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If a star penetrates the TDE 
radius, it is disrupted by the BH.
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Figure 4. Fits to ∆M , with the fits to the γ = 4/3 models being shown by
the solid colored circles, and fits to the γ = 5/3 models being shown by the
open colored circles. Predictions of ∆M from Ivanov & Novikov (2001) for
both γ = 4/3 and γ = 5/3 are represented by the black symbols/curves. The
color coding matches that of Figures 1 and 2, with the impact parameters βd
beyond which stars are considered to be destroyed being denoted by the colored
dot-dashed lines.
(A color version of this figure is available in the online journal.)

For collapsing gaseous cylinders, spurious condensations as
the result of the accumulation of numerical error may develop if
the Jeans length is not properly resolved (Truelove et al. 1997),
with the source of that error being exacerbated by an inexact
determination of the gravitational potential (Jiang et al. 2013).
Truelove et al. found that no spurious gravitational collapse
occurs if the ratio J of the grid scale to the Jeans length
λJ ≡

√
πc2

s /Gρ, where cs is the sound speed and ρ is the
density, is always less than 0.25 in all grid cells at all times. In all
of our simulations, the width of the debris stream is comparable
to the star’s initial size, and the resolution in the densest portion
of the stream as it condenses is equal to the resolution used
to resolve the original star (∼50 grid cells). Therefore, in the
case in which a recollapse marginally occurs (i.e., J/S ∼ 1),
J # 0.02, satisfying the Truelove criterion.

For γ = 4/3, we find that stars are destroyed for β ! βd =
1.85, i.e., no self-bound stellar remnant is produced. To verify

that we are adequately resolving the boundary between survival
and destruction, we ran a single γ = 4/3,β = 1.8 simulation at
double the linear resolution, and found a recollapse that results
in a bound remnant of only a few percent of a solar mass, slightly
smaller than what is found using our fiducial resolution. As the
mass of the surviving star nears zero, the resolution requirements
become progressively more restrictive, as even slight changes
in the cylindrical density profile or gravitational potential can
alter the time of recollapse, and thus the final bound mass. For
γ = 5/3, we find that stars are destroyed for β ! βd = 0.9.

Numerical challenges aside, the exact boundary between
survival and destruction for real stars is likely to be slightly
different than what is predicted here, as the central densities of
stars on the MS depend on rotation, metallicity, and age (Maeder
1974; Wagner 1974). Notably, our own Sun has a central density
approximately twice that of the standard γ = 4/3 polytrope
used to model it. This may allow the cores of somewhat evolved
MS stars to survive for slightly larger values of β, although their
gravitational influence is likely small as the helium-enriched
cores of evolved MS stars are no larger than 10% of the star’s
mass (Schönberg & Chandrasekhar 1942).

3.2. Characteristic Features of Ṁ(t)

Figure 5 shows the family of Ṁ(t) curves as a function
of β for both γ = 4/3 and γ = 5/3. Immediately evident
is the strong dependence between Ṁpeak and β for β < βd,
and the similarity of the Ṁ(t) curve family for β ! βd. The
result that deeper encounters do not produce more rapid flares
is in direct conflict with the analytical prescription presented in
Lodato et al. (2009, hereafter LKP), in which the binding energy
dM/dE is equivalent to the spread in mass over distance (modulo
a constant), dM/dx, at pericenter. In this model (hereafter
referred to as the “freezing model”), the binding energy is given
by

E = GMhx/r2
p , (4)

and thus deeper encounters always result in faster-peaking
transients. Because the binding energy E ∝ r−2

p , the scaling
between β and tpeak is expected to be tpeak ∝ β3 (Ulmer 1999).

We definitively find that this is not the case, as the two separate
functional forms of the parametric pair [tpeak(β), Ṁpeak(β)]

3 2 1 0 1 2 3
6

4

2

0

2

log10 t yr

lo
g 1

0
M

M
yr

1

4 3

M
t 5 3

MEdd 106 M

1.4 1.3 1.2 1.1 1.0 0.9 0.8
0.1

0.2

0.3

0.4

0.5

0.6

3 2 1 0 1 2 3
6

4

2

0

2

log10 t yr

lo
g 1

0
M

M
yr

1

5 3

M
t 5 3

MEdd 106 M

1.1 1.0 0.9 0.8 0.7 0.6 0.5 0.4
0.3

0.2

0.1

0.0

0.1

0.2

0.3

lo
g 10

M
M

yr
1

2 1 0 1
5

4

3

2

1

0

1 Destroyed
Survives

4 3

2 1 0 1
5

4

3

2

1

0

1

log10 t yr

Destroyed
Survives

5 3

Figure 5. Fallback accretion rate Ṁ(t) onto a 106 M& black hole from the disruption of a 1 M& star as a function of γ and β. The colored curves in the left two panels
show Ṁ(t), with the color of each curve corresponding to the color coding scheme presented in Figures 1 and 2. The dashed portions of each curve are extrapolations
based on the slope of the Ṁ(t) immediately prior to the extrapolated region, which accounts for the fact that the late-time slope can only be determined exactly if
the simulations are run for a prohibitive amount of time (see Figure 10). The dotted line shows the Eddington limit for a 106 M& black hole assuming an accretion
efficiency ε = 0.1. The open triangles connected by the gray dashed line show the peak fallback rate Ṁpeak and time of peak tpeak as predicted by the energy-freezing
model, in which the period of the return of materials scales as β3 (Evans & Kochanek 1989; Ulmer 1999; Lodato et al. 2009). The open circles connected by the black
line show the fits to Mpeak and tpeak as given by Equations (A1) and (A2) respectively. The right two panels shows the same data as the left two panels, with the filled
regions showing the range of Ṁ(t) curves resulting from full disruptions (red) and from disruptions in which the star survives (gray).
(A color version of this figure is available in the online journal.)
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Figure 4. Fits to ∆M , with the fits to the γ = 4/3 models being shown by
the solid colored circles, and fits to the γ = 5/3 models being shown by the
open colored circles. Predictions of ∆M from Ivanov & Novikov (2001) for
both γ = 4/3 and γ = 5/3 are represented by the black symbols/curves. The
color coding matches that of Figures 1 and 2, with the impact parameters βd
beyond which stars are considered to be destroyed being denoted by the colored
dot-dashed lines.
(A color version of this figure is available in the online journal.)

For collapsing gaseous cylinders, spurious condensations as
the result of the accumulation of numerical error may develop if
the Jeans length is not properly resolved (Truelove et al. 1997),
with the source of that error being exacerbated by an inexact
determination of the gravitational potential (Jiang et al. 2013).
Truelove et al. found that no spurious gravitational collapse
occurs if the ratio J of the grid scale to the Jeans length
λJ ≡

√
πc2

s /Gρ, where cs is the sound speed and ρ is the
density, is always less than 0.25 in all grid cells at all times. In all
of our simulations, the width of the debris stream is comparable
to the star’s initial size, and the resolution in the densest portion
of the stream as it condenses is equal to the resolution used
to resolve the original star (∼50 grid cells). Therefore, in the
case in which a recollapse marginally occurs (i.e., J/S ∼ 1),
J # 0.02, satisfying the Truelove criterion.

For γ = 4/3, we find that stars are destroyed for β ! βd =
1.85, i.e., no self-bound stellar remnant is produced. To verify

that we are adequately resolving the boundary between survival
and destruction, we ran a single γ = 4/3,β = 1.8 simulation at
double the linear resolution, and found a recollapse that results
in a bound remnant of only a few percent of a solar mass, slightly
smaller than what is found using our fiducial resolution. As the
mass of the surviving star nears zero, the resolution requirements
become progressively more restrictive, as even slight changes
in the cylindrical density profile or gravitational potential can
alter the time of recollapse, and thus the final bound mass. For
γ = 5/3, we find that stars are destroyed for β ! βd = 0.9.

Numerical challenges aside, the exact boundary between
survival and destruction for real stars is likely to be slightly
different than what is predicted here, as the central densities of
stars on the MS depend on rotation, metallicity, and age (Maeder
1974; Wagner 1974). Notably, our own Sun has a central density
approximately twice that of the standard γ = 4/3 polytrope
used to model it. This may allow the cores of somewhat evolved
MS stars to survive for slightly larger values of β, although their
gravitational influence is likely small as the helium-enriched
cores of evolved MS stars are no larger than 10% of the star’s
mass (Schönberg & Chandrasekhar 1942).

3.2. Characteristic Features of Ṁ(t)

Figure 5 shows the family of Ṁ(t) curves as a function
of β for both γ = 4/3 and γ = 5/3. Immediately evident
is the strong dependence between Ṁpeak and β for β < βd,
and the similarity of the Ṁ(t) curve family for β ! βd. The
result that deeper encounters do not produce more rapid flares
is in direct conflict with the analytical prescription presented in
Lodato et al. (2009, hereafter LKP), in which the binding energy
dM/dE is equivalent to the spread in mass over distance (modulo
a constant), dM/dx, at pericenter. In this model (hereafter
referred to as the “freezing model”), the binding energy is given
by

E = GMhx/r2
p , (4)

and thus deeper encounters always result in faster-peaking
transients. Because the binding energy E ∝ r−2

p , the scaling
between β and tpeak is expected to be tpeak ∝ β3 (Ulmer 1999).

We definitively find that this is not the case, as the two separate
functional forms of the parametric pair [tpeak(β), Ṁpeak(β)]
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Figure 5. Fallback accretion rate Ṁ(t) onto a 106 M& black hole from the disruption of a 1 M& star as a function of γ and β. The colored curves in the left two panels
show Ṁ(t), with the color of each curve corresponding to the color coding scheme presented in Figures 1 and 2. The dashed portions of each curve are extrapolations
based on the slope of the Ṁ(t) immediately prior to the extrapolated region, which accounts for the fact that the late-time slope can only be determined exactly if
the simulations are run for a prohibitive amount of time (see Figure 10). The dotted line shows the Eddington limit for a 106 M& black hole assuming an accretion
efficiency ε = 0.1. The open triangles connected by the gray dashed line show the peak fallback rate Ṁpeak and time of peak tpeak as predicted by the energy-freezing
model, in which the period of the return of materials scales as β3 (Evans & Kochanek 1989; Ulmer 1999; Lodato et al. 2009). The open circles connected by the black
line show the fits to Mpeak and tpeak as given by Equations (A1) and (A2) respectively. The right two panels shows the same data as the left two panels, with the filled
regions showing the range of Ṁ(t) curves resulting from full disruptions (red) and from disruptions in which the star survives (gray).
(A color version of this figure is available in the online journal.)
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Figure 4. Fits to ∆M , with the fits to the γ = 4/3 models being shown by
the solid colored circles, and fits to the γ = 5/3 models being shown by the
open colored circles. Predictions of ∆M from Ivanov & Novikov (2001) for
both γ = 4/3 and γ = 5/3 are represented by the black symbols/curves. The
color coding matches that of Figures 1 and 2, with the impact parameters βd
beyond which stars are considered to be destroyed being denoted by the colored
dot-dashed lines.
(A color version of this figure is available in the online journal.)

For collapsing gaseous cylinders, spurious condensations as
the result of the accumulation of numerical error may develop if
the Jeans length is not properly resolved (Truelove et al. 1997),
with the source of that error being exacerbated by an inexact
determination of the gravitational potential (Jiang et al. 2013).
Truelove et al. found that no spurious gravitational collapse
occurs if the ratio J of the grid scale to the Jeans length
λJ ≡

√
πc2

s /Gρ, where cs is the sound speed and ρ is the
density, is always less than 0.25 in all grid cells at all times. In all
of our simulations, the width of the debris stream is comparable
to the star’s initial size, and the resolution in the densest portion
of the stream as it condenses is equal to the resolution used
to resolve the original star (∼50 grid cells). Therefore, in the
case in which a recollapse marginally occurs (i.e., J/S ∼ 1),
J # 0.02, satisfying the Truelove criterion.

For γ = 4/3, we find that stars are destroyed for β ! βd =
1.85, i.e., no self-bound stellar remnant is produced. To verify

that we are adequately resolving the boundary between survival
and destruction, we ran a single γ = 4/3,β = 1.8 simulation at
double the linear resolution, and found a recollapse that results
in a bound remnant of only a few percent of a solar mass, slightly
smaller than what is found using our fiducial resolution. As the
mass of the surviving star nears zero, the resolution requirements
become progressively more restrictive, as even slight changes
in the cylindrical density profile or gravitational potential can
alter the time of recollapse, and thus the final bound mass. For
γ = 5/3, we find that stars are destroyed for β ! βd = 0.9.

Numerical challenges aside, the exact boundary between
survival and destruction for real stars is likely to be slightly
different than what is predicted here, as the central densities of
stars on the MS depend on rotation, metallicity, and age (Maeder
1974; Wagner 1974). Notably, our own Sun has a central density
approximately twice that of the standard γ = 4/3 polytrope
used to model it. This may allow the cores of somewhat evolved
MS stars to survive for slightly larger values of β, although their
gravitational influence is likely small as the helium-enriched
cores of evolved MS stars are no larger than 10% of the star’s
mass (Schönberg & Chandrasekhar 1942).

3.2. Characteristic Features of Ṁ(t)

Figure 5 shows the family of Ṁ(t) curves as a function
of β for both γ = 4/3 and γ = 5/3. Immediately evident
is the strong dependence between Ṁpeak and β for β < βd,
and the similarity of the Ṁ(t) curve family for β ! βd. The
result that deeper encounters do not produce more rapid flares
is in direct conflict with the analytical prescription presented in
Lodato et al. (2009, hereafter LKP), in which the binding energy
dM/dE is equivalent to the spread in mass over distance (modulo
a constant), dM/dx, at pericenter. In this model (hereafter
referred to as the “freezing model”), the binding energy is given
by

E = GMhx/r2
p , (4)

and thus deeper encounters always result in faster-peaking
transients. Because the binding energy E ∝ r−2

p , the scaling
between β and tpeak is expected to be tpeak ∝ β3 (Ulmer 1999).

We definitively find that this is not the case, as the two separate
functional forms of the parametric pair [tpeak(β), Ṁpeak(β)]
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Figure 5. Fallback accretion rate Ṁ(t) onto a 106 M& black hole from the disruption of a 1 M& star as a function of γ and β. The colored curves in the left two panels
show Ṁ(t), with the color of each curve corresponding to the color coding scheme presented in Figures 1 and 2. The dashed portions of each curve are extrapolations
based on the slope of the Ṁ(t) immediately prior to the extrapolated region, which accounts for the fact that the late-time slope can only be determined exactly if
the simulations are run for a prohibitive amount of time (see Figure 10). The dotted line shows the Eddington limit for a 106 M& black hole assuming an accretion
efficiency ε = 0.1. The open triangles connected by the gray dashed line show the peak fallback rate Ṁpeak and time of peak tpeak as predicted by the energy-freezing
model, in which the period of the return of materials scales as β3 (Evans & Kochanek 1989; Ulmer 1999; Lodato et al. 2009). The open circles connected by the black
line show the fits to Mpeak and tpeak as given by Equations (A1) and (A2) respectively. The right two panels shows the same data as the left two panels, with the filled
regions showing the range of Ṁ(t) curves resulting from full disruptions (red) and from disruptions in which the star survives (gray).
(A color version of this figure is available in the online journal.)
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Figure 4. Fits to ∆M , with the fits to the γ = 4/3 models being shown by
the solid colored circles, and fits to the γ = 5/3 models being shown by the
open colored circles. Predictions of ∆M from Ivanov & Novikov (2001) for
both γ = 4/3 and γ = 5/3 are represented by the black symbols/curves. The
color coding matches that of Figures 1 and 2, with the impact parameters βd
beyond which stars are considered to be destroyed being denoted by the colored
dot-dashed lines.
(A color version of this figure is available in the online journal.)

For collapsing gaseous cylinders, spurious condensations as
the result of the accumulation of numerical error may develop if
the Jeans length is not properly resolved (Truelove et al. 1997),
with the source of that error being exacerbated by an inexact
determination of the gravitational potential (Jiang et al. 2013).
Truelove et al. found that no spurious gravitational collapse
occurs if the ratio J of the grid scale to the Jeans length
λJ ≡

√
πc2

s /Gρ, where cs is the sound speed and ρ is the
density, is always less than 0.25 in all grid cells at all times. In all
of our simulations, the width of the debris stream is comparable
to the star’s initial size, and the resolution in the densest portion
of the stream as it condenses is equal to the resolution used
to resolve the original star (∼50 grid cells). Therefore, in the
case in which a recollapse marginally occurs (i.e., J/S ∼ 1),
J # 0.02, satisfying the Truelove criterion.

For γ = 4/3, we find that stars are destroyed for β ! βd =
1.85, i.e., no self-bound stellar remnant is produced. To verify

that we are adequately resolving the boundary between survival
and destruction, we ran a single γ = 4/3,β = 1.8 simulation at
double the linear resolution, and found a recollapse that results
in a bound remnant of only a few percent of a solar mass, slightly
smaller than what is found using our fiducial resolution. As the
mass of the surviving star nears zero, the resolution requirements
become progressively more restrictive, as even slight changes
in the cylindrical density profile or gravitational potential can
alter the time of recollapse, and thus the final bound mass. For
γ = 5/3, we find that stars are destroyed for β ! βd = 0.9.

Numerical challenges aside, the exact boundary between
survival and destruction for real stars is likely to be slightly
different than what is predicted here, as the central densities of
stars on the MS depend on rotation, metallicity, and age (Maeder
1974; Wagner 1974). Notably, our own Sun has a central density
approximately twice that of the standard γ = 4/3 polytrope
used to model it. This may allow the cores of somewhat evolved
MS stars to survive for slightly larger values of β, although their
gravitational influence is likely small as the helium-enriched
cores of evolved MS stars are no larger than 10% of the star’s
mass (Schönberg & Chandrasekhar 1942).

3.2. Characteristic Features of Ṁ(t)

Figure 5 shows the family of Ṁ(t) curves as a function
of β for both γ = 4/3 and γ = 5/3. Immediately evident
is the strong dependence between Ṁpeak and β for β < βd,
and the similarity of the Ṁ(t) curve family for β ! βd. The
result that deeper encounters do not produce more rapid flares
is in direct conflict with the analytical prescription presented in
Lodato et al. (2009, hereafter LKP), in which the binding energy
dM/dE is equivalent to the spread in mass over distance (modulo
a constant), dM/dx, at pericenter. In this model (hereafter
referred to as the “freezing model”), the binding energy is given
by

E = GMhx/r2
p , (4)

and thus deeper encounters always result in faster-peaking
transients. Because the binding energy E ∝ r−2

p , the scaling
between β and tpeak is expected to be tpeak ∝ β3 (Ulmer 1999).

We definitively find that this is not the case, as the two separate
functional forms of the parametric pair [tpeak(β), Ṁpeak(β)]
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Figure 5. Fallback accretion rate Ṁ(t) onto a 106 M& black hole from the disruption of a 1 M& star as a function of γ and β. The colored curves in the left two panels
show Ṁ(t), with the color of each curve corresponding to the color coding scheme presented in Figures 1 and 2. The dashed portions of each curve are extrapolations
based on the slope of the Ṁ(t) immediately prior to the extrapolated region, which accounts for the fact that the late-time slope can only be determined exactly if
the simulations are run for a prohibitive amount of time (see Figure 10). The dotted line shows the Eddington limit for a 106 M& black hole assuming an accretion
efficiency ε = 0.1. The open triangles connected by the gray dashed line show the peak fallback rate Ṁpeak and time of peak tpeak as predicted by the energy-freezing
model, in which the period of the return of materials scales as β3 (Evans & Kochanek 1989; Ulmer 1999; Lodato et al. 2009). The open circles connected by the black
line show the fits to Mpeak and tpeak as given by Equations (A1) and (A2) respectively. The right two panels shows the same data as the left two panels, with the filled
regions showing the range of Ṁ(t) curves resulting from full disruptions (red) and from disruptions in which the star survives (gray).
(A color version of this figure is available in the online journal.)
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Fig. 2.— The TDF host galaxy stellar mass function. The num-
ber of sources in these three bins is {5, 7, 3, 1} (low to high). The
highest-mass bin contains the TDF candidate ASASSN-15lh. The
dashed line shows a galaxy mass function (Baldry et al. 2012),
multiplied with a constant TDF rate of 10�4 galaxy�1 yr�1.

and the host galaxy flux limit for measuring the veloc-
ity dispersion—the former is the limiting factor for most
sources (see the last column of Table 1 and Table 2).
The uncertainty on each bin of

P
1/Vmax is estimated

from
P

1/V2

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

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

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

a steep decrease that can be parameterized as

dṄ

d log
10

L
= Ṅ0 (L/L0)

a (4)

For L0 = 1043 erg s�1, a least-squares fit yields Ṅ0 =
(1.9 ± 0.7) ⇥ 10�7 Mpc�3 yr�1 and a = �1.6 ± 0.2. If
we exclude the luminous TDF candidate ASASSN-15lh,
we find a more shallow slope with a larger uncertainty:
a = �1.3± 0.3 and Ṅ0 = (2.3± 0.8)⇥ 10�7 Mpc�3 yr�1.
When excluding ASASSN-15lh, a Gaussian function

dṄ

d log
10

L
= Ṅ00 exp[�(log

10
(L/L00)

2
/2b2] (5)

with L00 = 1042.5 erg s�1, b = 0.4, and N00 = 1 ⇥
10�6 Mpc�3 yr�1, also provides a reasonable description
of the LF (Fig. 1).
To convert our measurement of the volumetric TDF

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

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

also observed to be roughly constant for M• < 107.5 M�.
However, the high luminosity of the TDF candidate
ASASSN-15lh yields a very large Vmax and thus implies a
rapid decrease of the volumetric rate for M• & 107.5 M�.
The decrease of the rate toward the highest-mass bin

Fig. 3.— The TDF host galaxy black hole mass function. The
number of sources in these four bins is {5, 4, 2, 1} (low to high).
The highest-mass bin contains the TDF candidate ASASSN-15lh.
In the top panel, the dashed line shows the Shankar et al. (2004)
black hole mass function multiplied with a constant TDF rate of
6 ⇥ 10�5 per black hole per year. The solid line shows the result
of using this mass function as input to our model of the TDF rate
(Eq. 10). The dotted line indicates the mass function that would
be obtained if the wait time between flares scales linearly with
black hole mass. In the bottom panel, we compare four di↵erent
predictions for the scaling of the disruption rate below the Hills
mass (Sec. 4.3).

is at least 3 orders of magnitude. Arguably the only
conceivable mechanism that can yield such an extreme
turnover is the suppression of the flare rate by the black
hole horizon. We can thus conclude that if ASASSN-
15lh is a member of the TDE family, the population of
observed TDFs as a whole is consistent with the pre-
dicted suppression of the rate due to the direct capture
of stars by the black hole. However, if ASASSN-15lh
is not due to a TDE, the mass function of the remain-
ing TDFs in our sample is not a useful tool to measure
rate suppression. Instead, we need to compare the ob-
served mass distribution to the expected distribution in
a flux-limited sample. This requires a forward-modeling
approach, which is explained in the next section.

4. FORWARD MODELING

In the previous section we used the 1/Vmax method to
reconstruct the TDF LF and mass function. In this sec-
tion, we start with a model for the flare luminosity func-
tion and event rate and try to reproduce the observed
distribution of luminosity and host galaxy mass. This
forward-modeling approach has two advantages over a
1/Vmax reconstruction. First of all, we can include addi-
tional selection criteria beyond the survey flux limit (e.g.,
the contrast between the flux of the host and flare). Sec-
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Fig. 2.— The TDF host galaxy stellar mass function. The num-
ber of sources in these three bins is {5, 7, 3, 1} (low to high). The
highest-mass bin contains the TDF candidate ASASSN-15lh. The
dashed line shows a galaxy mass function (Baldry et al. 2012),
multiplied with a constant TDF rate of 10�4 galaxy�1 yr�1.
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the Poisson uncertainty. For bins that contain only one
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tics, [0.17, 3.41].
The sum of 1/Vmax for all 13 TDF candidates that we
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For L0 = 1043 erg s�1, a least-squares fit yields Ṅ0 =
(1.9 ± 0.7) ⇥ 10�7 Mpc�3 yr�1 and a = �1.6 ± 0.2. If
we exclude the luminous TDF candidate ASASSN-15lh,
we find a more shallow slope with a larger uncertainty:
a = �1.3± 0.3 and Ṅ0 = (2.3± 0.8)⇥ 10�7 Mpc�3 yr�1.
When excluding ASASSN-15lh, a Gaussian function
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with L00 = 1042.5 erg s�1, b = 0.4, and N00 = 1 ⇥
10�6 Mpc�3 yr�1, also provides a reasonable description
of the LF (Fig. 1).
To convert our measurement of the volumetric TDF

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

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

also observed to be roughly constant for M• < 107.5 M�.
However, the high luminosity of the TDF candidate
ASASSN-15lh yields a very large Vmax and thus implies a
rapid decrease of the volumetric rate for M• & 107.5 M�.
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Fig. 3.— The TDF host galaxy black hole mass function. The
number of sources in these four bins is {5, 4, 2, 1} (low to high).
The highest-mass bin contains the TDF candidate ASASSN-15lh.
In the top panel, the dashed line shows the Shankar et al. (2004)
black hole mass function multiplied with a constant TDF rate of
6 ⇥ 10�5 per black hole per year. The solid line shows the result
of using this mass function as input to our model of the TDF rate
(Eq. 10). The dotted line indicates the mass function that would
be obtained if the wait time between flares scales linearly with
black hole mass. In the bottom panel, we compare four di↵erent
predictions for the scaling of the disruption rate below the Hills
mass (Sec. 4.3).

is at least 3 orders of magnitude. Arguably the only
conceivable mechanism that can yield such an extreme
turnover is the suppression of the flare rate by the black
hole horizon. We can thus conclude that if ASASSN-
15lh is a member of the TDE family, the population of
observed TDFs as a whole is consistent with the pre-
dicted suppression of the rate due to the direct capture
of stars by the black hole. However, if ASASSN-15lh
is not due to a TDE, the mass function of the remain-
ing TDFs in our sample is not a useful tool to measure
rate suppression. Instead, we need to compare the ob-
served mass distribution to the expected distribution in
a flux-limited sample. This requires a forward-modeling
approach, which is explained in the next section.

4. FORWARD MODELING

In the previous section we used the 1/Vmax method to
reconstruct the TDF LF and mass function. In this sec-
tion, we start with a model for the flare luminosity func-
tion and event rate and try to reproduce the observed
distribution of luminosity and host galaxy mass. This
forward-modeling approach has two advantages over a
1/Vmax reconstruction. First of all, we can include addi-
tional selection criteria beyond the survey flux limit (e.g.,
the contrast between the flux of the host and flare). Sec-
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Fig. 2.— The TDF host galaxy stellar mass function. The num-
ber of sources in these three bins is {5, 7, 3, 1} (low to high). The
highest-mass bin contains the TDF candidate ASASSN-15lh. The
dashed line shows a galaxy mass function (Baldry et al. 2012),
multiplied with a constant TDF rate of 10�4 galaxy�1 yr�1.
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certainty of 0.3 dex for each bin, which is comparable to
the Poisson uncertainty. For bins that contain only one
source, we compute the uncertainty on the volumetric
rate using the 1� confidence interval for Poisson statis-
tics, [0.17, 3.41].
The sum of 1/Vmax for all 13 TDF candidates that we

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

a steep decrease that can be parameterized as

dṄ
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a (4)

For L0 = 1043 erg s�1, a least-squares fit yields Ṅ0 =
(1.9 ± 0.7) ⇥ 10�7 Mpc�3 yr�1 and a = �1.6 ± 0.2. If
we exclude the luminous TDF candidate ASASSN-15lh,
we find a more shallow slope with a larger uncertainty:
a = �1.3± 0.3 and Ṅ0 = (2.3± 0.8)⇥ 10�7 Mpc�3 yr�1.
When excluding ASASSN-15lh, a Gaussian function
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with L00 = 1042.5 erg s�1, b = 0.4, and N00 = 1 ⇥
10�6 Mpc�3 yr�1, also provides a reasonable description
of the LF (Fig. 1).
To convert our measurement of the volumetric TDF

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

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

also observed to be roughly constant for M• < 107.5 M�.
However, the high luminosity of the TDF candidate
ASASSN-15lh yields a very large Vmax and thus implies a
rapid decrease of the volumetric rate for M• & 107.5 M�.
The decrease of the rate toward the highest-mass bin

Fig. 3.— The TDF host galaxy black hole mass function. The
number of sources in these four bins is {5, 4, 2, 1} (low to high).
The highest-mass bin contains the TDF candidate ASASSN-15lh.
In the top panel, the dashed line shows the Shankar et al. (2004)
black hole mass function multiplied with a constant TDF rate of
6 ⇥ 10�5 per black hole per year. The solid line shows the result
of using this mass function as input to our model of the TDF rate
(Eq. 10). The dotted line indicates the mass function that would
be obtained if the wait time between flares scales linearly with
black hole mass. In the bottom panel, we compare four di↵erent
predictions for the scaling of the disruption rate below the Hills
mass (Sec. 4.3).

is at least 3 orders of magnitude. Arguably the only
conceivable mechanism that can yield such an extreme
turnover is the suppression of the flare rate by the black
hole horizon. We can thus conclude that if ASASSN-
15lh is a member of the TDE family, the population of
observed TDFs as a whole is consistent with the pre-
dicted suppression of the rate due to the direct capture
of stars by the black hole. However, if ASASSN-15lh
is not due to a TDE, the mass function of the remain-
ing TDFs in our sample is not a useful tool to measure
rate suppression. Instead, we need to compare the ob-
served mass distribution to the expected distribution in
a flux-limited sample. This requires a forward-modeling
approach, which is explained in the next section.

4. FORWARD MODELING

In the previous section we used the 1/Vmax method to
reconstruct the TDF LF and mass function. In this sec-
tion, we start with a model for the flare luminosity func-
tion and event rate and try to reproduce the observed
distribution of luminosity and host galaxy mass. This
forward-modeling approach has two advantages over a
1/Vmax reconstruction. First of all, we can include addi-
tional selection criteria beyond the survey flux limit (e.g.,
the contrast between the flux of the host and flare). Sec-
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Figure 3. H↵ EW emission vs. H�A absorption for an SDSS
sample of galaxies at redshifts 0.01 < z < 0.2 (blue and red
dots, which represent star-forming and quiescent galaxies,
respectively) and TDE host galaxies (white squares). For
display purposes, the galaxies in this figure have not been
volume weighted (see Section 2.2), and the upper and lower
panels have di↵erent linear scalings. The gray patches, delin-
eated by black dashed and solid curves, mark the regions of
this phase space inhabited by quiescent Balmer-strong (post-
starburst) and moderately Balmer-strong galaxies (some of
which are post-starburst). Thirty-five TDEs are represented
in this figure (RX J1242 and RX J1420 each have two possi-
ble host galaxies). The majority of these broadly follow the
global galaxy distribution, with two loci in star-forming and
quiescent galaxies. Once the galaxy sample is weighted by
volume, quiescent Balmer-strong galaxies account for 0.3–
1.2% of the sample. Between 4–8 of the TDE hosts are qui-
escent, Balmer-strong galaxies, indicating a lower, but still
considerate over-abundance of TDE candidates in this rare
type of galaxy.

2. Likely and possible X-ray TDEs are found in both
star-forming and quiescent galaxies.

3. More than half of the veiled TDEs, including those
with broad H or He lines, are found in quiescent
galaxies, including hosts with strong Balmer ab-
sorption lines.

4. TDEs with coronal line emission are all found in
star-forming galaxies. At a given H↵ emission,
these objects also have shallower H�A absorption
features than the background star-forming galaxy
population. This e↵ect may be driven by the
TDE line emission filling in the H�A absorption.
While the emission line filling of the H�A absorp-
tion from star formation will a↵ect both the TDEs

and SDSS galaxies, the additional e↵ect of the on-
going TDE observed in the coronal-line TDE host
spectra would act to decrease the measured H�A
absorption. In order to quantitatively address this
scenario, a fuller picture is required of how the
narrow line emission evolves in TDEs with time,
and relative to the coronal line emission. Such an
analysis is outside the scope of this work, but will
be important to understand the underlying host
galaxy emission in coronal line emitting TDEs.

5. Overall, TDEs in star-forming galaxies appear to
be shifted to lower H�A absorption values than the
general star-forming population. This shift may
be due to: (1) filling of H�A by emission from the
TDE if it was still active when the galaxy spec-
trum was taken (e.g., SDSS J0748), see above;
(2) di↵erent stellar mass distributions for the TDE
hosts and control galaxy sample (which we tested
by cutting on stellar mass and rule out); (3) con-
tamination of the H↵ line by an AGN or LINER,
which a↵ects a few of the TDE hosts (see Sec-
tion 3.3); and (4) a physical di↵erence between
the TDE hosts and comparison galaxy sample.

3.2. Surface stellar mass density and velocity
dispersion

Of the 37 TDE hosts in our sample, 16 appear in both
the NYU and Portsmouth value-added catalogs, which
allows us to measure their global galaxy properties in the
same way as for the control galaxy sample. This allows
us to make an “apples-to-apples” comparison between
the hosts of these TDEs and the general galaxy popula-
tion. Table 3 summarizes the values of these properties
for the TDE host galaxies in this subsample.9

While this subsample of TDEs accounts for only half
of our full sample, it includes all four types of TDE as
classified by A17 and spans a wide dynamical range in
galaxy properties, including, most importantly, a galaxy
stellar mass range of log(M?/M�) ⇡ 8.5–11, over which
TDEs are expected to occur.
To test theoretical estimates of the TDE rate, which

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

9 The Lephare fitting code failed to calculate stellar masses
for SDSS J1350 and SDSS J0159. In these instances, we adopted
masses calculated by either the Portsmouth or Galspec pipelines.
The masses from these pipelines were corrected for being 0.13 dex
larger, on average, than those produced by Lephare (see Zahid
et al. 2016c for the di↵erence between the Portsmouth and Lep-
hare values. We calculated the di↵erence between the Galspec
and Lephare masses ourselves.).
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Fig. 2.— The TDF host galaxy stellar mass function. The num-
ber of sources in these three bins is {5, 7, 3, 1} (low to high). The
highest-mass bin contains the TDF candidate ASASSN-15lh. The
dashed line shows a galaxy mass function (Baldry et al. 2012),
multiplied with a constant TDF rate of 10�4 galaxy�1 yr�1.
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certainty of 0.3 dex for each bin, which is comparable to
the Poisson uncertainty. For bins that contain only one
source, we compute the uncertainty on the volumetric
rate using the 1� confidence interval for Poisson statis-
tics, [0.17, 3.41].
The sum of 1/Vmax for all 13 TDF candidates that we

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

a steep decrease that can be parameterized as

dṄ
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For L0 = 1043 erg s�1, a least-squares fit yields Ṅ0 =
(1.9 ± 0.7) ⇥ 10�7 Mpc�3 yr�1 and a = �1.6 ± 0.2. If
we exclude the luminous TDF candidate ASASSN-15lh,
we find a more shallow slope with a larger uncertainty:
a = �1.3± 0.3 and Ṅ0 = (2.3± 0.8)⇥ 10�7 Mpc�3 yr�1.
When excluding ASASSN-15lh, a Gaussian function
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with L00 = 1042.5 erg s�1, b = 0.4, and N00 = 1 ⇥
10�6 Mpc�3 yr�1, also provides a reasonable description
of the LF (Fig. 1).
To convert our measurement of the volumetric TDF

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

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

also observed to be roughly constant for M• < 107.5 M�.
However, the high luminosity of the TDF candidate
ASASSN-15lh yields a very large Vmax and thus implies a
rapid decrease of the volumetric rate for M• & 107.5 M�.
The decrease of the rate toward the highest-mass bin

Fig. 3.— The TDF host galaxy black hole mass function. The
number of sources in these four bins is {5, 4, 2, 1} (low to high).
The highest-mass bin contains the TDF candidate ASASSN-15lh.
In the top panel, the dashed line shows the Shankar et al. (2004)
black hole mass function multiplied with a constant TDF rate of
6 ⇥ 10�5 per black hole per year. The solid line shows the result
of using this mass function as input to our model of the TDF rate
(Eq. 10). The dotted line indicates the mass function that would
be obtained if the wait time between flares scales linearly with
black hole mass. In the bottom panel, we compare four di↵erent
predictions for the scaling of the disruption rate below the Hills
mass (Sec. 4.3).

is at least 3 orders of magnitude. Arguably the only
conceivable mechanism that can yield such an extreme
turnover is the suppression of the flare rate by the black
hole horizon. We can thus conclude that if ASASSN-
15lh is a member of the TDE family, the population of
observed TDFs as a whole is consistent with the pre-
dicted suppression of the rate due to the direct capture
of stars by the black hole. However, if ASASSN-15lh
is not due to a TDE, the mass function of the remain-
ing TDFs in our sample is not a useful tool to measure
rate suppression. Instead, we need to compare the ob-
served mass distribution to the expected distribution in
a flux-limited sample. This requires a forward-modeling
approach, which is explained in the next section.

4. FORWARD MODELING

In the previous section we used the 1/Vmax method to
reconstruct the TDF LF and mass function. In this sec-
tion, we start with a model for the flare luminosity func-
tion and event rate and try to reproduce the observed
distribution of luminosity and host galaxy mass. This
forward-modeling approach has two advantages over a
1/Vmax reconstruction. First of all, we can include addi-
tional selection criteria beyond the survey flux limit (e.g.,
the contrast between the flux of the host and flare). Sec-
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Figure 3. H↵ EW emission vs. H�A absorption for an SDSS
sample of galaxies at redshifts 0.01 < z < 0.2 (blue and red
dots, which represent star-forming and quiescent galaxies,
respectively) and TDE host galaxies (white squares). For
display purposes, the galaxies in this figure have not been
volume weighted (see Section 2.2), and the upper and lower
panels have di↵erent linear scalings. The gray patches, delin-
eated by black dashed and solid curves, mark the regions of
this phase space inhabited by quiescent Balmer-strong (post-
starburst) and moderately Balmer-strong galaxies (some of
which are post-starburst). Thirty-five TDEs are represented
in this figure (RX J1242 and RX J1420 each have two possi-
ble host galaxies). The majority of these broadly follow the
global galaxy distribution, with two loci in star-forming and
quiescent galaxies. Once the galaxy sample is weighted by
volume, quiescent Balmer-strong galaxies account for 0.3–
1.2% of the sample. Between 4–8 of the TDE hosts are qui-
escent, Balmer-strong galaxies, indicating a lower, but still
considerate over-abundance of TDE candidates in this rare
type of galaxy.

2. Likely and possible X-ray TDEs are found in both
star-forming and quiescent galaxies.

3. More than half of the veiled TDEs, including those
with broad H or He lines, are found in quiescent
galaxies, including hosts with strong Balmer ab-
sorption lines.

4. TDEs with coronal line emission are all found in
star-forming galaxies. At a given H↵ emission,
these objects also have shallower H�A absorption
features than the background star-forming galaxy
population. This e↵ect may be driven by the
TDE line emission filling in the H�A absorption.
While the emission line filling of the H�A absorp-
tion from star formation will a↵ect both the TDEs

and SDSS galaxies, the additional e↵ect of the on-
going TDE observed in the coronal-line TDE host
spectra would act to decrease the measured H�A
absorption. In order to quantitatively address this
scenario, a fuller picture is required of how the
narrow line emission evolves in TDEs with time,
and relative to the coronal line emission. Such an
analysis is outside the scope of this work, but will
be important to understand the underlying host
galaxy emission in coronal line emitting TDEs.

5. Overall, TDEs in star-forming galaxies appear to
be shifted to lower H�A absorption values than the
general star-forming population. This shift may
be due to: (1) filling of H�A by emission from the
TDE if it was still active when the galaxy spec-
trum was taken (e.g., SDSS J0748), see above;
(2) di↵erent stellar mass distributions for the TDE
hosts and control galaxy sample (which we tested
by cutting on stellar mass and rule out); (3) con-
tamination of the H↵ line by an AGN or LINER,
which a↵ects a few of the TDE hosts (see Sec-
tion 3.3); and (4) a physical di↵erence between
the TDE hosts and comparison galaxy sample.

3.2. Surface stellar mass density and velocity
dispersion

Of the 37 TDE hosts in our sample, 16 appear in both
the NYU and Portsmouth value-added catalogs, which
allows us to measure their global galaxy properties in the
same way as for the control galaxy sample. This allows
us to make an “apples-to-apples” comparison between
the hosts of these TDEs and the general galaxy popula-
tion. Table 3 summarizes the values of these properties
for the TDE host galaxies in this subsample.9

While this subsample of TDEs accounts for only half
of our full sample, it includes all four types of TDE as
classified by A17 and spans a wide dynamical range in
galaxy properties, including, most importantly, a galaxy
stellar mass range of log(M?/M�) ⇡ 8.5–11, over which
TDEs are expected to occur.
To test theoretical estimates of the TDE rate, which

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

9 The Lephare fitting code failed to calculate stellar masses
for SDSS J1350 and SDSS J0159. In these instances, we adopted
masses calculated by either the Portsmouth or Galspec pipelines.
The masses from these pipelines were corrected for being 0.13 dex
larger, on average, than those produced by Lephare (see Zahid
et al. 2016c for the di↵erence between the Portsmouth and Lep-
hare values. We calculated the di↵erence between the Galspec
and Lephare masses ourselves.).
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Fig. 2.— The TDF host galaxy stellar mass function. The num-
ber of sources in these three bins is {5, 7, 3, 1} (low to high). The
highest-mass bin contains the TDF candidate ASASSN-15lh. The
dashed line shows a galaxy mass function (Baldry et al. 2012),
multiplied with a constant TDF rate of 10�4 galaxy�1 yr�1.

and the host galaxy flux limit for measuring the veloc-
ity dispersion—the former is the limiting factor for most
sources (see the last column of Table 1 and Table 2).
The uncertainty on each bin of

P
1/Vmax is estimated

from
P

1/V2

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

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

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

a steep decrease that can be parameterized as

dṄ

d log
10

L
= Ṅ0 (L/L0)

a (4)

For L0 = 1043 erg s�1, a least-squares fit yields Ṅ0 =
(1.9 ± 0.7) ⇥ 10�7 Mpc�3 yr�1 and a = �1.6 ± 0.2. If
we exclude the luminous TDF candidate ASASSN-15lh,
we find a more shallow slope with a larger uncertainty:
a = �1.3± 0.3 and Ṅ0 = (2.3± 0.8)⇥ 10�7 Mpc�3 yr�1.
When excluding ASASSN-15lh, a Gaussian function

dṄ

d log
10

L
= Ṅ00 exp[�(log

10
(L/L00)

2
/2b2] (5)

with L00 = 1042.5 erg s�1, b = 0.4, and N00 = 1 ⇥
10�6 Mpc�3 yr�1, also provides a reasonable description
of the LF (Fig. 1).
To convert our measurement of the volumetric TDF

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

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

also observed to be roughly constant for M• < 107.5 M�.
However, the high luminosity of the TDF candidate
ASASSN-15lh yields a very large Vmax and thus implies a
rapid decrease of the volumetric rate for M• & 107.5 M�.
The decrease of the rate toward the highest-mass bin

Fig. 3.— The TDF host galaxy black hole mass function. The
number of sources in these four bins is {5, 4, 2, 1} (low to high).
The highest-mass bin contains the TDF candidate ASASSN-15lh.
In the top panel, the dashed line shows the Shankar et al. (2004)
black hole mass function multiplied with a constant TDF rate of
6 ⇥ 10�5 per black hole per year. The solid line shows the result
of using this mass function as input to our model of the TDF rate
(Eq. 10). The dotted line indicates the mass function that would
be obtained if the wait time between flares scales linearly with
black hole mass. In the bottom panel, we compare four di↵erent
predictions for the scaling of the disruption rate below the Hills
mass (Sec. 4.3).

is at least 3 orders of magnitude. Arguably the only
conceivable mechanism that can yield such an extreme
turnover is the suppression of the flare rate by the black
hole horizon. We can thus conclude that if ASASSN-
15lh is a member of the TDE family, the population of
observed TDFs as a whole is consistent with the pre-
dicted suppression of the rate due to the direct capture
of stars by the black hole. However, if ASASSN-15lh
is not due to a TDE, the mass function of the remain-
ing TDFs in our sample is not a useful tool to measure
rate suppression. Instead, we need to compare the ob-
served mass distribution to the expected distribution in
a flux-limited sample. This requires a forward-modeling
approach, which is explained in the next section.

4. FORWARD MODELING

In the previous section we used the 1/Vmax method to
reconstruct the TDF LF and mass function. In this sec-
tion, we start with a model for the flare luminosity func-
tion and event rate and try to reproduce the observed
distribution of luminosity and host galaxy mass. This
forward-modeling approach has two advantages over a
1/Vmax reconstruction. First of all, we can include addi-
tional selection criteria beyond the survey flux limit (e.g.,
the contrast between the flux of the host and flare). Sec-
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Figure 3. H↵ EW emission vs. H�A absorption for an SDSS
sample of galaxies at redshifts 0.01 < z < 0.2 (blue and red
dots, which represent star-forming and quiescent galaxies,
respectively) and TDE host galaxies (white squares). For
display purposes, the galaxies in this figure have not been
volume weighted (see Section 2.2), and the upper and lower
panels have di↵erent linear scalings. The gray patches, delin-
eated by black dashed and solid curves, mark the regions of
this phase space inhabited by quiescent Balmer-strong (post-
starburst) and moderately Balmer-strong galaxies (some of
which are post-starburst). Thirty-five TDEs are represented
in this figure (RX J1242 and RX J1420 each have two possi-
ble host galaxies). The majority of these broadly follow the
global galaxy distribution, with two loci in star-forming and
quiescent galaxies. Once the galaxy sample is weighted by
volume, quiescent Balmer-strong galaxies account for 0.3–
1.2% of the sample. Between 4–8 of the TDE hosts are qui-
escent, Balmer-strong galaxies, indicating a lower, but still
considerate over-abundance of TDE candidates in this rare
type of galaxy.

2. Likely and possible X-ray TDEs are found in both
star-forming and quiescent galaxies.

3. More than half of the veiled TDEs, including those
with broad H or He lines, are found in quiescent
galaxies, including hosts with strong Balmer ab-
sorption lines.

4. TDEs with coronal line emission are all found in
star-forming galaxies. At a given H↵ emission,
these objects also have shallower H�A absorption
features than the background star-forming galaxy
population. This e↵ect may be driven by the
TDE line emission filling in the H�A absorption.
While the emission line filling of the H�A absorp-
tion from star formation will a↵ect both the TDEs

and SDSS galaxies, the additional e↵ect of the on-
going TDE observed in the coronal-line TDE host
spectra would act to decrease the measured H�A
absorption. In order to quantitatively address this
scenario, a fuller picture is required of how the
narrow line emission evolves in TDEs with time,
and relative to the coronal line emission. Such an
analysis is outside the scope of this work, but will
be important to understand the underlying host
galaxy emission in coronal line emitting TDEs.

5. Overall, TDEs in star-forming galaxies appear to
be shifted to lower H�A absorption values than the
general star-forming population. This shift may
be due to: (1) filling of H�A by emission from the
TDE if it was still active when the galaxy spec-
trum was taken (e.g., SDSS J0748), see above;
(2) di↵erent stellar mass distributions for the TDE
hosts and control galaxy sample (which we tested
by cutting on stellar mass and rule out); (3) con-
tamination of the H↵ line by an AGN or LINER,
which a↵ects a few of the TDE hosts (see Sec-
tion 3.3); and (4) a physical di↵erence between
the TDE hosts and comparison galaxy sample.

3.2. Surface stellar mass density and velocity
dispersion

Of the 37 TDE hosts in our sample, 16 appear in both
the NYU and Portsmouth value-added catalogs, which
allows us to measure their global galaxy properties in the
same way as for the control galaxy sample. This allows
us to make an “apples-to-apples” comparison between
the hosts of these TDEs and the general galaxy popula-
tion. Table 3 summarizes the values of these properties
for the TDE host galaxies in this subsample.9

While this subsample of TDEs accounts for only half
of our full sample, it includes all four types of TDE as
classified by A17 and spans a wide dynamical range in
galaxy properties, including, most importantly, a galaxy
stellar mass range of log(M?/M�) ⇡ 8.5–11, over which
TDEs are expected to occur.
To test theoretical estimates of the TDE rate, which

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

9 The Lephare fitting code failed to calculate stellar masses
for SDSS J1350 and SDSS J0159. In these instances, we adopted
masses calculated by either the Portsmouth or Galspec pipelines.
The masses from these pipelines were corrected for being 0.13 dex
larger, on average, than those produced by Lephare (see Zahid
et al. 2016c for the di↵erence between the Portsmouth and Lep-
hare values. We calculated the di↵erence between the Galspec
and Lephare masses ourselves.).
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Fig. 2.— The TDF host galaxy stellar mass function. The num-
ber of sources in these three bins is {5, 7, 3, 1} (low to high). The
highest-mass bin contains the TDF candidate ASASSN-15lh. The
dashed line shows a galaxy mass function (Baldry et al. 2012),
multiplied with a constant TDF rate of 10�4 galaxy�1 yr�1.

and the host galaxy flux limit for measuring the veloc-
ity dispersion—the former is the limiting factor for most
sources (see the last column of Table 1 and Table 2).
The uncertainty on each bin of

P
1/Vmax is estimated

from
P

1/V2

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

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

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

a steep decrease that can be parameterized as

dṄ

d log
10

L
= Ṅ0 (L/L0)

a (4)

For L0 = 1043 erg s�1, a least-squares fit yields Ṅ0 =
(1.9 ± 0.7) ⇥ 10�7 Mpc�3 yr�1 and a = �1.6 ± 0.2. If
we exclude the luminous TDF candidate ASASSN-15lh,
we find a more shallow slope with a larger uncertainty:
a = �1.3± 0.3 and Ṅ0 = (2.3± 0.8)⇥ 10�7 Mpc�3 yr�1.
When excluding ASASSN-15lh, a Gaussian function

dṄ

d log
10

L
= Ṅ00 exp[�(log

10
(L/L00)

2
/2b2] (5)

with L00 = 1042.5 erg s�1, b = 0.4, and N00 = 1 ⇥
10�6 Mpc�3 yr�1, also provides a reasonable description
of the LF (Fig. 1).
To convert our measurement of the volumetric TDF

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

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

also observed to be roughly constant for M• < 107.5 M�.
However, the high luminosity of the TDF candidate
ASASSN-15lh yields a very large Vmax and thus implies a
rapid decrease of the volumetric rate for M• & 107.5 M�.
The decrease of the rate toward the highest-mass bin

Fig. 3.— The TDF host galaxy black hole mass function. The
number of sources in these four bins is {5, 4, 2, 1} (low to high).
The highest-mass bin contains the TDF candidate ASASSN-15lh.
In the top panel, the dashed line shows the Shankar et al. (2004)
black hole mass function multiplied with a constant TDF rate of
6 ⇥ 10�5 per black hole per year. The solid line shows the result
of using this mass function as input to our model of the TDF rate
(Eq. 10). The dotted line indicates the mass function that would
be obtained if the wait time between flares scales linearly with
black hole mass. In the bottom panel, we compare four di↵erent
predictions for the scaling of the disruption rate below the Hills
mass (Sec. 4.3).

is at least 3 orders of magnitude. Arguably the only
conceivable mechanism that can yield such an extreme
turnover is the suppression of the flare rate by the black
hole horizon. We can thus conclude that if ASASSN-
15lh is a member of the TDE family, the population of
observed TDFs as a whole is consistent with the pre-
dicted suppression of the rate due to the direct capture
of stars by the black hole. However, if ASASSN-15lh
is not due to a TDE, the mass function of the remain-
ing TDFs in our sample is not a useful tool to measure
rate suppression. Instead, we need to compare the ob-
served mass distribution to the expected distribution in
a flux-limited sample. This requires a forward-modeling
approach, which is explained in the next section.

4. FORWARD MODELING

In the previous section we used the 1/Vmax method to
reconstruct the TDF LF and mass function. In this sec-
tion, we start with a model for the flare luminosity func-
tion and event rate and try to reproduce the observed
distribution of luminosity and host galaxy mass. This
forward-modeling approach has two advantages over a
1/Vmax reconstruction. First of all, we can include addi-
tional selection criteria beyond the survey flux limit (e.g.,
the contrast between the flux of the host and flare). Sec-
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Fig. 2.— The TDF host galaxy stellar mass function. The num-
ber of sources in these three bins is {5, 7, 3, 1} (low to high). The
highest-mass bin contains the TDF candidate ASASSN-15lh. The
dashed line shows a galaxy mass function (Baldry et al. 2012),
multiplied with a constant TDF rate of 10�4 galaxy�1 yr�1.

and the host galaxy flux limit for measuring the veloc-
ity dispersion—the former is the limiting factor for most
sources (see the last column of Table 1 and Table 2).
The uncertainty on each bin of

P
1/Vmax is estimated

from
P

1/V2

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

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

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

a steep decrease that can be parameterized as

dṄ

d log
10

L
= Ṅ0 (L/L0)

a (4)

For L0 = 1043 erg s�1, a least-squares fit yields Ṅ0 =
(1.9 ± 0.7) ⇥ 10�7 Mpc�3 yr�1 and a = �1.6 ± 0.2. If
we exclude the luminous TDF candidate ASASSN-15lh,
we find a more shallow slope with a larger uncertainty:
a = �1.3± 0.3 and Ṅ0 = (2.3± 0.8)⇥ 10�7 Mpc�3 yr�1.
When excluding ASASSN-15lh, a Gaussian function

dṄ

d log
10

L
= Ṅ00 exp[�(log

10
(L/L00)

2
/2b2] (5)

with L00 = 1042.5 erg s�1, b = 0.4, and N00 = 1 ⇥
10�6 Mpc�3 yr�1, also provides a reasonable description
of the LF (Fig. 1).
To convert our measurement of the volumetric TDF

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

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

also observed to be roughly constant for M• < 107.5 M�.
However, the high luminosity of the TDF candidate
ASASSN-15lh yields a very large Vmax and thus implies a
rapid decrease of the volumetric rate for M• & 107.5 M�.
The decrease of the rate toward the highest-mass bin

Fig. 3.— The TDF host galaxy black hole mass function. The
number of sources in these four bins is {5, 4, 2, 1} (low to high).
The highest-mass bin contains the TDF candidate ASASSN-15lh.
In the top panel, the dashed line shows the Shankar et al. (2004)
black hole mass function multiplied with a constant TDF rate of
6 ⇥ 10�5 per black hole per year. The solid line shows the result
of using this mass function as input to our model of the TDF rate
(Eq. 10). The dotted line indicates the mass function that would
be obtained if the wait time between flares scales linearly with
black hole mass. In the bottom panel, we compare four di↵erent
predictions for the scaling of the disruption rate below the Hills
mass (Sec. 4.3).

is at least 3 orders of magnitude. Arguably the only
conceivable mechanism that can yield such an extreme
turnover is the suppression of the flare rate by the black
hole horizon. We can thus conclude that if ASASSN-
15lh is a member of the TDE family, the population of
observed TDFs as a whole is consistent with the pre-
dicted suppression of the rate due to the direct capture
of stars by the black hole. However, if ASASSN-15lh
is not due to a TDE, the mass function of the remain-
ing TDFs in our sample is not a useful tool to measure
rate suppression. Instead, we need to compare the ob-
served mass distribution to the expected distribution in
a flux-limited sample. This requires a forward-modeling
approach, which is explained in the next section.

4. FORWARD MODELING

In the previous section we used the 1/Vmax method to
reconstruct the TDF LF and mass function. In this sec-
tion, we start with a model for the flare luminosity func-
tion and event rate and try to reproduce the observed
distribution of luminosity and host galaxy mass. This
forward-modeling approach has two advantages over a
1/Vmax reconstruction. First of all, we can include addi-
tional selection criteria beyond the survey flux limit (e.g.,
the contrast between the flux of the host and flare). Sec-
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galaxies, should exhibit a larger rate of TDEs. In addition, the⇤CDM
paradigm predicts that dwarf galaxies are the most numerous in our
Universe (Bullock & Boylan-Kolchin 2017). All this suggests that
most TDEs should come from MBHs with masses "• . 106 M� .
This is not what is found, with a clear drop of the observed number
of TDEs for MBHs with masses lower than ⇠ 106 M� (Wevers et al.
2019). However, Wang & Merritt (2004) and Stone & Metzger (2016)
provide estimates of the rate at which stars are disrupted, which is a
priori di�erent from the observable TDE rate, as some TDEs may not
be detected. Indeed, the observability of TDEs depends on additional
physics (e.g. the overall debris mass supply rate determined by the
mass and internal structure of the star, the circularisation e�ciency
determined by the stellar orbital parameters and black hole proper-
ties, the emission mechanism or dust obscuration; Kesden 2012a;
Guillochon & Ramirez-Ruiz 2013; Piran et al. 2015; Dai et al. 2015;
Roth et al. 2016; Dai et al. 2018; Mockler et al. 2019) and TDEs
around lighter MBHs are fainter (considering the emission is capped
by the Eddington luminosity).

In addition, it could be that the assumptions made by Stone &
Metzger (2016) and Wang & Merritt (2004) break down at these low
masses. As an example, their work assume that the central MBH
lies on the "• � f relation, which is tightly constrained for MBHs
with masses & 106 M� , but exhibits a large scatter in the dwarf
regime (Greene et al. 2019). Furthermore, none of these previous
works take into account that some galaxies may harbour a nuclear
star cluster (NSC). The environments in the center of these nucleated
galaxies di�er significantly from those in non-nucleated galaxies. As
an example, we show in Fig. 1 the total density profile (dashed lines)
as well as the bulge/NSC (thick/thin solid lines) decomposition of
the dwarf galaxy NGC 205 (blue; Nguyen et al. 2018) and Circinus
(orange; Pechetti et al. 2019). In the absence of NSC, the central
density in the dwarf NGC 205 would be up to 4 orders of magnitude
lower. Not only the enhancement is lower in Circinus, but the fraction
of nucleated galaxies is lower at higher mass (Sánchez-Janssen et al.
2019). The extreme density found in NSCs is known to speed up the
formation of binary MBHs due to more e�cient dynamical friction
and stellar scattering (e.g. Biava et al. 2019), but also to boost the
TDE rate (Mastrobuono-Battisti et al. 2014; Aharon et al. 2016; Arca-
Sedda & Capuzzo-Dolcetta 2017). All this suggests that contributions
of NSCs in the dwarf regime should play a major role.

In this paper, we estimate the TDE rate for a sample of 37 galaxies
(§3) and for a mock catalog built using a set of scaling relations
(§4). For these two samples, (i) some MBHs have masses as low as
few 104 M� allowing us to study the TDE rate in the dwarf regime;
(ii) we relax the assumption that MBHs lie exactly on the "• � f
relation; and (iii) some galaxies have a NSC, allowing us to study
the relative contribution of this component compared with the one
of the bulge.

2 TDE RATE

In this Section, we explain how we estimate the TDE rate (§2.1)
given a density profile (§2.2).

2.1 Estimate of the TDE rate

We adopt an approach similar to Pfister et al. (2019) to estimate the
TDE rate. A spherical density profile d(A) with a central MBH is
provided as an input to P����F��� (Vasiliev 2017, 2019), which
computes the following quantities:

Figure 1. Stellar density of the dwarf galaxy NGC 205 (blue) and Circinus
(orange). The total density is shown with dashed lines, the density of the
bulge with thick solid lines and the one of the NSC with thin solid lines.
All quantities are shown as a function of the distance to the center of the
galaxy. In the absence of NSCs, the central density would be lower by orders
of magnitude.

• the stellar distribution function 5 (⇢), which is further assumed
to be ergodic, obtained through the Eddington inversion (Binney &
Tremaine 1987). ⇢ = E2/2 + q(A) is the energy per unit mass, A and
E are respectively the distance to the center and relative speed, and q
is the galactic gravitational potential. Once 5 is estimated, we verify
if is positive everywhere;

• the energy density function # (⇢) = 4c2!2
2
(⇢) 5 (⇢)%(⇢)

(Merritt 2013). !2 (⇢) and %(⇢) represent respectively the circu-
lar angular momentum and radial period of stars with energy ⇢ ;

• the loss-cone filling factor @(⇢) (Eq. (13a) from Vasiliev 2017);
• the loss-cone boundary RLC (Eq. (13b) from Vasiliev 2017);
• the orbit-averaged di�usion coe�cient ` (Eq. (13c) from

Vasiliev 2017);

With this information, we can infer the flux of stars entering the
loss-cone region (F ) per unit energy (Eq. (16) from Stone & Metzger
(2016), Eq. (14) from Vasiliev (2017), Eq. (8) from Pfister et al.
(2019)):

mF
m⇢

=
@(⇢) RLC

(@(⇢)2 + @(⇢)4)1/4 + ln(1/RLC)
# (⇢)
%(⇢) . (2)

This equation can be integrated to obtain the total flux of stars en-
tering the loss-cone region, in units of number of stars per year per
galaxy. We make the assumption that this flux equals the TDE rate,
i.e. all stars penetrating the loss-cone region result in a TDE (but for
MBHs with "• � 108 M� , see below), so that � = F . While this not
a terrible approximation, additional physics is needed to determine
if the TDE is observable: stars being disrupted by light (. 106 M�)
MBHs may result in a faint event (if the emission is capped by the
Eddington luminosity) that are less likely to be observed with current
facilities, and stars being disrupted by massive MBHs (& 108 M�)
may be swallowed whole resulting in no flare (e.g. Rees 1988). In
addition, we assume that the stellar population is monochromatic
and solar like, so that stars all have the same mass (<¢ = M�)
and radius (A¢ = R�). While this assumption compared with a non-
monochromatic population only changes the flux of stars entering
the loss-cone region by a factor of ⇠ 2 (Stone & Metzger 2016),
this probably changes the observable TDE rate, as most TDEs are
sourced by sub-solar mass stars (Kroupa 2001; Mockler et al. 2019)
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galaxies, should exhibit a larger rate of TDEs. In addition, the⇤CDM
paradigm predicts that dwarf galaxies are the most numerous in our
Universe (Bullock & Boylan-Kolchin 2017). All this suggests that
most TDEs should come from MBHs with masses "• . 106 M� .
This is not what is found, with a clear drop of the observed number
of TDEs for MBHs with masses lower than ⇠ 106 M� (Wevers et al.
2019). However, Wang & Merritt (2004) and Stone & Metzger (2016)
provide estimates of the rate at which stars are disrupted, which is a
priori di�erent from the observable TDE rate, as some TDEs may not
be detected. Indeed, the observability of TDEs depends on additional
physics (e.g. the overall debris mass supply rate determined by the
mass and internal structure of the star, the circularisation e�ciency
determined by the stellar orbital parameters and black hole proper-
ties, the emission mechanism or dust obscuration; Kesden 2012a;
Guillochon & Ramirez-Ruiz 2013; Piran et al. 2015; Dai et al. 2015;
Roth et al. 2016; Dai et al. 2018; Mockler et al. 2019) and TDEs
around lighter MBHs are fainter (considering the emission is capped
by the Eddington luminosity).

In addition, it could be that the assumptions made by Stone &
Metzger (2016) and Wang & Merritt (2004) break down at these low
masses. As an example, their work assume that the central MBH
lies on the "• � f relation, which is tightly constrained for MBHs
with masses & 106 M� , but exhibits a large scatter in the dwarf
regime (Greene et al. 2019). Furthermore, none of these previous
works take into account that some galaxies may harbour a nuclear
star cluster (NSC). The environments in the center of these nucleated
galaxies di�er significantly from those in non-nucleated galaxies. As
an example, we show in Fig. 1 the total density profile (dashed lines)
as well as the bulge/NSC (thick/thin solid lines) decomposition of
the dwarf galaxy NGC 205 (blue; Nguyen et al. 2018) and Circinus
(orange; Pechetti et al. 2019). In the absence of NSC, the central
density in the dwarf NGC 205 would be up to 4 orders of magnitude
lower. Not only the enhancement is lower in Circinus, but the fraction
of nucleated galaxies is lower at higher mass (Sánchez-Janssen et al.
2019). The extreme density found in NSCs is known to speed up the
formation of binary MBHs due to more e�cient dynamical friction
and stellar scattering (e.g. Biava et al. 2019), but also to boost the
TDE rate (Mastrobuono-Battisti et al. 2014; Aharon et al. 2016; Arca-
Sedda & Capuzzo-Dolcetta 2017). All this suggests that contributions
of NSCs in the dwarf regime should play a major role.

In this paper, we estimate the TDE rate for a sample of 37 galaxies
(§3) and for a mock catalog built using a set of scaling relations
(§4). For these two samples, (i) some MBHs have masses as low as
few 104 M� allowing us to study the TDE rate in the dwarf regime;
(ii) we relax the assumption that MBHs lie exactly on the "• � f
relation; and (iii) some galaxies have a NSC, allowing us to study
the relative contribution of this component compared with the one
of the bulge.

2 TDE RATE

In this Section, we explain how we estimate the TDE rate (§2.1)
given a density profile (§2.2).

2.1 Estimate of the TDE rate

We adopt an approach similar to Pfister et al. (2019) to estimate the
TDE rate. A spherical density profile d(A) with a central MBH is
provided as an input to P����F��� (Vasiliev 2017, 2019), which
computes the following quantities:

Figure 1. Stellar density of the dwarf galaxy NGC 205 (blue) and Circinus
(orange). The total density is shown with dashed lines, the density of the
bulge with thick solid lines and the one of the NSC with thin solid lines.
All quantities are shown as a function of the distance to the center of the
galaxy. In the absence of NSCs, the central density would be lower by orders
of magnitude.

• the stellar distribution function 5 (⇢), which is further assumed
to be ergodic, obtained through the Eddington inversion (Binney &
Tremaine 1987). ⇢ = E2/2 + q(A) is the energy per unit mass, A and
E are respectively the distance to the center and relative speed, and q
is the galactic gravitational potential. Once 5 is estimated, we verify
if is positive everywhere;

• the energy density function # (⇢) = 4c2!2
2
(⇢) 5 (⇢)%(⇢)

(Merritt 2013). !2 (⇢) and %(⇢) represent respectively the circu-
lar angular momentum and radial period of stars with energy ⇢ ;

• the loss-cone filling factor @(⇢) (Eq. (13a) from Vasiliev 2017);
• the loss-cone boundary RLC (Eq. (13b) from Vasiliev 2017);
• the orbit-averaged di�usion coe�cient ` (Eq. (13c) from

Vasiliev 2017);

With this information, we can infer the flux of stars entering the
loss-cone region (F ) per unit energy (Eq. (16) from Stone & Metzger
(2016), Eq. (14) from Vasiliev (2017), Eq. (8) from Pfister et al.
(2019)):

mF
m⇢

=
@(⇢) RLC

(@(⇢)2 + @(⇢)4)1/4 + ln(1/RLC)
# (⇢)
%(⇢) . (2)

This equation can be integrated to obtain the total flux of stars en-
tering the loss-cone region, in units of number of stars per year per
galaxy. We make the assumption that this flux equals the TDE rate,
i.e. all stars penetrating the loss-cone region result in a TDE (but for
MBHs with "• � 108 M� , see below), so that � = F . While this not
a terrible approximation, additional physics is needed to determine
if the TDE is observable: stars being disrupted by light (. 106 M�)
MBHs may result in a faint event (if the emission is capped by the
Eddington luminosity) that are less likely to be observed with current
facilities, and stars being disrupted by massive MBHs (& 108 M�)
may be swallowed whole resulting in no flare (e.g. Rees 1988). In
addition, we assume that the stellar population is monochromatic
and solar like, so that stars all have the same mass (<¢ = M�)
and radius (A¢ = R�). While this assumption compared with a non-
monochromatic population only changes the flux of stars entering
the loss-cone region by a factor of ⇠ 2 (Stone & Metzger 2016),
this probably changes the observable TDE rate, as most TDEs are
sourced by sub-solar mass stars (Kroupa 2001; Mockler et al. 2019)
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Figure 2. Left: TDE rate as a function of the mass of the bulge. Right: TDE rate as a function of the mass of the MBH. In both cases we show the TDE rate
sourced from the bulge (circles) which can be interpreted as the TDE rate one would infer using observations of galaxies with unresolved NSC, and from the
NSC (stars). The di�erent colors indicate where we obtained the data: Nguyen et al. (2018) in orange; Davis et al. (2019) in dark blue; Pechetti et al. (2019) in
pink and the Milky Way using the NSC properties of Schödel et al. (2018) in green. Overall, there is a large scatter and no trend clearly appears, but galaxies
with a NSC see their TDE rate enhanced by ⇠2 orders of magnitude when it is taken into account.

would be seen; (iii) some of our galaxies have a resolved NSC; and
(iv) we extend the analysis to the dwarf galaxy regime, of crucial
importance for both TDEs and gravitational wave studies with LISA
(Amaro-Seoane et al. 2017).

3.2 Rates

We show in Fig. 2 the TDE rate generated by stars in the bulge
(circles) and, for galaxies which have a NSC, the TDE rate generated
by stars in the NSC (stars) as a function of the mass of the bulge (left
panel) and of the MBH (right panel). The di�erent colors indicate
where we obtained the data (see caption).

We begin with the TDE rates originating from stars in bulges (cir-
cles), which we interpret as the TDE rate one would infer using a den-
sity profile obtained with observations of galaxies with unresolved
NSCs. The size of a NSC is typically of 1-50 pc, corresponding to
⇠ 0.100 at 10 Mpc, thus NCSs would be unresolved in most galaxies
(Lauer et al. 1998; Stone & van Velzen 2016; Sánchez-Janssen et al.
2019; Pechetti et al. 2019). Given the small number of MBHs at the
low mass end ("

¢,bulge < 5⇥109 M� and "• < 106 M�), inferring
“trends” would be dangerous; for the whole sample we find a mean
TDE rate of 5 ⇥ 10�6 yr�1 and in general no significant dependence
on bulge or MBH mass.

While this mean value is lower than current estimates, it does
not take into account that some galaxies host a NSC in their center,
which can enhance the TDE rate by orders of magnitude. Consider
for instance the Milky Way, we find a TDE rate of 9.1 ⇥ 10�5 yr�1

including the NSC (green star) and 1.4⇥ 10�7 yr�1 without it (green
circle), resulting in an enhancement of ⇠ 600. This example shows
how crucial it is to take into account NSCs when they exist. For the
6 galaxies for which the NSC is resolved and the density profiles is
known, we find a total enhancement of the TDE rate when including
NSCs varying between 6 (Circinus) to 4800 (NGC 205), with an
average at 900. The mean TDE rate for these 6 NSCs is 5⇥10�5 yr�1.

This analysis illustrates how important it is to properly resolve
NSCs to have a correct estimate of the TDE rate, as their pres-
ence/absence drastically changes the central density, changing the
estimates of the TDE rate by orders of magnitude. However, all our
lower mass MBHs are surrounded by a NSC, and conversely, none of
our massive ones are. This is expected: the nucleation fraction has a

Figure 3. TDE rate as a function of the density at the MBH influence radius
for NSCs (stars) and bulges (circles). The di�erent colors indicate where we
obtained the data: Nguyen et al. (2018) in orange; Davis et al. (2019) in dark
blue; Pechetti et al. (2019) in pink and the Milky Way using the NSC of
Schödel et al. (2018) in green. We also indicate with the dashed black line the
fit from Eq. (8) as well as the 1-sigma scatter (0.6 dex) about the fit (shaded
area).

peak of about 80–100% for 109 M� galaxies and decreases at lower
and higher masses (Sánchez-Janssen et al. 2019); to assess more
thouroughly the role of NSCs in sourcing TDEs, ideally we would
need MBH mass measurements in a large sample of galaxies with
and without resolved NSCs. Given that such observational sample is
not available, in §4, we build a mock catalog of galaxies to perform
this analysis.

3.3 A fast estimate of the TDE rate

Ideally, one would want to compute the TDE rate given the observed
Sérsic properties of the structures ("¢, 'e� and =) and the mass of the
central MBH ("•) using a simple scaling. The TDE rate in a galaxy
is in general a complex function of the four parameters describing the
system in our model, however, a natural quantity tracing the TDE rate
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galaxies, should exhibit a larger rate of TDEs. In addition, the⇤CDM
paradigm predicts that dwarf galaxies are the most numerous in our
Universe (Bullock & Boylan-Kolchin 2017). All this suggests that
most TDEs should come from MBHs with masses "• . 106 M� .
This is not what is found, with a clear drop of the observed number
of TDEs for MBHs with masses lower than ⇠ 106 M� (Wevers et al.
2019). However, Wang & Merritt (2004) and Stone & Metzger (2016)
provide estimates of the rate at which stars are disrupted, which is a
priori di�erent from the observable TDE rate, as some TDEs may not
be detected. Indeed, the observability of TDEs depends on additional
physics (e.g. the overall debris mass supply rate determined by the
mass and internal structure of the star, the circularisation e�ciency
determined by the stellar orbital parameters and black hole proper-
ties, the emission mechanism or dust obscuration; Kesden 2012a;
Guillochon & Ramirez-Ruiz 2013; Piran et al. 2015; Dai et al. 2015;
Roth et al. 2016; Dai et al. 2018; Mockler et al. 2019) and TDEs
around lighter MBHs are fainter (considering the emission is capped
by the Eddington luminosity).

In addition, it could be that the assumptions made by Stone &
Metzger (2016) and Wang & Merritt (2004) break down at these low
masses. As an example, their work assume that the central MBH
lies on the "• � f relation, which is tightly constrained for MBHs
with masses & 106 M� , but exhibits a large scatter in the dwarf
regime (Greene et al. 2019). Furthermore, none of these previous
works take into account that some galaxies may harbour a nuclear
star cluster (NSC). The environments in the center of these nucleated
galaxies di�er significantly from those in non-nucleated galaxies. As
an example, we show in Fig. 1 the total density profile (dashed lines)
as well as the bulge/NSC (thick/thin solid lines) decomposition of
the dwarf galaxy NGC 205 (blue; Nguyen et al. 2018) and Circinus
(orange; Pechetti et al. 2019). In the absence of NSC, the central
density in the dwarf NGC 205 would be up to 4 orders of magnitude
lower. Not only the enhancement is lower in Circinus, but the fraction
of nucleated galaxies is lower at higher mass (Sánchez-Janssen et al.
2019). The extreme density found in NSCs is known to speed up the
formation of binary MBHs due to more e�cient dynamical friction
and stellar scattering (e.g. Biava et al. 2019), but also to boost the
TDE rate (Mastrobuono-Battisti et al. 2014; Aharon et al. 2016; Arca-
Sedda & Capuzzo-Dolcetta 2017). All this suggests that contributions
of NSCs in the dwarf regime should play a major role.

In this paper, we estimate the TDE rate for a sample of 37 galaxies
(§3) and for a mock catalog built using a set of scaling relations
(§4). For these two samples, (i) some MBHs have masses as low as
few 104 M� allowing us to study the TDE rate in the dwarf regime;
(ii) we relax the assumption that MBHs lie exactly on the "• � f
relation; and (iii) some galaxies have a NSC, allowing us to study
the relative contribution of this component compared with the one
of the bulge.

2 TDE RATE

In this Section, we explain how we estimate the TDE rate (§2.1)
given a density profile (§2.2).

2.1 Estimate of the TDE rate

We adopt an approach similar to Pfister et al. (2019) to estimate the
TDE rate. A spherical density profile d(A) with a central MBH is
provided as an input to P����F��� (Vasiliev 2017, 2019), which
computes the following quantities:

Figure 1. Stellar density of the dwarf galaxy NGC 205 (blue) and Circinus
(orange). The total density is shown with dashed lines, the density of the
bulge with thick solid lines and the one of the NSC with thin solid lines.
All quantities are shown as a function of the distance to the center of the
galaxy. In the absence of NSCs, the central density would be lower by orders
of magnitude.

• the stellar distribution function 5 (⇢), which is further assumed
to be ergodic, obtained through the Eddington inversion (Binney &
Tremaine 1987). ⇢ = E2/2 + q(A) is the energy per unit mass, A and
E are respectively the distance to the center and relative speed, and q
is the galactic gravitational potential. Once 5 is estimated, we verify
if is positive everywhere;

• the energy density function # (⇢) = 4c2!2
2
(⇢) 5 (⇢)%(⇢)

(Merritt 2013). !2 (⇢) and %(⇢) represent respectively the circu-
lar angular momentum and radial period of stars with energy ⇢ ;

• the loss-cone filling factor @(⇢) (Eq. (13a) from Vasiliev 2017);
• the loss-cone boundary RLC (Eq. (13b) from Vasiliev 2017);
• the orbit-averaged di�usion coe�cient ` (Eq. (13c) from

Vasiliev 2017);

With this information, we can infer the flux of stars entering the
loss-cone region (F ) per unit energy (Eq. (16) from Stone & Metzger
(2016), Eq. (14) from Vasiliev (2017), Eq. (8) from Pfister et al.
(2019)):

mF
m⇢

=
@(⇢) RLC

(@(⇢)2 + @(⇢)4)1/4 + ln(1/RLC)
# (⇢)
%(⇢) . (2)

This equation can be integrated to obtain the total flux of stars en-
tering the loss-cone region, in units of number of stars per year per
galaxy. We make the assumption that this flux equals the TDE rate,
i.e. all stars penetrating the loss-cone region result in a TDE (but for
MBHs with "• � 108 M� , see below), so that � = F . While this not
a terrible approximation, additional physics is needed to determine
if the TDE is observable: stars being disrupted by light (. 106 M�)
MBHs may result in a faint event (if the emission is capped by the
Eddington luminosity) that are less likely to be observed with current
facilities, and stars being disrupted by massive MBHs (& 108 M�)
may be swallowed whole resulting in no flare (e.g. Rees 1988). In
addition, we assume that the stellar population is monochromatic
and solar like, so that stars all have the same mass (<¢ = M�)
and radius (A¢ = R�). While this assumption compared with a non-
monochromatic population only changes the flux of stars entering
the loss-cone region by a factor of ⇠ 2 (Stone & Metzger 2016),
this probably changes the observable TDE rate, as most TDEs are
sourced by sub-solar mass stars (Kroupa 2001; Mockler et al. 2019)
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Figure 2. Left: TDE rate as a function of the mass of the bulge. Right: TDE rate as a function of the mass of the MBH. In both cases we show the TDE rate
sourced from the bulge (circles) which can be interpreted as the TDE rate one would infer using observations of galaxies with unresolved NSC, and from the
NSC (stars). The di�erent colors indicate where we obtained the data: Nguyen et al. (2018) in orange; Davis et al. (2019) in dark blue; Pechetti et al. (2019) in
pink and the Milky Way using the NSC properties of Schödel et al. (2018) in green. Overall, there is a large scatter and no trend clearly appears, but galaxies
with a NSC see their TDE rate enhanced by ⇠2 orders of magnitude when it is taken into account.

would be seen; (iii) some of our galaxies have a resolved NSC; and
(iv) we extend the analysis to the dwarf galaxy regime, of crucial
importance for both TDEs and gravitational wave studies with LISA
(Amaro-Seoane et al. 2017).

3.2 Rates

We show in Fig. 2 the TDE rate generated by stars in the bulge
(circles) and, for galaxies which have a NSC, the TDE rate generated
by stars in the NSC (stars) as a function of the mass of the bulge (left
panel) and of the MBH (right panel). The di�erent colors indicate
where we obtained the data (see caption).

We begin with the TDE rates originating from stars in bulges (cir-
cles), which we interpret as the TDE rate one would infer using a den-
sity profile obtained with observations of galaxies with unresolved
NSCs. The size of a NSC is typically of 1-50 pc, corresponding to
⇠ 0.100 at 10 Mpc, thus NCSs would be unresolved in most galaxies
(Lauer et al. 1998; Stone & van Velzen 2016; Sánchez-Janssen et al.
2019; Pechetti et al. 2019). Given the small number of MBHs at the
low mass end ("

¢,bulge < 5⇥109 M� and "• < 106 M�), inferring
“trends” would be dangerous; for the whole sample we find a mean
TDE rate of 5 ⇥ 10�6 yr�1 and in general no significant dependence
on bulge or MBH mass.

While this mean value is lower than current estimates, it does
not take into account that some galaxies host a NSC in their center,
which can enhance the TDE rate by orders of magnitude. Consider
for instance the Milky Way, we find a TDE rate of 9.1 ⇥ 10�5 yr�1

including the NSC (green star) and 1.4⇥ 10�7 yr�1 without it (green
circle), resulting in an enhancement of ⇠ 600. This example shows
how crucial it is to take into account NSCs when they exist. For the
6 galaxies for which the NSC is resolved and the density profiles is
known, we find a total enhancement of the TDE rate when including
NSCs varying between 6 (Circinus) to 4800 (NGC 205), with an
average at 900. The mean TDE rate for these 6 NSCs is 5⇥10�5 yr�1.

This analysis illustrates how important it is to properly resolve
NSCs to have a correct estimate of the TDE rate, as their pres-
ence/absence drastically changes the central density, changing the
estimates of the TDE rate by orders of magnitude. However, all our
lower mass MBHs are surrounded by a NSC, and conversely, none of
our massive ones are. This is expected: the nucleation fraction has a

Figure 3. TDE rate as a function of the density at the MBH influence radius
for NSCs (stars) and bulges (circles). The di�erent colors indicate where we
obtained the data: Nguyen et al. (2018) in orange; Davis et al. (2019) in dark
blue; Pechetti et al. (2019) in pink and the Milky Way using the NSC of
Schödel et al. (2018) in green. We also indicate with the dashed black line the
fit from Eq. (8) as well as the 1-sigma scatter (0.6 dex) about the fit (shaded
area).

peak of about 80–100% for 109 M� galaxies and decreases at lower
and higher masses (Sánchez-Janssen et al. 2019); to assess more
thouroughly the role of NSCs in sourcing TDEs, ideally we would
need MBH mass measurements in a large sample of galaxies with
and without resolved NSCs. Given that such observational sample is
not available, in §4, we build a mock catalog of galaxies to perform
this analysis.

3.3 A fast estimate of the TDE rate

Ideally, one would want to compute the TDE rate given the observed
Sérsic properties of the structures ("¢, 'e� and =) and the mass of the
central MBH ("•) using a simple scaling. The TDE rate in a galaxy
is in general a complex function of the four parameters describing the
system in our model, however, a natural quantity tracing the TDE rate

MNRAS 000, 1–11 (2019)
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Figure 3. H↵ EW emission vs. H�A absorption for an SDSS
sample of galaxies at redshifts 0.01 < z < 0.2 (blue and red
dots, which represent star-forming and quiescent galaxies,
respectively) and TDE host galaxies (white squares). For
display purposes, the galaxies in this figure have not been
volume weighted (see Section 2.2), and the upper and lower
panels have di↵erent linear scalings. The gray patches, delin-
eated by black dashed and solid curves, mark the regions of
this phase space inhabited by quiescent Balmer-strong (post-
starburst) and moderately Balmer-strong galaxies (some of
which are post-starburst). Thirty-five TDEs are represented
in this figure (RX J1242 and RX J1420 each have two possi-
ble host galaxies). The majority of these broadly follow the
global galaxy distribution, with two loci in star-forming and
quiescent galaxies. Once the galaxy sample is weighted by
volume, quiescent Balmer-strong galaxies account for 0.3–
1.2% of the sample. Between 4–8 of the TDE hosts are qui-
escent, Balmer-strong galaxies, indicating a lower, but still
considerate over-abundance of TDE candidates in this rare
type of galaxy.

2. Likely and possible X-ray TDEs are found in both
star-forming and quiescent galaxies.

3. More than half of the veiled TDEs, including those
with broad H or He lines, are found in quiescent
galaxies, including hosts with strong Balmer ab-
sorption lines.

4. TDEs with coronal line emission are all found in
star-forming galaxies. At a given H↵ emission,
these objects also have shallower H�A absorption
features than the background star-forming galaxy
population. This e↵ect may be driven by the
TDE line emission filling in the H�A absorption.
While the emission line filling of the H�A absorp-
tion from star formation will a↵ect both the TDEs

and SDSS galaxies, the additional e↵ect of the on-
going TDE observed in the coronal-line TDE host
spectra would act to decrease the measured H�A
absorption. In order to quantitatively address this
scenario, a fuller picture is required of how the
narrow line emission evolves in TDEs with time,
and relative to the coronal line emission. Such an
analysis is outside the scope of this work, but will
be important to understand the underlying host
galaxy emission in coronal line emitting TDEs.

5. Overall, TDEs in star-forming galaxies appear to
be shifted to lower H�A absorption values than the
general star-forming population. This shift may
be due to: (1) filling of H�A by emission from the
TDE if it was still active when the galaxy spec-
trum was taken (e.g., SDSS J0748), see above;
(2) di↵erent stellar mass distributions for the TDE
hosts and control galaxy sample (which we tested
by cutting on stellar mass and rule out); (3) con-
tamination of the H↵ line by an AGN or LINER,
which a↵ects a few of the TDE hosts (see Sec-
tion 3.3); and (4) a physical di↵erence between
the TDE hosts and comparison galaxy sample.

3.2. Surface stellar mass density and velocity
dispersion

Of the 37 TDE hosts in our sample, 16 appear in both
the NYU and Portsmouth value-added catalogs, which
allows us to measure their global galaxy properties in the
same way as for the control galaxy sample. This allows
us to make an “apples-to-apples” comparison between
the hosts of these TDEs and the general galaxy popula-
tion. Table 3 summarizes the values of these properties
for the TDE host galaxies in this subsample.9

While this subsample of TDEs accounts for only half
of our full sample, it includes all four types of TDE as
classified by A17 and spans a wide dynamical range in
galaxy properties, including, most importantly, a galaxy
stellar mass range of log(M?/M�) ⇡ 8.5–11, over which
TDEs are expected to occur.
To test theoretical estimates of the TDE rate, which

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

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

Over-representation of TDEs in 
post-starburst galaxies?
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and compare the TDE rate with the SFR.
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II. Rate of TDEs during mergers (Pfister+19)


III. Rate of TDEs in a mock universe (Pfister+20c)
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Around which BHs can we find 
TDEs? How does the rate evolves 

with redshift? Does "stellar 
accretion" affect the growth of 

BHs?
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ρ(r) = ρ0(r/r0)−γ
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2. Results from Wang+04 using the Loss Cone 
Formalism:


Γ (M∙, γ, ρ0, r0)
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1. Power law density profile:

ρ(r) = ρ0(r/r0)−γ

2. Results from Wang+04 using the Loss Cone 
Formalism:


Γ (M∙, γ, ρ0, r0)
3. Between  and :  is removed from 

surrounding stars,  goes back in 
the medium (gas),  is accreted 
by the BH, and  is emitted as 
feedback. 

t t + dt Γdt
Γ(1 − fa)dt
Γfa(1 − ϵr)dt

Γfaϵrdt
( fa = 0.5; ϵr = 0.1)

We need to estimate self-consistently 
TDEs, on the fly, in a simulation.
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Rate of TDEs in a mock universe

• Cosmological simulation 
of a  galaxy at 

.

• State of the art subgrid 

physics: cooling, star 
formation, supernovae 
feedback, metal 
enrichment, BHs etc…


• Resolution of .

• Model for growth through 

TDEs and subsequent 
feedback.

1010 M⊙
z = 6

Δx = 7 pc
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Rate of TDEs in a mock universe

• There can be many BHs in the galaxy, 
they are inherited by mergers: the total 
TDE rate is not simply the one of the 
central BH.


• It can be that wandering BHs have a 
large rate .( > 10−5 yr−1)
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with Reines+15 for 

 galaxies

M∙ ∼ 10−4M⋆

M⋆ ∼ 1010 M⊙
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Stellar accretion dominates the 
growth of BHs in their early life
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• Stars getting close to BHs can be tidally disrupted, resulting in a luminous 
flare: a tidal disruption event


• We have observed a dozen of TDEs to date, yielding an overall  
rate over-represented in post-starburst galaxies


• Using standard Loss Cone Formalism results, we recover this typical rate 
in "real" galaxies (Pfister+20b)


• Applying the Loss Cone Formalism, we find that the TDE rate is naturally 
enhanced in post-starburst galaxies due to the enhancement of the stellar 
density in the vicinity of the BH (Pfister+19)


• We develop a simple subgrid model to self-consistently take into account 
TDEs in simulations


• We find that the rate can be high for off-centered BHs

• We find that TDE subsequent stellar accretion can be important in the early 

life of BHs. (Pfister+20c)

10−4 yr−1
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What is the rate at which stars 
are displaced from safe orbits 
to doomed orbits? and what 
causes this displacement? 
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• The relaxation timescale 
 corresponding to the 

time to significantly 
change the orbit

Tr
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• If  then it is very fast to repopulate doomed orbit, the loss 
cone is always full. We talk about the full loss cone regime (or the 
pinhole regime).
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• If  then, during one orbit, everything happen as if the 
potential was perfectly smooth. Orbits are slightly changed during 
one period such that stars diffuse onto doomed orbits. We talk 
about the diffusive regime (or empty loss cone).
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• If  then calculations are complicated, but doable 
(Lightman+77, Strubbe+11, Merritt+13, Vasiliev+17, Pfister+21)

P ∼ Tr
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M∙

n⋆(r)

1. Estimate the number 
density of stars going in 
the cone:

n⋆(r) × ϵ(r)
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M∙

n⋆(r)

1. Estimate the number 
density of stars going in 
the cone:

n⋆(r) × ϵ(r)
2. Typical timescales:

τ(r) ∼ max (P(r); Tr(r))
3. TDE rate:

Γ ∼ ∫
ϵn
τ

× 4πr2dr
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Tidal Disruption Rates in an E+A Galaxy 5

profile analogous to the classical Nuker law:

I(R) =2(���)/↵
I
0
b

✓
Rc

R

◆� 
1 +

✓
R

Rc

◆↵c
�(���)/↵c

(2)

⇥

1 +

✓
R

Rb

◆↵�(���)/↵

,

In this “double Nuker” profile, I
0
b

= Ib(Rb/Rc)�(1 +
(Rb/Rc)↵c)(���)/↵c . We fix ↵ = ↵c = 10, which pro-
duces an I(R) profile very similar to an infinitely sharp
break (↵c = 1), but that avoids unwanted deprojection
errors. The outer power-law index �, the intermediate
power-law index �, and the outer break radius Rb are all
fitted to the observed light from the innermost 100 pc
in NGC 3156; the inner power-law index � and break ra-
dius Rc are sub-resolution parameters that are set by the
theoretical considerations we detail below.
We use ⇢(r) to calculate the gravitational potential

 (r) and then the stellar distribution function f("), as-
suming isotropic velocities6. Here both the potential  
and specific orbital energy " are written in stellar dynam-
ics notation (bound orbits are positive). The distribution
function is used to compute orbit-averaged di↵usion co-
e�cients µ̄(") due to two-body relaxation, which in turn
provide the flux of stars into the loss cone per energy bin
per time, F("). Finally, we multiply F(") by a correction
factor accounting for a mass spectrum of stars7, as de-
scribed in Appendix A of Magorrian & Tremaine (1999),
and compute the total rate Ṅ =

R
F(")d". We refer the

reader to the original literature for a detailed summary
of this procedure (Magorrian & Tremaine 1999; Wang &
Merritt 2004).
The primary inputs to our calculation are the surface

brightness profile I(R); the SMBH mass M•; and the
mass-to-light ratio ⌥. Using the HST photometry (i.e.,
the F225W, F475W, F555W, and F814W filters), we find
that for the F475W filter, the galaxy-averaged value of
⌥ = 1.58 shrinks to ⌥ = 0.485 for the central 50 pc; this
is consistent with the radial color gradients found in a
broader investigation of E+A galaxies (Pracy et al. 2012,
2013), and indicates that star formation in NGC 3156
was preferentially concentrated in its nucleus. For the
F555W filter, we find ⌥ = 0.496 in the central 50 pc.
To test the sensitivity of our calculated TDE rate to

uncertainties in the observations, we consider six sur-
face brightness profiles I(R). In scenarios A1, A2, and

6 Detailed dynamical modeling of NGC 3156 indicates a global
bias toward modestly radial orbits (Cappellari et al. 2007); if such
a bias holds down to very small radii, this would increase the true
TDE rate above our isotropic calculation. A detailed anisotropic
modeling of NGC 3156 is beyond the scope of this paper, and in any
case our goal is to benchmark this rate calculation against TDE
rates in large samples of galaxies, which have always been com-
puted under the assumption of velocity isotropy (Wang & Merritt
2004; Stone & Metzger 2016).

7 In this paper, we assume a Kroupa initial mass function
(Kroupa 2001) truncated at a maximum mass of m? = 3M�. Com-
pared to a single-mass distribution, TDE rates are increased by the
larger number of stars present in the mass function, but decreased
by the reduction in di↵usion coe�cients; the net e↵ect is a modest
increase, by a factor of 2.22, over the equivalent calculation where
all stars possess m? = M�. We neglect the changing tidal radius
for stars of di↵erent masses because it varies little across the lower
main sequence and alters the loss cone flux F(") by a factor that
is at most logarithmic in the ratio of tidal radii.
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Fig. 3.— Flux of stars into the SMBH loss cone in NGC 3156.
The loss cone flux F(✏) is a function of specific orbital energy ✏, and
has units of per time per specific energy. The blue and green lines
show the F555W and F475W filters, respectively, while the dotted,
dashed, and solid lines correspond to the Tiny Tim, calibration
star, and Anderson PSF models. The flux curves depend only
weakly on the choice of filter or PSF model.

A3, we use the F555W filter and a PSF modeled with
Tiny Tim, the calibration star, and the empirical Library
PSF model, respectively. In scenarios B1, B2, and B3,
we use the same respective PSF models for the F475W
filter. In these six fiducial scenarios, we find interme-
diate power-law slopes 1.15  �  1.31. These slopes
are extreme outliers compared with the inner slopes of
most other observed galaxies (Lauer et al. 2007), and in
many cases will produce a formally divergent TDE rate:
if � = 5/4, equal logarithmic intervals in energy space
will contribute equally to the TDE rate inside the SMBH
influence radius, and if � � 5/4, the TDE rate diverges
when integrated to " = 1 (Syer & Ulmer 1999).
We therefore fix � = 3/4, the value typical for a re-

laxed, idealized stellar system in the SMBH influence
radius (Bahcall & Wolf 1976). We set the location of the
transition to be Rc = rBW, the “Bahcall-Wolf” radius
where the relaxation time is equal to tage, the age of the
system:

r
3/2��

BW
=

0.34M3/2

• hm?i
G1/2hm2

?
itage⇢(r0)r�0 ln⇤

. (3)

Here � = �+1 is the power-law slope of the inner 3D den-
sity profile8. In this equation hm?i and hm2

?
i are the first

and second moments of the stellar present day mass func-
tion (PDMF). We take a Kroupa initial mass function
(Kroupa 2001) and truncate it at a maximumm? = 3M�
to approximate the PDMF of a post-starburst galaxy
with a large population of A stars. The reference radius
r0 is any radius that satisfies rBW < r0 < Rb, and we
take the Coulomb logarithm to be ⇤ ⌘ 0.4M•/hm?i. We
conservatively take tage = 109 yr, which increases rBW

and decreases the TDE rate relative to younger nuclear
starbursts.
The results for all scenarios are shown in Fig. 3. Gen-

erally speaking, we find that the TDE rate in NGC 3156
is quite insensitive to the choice of PSF model or filter.

8 We note that inside the SMBH sphere of influence, systems
with � > 3/2 relax from the inside out, while those with � < 3/2
relax from the outside in. This formula fails to apply if it predicts
rBW > rinfl, but this does not occur for our fiducial parameter
choices and tage  109 yr.

a ∼
GM∙

2ϵ
∼ 2 pc

M∙ ∼ 106 M⊙
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Figure 2. Left: TDE rate as a function of the mass of the bulge. Right: TDE rate as a function of the mass of the MBH. In both cases we show the TDE rate
sourced from the bulge (circles) which can be interpreted as the TDE rate one would infer using observations of galaxies with unresolved NSC, and from the
NSC (stars). The di�erent colors indicate where we obtained the data: Nguyen et al. (2018) in orange; Davis et al. (2019) in dark blue; Pechetti et al. (2019) in
pink and the Milky Way using the NSC properties of Schödel et al. (2018) in green. Overall, there is a large scatter and no trend clearly appears, but galaxies
with a NSC see their TDE rate enhanced by ⇠2 orders of magnitude when it is taken into account.

would be seen; (iii) some of our galaxies have a resolved NSC; and
(iv) we extend the analysis to the dwarf galaxy regime, of crucial
importance for both TDEs and gravitational wave studies with LISA
(Amaro-Seoane et al. 2017).

3.2 Rates

We show in Fig. 2 the TDE rate generated by stars in the bulge
(circles) and, for galaxies which have a NSC, the TDE rate generated
by stars in the NSC (stars) as a function of the mass of the bulge (left
panel) and of the MBH (right panel). The di�erent colors indicate
where we obtained the data (see caption).

We begin with the TDE rates originating from stars in bulges (cir-
cles), which we interpret as the TDE rate one would infer using a den-
sity profile obtained with observations of galaxies with unresolved
NSCs. The size of a NSC is typically of 1-50 pc, corresponding to
⇠ 0.100 at 10 Mpc, thus NCSs would be unresolved in most galaxies
(Lauer et al. 1998; Stone & van Velzen 2016; Sánchez-Janssen et al.
2019; Pechetti et al. 2019). Given the small number of MBHs at the
low mass end ("

¢,bulge < 5⇥109 M� and "• < 106 M�), inferring
“trends” would be dangerous; for the whole sample we find a mean
TDE rate of 5 ⇥ 10�6 yr�1 and in general no significant dependence
on bulge or MBH mass.

While this mean value is lower than current estimates, it does
not take into account that some galaxies host a NSC in their center,
which can enhance the TDE rate by orders of magnitude. Consider
for instance the Milky Way, we find a TDE rate of 9.1 ⇥ 10�5 yr�1

including the NSC (green star) and 1.4⇥ 10�7 yr�1 without it (green
circle), resulting in an enhancement of ⇠ 600. This example shows
how crucial it is to take into account NSCs when they exist. For the
6 galaxies for which the NSC is resolved and the density profiles is
known, we find a total enhancement of the TDE rate when including
NSCs varying between 6 (Circinus) to 4800 (NGC 205), with an
average at 900. The mean TDE rate for these 6 NSCs is 5⇥10�5 yr�1.

This analysis illustrates how important it is to properly resolve
NSCs to have a correct estimate of the TDE rate, as their pres-
ence/absence drastically changes the central density, changing the
estimates of the TDE rate by orders of magnitude. However, all our
lower mass MBHs are surrounded by a NSC, and conversely, none of
our massive ones are. This is expected: the nucleation fraction has a

Figure 3. TDE rate as a function of the density at the MBH influence radius
for NSCs (stars) and bulges (circles). The di�erent colors indicate where we
obtained the data: Nguyen et al. (2018) in orange; Davis et al. (2019) in dark
blue; Pechetti et al. (2019) in pink and the Milky Way using the NSC of
Schödel et al. (2018) in green. We also indicate with the dashed black line the
fit from Eq. (8) as well as the 1-sigma scatter (0.6 dex) about the fit (shaded
area).

peak of about 80–100% for 109 M� galaxies and decreases at lower
and higher masses (Sánchez-Janssen et al. 2019); to assess more
thouroughly the role of NSCs in sourcing TDEs, ideally we would
need MBH mass measurements in a large sample of galaxies with
and without resolved NSCs. Given that such observational sample is
not available, in §4, we build a mock catalog of galaxies to perform
this analysis.

3.3 A fast estimate of the TDE rate

Ideally, one would want to compute the TDE rate given the observed
Sérsic properties of the structures ("¢, 'e� and =) and the mass of the
central MBH ("•) using a simple scaling. The TDE rate in a galaxy
is in general a complex function of the four parameters describing the
system in our model, however, a natural quantity tracing the TDE rate
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Γ ∼ 10−7.4 yr−1 ( ρinf

M⊙ pc−3 )
0.65
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