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the bound gas, the debris from each star would be digested 
separately-in contrast to Hills' (35) "debris cloud" model of 
quasars, where the disruptions were postulated to be frequent 
enough to generate (compare Eq. 3) a quasar-level luminosity, but 
the orbital periods of the debris (ocMh1 ) are longer. The role of 
debris from disrupted stars in "activating" quiescent galaxies has 
been discussed by several authors, particularly by Ozernoi, Sanders, 
and their respective collaborators (36, 37), and preliminary numeri- 
cal computations of stellar disruption have already been published 
(38, 39). The quantitative details of the smallest "flares" depend on 
viscosity, relativistic precession effects, and so on, and are explored 
more fully elsewhere (34, 40, 41). 

When individual stars are being captured at the modest rate 
expected in relatively quiescent nuclei, the bulk of the debris from 
each would be swallowed or expelled rapidly compared with the 
interval between successive stellar captures. The most conspicuous 
result would be a flare (predominantly of thermal ultraviolet or x-ray 
emission) which may attain a quasar-level luminosity for a year or so 
before gradually fading (34, 40, 41). 

The behavior of stars passing well within the tidal radius rT exhibits 
special features. Such stars are not only elongated along the orbital 
direction but are even more severely compressed into a prolate shape 
(that is, a "pancake" aligned in the orbital plane) (28-31). This 
compression is halted by a shock, raising the matter (which then 
rebounds perpendicular to the orbital plane) to a higher adiabat. 
Also, there is the possibility of explosive nuclear energy release, and 
a still larger resultant spread in the energy of the debris. The orbits 
for which extreme compression occurs would enter regions where 
relativistic effects were more important than for those with 
rmin = rT- 

For hole masses Mh - 108 MO, solar-type stars cannot be disrupt- 
ed without entering the strongly relativistic domain. The form of the 
black hole (Schwarzschild or Kerr?) then has an important quantita- 
tive effect, as does (for a rotating Kerr hole) the orientation of the 
stellar orbit relative to the hole's spin axis. Stars on counter-rotating 
orbits are more readily captured, with the result that Kerr holes 
would spin down if they gained mass primarily from stellar capture. 
When the hole mass is >>108 MS most main-sequence stars would 
be swallowed whole (rT > rg), and only giants would generate 
gaseous debris. 

Observability of Flares from Disrupted Stars 
The most distinctive consequence of a 106 to 108 MS black hole's 

presence would be transient flares whenever bound debris from a 
star was swallowed, the luminosities being as high as LE - 1044M6 
erg s -. In a given object, these flares would have a duty cycle of 
order 10-3 at peak luminosity. The rise time and the peak bolomet- 
ric luminosity can be predicted with some confidence. However, the 
effective surface temperature (and thus also the fraction of the 
luminosity that emerges in the visible band) is harder to predict- 
this depends on the size of the effective photosphere that shrouds 
the hole, particularly when M is high. The median luminosity would 
be far below that which would result from steady efficient accretion of 
the mass supply implied by Eq. 2. Therefore we would not yet 
expect to have detected such a flare. On the other hand, a sufficiently 
large sample of such galaxies should reveal some members of the 
ensemble in a flaring state. Such events could be searched for out to 
large distances: they would last rather longer than supernovae and 
would differ from typical AGNs through the lack of any extended 
structure (emission line or radio components). The central location 
of the phenomenon, however, militates against its detection in 
supernova searches, which are notoriously incomplete in the inner 

high surface brightness regions of galaxies. If ; 106 MO holes were 
prevalent even in small galaxies, the nearest such flares, in any given 
year, may be no further away than the Virgo Cluster. 

Several aspects of stellar disruption call for detailed stellar dynami- 
cal and hydrodynamic calculations, which cannot simulate the 
essence of the phenomenon without being fully three-dimensional. 
Also, relativistic precession has an important effect on the flow at 
r ' rT. Obviously, precise modeling should allow for a realistic 
range of stellar types and of impact parameters. 

A further question is how fast the brightness fades after a flare. 
This is important because we want to know whether the center has 
faded below detectable levels before (1,000 to 10,000 years later) 
the next stellar disruption occurs. The answer to this question 
depends on how long it takes the last "dregs" of a disrupted star to 
be digested. Bits of debris that are on orbits bound to the hole, but 
only marginally so, will continue to rain down long after the bulk of 
the debris has been swallowed. One expects. the infall rate M to 
decline at t-513 for late times (34). Some material may, moreover, be 
stored for a long time in an accretion disc (40, 41): the specific 
angular momentum goes as r112 for Keplerian orbits, so angular 
momentum transport via disc viscosity requires that 10% of the 
debris goes out to 100 rT, and 1% to 104 rT, before being 
swallowed. Even if the peak bolometric luminosity is sustained for 
- 1 year, a galactic nucleus may fade more slowly in the visible and 
infrared bands because of light echos and reprocessing of the 
ultraviolet flare by gas or dust within the central kiloparsecond. 

If most galaxies harbor black holes, then if we look at the nearest 
few thousand galaxies we would expect to catch a few near the peak 
of a "flare," and probably rather more in a state where the effects of 
the most recent tidal disruption were still discernible. A highly 
worthwhile program would be to monitor all galaxies in the Virgo 
Cluster on an annual basis, seeking evidence for the occasional stellar 
disruption. 

Mergers and Binary Black Holes 
We have seen that there may be black holes in most galaxies. It is 

also implied by the data in Fig. 1 that most of these had already 
formed by the time the universe was 2 or 3 billion years old. There 

Fig. 5. A solar-type star Max escape 
approaching a massive Mean binding speed-104 km s- 
black hole on a parabolic energy1 0-5c2 
orbit with pericenter dis- 
tance rT is distorted and 
spun up during infall, 
and then tidally disrupt- 
ed. The average specific 
binding energy of the 
debris to the hole is Max binding 
_10-5 c2 (of order the energy-103c2 

self-binding energy of 
the original star). How- 
ever, the spread in this I 

I I Mh" 
energy [of order vAv, I M. where v - c(rTIr )-1/2 1% 
and Av = (Gm*lr*) /2] is /, 
-10 c2 for hole mass- 
es Mh-106 M0. Al- t I most half the debris / 
would therefore escape " 
on hyperbolic orbits 4--, 
with speeds up to _ 104 
km s-'; the most tightly 
bound debris would traverse an elliptical orbit with major axis ~-103 rg 
before returning to r rT. Radiation from this debris, much of which may 
swirl down into the hole, creates a conspicuous "flare." 
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Stellar tidal disruptions
• Star passes within 
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• Half of the debris 
remains bound


• Steep fallback rate: t-5/3


• Rare events: ~104 yr 
wait time per galaxy


• M>108 M⊙, Roche radius 
inside black hole horizon
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A new tool to identify black 
holes in quiescent galaxies

!3
Artis impression Image credit: NASA, van Velzen et al.
Simulation image: Guillochon et al. 



credit: Wikimedia!4

Do all galaxies 
host  massive  
black holes in 
their nuclei? 

(LISA)
Is accretion/jet physics  

scale invariant? 
(Athena)

Big Questions



TDE locus in optical surveys 
(2011)
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adapted from van Velzen et al. (2011)

“Blue transient from  
the centers of galaxies”



Optical 
spectroscopic 

sequence
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“Blue spectra with  
broad H/He”

Adapted from Arcavi et al. (2014)



Early-time optical light curves: 
steep power-law decay

!8

(e.g., interpolating the light curve to measure the FWHM).
Using all available ZTF data (i.e., including upper limits prior
to the first detection of the alert), we fit both the r-band and
g-band simultaneously. To model the SED, we use a constant
color for the observation before the peak of the light curve, and
a linear change of color with time for the post-peak
observations:

g r t
g r t t

g r a t t t t .
2

peak

peak peak

-
- =

á - ñ

á - ñ + - >

⎧⎨⎩( )( ) ( )
( ) ( ) ( )

The use of a constant color before the peak helps to get robust
results from the fitting procedure (pre-peak light curves often
contain too few points to constrain any color evolution), plus
this light-curve model also matches the observed behavior of
SN Ia, which only show significant cooling after maximum
light (e.g., Hoeflich et al. 2017).

To summarize, our light-curve model has six free parameters:
rise timescale (σ), fade timescale (τ), the time of peak (tpeak), flux
at peak (Fpeak), mean pre-peak color ( g r t tpeaká - ñ <∣ ), and rate of
color change (a, with units time−1).

For AT2018zr, we have no ZTF photometry post-peak
(because the flux of the transient is contained in the reference
image of the public survey, which is not available for
reprocessing until the first ZTF data release; Graham et al.
2019) and we instead use the Swift/UVOT photometry. For the
other four TDEs with a resolved peak of the light curve, we
include the published photometry31 up to 100days post-peak

(when a longer temporal baseline is used, an exponential decay
no longer provides a good description of the TDE light curve).
In Figure 5 we show the result of applying our light-curve

model to AT2018zr, other known TDEs, as well as the AGNs,
SNe and CVs in our sample of nuclear flares. We discuss these
results in Section 5.4.

4. Host-flare Astrometry in ZTF Data

In the previous section we found that our sample of nuclear
flares contains about 10% spectroscopically confirmed SNe. As
explained in Section 2.1, the sample of nuclear flares was
constructed from alerts with at least one detection with a host-
flare distance smaller than 0 6. However, we expect that the
mean host-flare distance can be measured with a precision that
is better than 0 6, thus facilitating a better separation of nuclear
flares (AGN/TDEs) and SNe.
To understand how the measurement of the offset scales with

the signal-to-noise ratio of the detection, we collected ZTF
measurements for a sample of known AGNs. To obtain a good
measurement of the mean and rms of the offset, we required at
least seven detections and a median host-flare distance <0 3,
leaving 128 AGNs. Under the assumption that the variability of
these sources originates from the photometric center of their
host galaxy, the observed rms of the offset yields the
uncertainty, σoffset.
In Figure 6 we show σoffset binned by the PSF magnitude of

the flare in the difference image (mdiff). We find the following

Figure 4. Light curves of the five optical TDEs that have a resolved rise-to-
peak. We show both the rest-frame g-band luminosity (top) and the blackbody
luminosity (bottom). Note the difference of the vertical axis scale between the
two figures due to the bolometric correction from the optical luminosity to the
blackbody luminosity.

Figure 5. Tidal disruption flares compared to other nuclear flares and transients
detected by ZTF. Top: rise timescale vs. the fade timescale, both measured
using the g/r band observations; see Equation (1). Known TDEs have a longer
rise and fade timescale compared to most SNe. Bottom: the mean g-r color vs.
its slope (Equation (2)) as measured during the first 100 days since the peak of
the light curve. Unlike known SNe, all known TDEs have a near-constant
color. Most AGN flares also have a constant color, but their mean colors
(as measured in the difference image) show a much larger dispersion.

31 Obtained using the Open TDE Catalog,http://TDE.space.
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Late-time UV emission of TDFs 19

Figure 10. Two-component (disk and power-law) fits for our best-sampled flares. Data identical to Figs. 4 & 5, but showing
the result for a power-law with an index fixed at p = �5/3 plus our disk model. The slowly evolving FUV emission from this
disk model is not important for the early time observations, but provides a good explanation for the late-time observations.

to unobservably low FUV luminosities. A piece of cir-
cumstantial evidence supporting this hypothesis may be
found in Fig. 1. Of all the TDF host galaxies we mod-
eled, the host of TDE1 has the oldest stellar popula-
tion, which is best fit by a single burst of star formation
12.8 Gyr ago, hinting at a low metallicity.
A final possible explanation for the nondetection of

TDE1 is a di↵erent type of disk state change, from a
thermal, radiatively e�cient state to a “low-hard,” ra-
diatively ine�cient accretion flow. In X-ray binaries,
this type of transition is seen to occur at accretion rates
below ⌅ 2% of the Eddington rate (Maccarone 2003).
This type of state change produces a large drop in disk

thermal emission. The M•�� relationship suggests that
TDE1 has one of the highest black hole masses in our
sample, making it plausible that this TDF could have
been the first to undergo such a state transition. Ra-
diatively ine�cient accretion flows are often associated
with e�cient jet launching, and past work has argued
that radio-dim TDFs should become radio-bright at late
times as jets turn on at a low Eddington fraction (van
Velzen et al. 2011; Tchekhovskoy et al. 2014). In our
fiducial, a• = 0.9 grid of models, the present-day ac-
cretion rates in all observed TDFs are well above 2%
of the Eddington rate, with the exceptions of TDE2
(Ṁ = 0.032ṀEdd, for best-fit Mì and ↵) and D3-13

Late-time light curves:  
an accretion disk emerges

!9

Late-time UV emission of TDFs 19

Figure 10. Two-component (disk and power-law) fits for our best-sampled flares. Data identical to Figs. 4 & 5, but showing
the result for a power-law with an index fixed at p = �5/3 plus our disk model. The slowly evolving FUV emission from this
disk model is not important for the early time observations, but provides a good explanation for the late-time observations.

to unobservably low FUV luminosities. A piece of cir-
cumstantial evidence supporting this hypothesis may be
found in Fig. 1. Of all the TDF host galaxies we mod-
eled, the host of TDE1 has the oldest stellar popula-
tion, which is best fit by a single burst of star formation
12.8 Gyr ago, hinting at a low metallicity.
A final possible explanation for the nondetection of

TDE1 is a di↵erent type of disk state change, from a
thermal, radiatively e�cient state to a “low-hard,” ra-
diatively ine�cient accretion flow. In X-ray binaries,
this type of transition is seen to occur at accretion rates
below ⌅ 2% of the Eddington rate (Maccarone 2003).
This type of state change produces a large drop in disk

thermal emission. The M•�� relationship suggests that
TDE1 has one of the highest black hole masses in our
sample, making it plausible that this TDF could have
been the first to undergo such a state transition. Ra-
diatively ine�cient accretion flows are often associated
with e�cient jet launching, and past work has argued
that radio-dim TDFs should become radio-bright at late
times as jets turn on at a low Eddington fraction (van
Velzen et al. 2011; Tchekhovskoy et al. 2014). In our
fiducial, a• = 0.9 grid of models, the present-day ac-
cretion rates in all observed TDFs are well above 2%
of the Eddington rate, with the exceptions of TDE2
(Ṁ = 0.032ṀEdd, for best-fit Mì and ↵) and D3-13

time since peak (days) time since peak (days)

• HST and Swift UV follow-up          
(van Velzen et al. 2019a)


• UV detections; light curve flattens


• Late-time X-ray detections              
(Jonker et al. 2019)


*data from: 
Gezari et al. (2012, 2015)
Holoien et al. (2014)
van Velzen et al. (2019a)

* *



Disruption rate as a function of 
black hole mass
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Based on method in van Velzen (2018); 
data from Wevers et al. (2017, 2019)

BH horizon!



Measuring the average spin of 
quiescent black holes
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ASASSN-15lh: Leloudas et al. (2016)
Figure: Stone & van Velzen (2019, in prep)

a=0
a=0.9999

<a> = 0.5
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a  = 0

a  = 0.9999



Spectrum of a tidal disruption flare 

!12
Velzen et al. (Science, 2016)



Spectrum of a tidal disruption flare 
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Velzen et al. (Science, 2016);  
ASASSN-14li (Holoien et al. 2016)



T~104 K
R~1000 Rs T~106 K

R~1 Rs

Spectrum of a tidal disruption flare 
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Velzen et al. (Science, 2016);  
ASASSN-14li (Holoien et al. 2016)



T~1 eV
R~1000 Rs T~100 eV

R~1 Rs

Spectrum of a tidal disruption flare 
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Velzen et al. (Science, 2016);  
ASASSN-14li (Holoien et al. 2016)



Synchrotron 
emission; 
jet-disk 
coupling

Multi-wavelength tour:             
radio emission

!16 Radio data: Velzen et al. (2016);  Alexander et al. (2016)
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X-rays	from	inner	disk	

Inner	accreMon	disk				

Peak		
Emission		
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Fig. 7.— Schematic of the proposed jet model for the tidal dis-
ruption flare ASASSN-14li. Shown here is a snapshot of the jet
at the end of the radio monitoring observations (June, 2015). The
X-ray–radio correlation and the radio spectral evolution can both
be explained as follows. First, perturbations in the accretion rate
are manifested as X-ray flux variations and, via the disk–jet cou-
pling, lead to perturbations in the jet power. The jet power is used
to accelerate electrons, which produce synchrotron emission. As
the synchrotron radiating electrons are swept further along the jet
axis, they start to cool adiabatically. When their emission becomes
optically thin to self-absorption at 16 GHz, at ⇠ 1016 cm from the
black hole (about 13 days later), the observed X-ray–radio corre-
lation emerges. Applying our jet model to the radio observations
of ASASSN-14li (Fig. 8), we estimate the jet flow velocity at these
radii to be about 0.5c.

peak frequency (see Sec. 4.1), additional evidence for this
adiabatic evolution is the apparent exponential turnover
at ⌫ ⇡ 15 GHz in the radio SEDs (see Fig. 8). This
turnover is most clearly seen in the radio data taken on
2015 Aug 28, Sep 8-11 (see Fig. 8). While this can be
explained by synchrotron cooling, matching the cooling
time at 16 GHz to the dynamical time requires a mag-
netic field that is two orders of magnetic higher than the
observed equipartition value. In other words, the ob-
served high-frequency break in the radio spectra can be
explained by synchrotron cooling, but only if the parti-
cles were accelerated in a region with a magnetic field
that is higher than the equipartition value. This can be
established if the acceleration happened downstream in
a jet (i.e., .closer to the black hole), where the magnetic
strength is larger. To include the e↵ect of synchrotron
cooling on the spectral shape, we allow the maximum
Lorentz factor of the electrons, �max, to be a free param-
eter in our jet model.
To predict the light curve in an adiabatic jet model,

we use a superposition of non-overlapping spheres in a
conical geometry (Fig. 7), each with a flux given by their

Fig. 8.— Adiabatic jet model and multi-frequency radio obser-
vations of ASASSN-14li. This jet model is a superposition of syn-
chrotron emitting spheres, each expanding with the same velocity
in a conical jet geometry. The electrons in each region in the jet
cool adiabatically, which yields the decrease of the peak luminosity
with time. Data points with the same colors are semi-simultaneous
(epochs are labeled in the legend). The width of each model curve
indicates the range of the predicted flux due to the temporal spread
of the observations.

magnetic field and radius (Eq. 9). If each sphere receives
the same amount of jet power, the total flux (i.e., the
contribution from all the spheres) yields the well-known
flat-spectrum, S⌫ / ⌫0. Following van der Laan (1966)
and Marscher & Gear (1985) we account for adiabatic
cooling of electrons via the normalization of the electron
energy distribution

K(z > z0) = (z/z0)
2(1�p)/3. (10)

Here z is distance measured along the jet axis and z0 is
the distance from the black hole where electrons are no
longer accelerated and the jet starts to cool. Adding this
cooling term to Eq. 9, we retrieve the scaling of Marscher
& Gear (1985) for the peak flux with frequency at peak
of an adiabatic jet (Eq. 3).
Since we have a rapid decrease in the accretion power,

we expect that the jet power (Qj) downstream from the
jet head (zhead) will decrease. We model this with a
power-law scaling,

Qj(z, t) = (z/zhead(t))
cQ , (11)

with cQ a free parameter. A second free parameter of
our jet model is the scaling of the magnetic field along
the jet axis

B(z, t) = B0(z/z0)
cB ⇥Q1/2

j (z, t) . (12)

If no magnetic energy is lost and the jet can freely expand
to yield a conical geometry we expect cB = �1 (Bland-
ford & Rees 1974; Blandford & Königl 1979; Falcke &
Biermann 1995). We stress that cB and cQ are not de-
generate; cB parameterizes how the radio flux from every

Figure 2: X-ray and radio light curves show similar variations. The 16 GHz radio light curve of
ASASSN-14li is shown as blue squares. The black data points show the X-ray light curve offset by
13 days and interpolated at the radio epochs. Both light curves were de-trended by subtracting the
best-fit power-law decay, leaving only the variability features. The X-ray and the radio fractional
variability amplitudes on top of the power-law decay are 10±1% and 16±1%,respectively. The
solid curves, which are running averages over a 10 day window, are shown to guide the eye.
Typical 68% uncertainties are shown as vertical bars.
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Transient IR emission from tidal disruption flares 9
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Fig. 5.— Di↵erence flux light curves of optical and IR emission TDFs. The circles show the optical observations of the flare; the dashed
line that runs through these points is the light curve of the well-sampled tidal flare PS1-10jh. The baseline-subtracted IR data from WISE
is shown by the square symbols; 1� upper limits are indicated by arrows. Our best-fit model for the IR emission, obtained by reprocessing
the tidal flare light in a shell of hot dust (T = 1850 K), is shown by the solid lines.

First, the bolometric correction may be due to dust
extinction in the host galaxy (i.e., due to dust along
our line of sight to the black hole). This reddening de-
creases the observed black body temperature and, since
the flare SED peaks at UV wavelengths, significantly re-
duces the inferred black body luminosity. The observed
slope of the optical SED of PTF-09ge (T = 2.2⇥ 104 K)
is more shallow than the slope for the Rayleigh-Jeans
limit, hence the intrinsic temperature of this flare could
be higher than the observed temperature. Using the
Calzetti et al. (2000) extinction law to correct the ob-
served optical spectrum of PTF-09ge for a dust column
with EB�V = 0.3 increases the black body luminosity
by a factor ⇡ 8. An analysis of sodium absorption in
the spectra of type 1 AGN suggests that an extinction
of EB�V = 0.3 to a galactic nucleus is not uncommon
(Baron et al. 2016).
Alternatively, if the extinction to the center of the

galaxy is small, the bolometric correction could be ex-
plained by adding an X-ray emitting component to the
flare SED. The TDF ASASSN-14li (Holoien et al. 2015;
Miller et al. 2015; van Velzen et al. 2016) showed two
black body spectra, with temperatures T = 3 ⇥ 104 K
and kT = 0.05 keV. The latter dominates the total en-
ergy output and could thus explain the bolometric cor-
rection to the optical luminosity of PTF-09ge.
If the accretion of stellar debris is radiatively e�cient

(⌘ ⌘ L/ṁc
2 = 0.1), our estimate of the total radiated

energy of PTF-09ge implies an upper bound on the ac-
creted mass of 0.1M�. Recent numerical simulations
(Shiokawa et al. 2015) show a similar mass accretion af-
ter the disruption of a solar type star, hence our ob-
servations are consistent with high radiative e�ciency in
super-Eddington accretion disks (Jiang et al. 2014). This
inference also points to a full disruption of a solar-type
star, while a partial disruption would be inferred if no
bolometric correction is applied to the light curve.

5.3. Dust covering factor

Our observations are the first to probe dust within
0.1 parsec of the center of non-active galaxies. We can

cal/UV observations of TDF are well-described by a black body
spectrum, it is more instructive to define the TDF bolometric cor-
rection with respect to the black body luminosity.

use the total energy radiated in the IR (Edust) and the
energy able to heat graphite dust (Eabs) to find the cov-
ering factor of this dust, fdust = Edust/Eabs. For both
TDFs in our final sample we find fdust ⇠ 1% (Table 3).
The fractional uncertainty on fdust is smaller than

for Labs since the former has a weaker temperature-
dependence. The ratio between the total IR luminos-
ity and the portion we observe at 3.4µm (cf. Eq. 5),
increases with temperature, / T

3 for temperatures '
1800 K, but somewhat less steeply at lower temperatures.
Since Eabs / T

5.8 (Eq. 12), the fractional uncertainty on
the covering factor is a factor ⇡ 2 smaller than the frac-
tional uncertainty on Labs.
Galaxy-to-galaxy fluctuations in the dust size distribu-

tion are expected to have a small influence on the inferred
covering factor. Dust lanes in E/S0 galaxies have an ex-
tinction curve that is similar to the Milky Way (Finkel-
man et al. 2012), which implies a similar peak of the grain
size distribution (Goudfrooij et al. 1994). For a sample
of 26 early-type galaxies, the mean grain size di↵erence
with respect to the Milky Way is 8% (Patil et al. 2007).
Since Eabs / a

2 (Eq. 12), this fluctuation of the grain
size translates to an uncertainty of 0.1 dex on fdust.
While the dust distribution at the centers of galaxies is

not constrained by observations, most mechanisms that
can alter the distribution (e.g., sputtering) will act to re-
duce the number of small grains relative to large grains
and therefore not a↵ect our estimate of the covering fac-
tor, unless there are also agglomerative mechanisms par-
ticular to galactic nuclei.
The information contained in the IR light curve (Fig. 5)

is not su�cient to constrain to what degree the dust ge-
ometry departs from spherical symmetry (see Appendix).
However this does not a↵ect our ability to measure the
covering factor because this parameter is a measure of
the absorbed energy, which is independent of the dust
geometry (this is demonstrated in Fig. 6, right panel).
The covering factor inferred from our observations is al-

most two orders of magnitude smaller than typical dusty
tori in Seyfert galaxies (Barvainis 1987). This is not sur-
prising since a high accretion rate is likely required to
build and sustain a torus that covers a large solid angle
(e.g., Pier & Krolik 1992), while the host galaxies of the
TDFs show no signs of high accretion rates prior to the

van Velzen et al. (2016b)
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Fig. 5.— Di↵erence flux light curves of optical and IR emission TDFs. The circles show the optical observations of the flare; the dashed
line that runs through these points is the light curve of the well-sampled tidal flare PS1-10jh. The baseline-subtracted IR data from WISE
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First, the bolometric correction may be due to dust
extinction in the host galaxy (i.e., due to dust along
our line of sight to the black hole). This reddening de-
creases the observed black body temperature and, since
the flare SED peaks at UV wavelengths, significantly re-
duces the inferred black body luminosity. The observed
slope of the optical SED of PTF-09ge (T = 2.2⇥ 104 K)
is more shallow than the slope for the Rayleigh-Jeans
limit, hence the intrinsic temperature of this flare could
be higher than the observed temperature. Using the
Calzetti et al. (2000) extinction law to correct the ob-
served optical spectrum of PTF-09ge for a dust column
with EB�V = 0.3 increases the black body luminosity
by a factor ⇡ 8. An analysis of sodium absorption in
the spectra of type 1 AGN suggests that an extinction
of EB�V = 0.3 to a galactic nucleus is not uncommon
(Baron et al. 2016).
Alternatively, if the extinction to the center of the

galaxy is small, the bolometric correction could be ex-
plained by adding an X-ray emitting component to the
flare SED. The TDF ASASSN-14li (Holoien et al. 2015;
Miller et al. 2015; van Velzen et al. 2016) showed two
black body spectra, with temperatures T = 3 ⇥ 104 K
and kT = 0.05 keV. The latter dominates the total en-
ergy output and could thus explain the bolometric cor-
rection to the optical luminosity of PTF-09ge.
If the accretion of stellar debris is radiatively e�cient

(⌘ ⌘ L/ṁc
2 = 0.1), our estimate of the total radiated

energy of PTF-09ge implies an upper bound on the ac-
creted mass of 0.1M�. Recent numerical simulations
(Shiokawa et al. 2015) show a similar mass accretion af-
ter the disruption of a solar type star, hence our ob-
servations are consistent with high radiative e�ciency in
super-Eddington accretion disks (Jiang et al. 2014). This
inference also points to a full disruption of a solar-type
star, while a partial disruption would be inferred if no
bolometric correction is applied to the light curve.

5.3. Dust covering factor

Our observations are the first to probe dust within
0.1 parsec of the center of non-active galaxies. We can

cal/UV observations of TDF are well-described by a black body
spectrum, it is more instructive to define the TDF bolometric cor-
rection with respect to the black body luminosity.

use the total energy radiated in the IR (Edust) and the
energy able to heat graphite dust (Eabs) to find the cov-
ering factor of this dust, fdust = Edust/Eabs. For both
TDFs in our final sample we find fdust ⇠ 1% (Table 3).
The fractional uncertainty on fdust is smaller than

for Labs since the former has a weaker temperature-
dependence. The ratio between the total IR luminos-
ity and the portion we observe at 3.4µm (cf. Eq. 5),
increases with temperature, / T

3 for temperatures '
1800 K, but somewhat less steeply at lower temperatures.
Since Eabs / T

5.8 (Eq. 12), the fractional uncertainty on
the covering factor is a factor ⇡ 2 smaller than the frac-
tional uncertainty on Labs.
Galaxy-to-galaxy fluctuations in the dust size distribu-

tion are expected to have a small influence on the inferred
covering factor. Dust lanes in E/S0 galaxies have an ex-
tinction curve that is similar to the Milky Way (Finkel-
man et al. 2012), which implies a similar peak of the grain
size distribution (Goudfrooij et al. 1994). For a sample
of 26 early-type galaxies, the mean grain size di↵erence
with respect to the Milky Way is 8% (Patil et al. 2007).
Since Eabs / a

2 (Eq. 12), this fluctuation of the grain
size translates to an uncertainty of 0.1 dex on fdust.
While the dust distribution at the centers of galaxies is

not constrained by observations, most mechanisms that
can alter the distribution (e.g., sputtering) will act to re-
duce the number of small grains relative to large grains
and therefore not a↵ect our estimate of the covering fac-
tor, unless there are also agglomerative mechanisms par-
ticular to galactic nuclei.
The information contained in the IR light curve (Fig. 5)

is not su�cient to constrain to what degree the dust ge-
ometry departs from spherical symmetry (see Appendix).
However this does not a↵ect our ability to measure the
covering factor because this parameter is a measure of
the absorbed energy, which is independent of the dust
geometry (this is demonstrated in Fig. 6, right panel).
The covering factor inferred from our observations is al-

most two orders of magnitude smaller than typical dusty
tori in Seyfert galaxies (Barvainis 1987). This is not sur-
prising since a high accretion rate is likely required to
build and sustain a torus that covers a large solid angle
(e.g., Pier & Krolik 1992), while the host galaxies of the
TDFs show no signs of high accretion rates prior to the
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• R ~ 0.1 pc


• Labs ~ 1045 erg/s


• Covering factor:                      
Labs/Ldust ~ 1%
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“Disk powered” “Stream powered” 
A TDE changes its spots 11

Figure 13. Schematic of AT2017eqx and unified model for TDE line emission. Left (A): If an accretion disk forms quickly, X-rays heat
a reprocessing layer powering the optical light. In the polar region, a wind can develop (Dai et al. 2018; Metzger & Stone 2016). Right
(B): Alternatively, energy is produced by collisions between debris streams. Bound debris forms an atmosphere (Jiang et al. 2016b), while
unbound material escapes along the stream directions, leading to a qualitatively similar inflow/outflow model (see also Hung et al. 2019).
In either scenario, extended atmospheres produce He II�4686 and Balmer lines, whereas compact ones produce only He II (Guillochon
et al. 2014; Roth et al. 2016). Outflows produce blueshifted emission lines (Roth & Kasen 2018), but are visible only for certain viewing
angles. If the atmosphere contracts, blueshifted emission can be revealed to observers at larger angles. In case A, viewing angles far from
the disk plane, which show blueshifted lines, may also reveal X-rays earlier, whereas no such correlation exists in case B.

equal – a more compact envelope gives a larger He II/H↵ ra-
tio, because H↵ is self-absorbed at most radii whereas He II
is thermalised at greater depth and therefore emitted over
a greater volume. Thus the transition from a H-strong to
He-strong spectrum can potentially be explained if there is
a contraction of the envelope towards the SMBH.

A contracting envelope is consistent with the observed
decrease in luminosity at constant temperature2 (Figure 6).
Moreover, our results from modelling the photometry with
blackbody fits and mosfit indicated a photosphere that
grows and shrinks in direct proportion to the luminosity.
In the time between maximum light and the disappearance
of the hydrogen lines, the luminosity (and therefore radius)
decrease by roughly an order of magnitude, which could ac-
count for the change in the line ratios (Roth et al. 2016).

Equally important is the blueshift in He II. Blending
with other lines such as He I or the Bowen lines may make
a contribution, but these lines are not su�ciently blue to
account for the size of the shift. One species that does emit
at approximately the right wavelength is Fe II. Wevers et al.
(2019b) identified these lines in AT2018fyk, and argued that
they could also account for the apparently blueshifted He II
line profile in TDEs like ASASSN-15oi. While we cannot

2 A reduction in photospheric radius is also possible even in out-
flowing material, if the density and ionization are decreasing as
in a supernova, but this is generally accompanied by a decreasing
temperature. Moreover, a lower density should favour H↵ pro-
duction, as photons emitted from greater depths could escape
without destruction by self-absorption.

rule out an Fe II contribution in AT2017eqx, these lines
are thought to originate from dense gas close to a newly-
formed accretion disk, and so would seem to be inconsistent
with the lack of X-ray emission or other disk signatures in
AT2017eqx. If a disk was visible, another way to induce a
blueshift is Doppler boosting of the blue (approaching) side.
We disfavour this for two reasons: first, if the optical depth
is low enough to reveal the disk, we would expect to see
H↵, as in other events with disk-like line profiles (Arcavi
et al. 2014; Holoien et al. 2018b). Second, the disk should
be hotter than the envelope, but we see no clear increase in
temperature, nor the onset of X-ray emission.

Roth & Kasen (2018) explained the blueshifted profiles
in TDEs as evidence for electron-scattered line emission in
an outflowing gas. Yet we have previously shown that the
increasing He II/H↵ ratio indicated a net inflow of material.
Therefore to account for the full spectroscopic evolution of
AT2017eqx requires both inflowing and outflowing gas, along
with an appropriate geometry. We show a schematic of such
a model in Figure 13.

In this scenario, the luminosity is generated in a small
region, either from an accretion disk or at the intersection
point between colliding debris streams. Initially, the observer
sees (reprocessed) emission from a quasi-static atmosphere
of bound debris (Jiang et al. 2016b). Its extent, ⇠ 10

14–
10

15 cm, is roughly proportional to the luminosity from the
TDE engine. Following Roth et al. (2016), the dominant
emission lines depend on the extent and optical depth of
this layer. Lines from this region are broadened by electron
scattering, but centered at their rest-frame wavelength.

MNRAS 000, 1–17 (2019)



X-ray photons to the rescue 

dependence between these two parameters:

m0.24 0.04 20 arcsec. 3offset diffs = + -( ) ( )
We can use this relation to compute the inverse-variance
weighted mean of the offset. In Figure 7 we show the weighted
mean host-flare distance for the SNe, AGN, and unclassified
flares in our nuclear flare sample (again using only sources with
at least seven detections). Multiple observations of the same
flare lead to an increased accuracy for the mean host-flare
distance, yielding a typical uncertainty of 0 2 for nuclear flares
with a few tens of detections (see the peak of the AGN
distribution in Figure 7).

The measurements of the host-flare offset are not indepen-
dent because each measurement depends on the same reference
frame to yield the position of the host. To show the astrometric
accuracy without the contribution of the reference frame, we
also report the rms of the offset with respect to the median
position of the flare in the difference image (Figure 6).

5. Discussion

5.1. Origin of the Thermal Emission Mechanism

AT2018zr is the fifth optical/UV-selected TDE with an
X-ray detection, and only the third source that was detected

within a few months of its discovery. Close to peak, its optical-
to-X-ray flux ratio is similar to that of ASASSN-15oi
(Figure 8). However, contrary to previous TDEs, AT2018zr
shows an increase of Lopt/LX; its late-time X-ray luminosity
remained approximately constant (Table 3), while the UV/
optical blackbody luminosity increased.
The low X-ray luminosity of AT2018zr could be explained

by a delay in the formation of the accretion disk, similar to the
explanation proposed for the X-ray behavior of ASASSN-15oi
(Gezari et al. 2017a). Yet, contrary to this TDE, the X-ray
luminosity of AT2018zr remains weak compared to the
optical/UV luminosity, suggesting no significant disk has
formed yet. If instead disk formation is efficient and the optical
emission is explained by reprocessing of emission from the
inner disk, the low X-ray luminosity of AT2018zr must be
explained by obscuration of this disk. However the increase of
Lopt/LX presents a challenge to this explanation. We generally
expect that the optical depth for X-ray photons decreases with
time because the processing layer expands/dilutes (e.g.,
Metzger & Stone 2016) and this would yield a decrease of
Lopt/LX.
The blackbody radius corresponding to the single temper-

ature model of the X-ray spectrum is ≈2×1010 cm for the first
epoch of X-ray observations. This corresponds to the
Schwarzschild radius (Rs) of a black hole with a mass of
5 104´ M:. Such a low-mass black hole is not expected given
the properties of the host galaxy of AT2018zr. If half of the
stellar mass of the galaxy is in the bulge, the predicted black
hole mass (Gültekin et al. 2009) is 8 106´ M: (consistent with
the black hole mass estimate of Holoien et al. 2018). If the
observed X-ray photons originated from the inner part of
an accretion disk, the intrinsic X-ray luminosity must be
∼103 times higher to match the blackbody radius to the
expected size of the inner disk. Part of this tension can be
alleviated if the observed X-ray temperature is higher than the
true temperature due to obscuration or a contribution of inverse
Compton emission to the 0.3–1keV spectrum. For example, if
we adopt the upper limit to the intrinsic absorption from the
X-ray spectral fit of N 8 10 cmH

21 2= ´ - , then the inferred
blackbody temperature decreases by a factor of 2 and the
unabsorbed X-ray luminosity increases by a factor of 1800,
yielding a blackbody radius that is a factor of 170 larger and of
the same of order as the expected size of the inner disk.

Figure 6. ZTF astrometric accuracy for nuclear flares. The rms of the angular
offset of AGN flares is shown as a function of the magnitude in the difference
image. We show both the offset to the centroid of the reference image (squares)
and the angular distance to the median location of the source in the difference
images (circles). We used 11,476 offset measurements (both R.A. and decl.) of
128 AGNs.

Figure 7. Stacked histogram of the weighted (Equation (3)) mean host-flare
distance for sources in our sample of nuclear flares, selected from 3 months of
ZTF observations.

Figure 8. Ratio of the optical/UV blackbody luminosity to the X-ray
luminosity (0.3–10 keV) as as a function of time. For AT2018zr, the first two
points are based on XMM observations, while the third point is based on binned
XRT observations (see Table 3). Data on previous TDEs are taken from Gezari
et al. (2017a).
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dependence between these two parameters:

m0.24 0.04 20 arcsec. 3offset diffs = + -( ) ( )
We can use this relation to compute the inverse-variance
weighted mean of the offset. In Figure 7 we show the weighted
mean host-flare distance for the SNe, AGN, and unclassified
flares in our nuclear flare sample (again using only sources with
at least seven detections). Multiple observations of the same
flare lead to an increased accuracy for the mean host-flare
distance, yielding a typical uncertainty of 0 2 for nuclear flares
with a few tens of detections (see the peak of the AGN
distribution in Figure 7).

The measurements of the host-flare offset are not indepen-
dent because each measurement depends on the same reference
frame to yield the position of the host. To show the astrometric
accuracy without the contribution of the reference frame, we
also report the rms of the offset with respect to the median
position of the flare in the difference image (Figure 6).

5. Discussion

5.1. Origin of the Thermal Emission Mechanism

AT2018zr is the fifth optical/UV-selected TDE with an
X-ray detection, and only the third source that was detected

within a few months of its discovery. Close to peak, its optical-
to-X-ray flux ratio is similar to that of ASASSN-15oi
(Figure 8). However, contrary to previous TDEs, AT2018zr
shows an increase of Lopt/LX; its late-time X-ray luminosity
remained approximately constant (Table 3), while the UV/
optical blackbody luminosity increased.
The low X-ray luminosity of AT2018zr could be explained

by a delay in the formation of the accretion disk, similar to the
explanation proposed for the X-ray behavior of ASASSN-15oi
(Gezari et al. 2017a). Yet, contrary to this TDE, the X-ray
luminosity of AT2018zr remains weak compared to the
optical/UV luminosity, suggesting no significant disk has
formed yet. If instead disk formation is efficient and the optical
emission is explained by reprocessing of emission from the
inner disk, the low X-ray luminosity of AT2018zr must be
explained by obscuration of this disk. However the increase of
Lopt/LX presents a challenge to this explanation. We generally
expect that the optical depth for X-ray photons decreases with
time because the processing layer expands/dilutes (e.g.,
Metzger & Stone 2016) and this would yield a decrease of
Lopt/LX.
The blackbody radius corresponding to the single temper-

ature model of the X-ray spectrum is ≈2×1010 cm for the first
epoch of X-ray observations. This corresponds to the
Schwarzschild radius (Rs) of a black hole with a mass of
5 104´ M:. Such a low-mass black hole is not expected given
the properties of the host galaxy of AT2018zr. If half of the
stellar mass of the galaxy is in the bulge, the predicted black
hole mass (Gültekin et al. 2009) is 8 106´ M: (consistent with
the black hole mass estimate of Holoien et al. 2018). If the
observed X-ray photons originated from the inner part of
an accretion disk, the intrinsic X-ray luminosity must be
∼103 times higher to match the blackbody radius to the
expected size of the inner disk. Part of this tension can be
alleviated if the observed X-ray temperature is higher than the
true temperature due to obscuration or a contribution of inverse
Compton emission to the 0.3–1keV spectrum. For example, if
we adopt the upper limit to the intrinsic absorption from the
X-ray spectral fit of N 8 10 cmH

21 2= ´ - , then the inferred
blackbody temperature decreases by a factor of 2 and the
unabsorbed X-ray luminosity increases by a factor of 1800,
yielding a blackbody radius that is a factor of 170 larger and of
the same of order as the expected size of the inner disk.

Figure 6. ZTF astrometric accuracy for nuclear flares. The rms of the angular
offset of AGN flares is shown as a function of the magnitude in the difference
image. We show both the offset to the centroid of the reference image (squares)
and the angular distance to the median location of the source in the difference
images (circles). We used 11,476 offset measurements (both R.A. and decl.) of
128 AGNs.

Figure 7. Stacked histogram of the weighted (Equation (3)) mean host-flare
distance for sources in our sample of nuclear flares, selected from 3 months of
ZTF observations.

Figure 8. Ratio of the optical/UV blackbody luminosity to the X-ray
luminosity (0.3–10 keV) as as a function of time. For AT2018zr, the first two
points are based on XMM observations, while the third point is based on binned
XRT observations (see Table 3). Data on previous TDEs are taken from Gezari
et al. (2017a).
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eROSITA detection rate Late–Time X–ray Detections of Optically Selected TDEs 13

Fig. 2.— Top panel: The rate of eROSITA detections as a func-
tion of SMBH mass and spin, for a fixed TDE rate of 10�5 Mpc�3

yr�1. These are the detection rates assuming TDEs are distributed
as a delta function with a specific mass and spin (i.e. each SMBH
mass and spin is assumed equally likely). Bottom panel: The rate
of eROSITA detections as a function of SMBH mass, for a selection
of spin parameters. These lines are a convolution of the rates from
the top panel with the SMBH mass function and a theoretical esti-
mate of TDE rates as a function of M• (Eq. 4). We assume 50% of
TDE disks align into prograde equatorial and 50% align into retro-
grade equatorial configurations by the time of observation–see the
discussion in § 3.4).

however, is the messy hydrodynamical environment of
the disk: if the stellar pericenter was su�ciently non–
relativistic (Rp � Rg), the disk may retain substantial
eccentricity (Shiokawa et al. 2015), and if optically thick
stellar debris subtends a large solid angle on the sky, the
majority of the X–ray flux may be absorbed in a repro-
cessing layer (Guillochon et al. 2014b; Metzger & Stone
2016).
At late times, however, accretion rates will have

dropped to sub-Eddington levels, shifting the disk inner

black hole spin by an angle 15� and a thickness of the order of 0.2,
the simulations of Fragile (2009) found the inner edge to be nearly
independent of spin.

edge close to the test particle value; many fallback times
will have passed, enabling more complete circularization
(Hayasaki et al. 2016; Bonnerot et al. 2017); reprocessing
layers will have dissipated, revealing the inner disk (Met-
zger & Stone 2016; van Velzen et al. 2018); and internal
torques will have had time to align the TDE disk angular
momentum vector with the black hole spin vector (Fran-
chini et al. 2016). Thus, for the quasi-thermal sources we
have observed (PTF09ge, and perhaps ASASSN–14ae),
it is reasonable to expect thin disks in the SMBH equa-
torial plane, with inner edges at the test particle ISCO.
We may now ask the question: do we expect an imbal-
ance in the number of prograde and retrograde TDEs?
For a volume–complete sample the answer is clearly no.
However, for a more practical, flux–limited, sample of
TDEs, there are strong reasons to suspect an imbal-
ance. We have already predicted that flux-limited, X-
ray selected TDE samples can exhibit an enormous pro-
grade bias (e.g. Table 4). In this section, we investi-
gate whether the same bias should be apparent for a
flux-limited but optically selected TDE sample. While
the origin of TDE optical emission remains contested be-
tween “shock-powered” and “reprocessing” models, both
of these scenarios have peak luminosities that will depend
strongly on the orbital precession of debris streams, and
therefore on SMBH spin.
To leading post-Newtonian (PN) order, both apsidal

precession (precession of the debris stream’s Runge–Lenz
vector within the orbital plane) and nodal precession
(precession of the orbital plane’s angular momentum vec-
tor about the SMBH spin vector) are larger for retrograde
than for prograde orbits (Merritt et al. 2010). Neglecting
for now the possibility that extreme nodal precession may
prevent stream self-intersections24, the greater apsidal
shifts for debris from retrograde TDEs means that these
debris streams will self-intersect and dissipate energy at
smaller radii. Smaller stream self-intersection radii RSI

will probably yield higher peak optical luminosities, re-
gardless of the dominant optical power source in observed
TDEs. In the “reprocessing paradigm,” smaller RSI will
mean faster disk formation and higher peak accretion
rates Ṁ onto the SMBH, although this must be weighed
against the potentially greater radiative e�ciency of pro-
grade disks. In the “circularization paradigm,” smaller
RSI values will thermalize greater amounts of bulk kinetic
energy.
The translation between self–intersection radius RSI

and optical luminosity is currently an unsolved problem.
Under the assumption that most of the observed optical
emission is shock-powered, we will use the following toy
model for peak luminosity:

Lpeak = ⌘SI
GM•Ṁpeak

RSI

, (13)

where, as before, Ṁpeak is the peak mass fallback rate.

24 Tidal disruptions of stars in the relativistic regime (e.g. white
dwarfs disrupted by intermediate–mass BHs, or solar mass main
sequence stars disrupted by a BH with M• = 107�8M�) around
spinning SMBHs, may lead to stellar debris streams that fail to
promptly self–interact, unless the inclination of the stellar orbit
is nearly perpendicular to the BH spin axis or if the thickness of
the debris streams is large enough such that they always intersect
(Dai et al. 2013; Guillochon & Ramirez-Ruiz 2015, Hayasaki et al.
2016).

Jonker et al. 
(arXiv:1906.12236)



Conclusions 
• Tidal disruption events are multi-wavelength transients


• Discovery rate keeps increasing (eg, ZTF, XMM, eROSITA, 
LSST)


• We started to use TDEs as tool to measure:


‣ Nuclear dust on sub-pc scales (eg, van Velzen et al. 2016, Lu et al. 
2016)


‣ Accretion disk formation (van Velzen et al. 2019a, Jonker et al. 2019, 
Wevers et al.  2019)


‣ Jet-disk coupling (Pasham & van Velzen 2018, Mattila et al. 2018)


‣ SMBH spin (Leloudas et al. 2016, Stone & van Velzen 2019)
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proposed as TDE candidates due to their unique spectra: they
are “extreme coronal line emitters,” and are difficult to explain
as standard AGNs. Numbers 9 and 10 are not in the MPA-JHU
catalog, and so do not have velocity dispersion, Hα EW, Lick
dH A, or SFR measurements from this catalog. Additionally, No.

8 does not have a reliable velocity dispersion measurement
from the MPA-JHU catalog (it is flagged with a negative error).
We use the �–M Mbh ,bulge relation from Kormendy & Ho (2013),
using �M ,bulge measurements from the Mendel et al. (2014)
catalog, to estimate BH masses for Nos. 8, 9, and 10—these
BH masses do not enter into the analysis and are only used to
place these TDE host galaxies on our 2D plots versus BH mass.
TDE hosts 1–5 are shown with red points and histograms
throughout the paper, and TDE hosts 6–10 are shown with
orange points. In our 1D stacked distributions, we will show
the histograms for all TDE candidate with matches in our
reference catalog (1–10) with dotted black lines. Finally, we
will show Hα EW and Lick dH A measurements for five TDE
host galaxies (labeled a–e; see Table 1) not in our reference
catalog in Figure 1. These last five are not used in our analysis,
yet they provide additional evidence of an overrepresentation
of TDEs in E+A/post-starburst galaxies. Although the small
number of TDE host galaxies precludes performing detailed
statistics, we are nonetheless able to draw compelling
conclusions about the uniqueness of these galaxies.

The robustness of our conclusions may suffer from small
numbers. Additionally, it is possible that the 10 TDE host
galaxies (and ultimately the five used in our main analysis) are
a special subset of TDE host galaxies and are not representative
of the parent sample of 42 host galaxies. The 10 TDE host
galaxies in our reference catalog are relatively low z and are not
particularly faint, so that they are included in SDSS, and are
therefore the most well-characterized in terms of their host
properties. This is a potential source of bias in the TDE host
sample.

Auchettl et al. (2017a) divide their candidate events into the
categories X-ray TDE, Likely X-ray TDE, Possible X-ray TDE,
and Veiled TDE. We provide this classification in Table 1, but
the number of matches in each category is too small to make
robust conclusions about differences in TDE host galaxies
between categories. The categorization is explained in detail in
Auchettl et al. (2017a) but we summarize it here. Events in the
X-ray TDE category have a well-defined and trustworthy X-ray
light curve. Events in the Likely X-ray TDE category have very
similar properties, although with more limited data coverage.
Events in the Possible X-ray TDE category have even more
limited X-ray observations. Events in the Veiled TDE category
have a well-defined optical/UV light curve but no X-ray
emission near the peak.

3. Uniqueness of TDE Hosts

Following French et al. (2016), we define the following
selections in order to isolate quiescent Balmer-strong galaxies.
We define the strong F16 (sF16) selection as d s–H A (HdA) > 4.0
and Hα EW<3.0. Here, σ(HdA) is the error in the Lick dH A
index. Hα EW emission is an indicator of current star formation,
and so this selects for galaxies with little ongoing star formation
(i.e., with specific SF rates well below the main sequence of
star-forming galaxies). dH A absorption, from A stars, indicates
star formation within the past ∼ Gyr. So, sF16 galaxies have had
a strong starburst in the last ∼ Gyr. We define the weak F16
(wF16) selection as d >H 1.31A and Hα EW<3.0. The looser
cut on dH A means that wF16 galaxies could have several possible
star formation histories. Not accounting for selection effects,
0.2% of our reference catalog falls in the sF16 selection and 2.3%
falls in the wF16 selection. Throughout this paper, we will define
galaxies in the sF16 selection as “E+A” galaxies—we note that it
is also common to define E+A galaxies with a stricter cut on dH A
(Goto 2007)—and galaxies in either the wF16 or sF16 selections
more generally as “quiescent Balmer-strong” galaxies.
Figure 1 shows the Hα EW emission versus Lick dH A

absorption, following French et al. (2016), for TDE host
galaxies and our reference catalog.6 TDE hosts are numbered
following Table 1. Excluding TDE candidates 6, 7, and 8 (not
identified photometrically), and including candidates a–e,

=3 10 30% of the TDE host galaxies fall in the sF16
selection7 and =6 10 60% fall in the wF16 selection. TDEs
thus remain significantly overrepresented in quiescent Balmer-
strong galaxies. A straightforward comparison to all of the
galaxies in our reference catalog suggests that TDEs are
overrepresented in the sF16 selection by a factor of ∼150 (or
∼190, including only the optical/UV sample defined in French
et al. 2016) and are overrepresented in the wF16 selection by a
factor of ∼35. Of the five TDE hosts we use in our matching
analysis, 1/5=20% are in the sF16 selection and 3/5=60%
are in the wF16 selection. Restricting ourselves to these five
TDE host galaxies does not allow us to claim as robust an
overrepresentation in sF16 galaxies,8 but that is not the direct
aim of this work. Our aim is to compare a wide range of TDE

Figure 1. Hα equivalent width emission vs. Lick dH A absorption, following
French et al. (2016), for TDE host galaxies (filled circles) and our reference
catalog (contours). Galaxies numbered 1–5 are used in our matching analysis
(see text). The solid-line selection (including errors on Lick dH ;A sF16, see text)
contains 0.2% of the galaxies in our reference catalog and the dotted-line
region (containing sF16; wF16) contains 2.3%. Contours are spaced by s0.5 ,
with the darkest shading containing s0.5 and the lightest shading containing
s2 . Median errors in the TDE host galaxy measurements are shown in the top
right.

6 In this and other 2D plots that follow, we use contours to show our reference
catalog galaxies. Note that for a 2D distribution, σ levels are defined differently
from those for a 1D distribution. In two dimensions, the cumulative density
function of a Gaussian is = - s-( ) ( )//F x e1 2x , meaning that “ s1 ” contains
39.3% of the volume and “ s2 ” contains 86.5% of the volume.
7 Note that the sF16 selection includes the error on Lick dH A, which excludes
No. 4 and d.
8 Though the binomial false-positive percentage here for one-fifth of the
galaxies in a sample being sF16 is still relatively small, ∼1%; see Section 4.9.
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Post-starburst host galaxies 



Calibrate loss cone filling
• Tidal flares often 

found in post-
starburst galaxies 
(Arcavi+14; French+16)


• This preference can 
be explained by high 
stellar concentration 


• Can be tested using 
Hubble Space 
Telescope (HST) 
observations
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Calibrate loss cone filling
• NGC 3156: 


‣ Careful surface brightness 
measurements


‣ Detected very steep inner 
slope


‣ Factor ~10 enhanced to 
stellar disruption rate 


• In the near-future: 


‣ Approved HST observations
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& Ho (2013) calibration of the –sM• relation, in reasonably
good agreement with our application of the –M M• b relation. We
take := ´M M2.7 10•

6 as our fiducial value because of the
greater uncertainties associated with a bulge-disk decomposi-
tion, but shall demonstrate that our results are not especially
sensitive to this choice.

2.2. Surface Brightness Profile Derived from HST
Observations

The E+A galaxy NGC 3156 was observed with HST WFC3
imaging in cycle 19, using the F225W, F475W, F555W, and
F814W filters. The galaxy’s surface brightness profile I(R) was
fit to the Nuker parametrization,
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by Krajnović et al. (2013a), who found a projected break radius
=R 89.2 pcb , a surface brightness at the break

:= -I L2093 pcb
2, an inner power-law slope of g = 1.78, an

outer power-law slope of b = 0.86, and a mediating power-law
index (or softening parameter) of a = 4.29. Its observed
redshift is z = 0.004463, corresponding to a distance of 22 Mpc
after correcting for peculiar velocities (Blanton et al. 2005) and
adopting a Hubble constant = - -H 70 km s Mpc0

1 1.
Notably, the inner power-law index γ value marks NGC

3156 as an extreme outlier; the steepest central density cusp
seen in the sample of N = 219 galaxies analyzed by Stone &
Metzger (2016) was g = 1.12. A naive inward extrapolation of
the fiducial Nuker fit given here would predict that NGC 3156
is a TDE factory. Indeed, the TDE rate diverges at small R
when g > 5 4 (Syer & Ulmer 1999), as is the case here.
Figure 2(a) shows the HST image of the inner 200 pc of NGC
3156, the fiducial Nuker fit of Krajnović et al. (2013a), and the
residuals of this fit. The large negative residuals in the
innermost pixels indicate that the fiducial fit is severely
overestimating the innermost light (and therefore would also
overestimate the TDE rate). To motivate a more careful
analysis, we note that, empirically, TDEs are primarily sourced
from a critical radius rcrit, which is comparable to the SMBH
influence radius5 rinfl. The scaling relations of Stone & Metzger
(2016) predict an influence radius »r 3 pcinfl for NGC 3156,
just under the WFC3 pixel size of 0 04 (4.3 pc). Clearly,
careful treatment of the innermost pixels is warranted.

2.2.1. Point-spread Function (PSF) Models

To measure the surface brightness profile of the innermost
regions of the galaxy, we need an accurate representation of the
PSF of the images. We identified one relatively bright star in
the field of view (SDSS J101237.70+030724.1, detected with a
signal-to-noise ratio of»400). We use this reference star to test
and calibrate three different PSF models.
We first consider the PSF model produced by the Tiny Tim

algorithm (Krist 1995), which uses a model of the HST optics
and camera response to derive a model PSF. The HST focus
model6 indicates the HST WFC3 observations of NGC 3156
were obtained in sub-optimal conditions; the secondary mirror
despace is predicted to be −8 micron. Indeed, when this focus
offset is used instead of the default value (i.e., no offset), the
reduced cr

2 of the Tiny Tim model for the reference star
decreases from 34 to 21. Next we consider an empirical estimate
of the typical WFC3 PSF based on an observation of the core of
Omega Centauri (Anderson et al. 2015). This “Library” PSF
model is available7 for 28 different locations on each of the two
WFC3 chips and for a large number of filters (for the F475W
observations we use the Library PSF of the F438W filter). For
WFC3 images, an empirically derived PSF model generally
performs better than the Tiny Tim model (see e.g., van der Wel
et al. 2012). To account for the focus difference between our
images and the image used to derive the PSF library, we
convolved the Library PSF at the location of the reference star
with a Gaussian kernel that minimizes the residuals between this
model and the star. The FWHM of the Library PSF is increased
from 1.7 to 2.2 pixel by this step and the final reduced c2 is 17.
Finally, we constructed a PSF from the reference star directly by
fitting a superposition of nine Gaussian profiles to the image of
this star (the number of Gaussians used in this fit is simply set by
by the requirement that the c2 of this PSF model remains
unchanged with the addition of the next Gaussian profile, which
happens at c = 6.8r

2 ).
While the PSF library allows for a correction of the spatial

variations of the PSF, for our observations this variation is
likely to be smaller than the change of the PSF due to the
difference in focus between our observations and the mean
focus of the Library PSF. We therefore anticipate that the
Gaussian model derived for the reference star provides the best
estimate of the true PSF at the location of the galaxy. However,
as shown in the next section, all three PSF models that we
considered yield very similar surface brightness profile
parameters.

Figure 2. The innermost 200 pc of NGC 3156. The box indicates the 100 pc region that is used in our fit for the parameters of the surface brightness profile. Panels (I)
and (II) show the WFC3/F475W observations and the model, respectively (on an arcsinh stretch). Panels (III) and (IV) show absolute and relative residuals for this fit,
respectively (on a linear scale). The color scale of relative residuals ranges from −100% to +100%, as indicated by the bar. Large negative residuals are visible in the
central pixels of the ATLAS3D surface brightness model, indicating that the fit severely overestimates the resolved and unresolved light from the very center of the
galaxy. Our parametrization yields a flattened inner power law (g = 1.2) inside the break radius =R 20 pcb , which provides a much better parametrization of the
observations, as can be seen by the relatively small residuals. A dust lane is visible in the top right of panels (I) and (IV).

5 Defined in this paper as the radius containing a mass in stars equal to M•.

6 http://www.stsci.edu/hst/observatory/focus/FocusModel
7 http://www.stsci.edu/hst/wfc3/analysis/PSF
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tion, but shall demonstrate that our results are not especially
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2.2. Surface Brightness Profile Derived from HST
Observations
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3156 as an extreme outlier; the steepest central density cusp
seen in the sample of N = 219 galaxies analyzed by Stone &
Metzger (2016) was g = 1.12. A naive inward extrapolation of
the fiducial Nuker fit given here would predict that NGC 3156
is a TDE factory. Indeed, the TDE rate diverges at small R
when g > 5 4 (Syer & Ulmer 1999), as is the case here.
Figure 2(a) shows the HST image of the inner 200 pc of NGC
3156, the fiducial Nuker fit of Krajnović et al. (2013a), and the
residuals of this fit. The large negative residuals in the
innermost pixels indicate that the fiducial fit is severely
overestimating the innermost light (and therefore would also
overestimate the TDE rate). To motivate a more careful
analysis, we note that, empirically, TDEs are primarily sourced
from a critical radius rcrit, which is comparable to the SMBH
influence radius5 rinfl. The scaling relations of Stone & Metzger
(2016) predict an influence radius »r 3 pcinfl for NGC 3156,
just under the WFC3 pixel size of 0 04 (4.3 pc). Clearly,
careful treatment of the innermost pixels is warranted.

2.2.1. Point-spread Function (PSF) Models

To measure the surface brightness profile of the innermost
regions of the galaxy, we need an accurate representation of the
PSF of the images. We identified one relatively bright star in
the field of view (SDSS J101237.70+030724.1, detected with a
signal-to-noise ratio of»400). We use this reference star to test
and calibrate three different PSF models.
We first consider the PSF model produced by the Tiny Tim

algorithm (Krist 1995), which uses a model of the HST optics
and camera response to derive a model PSF. The HST focus
model6 indicates the HST WFC3 observations of NGC 3156
were obtained in sub-optimal conditions; the secondary mirror
despace is predicted to be −8 micron. Indeed, when this focus
offset is used instead of the default value (i.e., no offset), the
reduced cr

2 of the Tiny Tim model for the reference star
decreases from 34 to 21. Next we consider an empirical estimate
of the typical WFC3 PSF based on an observation of the core of
Omega Centauri (Anderson et al. 2015). This “Library” PSF
model is available7 for 28 different locations on each of the two
WFC3 chips and for a large number of filters (for the F475W
observations we use the Library PSF of the F438W filter). For
WFC3 images, an empirically derived PSF model generally
performs better than the Tiny Tim model (see e.g., van der Wel
et al. 2012). To account for the focus difference between our
images and the image used to derive the PSF library, we
convolved the Library PSF at the location of the reference star
with a Gaussian kernel that minimizes the residuals between this
model and the star. The FWHM of the Library PSF is increased
from 1.7 to 2.2 pixel by this step and the final reduced c2 is 17.
Finally, we constructed a PSF from the reference star directly by
fitting a superposition of nine Gaussian profiles to the image of
this star (the number of Gaussians used in this fit is simply set by
by the requirement that the c2 of this PSF model remains
unchanged with the addition of the next Gaussian profile, which
happens at c = 6.8r
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While the PSF library allows for a correction of the spatial

variations of the PSF, for our observations this variation is
likely to be smaller than the change of the PSF due to the
difference in focus between our observations and the mean
focus of the Library PSF. We therefore anticipate that the
Gaussian model derived for the reference star provides the best
estimate of the true PSF at the location of the galaxy. However,
as shown in the next section, all three PSF models that we
considered yield very similar surface brightness profile
parameters.

Figure 2. The innermost 200 pc of NGC 3156. The box indicates the 100 pc region that is used in our fit for the parameters of the surface brightness profile. Panels (I)
and (II) show the WFC3/F475W observations and the model, respectively (on an arcsinh stretch). Panels (III) and (IV) show absolute and relative residuals for this fit,
respectively (on a linear scale). The color scale of relative residuals ranges from −100% to +100%, as indicated by the bar. Large negative residuals are visible in the
central pixels of the ATLAS3D surface brightness model, indicating that the fit severely overestimates the resolved and unresolved light from the very center of the
galaxy. Our parametrization yields a flattened inner power law (g = 1.2) inside the break radius =R 20 pcb , which provides a much better parametrization of the
observations, as can be seen by the relatively small residuals. A dust lane is visible in the top right of panels (I) and (IV).

5 Defined in this paper as the radius containing a mass in stars equal to M•.

6 http://www.stsci.edu/hst/observatory/focus/FocusModel
7 http://www.stsci.edu/hst/wfc3/analysis/PSF
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The M-σ relation and its limitations
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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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