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The promise of TDEs

… to map out the presence of otherwise unseen BHs

© 1988 Nature  Publishing Group

Can quiescent BHs coexist with 
surrounding dense star clusters? 

(Rees 1988)



Mapping out the presence of black holes

What types of stars are disrupted? At what relative rates? 

How do these events fuel black hole accretion?  

Which accretion episodes power luminous flares?

To use tidal disruption events as “signposts” to the presence of 
otherwise quiescent black holes, we need to know:

These questions lie at the intersection of stellar dynamics, stellar 
evolution, hydrodynamics, and radiation transport. 
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galactic center dynamics

Over a “relaxation time” orbits change by 
order unity in energy and angular momentum. 
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galactic center dynamics
Tidal disruption rate: integral of flux of stars over binding energy 
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galactic center dynamics

terms in rate expression:

stellar density, distribution:  

influence normalization & 
relaxation rate

stellar type:  

size of loss cone
rt / ⇢�1/3

⇤
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Main sequence TDEs
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Main sequence TDEs

One disruption per second in 
the observable universe!



Main sequence TDEs
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Ṁ / Ṁpeak(t/tfb)
�5/3



Main sequence TDEs

• MS disruptions result in 
rapid, short accretion 
episodes


• ~50% of the mass returns to 
pericenter in the first 3 tfb 
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Giant star TDEs
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Giant star TDEs
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… include a range of tidal radii and the 
fact that MS stars are more common:
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Giant star TDEs

de
ns

ity

Giant stars always hold onto a 
portion of their envelope… 

The Astrophysical Journal, 757:134 (18pp), 2012 October 1 MacLeod, Guillochon, & Ramirez-Ruiz
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Figure 4. Mass loss with varying impact parameter, β, for the RG I model. The left panel shows the star’s self-bound mass as a function of time, where t = 0
corresponds to pericenter. The center panel shows the net mass loss, as measured after ∼50 tdyn, as a fraction of the envelope mass, Menv. As β increases, the mass lost
asymptotes to a value less than Menv. This can be contrasted to MS stars, which are fully disrupted at β ∼ 1.9. The reason for this asymptotic behavior can be seen
in the adiabatic response of the stellar envelope in the expanding background of the core black hole potential. In the right panel, we plot the enclosed mass within the
(time-varying) Hill radius of the core (Equation (7)). The increase in enclosed mass after pericenter shows that the envelope is contracting, becoming more dense, and
effectively shielding itself from further mass loss.
(A color version of this figure is available in the online journal.)

by a discontinuous transition in the density profile. Because the
dynamical time of the core is much less than that of the en-
velope, the core material is not perturbed, but its gravitational
influence significantly modifies the rearrangement of the sur-
rounding envelope material as the encounter progresses. The
adiabatic response of centrally condensed, nested polytropes,
like the ones constructed here, is to contract when they lose
sufficient mass, thus shielding the star from further mass loss
(Hjellming & Webbink 1987). The ability of the stellar core to
retain envelope gas can be seen in the upper panels in Figure 3.
These panels show a close view of the region near the star’s core
that leaves the passage tidally excited, but undisrupted. The core
itself is completely unperturbed.

In Figure 4, we explore the causes of the mass loss in greater
quantitative detail. The left panel of Figure 4 displays the star’s
self-bound mass as a function of time for a set of encounters
with 0.75 < β < 2.25. Encounters of varying β lead to
different degrees of mass loss and varying speed of mass removal
(characterized by the slope of the lines near pericenter, t = 0).
The self-bound mass gradually decreases over many dynamical
times, eventually converging to a net mass loss, −∆M , plotted
as a fraction of the envelope mass Menv in the center panel of
Figure 4. The mass lost during the encounter asymptotes to less
than the total envelope mass, with deeper encounters not being
able to remove significantly more mass.

The reason for the observed asymptotic behavior of −∆M
with β can be inferred from the right panel of Figure 4. The
tidal force at pericenter increases with increasing β, removing
a greater fraction of the envelope mass as β increases. This
increase in the rate of mass loss is drastically halted when the
total envelope mass remaining approaches the mass of the core.
Because the core is a significant fraction of the total stellar mass,
the star’s structure responds to a drastic loss of envelope mass by
contracting. As more mass is removed, the surrounding envelope
contracts more dramatically (Hjellming & Webbink 1987; Passy
et al. 2011). The competition between the tidal mass stripping
and the ensuing envelope contraction, both of which are seen
to increase with β, leads to the asymptotic behavior with β of
−∆M . A subtlety lies in the fact that this contraction occurs not
in an absolute sense, but in an expanding frame defined by the
fluid trajectories in the combined potential of the black hole and
the surviving core. This can be seen directly by measuring the
enclosed mass within the Hill radius of the core, shown in the

right panel of Figure 4. The Hill radius of the core varies as a
function of time through the encounter as

Rh,core(t) =
(

Mcore

Mbh

)1/3

r(t), (7)

where r(t) is the separation between the core and the black hole.
Menc(<Rh,core) decreases initially and reaches a minimum at
pericenter (t = 0) where Rh,core = β−1(Mcore/M∗)1/3R∗. After
pericenter, the mass within this equipotential surface increases
because envelope material contracts relative to the expanding
frame of the disrupted star.

Each of the post-MS models described in Section 3.1 differs
in the exact polytropic index of the envelope and the core to
envelope mass ratio. However, the qualitative nature of mass
removal from these models is very similar to that shown in
detail for the RG I model in Figure 4. As can be seen in Figure 5,
evolved stars retain an increasing fraction of envelope material
at a given β as their core to envelope mass ratio grows. This
is because larger core mass fractions in evolved stars increase
the strength of the envelope’s adiabatic response to contract
with increasing mass loss (Hjellming & Webbink 1987; Passy
et al. 2011). In all cases, a significant fraction of envelope mass
remains bound to the core for even the deepest encounters
we have explored. This stands in stark contrast to MS stars
(Guillochon & Ramirez-Ruiz 2012), which are fully disrupted
beyond β ∼ 1.9. We tested both more and less dense artificial
cores and confirmed that the asymptotic behavior of the mass
loss is in no way affected by our enlarged core approximation
at the impact parameters we consider.

The following fitting formulae provide a reasonable approxi-
mation to the degree of mass loss within the range of β presented
here:

− ∆M =

⎧
⎪⎨

⎪⎩

0.52 + 1.11β−1 − 1.95β−2 + 0.66β−3 RG I,
0.57 + 0.61β−1 − 1.58β−2 + 0.62β−3 RG II,
0.62 − 0.06β−1 − 0.30β−2 − 0.04β−3 HB,
0.55 − 0.15β−1 − 0.32β−2 + 0.07β−3 AGB.

(8)

Our findings may be compared to those of authors who study
giant star stellar collisions (e.g., Bailey & Davies 1999; Dale
et al. 2009). These studies similarly find that the dense core of

6

(MacLeod+ 2012)



Giant star TDEs
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Giant star TDEs

• MS and giant star tidal 
disruptions make 
similar contributions at 
low Eddington ratios. 
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White dwarf TDEs
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rt =

✓
Mbh

M⇤

◆1/3

R⇤ rs =
2GMbh
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Horizon radius versus tidal disruption radius

• MS stars are directly consumed 
above ~108 solar masses 

• WDs above ~105 solar masses



The role of stellar structure in TDE outcomes
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2 Merloni: Cosmological Evolution of SMBH

Fig. 1. The local black hole mass function, plotted as M × φM, in order to highlight the location and height
of the two main peaks. The stellar mass black holes peak has been drawn assuming a log-normal distribution
with mean mass equal to 5 solar masses, width of 0.1 dex and a normalization yielding a density of about
1.1 × 107 M⊙ Mpc−3 (Fukugita & Peebles 2004). The supermassive black hole peak, instead, contribute to
an overall density of about 4.3 × 105 M⊙ Mpc−3 (Merloni & Heinz 2008)

strong role they most likely play in the galaxy
formation process throughout cosmic history.
Indeed, a new paradigm has emerged, accord-
ing to which the feedback energy released by
growing supermassive black holes (i.e. AGN)
limits the stellar mass growth of their host
galaxies in a fundamental, generic, but yet not
fully understood fashion.

The strongest observational evidence for
such a schematic picture emerged in the last
decade. The search for the local QSO relics
via the study of their dynamical influence on
the surrounding stars and gas carried out since
the launch of the Hubble Space Telescope
(see e.g. Richstone et al. 1998; Ferrarese et al.
2008, and references therein) led ultimately
to the discovery of tight scaling relations
between SMBH masses and properties of the
host galaxies’ bulges (Gebhardt et al. 2000;

Ferrarese & Merritt 2000; Tremaine et al.
2002; Marconi & Hunt 2003), clearly pointing
to an early co-eval stage of SMBH and galaxy
growth. A second piece of evidence comes
from X-ray observations of galaxy clusters,
showing that black holes are able to deposit
large amounts of energy into their environment
in response to radiative losses of the cluster
gas. From studies of the cavities, bubbles and
weak shocks generated by the radio emitting
jets in the intra-cluster medium (ICM) it
appears that AGN are energetically able to
balance radiative losses from the ICM in the
majority of cases (see Bı̂rzan et al. 2008, and
references therein).

Nevertheless, the physics of AGN heating
in galaxy cluster is still not well established,
neither have the local scaling relations proved
themselves capable to uniquely determine the

IMBHs???

(Merloni 2008)

jet production 
&

beamed emission

white dwarf disruption fuel accretion 
at ~million times Eddington 

tpeak ⇠ hours

(MacLeod+ 2014)

(see also: Rosswog, Luminet, Haas, Cheng, 
Clausen, Krolik, Piran, Zalamea)  



The role of stellar structure in TDE outcomes
Multi-wavelength signatures of WD disruption

beamed
emission

thermal
emission

(MacLeod+ 2016)

Erratum: “Optical Thermonuclear Transients From Tidal Compression of White Dwarfs
as Tracers of the Low End of the Massive Black Hole Mass Function” (2016, ApJ, 819, 3)
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An error in unit conversions resulted in an incorrect normalization of the optical-radio afterglow data plotted in Figure 12 of the
original paper. The comments in the original text largely apply to the new figure as well. However, we note that slightly off-axis
optical afterglows from powerful jets (such as those plotted here) can have similar overall timescale and luminosity to the
thermonuclear transient.

M.M. is grateful to Kishalay De and Mansi Kasliwal for help in diagnosing and correcting this error.

The Astrophysical Journal, 843:154 (1pp), 2017 July 10 https://doi.org/10.3847/1538-4357/aa7b74
© 2017. The American Astronomical Society. All rights reserved.

Figure 1. This diagram depicts the observed multiband light curve of a hypothetical deep-passing WD tidal disruption by a M103
: MBH. We have assumed that a jet

is launched carrying kinetic energy of 6 10 3´ - of the accreted rest energy of M0.2 : from the disruption of a M0.6 : WD, or 2 1051´ erg. Line styles denote
different viewing angles with respect to this jet axis. Dotted-dashed lines are along the jet axis, while solid lines denote an off-axis perspective. Colors show different
wavelengths of emission from X-ray to 1 GHz radio. For a viewer along the jet axis, a luminous jet may precede an optical-wavelength thermonuclear transient. The
thermonuclear transient significantly outshines both jet afterglow and disk thermal emission at optical wavelengths. For off-axis events detected in the optical,
accompanying X-ray emission from the accretion disk along with a radio afterglow complete the multi-wavelength picture and significantly distinguish these
thermonuclear transients from other SNe.

6 Einstein Fellow.
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star + BH combinations yield TDFs
Which object + BH combinations are most likely to produce luminous flares? 

➡ a given combination produces a flare with a certain luminosity, duration, wavelength

Constructing the Tidal Disruption Inventory 3

2. TIDAL DISRUPTION MENU78

To determine whether an object is disrupted or swallowed by a black hole, we need to compare the tidal radius, rt,79

to the innermost bound circular orbit of the black hole,80

ribco =
2GMbh

c2

⇣
1 � a⇤

2
+

p
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⌘
, (1)

where a⇤ = a/M , a = J⇤/M⇤c, M = GM⇤/c2, and M⇤ and J⇤ are the mass and angular momentum of the BH81

respectively (Abramowicz & Fragile 2013). For a non-spinning BH, ribco = 4GMbh/c2, and for a maximally-spinning82

BH, ribco = GM/c2. If rt > ribco, disruption is possible. Otherwise, the object is swallowed whole [Maybe cite83

W. East simulations here as an example?]. For simplicity we assume here that disruption is only possible when84

� � 1; in reality, disruption is a smooth function of �. For a non-spinning BH, we therefore require85
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for disruption. The mass-radius relationship, then, determines whether an object will be disrupted at a given BH86

mass. Denser objects such as WDs can only be disrupted by lower mass BHs while more tenuous objects such as MS87

or evolved stars can be disrupted by higher mass BHs.88

We can calculate the upper limit BH for a class of objects by using its mass-radius relation in the condition for89

disruption above. We show this menu of BH-object combinations for a non-spinning BH, along with a prompt-90

circularization condition explained below, in Figure 1. We use mass-radius relations for WDs, MS stars, evolved stars,91

and sub-stellar objects. We find that He WDs with hydrogen envelopes play a special role in this menu, as, similar to92

evolved stars, they can have a wide range of radii at a given mass depending on their age. Compared to the relatively93

tight mass-radius relation for typical white dwarfs, these objects allow access to a higher range of BH masses. More94

details on He WDs and our stellar evolution calculations of their structure are given in Section 3. Our choice of95

representative masses and ages is justified there.96

non-He WDs

He WDs

MS stars

Evolved  
stars

Planets
Brown dwarfs

Figure 1. [gorgeous! ... also, you’ll want to switch figures from ”h!” to ”tbp”] Regions where prompt tidal
disruption flares are favorable in M

obj

versus M
bh

space for a non-spinning BH. Enounters have 4GM
bh

/c2 < r
t

< 10GM
bh

/c2.
Note that disruption is still possible for lower BH masses than shown in each region. We include mass-radius relationships for
typical WDs from Zalamea et al. (2010), MS stars from Tout et al. (1996), evolved stars from Bressan et al. (2012, 2013), and
sub-stellar objects from the 1 Gyr curve of Chabrier et al. (2009). We define MS stars as M � 0.085M�, brown dwarfs as
0.085M� > M � 13M

Jup

, and planets as M < 13M
Jup

. For evolved stars, we choose masses above 0.9M� (here the evolutionary
time is approximately equal to the Hubble time) and radii up to the radius at the tip of the red giant branch for this mass star.
WDs below ⇠ 0.5M� will be helium-core hydrogen-envelope WDs. We calculate the radii of 3 He WDs 1 Gyr after formation
and interpolate for masses in between. We choose representative masses of 0.171M�, 0.25M�, and 0.38M�, with initial envelope
masses of 0.011M�, 0.016M�, and 0.019M� respectively. This is motivated by the fact that the mass distribution of He WDs
is expected to be relatively flat (Maoz et al. 2012).

For example:

if we imagine that to produce 
a luminous flare we require  

rs < rt < 10rs

(Law-Smith+ 2017)
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A diversity of galactic nuclei

(Arcavi+ 2014, French+ 2016, …)



A diversity of galactic nuclei
Tidal disruption rate: integral of flux of stars over binding energy 
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A diversity of galactic nuclei
18 Law-Smith et al.
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Figure 7. Top panels: SDSS gri images of TDE host galaxies 1-5. Bottom panels: for each TDE host galaxy, a randomly
selected galaxy matched in BH mass and redshift to the TDE host galaxy, but with a galaxy Sérsic index, bulge g � r, and
half-light surface brightness very close to the median values of our reference catalog at that BH mass. Images are 2000 ⇥ 2000.
The galaxy Sérsic index of each galaxy is listed in the top right of each image.

6.2. Is there a selection e↵ect against detecting TDEs
in SF galaxies?

In order to understand the TDE rate enhancement
in quiescent Balmer-strong galaxies, it is important to
know whether there is a selection e↵ect against detect-
ing TDEs in SF galaxies. As SF galaxies are (by defi-
nition) not quiescent Balmer-strong galaxies, if there is
a bias against observing TDEs in SF galaxies, quiescent
Balmer-strong galaxies are less rare as hosts.

First, we consider whether the dust and gas associated
with SF may obscure TDEs. Certainly, starbursting
galaxies have significant dust attenuation (e.g., Casey
et al. 2014), especially in the optical/UV bands where
the SF occurs. Del Moro et al. (2013) study a robust
sample of 51 “hidden” radio-excess AGN in SF galax-
ies, and find that half of these are not detected in deep
Chandra X-ray data, indicating that they might be heav-
ily obscured. As a case study, the Seyfert 2 galaxy NGC
4968 is found to have heavy obscuration and circumnu-
clear SF, as well as SF-associated gas that may increase
the covering factor of the enshrouding gas and play a
role in obscuring the AGN (LaMassa et al. 2017). If a
TDE occurred in NGC 4968, the large column density
(NH > 1.25 ⇥ 1024 cm�2) would prevent X-ray—and
optical/UV, for dust-to-gas ratios similar to the Milky
Way—identification.

While di�cult to detect, AGN are often found in SF
galaxies10 (Bongiorno et al. 2012; Ellison et al. 2016).

10 Though we caution that this strongly depends on how the
AGN is selected (see e.g., Ellison et al. 2016).

Nuclear activity in SF galaxies might be fairly common,
and it is possible that TDEs are missed in these galax-
ies primarily due to selection e↵ects. We note that Tad-
hunter et al. (2017) discovered a tidal disruption event in
a nearby ultra-luminous infrared galaxy.11 The galaxy
features suggest that there is an unusually clear view
of the nuclear star-forming region, whose obscuration
is known to have a complex structure (e.g., Buchner &
Bauer 2017). Two galaxies in our TDE host galaxy sam-
ple, SDSS J0748 and SDSS J1342 (Wang et al. 2012),
are in SF galaxies. We note, however, that both events
were classified as TDEs in a search for extreme coronal
line emitters, and in both cases were not identified based
on their light curve properties.

Second, we recognize that there could be a bias against
TDE identification in SF galaxies, as TDE characteriza-
tion for nuclear transients is not done systematically. In
addition, current TDE host galaxies have relatively low
half-light surface brightnesses, while SF galaxies have
relatively high half-light surface brightnesses (see Fig-
ure 4). If image subtraction is less robust for these
galaxies, this could help explain the lack of TDEs in
SF galaxies.

6.3. Time delay between SF and AGN/TDEs

If TDEs occur preferentially in post-starburst galax-
ies, then the TDE rate is time dependent, and in par-
ticular depends on the recent SF history of the galaxy.

11 This galaxy is not in our sample as it is not in the SDSS
catalogs we draw from.

(Law Smith+ 2017)

TDE hosts have relatively: 
•High bulge/total ratios 
•High sersic indices 



A diversity of galactic nucleiTDE rate & host-galaxy global properties 15

Figure 5. Stellar velocity dispersion (�v) vs. stellar surface mass density (⌃M?) of TDE host galaxies. Left: TDE hosts with
galaxy properties measured as for the SDSS control sample are marked with purple squares. Hosts with ⌃M? values based on
Petrosian (instead of Sérsic) half-light radii, most of which have velocity dispersions from Wevers et al. (2017), are denoted by
gray circles (see Table 3). Contours represent the 25th, 50th, and 84th percentiles of the volume-weighted background galaxy
distribution. The phase space delineated by the dashed grey line includes 24% of the galaxies in the control sample. Right:
The galaxy and TDE host samples are divided into star-forming (blue) and quiescent (red) galaxies. RX J1420-A is found with
the rest of the TDE hosts, while RX J1420-B is a stark outlier, hinting that the former galaxy is the real host. Whether we
do not apply a stellar mass cut (shown here), or require log(M?/M�) > 8, 9, or 9.5 (Figure A1), we find that TDE hosts have
significantly higher stellar surface mass densities than the general galaxy population. This trend is driven by star-forming TDE
hosts, which have higher ⌃M? values than the star-forming control galaxies. Quiescent TDE hosts have ⌃M? values consistent
with those of the quiescent control galaxies. There is also some evidence that quiescent TDE hosts have lower �v values than
the quiescent control population (the significance of this o↵set depends on the �v range considered). The gray squares shown
in the left panel, though not included in the formal statistical analysis, are consistent with these trends.

Following Greiner et al. (2000), we label these hosts RX
J1420-A and RX J1420-B. Both galaxies were later tar-
geted by SDSS for spectroscopy, from which their global
properties have been measured here.
Figure 5 shows that RX J1420-A has properties consis-

tent with the rest of the TDE host galaxies in our sam-
ple, while RX J1420-B is a stark outlier. Thus, we pro-
pose that RX J1420-A is the actual host galaxy of this
TDE and suggest that the galaxy properties we focus on
here, namely stellar surface mass density and velocity
dispersion, can be used to identify the host galaxies of
other TDEs in similar cases. Appropriately, throughout
this work we have excluded RX J1420-B from calcula-
tions and statistical tests.

4. THE TDE RATE

After establishing that TDEs prefer host galaxies
with high surface mass densities (most strongly in star-
forming galaxies and, at a lesser significance, in quies-
cent galaxies) and, perhaps, low velocity dispersions (to
some extent in quiescent galaxies but not in star-forming
galaxies), and based on theoretical assumptions that the
TDE rate should have some dependence on the density
and velocity dispersion of the stars in the loss cone of the
SMBH, in this section we describe a statistical model for
the TDE occurrence rate as a function of these global

host galaxy properties. We formulate this dependence
as

R
TDE

/ ⌃↵

M?
⇥ ��

v

. (5)

4.1. Statistical model

Let N(y|µ,⌃) generically indicate a multivariate
Gaussian probability density in y with mean µ and co-
variance ⌃. The model consists of the following ingre-
dients.

1. Let x = (log
10

⌃
M? , log10 �v

)T be the vector of
the latent (true, underlying) log values of the stel-
lar mass density and the velocity dispersion of a
galaxy. Let x̂ be the estimated values of these
quantities, which di↵er from the latent values x

by measurement error. We assume Gaussian er-
rors, so the measurement likelihood function is
P (x̂|x) = N(x̂|x,W ). For simplicity, we assume
the measurement covariance matrix W is diagonal
with known variances.

2. Using a large sample of background galaxies (that
did not host TDEs), we estimate the density
f
gal

(x) of galaxies in the x-plane. We do this non-
parametrically by applying 2D kernel density esti-
mation (KDE) to the volume-weighted sample of
background galaxies described in Section 2.2. Be-
cause the measurement errors are small relative to
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Figure 6. Maximum-likelihood estimates of the exponents
↵ and � in the empirical formulation of the TDE rates as
R

TDE

/ ⌃↵
M?

⇥ ��
v . The contours in the bottom-left plot

contain approximately 68%, 95%, and 99.7% of the highest
posterior probability. The bottom-right and upper-left pan-
els show the marginal posteriors of ↵ and �, respectively. The
maximum-likelihood estimate of ↵,� (marked with a cross)
is ↵̂ = 0.9 ± 0.2 and �̂ = �1.1 ± 0.7. This implies a direct
dependence of the TDE rate on global stellar surface mass
density and, though not significant, an inverse dependence
on the global stellar velocity dispersion.

ing approximately 68%, 95%, and 99.7% of the high-
est posterior density as the black curves. Finally, we
marginalize in each direction to obtain marginal pos-
terior densities of each parameter P (↵| D) and P (�| D).
We compute the posterior mean and standard deviations
of each parameter ↵̂ = 0.9± 0.2 and �̂ = �1.1± 0.7. As
expected from Section 3.2, we find a significant depen-
dence on surface mass density and a hint of an inverse
dependence on velocity dispersion. As more TDEs are
discovered and their host galaxies analyzed, our statis-
tical model will be useful for further testing the signifi-
cance of these trends.
To test the sensitivity of these parameter estimates to

the composition of the TDE host sample, we bootstrap
resample the TDE hosts. For each bootstrap sample, we
use the above procedure to find the parameter estimates.
We examine the distribution over the bootstrap sam-
ples and find that the mean and standard deviations are
↵̂
boot

= 0.88± 0.06 and �̂
boot

= �0.9± 0.4. These esti-
mates are consistent with the likelihood analysis above,
although the dispersions underestimate the uncertain-
ties. Conservatively, we take the posterior standard de-
viations of the original sample as our final uncertainties.
In practice, the impact of the measurement uncer-

tainties of x̂ on the parameter estimates is quite small.
This is because the typical uncertainty on log

10

(⌃
M?) is

⇠ 0.20 and on log
10

(�
v

) is . 0.10. Since the product

of the galaxy density f
gal

(x) and enhancement function
R

TDE

(x) is smoothly and slowly varying on the scale
of the measurement error, it can be approximated as
a constant under the integral in Eq. 7, or equivalently,
P (x̂|x) can be set equal to a delta function.
As in previous sections, Table 2 shows that the choice

of TDE subsample has no e↵ect on the results of our
analysis beyond enlarging the uncertainties of the fitted
parameters as the size of the samples decrease. Impor-
tantly, the direct dependence on surface mass density
remains significant. Likewise, restricting the volume-
weighted background galaxy sample to galaxies more
massive than 108 M� (as less massive galaxies are not
expected to host TDEs) does not a↵ect the estimates of
↵,�. The higher stellar mass cut of 109 M� results in
↵̂ = 0.8 ± 0.2 and �̂ = �1.3 ± 0.7, consistent with the
values found above. Likewise, limiting the redshift range
of the TDE and control sample to 0.01 < z < 0.1 results
in similar estimates of ↵̂ = 0.9±0.2 and �̂ = �1.4±0.7.
In this analysis, we have restricted the TDE host-

galaxy sample to those with Sérsic half-light radii (the
top half of Table 3), so that we could compare them
directly to the control sample. Adding the nine TDE
hosts with Petrosian half-light radii, the majority of
whom have velocity dispersions measured by Wevers
et al. (2017) instead of the Portsmouth pipeline, re-
sults in consistent estimates of ↵̂ = 0.84 ± 0.16 and
�̂ = �0.9± 0.5. PS1-10jh, which has a lower ⌃

M? value
than the rest of the sample, has very little e↵ect on
these estimates. Removing it from the sample results in
↵̂ = 0.86± 0.16 and �̂ = �0.9± 0.5.
When the TDE and control samples are split be-

tween star-forming (three TDE hosts) and quiescent
(seven hosts) galaxies, the estimates of ↵ and � remain
consistent, though with larger statistical uncertainties:
↵̂ = 0.9 ± 0.3, �̂ = 0.2 ± 1.2 for star-forming galaxies
and ↵̂ = 0.7 ± 0.3, �̂ = �1.9 ± 0.8. As expected from
Section 3.2, the dependence on ⌃

M? remains significant,
while the inverse dependence on �

v

remains insignificant
and is driven by the quiescent TDE hosts.

5. DISCUSSION

5.1. Quiescent Balmer strong galaxies and ⌃
M?

The ⌃
M?–�v

phase-space occupied by TDE hosts in
Figure 5 includes 73% of all quiescent Balmer-strong
galaxies and 41% of the quiescent moderately Balmer-
strong galaxies. It is thus tempting to assume that
the overabundance of these galaxies among TDE hosts
stems from a shared predilection for the high stellar den-
sity observed in all TDE hosts. However, the overabun-
dance of high-⌃

M? galaxies among TDE hosts, assuming
that they account for only 15–40% of the galaxy popu-

Rate / ⌃1
M⇤�

�1

(Graur+ 2017)
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Toward TDE population studies
Emission from TDEs is multiwavelength, multicomponent (thermal, 
beamed), considering events by “category” is becoming possible: 

see also Hung+ 2017 (opt/uv), Auchettl+ 2017 (x-ray), and Alexander+ 2017 (radio)
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Figure 4. TDE subsamples in H↵–H�
A

phase space. While the small number of events in each panel precludes any statistically
significant statement, we see the following: (1) X-ray TDEs are found in quiescent galaxies, including hosts with strong Balmer
absorption features; (2) likely and possible X-ray TDEs are found in both quiescent and star-forming galaxies; (3) more than half
of the veiled TDEs, including those with broad H or He lines, are found in quiescent galaxies, including hosts with strong Balmer
absorption lines; (4) veiled TDEs with coronal lines lie in star-forming hosts; and (5) overall, TDEs in star-forming galaxies
appear to be shifted to lower H�

A

absorption values than the general star-forming population. ASASSN14li, ASASSN15oi, and
SDSS J0748 appear twice. The first two, marked by a purple square and an orange diamond, respectively, are an X-ray TDE
and possible TDE with optical spectra exhibiting broad H and He features. The third event, discovered due to the coronal lines
in its spectrum, also exhibits broad H and He features.

for the TDE host galaxies in this subsample.8

While this subsample of TDEs accounts for only half
of our full sample, it includes all four types of TDE as
classified by A17 and spans a wide dynamical range in
galaxy properties, including, most importantly, a galaxy
stellar mass range of log(M

?

/M�) ⇡ 8.5–11, over which
TDEs are expected to occur.
To test theoretical estimates of the TDE rate, which

find a dependence on the density and velocity dispersion
of the stars around the SMBH, we concentrate here on
global stellar surface mass density, ⌃

M? , and velocity
dispersion, �

v

. In the following sections, we will often
refer to the base-10 logarithms of these properties. In
these cases, the units will be log(⌃

M?/(M�/4⇡ kpc2))
and log(�

v

/km s�1). For simplicity, we will omit the
units from now on.
Thirteen TDE hosts have concrete ⌃

M? measurements

8 The Lephare fitting code failed to calculate stellar masses
for SDSS J1350 and SDSS J0159. In these instances, we adopted
masses calculated by either the Portsmouth or Galspec pipelines.
The masses from these pipelines were corrected for being 0.13 dex
larger, on average, than those produced by Lephare (see Zahid
et al. 2016c for the di↵erence between the Portsmouth and Lep-
hare values. We calculated the di↵erence between the Galspec
and Lephare masses ourselves.).

based on LePhare stellar masses and Sérsic half-light
radii,9 and are shown in Figure 5. Fourteen hosts have
�
v

measurements from the Portsmouth pipeline, and a
subsample of ten have both types of measurements. The
last sample is marked in Figure 5 with purple squares.
We address the rest of the TDEs in Table 3 at the end
of this section.
Some of the TDE hosts in Table 3 have velocity dis-

persion values lower than the typical SDSS instrumental
resolution of 60 km s�1 (Thomas et al. 2013). How-
ever, we choose to keep these objects in our sample.
Recently, Wevers et al. (2017) measured velocity dis-
persions for 12 TDE hosts. Six of these (ASASSN14li,
ASASSN14ae, PTF09ge, PTF15af, D23-H1, and TDE1)
also have Portsmouth velocity dispersions, which are
consistent, even when the Portsmouth values are for-
mally lower than the SDSS instrumental resolution. The
host galaxy of PS16dtm, which has a Portsmouth veloc-
ity dispersion of 45± 13 km s�1, also had spectra taken

9 Two TDE hosts are unresolved, leading to lower limits on
their sizes and upper limits on their surface mass densities. A
third galaxy, RX J1420-B is an outlier and is dealt with in detail,
below.

(Graur+ 2017)
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peak R-band luminosity in the range �21 < Mr < �19.
For this survey, we adopt an e↵ective flux limit of 19.5
in the r band. Since the PTF search has a restriction on
the TDF luminosity, our method will underestimate the
e↵ective area (Asurvey via Eq. 2) if the rate decrease with
increasing flare luminosity. The TDF luminosity func-
tion (discussed in the next section) indeed has a nega-
tive slope and we modify our estimate of Asurvey (listed
in Table 3 to take this into account.
Besides the three sources presented by Arcavi et al.

(2014), the PTF survey has yielded one more TDF can-
didate: PTF10iya (Cenko et al. 2012). We exclude this
source from our compilation since the WISE (Wright
et al. 2010) colors provide strong evidence for a persis-
tent AGN. Using the flux measured by Lang, Hogg, &
Schlegel (2014), we find W1 � W2 = 0.8 ± 0.1, simi-
lar to colors of low-redshift quasars (Stern et al. 2012).
Furthermore, the mid-infrared light curve of this source,
derived by including the NEOWISER catalog (Mainzer
et al. 2014), shows variability both before and after the
discovery of the optical transient, which is unlike the ob-
served WISE light curves of other TDFs in our sample
(van Velzen et al. 2016a; Jiang et al. 2016).

2.1.5. iPTF

Three flares in our sample originate from iPTF, which
is the successor of PTF: iPTF-15af (Blagorodnova et al.
in prep) iPTF-16axa (Hung et al. 2017), and iPTF-16fnl
(Blagorodnova et al. 2017). The iPTF search was con-
ducted with the same telescope and camera as PTF, but
cadence and follow-up strategy were di↵erent. Contrary
to the PTF search by Arcavi et al. (2014), the three flares
from iPTF were not selected based on their luminosity,
but based on their color and spectral similarity to previ-
ous TDFs. For iPTF we adopt m < 19.5 in the r band
as the e↵ective flux limit. For the flare iPTF-16fnl, we
use the blackbody temperature reported by Brown et al.
(2017b).

2.1.6. ASAS-SN

Four flares in our sample originate from ASAS-SN
(Shappee et al. 2014): ASASSN-14ae (Holoien et al.
2014), ASASSN-14li (Holoien et al. 2016b), ASASSN-
15oi (Holoien et al. 2016a), and ASASSN-15lh (Dong
et al. 2016). The nature of the fourth flare, ASASSN-
15lh, is controversial: both a supernova (Dong et al.
2016; Godoy-Rivera et al. 2017) and a TDF (Leloudas
et al. 2016; Margutti et al. 2017) have been proposed.
In this paper we will consider both possible origins sepa-
rately. For ASAS-SN we adopt an e↵ective flux limit that
is similar to image flux limit, m < 17.3 in the g-band.
Two flares from this survey are outside the SDSS foot-

print. For ASASSN-15oi we use the Pan-STARRS cata-
log (Flewelling et al. 2016) to obtain the host photometry.
For ASASSN-15lh we use the host galaxy magnitudes
from the best-fit population synthesis model of Leloudas
et al. (2016). The measurement of the velocity dispersion
of the host galaxy of ASASSN-15lh will be presented in
Kruehler et al. (2017, in prep).

2.2. Luminosity/mass functions

For a survey of sources with a constant flux, the lu-
minosity function can be estimated by weighting each
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Fig. 1.— The TDF luminosity function (LF). The number of
sources in these five bins is: {4, 2, 3, 3, 1} (low to high). The last
bin contains the TDF candidate ASASSN-15lh. The dashed lines
show two a power-law fits (Eq. 3) while the dotted line shows a
Gaussian LF (Eq. 4). The solid line present our default model for
the TDF luminosity function (see Sec.2.3.1).

source by the maximum volume in which the source can
be detected (Schmidt 1968). The same principle holds
for a survey of transients, but now the weight should
include the survey duration and we obtain the number
of sources unit volume per unit time (i.e., the volumet-
ric rate). We therefore define Vmax ⌘ VmaxAsurvey, with
Asurvey the e↵ective duration and area of each survey as
estimated from the number of detected sources (Eq. 2).
In Figs. 1 and 2 we show 1/Vmax binned by the peak
g-band luminosity and galaxy mass, respectively.
Since the PTF search for TDFs (Arcavi et al. 2014)

used a luminosity selection (see Sec. 2.1.4) we exclude
these events when we compute the rate as a function of
Lg. We also have to exclude iPTF-15af since the photo-
metric data of this flare has not been published yet. We
are thus left with 17 � 4 = 13 sources. For TDFs with
a measurement of the host galaxy velocity dispersion,
the black hole mass is estimated from the M–� relation
(Ferrarese & Merritt 2000; Gebhardt et al. 2000). We
adopt the relation of Gültekin et al. (2009), obtained us-
ing both early-type and late-type galaxies. For the TDF
host galaxies that have measured velocity dispersions, we
compute Vmax using the lower value of zmax from the flux
limit for the detection of the flare and the host galaxy
flux limit for measuring the velocity dispersion—the for-
mer is the limiting factor for most sources (cf. the last
column of Table 1 and Table 2).
The uncertainty on each bin of

P
1/Vmax is estimated

from
P

1/V2
max (Schmidt 1968). This yields a typical un-

certainty of 0.3 dex for each bin, which is comparable to
the Poisson uncertainty. For bins that contain only one
source, we compute the uncertainty on the volumetric
rate using the 1�-confidence interval for Poisson statis-
tics, [0.17, 3.41].
The sum of 1/Vmax for all 13 TDF candidates that we

use for the luminosity function yield a rate of (8 ± 4) ⇥
10�7 Mpc�3yr�1.
The volumetric rate as a function of Lg (Fig. 1) shows

a steep decrease that can be parametrized as

dṄ

d log10 L
= Ṅ0 (L/L0)

a (3)

As we push toward understanding emission mechanisms and the 
production of TDFs from TDEs, we additionally need to consider the way 
these events propagate into survey detections.  

(van Velzen 2017)

observed optical/UV TDFs
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peak R-band luminosity in the range �21 < Mr < �19.
For this survey, we adopt an e↵ective flux limit of 19.5
in the r band. Since the PTF search has a restriction on
the TDF luminosity, our method will underestimate the
e↵ective area (Asurvey via Eq. 2) if the rate decrease with
increasing flare luminosity. The TDF luminosity func-
tion (discussed in the next section) indeed has a nega-
tive slope and we modify our estimate of Asurvey (listed
in Table 3 to take this into account.
Besides the three sources presented by Arcavi et al.

(2014), the PTF survey has yielded one more TDF can-
didate: PTF10iya (Cenko et al. 2012). We exclude this
source from our compilation since the WISE (Wright
et al. 2010) colors provide strong evidence for a persis-
tent AGN. Using the flux measured by Lang, Hogg, &
Schlegel (2014), we find W1 � W2 = 0.8 ± 0.1, simi-
lar to colors of low-redshift quasars (Stern et al. 2012).
Furthermore, the mid-infrared light curve of this source,
derived by including the NEOWISER catalog (Mainzer
et al. 2014), shows variability both before and after the
discovery of the optical transient, which is unlike the ob-
served WISE light curves of other TDFs in our sample
(van Velzen et al. 2016a; Jiang et al. 2016).

2.1.5. iPTF

Three flares in our sample originate from iPTF, which
is the successor of PTF: iPTF-15af (Blagorodnova et al.
in prep) iPTF-16axa (Hung et al. 2017), and iPTF-16fnl
(Blagorodnova et al. 2017). The iPTF search was con-
ducted with the same telescope and camera as PTF, but
cadence and follow-up strategy were di↵erent. Contrary
to the PTF search by Arcavi et al. (2014), the three flares
from iPTF were not selected based on their luminosity,
but based on their color and spectral similarity to previ-
ous TDFs. For iPTF we adopt m < 19.5 in the r band
as the e↵ective flux limit. For the flare iPTF-16fnl, we
use the blackbody temperature reported by Brown et al.
(2017b).

2.1.6. ASAS-SN

Four flares in our sample originate from ASAS-SN
(Shappee et al. 2014): ASASSN-14ae (Holoien et al.
2014), ASASSN-14li (Holoien et al. 2016b), ASASSN-
15oi (Holoien et al. 2016a), and ASASSN-15lh (Dong
et al. 2016). The nature of the fourth flare, ASASSN-
15lh, is controversial: both a supernova (Dong et al.
2016; Godoy-Rivera et al. 2017) and a TDF (Leloudas
et al. 2016; Margutti et al. 2017) have been proposed.
In this paper we will consider both possible origins sepa-
rately. For ASAS-SN we adopt an e↵ective flux limit that
is similar to image flux limit, m < 17.3 in the g-band.
Two flares from this survey are outside the SDSS foot-

print. For ASASSN-15oi we use the Pan-STARRS cata-
log (Flewelling et al. 2016) to obtain the host photometry.
For ASASSN-15lh we use the host galaxy magnitudes
from the best-fit population synthesis model of Leloudas
et al. (2016). The measurement of the velocity dispersion
of the host galaxy of ASASSN-15lh will be presented in
Kruehler et al. (2017, in prep).

2.2. Luminosity/mass functions

For a survey of sources with a constant flux, the lu-
minosity function can be estimated by weighting each
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Fig. 1.— The TDF luminosity function (LF). The number of
sources in these five bins is: {4, 2, 3, 3, 1} (low to high). The last
bin contains the TDF candidate ASASSN-15lh. The dashed lines
show two a power-law fits (Eq. 3) while the dotted line shows a
Gaussian LF (Eq. 4). The solid line present our default model for
the TDF luminosity function (see Sec.2.3.1).

source by the maximum volume in which the source can
be detected (Schmidt 1968). The same principle holds
for a survey of transients, but now the weight should
include the survey duration and we obtain the number
of sources unit volume per unit time (i.e., the volumet-
ric rate). We therefore define Vmax ⌘ VmaxAsurvey, with
Asurvey the e↵ective duration and area of each survey as
estimated from the number of detected sources (Eq. 2).
In Figs. 1 and 2 we show 1/Vmax binned by the peak
g-band luminosity and galaxy mass, respectively.
Since the PTF search for TDFs (Arcavi et al. 2014)

used a luminosity selection (see Sec. 2.1.4) we exclude
these events when we compute the rate as a function of
Lg. We also have to exclude iPTF-15af since the photo-
metric data of this flare has not been published yet. We
are thus left with 17 � 4 = 13 sources. For TDFs with
a measurement of the host galaxy velocity dispersion,
the black hole mass is estimated from the M–� relation
(Ferrarese & Merritt 2000; Gebhardt et al. 2000). We
adopt the relation of Gültekin et al. (2009), obtained us-
ing both early-type and late-type galaxies. For the TDF
host galaxies that have measured velocity dispersions, we
compute Vmax using the lower value of zmax from the flux
limit for the detection of the flare and the host galaxy
flux limit for measuring the velocity dispersion—the for-
mer is the limiting factor for most sources (cf. the last
column of Table 1 and Table 2).
The uncertainty on each bin of

P
1/Vmax is estimated

from
P

1/V2
max (Schmidt 1968). This yields a typical un-

certainty of 0.3 dex for each bin, which is comparable to
the Poisson uncertainty. For bins that contain only one
source, we compute the uncertainty on the volumetric
rate using the 1�-confidence interval for Poisson statis-
tics, [0.17, 3.41].
The sum of 1/Vmax for all 13 TDF candidates that we

use for the luminosity function yield a rate of (8 ± 4) ⇥
10�7 Mpc�3yr�1.
The volumetric rate as a function of Lg (Fig. 1) shows

a steep decrease that can be parametrized as

dṄ

d log10 L
= Ṅ0 (L/L0)

a (3)

As we push toward understanding emission mechanisms and the 
production of TDFs from TDEs, we additionally need to consider the way 
these events propagate into survey detections.  

(van Velzen 2017)

For every bright event there are 
many fainter flares: 

• Less accreted mass?  

• Lower radiative efficiency?  

• Different stellar dynamics 
(e.g. impact parameter)?
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Fig. 5.— Cumulative distribution of host galaxy stellar mass and black hole mass. We show the observed distribution, compared to the
distribution for two di↵erent mock TDF samples. The black solid line is our fiducial TDF model, using Eq. 9 to account for the suppression
of the TDF rate due to the capture of stars by black holes. The dashed line shows the distribution that is obtained if the event rate is
independent of mass. This second scenario clearly is inconsistent with the observations as it predicts too many flares from high-mass host
galaxies.

Fig. 6.— Identical to Fig. 5, but showing three more models for the event rate and flare luminosity function (see Table 4). We see
that both the AGN flare scenario and SNe that trace the starformation rate (SFR) or galaxy mass are inconsistent with the observed
distributions. While a SNe model with a rate that is independent of galaxy properties is consistent with the observed mass distribution,
this scenario is not consistent with the observed distribution of the Eddington ratio (Fig. 7).

For each of these samples, we compute the p-value for
rejecting the null-hypothesis. The distribution of the re-
sulting p-values follows a log-normal distribution with a
standard deviation of only 0.2 dex. We can thus con-
clude that Poisson fluctuation in the number of detected
TDF candidates will not lead to a false detection of hori-
zon suppression (a 9-� fluctuation of NTDF is required
to reach p > 0.1).
The simulated distributions of galaxy mass and black

hole mass for the other three scenarios that we consider
(see Table 4) are shown in Figure 6.

3. DISCUSSION

3.1. TDFs are not due to stellar explosions

We find that our fiducial TDF model correctly repro-
duces the distribution of host galaxy total stellar mass,
host galaxy black holes mass, and Eddington ratio (see
Fig. 5 and Fig. 7).
From Fig. 6, we conclude that if the observed TDFs are

due to a hypothetical new class of nuclear SNe, the rate
of these events needs to be independent of host galaxy
mass or starformation rate. This requirement could be
considered unlikely, because the rate of most types of

known SNe either scales with the host galaxy surface
brightness, or is limited to a particular subset of galaxies
(e.g., Fruchter et al. 2006). Direct evidence against the
possibility that observed optical TDF candidates are a
new class of SNe is the observed distribution of the Ed-
dington ratio. The Eddington limit for photons does not
apply to stellar explosions, but for each simulated SNe
we can still compute the Eddington ratio based on the
central black hole mass of its host galaxy. If the flare rate
is independent of galaxy properties and not constrained
by the Eddington limit, more than half of the observed
optical TDF candidates should have super-Eddington lu-
minosities (Fig. 7). The luminosity of candidate TDFs,
however, is observed to be capped near the Eddington lu-
minosity. The probability that a flux-limited SNe sample
would produce this skewed distribution of fEdd is small
(KS test yields p = 6 ⇥ 10�4). We find the same result
if we use a Gaussian distribution (Eq. 4) to draw the
luminosity of the simulated SNe.

3.2. TDFs are unlikely due to AGN

An instability in an AGN accretion disk could lead to
a rapid increase of the accretion rate and may there-

As we push toward understanding emission mechanisms and the 
production of TDFs from TDEs, we additionally need to consider the way 
these events propagate into survey detections.  

(van Velzen 2017)

observed optical/UV TDFs

detection of “horizon 
suppression”?
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2. TIDAL DISRUPTION MENU78

To determine whether an object is disrupted or swallowed by a black hole, we need to compare the tidal radius, rt,79

to the innermost bound circular orbit of the black hole,80

ribco =
2GMbh

c2

⇣
1 � a⇤

2
+

p
1 � a⇤

⌘
, (1)

where a⇤ = a/M , a = J⇤/M⇤c, M = GM⇤/c2, and M⇤ and J⇤ are the mass and angular momentum of the BH81

respectively (Abramowicz & Fragile 2013). For a non-spinning BH, ribco = 4GMbh/c2, and for a maximally-spinning82

BH, ribco = GM/c2. If rt > ribco, disruption is possible. Otherwise, the object is swallowed whole [Maybe cite83

W. East simulations here as an example?]. For simplicity we assume here that disruption is only possible when84

� � 1; in reality, disruption is a smooth function of �. For a non-spinning BH, we therefore require85

Mbh  Mbh, lim =
R3/2

?

M1/2
?

✓
c2

4G

◆3/2

/ ⇢�1/2
? (2)

for disruption. The mass-radius relationship, then, determines whether an object will be disrupted at a given BH86

mass. Denser objects such as WDs can only be disrupted by lower mass BHs while more tenuous objects such as MS87

or evolved stars can be disrupted by higher mass BHs.88

We can calculate the upper limit BH for a class of objects by using its mass-radius relation in the condition for89

disruption above. We show this menu of BH-object combinations for a non-spinning BH, along with a prompt-90

circularization condition explained below, in Figure 1. We use mass-radius relations for WDs, MS stars, evolved stars,91

and sub-stellar objects. We find that He WDs with hydrogen envelopes play a special role in this menu, as, similar to92

evolved stars, they can have a wide range of radii at a given mass depending on their age. Compared to the relatively93

tight mass-radius relation for typical white dwarfs, these objects allow access to a higher range of BH masses. More94

details on He WDs and our stellar evolution calculations of their structure are given in Section 3. Our choice of95

representative masses and ages is justified there.96

non-He WDs

He WDs

MS stars

Evolved  
stars

Planets
Brown dwarfs

Figure 1. [gorgeous! ... also, you’ll want to switch figures from ”h!” to ”tbp”] Regions where prompt tidal
disruption flares are favorable in M

obj

versus M
bh

space for a non-spinning BH. Enounters have 4GM
bh

/c2 < r
t

< 10GM
bh

/c2.
Note that disruption is still possible for lower BH masses than shown in each region. We include mass-radius relationships for
typical WDs from Zalamea et al. (2010), MS stars from Tout et al. (1996), evolved stars from Bressan et al. (2012, 2013), and
sub-stellar objects from the 1 Gyr curve of Chabrier et al. (2009). We define MS stars as M � 0.085M�, brown dwarfs as
0.085M� > M � 13M

Jup

, and planets as M < 13M
Jup

. For evolved stars, we choose masses above 0.9M� (here the evolutionary
time is approximately equal to the Hubble time) and radii up to the radius at the tip of the red giant branch for this mass star.
WDs below ⇠ 0.5M� will be helium-core hydrogen-envelope WDs. We calculate the radii of 3 He WDs 1 Gyr after formation
and interpolate for masses in between. We choose representative masses of 0.171M�, 0.25M�, and 0.38M�, with initial envelope
masses of 0.011M�, 0.016M�, and 0.019M� respectively. This is motivated by the fact that the mass distribution of He WDs
is expected to be relatively flat (Maoz et al. 2012).

A diversity of stellar types interact with 
and are disrupted by massive black 
holes.  

Accretion episodes range from hours to 
years, single or repeating depending 
on stellar type and orbital dynamics.  

Different transients selectively illuminate 
black holes of various mass, and 
galactic nuclei of particular properties. 

LSST: 100-1000 events per year. It is critical to 
address these questions now! 
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Thank you! 
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