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Stellar tidal disruption events
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Roswogg et al. (2009)

• Unlucky star


• ~50% of debris falls back 
onto BH (Evans & Kochanek 1989)


‣  Fallback rate ~ t-5/3 


‣  Fallback rate ≫ Eddington rate


• Accretion flare, peaked at EUV        
(Rees 1988)

• Max mass for visible flare 
~108 M⊙  (Hills 1975)

•  Rare events: ~104 yr wait time             
(Magorrian & Tremaine 1999)



Interesting for many reasons
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‣ Accretion physics (thermal emission)


‣ Jet physics (non-thermal emission)


‣ Probe dormant black holes 
(measure BH mass?)


‣ Stellar dynamics


‣ SMBH mergers


‣ Intermediate-mass BHs 


‣ General relativity
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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 for SBHs with spins a/M = 0 (red), 0.5 (orange),
0.9 (green), 0.99 (blue), and 0.999 (purple).

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 (30), 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. (30) 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. (26).

V. DISCUSSION

Astronomers have sought to observe the electromag-
netic flares associated with TDEs ever since this pos-
sibility was proposed by Rees [10]. Several potential
TDEs were discovered over the past 15 years by ROSAT
[12] and the Galaxy Evolution Explorer (GALEX) [13],
and the recent discovery of additional TDEs by both the
Sloan Digital Sky Survey (SDSS) [14] and Swift [15–18]
has renewed interest in this phenomenon. While individ-
ual TDEs may provide new insights into SBH accretion
physics, the large samples that may soon be available [14]
will uniquely probe the whole population of both active
and quiescent SBHs. While overall TDE rates depend on
stellar populations at galactic centers, the upper bound
on the mass M 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.

We have performed a series of Monte Carlo simula-
tions that provide this required sample. We use this
sample to calculate TDE rates for spinning SBH as a
function of their mass M , both in constant-density cores
and in isothermal spheres that approximate real power-
law galaxies. We find that for M � 107M⇥, a significant
fraction of stars will be directly captured by the SBH’s
event horizon instead of being tidally disrupted and sub-
sequently accreted. This will reduce the observed TDE
rate assuming that directly captured stellar debris will
not have the chance to radiate appreciably before being
swallowed by the SBH. Above M ⇥ 108M⇥, only highly
spinning (a/M � 0.9) SBHs will be able to produce ob-
servable TDEs. Theory [30] and observation [31, 32] sug-
gest that most SBHs may have such large spins, but fur-
ther observations are needed to investigate this possibil-
ity. A future survey like LSST [19] that finds thousands
of TDEs may provide important constraints on the dis-
tribution of SBH spins.
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Timeline of TDE (thermal emission)
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Non-thermal emission: tidal disruptions with jets
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Credit: Marscher et al., Wolfgang Steffen, Cosmovision, NRAO/AUI/NSF

to a transition of the accretion flow to a soft/thermal
state once the accretion rate becomes sub-Eddington,
in analogy to the behavior of stellar-mass x-ray
binaries. Even in this case, whether and when ther-
mal emission will be observable hinges on the de-
gree of dust extinction and its brightness relative
to the host bulge.

If the TDF hypothesis is correct, Sw 1644+57
will fade over the coming year and will not re-
peat. If our interpretation about the relativistic
flow and spectral origin is correct, then we would
expect the transient emission to be polarized at a
(low) level similar to that seen in gamma-ray burst
afterglows [as opposed to blazars (35, 36)]. More-
over, we expect to see evidence for superluminal
motion of the radio source as seen in VLBI moni-
toring over the next few months; the source itself
may become resolved on time scales of a few
months if it remains bright enough to detect at
radio wavebands.

Adopting a beaming fraction fb ≲ 10−2 con-
sistent with that inferred from Sw 1644+57 (SOM),
we conclude that for every on-axis event, there
will be 1/fb ≳ 102 events pointed away from our
line of sight. Because Swift has detected only one
such event in ∼6 years of monitoring, the total

inferred limit on the rate of TDFs accompanied
by relativistic ejecta is ≳10 year−1 out to a sim-
ilar distance. Although themajority of such events
will not produce prompt high-energy emission,
bright radio emission is predicted once the ejecta
decelerates to nonrelativistic speeds on a time
scale of ∼1 year (17). The predicted peak flux is
sufficiently high (∼0.1 to 1mJy at several-gigahertz
frequencies and redshifts similar to that of Sw
1644+57) that ∼10 to 100 may be detected per
year by upcoming radio transient surveys.

The emerging jet from the tidal disruption
event appears to be powerful enough to ac-
celerate cosmic rays up to the highest observed
energy (∼1020 eV) (37). The observed rate of
jets associated with the tidal disruption of a
star, Ṙ e 10−11 Mpc−3 year−1, and the energy
released per event of 3 × Ex ∼ 5 × 1053 erg,
however, imply an energy injection rate of
ĖTDF e 5! 1042 ergMpc−3 year−1. Despite the
large uncertainty, this rate is substantially smaller
than the injection rate Ėinj e 1044 erg Mpc−3 year−1

required to explain the observed flux of cosmic
rays of energy >1019 eV (38). This conclusion
is, however, subject to uncertainties associated
with the radiative efficiency of the jet.

There is much evidence that AGN jets are
accelerated by magnetohydrodynamic, rather
than hydrodynamic, forces (39). A key unsolved
question is whether the large-scale magnetic field
necessary to power the jet is advected in with the
flow (40), or whether it is generated locally in
the disk by instabilities or dynamo action. If the
jet is launched from a radius Rin, the magnetic
field strength at its base (B) is related to the jet
luminosity by Lj ∼ pRin

2 c × (B2/4p). If we as-
sume Lj ∼ 1045 erg s−1, similar to the Eddington
limit for a ∼107M⊙MBH (as appears necessary
to explain the bright nonthermal emission), the
required field strength isB∼ 105G forRin∼ 1.5 rS.
This field is much higher than the average field
strengths of typical main-sequence stars (<103 G).
The stellar field is further diluted because of
flux freezing by a factor ∼(R*/Rin)2 as matter falls
into the BH, where R* ∼ R⊙ is the stellar radius
before disruption. Hence, the large-scale field
responsible for launching the jet associated with
Sw 1644+57 must have been generated in situ.
Placing similar constraints has not previously
been possible in the context of normal AGN or
x-ray binary disks, because of the much larger
ratio between the outer and inner disk radii in
such systems.
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Fig. 2. Schematic representation of the geometry
and emission regions for Sw 1644+57. A star is
disrupted at distance rd from an MBH of mass MBH
with Schwarzschild radius rS. Half of the mass of
the star escapes on unbound orbits while the other
half remains bound. Shocked, circularized fallback
mass sets up a temporary accretion disk with inner
radius 3 rS (for a nonspinning BH). A two-sided jet
is powered starting at the time of accretion and
plows through the interstellar region surrounding
the BH at a Lorentz factor Gj. At some later time,
the jet has reached a distance Rj, where the forward
shock radiates the observed radio and IR light.
Emission from the accretion disk is Compton-
upscattered, giving rise to the observed x-rays.
Different viewing angles (whether the observer is
inside qj ≈ 1/Gj or not) determine what sort of
phenomena is observed. An analogy with blazars
and AGN for more massive BHs is given.
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Timeline of TDE observations
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2011 20151999

First jet from 
thermal TDF 

~100 TDF 
jets from 
SKA radio 
transient 
survey

First TDF jets 
(non-thermal)

First thermal 



The time-domain revolution
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• Completed surveys: 


‣ ROSAT (3)


‣ GALEX (3) 


‣ SDSS Stripe 82 (2)


• Ongoing: 


‣ XMM (≈6); Swift (2)


‣ PTF (3); Pan-STARRS (2);       
ASAS-SN (3); CRTS (0?); Gaia(0)


• (Near)-future: 

‣ eROSITA; ZTF; BlackGEM; ATLAS; 

LSST, TESS, … 



The time-domain revolution (😱)
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TDE publicationsAGN publications

20152010 20152010
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Results from an unbiased pipeline
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Cooling


Spectral 
energy 
distribution 

Optical discovery of tidal disruption flares 11

Fig. 12.— a) The cooling time measured by fitting u− r as a function of time. The two TDE candidates are incompatible with being
ordinary SNe because they show no signs of cooling and have very high u to g flux ratios. b) Color-color diagram using the mean colors of
the decaying part of the light curve. Contours containing 90 and 95% of 14,776 nearby (z < 0.8) spectroscopic QSOs (Richards et al. 2004)
are also shown. Fewer objects appear in the upper panel because two simultaneous detections in both bands are required to measure the
cooling time. For SNe and potential TDEs, the flux shown is that of the difference image; AGNs are shown in their high state. Colors are
obtained from the error-weighted mean of all observations of the flare. Blue boxes mark flares from hosts that are not identified as AGNs
based on their spectra or color, but whose variability in other seasons shows they are, in fact, AGNs. The supernovae in this work are
selected purely geometrically by being off-center (Eq. 2) and thus their properties are unbiased. The SNe that survive the TDE quality
cuts (section 2.2.3) are indicated with a downward pointing triangles.

TABLE 3
Properties of the hosts of the TDEs.

Flare SDSS ID RA Decl. Mr u− g g − r MBH

(J2000) (J2000) (M⊙)

TDE1 J234201.40+010629.2 350.95257 −1.1361928 −19.85± 0.02 1.95± 0.3 0.73± 0.02 (6 − 20) × 106±0.3

TDE2 J232348.61−010810.3 355.50586 1.1081316 −21.30± 0.02 0.99± 0.2 0.73± 0.05 (2 − 10) × 107±0.3

Note. — The host magnitude and colors are obtained from the K-corrected (Blanton & Roweis 2007), inverse-variance-
weighted mean Petrosian magnitude of the non-flare seasons. The black hole mass is estimated using the correlation between
Mr and MBH (Häring & Rix 2004; Tundo et al. 2007), using two different estimates for the bulge magnitude (see Section
3.1).

van Velzen et al. (2011)



Could these flares originate from AGN?
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• Flares are more blue than QSO 
(in their high-state)


• Host spectra show no sign of 
active black hole


• Flux increases very large:               
P(AGN)~10-7,10-5 


• No additional variability:           
P(AGN)~10-6,10-5


• Radio non-detection:               
F < 20 μJy; L < 1037 erg s−1
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Fig. 13.— The ⇥2/DOF distribution of all non-flare seasons with
three or more observations (⇥2

s) shown for the spectroscopic QSOs
and Seyfert galaxies. The values of ⇥2

s in the non-flare seasons of
TDE1,2 are respectively {1.4, 2.6, 0.6, 1.7, 1.9} and {1.0, 1.6, 1.0,
2.0}.

TDE1,2 – our sample of flares that are in QSOs and iden-
tified Seyfert galaxies – with which we can quantify the
flux excursions in “o⇥” seasons. To do this, we introduce
⇥2
s: the ⇥2/DOF per season, s. The median flux exclud-

ing the season that contains the main flare is used as a
model for the light curve in other seasons. We calculate
⇥2
s for all seasons (other than the one with the primary

flare) having three or more detections, since that is the
minimum number of detections for the TDE candidate
sample. Fig. 13 shows the distribution of these ⇥2

s val-

ues. Let f (1,2)
j be the fraction of AGNs with as low or

lower value of ⇥2
s as TDE1,2 in season j. Our estimate

for the likelihood for an AGN to have as little activity in
the o⇥ seasons as TDE1,2 display is then

P (1,2)
AGN ⌅

Ns�

j

2 f (1,2)
j . (5)

Here the product runs over the non-flare seasons with
three or more detections; Ns = 5, 4 for TDE1,2. The
factor 2 is inserted in Eq. (5) because the mean value
of fj for AGNs is 0.5. Using the relative photometry
light curves introduced in Section 2.3, we find PAGN ⌅
2⇥ 10�6, 2⇥ 10�5 for TDE1,2 respectively.
This estimate of the chance probability of a variable

AGN to have several quiet years surrounding a major
flare and thus to be able to mimic TDE1,2’s variabil-
ity properties, would be exact if the flux variability in
the years surrounding the major flare is uncorrelated.
This is a reasonable first approximation and can be im-
proved by studying the statistics of the AGN fluctuations
in the years near a major flare. It is important to em-
phasize that we are not making any further assumption
that the natural flux variability of AGNs in seasons near
a major flare is the same as in randomly chosen sea-
sons long before or after a major flare. If there is in
fact an enhancement or suppression of flux excursions
before or after major AGN flares, it is captured in our
measured ⇥2

s distribution, which is measured in AGNs in
years surrounding a flare selected by the same criteria as
for TDE1,2.

Fig. 14.— The flux increase of QSO flares with respect to the
baseline of the flare for the g, r and i-bands. We fit the histogram
with P (�F/F ) ⇤ (�F/F )� for all bins with a flux increase larger
than 10% and obtain � = �4.0± 0.2. The probability of finding a
flare as large or larger than a given�F/F is obtained by integrating
this fit and multiplying by 97/1304, the ratio of flaring QSO to all
QSO that have been searched for flares. For reference, we also give
the lower limits on the flux increase of TDE1,2 with respect to an
hypothetical AGN baseline flux as derived from the upper limit on
the [OIII] luminosity.

Probability of comparably large flares in QSOs— We can use
another property of the flaring QSO sample to obtain a
second, independent probability measure that TDE1 or
TDE2 are AGN flares. For this, we quantify the spec-
trum of flux increase at the peak of QSO flares rela-
tive to their baseline flux. An upper limit on the [OIII]
line luminosity of a galaxy can be converted to an upper
limit on the baseline luminosity of its active nucleus at
5000 Å in the rest-frame (Heckman et al. 2004) . The ob-
served luminosities of TDE1,2 at this wavelength imply
a minimum flux increase of a factor 87, 9 respectively.
A flux increase of this magnitude is extremely unlikely
for an AGN: out of the 1304 extended QSOs in Stripe
82 that we monitored for flares, the largest flux increase
measured in the g, r or i bands, is a factor of 5. The
spectrum of �F/F for the QSO flares meeting our se-
lection criteria is shown in Fig. 14; it is a power-law
with slope � = �4.0 ± 0.2. Using this power-law fit
to calculate the probability of as large a flux excursion
as seen in TDE1,2, if they were variable QSOs, gives
P (�F/F > 87) = 4 ⇥ 10�7, P (�F/F > 9) = 3 ⇥ 10�4,
respectively.

QSO flares that mimic the colors of TDE1,2— As discussed
above, the colors of the TDE flares, as measured in the
di⇥erence image, fall outside the locus that contains 97%
of all spectroscopically confirmed low-redshift (z < 0.8)
QSO in SDSS (Schneider et al. 2007) and they are dis-
tinct from flares in identified AGN. Here we investigate
whether when they flare, QSOs may change color radi-
cally enough that our TDEs’ SEDs could be consistent
with that of a flaring QSO. To explore this question, we
compare in Fig. 15 the u� r colors of QSOs in the flar-



Could there flares be supernovae?

• Not normal SNe: more blue, little 
cooling


• UV detection > 2 yr after the flare 


• Based on geometry:


‣ P(SN) < 2% 


• New kind of “nuclear” core collapse 
SN?


‣ Never observed before (?)


‣ Would require factor 1000  suppression 
outside nucleus

13
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TABLE 2
Properties of the TDEs.

Name z Mg Lg d lnLg/dt T d lnT/dt d d68
(×1043 erg/s) (×10−2 day−1) (×104 K) (×10−3 day−1 ) (arcsec) (arcsec)

TDE1 0.136± 0.001 −18.3± 0.04 0.54 ± 0.02 −1.7± 0.1 2.4+0.3
−0.2 −2± 4 0.058 0.124

TDE2 0.251± 0.002 −20.4± 0.05 4.1± 0.2 −0.8± 0.1 1.82+0.07
−0.06 −3± 2 0.068 0.075

Note. — The rest-frame g-band peak observed absolute magnitudes, luminosities and black body temperatures of the flares,
measured in their SDSS difference images. We exploited the absence of significant color evolution to improve the accuracy
of the black-body temperature determination by using the mean flux in each band over the SDSS light curve. In the eighth
column, d denotes the distance between the center of the host and the flare (see Section 2) and d68 the 68% confidence radius.
The host properties (including coordinates) are given in Table 3.

(a) TDE1

(b) TDE2

Fig. 9.— SDSS images (1′ × 1′) of the TDE flares and their
host galaxies. Left to right: flare image, mean reference image
and difference image for TDE1 and TDE2. We see that the hosts
can be classified as E/S0. The difference image of TDE1 shows
a subtraction artifact at the location of the bright point source,
which is not subtracted perfectly because our difference imaging
method is optimized for the center of the field.

TDEs and their hosts, respectively. Then we describe
the observations of TDE1 and TDE2 obtained with other
telescopes. Finally, we combine the observations to quan-
tify attributes of the host and flare relevant to the possi-
bility they may be produced by a supernova or variable
AGN. In Section 4, we attempt to account for the to-
tality of these observations with supernovae and variable
AGN hypotheses, but find that no known phenomenon
other than tidal disruption is compatible with all of the
observations.

3.1. SDSS observations

Figure 10 shows the u, g, and r-band light curves for
the flares (i.e., the difference images). Also plotted are
the FUV and NUV fluxes from GALEX (see Sections
3.2 & 3.3 for details on these GALEX observations), and
the flux estimated from the CRTS optical observation of
TDE2 3 months prior to the first SDSS observation in the
flaring state (see Section 3.3.3). Both flares were detected
by SDSS in the first observation of a Stripe 82 season, so
were most likely past their peaks when first detected; this
is confirmed by the CRTS detection in the case of TDE2
(see Section 3.3.3). For comparison, we show fits of the
SDSS data to fν(t) ∝ (t− tD)p, where tD is the time of

Fig. 10.— UV and optical light curves for TDE1 and TDE2 as a
function of days since observed peak. The SDSS difference image
flux (i.e., host subtracted) in the r,g, and u bands is shown with red,
green, and blue solid circles. The orange open square indicates the
mean of the 3 CSS observations 3 months before the first SDSS flare
observation (see Section 3.3.3). The dashed (solid) lines display the
result of fitting a (t− tD)p power law decay with p = −5/3 (−5/9)
to the SDSS observations only. The corresponding NUV curves
(purple) are obtained from the black body fit to the mean optical
colors of the flare, assuming no cooling. Because the UV baseline
of the host of TDE1 is unknown, we show the GALEX aperture
flux for TDE1, while for TDE2 we show the GALEX difference
flux.

SN UV upper lim
it
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Most pressing open questions

• Evolution of stellar debris streams: 
Efficiency of disk formation


• Origin of optical photons?


‣ Small disk


‣ Wind (eg, Strubbe & Quataert 2011; Miller 2015) 


‣ Reprocessing (Loeb & Ulmer 1997; Guillochon 
et al. 2014; Metzger & Stone 2015) 


‣ Shocks  (Piran et al. 2015)

15

Rees (1988)

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." 

I6 FEBRUARY I990 ARTICLES 82I 
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Jets from supermassive black holes

A strong selection bias on black hole mass could also explain the lack of flares from
known TDFs. The relativistic TDFs may prefer low mass (MBH ⇠ 105�6 M�) black
holes (because for lower mass the duration of the super-Eddington phase is longer),
while the median mass of the optical/UV TDF discovered so far is higher (⇠ 107 M�).
Alternatively, black hole spin could explain why Swift 1644+57 was special, or perhaps
a pre-existing magnetic field (Tchekhovskoy et al. 2014) or the disruption of a white
dwarf (Krolik & Piran 2011) is required for jet production in tidal disruption events.

Looking forward
The discussion at the end of the previous section makes two things clear: (i) not all
TDFs launch jets; (ii) with just a handful of events that is about all we can safely
conclude. This situation will soon change, since based on the results of Chapters 6 &
7 we predict that current optical transient surveys (Gaia, Pan-STARRS, PTF) should
detect tens to hundreds of new TDFs per year.

We end this summary by recalling that the X-ray luminosity of the best-sampled
tidal disruption jet (Swift 1644+57) follows the theoretically predicted fallback rate
of the stellar debris (i.e., t�5/3). This presents a new and intriguing piece of evidence
in favor of linear jet-disk coupling. At this point, the evidence remains indirect be-
cause the fallback rate may not translate directly into an accretion rate. To solve this
problem we have to discover TDFs with detected emission from both the jet and the
disk. I predict that these events will be discovered within the next four years and will
open up a new avenue of research, leading to a better understanding of jet formation
in supermassive black holes.

204

A prediction from Spring 2014



The Rosetta Stone TDE: ASASSN-14li
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Figure 2: Multi-wavelength light curves of the tidal disruption flare ASASSN-14li. A. In-
tegrated soft X-ray (0.3–1 keV) luminosity and monochromatic (⌫L⌫) near-UV (UVW2-band)
luminosity. A spline fit to the observed g-band light curve of the known tidal flare PS1-10jh (23),
corrected for cosmological time dilation and scaled up by 15%, is shown for reference (solid
line). The dashed gray line indicates a (t � t0)�5/3 power law, the approximate theoretically
expected fallback rate of the stellar debris for a disruption at t0. The normalization of the time-
axis (in Modified Julian Day, MJD) is chosen to highlight that the (late-time) light curves are
consistent with this power-law (t0 = 56947± 2 MJD; Fig. S1). The arrow indicates the time of
discovery, which likely happened a few days before maximum light (17). Error bars show the
1-� statistical uncertainty, often smaller than the marker size. B. Monochromatic radio luminos-
ity at 15.7 GHz (AMI) and 1.4 GHz (WSRT) of ASASSN-14li and our jet model (solid lines).
The spectral indices during the two epochs of dual radio frequency coverage are �0.4 ± 0.1
and �0.6 ± 0.1 (first and second epoch, respectively). The two most stringent upper limits on
the early-time 5 GHz emission of previous thermal TDFs (gray triangles; Table S4) were not
sensitive enough to detect transient radio emission similar to ASASSN-14li.
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Figure 2: Multi-wavelength light curves of the tidal disruption flare ASASSN-14li. A. In-
tegrated soft X-ray (0.3–1 keV) luminosity and monochromatic (⌫L⌫) near-UV (UVW2-band)
luminosity. A spline fit to the observed g-band light curve of the known tidal flare PS1-10jh (23),
corrected for cosmological time dilation and scaled up by 15%, is shown for reference (solid
line). The dashed gray line indicates a (t � t0)�5/3 power law, the approximate theoretically
expected fallback rate of the stellar debris for a disruption at t0. The normalization of the time-
axis (in Modified Julian Day, MJD) is chosen to highlight that the (late-time) light curves are
consistent with this power-law (t0 = 56947± 2 MJD; Fig. S1). The arrow indicates the time of
discovery, which likely happened a few days before maximum light (17). Error bars show the
1-� statistical uncertainty, often smaller than the marker size. B. Monochromatic radio luminos-
ity at 15.7 GHz (AMI) and 1.4 GHz (WSRT) of ASASSN-14li and our jet model (solid lines).
The spectral indices during the two epochs of dual radio frequency coverage are �0.4 ± 0.1
and �0.6 ± 0.1 (first and second epoch, respectively). The two most stringent upper limits on
the early-time 5 GHz emission of previous thermal TDFs (gray triangles; Table S4) were not
sensitive enough to detect transient radio emission similar to ASASSN-14li.
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Figure 2: Multi-wavelength light curves of the tidal disruption flare ASASSN-14li. A. In-
tegrated soft X-ray (0.3–1 keV) luminosity and monochromatic (⌫L⌫) near-UV (UVW2-band)
luminosity. A spline fit to the observed g-band light curve of the known tidal flare PS1-10jh (23),
corrected for cosmological time dilation and scaled up by 15%, is shown for reference (solid
line). The dashed gray line indicates a (t � t0)�5/3 power law, the approximate theoretically
expected fallback rate of the stellar debris for a disruption at t0. The normalization of the time-
axis (in Modified Julian Day, MJD) is chosen to highlight that the (late-time) light curves are
consistent with this power-law (t0 = 56947± 2 MJD; Fig. S1). The arrow indicates the time of
discovery, which likely happened a few days before maximum light (17). Error bars show the
1-� statistical uncertainty, often smaller than the marker size. B. Monochromatic radio luminos-
ity at 15.7 GHz (AMI) and 1.4 GHz (WSRT) of ASASSN-14li and our jet model (solid lines).
The spectral indices during the two epochs of dual radio frequency coverage are �0.4 ± 0.1
and �0.6 ± 0.1 (first and second epoch, respectively). The two most stringent upper limits on
the early-time 5 GHz emission of previous thermal TDFs (gray triangles; Table S4) were not
sensitive enough to detect transient radio emission similar to ASASSN-14li.

PS1-11af

PS1-10jh

van Velzen et al. (2015); 
(see also Alexander et al. (2015) 



The first thermal TDF with variable radio emission

• Pre-flare accretion flow collapsed 


• New jet launched, E~1048 erg, Γ≈2

‣ Observe deceleration phase, n~1000 cm-3                     

(à la Nakar and Piran 2011) 


• Natural analogy with stellar mass BHs


• All thermal TDF produce such jets!?
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Chapter 1 : Introduction
E. Meyer-Hofmeister et al.: The spectral transition-a�ected by an inner cool disk 335

Now XMM-Newton spectra clearly revealed a cool accretion
disk component for GX 339-4 during the rise to the outburst in
2004 (Miller et al. 2006b; Reis et al. 2008). This was the rise
to outburst where the transition occurred at a luminosity three
times lower than during the outburst in 2002, supporting the sug-
gestion that an inner disk a�ects the state transition luminosity.
The e�ects discussed above can add up to a mass accretion rate
at transition lower by a factor of 2, to be compared with the ob-
served di�erence of a factor of three in luminosity. The exact
value depends on the particular parameters describing the sys-
tem. We note that the luminosity might depend non-linearly on
the mass accretion rate.

For neutron star transients the situation is less clear. If one
expects the same accretion flow geometry as in black hole bina-
ries, an additional inner disk could also provide enhanced soft
radiation and Compton cooling, together with reduced hard ir-
radiation. During their shorter outburst cycles, the quiescence
is usually better covered by observations, providing informa-
tion on how deep the luminosity decreases and whether an inner
disk might survive. Reig et al. (2004) analyzed five outbursts of
Aquila X-1 and investigated spectral states. In their Table 1, the
maximal intensities of hard radiation during the rise are given for
di�erent outbursts, showing a di�erence of transition luminosity
of about 10% for outburst 4 and 5.

Hard/soft transitions of Aquila X-1 were also described by
Yu & Dolence (2007). In the context of our considerations it
seems interesting that during a very weak outbursts in July 2001
(after maybe not too low an intensity during quiescence), a
hard/soft transition occurred at a low luminosity and, a short
time after this, the transition back to the hard state at the same
luminosity, without hysteresis. In our theoretical picture an inner
disk can survive if the mass accretion rate does not decrease too
much during quiescence. This might also allow us to understand
why for Cyg X-1, with luminosity changes of only a factor 3–4,
no hysteresis is observed (Zdziarski et al. 2002). The inner disk
probably never disappears completely. It is of interest that Miller
et al. (2002b) found an inner disk during the intermediate state
of Cygnus X-1 in January 2001.

7. The hardness intensity diagram

In Fig. 4, upper and middle diagram, we show hardness inten-
sity diagrams for the 2002 and 2004 outburst of GX 339-4 from
Dunn et al. (2008, Fig. 4). The hard/soft transition luminosity is
clearly di�erent, lower during the rise to outburst 2004 where
the inner disk was observed (Miller et al. 2006b).

In the bottom diagram we show the diagram derived from
our theoretical picture of accretion geometry. The position in the
HID changes with the mass accretion rate during the outburst
cycle. For the rise to outburst (low accretion rate, state (1) in
Fig. 4) the outer disk is truncated and the inner region filled by
an ADAF. We expect a hard spectrum determined by the ADAF
near the center. During the rise to higher luminosity and increas-
ing intensity, the hardness is almost constant. This branch in
the HID always has a similar appearance, as occurs for other
sources. When the accretion rate becomes higher than the maxi-
mal evaporation rate, the ADAF in the inner region is replaced by
a disk (state (2)). This is usually a rapid change, with only little
increase in intensity, resulting in a horizontal movement to small
hardness values in the HID (the hardness changes in the HID can
be estimated from the color-color diagrams in the investigation
of Done & Gierliński 2003). At what intensity the hard/soft tran-
sition occurs depends, as we show here, on the presence of an
inner disk.

Fig. 4. HID of GX 339-4: upper and middle diagram from Dunn et al.
(2008, Fig. 4), outbursts in 2002 and 2004, intensity: 3–10 keV flux,
hardness: flux ratio 6–10 keV/3–6 keV, long-dashed vertical lines mark
state transitions. Bottom: track expected from theory, (1) rise to out-
burst, (2), (2a) transition to the soft state, (3), (3a) peak luminosity, (4)
decline from outburst, transition to hard state.

As soon as the outer disk reaches inward to the last stable
orbit, the spectrum is soft; during the further run of the out-
burst, mainly the intensity changes until a peak value (state (3)

ha
rd

 s
ta

te

soft state

Figure 1.2 An example hardness-intensity diagram for an outburst of the Galactic black hole X-ray binary
GX 339–4. The duration of the outburst is about one year and is sampled with a roughly constant cadence.
The arrows indicate how the source moves through the diagram. The hardness is given by the 6-10 keV
flux over the 3-6 keV flux; the X-ray intensity is measured over the full range (3-10 keV, in erg s≠1 cm≠2).
Figure adapted from Meyer-Hofmeister et al. (2009); data from the Rossi X-ray Timing Explorer.

at a few percent of the Eddington luminosity (Maccarone 2003), while the hard-to-soft transition can occur
close to the Eddington luminosity as well (e.g., Steiner et al. 2013).

The consistent spectral changes of black hole binaries as a function of luminosity are direct evidence for
the existence of two accretion modes: the soft state is explained by emission from a radiatively e�cient disk,
while the low-luminosity part of the hard state corresponds to an ADAF, or a “jet-dominated advective
system” (Körding et al. 2006b). We have arrived at a unified model for the radio and X-ray properties of
black hole binaries (Fender et al. 2004), with jet production and destruction occurring during the transition
between these states. Neutron star X-ray binaries show the same behavior (Migliari & Fender 2006) and
transients jets have also been observed when accreting white dwarfs change spectral state during a nova
outburst (Körding et al. 2008a).

An important distinction between black holes accretion disks and disks around other compact objects
(neutron stars, white dwarfs), is that the latter have a surface where accreted material can pile up. For an
ADAF, the accreted mass still carries most of the energy, which must be released when it hits the surface.
Neutron star X-ray binaries indeed show powerful X-ray bursts —although we sometimes have to wait 25
years before seeing one (e.g., Linares et al. 2010). The lack of flares from (candidate) black hole X-ray
binaries is very strong4 evidence that the central compact object in these systems has an event horizon
(Narayan & McClintock 2008).

4We have to note that electromagnetic observations can never provide a watertight prove for the existence of black holes.
Exotic objects with a size of 1 + ‘ times the Schwarzschild radius (e.g., gravastars) can remain unseen due to the gravitational
redshift when ‘ π 1 (Abramowicz et al. 2002).

6

ASASSN-14li



Tidal flares with Gaia

• High angular resolution


• All sky, unbiased


• Cadence


• Color / low-res spectrum

20

• Galaxy photometry


• Galaxy astrometry 


• Galaxy not detected


• ~20 mas precision needed

Advantages: Challenges:



We should find a few per year
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Gaia transient detection e�ciency: hunting for nuclear transients 13

Figure 8. Detection e�ciency for SN subtypes SN Ia, SN Ibc and SN II in red and blue galaxies as function of angular separation from
the nucleus. The results are shown for a limiting magnitude for transient candidates of mlim = 19, and flux increase of �m=0.5 mag.

Figure 9. Left: Expected numbers of SNe for each redshift bin of 0.01. The results are shown for a limiting magnitude for transient
candidates of mlim = 19 mag, and flux increase of �m=0.5 mag.The scatter in each bin includes the uncertainty on the number of
objects per bin, error on the SN rate and error on the galaxy luminosity function. Right: Expected numbers of TDE using same selection
criteria: mlim = 19 mag, and flux increase of �m=0.5 mag. The two curves show the numbers of TDE assuming observed lightcurves
from PS1 or the model lightcurves from LR11.

4.4.2 SN detection rate prediction

The prediction for the number of SNe to be detected by Gaia
is computed according to the approach described in 3.2.3.2.
The results for the MC simulations and di↵erent candidate
selection processes parametrized by mlim and �m are shown
in Table 2. We provide estimates for the unresolved, resolved
and orphan transients, and an estimation of the number of
transients within the central kpc of their host galaxies. Fig-
ure 9 shows the distribution for the expected number over
di↵erent redshift bins. For the most likely candidate selec-
tion parameters of mlim = 19 mag and �m = 0.5 mag, we
observe approximately 850 SN Ia, 100 SN Ibc and 380 SN
type II. The numbers per detection method: New Source,
Old Source or Orphan, show that all CCSNe will be located
in galaxies non-detectable by Gaia. For SN Ia, about 5%
will be Old Sources, ⇠20% will be New Sources, and the
remaining 75% will be Orphan; they will occur in galaxies

that would not be detected by Gaia. For SN Ia, we would
expect 20% of them to be detected within the central kpc
within their hosts. This number drops for CCSNe, because
of their less compact radial distribution. We would expect
only ⇠3% of them to be located in the central kpc of their
host galaxies. The low number of SN II in the center is due
to the low number statistics of such events in the core, and
the di�culty in detecting such events using the Old Source
method, as their absolute magnitudes are approximately one
to three magnitudes fainter than for SN Ia.

In order to assess the impact of the Gaia detection pro-
cess on transient recovery, Figure 10 shows the simulated
and the recovered surface density for di↵erent types of SNe
as function of their relative radial distance, � = RSN/h,
where RSN is the SN angular separation from the host and
h is the galaxy disk scale length. To evaluate the recov-
ery rate, we computed both the simulated and detected
SN surface densities for di↵erent relative radial distances

c� 2015 RAS, MNRAS 000, 1–16

∆m=0.5

Blagorodnova, van Velzen, et al.  (2015)



General plan and dreams

• Follow-up every nuclear flare from Gaia:


‣ Detected galaxy: no centroid shift


‣ Not detected: relative astrometry to ground-
based observations


• Gaia Alerts TDE/AGN Working Group


• First step: less stringent cuts for known 
galaxies


• Dream: monitor all galaxies 
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Conclusions & Outlook

• Dozen optical/UV TDE found.


• Thermal emission:


‣ Reprocessing or shocks


• Perhaps all TDEs launch jets. 


• We will find them with Gaia. 
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• Jets from tidal disruptions:




.
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TABLE 1
Light curve model efficiencies & resulting optical TDF rates.

Name Mean efficiency TDF Rate
(%) (yr−1galaxy−1)

SDSS-only 0.13, 0.62 < 1.5× 10−4

PS1 events (10jh, 11af) 1.0 2.0× 10−5

Phenomenological 1.4 1.5× 10−5

MBH scaling: Correction for captures:
Häring & Rix (2004) Step-function Exponential

Disk+Wind 0.83, 3.3 1.2× 10−5 1.7× 10−5

GMR14 1.2 1.8× 10−5 1.9× 10−5

MBH scaling: Correction for captures:
Graham (2012) Step-function Exponential

Disk+Wind 0.22, 1.5 2.1× 10−5 3.2× 10−5

GMR14 1.6 1.2× 10−5 1.3× 10−5

Note. — In the first column we list the different light curve models. The
second column shows the mean efficiency computed using Eq. 6; where the
light curve model is based directly on TDE1 and 2, we give the efficiency as
obtained for each of them separately. The tidal disruption rate is shown in
the last column(s). The results shown in the first three rows of this table
are independent of black holes mass (Section 4.1). For the two light curve
models that depend on black hole mass (Section 4.2), we compute the rate
per galaxy using only those galaxies that can yield visible disruptions. The
fraction of visible disruptions is computed in two ways: a step function at
MBH = 108 M⊙ (Eq. 3), and the more realistic exponential suppression due
to direct captures (Eq. 4).

For the PS1 and the phenomenological models the ef-
fective galaxy densities are 4 × 10−3 Mpc−3 and 3 ×

10−3 Mpc−3, respectively. This corresponds to a volu-
metric rate of (4 − 8) × 10−8±0.4 yr−1Mpc−3 for these
two empirical light curve models; here we have put
the statistical uncertainty in the exponent. For the
Disk+Wind model we obtain ρeff = 3 × 10−3 Mpc−3

(a factor of five lower than the unweighted galaxy den-
sity), which implies a volumetric TDF rate in the range
(4 − 10) × 10−8±0.4 yr−1Mpc−3; for the GMR14 model,
ρeff = 5× 10−3 Mpc−3.

5.3. Comments, Uncertainties and Caveats

We note that the low value of the mean efficiency of
our pipeline, ϵ ∼ 1%, seen in Table 1) is a result of
defining ϵ with respect to the full duration of the survey
(τ = 7.6 yr). Many of the simulated flares are simply
not detected because they fall into the gap between two
observing seasons or occur in a season with few obser-
vations. If we only consider the 3 yr with high cadence
observations, the efficiency is a factor of ∼ 10 higher.
Our search is most sensitive to galaxies hosting black

holes with masses in the rangeMBH = (0.5−5)×107 M⊙,
as expected for a flux-limited galaxy sample. The re-
quirement that MBH < 108 M⊙, reduces the galaxy sam-
ple by 5% (or 1% for the Graham scaling relation), while
the correction of direct captures (Eq. 4) reduces the sam-
ple by 33% (21%). Hence the TDF rate for a flux-limited
galaxy sample with no restriction on black hole mass can
be obtained from Table 1 using these percentages. As ex-
plained in Section 2.1, our rate is valid only for galaxies
outside the photometric locus of QSO (i.e., our search is
not sensitive to TDF inside active galactic nuclei). This
cut on the galaxy colors reduced the parent sample by
23%.
Finally, we note that obscuration due to circumnuclear

dust is a systematic uncertainty in using optical measure-

ments to determine the rate of TDFs. Some flares will
not be detectable at optical frequencies due to extinction,
e.g., the (model-dependent) estimate of the extinction for
one of the Swift-discovered TDF (Swift 1644+57) is high,
AV ∼ 3–5 mag (Bloom et al. 2011). The result of extinc-
tion by dust is that the optical TDF rate is lower than
the intrinsic tidal disruption rate by some factor. Esti-
mating this factor is non-trivial because the region that
obscures the TDF light may occupy only a tiny volume of
the full galaxy. The optical spectrum of the host galaxy
may therefore not reveal (e.g., via the Balmer decrement)
the presence of this dust. With a larger sample of TDFs,
in the future it may be possible to measure the influence
of dust via reddening of the TDF SED, depending on the
intrinsic variance in the SEDs.

6. DISCUSSION

The optical TDF rate based on our search of SDSS
Stripe 82 galaxies is consistent with the rate of large-
amplitude, soft X-ray flares from inactive galaxies
detected in the ROSAT All-Sky Survey deduced by
Donley et al. (2002), and for most light curve models
our rate is within the (very broad) range 0.1 − 2 ×

10−4 yr−1galaxy−1 of values deemed compatible with the
UV observations (Gezari et al. 2008). As noted in the In-
troduction, the earlier studies were based on more naive
treatments of the light curves and dependence on MBH
than we have used here and those studies did not attach
a systematic uncertainty due to their sensitivity to light
curve model. Donley et al. (2002) simply used the me-
dian peak luminosity of the X-ray outburst to find the
effective volume, ignoring the shape of the light curve and
dependence on black hole mass, but did a detailed anal-
ysis of their complicated selection effects. Gezari et al.
(2008) used a peak luminosity that scaled with black hole
mass using the Eddington luminosity fraction function
from Ulmer (1999), but used an oversimplified light curve



Observations: light curves

26

Optical discovery of tidal disruption flares 9

TABLE 2
Properties of the TDEs.

Name z Mg Lg d lnLg/dt T d lnT/dt d d68
(×1043 erg/s) (×10−2 day−1) (×104 K) (×10−3 day−1 ) (arcsec) (arcsec)

TDE1 0.136± 0.001 −18.3± 0.04 0.54 ± 0.02 −1.7± 0.1 2.4+0.3
−0.2 −2± 4 0.058 0.124

TDE2 0.251± 0.002 −20.4± 0.05 4.1± 0.2 −0.8± 0.1 1.82+0.07
−0.06 −3± 2 0.068 0.075

Note. — The rest-frame g-band peak observed absolute magnitudes, luminosities and black body temperatures of the flares,
measured in their SDSS difference images. We exploited the absence of significant color evolution to improve the accuracy
of the black-body temperature determination by using the mean flux in each band over the SDSS light curve. In the eighth
column, d denotes the distance between the center of the host and the flare (see Section 2) and d68 the 68% confidence radius.
The host properties (including coordinates) are given in Table 3.

(a) TDE1

(b) TDE2

Fig. 9.— SDSS images (1′ × 1′) of the TDE flares and their
host galaxies. Left to right: flare image, mean reference image
and difference image for TDE1 and TDE2. We see that the hosts
can be classified as E/S0. The difference image of TDE1 shows
a subtraction artifact at the location of the bright point source,
which is not subtracted perfectly because our difference imaging
method is optimized for the center of the field.

TDEs and their hosts, respectively. Then we describe
the observations of TDE1 and TDE2 obtained with other
telescopes. Finally, we combine the observations to quan-
tify attributes of the host and flare relevant to the possi-
bility they may be produced by a supernova or variable
AGN. In Section 4, we attempt to account for the to-
tality of these observations with supernovae and variable
AGN hypotheses, but find that no known phenomenon
other than tidal disruption is compatible with all of the
observations.

3.1. SDSS observations

Figure 10 shows the u, g, and r-band light curves for
the flares (i.e., the difference images). Also plotted are
the FUV and NUV fluxes from GALEX (see Sections
3.2 & 3.3 for details on these GALEX observations), and
the flux estimated from the CRTS optical observation of
TDE2 3 months prior to the first SDSS observation in the
flaring state (see Section 3.3.3). Both flares were detected
by SDSS in the first observation of a Stripe 82 season, so
were most likely past their peaks when first detected; this
is confirmed by the CRTS detection in the case of TDE2
(see Section 3.3.3). For comparison, we show fits of the
SDSS data to fν(t) ∝ (t− tD)p, where tD is the time of

Fig. 10.— UV and optical light curves for TDE1 and TDE2 as a
function of days since observed peak. The SDSS difference image
flux (i.e., host subtracted) in the r,g, and u bands is shown with red,
green, and blue solid circles. The orange open square indicates the
mean of the 3 CSS observations 3 months before the first SDSS flare
observation (see Section 3.3.3). The dashed (solid) lines display the
result of fitting a (t− tD)p power law decay with p = −5/3 (−5/9)
to the SDSS observations only. The corresponding NUV curves
(purple) are obtained from the black body fit to the mean optical
colors of the flare, assuming no cooling. Because the UV baseline
of the host of TDE1 is unknown, we show the GALEX aperture
flux for TDE1, while for TDE2 we show the GALEX difference
flux.
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Fig. 10.— UV and optical light curves for TDE1 and TDE2 as a
function of days since observed peak. The SDSS difference image
flux (i.e., host subtracted) in the r,g, and u bands is shown with red,
green, and blue solid circles. The orange open square indicates the
mean of the 3 CSS observations 3 months before the first SDSS flare
observation (see Section 3.3.3). The dashed (solid) lines display the
result of fitting a (t− tD)p power law decay with p = −5/3 (−5/9)
to the SDSS observations only. The corresponding NUV curves
(purple) are obtained from the black body fit to the mean optical
colors of the flare, assuming no cooling. Because the UV baseline
of the host of TDE1 is unknown, we show the GALEX aperture
flux for TDE1, while for TDE2 we show the GALEX difference
flux.
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(Lodato & Rossi 2011). The time of disruption (tD) that
follows from fitting this power-law decay to the observed
light curve is 15, 37 days for TDE1,2. This time is shorter
than the typical fallback time (Eq. 1), suggesting that
the Disk model does not provide a complete description
of the early part of the observed light curve. We therefore
only use this model to extrapolate the light curve forward
in time, yielding an upper limit to the rate of flares with
disk emission.
Besides an accretion disk, an important component of

a TDF is an outflow driven by photon pressure. This
wind is expected since for MBH . 5 ⇥ 107 M� the fall-
back rate exceeds the Eddington limit (e.g., Ulmer 1999).
Our third and final light curve model therefore contains
both disk emission (Eq. 10) and the contribution from
the super-Eddington wind as modeled by Strubbe &
Quataert (2011). Because the temperature of the photo-
sphere of the wind is a function of black hole mass and
increases with time, a single power-law is not su�cient
to describe the optical light curve. We therefore use light
curves tabulated for di↵erent black hole masses and rest-
frame frequencies (see Lodato & Rossi 2011, Fig. 3).
This ‘Disk + Wind’ model is normalized by rescaling the
predicted luminosity of our two flares to the observed lu-
minosity. For both flares the fiducial model light curve of
Lodato & Rossi (2011) needs to be increased by a factor
13, which can be explained within the free parameters
that are used to describe the Super-Eddington outflow
(e.g., by increasing the fraction of the debris that enters
the wind) or simply by a higher fallback rate.
In the black hole mass regime that is relevant for op-

tical TDF (MBH = 105�7.5M�), few accurate dynamical
black hole mass estimates are available (for a review, see
Kormendy & Ho 2013). We follow the conjecture by
(Graham 2012) that the MBH-� relation remains valid
to low mass; we combine this scaling law with the L-�
relation to find the black hole mass as function of galaxy
bulge luminosity. The relation between bulge luminosity
and velocity dispersion bends at Mg ⇡ �20.5 (Davies
et al. 1983), so we use MBH / L2.5 for bulge luminosi-
ties Mg > �20.5, and MBH / L1.0 otherwise (Graham
2012). We normalize the relation using MBH = 108.2 M�
at Mr = �21 (Tundo et al. 2007). This implies that
most galaxies that are expected to host TDFs, follow
the steeper black hole mass-luminosity relation.
To estimate the bulge magnitude of the galaxies in our

sample, we use a method similar to Marconi et al. (2004).
The Petrosian flux of the host is multiplied by the bulge-
to-total ratio (B/T) determined by Aller & Richstone
(2002) for di↵erent Hubble types. Because we are sum-
ming over a very large sample, it is su�cient to assign
the Hubble type of individual galaxies at random, based
on the abundance of each type in a flux-limited sample
(Fukugita et al. 1998). The bulge magnitudes of TDE1,2
are found using the mean B/T for S0 galaxies (Aller &
Richstone 2002). We use the galaxy photometric red-
shifts of Oyaizu et al. (2008) to convert between appar-
ent and absolute magnitudes. (Although photometric
redshifts are individually subject to error, they are sys-
tematically reliable for the large number of galaxies in
this study.)

3.2. Pipeline model: detection probabilities

Fig. 1.— The probability of detecting a nuclear flare in the di↵er-
ence image, as a function of flare magnitude. For the TDF search,
the flux limit applied to the di↵erence image was m < 22.

As discussed in Sec. 2, our detection pipeline consists
of two stages: a series of catalog cuts followed by dif-
ference imaging. Here we discuss how we measure the
e�ciency for each stage.
The catalog cuts are applied to the Petrosian flux of

the galaxy, so computing the probability that a simulated
light curve passes these cuts is easy. By construction, a
nuclear flare always falls inside the original Petrosian ra-
dius of the galaxy and this radius is not changed signifi-
cantly by the presence of this flare. This implies the new
Petrosian flux should, to good approximation, be given
by the original Petrosian flux plus the flare flux. We con-
firmed this empirically by inserting point sources into the
images of 100 di↵erent galaxies and measuring the new
Petrosian flux. The mean magnitude di↵erence between
this newly measured Petrosian flux and the original Pet-
rosian flux plus the inserted flux is �0.02 (the rms is
0.05). This di↵erence is negligible, so trivial arithmetic
can be used to determine whether a simulated flare in a
given galaxy will pass our catalog cuts (i.e., re-running
the entire SDSS pipeline to derive new catalog fluxes
from a simulated image is not required).
To estimate the detection probability of the di↵erence

imaging pipeline, we selected 1400 galaxies at random
and inserted flares at the center of their images. We
selected three nights per galaxy, drawn uniformly from
the set of all observations, and used the point-spread-
function of each night to create the nuclear flare. Both
the host and flare magnitudes were distributed equally
in bins between m = 19 and m = 23. The detection
probability as a function of flare and host magnitude fol-
lows from the number of detected point sources in each
magnitude bin. We show the results as a function of flare
magnitude in Fig. 1.
To compute the overall e�ciency (✏, Eq. 9) we proceed

as follows. For a given galaxy and flare light curve, we
first draw a time for the start of the flare from a uniform
distribution. We then add the flare flux to the Petrosian
flux and check if this galaxy would pass our catalog cuts.
In the final step, we simulate the detection of such a
flare (for at least three nights in the u, g, and r bands)
using the probability of detection for the given flare and
host magnitude. After repeating this process for a large
number of galaxies, the overall e�ciency follows from the
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Figure 1: Predicted snapshot rate and upper limits from current and future radio surveys. The predicted
rate for Sw J1644 is based on Eq. 2.1 and assumes a 100% jet production efficiency, i.e., every TDE makes
a jet with a light curve similar to Sw J1644. The blue, red, and magenta triangles show (potential) 2-σ
upper limits at 5, 3 and 1 GHz, respectively. References: B7/F12: Bower et al. (2007); Frail et al. (2012),
deVries04: de Vries et al. (2004), FIRST-NVSS: Gal-Yam et al. (2006), Croft10: Croft et al. (2010), Scott96:
Scott (1996), Mooley14: Mooley et al. (2014).

at different redshifts than Sw J1644 1. Rescaling the flux for different BH masses requires instead
to assume a jet model. A first possibility is to describe the jet evolution with a Blandford Mckee
solution, usually adopted for γ-ray burst afterglows. In this case, the radio flux does not explicitly
depend on the BH mass. A second approach is to assume that the luminosity is proportional to
the peak of the jet power, which in turn is proportional to the peak fall-back rate Lj,p ∝ Ṁp. This
introduces a mass dependence in the luminosity as Lν ∝ Lj,p ∝ M−1/2. Hereafter we will focus on
this second model (hereafter, mass dependent lumimosity model (MDL)) and we refer the readers
to Donnarumma & Rossi (2014) for a comparison with the Blandford Mckee solution.

3.3 Black hole mass functions

The mass distribution of black holes as a function of redshift is a key ingredient to calculate
TDE rates. We adopt the BH mass function predictions according to the models labeled G and G(z)

in Shankar, Weinberg & Miralda-Escudé (2013). Therefore, we consider the two accretion models
which yield the larger and the lowest MFs predictions in order to reflect the uncertainty due to the
black hole mass distribution on our expected TDE rates. The “intrinsic” TDE rate as a function of

1We here assume that all jets have approximately the same Doppler factor δ ≈ Γ ≃ 2−5, as measured in radio for
Sw J1644
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