy properties used in this
work, as well as the methods employed for regression fitting. A

Figure 1. Tight correlation between black hole mass and stellar velocity
dispersion. This solid line shows the M•–σ relation derived in Section 4. It is
based on 230 galaxies spanning from dwarfs to brightest ellipticals. The scatter
in this relation is (� = o0.49 0.03). Upper limits are shown as open triangles.
Different colors denote different types of M• measurement (Section 2). Error
bars are only shown for the objects with the largest uncertainties. The gray
dashed and dotted lines denote one and three times the intrinsic scatter.

Figure 2. Total stellar mass and BH mass do not correlate well, as is shown
here. The scatter of a simple regression (Table 1) is (� = o0.84 0.05), which
is significantly larger than on the M•–σ relation. However, the distribution of
points makes the interpretation as a single power law difficult (Reines &
Volonteri 2015). Near 1011 Me, the BH mass varies by 3 orders of magnitude.
Many different interpretations exist for subsets of galaxies and/or their bulges.
The (compact) ellipticals—and classical bulges—appear to follow the red line
and the low-mass (disk) galaxies appear to follow the blue line. The two
populations converge near 1011 Me. See Section 6 for the different projections
of these scaling relations. The symbols are the same as in Figure 1.

1 Perhaps the black hole bulge plane would be a better name?
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Tidal disruption events (TDEs): 
A new tool to study black holes in quiescent galaxies

Artis impression Image credit: NASA, van Velzen et al.
Simulation image: Guillochon et al. 



Image credit: Wikimedia

Are black holes 
spinning?

Fundamental Questions

Is accretion physics  
scale invariant?

TDE rate at high 
black hole mass

Radio + X-ray 
monitoring of TDEs

TDE rate in low-
mass galaxies

Black hole  
genesis in the  
early universe



Image credit: Wikimedia

Are black holes 
spinning?

Challenges

Black hole  
genesis in the  
early universe

Is accretion physics  
scale invariant?

Large TDE samples

TDE Emission 
mechanism

Emission mechanism 
+ large samples



This talk: focus on thermal TDEs

7

van Velzen et al. (2016);  
ASASSN-14li (Holoien et al. 2016)



Part 1: Optical emission

8

van Velzen et al. (2016);  
ASASSN-14li (Holoien et al. 2016)

T~104 K
R~1000 Rs

Origin 
debated



Accretion

Fallback

Summary of optical/UV emission
Diffu

sio
n Information about:

• Density in photosphere 

• BH mass 

• BH mass, stellar mass

Data of PS-10jh Gezari et al. (2012, 2015); 
van Velzen et al. (2019)



Spectroscopic classification scheme established

• TDE-H 


• TDE-H+He                               
(often incl. Bowen lines)


• TDE-He 


• Building on earlier work:  
Arcavi et al. (2014); 
Blagorodnova et al. (2018); 
Leloudas et al. (2019)

• Origin of emission lines is 
debated, line width due to 
electron scattering                             

van Velzen et al. (2021)



22 Yao et al.

nel with the same variance as the uncertainties of the
logMBH measurements.

Figure 16. Upper : The thin lines are the logMBH PDFs
of the 33 TDE host galaxies. The think black line shows
the total number of detected TDEs per dex, computed by
summing over the individual Gaussians and plotted between
the peak of the PDF of the lowest BH mass (105.13 M�) and
highest BH mass (108.23 M�). The semitransparent region
represents the 1-� uncertainties. Lower : The thin dotted
lines are the PDFs (in the upper panel) multiplied by Ri.
The solid black curve shows the total optical TDE rate as
a function of MBH. From 105.2 M� to 107.4 M�, the slope
follows a power-law of � / logM�0.25

BH
(red dotted line). We

show predictions of two BHMFs (Shankar et al. 2016; Gallo
& Sesana 2019), normalized to match the black curve at
MBH = 106.5 M�.

The upper panel of Figure 16 shows the raw observed
number of TDEs per dex dN/dlogMBH, which peaks at
MBH ⇡ 106.5 M�. We estimated the 1-� Poisson single-
sided upper and lower limits by interpolating Tab. 1 and
Tab. 2 of Gehrels (1986).
The lower panel of Figure 16 shows the optical TDE

rate with respect to MBH. We observed a significant
drop of �(MBH) from 107.4 M� to 108.2 M�. This
roughly corresponds to MHills for main-sequence stars.
A similar result was first reported by van Velzen (2018,

Fig. 3) and later updated by van Velzen et al. (2020,
Fig. 13). While more massive galaxies exhibit shallower
(“cored”) stellar density profiles that can also lead to a
suppression of TDE rates by a factor of . 10 (see Fig. 5
of Magorrian & Tremaine 1999 and Fig. 4 of Stone &
Metzger 2016), this e↵ect alone does not account for the
observed (much steeper) rate suppression.
To compare our observations to theoretical predic-

tions, we write the mass function for the BHs that are
causing TDEs as

�(MBH) = Ṅ0 ⇥M�

6 ⇥ dnBH

dlogMBH
g(MBH), (20)

where Ṅ0 ⇥M�

6 is the rate at which stars are scattered
into the loss cone (Ṅ0 being a normalization constant
and � will be explained shortly), dnBH/dlogMBH is the
local BHMF, and g(MBH) is the event-horizon suppres-
sion factor that describes the fraction of stars that pro-
duce observable optical flares.
Most TDEs originate from the BH’s sphere of influ-

ence Rinfl (Wang & Merritt 2004), where the number
of stars within Rinfl is N ⇠ MBH/M⇤. Since Rinfl ⇡
GMBH/�2

⇤ / �2
⇤ ⇠ M1/2

BH , the orbital period at Rinfl is

Porb / R3/2
infl/M

1/2
BH / M1/4

BH . The two-body relaxation

timescale at Rinfl is trel / (Porb/N)(MBH

M⇤
)2 / M5/4

BH

(Alexander 2017). The TDE rate is expected to be the
total number of stars within the sphere of influence di-
vided by trel, which is ⇠ N/trel / MBH/trel / M�1/4

BH .
Therefore, in Eq. (20), we adopt � = �0.25. For ref-
erence, Stone & Metzger (2016) performed the most re-
cent detailed theoretical calculations by applying loss
cone dynamics to observations of nearby galactic nuclei,
finding � = �0.247 for core nuclei and � = �0.223 for
cusp nuclei.
The rate suppression factor g(MBH) ⇠ 1 at MBH .

107 M�, and drops at higher BH masses because stars
are swallowed by the event horizon. The shape of
g(MBH) depends on the stellar age, the stellar metallic-
ity, the BH spin distribution, the stellar density struc-
ture (how centrally concentrated the star is), the exact
boundary between full and partial TDEs, and the rate
at which stars of di↵erent masses are scattered into the
loss cone (see more detailed theoretical calculations in
Huang & Lu 2022). We compute g(MBH) as the frac-
tion of stars in a given stellar population that satisfies
MHills(m⇤,MBH) < MBH. The stellar population we
consider has metallicity [Fe/H] = 0.3 (twice solar, ap-
propriate for stars near galactic centers) and a single
age of 100 Myr. Our small sample is insu�cient to dif-
ferentiate models of di↵erent stellar ages, BH spins, and
loss-cone filling mechanisms.

Black hole mass function

• 33 ZTF TDEs (uniform sample)


• Assumption: BH mass from 
velocity dispersion


• Single power-law down to:  



• Not enough data to detect a 
low-mass turnover

MBH ≈ 105.5M⊙

Yao+23
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Black hole mass function

• 33 ZTF TDEs (uniform sample)


• Assumption: BH mass from 
velocity dispersion


• Single power-law down to:  



• Not enough data to detect a 
low-mass turnover

MBH ≈ 105.5M⊙

Black hole  
horizon!

Yao+23



What’s new? Featureless spectra

• H+He class is most common


• New class: featureless TDEs 
(Hammerstein+22; Yao+23) 

• Very rare and high-mass 
host galaxies


• Helps to solve origin of 
emission lines?

Figure based on van Velzen+21; updated with latest TDEs for this talk



Part 2: X-ray emission of thermal TDEs

13

van Velzen et al. (Science, 2016);  
ASASSN-14li (Holoien et al. 2016) *however see: Steinberg & Stone (2022; arXiv:2206.10641) 



Part 2: X-ray emission of thermal TDEs

13

van Velzen et al. (Science, 2016);  
ASASSN-14li (Holoien et al. 2016)

T~106 K
R~1 Rs

Accretion 
Disk* 

*however see: Steinberg & Stone (2022; arXiv:2206.10641) 



What’s new? X-ray QPEs!
Quasi Periodic Eruptions 

• Serendipitously discovered in 2019 
(Miniutti+19)


• Rapid X-ray flares, recurring on ~hours 


• Similar host galaxies to TDEs 
(Wevers+21)


• To date, 6 published, 3 with a detected 
prior X-ray (candidate) TDE


• Probability ~10-9  for chance 
association of TDEs and QPEs 
(Quintin+23)

 

 6/43 

 
Figure 1 | X-ray QPEs in XMM-Newton and Chandra observations, 2018 December onwards  

We show the background-subtracted 0.4-2 keV light curve from the XMM3 (a), XMM4 (b), and Chandra (c) 

observations. The x-axes are all on the same scale to highlight the similar QPE recurrence time over the 54 days 

spanned by the observations. We use time bins of 200 s for the XMM-Newton data, and of 500 s for the Chandra 

data. Note the different y-axis scale used for the Chandra data in c. Error bars represent 1-σ confidence intervals 

in all panels. Some of the error bars are smaller than the symbol size. 
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What’s new? X-ray QPEs!
Quasi Periodic Eruptions 

Quintin et al. “Tormund’s return” (2023; arXiv:2306.00438)

https://arxiv.org/search/astro-ph?searchtype=author&query=Quintin%2C+E


What’s new? X-ray QPEs!
Quasi Periodic Eruptions 

Quintin et al. “Tormund’s return” (2023; arXiv:2306.00438)

https://arxiv.org/search/astro-ph?searchtype=author&query=Quintin%2C+E


Part 3: radio emission of thermal TDEs



Synchrotron 
emission

Origin debated

Part 3: radio emission of thermal TDEs



Single-zone synchrotron emission 
The “typical” case: outflows with 0.1c

Figure 2: Synchrotron analysis. Left: radio measurements from VLA, AMI, and MeerKAT, at four
epochs with times listed relative to the first optical detection. The coloured lines show samples
from the posterior distribution of synchrotron spectra fitted to the measurements, the dashed lines
trace the best-fit parameters. The free parameters are the electron power-law index (p = 2.9±0.1),
the host baseline flux density, plus the magnetic field and radius for each epoch. Right: the energy
and radius for each epoch for a conical outflow geometry with an opening angle of 60�. The dotted
lines indicate a linear increase of both parameters. The last epoch shows a significant (> 3�)
increase over the previous expansion rate of the outflow. Error bars represent 1� intervals.

10

see Alexander, van Velzen et al. (2021) for a reviewAT2019dsg: Stein, van Velzen et al. (2021)



What’s new? Late-time radio flares
8 Cendes et al.

Figure 2. Luminosity light curve of AT2018hyz, including early upper limits (green triangles; 0.9, 3, and 15 GHz) and the
late-time detections starting at about 970 days (green stars; 5 GHz). Also shown for comparison are the light curves of the
relativistic TDE Sw J1644+57 at (6.7 GHz; red; Berger et al. 2012; Zauderer et al. 2013; Eftekhari et al. 2018; Cendes et al.
2021b), the non-relativistic event AT2019dsg (6.7 GHz; orange; Cendes et al. 2021a), and two events with apparent late-rising
radio emission: ASASSN-15oi (6-7 GHz; blue; Horesh et al. 2021a) and iPTF16fnl (15.5 GHz; grey; Horesh et al. 2021b).

4.1. Modeling of the Radio Spectral Energy Distributions

The radio/mm SEDs, shown in Figure 3, exhibit a power law shape with a turnover and peak at ⇡ 1.5 GHz through
1251 days. At 1282 days, however, the peak of the SED shifts upwards to ⇡ 3 GHz. A rapid shift to a higher peak
frequency is unprecedented in radio observations of TDEs. The power law shape above the peak is characteristic of
synchrotron emission.

We fit the SEDs with the model of Granot & Sari (2002), developed for synchrotron emission from gamma-ray burst
(GRB) afterglows, and previously applied to the radio emission from other TDEs (e.g., Zauderer et al. 2011; Cendes
et al. 2021b), using specifically the regime4 of ⌫m ⌧ ⌫a:

F⌫ = F⌫(⌫m)

"⇣ ⌫

⌫m

⌘2

e�s4(⌫/⌫m)
2/3

+

⇣ ⌫

⌫m

⌘5/2

#
⇥

"
1 +

⇣ ⌫

⌫a

⌘s5(�2��3)

#�1/s5

, (1)

4
We note that given our spectral coverage in all but the last observation, and the SED peak at ⇡ 1.5 GHz, we cannot measure the spectral
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former since the latter case would lead to even larger radius and energy, and we find that the resulting parameters indeed support this
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Figure 2. Luminosity light curve of AT2018hyz, including early upper limits (green triangles; 0.9, 3, and 15 GHz) and the
late-time detections starting at about 970 days (green stars; 5 GHz). Also shown for comparison are the light curves of the
relativistic TDE Sw J1644+57 at (6.7 GHz; red; Berger et al. 2012; Zauderer et al. 2013; Eftekhari et al. 2018; Cendes et al.
2021b), the non-relativistic event AT2019dsg (6.7 GHz; orange; Cendes et al. 2021a), and two events with apparent late-rising
radio emission: ASASSN-15oi (6-7 GHz; blue; Horesh et al. 2021a) and iPTF16fnl (15.5 GHz; grey; Horesh et al. 2021b).

4.1. Modeling of the Radio Spectral Energy Distributions

The radio/mm SEDs, shown in Figure 3, exhibit a power law shape with a turnover and peak at ⇡ 1.5 GHz through
1251 days. At 1282 days, however, the peak of the SED shifts upwards to ⇡ 3 GHz. A rapid shift to a higher peak
frequency is unprecedented in radio observations of TDEs. The power law shape above the peak is characteristic of
synchrotron emission.

We fit the SEDs with the model of Granot & Sari (2002), developed for synchrotron emission from gamma-ray burst
(GRB) afterglows, and previously applied to the radio emission from other TDEs (e.g., Zauderer et al. 2011; Cendes
et al. 2021b), using specifically the regime4 of ⌫m ⌧ ⌫a:
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What’s new? Late-time radio flares

• Late-time radio flares                     
(Horesh+21; Cendes+22)


‣ Late-time accretion?


‣ State change of accretion disk!

• Rapid spectral changes                
(in AT2019azh; Goodwin+22)

‣ Inhomogenous medium?


‣ Jet geometry! 
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Three black hole transients with a 
high-energy neutrino counterpart
• 3.6 sigma significance (based on dust echoes)

Stein+21; van Velzen+23 (arXiv:2111.09391)

Figure 3: Delayed neutrino detections for the accretion flares. For each source, the neutrino
arrived (dotted vertical lines) a few months after the peak of the optical light curve (red and blue
symbols). This delay can be explained by a constant particle acceleration efficiency during the
first ⇠ 1 year of the flare (7). The dust reverberation signal (blue and purple lines) evolves on
longer timescales due to the large length of the dust sublimation radius (⇠ 0.1 pc). From the
duration of the infrared right curve we infer a peak luminosity that is equal or larger than the
Eddington limit for all three flares (Table 1).
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• AT2019aalc: highest IR echo flux in ZTF

• All three neutrino associations:

• Detected in the radio                                   
(uncommon for AGN)

• Detected in X-ray, with soft spectra                                          
(very uncommon for AGN)

• Connection with NGC 1068?
Stein+21; van Velzen+23 (arXiv:2111.09391)
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Most nuclear transients are not TDEs

• Many “extreme” SMBH flares of 
unknown origin (e.g. Hinkle+22)


• Fast and high amplitude            
(e.g., Graham+17; Frederick+20)


• (Recurring) TDEs in AGN?


‣ Would require a significant TDE 
rate enhancement 


• Link with neutrinos suggests a 
special state of the accretion disk? 

Figure 1: Significant dust echoes occur almost exclusively in low-mass black holes. The
onset of strong echoes, measured using the infrared flux increase within one year of the optical
peak of the flare, coincides with the Hills mass (30) for a solar-type star (defined by the re-
quirement that the tidal radius is larger than the black hole horizon). The label ‘TDE?’ indicates
accretion flares that occurred in active galaxies (i.e., sources with evidence for accretion prior to
the main flare). The three accretion flares coincident with a high-energy neutrino are indicated
with filled symbols.
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Accretion

Fallback

Recap: summary of optical/UV emission
Diffu

sio
n Information about:

• Density in photosphere 

• BH mass 

• BH mass, stellar mass

Data of PS-10jh Gezari et al. (2012, 2015); 
van Velzen et al. (2019)



Let’s find all the plateaus
Classical approach: late-time UV observations

HST data
Swift/UVOT data



Let’s find all the plateaus
Breakthrough with optical photometry (ZTF)

AT2019azh



Let’s find all the plateaus
Breakthrough with optical photometry (ZTF)

AT2019azh AT2018lna



Plateau luminosity correlates with host galaxy mass

• Strongest correlation of all 
lightcurve properties


• Significance:                       
p = 2 10-6  ~ 5σ


• 0.30 dex scatter in mass-
direction


• Theory predicts plateau 
luminosity for a given black 
hole mass                 Mummery, van Velzen (2023)



Extending the M-sigma relation
Excellent agreement
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TDE peak luminosity correlates with plateau luminosity



Extending the M-sigma relation
Using the peak luminosity
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Spin constraints 
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Summary
Progress at all wavelengths
✴ X-ray: new discoveries (QPEs),                    larger 

samples (eROSITA)


✴ Radio: unexpected late-time flares


✴ High-energy neutrinos 


✴ Optical: large samples 


✓ Almost 100 TDEs!


✓ Clear correlations with host galaxy mass


✓ Could soon resolve origin of optical emission


✴ Connection to AGN flares remains unclear



What is next?



AND FIND

1000 TDES

What is next?



What is next?

• More TDEs with Rubin Observatory: 10-1000 per year                                                           


• More neutrinos: KM3NET, IceCube (Gen2)


• More detections in (blind) radio surveys: VLASS, DSA-1000, ngVLA, SKA                              


• Optical/UV detections from space: Gaia, EUCLID, ULTRASAT, Roman


• More IR detections: ground based, JWST(!) and NEO surveyor  





Disk model
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Disk model
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Host galaxies: preference for “green valley”

65% of TDEs in green valley compared 
 to 10% of normal galaxies

Similar to post-starburst preference 
(Arcavi et al. 2014; French et al. 2016; Law-

Smith et al. 2017; Graur et al. 2017)

Hammerstein et al. 2021



Explaining the cosmic neutrino flux
Particle acceleration in a super-Eddington accretion disk

• Puzzling facts: 


• About 10% of HE neutrinos from TDE-like flares 


• Normal AGN outshine TDEs by 2 orders of magnitude 


• For common particle acceleration, AGN should dominate the neutrino sky 
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Explaining the cosmic neutrino flux
Particle acceleration in a super-Eddington accretion disk

• Puzzling facts: 


• About 10% of HE neutrinos from TDE-like flares 


• Normal AGN outshine TDEs by 2 orders of magnitude 


• For common particle acceleration, AGN should dominate the neutrino sky 

• Solution:


• Super-Eddington accretion: common for TDEs, uncommon for AGN

• Supporting evidence: 


• NGC 1068 (IceCube hotspot) is the nearest super-Eddington AGN (!)
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AT2019fdr (TDE?): another large dust echo - Reusch et al (arXiv:2111.09390)
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