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Tidal Disruption Events
• Empirically: 

✦ Rare multiwavelength (radio -> hard 
X-ray) transients 

✦ Dozens of strong candidate flares 
(most optical/X-ray) 

• Applications: 

✦ Tools to measure SMBH demography 
(mass, maybe spin) 

✦ Super-Eddington accretion 
laboratories 

✦ Probes of jet launching physics 

✦ Rates encode stellar dynamical 
processes

(Gezari+12)
Figure 3

Spectral energy distribution. Spectral energy distribution of PS1-10jh during nearly si-
multaneous GALEX ultraviolet and PS1 optical observations (with the host galaxy flux
removed) at two epochs, with 1σ error bars and labeled by their time in rest-frame days
from the peak of the flare. Flux densities have been corrected for Galactic extinction of
E(B − V ) = 0.013 mag. The ultraviolet and optical SED from −19 to 247 d is fitted with
a 3 × 104 K blackbody. Orange solid lines show blackbodies with this temperature scaled
to the NUV flux density. Open symbols show the GALEX and PS1 flux densities cor-
rected for an internal extinction of E(B − V ) = 0.08 mag, and dotted blue line shows
the 5.5 × 104 K blackbody fit to the de-reddened flux densities. The upper limit from the
Chandra DDT observation on 2011 May 22.96 UT assuming a Γ = 2 spectrum typical of
an AGN is plotted with a thick black line. The X-ray flux density expected from an AGN
with a comparable NUV flux is plotted for comparison with a thick grey line25. Also shown
are the u, g, and r band flux densities measured from aperture photometry with the Liver-
pool Telescope26 on 2011 Sep 24 UT, after subtracting the host galaxy flux measured by
SDSS. Note that the observed continuum temperature, and even the maximum temper-
ature allowed by possible de-reddening, are considerably cooler than the temperature of

≈ 2.5 × 105(MBH/106M⊙)1/12r−1/2
⋆ m−1/6

⋆ K expected from material radiating at the Edding-
ton limit at the tidal radius4. This discrepency is also seen in AGN27 and may imply that
the continuum we see is due to reprocessing of some kind27,28.

Supplementary Information is linked to the online version of the paper at www.nature.com/nature.
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He IIλ4686 line is still evident as an excess above the model in the later epoch, however it
has faded by a factor of ∼ 10 since the pre-preak spectrum, the same factor by which the
ultraviolet continuum has faded during this time. Note that the absolute flux scaling in the
later epoch is uncertain due to clouds on the date of the observation.

Figure 2

Ultraviolet and optical light curve. The GALEX NUV and PS1 gP1-, rP1-, iP1-, and zP1-
band light curve of PS1-10jh (with the host galaxy flux removed) with 1σ error bars and in
logarithmic days since the time of disruption determined from the best fit of the rP1-band
light curve to the numerical model20 for the mass accretion rate of a tidally disrupted star
with a polytropic exponent of 5/3 (shown with solid lines scaled to the flux in the GALEX
and PS1 bands). The GALEX and PS1 photometry at t > 240 rest-frame days since
the peak is shown binned in time in order to increase the signal-to-noise. The dates of
multiple epochs of MMT spectroscopy are marked with an S, and the date of the Chandra
X-ray observation is marked with an X. Grey line shows an n = 5/3 power-law decay from
the peak. Arrows show 3σ upper limits.
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TDE Rates
• TDE rates set by passage of stars into 

loss cone
• Loss cone easily described in terms of 

angular momentum space
✦ Full vs empty loss cone?
✦ Relaxation (two-body) refills loss cone, 

sets TDE rate 

• Rate discrepancy?
✦ Γtheory ~ 2-10 x10-4/gal/yr     >>                    
Γobs ~1x10-5/gal/yr  (NCS & Metzger 16) 

✦ Theoretical estimates ~conservative, few 
dynamical solutions (Lezhnin & Vasiliev 16) 

✦ Resolution probably luminosity function 
(van Velzen 18) 

(Freitag & Benz 02)



The Post-Starburst Preference

(French+16)

Tidal Disruption Events Prefer Unusual Host Galaxies 3
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Fig. 1.— Spectra of the eight optical/UV TDE host galaxies, in order of decreasing strength of their HδA index. Also shown is the
lower-resolution host galaxy spectrum of the high energy TDE Swift J1644. Strong Balmer absorption, Ca II H+Hϵ absorption, and a lack
of strong emission lines are characteristic of post-starburst galaxies. Both SDSS J0748 and Swift J1644 were selected differently from the
rest of the sample, although the optical spectrum of the TDE itself in SDSS J0748 appears similar to the other optical/UV TDEs.

that have ended and evolved past the strong HδA region,
and constant star formation with a sudden truncation
(e.g., Shioya et al. 2004). Therefore, it is less straightfor-
ward to interpret the recent histories of the three lower
HδA galaxies; all have recently-ended periods of star for-
mation, but may not have experienced a strong starburst.
The two remaining TDE candidate host galaxies, SDSS

J0748 and PTF09ge, do not lie in the spur of Figure 2.
The TDE in SDSS J0748 was discovered in a search for
high-ionization emission lines (Wang et al. 2011), not in
a transient survey, a selection that might contribute to

the distinct spectral properties of its host, which lies in
the blue cloud of star-forming galaxies in Figure 2. In
contrast, PTF09ge, found in the same manner as the
other PTF A14 TDE candidates, has a host galaxy that
lies closer to the red sequence of early-type galaxies.
Two of the optical/UV TDE host galaxies (PTF09djl

and PS1-10jh) lie in the SDSS footprint, and have abso-
lute magnitudes comparable to the other six host galax-
ies, but are too faint for the SDSS spectroscopic sample
due to their slightly higher redshifts (z = 0.1696, 0.184).
No significant galaxy evolution from z ∼ 0.2 to 0.01 is



Unusual Host Galaxy 
Preferences

• Many TDEs in rare post-starburst/E+A galaxies (Arcavi+14, 
French+16, 17, Law-Smith+17, Graur+17) 

• Dynamical explanations: 

✦ Binary SMBHs; chaotic 3-body scatterings (Arcavi+14) 

✦ Central overdensities; short relaxation times (NCS & Metzger 16) 

✦ Radial anisotropies: low angular momentum systems (NCS+17) 

✦ Nuclear triaxiality: collisionless effects (Merritt & Poon 04) 

✦ Eccentric nuclear disks: secular instabilities (Madigan 17) 

• Useful discriminant: delay time distributions (NCS+17)



Radial Orbit Anisotropies?
• Simple possibility: anisotropic velocities with radial bias 
• Consider constant anisotropy β=1-T⟂/2Tr 

✦ β<βROI~0.6 to avoid radial orbit instability 
• Solve 1D Fokker-Planck equation in angular momentum 

space:  

• TDE rate Γ ∝ t-β in an isotropizing cusp
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Stellar Overdensities?
• Suggestive evidence: color gradients in    

E+As (Pracy+13, Law-Smith+17) 
• Overdense nuclei - ρ(r) = ρinfl(r/rinfl)-γ  - 

can have short two-body relaxation 
times if overconcentrated or ultrasteep 

• Overconcentrated (rinfl low): 
✦ High, slowly evolving TDE rate 

• Ultrasteep (γ large): 
✦ If γ>7/4, profile flattens with time 

(Bahcall & Wolf 76) 
✦ If γ>9/4, TDE rate diverges inward 
✦ TDE rate Γ ∝ t-(4γ-9)/(2γ-3) / ln(t)

The TDE Delay Time Distribution 5

the distribution function having a fixed value of zero. The outer
boundary condition corresponds to zero flux.

Fig. 1 shows the relaxation of an ultrasteep r�2.75 stellar cusp
from PhaseFlow. As expected, the stellar density relaxes to an r�7/4

Bahcall-Wolf cusp from the inside-out. In Fig. 2, we plot the evo-
lution of the Bahcall-Wolf transition radius rBW versus time. Eq. 3
captures the time-dependent evolution of the Bahcall-Wolf radius
for r�2.25 and r�2.75 profiles from ⇠ 106 years until rBW approaches
the influence radius (because rBW / t1/(��3/2), the r�2.25 profile’s
break radius deviates from analytic predictions much sooner than
does the r�2.75 profile’s). The agreement between analytic theory
and numerical results for the power-law slope of rBW(t) is quite
good in the ultrasteep regime, though the normalization of rBW

would di↵er by a factor of a few between these approaches if we
computed k(�) using the local di↵usion coe�cient of Appendix A.
The agreement is worse for shallower profiles. However, the com-
parison is more ambiguous in this case, as the inner and outer den-
sity profiles are similar, making our numerical computation of the
rBW break radius inherently more imprecise (the late-time evolution
of shallower initial conditions is less well-described as a broken
power law).

The top panel of Fig. 3 shows the TDE rate as a function of
time for di↵erent initial density slopes �. The bottom panel shows
how the TDE rate depends on the initial influence radius and com-
pares TDE rates extracted from PhaseFlow with our analytic ap-
proximation (Eq. 4). The analytic prescription reproduces the time
evolution of the TDE rate well for the r�2.5 and r�2.75 profiles. How-
ever, the TDE rate from Eq. 4 has a slightly shallower slope at late
times than do the numerical results, and the normalization is o↵
by a factor of a few, due to the crudeness of the assumption that
Ṅ⇢ ⇠ ✏BWF (✏BW). Eventually, the Bahcall-Wolf radius approaches
the initial influence radius rinfl,0 (the dots on each curve in the top
panel of Fig. 3 mark the time when rBW = rinfl,0). Afterwards, the
evolution of the TDE rate is driven by the expansion of the star
cluster due to transfer of energy from the inner to the outer parts,
by conduction (see section 5 in Vasiliev 2017). The analytic pre-
scription is also generally inaccurate for marginally ultrasteep ini-
tial density profiles, i.e. � ⇡ 2.25, because for these marginal �
values the LC flux is less sharply peaked at ✏BW, and the Bahcall-
Wolf radius more swiftly overtakes the initial influence radius.

We better quantify the time evolution of the TDE rate by cal-
culating the average power law index for our Fokker-Planck results
(i.e. Ṅ⇢ / t�⇠, where ⇠ is averaged between 108 yr and 1010 yr). The
top panel of Fig. 4 shows contours of constant ⇠ for di↵erent values
of the initial slope � of the stellar density profile, and its initial nor-
malization at 1 parsec, ⇢1(0) ⌘ ⇢(t = 0, r = 1 pc). The bottom panel
of the same figure shows contours of TDE rate at t = 100 Myr in
the same parameter space.

Taken together, Figs. 3 and 4 disentangle the loss cone behav-
ior of ultrasteep and overconcentrated cusps. The top panel of Fig.
3 shows strikingly similar rates at post-starburst ages t ⇠ 108 yr,
implying that - given a constant value of rinfl,0 - ultrasteep profiles
alone are not su�cient to explain the PSP in typical galaxies. In
contrast, the bottom panel of Fig. 4 shows that Ṅ⇢(108 yr) has a
more nontrivial dependence on � if it is instead ⇢1(0) that is held
constant, and the bottom panel of Fig. 3 shows how varying rinfl,0

into the overconcentrated regime brings post-starburst rates up into
agreement with observations. The di↵erence between these two fig-
ures highlights how rinfl,0 becomes a poor metric of overconcentra-
tion in the ultrasteep regime. Large changes in initial rinfl produce
only modest variation in ⇢1(0), and it is the latter that is more pre-
dictive of the TDE rate during post-starburst ages t

⇠

> 108 yr. In
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Figure 3. TDE rates as functions of time, for di↵erent initially overdense
stellar density profiles, as calculated numerically by PhaseFlow around a
M
•

= 106 M
�

SMBH. Top panel: the power law slope of the density profile
is varied, while the initial influence radius is fixed at 1 pc. Circles indicate
the time when the initial influence radius rinfl,0 is overtaken by the expand-
ing rBW, for initial � > 7/4. Bottom panel: the e↵ect of decreasing the
influence radius to 0.1 pc is shown for ultrasteep profiles. Black curves are
ultrasteep � = 2.5 profiles, while red curves are more marginal � = 2.25
profiles. Thick (thin) lines show rinfl,0 = 1 pc (rinfl,0 = 0.1 pc). Numerical
solutions are solid lines, while the analytic rates from Eq. 4 are plotted as
dashed lines. As in Fig. 2, a good fit in time evolution is seen for ultrasteep
profiles, but this breaks down for marginally ultrasteep � = 2.25 cusps. The
analytic normalization is o↵ by a factor of a few from numerical results.

most overconcentrated nuclei, the initial influence radius rinfl,0 ex-
pands significantly during 1010 yr of relaxational evolution.

In summary, overconcentrated nuclei with low rinfl,0, or high
⇢1(0), are able to reproduce observed magnitudes of TDE rates in
E+A galaxies. Several of the curves in the bottom panels of Figs.
3 and 4 are capable of reproducing the inferred TDE rates in E+A
galaxies (Ṅ ⇠ 10�3 yr�1; French et al. 2016). In general, increasing
the density slope � increases the initial TDE rate but also increases
the steepness of the DTD, while diminishing rinfl (or increasing
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Overdense Delay Time 
Distributions

(NCS+17)
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Host Masses
• Host mass distribution 

uncertain, but useful 
secondary test 

• Observed TDE mass 
function bottom-heavy 
✦ In agreement with 

overdensity scenario 
✦ In serious tension with 

radial anisotropies 
• Caveat - masses 

estimated indirectly
(NCS+17)
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and Ṅ�(t,M•) over the SMBH mass function �(M
•

) according to

hR⇢(t)i =ṅ�1
SM16

Z Mmax

Mmin

Ṅ⇢(t,M•)�(M
•

)d log10(M
•

) (28)

hR�(t)i =ṅ�1
SM16

Z Mmax

Mmin

Ṅ�(t,M•)�(M
•

)d log10(M
•

) (29)

ṅSM16 =

Z Mmax

Mmin

ṄSM16(M
•

)�(M
•

)d log10(M
•

), (30)

where we take an empirical �(M
•

) from Shankar et al. 2009 (units
of Mpc�3 dex�1). Specifically, we use their tabulated low-redshift
(z = 0.02) mass function11; as a check of robustness, we have com-
pared it to a di↵erent �(M

•

) derived from galaxy scaling relations
(Stone & Metzger 2016) and found only modest changes to hR⇢(t)i
and hR�(t)i. As the limits of integration, we adopt fiducial values
for the minimum and maximum SMBH mass of Mmin = 106 M

�

and Mmax = 108 M
�

, respectively. Eqs. 28 and 29 are both normal-
ized by a mass-integrated volumetric TDE rate ṅSM16, which we
calculate using the best-fit per-galaxy TDE rate of Stone & Met-
zger (2016),

ṄSM16(M
•

) = 2.9 ⇥ 10�5 gal�1 yr�1
 

M
•

108 M
�

!
�0.404

, (31)

Fig. 10 compares the observed DTD to our mass-integrated theoret-
ical predictions. The top panel shows the relative rate enhancement
hR⇢(t)i in the overdensity hypothesis (§2) for di↵erent initial power
law slopes � and a range of minimum SMBH masses Mmin. The ini-
tial influence radii rinfl,0 (or, equivalently, ⇢1(0) values) are chosen
so that the influence radius after 1010 yr of relaxation is equal to
Eq. 19, yielding a standard galactic nucleus12. This approach yields
a realistic hR⇢(1010 yr)i ⇡ 1. Initial power law slopes �

⇠

> 2.5 are
capable of matching both post-starburst data points as well as the
(very approximate) ULIRG data point.

Likewise, the bottom panel of Fig. 10 compares the observed
DTD to the theoretical relative rate enhancement hR�(t)i in our
anisotropic hypothesis (§3) for di↵erent initial anisotropies �0 and
a range of minimum SMBH masses Mmin. Lower values of Mmin

always reduce hR�i at fixed post-starburst age t, because lower
mass SMBHs have, on average, shorter relaxation times, in which
case initial anisotropies wash out more quickly. As described ear-
lier, larger values of �0 lead to higher enhancements hR�i. The
anisotropic DTDs can match the observed rate enhancements for
�0
⇠

> 0.5. Such large anisotropies lie close to the threshold for the
radial orbit instability, and the viability of this hypothesis may de-
pend on the nonlinear outcome of the ROI.

Most TDEs produced by overdense galactic nuclei come from
low-mass SMBHs. The anisotropy hypothesis, on the other hand,
is biased towards higher-mass SMBHs where relaxation times are
long (see Fig. 7). We estimate the compatibility of theoretical host

11 Specifically, we use the “reference” AGN luminosity function, log�,
given in the third column of Table 3 in Shankar et al. (2009).
12 In order to set realistic initial conditions, we ran an exploratory grid of
PhaseFlow models with a range of �, ⇢1(0) and M

•

values, and measured
the final influence radii rinfl. These models were flattened to a ⇢ / r�1/2

core inside a collision radius ⇠ 10�2 pc set by Eq. 7, but our results are
not sensitive to this flattening. We then interpolated across ⇢1(0) (for fixed
�, M

•

) to estimate the ⇢1(0) value that will yield Eq. 19, and used this
value of ⇢1(0) in a second grid of models across � and M

•

. This second grid
produced the DTDs used in Fig. 10. We find that an initial condition ⇢1(0) =
0.617� ⇥ 106.32 M

�

pc�3(M
•

/106 M
�

)�1.05+0.425� yields a final influence
radius within a factor of two of Eq. 19.
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Figure 11. Cumulative mass distributions C(M
•

) showing the fraction of all
TDEs coming from SMBHs of mass < M

•

. The dotted lines show empirical
cumulative mass functions C(M

•

) for samples of optically- and UV-selected
TDEs in post-starburst galaxies. The grey dotted line is a sample of 9 TDEs
with SMBH masses were computed from the M

•

� � correlation (Wevers
et al. 2017), while the brown dotted line is a sample of 9 TDEs with SMBH
masses computed from light curve fits (Mockler et al. 2018). Top panel: cu-
mulative mass distributions C⇢(M

•

) computed theoretically for the popula-
tion of overdense galactic nuclei modeled in Fig. 10. Colors are the same as
in Fig. 10; solid lines correspond to Mmin = 105 M

�

, while dashed lines are
for Mmin = 106 M

�

. Bottom panel: cumulative mass distributions C�(M
•

)
computed theoretically for the population of radially biased galactic nuclei
modeled in Fig. 10. Colors are the same as in Fig. 10; solid lines correspond
to Mmin = 105 M

�

, while dashed lines are for Mmin = 106 M
�

.

mass distributions with observations by considering two di↵erent
empirical measurements of the mass function of TDE hosts: the
M
•

� � measurements of Wevers et al. (2017), and the optical/UV
light curve fits of Mockler et al. (2018). Both of these works find
a bottom-heavy mass distribution, although they disagree substan-
tially (by factors ⇠ 3) at the low-mass end. In Fig. 11, we plot
theoretical cumulative mass distributions of the TDEs produced
by overdense and radially biased galactic nuclei, as computed13

by Eqs. 28 and 29. The cumulative distribution of SMBH masses
in overdense nuclei, C⇢(M

•

), is in good agreement with observa-

13 In Fig. 11, we evaluate the cumulative mass distributions at a post-
starburst age t = 500 Myr. This choice is somewhat arbitrary, but these dis-
tributions are very similar for any age 100 Myr < t < 2000 Myr. In this fig-
ure, we only use the subset of the SMBH mass measurements in Wevers et
al. (2017) and Mockler et al. (2018) that come from TDEs in post-starburst
galaxies. These include PTF-09djl, PTF-09axc, PS1-10jh, ASASSN-14li,
ASASSN-14ae, and PTF-15af (French et al. 2016); D23H-1, TDE2, PS1-
11af, ASASSN-15oi, and iPTF-16fnl (Graur et al. 2017); and TDE1 (possi-
ble post-starburst - see Balmer absorption in Fig. 1 of Wevers et al. 2017).
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NGC 3156: A Nearby E+A

Several authors have speculated about dynamical mechan-
isms that could enhance the intrinsic rate of TDEs in post-
starburst galaxies. If a galaxy merger creates a SMBH binary in
the center of the merger product, a short-lived ( -10 years5 6 )
phase of greatly enhanced TDE rates will ensue, due partially
to the Kozai effect (Ivanov et al. 2005) but mostly to chaotic
three-body orbits (Chen et al. 2011). Arcavi et al. (2014)
hypothesized that if a major merger triggers the starburst, E
+As may overproduce TDEs due to the presence of hardening
SMBH binaries. However, although these binaries can enhance
TDE rates up to ˙ ~ - -N 10 yr1 1, the short duration of this
enhancement means that SMBH binaries likely contribute only
~1% of the volumetric TDE rate (Wegg & Bode 2011).
Furthermore, it is unclear whether most SMBH binaries should
exist in E+As; if the final parsec problem is solved very
efficiently (inefficiently) then it is possible that most such
binaries merge before (after) their host reaches the E+A stage.

Another possibility is that the starburst that created the E+A
involved the dissipative flow of gas to the galactic nucleus,
creating a steep stellar density cusp. The denser the stellar
population, the shorter the two-body relaxation time and the
higher the TDE rate. The starbursts that create E+As are quite
substantial, increasing the stellar mass of the galaxy by ~10%
(Swinbank et al. 2012), so they are therefore quite capable of
creating changes of order unity in the stellar density profile on
parsec scales, where most TDEs are sourced. Both multi-band
photometry (Yang et al. 2006) and resolved spectroscopy
(Pracy et al. 2012) of nearby E+As find significant radial
gradients in stellar age, indicating an overabundance of young
stars in E+A centers relative to their outskirts, and lending
further plausibility to the idea of a central overdensity. This
hypothesis, first advanced by Stone & Metzger (2016), can be
tested by high-resolution photometric observations of the
nearest E+A galaxies, and systematic calculation of TDE rates
in their nuclei.

Fortunately, one of the nearest E+A galaxies (Pracy et al.
2012), NGC 3156 (shown in Figure 1), has been the target of

past Hubble Space Telescope (HST) photometry (HST Program
12500; PI Kaviraj). In this paper, we use archival HST data to
estimate TDE rates in this galaxy, which at first glance appears
to be an extreme outlier in terms of central stellar density. We
outline the HST observations, their uncertainties, and the range
of allowable surface brightness profiles for this galaxy in
Section 2. In Section 3, we compute TDE rates in NGC 3156
across the range of allowable surface brightness profiles. These
rates are sensitive to the inward extrapolation of surface
brightness (beyond the HST resolution limit), and we consider a
range of theoretically motivated extrapolations. In Section 4,
we discuss both the limitations and the broader implications of
our analysis.

2. NGC 3156: OBSERVATIONS

Below, we first present an estimate of the mass of the central
black hole in NGC 3156, followed by a discussion of the surface
brightness profile inferred from HST observations of this galaxy.
Finally, we note that NGC 3156 is a type II Seyfert galaxy; the
narrow [O III] emission line ( [ ] = ´ -L 2 10 erg sO

38 1
III ) is large

compared to bH emission (which is dominated by absorption),
but no broad emission lines are observed, suggesting that our
view of the accretion disk is obscured by dust. We conclude this
section by showing that unresolved optical emission from the
central active galactic nucleus (AGN) is very small and can be
neglected in our analysis of the surface brightness profile.

2.1. Black Hole Mass

NGC 3156 has a V-band absolute magnitude of
= -M 19.4V (de Vaucouleurs et al. 1991). Using the SDSS

u, g, r, i, z photometry (Fukugita et al. 1996; York et al. 2000;
Adelman-McCarthy et al. 2008) and the kcorrect software
(Blanton & Roweis 2007), we estimate a galaxy-averaged
mass-to-light ratio of ¡ = 1.58, in good agreement with Jeans
and Schwarzschild modeling of this galaxy (Cappellari
et al. 2006). This gives a stellar mass := ´M M3.6 10tot

9 ,
which translates into an SMBH mass of := ´M M1.0 10•

7 if
we associate this with the bulge mass Mb and use the –M M• b
scaling relation of Kormendy & Ho (2013), or a mass of

:= ´M M8.9 10•
6 if we instead use McConnell & Ma (2013).

However, observed E+A galaxies often possess a significant
disk component (Yang et al. 2004), implying that the above
estimate is likely an upper limit to M•. To estimate the bulge-to-
total ratio of the galaxy, we model the surface brightness profile
with an exponential and a de Vaucouleurs profile (i.e., a Sérsic
profile with n= 1 and n= 4). We find Sérsic radii (Re) of 902
and 53.7 pc for the exponential and de Vaucouleurs profiles,
respectively. The ratio of flux in the exponential and the de
Vaucouleurs component is a factor of 7. Assuming that the
integrated luminosity of the de Vaucouleurs profile provides a
good description of the bulge mass, the implied black hole
mass is – :» ´M M0.94 1.0 10•

6 , depending on the choice of
calibration for the –M M• b relation. The disk-dominated nature
of NGC 3156 has already been pointed out by Cappellari et al.
(2007). The disk component is unimportant for our analysis,
since it presents a negligible contribution to the surface
brightness in the inner 100 pc of the galaxy.
The –sM• relation offers an alternate avenue to estimate

SMBH masses. A central velocity dispersion of s = -68 km s 1

was measured by Cappellari et al. (2006) and Cappellari et al.
(2013), which gives := ´M M2.7 10•

6 using the Kormendy

Figure 1. A false-color image of NGC 3156, combining HST photometry in the
F475W, F555W, and F814W filters. The dimensions of the entire image are
1500 pc on each side; the smaller box in the middle is 200 pc on each side and
is shown in Figures 2 and 3.
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NGC 3156: Modeling

• Optimal target: 22 Mpc, MBH = 3x106 M⦿ 

• We fit an I(R) model to archival HST observations 

✦ NGC 3156 major outlier in central profile: I(R) ∝ R-1.3  -> ρ(r) ∝ r-2.3 

• TDE rate Γ~1 x10-3/yr! 

✦ Currently testing with recent HST observations

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

HST image I(R) model Residuals (abs) Residuals (%)

(NCS & van Velzen 16)



Conclusions
• Two-body relaxation sets floor on per-galaxy TDE rate Γtheory 

~10-4/gal/yr 
✦ Discrepant with old Γobs ~10-5/gal/yr; discrepancy may be 

resolved by broad TDE luminosity function 
• Several dynamical explanations for the post-starburst preference 

✦ Radial anisotropies promising for rates, temporal evolution, 
disfavored by mass function 

✦ SMBH binaries generally disfavored 
✦ Overdensity hypothesis most promising, but requires extreme 

parameter choices 
• Delay time distributions powerful future tool - model selection 

and parameter extraction



The Wages of Spin

(Hayasaki, NCS & Loeb 16)
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MBH=106M⦿, aBH=0.9, i=90˚



Observed TDEs
• First TDE candidates found with ROSAT 

(e.g. Komossa & Bade 99) 
✦ Later, XMM-Newton, Chandra  

• Emission generally consistent with simple 
theory 
✦ Light curve follows t-5/3 
✦ Thermal soft X-ray SED consistent with 

compact accretion disk 
• Optical/UV TDEs first found in SDSS (van 

Velzen+11) and Pan-STARRS (Gezari+12) 
✦ Also PTF, ASASSN 
• Thermal blackbody emission >102 x 

brighter than naive predictions

(Gezari+12)
Figure 3

Spectral energy distribution. Spectral energy distribution of PS1-10jh during nearly si-
multaneous GALEX ultraviolet and PS1 optical observations (with the host galaxy flux
removed) at two epochs, with 1σ error bars and labeled by their time in rest-frame days
from the peak of the flare. Flux densities have been corrected for Galactic extinction of
E(B − V ) = 0.013 mag. The ultraviolet and optical SED from −19 to 247 d is fitted with
a 3 × 104 K blackbody. Orange solid lines show blackbodies with this temperature scaled
to the NUV flux density. Open symbols show the GALEX and PS1 flux densities cor-
rected for an internal extinction of E(B − V ) = 0.08 mag, and dotted blue line shows
the 5.5 × 104 K blackbody fit to the de-reddened flux densities. The upper limit from the
Chandra DDT observation on 2011 May 22.96 UT assuming a Γ = 2 spectrum typical of
an AGN is plotted with a thick black line. The X-ray flux density expected from an AGN
with a comparable NUV flux is plotted for comparison with a thick grey line25. Also shown
are the u, g, and r band flux densities measured from aperture photometry with the Liver-
pool Telescope26 on 2011 Sep 24 UT, after subtracting the host galaxy flux measured by
SDSS. Note that the observed continuum temperature, and even the maximum temper-
ature allowed by possible de-reddening, are considerably cooler than the temperature of

≈ 2.5 × 105(MBH/106M⊙)1/12r−1/2
⋆ m−1/6

⋆ K expected from material radiating at the Edding-
ton limit at the tidal radius4. This discrepency is also seen in AGN27 and may imply that
the continuum we see is due to reprocessing of some kind27,28.

Supplementary Information is linked to the online version of the paper at www.nature.com/nature.

Acknowledgements We thank H. Tananbaum for approving our Chandra DDT request, and the entire

7

He IIλ4686 line is still evident as an excess above the model in the later epoch, however it
has faded by a factor of ∼ 10 since the pre-preak spectrum, the same factor by which the
ultraviolet continuum has faded during this time. Note that the absolute flux scaling in the
later epoch is uncertain due to clouds on the date of the observation.

Figure 2

Ultraviolet and optical light curve. The GALEX NUV and PS1 gP1-, rP1-, iP1-, and zP1-
band light curve of PS1-10jh (with the host galaxy flux removed) with 1σ error bars and in
logarithmic days since the time of disruption determined from the best fit of the rP1-band
light curve to the numerical model20 for the mass accretion rate of a tidally disrupted star
with a polytropic exponent of 5/3 (shown with solid lines scaled to the flux in the GALEX
and PS1 bands). The GALEX and PS1 photometry at t > 240 rest-frame days since
the peak is shown binned in time in order to increase the signal-to-noise. The dates of
multiple epochs of MMT spectroscopy are marked with an S, and the date of the Chandra
X-ray observation is marked with an X. Grey line shows an n = 5/3 power-law decay from
the peak. Arrows show 3σ upper limits.

6



Realistic TDE Rates
• Theoretical rates calculated semi-

empirically (Magorrian & Tremaine 99, 
Wang & Merritt 04, NCS & Metzger 16):  
✦ Take sample of nearby galaxies 
✦ Deproject I(R) -> ρ(r)                    

[assumes sphericity] 
✦ Invert ρ(r) -> f(ε)                           

[assumes isotropy] 
✦ Compute diffusion coefficients 

<ΔJ2(ε)>, loss cone flux F(ε)                                
[assumes IMF]

• Low mass galaxies dominate event rate
✦ Γtheory ~ 2-10 x10-4/gal/yr

(Lauer+05)



The Rate Discrepancy
• Γobs ~1x10-5/gal/yr   <<                            
Γtheory ~ 2-10 x10-4/gal/yr 

• Rate estimates conservative
✦ See also Lezhnin & 

Vasiliev 16 
• Explanations of discrepancy: 

1. Dynamical? 

2. Selection effects? 

3. TDE luminosity function

(NCS & Metzger 16)
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Figure 8. Volumetric rate of TDEs ṅ

0
TDE(lnM•) =

dṅTDE/d lnM• per unit log SMBH mass M•, as a function of
M•. Di↵erent lines correspond to di↵erent assumptions about the
low mass cut-o↵ in the SMBH occupation fraction focc, with line
styles and colors corresponding to Mc values in Fig. 7. The de-
crease in the TDE rate at M• & 2 ⇥ 107M� occurs because low
mass stars (which dominate the total TDE rate for the assumed
Kroupa PDMF) possess small radii and hence fall into the BH
without being disrupted. We also show the volumetric rate inte-
grated over d lnM• for each of our five cases, with colors corre-
sponding to the associated curves.

now calculate the volumetric rate of TDEs, ṅTDE. First we
compute the di↵erential volumetric rate of TDEs with re-
spect to SMBH mass,

ṅ0
TDE(lnM•) =

Z
M

max

?

M

min

?

ṄTDE(M•,M?

)�•(M•)�Kro(M?

)dM
?

,

(33)
which is shown in Figure 8 for the di↵erent occupation frac-
tion models. For brevity we have written ṅ0

TDE(lnM•) =
dṅTDE/d lnM•. Here ṄTDE(M•,M?

) is given by our power
law fit for ṄTDE (i.e. Eq. 27) if M• < MHills(M?

), but is 0
otherwise. Consequently, small M stars dominate the volu-
metric TDE rate, although their smaller Hills mass enables
solar-type stars to compete for 2⇥ 107 . M•/M� . 108.

The full volumetric rate is then simply

ṅTDE =

Z
dṅTDE

dlnM•
d lnM•. (34)

One can also define a galaxy-averaged TDE rate, hṄTDEi =
ṅTDE/ngal, where ngal =

R
�•dM• = 0.015 Mpc�3 is the to-

tal spatial density of galaxies (calculated assuming a lower
limit of Mbulge = 107M� on the bulge mass defining a
“galaxy”). The five occupation fraction distributions give
di↵erent average TDE rates, with hṄTDEi of 2.0⇥10�4 yr�1

(case A), 3.7⇥10�4 yr�1 (case B), 6.7⇥10�4 yr�1 (case C),
1.2⇥ 10�3 yr�1 (case D), and 4.6⇥ 10�3 yr�1 (case E).

4.3 Distributions of Observables

The TDE rate can also be translated into distributions of
variables that are either directly observable, or dynami-
cally important for TDE observables. We calculate di↵er-
ential volumetric TDE rates with respect to a variable X,
once again denoting dṅTDE/d lnX = ṅ0

TDE(lnX), by using
Eq. (33) and changing variables while integrating over the

Kroupa PDMF �Kro(M?

):

ṅ0
TDE(lnX) =

Z
M

max

?

M

min

?

dṅTDE

dlnM•
�Kro

d lnM•

d lnX
dM

?

. (35)

Figures 9 shows our results for TDE distribution with
respect to peak fallback rates Ṁpeak/Ṁedd (Eq. 24), fallback
timescales tfall (Eq. 23), Eddington timescales tedd (Eq. 25),
and total radiated energy Erad (Eq. 26). The peak Ed-
dington ratio is very sensitive to the occupation fraction,
with the most probable value of Ṁpeak/Ṁedd varying be-
tween ⇠ 10 � 1000 as the turn-over mass decreases from
Mc = 108.5M� to 107.5M�. For all our choices of occupation
fraction except for case A (Mc = 109M�, which is in any
case disfavored by observations of nearby galactic nuclei),
most TDEs are characterized by a phase of highly super-
Eddington accretion. This also implies that TDE emission
mechanisms that scale with absolute accretion power, in-
stead of those which are limited to the Eddington luminosity,
provide the most sensitive probe of the SMBH occupation
fraction.

The distribution of fall-back times tfall is less sensi-
tive to the occupation fraction, with typical values rang-
ing from a few weeks to a few months (except for case E,
where tfall ⇠ 1 day). All models for TDE emission predict
light curves with characteristic durations & tfall. Because
the characteristic fallback time generally exceeds a couple
weeks, even for a relatively low value of Mc = 107.5M�,
this shows that optical surveys such as ZTF or LSST, with
planned cadences of several days, should (modulo selection
criteria) be limited by flux rather than cadence in TDE dis-
covery.

The distribution of Eddington timescales tedd also de-
pends only weakly on the occupation fraction; other than
setting the overall normalization of the distribution, focc
mainly determines the steepness of the cuto↵ at large tedd.
The value of tedd ⇡ 500 days inferred by the time at which
the beamed X-ray emission shut o↵ following the jetted TDE
Swift J1644+57 (e.g., Zauderer et al. 2013; Tchekhovskoy
et al. 2014; Kawashima et al. 2013) appears in line with
theoretical expectations. The distribution of (Eddington-
limited) energy radiated, Erad, is more sensitive to focc, but
as discussed in §3, it is challenging to measure anything but
lower limits on this quantity.

4.4 Detection Rate of TDEs by Optical Surveys

The population of TDEs that will be selected by optical
surveys depends sensitively on which emission mechanism
dominates (§3.1; Appendix B). We calculate the detection
rate of TDEs, Ṅobs, using a simple flux threshold criterion,
as is motivated by the generally long duration of TDE flares
relative to the planned cadence of upcoming surveys. Our
results are normalized to those detected by an all-sky survey
with a g-band limiting magnitude of glim = 19, in order to
represent the approximate sensitivity of the planned survey
by ZTF (e.g. Rau et al. 2009; Kulkarni 2012). Although
the 5� limiting magnitude of PTF is formally ⇠ 21, it is
hard to determine whether a detected optical transient is in
fact a TDE without high signal to noise and the ability to
resolve the light curve for several epochs away from peak.
All three TDE flares discovered by iPTF possess peak g-
band magnitudes g ⇡ 19 (Arcavi et al. 2014), motivating

c
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Rate Discrepancy Resolved?

(van Velzen 17)

TDFs are TDEs 5

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 line
shows a power-law, dN/dL / L�2.5

g . The solid line present our
default model for the TDF luminosity function (see Sec.2.3.1).

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 are 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 pre-
vious TDFs. For iPTF we adopt m < 19 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
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
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Fig. 2.— The TDF host galaxy stellar mass function. The num-
ber of sources in these three bins is: {5, 7, 3, 1} (low to high). The
highest-mass bin contains the TDF candidate ASASSN-15lh. The
dashed line shows a galaxy mass function (Baldry et al. 2012),
multiplied with a constant TDF rate of 10�4 galaxy�1 yr�1.

unit volume per unit time (i.e., the volumetric 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 observed maximum
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
measurements of the velocity dispersion, the black hole
mass is estimated from the M–� relation (Ferrarese &
Merritt 2000; Gebhardt et al. 2000) using the version of
Gültekin et al. (2009). For this subsample 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 former is the
limiting factor for most sources (cf. the last column of
Table 1 and Table 2.1).
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 volumetric rate as a function of Lg (Fig. 1) shows

a steep decrease that can be parametrized as

dṄ

d log10 L
= Ṅ0 log10(L/L0)

�1.5 (3)

with L0 = 1043 erg s�1 and Ṅ0 = 3⇥ 10�7 Mpc�3 yr�1.
To convert our measurement of the volumetric TDF

rate to a rate per galaxy, we compute the volumetric
rate as a function of total stellar mass and divide by
the stellar mass function of Baldry et al. (2012). For a
stellar mass in the range 109.5 < Mgalaxy/M� < 1010.5

a constant rate of 10�4 galaxy�1 yr�1 is consistent with
our observations (Fig. 2).
The rate as a function of black hole mass (Fig. 3) is



Birth of a Bahcall-Wolf Cusp

(NCS+17)
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Nuclear Triaxiality?

(Merritt+13)

Loss Cone Dynamics 16

and q is the short-to-long axis ratio of the stellar figure [61]. A substantial fraction

of stars with ℓz < ℓlc, and with instantaneous angular momenta less than ∼ ϵ1/2 will

pass eventually within rlc. If the population of low-ℓ orbits is not too different from the

population in an isotropic, spherical galaxy having the same radial mass distribution,

the fraction of stars at any E that are destined to pass within rlc is

∼
! ℓlc

0

dℓz

!

√
ϵ

0

dℓ ≈
√
ϵℓlc (41)

compared with the smaller fraction ∼ ℓ2lc in a spherical galaxy. The timescale over which

these orbits are drained is the longer of the radial period and the period, tprec, associated

with precession through a full cycle in ℓ or cos i; the latter time is roughly ∼ ϵ−1/2 times

the “mass precession time” tM ≈ PM•/M⋆, i.e. the time for apsidal precession of an

orbit due to the (spherically) distributed mass. Near the influence radius, M⋆ ≈ M•,

and in a nucleus of moderate flattening, ϵ−1/2tM will be of order or somewhat longer than
P (rh). While longer than the time required for loss-cone draining in spherical galaxies,

this time is still short enough that the saucer orbits within ∼ rh would probably be

drained soon after the SBH is in place.

Figure 7. Two important types of orbit that exist near SBHs in axisymmetric or
triaxial nuclei. Left: saucer orbit; right: pyramid orbit. Each figure shows the surface
of the three-dimensional volume filled by the orbit; the SBH is at the origin and the
short (z) axis of the nucleus is indicated by the vertical line. Saucer orbits are present
in both axisymmetric and triaxial nuclei; their excursions in L are limited to L ≥ Lmin,
where Lmin = Lz in the axisymmetric case. Pyramid orbits exist only in the triaxial
geometry; they reach zero angular momentum at the corners of the pyramid. Both
types of orbit have counterparts obtained by reflection about a symmetry plane of the
potential.

Saucer-like orbits exist also in triaxial nuclei [53], but much of the phase space in

triaxial potentials is occupied by an additional family of orbits: the pyramid orbits [38],

Pyramid Orbit: 
J≥0

Triaxial PotentialAxisymmetric Potential

Saucer Orbit: 
J≥Jz



Eccentric Stellar Disks?

(Madigan+17)
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Figure 1: Physics of orbital oscillations within a stable eccentric disk.

The entire disk (black) precesses in the prograde direction (counter-clockwise in this figure). If an orbit (red) moves ahead of the disk
(left panel), it feels a gravitational pull towards the bulk of the disk. This torques the orbit, decreasing its angular momentum and thus
increasing its orbital eccentricity ( j2/ (1� e2)). This lowers the orbit’s precession rate, allowing the bulk of the disk to catch up with
it. The reverse happens for an orbit which lags behind the bulk of the disk (right panel). The overall effect is to stabilize the disk: any
orbit which is perturbed off the disk is driven back toward it by torques and differential precession. The mechanism inducing this
stability leads to oscillations in eccentricity.

the disk orbits on each other are strong and can effectively
counteract e-vector differential precession.

The stability of a disk depends entirely on direction of its
e-vector precession. In Madigan, Levin & Hopman (2009),
we focused on the case in which an eccentric stellar disk
is embedded in a more massive ⇠symmetric nuclear star
cluster (such as in the Milky Way Galactic center; Feldmeier
et al., 2014). This additional gravitational potential leads to
retrograde precession1 of the orbits (e0 · vp < 0 where vp is
the velocity at periapsis). Retrograde precession, combined
with mutual gravitational torques, results in an ‘eccentric
disk instability’ which propels the orbits apart.

Here we focus on the case in which the mass of the asym-
metric eccentric disk is much greater than the background
stellar potential (as is true for the M31 nucleus; Kormendy &
Bender, 1999), such that the direction of precession for the
bulk of the disk is reversed. Prograde precession (e0 ·vp > 0)
leads instead to stability: orbits which precess ahead of the
disk feel a gravitational pull toward the disk behind it. We

1 An intuitive explanation for this retrograde precession can be seen
from equation 1b. In Gauss’s approximation, we spread the mass of the star
over its orbit, with the density inversely proportional to the instantaneous
velocity. Hence most of the mass of the orbit is located at apoapsis. For
sufficiently eccentric orbits and for typical nuclear star cluster density
profiles, the forces experienced at this location dominate over those at
periapsis. A spherical gravitational potential results in an inward radial
force at apoapsis; the first term in equation 1b gives retrograde precession.

show this in the left panel of figure 1. This gravitational
force creates a torque ⌧z < 0 (see equation 1a) which de-
creases the angular momentum of the orbit. Specific angular
momentum and energy are defined as

j2 = GM•a(1� e2) (2a)

E =
GM•
2a

. (2b)

The torque does not affect the energy, or equivalently the
semi-major axis, of the orbit. Hence the torque raises the
orbital eccentricity of the orbit. Increasing the eccentric-
ity slows its angular precession rate (/ f ⇥ j/e), stalling
the orbit until it is reabsorbed by the mean body of the
disk. A similar analysis shows that orbits which lag behind
the disk decrease in eccentricity, precess more rapidly and
are driven back towards the bulk of the disk (right panel
of figure 1). This stability mechanism implies both that a
coherent precessing eccentric disk maintains its shape in
response to perturbations, and that perturbed orbits un-
dergo oscillations in eccentricity and in orientation about
the mean body of the disk. A similar analysis shows that suf-
ficiently massive eccentric disks are stable to perturbations
in inclination resulting from out-of-plane forces. Strongly
perturbed and/or extremely eccentric orbits can flip their
orientation however; see § 3.4.

3



SMBH Binaries?

(Prieto+16)
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Fig. 1.— Grey scale images showing the full 10 ⇥ 10 MUSE field centered on PGC 043234

(RA=12:48:15.24, DEC=+17:46:26.5), the host galaxy of the nearby TDE ASASSN-14li.

The left panel shows an image of the continuum emission at 5100 Å, just to the blue of

the strong [O III] �5007 nebular line at the redshift of PGC 043234. The right panel shows

an image at 5110 Å which includes [O III] �5007 nebular line emission at the redshift of

PGC 043234, that clearly reveals the presence of extended [O III] �5007 emission. The

extended source to the west of PGC 043234 is a background edge-on galaxy at z = 0.15

(RA=12:48:14.18, DEC=+17:46:28.0) and the point source to the south of PGC 043234 is

a foreground Galactic star (RA=12:48:15.21, DEC=+17:46:16.06).



SMBH Binaries
• Nascent SMBH binaries see increase in TDE 

rate: 
✦ Kozai effect (Ivanov+05) 
✦ Chaotic 3-body scatterings (Chen+11, Wegg 

& Bode 11) 
• Enhancement huge (Γ ~10-1/yr) but short-lived 

(<106 yr) 
✦ Occurs before final parsec problem 
✦ Unique lightcurves?  (Coughlin talk) 

• Possibly disfavored by: 
✦ Total rate fraction ~3-25% (Wegg & Bode 11) 
✦ Fine-tuned timescales 
✦ Mass distribution

The Astrophysical Journal Letters, 738:L8 (6pp), 2011 September 1 Wegg & Bode
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Figure 2. Results as described in Figure 1 for q = 0.3.
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Figure 3. Plots of our η = 1.25, q = 0.3 simulation. Left panel shows the stars that are tidally disrupted for rt /rc = 5 × 10−7 as a function of their initial radius and
z-component of angular momentum normalized to the circular angular momentum at that radius, Jz/Jc . The Kozai wedge is plotted together with the overall stellar
density. A large fraction of the disrupted stars lie well outside the Kozai wedge, indicating that these are chaotic orbits (see Chen et al. 2009). The contours show the
initial stellar distribution, each is evenly spaced in density. The right-hand panel shows the rates from the same simulation scaled using the relations in Equations (6)
and (7) for M1 = 108 M⊙ by solid, 5 × 107 M⊙ by dotted, and 107 M⊙ by dashed lines.

with the parameters c = 3 × 10−11 M−1
⊙ Mpc−3, M⋆

BH =
1.1 × 108 M⊙, and α = 0.95 (values derived by Aller &
Richstone 2002, scaled to H0 = 71 km s−1 Mpc−1). The rate
of TDs per galaxy is highly uncertain, and so we parameterize,

Γtd = γ × 10−5 yr−1, scaling to the observationally motivated
constant rate per galaxy of Donley et al. (2002) independent
of MBH. We also assume that Vc is independent of MBH and
is 10.7 Gpc3, corresponding to our redshift limit of z = 0.35,

4

(Wegg & Bode 11)



SMBHB TDE Rates

(NCS+17)
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Observed TDE Hosts

(Wevers+17)

BH masses of optically/UV selected TDEs 9

Figure 5. TDE host black hole masses and various versions of
the M–� relation. Black stars represents the resolved sample of
Ferrarese & Ford (2005), while the dashed line represents the
best-fitting relation (Eq. 3); red triangles represent the TDE host
galaxies. The dotted line represents the McConnell & Ma (2013)
relation valid for early type galaxies. The solid line represents the
Kormendy & Ho (2013) relation for massive ellipticals. Regarding
the latter relation, we remark that our galaxies are not ellipticals
and therefore it is unlikely that this relation is appropriate for
our sample.

4.2.3 Choice of M–� relation

The particular choice of M–� relation and which version
is the best version is still a matter of debate, with many
versions published in the literature (Ferrarese & Ford 2005;
Gültekin et al. 2009; McConnell & Ma 2013; Kormendy &
Ho 2013). Each of these works has its particular sample se-
lection that comes with advantages and disadvantages. In
this work we have chosen to use the relation based on the
sample of Ferrarese & Ford (2005), who included only galax-
ies for which the sphere of influence had been resolved. If
we compare these values with those obtained with the re-
cent McConnell & Ma (2013) relation, valid for early-type
galaxies, we find that the (non-systematic) di↵erence is less
than 0.1 dex for the sources in our sample. Therefore we
do not expect the particular choice of the M–� relation to
influence our conclusions. In Figure 5 we show the original
(resolved) sample used by Ferrarese & Ford (2005) to derive
the M–� relation (Eq. 3; dashed line). We have overplotted
the relation by McConnell & Ma (2013) (dotted line) and
Kormendy & Ho (2013) (solid line) to illustrate the e↵ect
on the derived masses. We note that the latter relation was
explicitly derived for elliptical galaxies and is most likely not
appropriate for our sample.

Another issue that arises from using the M–� relation
for our sample is that several host galaxies harbour black
holes with masses that are lower than the mass range for
which the relation was originally derived (see also Figure 5).
Simulations have shown that the (currently unknown) black
hole seed formation scenario has an impact on the valid-
ity of the M–� relation at the low mass end. For example,
Volonteri (2010) showed that in the case of high-mass seeds

Figure 6. Distribution of the observed black hole masses in our
sample of TDE host galaxies. The sample is dominated by low
mass black holes, as expected from theoretical arguments (Wang
& Merritt 2004). This is in contrast to fig. 12 of Stone & Met-
zger (2016), who found a more top-heavy MBH distribution, with
SMBH masses in optical TDE hosts peaked just below 107M�.

the relation should show an increased scatter, possibly com-
bined with a flattening at low �. However, there is at present
no conclusive evidence that corroborates these predictions.
For example, Barth et al. (2005) measure black hole masses
for less than 106 M� BHs and find that they lie on the ex-
trapolation of the M–� relation to lower masses. Xiao et al.
(2011) found that the relation derived for quiescent massive
ellipticals can also be extrapolated to active galaxies, with
masses as low as 2⇥ 105 M�. These authors did not find ev-
idence for an increased scatter in the correlation at the low
end of the mass range. We remark that direct mass mea-
surements for these systems are needed to resolve this issue
beyond doubt.

4.3 A black hole mass distribution for TDE host
galaxies

Recent theoretical work has used the observed sample of
TDE candidates to analyze flare demographics (Kochanek
2016), to constrain the SMBH occupation fraction in low
mass galaxies (Stone & Metzger 2016), and to try to con-
strain optical emission mechanisms (Stone & Metzger 2016;
Metzger & Stone 2016). The BH/bulge mass estimates used
in these works are inhomogeneous, but are generally based
on the M–L relation, and the bulge mass of these galaxies
is subject to large uncertainties. Here we present a new and
updated black hole mass distribution based on spectroscopic
measurements of our host galaxy sample.

Our mass distribution, presented in Figure 6, contains
black hole masses ranging from 3⇥ 105 M� to 2⇥ 107 M�. It

MNRAS 000, 1–16 (2017)



General Relativistic Hills 
Masses

• Hills Mass: maximum SMBH mass that can 
produce a TDE 

✦ Rt≈R★(MBH/M★)1/3, while Rg=GMBH/c2 

✦ Above MHill~9x107M⦿, TDEs impossible… 

✦ …in Schwarzschild metric 

• Quantifiable in exact GR with Fermi Normal 
Coordinates (Marck 83, Beloborodov+92) 

✦ Eigenvalues of Cij determine disruption 

• MHill increases a factor of ~8 as SMBH 
spin a->1 (Kesden 12) 

✦ Smaller IBSO (parabolic+inclined ISCO) 
✦ Stronger tidal tensor (Kesden 12)

8

A very crude estimate of this density can be made by
assuming that rcrit ↵ rh, an assumption roughly true for
real galaxies as indicated by Fig. 6 of Wang and Mer-
ritt [22]. If we further assume that the density profile of
galactic centers is that of a single isothermal sphere,

⌥(r) =
�2

2⌃Gr2
, (27)

then inserting n = ⌥(rh)/m⇥ into Eq. (23) implies

�⌅
TD ↵ 1.3⇤ 10�3yr�1

⇤
M

106M⇤

⌅�2/3 ⇤ �

100 km/s

⌅5

.

(28)
Wang and Merritt [22] use the isotropic distribution func-
tion appropriate for a single isothermal sphere to calcu-
late the true rate at which the loss cone is refilled by
stellar di�usion. They find that their results are well
approximated by the fit

�⌅
TD ↵ 2.5⇤ 10�3yr�1

⇤
M

106M⇤

⌅�1 ⇤ �

100 km/s

⌅7/2

.

(29)
If we combine this estimate with a recent determination
of the relation between SBH mass and host-galaxy veloc-
ity dispersion [47],

M

106M⇤
= 7.58

⇤
�

100 km/s

⌅4.32

, (30)

we arrive at a final TDE rate of

�⌅
TD ↵ 4.8⇤ 10�4yr�1

⇤
M

106M⇤

⌅�0.19

(31)

in the Newtonian limit. This estimate should be reason-
able for the power-law galaxies that dominate the total
TDE rate; the core galaxies that host the most massive
SBHs have TDE rates �⌅

TD ↵ 10�5 yr�1 about an order
of magnitude below that of comparable-mass power-law
galaxies [22].

In Fig. 4, we show how the direct capture of stars by
spinning SBHs changes this prediction. This figure was
prepared with the same set of Monte Carlo simulations
described in Sec. III. Although there are considerable dif-
ferences between the Newtonian predictions of Eqs. (23)
and (31), these di�erences result from di�erent treat-
ments of the stellar populations far from the SBH. We
may therefore simply renormalize our relativistic predic-
tions �TD = FTD�tot of the previous subsection by di-
viding by Eq. (23) and multiplying by Eq. (31) at each
SBH mass M . Direct capture reduces the predicted TDE
rate by a factor ⌥ 2/3 (1/10) at M = 107 (108)M⇤. Al-
though TDEs are very rare for large SBH masses, they
are still possible for M < Mmax ↵ 109M⇤. Since SBHs
with masses M ↵ 109M⇤ predominantly live in galaxies
with cored profiles, Fig. 4 may somewhat underestimate
TDE rates at these masses since the stellar density will
not fall as steeply with r as the single isothermal profile
of Eq. (27).

FIG. 4: The rates at which stars are tidally disrupted by
SBHs of mass M in power-law galaxies obeying the M � ⇥
relation. The dashed black line is the prediction of Wang and
Merritt [22] for �⌅

TD with an updated M � ⇥ relation. The
colored curves show our relativistic corrections �TD to this
prediction. The TDE rate increases with SBH spin, with the
given curves corresponding to a/M = 0 (red), 0.5 (orange),
0.9 (green), 0.99 (blue), and 0.999 (purple).

V. DISCUSSION

Astronomers have sought to observe the electromag-
netic flares associated with TDEs ever since this possi-
bility was proposed by Rees [10]. Several potential TDEs
were discovered over the past 15 years by the Roentgen
Satellite (ROSAT) [12] and the Galaxy Evolution Ex-
plorer [13], and the recent discovery of additional TDEs
by both the Sloan Digital Sky Survey [14] and Swift [15–
18] has renewed interest in this phenomenon. While in-
dividual TDEs may provide new insights into SBH accre-
tion physics, the large samples that may soon be avail-
able [14] will uniquely probe the whole population of both
active and quiescent SBHs. While overall TDE rates de-
pend on stellar populations at galactic centers, the upper
bound on the massM of SBHs capable of tidal disruption
is a sensitive measure of SBH spins. For M � 107M⇤,
tidal disruption occurs deep enough in the SBHs poten-
tial well that Newtonian gravity is no longer valid. Fur-
thermore, there is no reason to expect the orbital angu-
lar momenta of tidally disrupted stars to align with SBH
spins. For both these reasons, accurate calculations of
TDE rates require evaluation of the relativistic tidal ten-
sor Cij on a representative sample of generically oriented
Kerr geodesics.



Angle of Approach

(NCS & van Velzen in prep)
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TDEs as Integrated Spin Constraints

(NCS & van Velzen in prep)
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Does Metallicity Matter?

(NCS & van Velzen in prep)
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Sometimes not…

(NCS & van Velzen in prep)
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…and Sometimes Yes

(NCS & van Velzen in prep)
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X-ray TDEs
• First TDE candidates found with 

ROSAT (e.g. Komossa & Bade 99) 
✦ Later, XMM-Newton, Chandra  

• Emission generally consistent with 
simple theory 
✦ Light curve follows t-5/3 
✦ Thermal soft X-ray SED consistent 

with compact accretion disk 
• Cadence usually poor 
• Surprises in nonthermal hard X-rays 

✦ Three jetted TDEs found by Swift 
✦ Occasional hard power-law in 

thermal TDEs
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Fig. 4. XMM-Newton EPIC-pn X-ray spectra of NGC 3599 (left panel) and SDSS J132341.97+482701.3 (right panel) fitted by a power-law model
plus Galactic absorption. Data/model residuals are presented at the bottom of each spectrum.

Fig. 5. Detailed fits to the post-outburst optical spectrum of NGC 3599. Flux calibrated data are presented in black and the stellar population is
shown in red. The subtracted spectrum in blue illustrate the galactic nuclear region.

prominent broad Balmer lines or strong high-ionization lines as
it has been recently discovered in the tidal disruption candidate
SDSS J095209.56+214313.3 (Komossa et al. 2008). The post-
outburst spectrum of SDSS J1323 showed no emission lines nor
apparent variation since the spectrum performed before the dis-
ruption event. Due to the faintness of the source and the rela-
tively short exposure time of the observation, a reliable flux cal-
ibration could not be achieved. However, this is not required for
our aims as it has been confirmed that the source does not show
at present any evident optical signature of the flaring event.

A new optical observation of NGC 3599 was performed in
April 2008 with the IDS spectrograph on the 2.5 m Isaac Newton
Telescope (INT) in La Palma. Given the strong underlying host
galaxy absorption features, uncertainties in existing spectra are
too large to assess small-amplitude variability of the emission
lines. This observation was aimed to obtain for the first time a

high quality spectrum of the source. Three exposures of 1800 s
of the object were performed using the R300V grating and then
analysed following the same procedure outlined for the NOT ob-
servations. A S/N ∼ 90 was achieved in the final spectrum. The
linear fit applied between pixel number and wavelength for the
selected spectral lines gave a calibration error less than 0.2 Å.
A set of 14 star exposures were observed and analysed in order
to optimise the flux calibration process. Sensitivity functions of
all standards were derived and combined into a unique solution
using an iterative process that rejected those observations whose
sensitivity behaviours deviated more than two percent from the
mean calibration function. Gaussian profiles were fitted to the
emission lines of the resulting nuclear spectrum of NGC 3599
after the starlight component subtraction (Fig. 5). The follow-
ing ratios were obtained: [O III] 5007 Å/Hβ = 3.38(±0.91),

150 S. Komossa / Journal of High Energy Astrophysics 7 (2015) 148–157

Fig. 2. Summary of the main properties of the ROSAT events. The figures show the 
rise to the highest observed state of NGC 5905 during the RASS and an image of the 
host galaxy.

(Bade et al., 1996; Komossa and Bade, 1999; see also Li et al., 
2002), RXJ1242-1119 (Komossa and Greiner, 1999), RXJ1624+7554 
(Grupe et al., 1999), and RXJ1420+5334 (Greiner et al., 2000). 
Among these, NGC 5905 and RXJ1242-1119 are the best-covered 
events in terms of their long-term X-ray lightcurves, spanning time 
intervals of more than a decade, with amplitudes of decline larger 
than a factor of 1000 (Komossa et al., 2004; Halpern et al., 2004;
Komossa, 2005).

NGC 5905 was first noticed due to its luminous, soft (kT =
0.06 keV) X-ray emission with peak luminosity in the soft X-ray 
band of Lx,peak = 7 × 1042 erg/s during the RASS. It remained 
bright for at least ∼5 days (the time interval its position was re-
peatedly scanned during the RASS) increasing in luminosity to the 
observed peak. X-rays then declined on the timescale of months 
to years (Fig. 3). Within the errors, the X-rays came from the cen-
ter of this nearby barred spiral galaxy (z = 0.011; Fig. 2). While 
the X-ray spectrum was initially very soft, it had hardened signif-
icantly (!x = −2.4) 3 years later, when re-observed with ROSAT. 
The decline of its X-ray lightcurve is well consistent with the 
predicted t−5/3 law, as first reported based on its ROSAT obser-
vations (Komossa and Bade, 1999) and confirmed with Chandra
(Halpern et al., 2004). All observations of this event are in very 
good agreement with tidal disruption theory (Bade et al., 1996;
Komossa and Bade, 1999).

Whenever enough data exist, the ROSAT events, and most of 
the more recent soft X-ray TDEs (next section), follow a similar 
trend in spectral and lightcurve evolution as NGC 5905, providing 
independent evidence that the same mechanism was at work in all 
cases.

2.2. New soft X-ray TDEs and Swift follow-ups

More recently, similar X-ray events have been detected with 
Chandra and XMM-Newton, based on dedicated searches or seren-
dipitous discoveries. The XMM-Newton slew survey has been 
used to identify new bright TDEs based on a comparison with 
the ROSAT data base, and a few events have been found so 
far (Esquej et al., 2007, 2008; Saxton et al., 2012b). Among 
these, SDSSJ120136.02+300305.5 has the best-covered first-year 
lightcurve (Saxton et al., 2012b), based on follow-ups with XMM-
Newton and Swift. Overall, the X-rays continue fading after high-
state. Additional large-amplitude variability is apparent on the 
timescale of weeks (Fig. 4). The X-ray spectrum of SDSSJ120136.02+
300305.5, observed with XMM-Newton weeks and months after 
high-state is very soft (no photons detected beyond 2–3 keV), but 

Fig. 3. Joint X-ray lightcurve of the ROSAT TDEs, all shifted to the same peak time. 
The decline is consistent with a t−5/3 law (dashed lined). This point was first made 
based on the ROSAT data of NGC 5905 (Komossa and Bade, 1999), and later for the 
overall luminosity evolution of the sources displayed above (e.g., Fig. 1 of Komossa, 
2004). RXJ1242-1119 shows a further drop in X-rays at late times (not shown here), 
deviating from the early phase decline law, implying a total amplitude of decline of 
a factor ∼1000 (Komossa, 2005).

is not well fit with black-body emission. It is consistent with a 
broken powerlaw or a Bremsstrahlung-like spectral shape.

A few TDEs were identified in clusters of galaxies (Cappelluti 
et al., 2009; Maksym et al., 2010, 2013; Donato et al., 2014). The 
most likely counterpart of the source WINGS J1348 in Abell 1795 
is a dwarf galaxy, and the disrupting black hole is of relatively low 
mass, MBH < 106M⊙ (Maksym et al., 2013, 2014a; Donato et al., 
2014). A second candidate TDE hosted by a dwarf galaxy was re-
ported by Maksym et al. (2014b).

Other events emerged through systematic searches of the XMM-
Newton data base (Lin et al., 2011, submitted for publication) and 
new searches of the ROSAT data base (Khabibullin and Sazonov, 
2014; Maksym et al., 2014b). The events cover X-ray luminosi-
ties in the range (1042–several 1044) erg/s, and arise in relatively 
nearby galaxies (z = 0.03–0.2) which are optically quiescent (i.e., 
they lack the characteristic optical narrow emission lines of AGN). 
The Swift mission has been essential in providing rapid follow-ups 
of several of these events, confirming the fading X-rays, and pro-
viding tight constraints on the luminosity evolution.

Overall, the salient properties of the soft X-ray TDEs detected 
with ROSAT, XMM-Newton and Chandra can be summarized as fol-
lows:

• Peak luminosities are large, up to several 1044 erg/s in the soft 
X-ray band.

• Amplitudes of decline reach factors up to 1000–6000 (the 
ROSAT events), more than a decade after the observed high-
states.

• X-ray spectra are very soft during the high-states (kTBB ∼
0.04–0.1 keV), followed by a spectral hardening on the time 
scale of years.

• Host galaxies show essentially no evidence for permanent ac-
tivity as it is seen in AGN. Years after the flare (and before, 
when data exist), the galaxies are optically inactive, radio in-
active, and X-ray inactive.

• X-ray lightcurves decline on the timescale of months–years, 
and are overall consistent with the law L ∝ t−5/3 predicted by 
the fall-back model of tidal disruption theory.
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