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More motivation

2

‣ Probing the evolution of stellar 
orbits:


- Rate with galaxy mass, 
redshift, type 

- IMBHs (Hagai Perets talk)

‣ Connection with the Galaxy: 


- Hyper velocity stars and S-
stars (eg, Bromley+ 2012)


‣ General relativity: 

- Event horizon and spin

8

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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Non-trivial assignment 
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• Systematic search


• Well-sampled light curves 


• Decent model light curves
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Requirements to measure an event rate
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• Completed surveys: 

• ROSAT (3)

• GALEX (3) 

• SDSS Stripe 82 (2)


• Ongoing: 

• XMM (≈6)

• PTF (3 or 4)

• Pan-STARRS (2)


• Future surveys: Gaia, eROSITA, 
BlackGEM, Atlas, ZTF, LSST
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SDSS Stripe 82

• 300 deg2, 10 yr,  u,g,r,i,z


• m < 22.5 


• ~2 million galaxies 


• 70 observations per galaxy


• Systematic search for all 
nuclear flares in galaxies

5
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Background removal: supernovae 

• Cut for nuclear flares: 
r < 0.2” 


• Quality cut: 3 
detections in u,g,r 


• 42 nuclear flares


• No additional 
variability: 2 flares 


6

r

(van Velzen+ 2011)
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The SED of TDE is hot and slows little/no cooling
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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+ 2011)

PS1-11af



S. van Velzen Aspen 2015

Detection rate in other surveys
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Optical discovery of tidal disruption flares 25

mate limits the utility of this reasoning.) In any case,
the flares did occur and a correct model must allow for
them, even if they are not typical.

This raises the question of how to account for the ob-
served flare properties. The earlier and simpler model
of LU97, based on thermal emission at the Eddington
luminosity, correctly predicts the observed temperature
(within uncertainties) and its slow evolution, but predicts
a much higher luminosity than observed. LU97 also pre-
dicts that the luminosity decays much more slowly than
observed. The LU97 model can be reconciled with ob-
servation if their hypothesized optically thick envelope
subtends only a fraction of the 4� solid angle, and this
fraction decreases with time. Or perhaps SQ09 are on
the right track but they adopted parameter choices which
need modification, or better modeling of the radiatively
driven wind is needed (Lodato & Rossi 2010). Or some
important aspect of the process may be missed com-
pletely; for instance the presence of a weak, pre-existing
accretion disk might significantly enhance the power of
the flare, as proposed by Farrar & Gruzinov (2009) as an
explanation for the correlation reported between ultra-
high energy cosmic rays and AGNs (The Pierre Auger
Collaboration 2007, 2008) whose luminosities are too low
to accelerate protons to the observed energies (Farrar &
Gruzinov 2009; Zaw et al. 2009).

The luminosity and temperature of a tidal disruption
flare, and their time evolution, depend on the (unknown)
time between disruption and first observation, and on
unknown or poorly-known parameters of the black hole
(MBH and spin) and the initial star and the orbit and
viewing angle. This means that the range of flare types
is enormous and one might despair of being able to
test theoretical models. Remarkably, however, the ra-
tio of the cooling rate to the bolometric luminosity de-
cay, (d lnT/dt)/(d lnL/dt), is independent of all these
unknown parameters and also independent of the time
since disruption, in the SQ09 model during the super-
Eddington phase. Combining equations 2, 11, and 13 of
SQ09 we derive that

(d lnT/dt)/(d lnL/dt) = �5/4 (12)

for any TDE, at any time during the super-Eddington
phase. This is certainly not the evolution observed
for TDE1,2 in the g-band, for which we measure
(d lnT/dt)/(d lnLg /dt) = 0 ± 0.2 and 0.2 � 0.7 respec-
tively. Whether this is further evidence of a problem with
the SQ09 model requires detailed modeling since the evo-
lution of the g-band luminosity may not follow that of
the bolometric luminosity, and a single black-body may
not correctly describe the SED. We present the relation
Eq. 12 here because of its power to test the picture of the
wind-driven super-Eddington phase independently of the
initial conditions of the disruption event. Simultaneous
measurement of a larger portion of the SED, to allow
Eq. (12) to be tested, would therefore be highly ben-
eficial in future observational campaigns to explore the
TDE phenomenon.

7. FUTURE SURVEYS

We estimate below the detection rate of TDEs which
can be expected in current and future optical transient

surveys, for the pipeline used here and similar observa-
tional conditions and cadence as SDSS Stripe 82. This
estimate di�ers from earlier estimates such as (Gezari
et al. 2009b; Strubbe & Quataert 2009) because those
ignore the cost in event-rate implied by cuts needed to
insure clean and unambiguous detections, and our esti-
mate here incorporates the observed properties of TDEs
rather than relying on models.

The total e�ective time spanned by the SDSS Stripe
82 data, ⇥obs, is just the total time between observations
within a season; the > 9 month gap between seasons
is not included in ⇥obs. To account for the di�erence
in sampling across Stripe 82 we calculate ⇥obs in bins
of width 3.6 degree along right ascension. The mean
⇥obs is 1.03 yr with a mean cadence of 7.5 days. Thus
two detected TDEs corresponds to a TDE detection rate
of Ṅobs = 1.9 yr�1. We can scale this detection rate to
current and future optical surveys of similar cadence and
selection criteria using the flux limit, Flim, and faction of
the sky observed, fsky:

Ṅobs ⌅ fsky F�3/2
lim . (13)

This yields Ṅobs = 13, 14, 4180 yr�1 for the PTF, Pan-
STARRS Medium Deep Survey and LSST, respectively.
In Table 5 we list the adopted values of Flim, fsky. These
detection rates are lower bounds on the actual number of
TDEs which can be observed (if the observational quality
is equal to that of SDSS and these TDEs have typical
luminosities), because the cadence can be optimized and
the pipeline made more e⌅cient, to maximize detections
for any targeted light-curve type in a dedicated survey.

Future optical surveys will be predominantly photo-
metric and will generally not have a large fraction of
hosts for which spectra have been obtained, as we have
for SDSS Stripe 82. In fact, this need not prevent ob-
taining a TDE candidate sample for followup with O(1)
false positives, if the angular resolution allows adequate
rejection of non-nuclear flares. The first line of defense
against SNe contamination is good resolution. The pu-
rity of the nuclear sample is determined by the accuracy
with which the flare-host separation can be measured,
because SN background increases very rapidly as the res-
olution is compromised.

When the goal is rapid, intensive spectral and multi-
wavelength follow-up rather than discovery in archival
data, the appropriate selection strategy changes from the
one used for here for TDE1,2. The first priority is to be
confident that a flare passing the selection criteria has a
very high chance of being a TDE and low chance of being
uninteresting. Elements of such a strategy are:
• QSOs can be suppressed in the target sample by ex-
cluding galaxies within the QSO locus in Fig. 7; galaxies
showing continuing irregular variability during monitor-
ing can be excluded as presumptive AGNs without spec-
troscopic follow-up, if spectroscopic resources are limited.
• TDE1,2 both fall in a“TDE-locus” based on photo-
metric properties of the flares alone (Fig. 13), allowing
powerful rejection of AGN flares and SNe without spec-
troscopic followup. Fig. 22 shows that flares from the
hosts which are identified as QSOs based on their pho-
tometric properties only, have properties similar to the
flares from spectroscopically confirmed QSOs. Moreover
requiring a flare to fall in a “TDE-locus” of very blue

Survey Flim (mag) fsky Nobs (1/yr)

GAIA 19 1 4

PTF 21.5 0.2 13

PS1 MD 24.5 0.0012 10

LSST 24.5 0.5 4000

(van Velzen+ 2011)
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Theoretical setup for finding the rate
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Tidal disruption rate from SDSS data 3

TABLE 1

Flare models & rate

Name Shape Luminosity Mean e�ciency (Eq. 9) E↵ective-galaxy-year Optical TDF Rate
FTDF / tp LTDF / M⇠

BH % yr yr�1galaxy�1

Observed
only

As observed ⇠ = 0 0.32 2.88⇥ 104 < 1.8⇥ 10�4

Disk model p = � 5
12

⇠ = 3/4 0.60 5.26⇥ 104 < 1.0⇥ 10�4

Disk + Wind
model

Tabulated Tabulated 0.60 5.24⇥ 104 3.8+5.2
�2.5 ⇥ 10�5

Note. — Light curve models and resulting TDF rates. The first row shows the model-independent upper limit, using only the
observed part of the light curve and no scaling of the luminosity with black hole mass. This limit is valid only for galaxies that
are similar to the host of the two SDSS TDFs. The other estimates of the rate assume a scaling of the luminosity time and with
black hole mass to include the full SDSS galaxy sample in the rate estimate. For the ‘Disk + Wind’ model, we use tabulated light
curves of Lodato & Rossi (2011). The e↵ective-galaxy-year follows from the mean e�ciency, multiplied by the survey duration and
number of potential host galaxies. In the last column, we give the rate per galaxy, for galaxies with MBH < 108M�. We note that
the similar mean e�ciency of the last two models is a coincidence, since both behave di↵erently with black hole mass (see Fig. 2).

2002; Stoughton et al. 2002) of the galaxy as cataloged
by SDSS. The Petrosian flux essentially measures the
total galaxy flux using a circular aperture with a ra-
dius that is independent of redshift and robust against
changes in seeing. The catalog-based selection yields
⇠ 104 galaxies with flare candidates which were pro-
cessed by a di↵erence-imaging algorithm. Nuclear flares
were selected based on the distance between the center of
the host and the flare in the di↵erence image (d < 0.002).
To obtain a high quality parent sample of potential

TDFs, we applied the following criteria to the flux in
the di↵erence image: m < 22 for at least 3 nights in
the u, g, and r filters. After removing galaxies that fall
inside the photometric QSO locus and removing galaxies
with additional variability, two flares remained; we shall
refer to these as TDE1 and TDE2. Additional analysis
and followup observations show that these flares are best
explained as stellar tidal disruption events.

3. ANALYSIS

The number of detected flares in a variability survey
that targets Ngal galaxies is given by

NTDF = ⌧

NgalX

i

✏iṄi (6)

where Ṅi and ✏i are the flare rate and detection e�ciency
for the ith monitored galaxy, and ⌧ is the survey time.
The rate of TDFs is expected to depend only weakly
on black hole mass (Eq. 3), as long as M < 108 M�.
Above this mass, the rate of visible disruptions is strongly
suppressed due to the horizon of the black hole (Kesden
2012). We can therefore simplify Eq. 6 using

Ṅi =

⇢
Ṅ MBH < 108 M�
0 MBH > 108 M�

, (7)

to obtain a galaxy-independent rate:

Ṅ =
NTDF

Ngal⌧ ✏
. (8)

Here we have defined the mean e�ciency

✏ ⌘ N�1
NX

i

✏i . (9)

For the TDF search in Stripe 82, NTDF = 2, and ⌧ =
7.6 yr starting4 in the year 2000. Finally Ngal = 1.2 ⇥
106, the number of galaxies which have a photometric
redshift, are outside the QSO locus (paper I), and have a
black hole mass MBH < 108 M�. (Our method a assign a
black hole mass to the galaxies in our sample is discussed
in detail in 3.2.)
Computing the rate of tidal disruption flares thus boils

down to determining the e�ciency. The result will ob-
viously depend on the flare’s luminosity and duration –
e.g., a long, bright flare will be above detection thresh-
old long after the peak and thus is more readily detected
with a given set of observations. Below, we first discuss
the model light curves we consider (Sec. 3.1), then derive
their detection probability (Sec. 3.2).

3.1. Flare models: scaling the observed light curve

In this section we discuss the (model) light curves that
will be input to the computation of the overall e�ciency.
Since the SDSS data of the two TDFs (TDE1, and TDE2,
see Sec. 2) does not completely cover the time they are
detectable (i.e., above the flux limit), we will have to
extrapolate the observed light curve forward and back-
ward in time. Furthermore, we also need to predict the
luminosity of flares from galaxies with lower or higher
mass black holes than the host of TDE1,2. We shall ap-
proach this problem using three models with increasing
complexity.
We start with a light curve that is identical to the

observed light curve: no extrapolation is used. This
completely model-independent approach yields an upper
limit to the true TDF rate. For the computation of the
e�ciency (✏, Eq. 9) we restrict to galaxies with a host
luminosity that is within ±0.25 mag of the luminosity of
the host of TDE1 (Mr = �19.9) or TDE2 (Mr = �21.3).
The second light curve model that we consider is based

on the predictions for emission from the accretion disk
that should form after disruption. For this Disk model,
the luminosity at a fixed frequency in the Rayleigh-Jeans
part of the SED evolves as

LTDF / (t� tD)�5/12 M3/4
BH (10)

4 SDSS observations of Stripe 82 before 2000 exist, but their low
cadence implies no potential TDF would pass our cuts.“Effective-galaxy-year”

Tidal disruption rate from SDSS data 3

TABLE 1

Flare models & rate

Name Shape Luminosity Mean e�ciency (Eq. 9) E↵ective-galaxy-year Optical TDF Rate
FTDF / tp LTDF / M⇠

BH % yr yr�1galaxy�1

Observed
only

As observed ⇠ = 0 0.32 2.88⇥ 104 < 1.8⇥ 10�4

Disk model p = � 5
12

⇠ = 3/4 0.60 5.26⇥ 104 < 1.0⇥ 10�4

Disk + Wind
model

Tabulated Tabulated 0.60 5.24⇥ 104 3.8+5.2
�2.5 ⇥ 10�5

Note. — Light curve models and resulting TDF rates. The first row shows the model-independent upper limit, using only the
observed part of the light curve and no scaling of the luminosity with black hole mass. This limit is valid only for galaxies that
are similar to the host of the two SDSS TDFs. The other estimates of the rate assume a scaling of the luminosity time and with
black hole mass to include the full SDSS galaxy sample in the rate estimate. For the ‘Disk + Wind’ model, we use tabulated light
curves of Lodato & Rossi (2011). The e↵ective-galaxy-year follows from the mean e�ciency, multiplied by the survey duration and
number of potential host galaxies. In the last column, we give the rate per galaxy, for galaxies with MBH < 108M�. We note that
the similar mean e�ciency of the last two models is a coincidence, since both behave di↵erently with black hole mass (see Fig. 2).
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by SDSS. The Petrosian flux essentially measures the
total galaxy flux using a circular aperture with a ra-
dius that is independent of redshift and robust against
changes in seeing. The catalog-based selection yields
⇠ 104 galaxies with flare candidates which were pro-
cessed by a di↵erence-imaging algorithm. Nuclear flares
were selected based on the distance between the center of
the host and the flare in the di↵erence image (d < 0.002).
To obtain a high quality parent sample of potential

TDFs, we applied the following criteria to the flux in
the di↵erence image: m < 22 for at least 3 nights in
the u, g, and r filters. After removing galaxies that fall
inside the photometric QSO locus and removing galaxies
with additional variability, two flares remained; we shall
refer to these as TDE1 and TDE2. Additional analysis
and followup observations show that these flares are best
explained as stellar tidal disruption events.
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The number of detected flares in a variability survey
that targets Ngal galaxies is given by

NTDF = ⌧

NgalX

i

✏iṄi (6)

where Ṅi and ✏i are the flare rate and detection e�ciency
for the ith monitored galaxy, and ⌧ is the survey time.
The rate of TDFs is expected to depend only weakly
on black hole mass (Eq. 3), as long as M < 108 M�.
Above this mass, the rate of visible disruptions is strongly
suppressed due to the horizon of the black hole (Kesden
2012). We can therefore simplify Eq. 6 using

Ṅi =

⇢
Ṅ MBH < 108 M�
0 MBH > 108 M�

, (7)

to obtain a galaxy-independent rate:

Ṅ =
NTDF

Ngal⌧ ✏
. (8)

Here we have defined the mean e�ciency

✏ ⌘ N�1
NX

i

✏i . (9)

For the TDF search in Stripe 82, NTDF = 2, and ⌧ =
7.6 yr starting4 in the year 2000. Finally Ngal = 1.2 ⇥
106, the number of galaxies which have a photometric
redshift, are outside the QSO locus (paper I), and have a
black hole mass MBH < 108 M�. (Our method a assign a
black hole mass to the galaxies in our sample is discussed
in detail in 3.2.)
Computing the rate of tidal disruption flares thus boils

down to determining the e�ciency. The result will ob-
viously depend on the flare’s luminosity and duration –
e.g., a long, bright flare will be above detection thresh-
old long after the peak and thus is more readily detected
with a given set of observations. Below, we first discuss
the model light curves we consider (Sec. 3.1), then derive
their detection probability (Sec. 3.2).

3.1. Flare models: scaling the observed light curve

In this section we discuss the (model) light curves that
will be input to the computation of the overall e�ciency.
Since the SDSS data of the two TDFs (TDE1, and TDE2,
see Sec. 2) does not completely cover the time they are
detectable (i.e., above the flux limit), we will have to
extrapolate the observed light curve forward and back-
ward in time. Furthermore, we also need to predict the
luminosity of flares from galaxies with lower or higher
mass black holes than the host of TDE1,2. We shall ap-
proach this problem using three models with increasing
complexity.
We start with a light curve that is identical to the

observed light curve: no extrapolation is used. This
completely model-independent approach yields an upper
limit to the true TDF rate. For the computation of the
e�ciency (✏, Eq. 9) we restrict to galaxies with a host
luminosity that is within ±0.25 mag of the luminosity of
the host of TDE1 (Mr = �19.9) or TDE2 (Mr = �21.3).
The second light curve model that we consider is based

on the predictions for emission from the accretion disk
that should form after disruption. For this Disk model,
the luminosity at a fixed frequency in the Rayleigh-Jeans
part of the SED evolves as

LTDF / (t� tD)�5/12 M3/4
BH (10)

4 SDSS observations of Stripe 82 before 2000 exist, but their low
cadence implies no potential TDF would pass our cuts.

Efficiency for given light curve: Monte Carlo
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observed part of the light curve and no scaling of the luminosity with black hole mass. This limit is valid only for galaxies that
are similar to the host of the two SDSS TDFs. The other estimates of the rate assume a scaling of the luminosity time and with
black hole mass to include the full SDSS galaxy sample in the rate estimate. For the ‘Disk + Wind’ model, we use tabulated light
curves of Lodato & Rossi (2011). The e↵ective-galaxy-year follows from the mean e�ciency, multiplied by the survey duration and
number of potential host galaxies. In the last column, we give the rate per galaxy, for galaxies with MBH < 108M�. We note that
the similar mean e�ciency of the last two models is a coincidence, since both behave di↵erently with black hole mass (see Fig. 2).
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✏ ⌘ N�1
NX

i

✏i . (9)

For the TDF search in Stripe 82, NTDF = 2, and ⌧ =
7.6 yr starting4 in the year 2000. Finally Ngal = 1.2 ⇥
106, the number of galaxies which have a photometric
redshift, are outside the QSO locus (paper I), and have a
black hole mass MBH < 108 M�. (Our method a assign a
black hole mass to the galaxies in our sample is discussed
in detail in 3.2.)
Computing the rate of tidal disruption flares thus boils

down to determining the e�ciency. The result will ob-
viously depend on the flare’s luminosity and duration –
e.g., a long, bright flare will be above detection thresh-
old long after the peak and thus is more readily detected
with a given set of observations. Below, we first discuss
the model light curves we consider (Sec. 3.1), then derive
their detection probability (Sec. 3.2).

3.1. Flare models: scaling the observed light curve

In this section we discuss the (model) light curves that
will be input to the computation of the overall e�ciency.
Since the SDSS data of the two TDFs (TDE1, and TDE2,
see Sec. 2) does not completely cover the time they are
detectable (i.e., above the flux limit), we will have to
extrapolate the observed light curve forward and back-
ward in time. Furthermore, we also need to predict the
luminosity of flares from galaxies with lower or higher
mass black holes than the host of TDE1,2. We shall ap-
proach this problem using three models with increasing
complexity.
We start with a light curve that is identical to the

observed light curve: no extrapolation is used. This
completely model-independent approach yields an upper
limit to the true TDF rate. For the computation of the
e�ciency (✏, Eq. 9) we restrict to galaxies with a host
luminosity that is within ±0.25 mag of the luminosity of
the host of TDE1 (Mr = �19.9) or TDE2 (Mr = �21.3).
The second light curve model that we consider is based

on the predictions for emission from the accretion disk
that should form after disruption. For this Disk model,
the luminosity at a fixed frequency in the Rayleigh-Jeans
part of the SED evolves as

LTDF / (t� tD)�5/12 M3/4
BH (10)

4 SDSS observations of Stripe 82 before 2000 exist, but their low
cadence implies no potential TDF would pass our cuts.
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• Correction for captures:

‣ Exponential (a≈0.5)

‣ Step-function at 108 M⊙


• MBH scaling:

‣ “Standard” (Harning & Rix 2008)

‣ “Broken” (Graham 2012)

• Model light curves: 

‣ Empirical: SDSS and PS1

‣Model light curves

53

Figure 16
Correlation of dynamically measured BH massM• with (left) K-band absolute magnitudeMK,bulge

and luminosity LK,bulge and (right) velocity dispersion σe for (red) classical bulges and (black)
elliptical galaxies. The lines are symmetric least-squares fits to all the points except the monsters
(points in light colors), NGC 3842, and NGC 4889. Figure 17 shows this fit with 1-σ error bars.

6.6 The M• – Lbulge, M• –Mbulge, and M• – σe correlations for
classical bulges and elliptical galaxies

Figure 16 shows the updated correlations of M• with bulge luminosity and velocity dispersion.
Recent advances allow us to derive more robust correlations and to better understand the
systematic effects in their scatter. First, we distinguish classical bulges that are structurally
like ellipticals from pseudobulges that are structurally more disk-like than classical bulges. There
is now a strong case that classical bulges are made in major mergers, like ellipticals, whereas
pseudobulges are grown secularly by the internal evolution of galaxy disks. We show in Section 6.8
that pseudobulges do not satisfy the same tight M•–host-galaxy correlations as classical bulges and
ellipticals. Therefore we omit them here. Second, we now have bulge and pseudobulge data for all
BH galaxies (Kormendy & Bender 2013b). Third (Section 3), we have more accurate BH masses,
partly because of improvements in data (ground-based AO and integral-field spectroscopy), partly
because of improvements in modeling (e. g., three-integral models that include dark matter), and
partly because we are now confident that emission-line rotation curves underestimate M• unless
broad line widths are taken into account (Section 6.3). We omit these masses. Fourth, we have
reasons to omit BH monsters, mergers in progress, and (Section 6.7) the two largest BHs known
in ellipticals. Finally, the sample of galaxies with dynamical BH detections is larger and broader
in Hubble types. These developments lead to a significant recalibration of the ratio of BH mass to
the mass of the host bulge and, as we have already begun to see, to qualitatively new conclusions.

MK
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(a) Phenomenological model.
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(b) Disk + Wind model (based on Lodato & Rossi 2011).
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(c) GMR14 model.

Fig. 2.— Observed g-band light curves of TDE1 and 2 (left and right columns, respectively) and PS1-10jh and -11af, compared to our
three different models. The top and bottom rows show the predictions for the phenomenological and GMR14 models, respectively, in which
we fit only for the time of disruption. In the Disk+Wind model shown in the center row, we allow a different overall normalization for
TDE1 and TDE2 as discussed in the text.

disk emission dominates over the emission from the wind.
We therefore applied one more modification to the LR11
model, namely multiplying the luminosity of the wind
emission with MBH/5× 106M⊙.
As shown in Fig. 2(b), the resulting ‘Disk+Wind’

model normalized for TDE1 provides a reasonable de-
scription of the light curve of PS1 10jh. The Disk+Wind
light curve normalized TDE2 clearly does not reproduce
the two PS1 events, which have a lower black hole mass
(as estimated from their host galaxy mass) than TDE2.
This suggests that the Disk+Wind model parameters ob-
tained for TDE2 should only be used in the highest black
hole mass regime of our analysis. We therefore combine
the efficiency obtained for TDE1 and TDE2 by weighting
the efficiency simulation according to the absolute mag-
nitude of the host galaxy: the probability to select the

TDE1-normalized light curve increases from zero at the
mass of the host galaxy of TDE2 to unity at the mass of
the host of TDE1 (and vice versa).

4.2.2. GMR14 model

We can use the model presented in GMR14 to extrap-
olate the observed light curve of PS1 10jh to galaxies
with a lower or higher black hole mass. The TDEfit soft-
ware (Guillochon et al. 2014) was used to obtain the free
parameters of that model (the stellar mass, impact pa-
rameter, etc), when the black hole mass of PS1 10jh is
fixed at the value expected from the Häring & Rix (2004)
scaling relation (i.e., the black hole mass was not used
as a free parameter in the fit for the parameters of the
GMR14 model). Then, taking those parameters as typ-
ical, light curves for other black hole masses are calcu-
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Fig. 2.— Observed g-band light curves of TDE1 and 2 (left and right columns, respectively) and PS1-10jh and -11af, compared to our
three different models. The top and bottom rows show the predictions for the phenomenological and GMR14 models, respectively, in which
we fit only for the time of disruption. In the Disk+Wind model shown in the center row, we allow a different overall normalization for
TDE1 and TDE2 as discussed in the text.

disk emission dominates over the emission from the wind.
We therefore applied one more modification to the LR11
model, namely multiplying the luminosity of the wind
emission with MBH/5× 106M⊙.
As shown in Fig. 2(b), the resulting ‘Disk+Wind’

model normalized for TDE1 provides a reasonable de-
scription of the light curve of PS1 10jh. The Disk+Wind
light curve normalized TDE2 clearly does not reproduce
the two PS1 events, which have a lower black hole mass
(as estimated from their host galaxy mass) than TDE2.
This suggests that the Disk+Wind model parameters ob-
tained for TDE2 should only be used in the highest black
hole mass regime of our analysis. We therefore combine
the efficiency obtained for TDE1 and TDE2 by weighting
the efficiency simulation according to the absolute mag-
nitude of the host galaxy: the probability to select the

TDE1-normalized light curve increases from zero at the
mass of the host galaxy of TDE2 to unity at the mass of
the host of TDE1 (and vice versa).

4.2.2. GMR14 model

We can use the model presented in GMR14 to extrap-
olate the observed light curve of PS1 10jh to galaxies
with a lower or higher black hole mass. The TDEfit soft-
ware (Guillochon et al. 2014) was used to obtain the free
parameters of that model (the stellar mass, impact pa-
rameter, etc), when the black hole mass of PS1 10jh is
fixed at the value expected from the Häring & Rix (2004)
scaling relation (i.e., the black hole mass was not used
as a free parameter in the fit for the parameters of the
GMR14 model). Then, taking those parameters as typ-
ical, light curves for other black hole masses are calcu-
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lated. As expected, due to its similarity to PS1-10jh ,the
GMR14 model provides a good fit for TDE1, whereas
the observed light curve of TDE2 exceeds the GMR14
model prediction; see Fig. 2(c). We note TDE2 can be
fit within the Guillochon et al. (2014) framework, but its
best-fit parameters are different from those of PS1-10jh
(J. Vinko et al., in preparation).
In contrast to the Disk+Wind model, in the GMR14

model, the peak luminosity increases with decreasing
black hole mass. We capped the luminosity at the Ed-
dington limit (i.e., νLν < 1.3 × 1038MBH/M⊙ erg s−1),
which only influences light curves for MBH < 106 M⊙.
If the flare luminosity does increase to super-Eddington
levels at low MBH, our rate estimate would not apply to
low-mass black holes, and TDFs should be a powerful
probe of the low mass black hole population.

5. RESULTS

The rate obtained using the suite of light curve models
discussed in the previous section is reported below and
summarized in Table 1. In Fig. 3 we show the effective-
galaxy-years of our pipeline as a function of the bulge
luminosity of the host galaxy. The effective-galaxy-years
is given by Ngal × τ × ϵ (i.e., the denominator of Eq. 5).

5.1. TDF rate per galaxy

Using only the observed SDSS light curve (Sec-
tion 4.1.1), we find a model-independent upper limit to
the rate of optical TDFs:

Ṅ < 2× 10−4 yr−1galaxy−1. (12)

Here we used NTDF < 5.3, the 90% CL upper limit when
two events are detected.
Using the two TDFs discovered in Pan-STARRS to

yield example light curves (Section 4.1.2) we find

Ṅ = 2.0+2.7
−1.3 × 10−5 yr−1galaxy−1 (13)

(1σ uncertainty for Poisson statistics). Needless to say,
this rate is only valid for TDFs that are similar to the two
PS1 events. However given the similarity between these
PS1 events and three new TDFs discovered in PTF, it
appears to be a reasonable assumption that these light
curves are representative of those for black holes with a
mass of ∼ 106.5.
For the phenomenological model (Section 4.1.3), we

obtain a rate of

Ṅ = 1.5+2.0
−1.0 × 10−5 yr−1galaxy−1 . (14)

This rate is slightly lower than the result based on the
PS1 events. This happens because the phenomenologi-
cal model includes TDE2, which increases our estimate
of the efficiency for flares from galaxies with MBH >
107 M⊙, see Fig. 3.
For the theory-based Disk+Wind and GMR14 mod-

els (Section 4.2), we used two different ways to estimate
the suppression of visible TDFs due to the event hori-
zon (shown in the last two columns of Table 1), plus
two different scaling relations for the black hole mass
(shown as a second entry for these models in Table 1).
For our Disk+Wind model, the rate increases about 80%
when the Graham (2012) scaling is used instead of our
default (Häring & Rix 2004) scaling relation, while for

Fig. 3.— Effective-galaxy-years (Ngal × τ × ϵ) for different light
curve models in bins of absolute bulge magnitude of the host. We
also show the parent galaxy sample by setting ϵ = 1 (thin black
line). The mean black hole mass in each bin, as obtained using the
Häring & Rix (2004) scaling, is indicated on the upper axis. The
bulge luminosities of the hosts of TDE1,2 are Mr = −19.2,−20.7.

the GMR14 model the rate decreases by 50%. Our two
methods of correcting for the event horizon of the black
holes yields a 40%-50% difference in the derived rate.
Taking the full range of results gives

ṄD+W = (1.2− 3.2)× 10−5 yr−1galaxy−1 (15)

and

ṄGMR14 = (1.2− 1.9)× 10−5 yr−1galaxy−1 . (16)

The difference between the rate derived for the
Disk+Wind and the GMR14 model is relatively small.
This agreement is encouraging since we forced the
Disk+Wind model to fit our TDE1 and TDE2, while the
GMR14 model was normalized using independent data.
However, we caution that this agreement could be de-
ceptive, since the models predict virtually opposite sen-
sitivity as a function of MBH as evident in Fig. 3. In the
event that GMR14 gives the best description of the flares
in the low mass range and the Disk+Wind model is best
in the high mass range, the rate estimate would decrease
by about a factor of 1.5 with respect to the result based
on the phenomenological model. (The GMR14 model,
with parameters tuned to PS1-10jh as used here, does
not fit the high mass range (i.e., TDE2) so we do not
consider the opposite combination.)

5.2. Volumetric TDF rate

To estimate the volumetric rate of TDFs , we compute
the efficiency of a given model in bins of galaxy lumi-
nosity and integrate this against the galaxy luminosity
function (φ). This yields an effective galaxy density:

ρeff =

∫

dM φ(M)ϵ(M)
∫

dMϵ(M)
. (17)

We use the SDSS r-band galaxy luminosity function
(Blanton et al. 2001). For integration limits, we adopt
Mr = [−19,−23], which covers 90% of the galaxies in
our sample. For a given model, the volumetric rate fol-
lows by multiplying the effective galaxy density with the
rate per galaxy.
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Model Rate
(yr-1 galaxy-1)

Empirical  2.0 10-5 

Lodato & Rossi 1.7 10-5

Guillochon et al. 1.9 10-5

Upper limit < 2 10-4

• Uncertainty

‣ Poisson: factor ~2

‣ Due to MBH scaling: ~2 

‣ Due to light curves models: 50%

‣ Upper limit is model-independent 
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Comparison to theory

• Theoretical rate ~10 times higher

‣ Dust obscuration

‣ TDE physics: circularization

‣ Occupation fraction (!)


• X-rays could help, however:

‣ ROSAT: 9 x 10-6 yr-1 (Donley+ 2002) 

‣ XMM: 2 x 10-4 yr-1 (Esquej + 2009) 
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FIG. 7.— Histograms showing the ratio of the peak to Eddington accretion rates Ṁpeak/ṀEdd (left panel) and tpeak (right panel) for the initial material returning
to pericenter Ṁfb (dashed black line) and the accretion rate onto the black hole Ṁacc (solid black line) for the three classes of TDEs defined in the text; color-coding
matches that of Figures 5 and 6. The three sub-panels show three different ranges of Mh. In the left panel, the dotted vertical line shows where Ṁpeak = ṀEdd.

numerical simulations (Shiokawa et al. 2015; Bonnerot
et al. 2015). The typical slowdown can result in tpeak

increasing by a factor of ⇠100, which also reduces Ṁ
by a similar factor relative to the fallback rate Ṁfb(t).
This mostly affects disruptions around black holes with
masses less than a few 106M�.

• For more-massive black holes, GR effects are signif-
icantly stronger, resulting in stream self-intersections
that occur at large angles and closer to the star’s original
periapse. If the black hole spin is small (a . 0.2), the
accretion rate onto the black hole typically follows the
fallback rate, with no significant delay between the re-
turn of the most-bound material and accretion onto the
black hole.

• If a black hole is both massive and possesses at least
a mild spin (a & 0.2), the stream self-intersection oc-
curs after the most-bound material has wound around
periapse multiple times. Because very little energy
is dissipated in the stream in the absence of stream
self-intersections, the specific binding energy of the
material to the black hole is unchanged until circu-
larization begins, at which point the accretion rate
will equal the fallback rate with a fixed time delay,

Ṁacc(t + tdelay) = Ṁfb(t).

• Because tidal disruptions around less-massive black
holes tend to be slowed down, and because more-
massive black holes have higher Eddington luminosi-
ties, the typical Eddington ratio for a tidal disruption
at peak luminosity is less than one, with most super-
Eddington flares originating from black holes with
masses . 107.

• TDEs that are significantly slowed by long viscous
times likely peak on timescales of several years, with
bolometric luminosities decaying at a rate more shal-
low than t-5/3. If these slowed events were observed in
the past, these differences might have prevented their
identification as TDEs, as current surveys have focused
on more-rapidly peaking transients. This may explain
the relative dearth of events as compared to theoretical
expectations.

The advantage of our approach is that we can generate a
large ensemble of tidal disruption streams at little computa-
tional expense, but is heuristic in the sense that we made ap-
proximations to the precession terms using an orbit-averaged
post-Newtonian formalism that introduces some error. We
also made an assumption on how the width of the debris

8 Guillochon and Ramirez-Ruiz
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FIG. 7.— Histograms showing the ratio of the peak to Eddington accretion rates Ṁpeak/ṀEdd (left panel) and tpeak (right panel) for the initial material returning
to pericenter Ṁfb (dashed black line) and the accretion rate onto the black hole Ṁacc (solid black line) for the three classes of TDEs defined in the text; color-coding
matches that of Figures 5 and 6. The three sub-panels show three different ranges of Mh. In the left panel, the dotted vertical line shows where Ṁpeak = ṀEdd.

numerical simulations (Shiokawa et al. 2015; Bonnerot
et al. 2015). The typical slowdown can result in tpeak

increasing by a factor of ⇠100, which also reduces Ṁ
by a similar factor relative to the fallback rate Ṁfb(t).
This mostly affects disruptions around black holes with
masses less than a few 106M�.

• For more-massive black holes, GR effects are signif-
icantly stronger, resulting in stream self-intersections
that occur at large angles and closer to the star’s original
periapse. If the black hole spin is small (a . 0.2), the
accretion rate onto the black hole typically follows the
fallback rate, with no significant delay between the re-
turn of the most-bound material and accretion onto the
black hole.

• If a black hole is both massive and possesses at least
a mild spin (a & 0.2), the stream self-intersection oc-
curs after the most-bound material has wound around
periapse multiple times. Because very little energy
is dissipated in the stream in the absence of stream
self-intersections, the specific binding energy of the
material to the black hole is unchanged until circu-
larization begins, at which point the accretion rate
will equal the fallback rate with a fixed time delay,

Ṁacc(t + tdelay) = Ṁfb(t).

• Because tidal disruptions around less-massive black
holes tend to be slowed down, and because more-
massive black holes have higher Eddington luminosi-
ties, the typical Eddington ratio for a tidal disruption
at peak luminosity is less than one, with most super-
Eddington flares originating from black holes with
masses . 107.

• TDEs that are significantly slowed by long viscous
times likely peak on timescales of several years, with
bolometric luminosities decaying at a rate more shal-
low than t-5/3. If these slowed events were observed in
the past, these differences might have prevented their
identification as TDEs, as current surveys have focused
on more-rapidly peaking transients. This may explain
the relative dearth of events as compared to theoretical
expectations.

The advantage of our approach is that we can generate a
large ensemble of tidal disruption streams at little computa-
tional expense, but is heuristic in the sense that we made ap-
proximations to the precession terms using an orbit-averaged
post-Newtonian formalism that introduces some error. We
also made an assumption on how the width of the debris
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Dust in TDE host galaxies: 
Mid-IR light curve, 6 months after optical detection
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Mendez & van Velzen (in prep)
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A two-minute radio detour…
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Implication for jetted TDEs 
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Sjoert van Velzen et al.: O↵-axis tidal disruption jets

Table 3. Probability (%) that the jet orientation is such that
the predicted flux is below the 2�-level of our 5 GHz observation.

name Internal jet model Sw 1644+57, o↵-axis
a c b �j = 2 �j / t�0.2

D1-9 39 78 83 49 17
D3-13 62 89 91 52 26
TDE1 7 92 100 0 0
D23H-1 0 52 70 0 0
TDE2 0 75 98 20 1

PTF10iya 0 86 95 0 0
PS1-10jh 0 95 97 0 0

Notes. Zero probability implies that the predicted flux is above
the threshold even for i2 = ⇡/2, while Pi = 100% implies the
data cannot constrain the model. In the second to fourth column
we list the results for the internal jet model, for the optimistic
to the conservative scenario (Eq. 3), for �j = 5. In Fig. 3 we
show the results for lower Lorentz factors. In the fifth and sixth
column we give the probably of detecting a jet that is identical to
Sw 1644+57, but observed o↵-axis, using two di↵erent estimates
of the light curve past the last available observation (see sec.
2.1).

for the realistic scenario (Eq. 3c) this is lower at 21%. In
Fig. 3 we show P7 and P�1 for lower Lorentz factors; at
�j < 3, the hypothesis that all seven TDFs hosted a jet is
ruled out at 95% confidence for all three scenarios of the
internal jet model.

Our upper limits also constrain the possibility that a jet
similar to Sw 1644+57 was launched after the disruption.
To place the Jansky VLA observations on the estimated
o↵-axis light curve (Eq. 2), we equate the time of disrup-
tion to the time of the Swift trigger and we scale the flux
using (dL,Sw/dL)2, with dL,Sw the luminosity distance of
Sw 1644+57. From Fig. 1 we see that our upper limits on
the radio flux of five TDFs (TDE1, D23H-1, PTF10iya,
and PS1-10jh) are inconsistent with the estimated o↵-axis
light curve of Sw 1644+57 for all viewing angles and both
versions of the late-time evolution we considered in sec. 2.1.

4.2. Constraints from (future) radio transients surveys

A di↵erent method to test whether jets like Sw 1644+57 are
common to stellar tidal disruptions is to compute the rate
of these transients. The snapshot rate (or areal density) at
a given flux density limit F⌫,lim can be estimated directly
from the Sw 1644+57 light curve:

R(F⌫,lim) ⇠ 8⇥ 10�3 ��2
j

✓
F⌫,Sw

F⌫,lim

◆3/2

�TṄTDJ

10�5

⇢BH

5⇥ 10�3 Mpc�3 deg�2 . (4)

Here �T is the time in years that the flux of Sw 1644+57
is above F⌫,Sw, ⇢BH is the black hole density, and ṄTDJ is
the rate of stellar tidal disruptions with jets. If Sw 1644+57
was a typical stellar tidal disruption, this rate should be of
the same order as the TDF rate inferred from soft X-ray
(Donley et al. 2002) or optical (van Velzen & Farrar 2012)
surveys, i.e., ṄTDJ ⇠ 10�5 yr�1.

The 5 GHz light curve of Sw 1644+57 implies�T ⇡ 1 yr
for F⌫,Sw = 20 mJy. For �j = 2, we can thus obtain the
snapshot rate for a radio variability survey with a thresh-
old at 10 mJy: R(10mJy) = 5 ⇥ 10�3 deg�2. This rate is

Figure 3. The probability of our data (i.e., no flux above the
two times the image rms) for the three scenarios of the internal
model (Eq. 3). The solid lines show P7 the probability that all
seven TDFs we observed indeed hosted a jet; the dashed lines
show P�1 the probability that at least one flare hosted a jet. For
�j < 3 the former hypothesis is ruled out at 95% confidence for
all scenarios.

close to the existing upper limits on the snapshot rate at
5 GHz (e.g., Scott 1996; Bower et al. 2007, 2011) – see Frail
et al. (2012) for a review. Hence the observed light curve
of Sw 1644+67 implies that near-future radio variability
survey will either measure or constrain ṄTDJ.

5. Conclusion & Discussion

We obtained upper limits at the ⇠ 10 µJy level of the 5 GHz
flux of seven stellar tidal disruptions events that were dis-
covered with optical/UV imaging surveys. This is three or-
ders of magnitude lower than the recently discovered TDFs
with radio emission, suggesting that stellar tidal disrup-
tions come in di↵erent flavors, ranging from radio-loud to
radio-quiet (or radio-silent). To explore how this conclusion
would be biased by the large possibile parameter range in-
herent to TDFs, we compared our upper limits to currently
available jet models, taking into account Doppler boosting
and temporal evolution of the radio emission.

We used our observations to constrain the jet model of
van Velzen et al. (2011). For a jet Lorentz factor of �j = 5,
we can rule out the optimistic (“alway radio-loud”) scenario
for four of the seven flares. The probability that the other
three TDF candidates did launch such jets, but are not
detected because Doppler boosting reduced the flux below
two times the image rms is only 4%. The hypothesis that
all events hosted jets that only becomes radio-loud when
the fallback rate drops below 2% of the Eddington accre-
tion rate (i.e., as observed in stellar mass black holes) is
less constrained. Only for jets with �j < 3 this hypothesis
is ruled out at 95% CL. Our results are consistent with the
recent radio observations of X-ray detected TDFs by Bower
et al. (2013), which yielded two detections (Table 1), im-
plying that 0–10% of these flares launched relativistic jets
(the radio-loud fraction in this sample could be zero because
an AGN-origin for the radio emission of the two detected
events is currently not ruled out).

We have also investigated the possibility that our sam-
ple of TDFs hosted a jet which is identical to Sw 1644+57,
but oriented at a larger angle between the observer and the
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transients from B07, and O for the lone transient reported in Ofek et al. 2011) are the upper limits derived as a result of the analysis presented here. These limits were
derived by assuming no detection (whence a Poisson upper limit of 3 at the 95% confidence level; see Appendix C) and survey areas summarized in Ofek et al. (2010).

2011). Shortly thereafter a second candidate non-thermal tidal
disruption event (TDE) was recently proposed (Cenko et al.
2011). Events such as these give us an opportunity to study the
activity of 107–108 M⊙ supermassive black holes in otherwise
normal galaxies.

The areal density in Figure 6 is calculated assuming an
observed rate of 0.2 yr−1 Swift J1644+57-like events and a
gamma-ray beaming factor of 103 (Zauderer et al. 2011; Bloom
et al. 2011). Nominally, Swift J1644+57-like sources appear to
be the most frequent extragalactic transients that will be found
in radio transient searches. We acknowledge that the uncertainty
of both the observed rate and the gamma-ray beaming is high
and the true rate may be significantly different.12

Now we come to the most uncertain as well as potentially
the most important extragalactic radio transient—the merger
of two neutron stars (or a black hole and a neutron star). It is
generally accepted (or expected) that short hard bursts are on-
axis explosions of these mergers (Nakar 2007; Metzger & Berger
2011). As in long-duration GRBs, radio emission is expected
by afterglow (on-axis or orphan). The rates are highly uncertain
because there are very few observations of short hard GRBs.
Thus there still continues to be a debate about the geometry of
these explosions (“jetted” or not). Next, while the expected radio
emission is straightforward to estimate (subject to the usual
parametric uncertainties of the energy fractions of relativistic
electrons and magnetic field) an additional uncertainty is the

12 Estimates based on theoretically predicted TDE rates and luminosities
(Giannios & Metzger 2011; Bower 2011; van Velzen et al. 2011) result in areal
densities that vary by three orders of magnitude. The rate that we predict here
is consistent with the upper range of these predictions.

density of the ambient gas (which is necessary for the production
of the afterglow emission).

Regardless of the uncertainty as to whether neutron star
mergers are the sources of short GRBs or not, a substantial
sub- and mildly relativistic outflow is expected to be ejected
during the merger. Nakar & Piran (2011) estimate radio emission
from these outflows. The areal density in Figure 6 is calculated
based on their estimates,13 assuming an NS–NS merger rate
of 300 Gpc−3 yr−1 and that any merger ejects 1050 erg of a
mildly relativistic outflow. We note that Nakar & Piran (2011)
suggested that RT 19870422 was the radio emission from the
remains of a neutron star merger. However, as noted in Section 3,
this source is an artifact.

6. WAY FORWARD: NEW SURVEYS

There are sound reasons to continue the exploration of the
dynamic radio sky. Radio searches are an ideal way to discover
core-collapse SNe embedded in or behind dusty regions. The
discovery of SN 2009bb shows that large radio searches can find
urgently needed additional examples of nearby low-luminosity
GRBs. Next, the many rewards of radio follow-up observations
of Swift 1644+57 (accurate localization, energetics, beaming,
and outflow velocity) show the tremendous diagnostic power
of radio observations of this entirely new class of extragalactic
transients.

As exciting as these developments are, the search for new
classes of radio transients has involved several false starts.

13 The rate density of such mergers is poorly constrained. It ranges between
10 to 104 Gpc−3 yr−1 for NS–NS mergers (Phinney 1991; Narayan et al. 1991;
Kalogera et al. 2004; Abadie et al. 2010).
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Tidal disruption jets: two models

• External model               
(Giannios & Metzger 2011; Metzger, 
Giannios, Mimica  2011) 

‣ Inspired by GRB jets             

(eg, Granot & Sari 1999)

‣ Interaction of forward/reverse 

shock with environment

‣ On-axis or isotropic

20

• Internal model                      
(van Velzen, Falcke & Farrar 2010; 
van Velzen, Körding & Falcke 2011) 


‣ Inspired by AGN jets

‣ Emission from matter 

injected in the jet from 
the disk


‣ Include accretion state-
transitions 


‣ Function of inclination 
(Doppler boosting)




S. van Velzen Aspen 2015

Follow-up observations: JVLA, 5 GHz, 10 μJy rms

21

• van Velzen et al. (2013): 

‣ followed-up all optical/UV TDE

‣ No detections


• Bower et al. (2012):

‣ Followed-up all X-ray TDE

‣ Two detected, both from ROSAT                    

(IC 3599 and RX J1420.4+5334)

‣ Very unlikely to be TDE jets


• Soderberg et al. (in prep):

‣ No detections
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Sjoert van Velzen et al.: Constraints on o↵-axis jets from stellar tidal disruption flares

circumnuclear environment). The explanation that quasars
spend only a fraction of their time as radio-loud objects,
similar to the jets in the ‘hard intermediate state’ of X-
ray binaries (e.g., Körding et al. 2006), does not apply to
tidal disruptions because their accretion rate is not con-
stant. On the other hand, based on the observation of a
fundamental plane of black hole accretion, a universal scal-
ing law for the non-thermal emission across the entire black
hole mass range (Merloni, Heinz, & di Matteo 2003; Falcke,
Körding, & Marko↵ 2004), and the abundance of jets low
luminosity AGN (Nagar et al. 2000) and X-ray binaries or
microquasars (Mirabel & Rodŕıguez 1999; Fender 2001),
one may postulate that all stellar tidal disruptions launch
jets. Likewise, Mı̈ller & Gültekin (2011) argue that the fun-
damental plane can be used to estimate the black hole mass
of a TDF (if X-ray and radio observations of the flare are
available).

If all stellar disruptions are indeed companied by a rel-
ativistic outflow, the current upper limits on the radio flux
of the thermal TDFs can be explained by the orientation
of this jet, which can dramatically reduce the flux due to
relativistic Doppler boosting, and by a delay of the radio
emission of the jet with respect to the time of disruption.
However, the number of TDFs that have been followed-up
at radio frequencies is currently not su�cient to test this
unification based on viewing angle.

Recent advances in the hardware of the Very Large
Array (VLA) have made it possible to obtain very deep
radio observations of stellar tidal disruptions in a relatively
short amount of time. To use this opportunity, we selected
all thermal stellar tidal disruptions that occurred after 2004
for follow-up observations. These observations significantly
increase the number of TDFs with deep radio observations.
And because our radio observations span a wide range of
times since the disruption, we can, for the first time, test
the hypothesis that all stellar tidal disruptions launch jets.

The rest of paper is organized as follows. In sec. 2 we
present two di↵erent tidal disruption (TD) jet models and
compute o↵-axis light curves. In sec. 3 we discuss the radio
observations and sample selection. We use these observa-
tions to constrain the jet models in sec. 4 and we close with
a discussion in sec. 5.

2. Tidal disruption jet models

To be able to interpret our radio observations, we need a
model that describes how the radio emission in jets of ac-
creting objects is typically made. In this section we there-
fore review two models of tidal disruption jets and we
present o↵-axis light curves for these models. We have di-
vided the models into two classes1 based on the origin of
the emitting particles: external or internal. In both models,
some fraction of the accretion power ends up in the jet and
the emission mechanism is synchrotron radiation.

2.1. External model: o↵-axis light curves for Sw 1644+57

The external model of radio emission from TD jets was
first presented by Giannios & Metzger (2011) and further

1 Other models of TD jets (Lei & Zhang 2011; Krolik & Piran
2011; De Colle et al. 2012), are not discussed here since these
make no predictions for o↵-axis light curves at a given observer
frequency.
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Figure 1. The observed light curve of Sw 1644+57 (open
symbols), with the predicted late-time light curve (dashed
lines) for a total jet energy of Ej = 1052 erg (Berger et al.
2012). We show the estimated 5 GHz light curve of di↵erent
o↵-axis observers, Eq. 2, assuming that the Lorentz factor
of the jet decreases with �j / t�0.2, as inferred by Berger
et al. (2012). We modified the extrapolated light curve to
match a Sedov-Taylor solution, Lj / t�1.9, when �j < 2.
The 2-� upper limits on the radio flux of seven other TDF
candidates (Table 2) are shown with black triangles (we
scaled these limits to the redshift of Sw 1644+57, see sec.
4.1).

developed by Metzger, Giannios, & Mimica (2012). Shock
interaction between the jet and the gaseous circumnuclear
medium powers the emission, similar to afterglow models
of gamma-ray bursts (e.g., Sari & Piran 1995).

The external model has been applied to the radio light
curve of the relativistic TDF Sw 1644+57 (Metzger et al.
2012; Berger et al. 2012), we show the fit and predicted late-
time light curve in Fig. 1. We note that this fit requires an
continuous increase of the isotropic jet power during the
first year of observations.

The scaling of the synchrotron peak and self absorption
frequency in the Metzger et al. (2012) model of Sw 1644+57
are based on spherical expansion of an ultra-relativistic
shell and thus require ✓j�j < 1 (with ✓j , �j the jet opening
angle and Lorentz factor, respectively), plus an on-axis ob-
server i1 < 1/�j(t = 0); both requirements are supported
by the observed radio light curve (Metzger et al. 2012).

To compute the light curve for an o↵-axis observer, we
first boost the observed on-axis flux F1(⌫) into the jet rest-
frame

Lj(⌫) = d2L�
3�↵
1 F1(⌫) (1)

(e.g., Lind & Blandford 1985; Jester 2008) here we intro-
duced the Doppler factor for the on-axis observer �1 =
[�j(1� �j cos i1)]�1 with �j = vj/c, ↵ is the spectral index
defined as F (⌫) / ⌫↵, and dL is the luminosity distance.
Next, we transform the jet luminosity to the o↵-axis ob-
server using a di↵erent Doppler factor, �2. If the size of the
emitting region is small compared to the distance to the
black hole, the time delay due to the geometrical separa-
tion of the synchrotron peak with frequency can be ignored,

2

van Velzen+ (2013)
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Swift J1644+57: powerful jet with fast core and slow sheath 11

Figure 12. Radio light curves of our fiducial two-component jet model
(§4.3.2) for different viewing angles compared to radio detections (red cir-
cles) and upper limits blue triangles) for thermal TDE flare candidates (Ta-
ble 1). Legends give the viewing angle in radians. 1GHz radio maps for 0
and 0.8 rad viewing angles are shown in Fig. 14

all viewing angles, constraining the energy of the relativistic jet in
these systems to be typically an order of magnitude less than that
in Swift J1644+57. The radio detection in RX J1420-5334 is too
bright to be consistent with an off-axis J1644+57-like event, while
that in IC3599 is somewhat too dim. Nevertheless, future observa-
tions of these events over the coming years can test whether they
are fading in the predicted manner. The early-time radio emission
from CSS100217 also appears much too dim to be consistent with
an off-axis jet; this supports the interpretation of Drake et al. (2011)
that this event was a nuclear Type IIn supernova instead of a TDE.

The conclusion that most TDE flares are not accompanied by a
jet similar to Swift J1644+57 raises the question of what conditions
are necessary to produce a relativistic jet. Does jet formation re-
quire special ‘internal’ conditions, such as highly super-Eddington
accretion or a high black hole spin, or are particular ‘external’ con-
ditions needed to produce detectable emission, such as a low, or
high gas density near the SMBH. If the CNM density were lower,
the timescale for jet deceleration and radio rebrightening would in-
crease somewhat, but this delay is unlikely to be sufficiently long to
hide the radio emission in these events. On the other hand, if the gas
density were orders of magnitude higher than in Swift J1644+57,
then the jet could be choked before reaching large radii. In this
case the reverse shock is sufficiently strong to slow the jet to sub-
relativistic speeds over just a few weeks, potentially dimming the
blast wave emission considerably.

Powering a TDE jet via the traditional Blandford-Znajek pro-
cess may also require the tidal debris to sweep up a large mag-
netic flux from a fossil accretion disk (Tchekhovskoy et al. 2014;
Kelley et al. 2014). However, a net large-scale field may not always
be necessary to produce a powerful jet (Parfrey et al. 2014). Parfrey
et al. propose that jets can be driven by magnetic fields amplified
locally within the disk, a mechanism which is particularly effective

Figure 13. Radio flux observed at 30GHz (upper panel) and 3GHz (lower
panel) as a function of the angular size θ1/2 of the half-light radius for a
source located at redshift z = 0.1 (full lines) and z = 0.354 (dotted lines).
Curves are shown for different viewing angles 0, 0.3, 0.6, 0.8 and π/2 rad.
The solid bracket shows an approximation of the flux and angular size re-
quired for detection and resolving the source, respectively, with VLBI. Time
marks the point after which the jet is resolved at 30 GHz for a viewing angle
of 0 rad (black) and 0.8 rad (green).

Table 1. Radio Observations of TDE Candidates

Source DL t(a) ν νLν Ref.

(Mpc) (years) (GHz) (1036 erg s−1)

IC 3599 88 21.49 3 5. 1
RX J1420+5334 2970 21.49 3 3600 1
NGC 5905 52 21.91 3 < 2.0 1

RX J1624+7554 265 21.67 3 < 12 1
RX J1242-1119 208 19.89 3 < 8 1
SDSS J1323+48 365 8.61 3 < 48 1
SDSS J1311-01 750 8.21 3 < 115 1

D1-9 1700 8.0 5 < 800 2
D3-13 2000 7.6 5 < 960 2
TDE1 645 5.4 5 < 120 2
D23H-1 910 4.8 5 < 200 2
TDE2 1280 4.3 5 < 590 2

PTF10iya 1130 1.6 5 < 300 2
PS1-10jh 820 0.71 5 < 300 2
NGC 5905 75 6.0 8.6 < 9 3
D3−13 2000 1.8 1.4 < 1000 4
TDE2 1280 1.1 8.4 < 1650 5

CSS100217 700 0.3 7.9 230 6
SDSS J1201+30 700 1.4 7.9 < 1000 7

(a)Time since first X-ray or optical detection. References: (1) Bower et al. 2013; (2) van Velzen et al.
2013; (3) Bade et al. 1996, Komossa 2002; (4) Gezari et al. 2008b, Bower 2011; (5) van Velzen et al.
2011; (6) Drake et al. 2011; (7) Saxton et al. 2012. All quoted upper limits are 5σ.

when the disk rotation is retrograde with respect to that of the black
hole. Within this interpretation, powerful jets like that responsible
for Swift J1644+57 are rare because they are produced only fol-
lowing the disruption of stars with orbits located within the plane
perpendicular to, and moving retrograde with respect to, the black
hole spin axis.

5.3 Prospects for future radio surveys

Frail et al. (2012) estimate that Swift J1644+57-like events could
dominate the number of GHz transients on the sky, with a
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perpendicular to, and moving retrograde with respect to, the black
hole spin axis.

5.3 Prospects for future radio surveys

Frail et al. (2012) estimate that Swift J1644+57-like events could
dominate the number of GHz transients on the sky, with a

Swift J1644+57: powerful jet with fast core and slow sheath 11

Figure 12. Radio light curves of our fiducial two-component jet model
(§4.3.2) for different viewing angles compared to radio detections (red cir-
cles) and upper limits blue triangles) for thermal TDE flare candidates (Ta-
ble 1). Legends give the viewing angle in radians. 1GHz radio maps for 0
and 0.8 rad viewing angles are shown in Fig. 14

all viewing angles, constraining the energy of the relativistic jet in
these systems to be typically an order of magnitude less than that
in Swift J1644+57. The radio detection in RX J1420-5334 is too
bright to be consistent with an off-axis J1644+57-like event, while
that in IC3599 is somewhat too dim. Nevertheless, future observa-
tions of these events over the coming years can test whether they
are fading in the predicted manner. The early-time radio emission
from CSS100217 also appears much too dim to be consistent with
an off-axis jet; this supports the interpretation of Drake et al. (2011)
that this event was a nuclear Type IIn supernova instead of a TDE.

The conclusion that most TDE flares are not accompanied by a
jet similar to Swift J1644+57 raises the question of what conditions
are necessary to produce a relativistic jet. Does jet formation re-
quire special ‘internal’ conditions, such as highly super-Eddington
accretion or a high black hole spin, or are particular ‘external’ con-
ditions needed to produce detectable emission, such as a low, or
high gas density near the SMBH. If the CNM density were lower,
the timescale for jet deceleration and radio rebrightening would in-
crease somewhat, but this delay is unlikely to be sufficiently long to
hide the radio emission in these events. On the other hand, if the gas
density were orders of magnitude higher than in Swift J1644+57,
then the jet could be choked before reaching large radii. In this
case the reverse shock is sufficiently strong to slow the jet to sub-
relativistic speeds over just a few weeks, potentially dimming the
blast wave emission considerably.

Powering a TDE jet via the traditional Blandford-Znajek pro-
cess may also require the tidal debris to sweep up a large mag-
netic flux from a fossil accretion disk (Tchekhovskoy et al. 2014;
Kelley et al. 2014). However, a net large-scale field may not always
be necessary to produce a powerful jet (Parfrey et al. 2014). Parfrey
et al. propose that jets can be driven by magnetic fields amplified
locally within the disk, a mechanism which is particularly effective

Figure 13. Radio flux observed at 30GHz (upper panel) and 3GHz (lower
panel) as a function of the angular size θ1/2 of the half-light radius for a
source located at redshift z = 0.1 (full lines) and z = 0.354 (dotted lines).
Curves are shown for different viewing angles 0, 0.3, 0.6, 0.8 and π/2 rad.
The solid bracket shows an approximation of the flux and angular size re-
quired for detection and resolving the source, respectively, with VLBI. Time
marks the point after which the jet is resolved at 30 GHz for a viewing angle
of 0 rad (black) and 0.8 rad (green).

Table 1. Radio Observations of TDE Candidates

Source DL t(a) ν νLν Ref.

(Mpc) (years) (GHz) (1036 erg s−1)

IC 3599 88 21.49 3 5. 1
RX J1420+5334 2970 21.49 3 3600 1
NGC 5905 52 21.91 3 < 2.0 1

RX J1624+7554 265 21.67 3 < 12 1
RX J1242-1119 208 19.89 3 < 8 1
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SDSS J1311-01 750 8.21 3 < 115 1

D1-9 1700 8.0 5 < 800 2
D3-13 2000 7.6 5 < 960 2
TDE1 645 5.4 5 < 120 2
D23H-1 910 4.8 5 < 200 2
TDE2 1280 4.3 5 < 590 2

PTF10iya 1130 1.6 5 < 300 2
PS1-10jh 820 0.71 5 < 300 2
NGC 5905 75 6.0 8.6 < 9 3
D3−13 2000 1.8 1.4 < 1000 4
TDE2 1280 1.1 8.4 < 1650 5

CSS100217 700 0.3 7.9 230 6
SDSS J1201+30 700 1.4 7.9 < 1000 7

(a)Time since first X-ray or optical detection. References: (1) Bower et al. 2013; (2) van Velzen et al.
2013; (3) Bade et al. 1996, Komossa 2002; (4) Gezari et al. 2008b, Bower 2011; (5) van Velzen et al.
2011; (6) Drake et al. 2011; (7) Saxton et al. 2012. All quoted upper limits are 5σ.
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Conclusions & Outlook 

• Jets from tidal disruptions:

‣ Not common (<10 % of TDE)

‣ Upcoming radio surveys could detect few per year


• Rate based on systematic search:

‣ ~2 x 10-5 yr-1 galaxy-1


• Discrepancy with theory

‣ Circumnuclear dust or something even more exciting?


• Combine X-ray, UV, optical surveys
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Efficiency: catalog selection + difference imaging
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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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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

28

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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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
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Could these flares originate from AGN?

30

• 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 
< 20μJy, < 1028 erg s−1Hz−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-
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Flare selection: catalog cuts

�2/DOF > 5
�F/Fmean > 0.1

�F/� > 7
�F/�rms > 3

• Factor 100 reduction: 21,383 
follow-up candidates
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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

5

Donnarumma+ 2015  
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Observations: flaring state spectrum (TDE2)
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