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Tidal Disruption Events (TDEs)
‣ A star is disrupted by a Supermassive Black hole (SMBH) when 

the star falls inside the tidal disruption radius (rT).   
‣ The SMBHs (MBH > 108 Msun) will not cause the TDEs due to  

rT < rsch for stars lighter than the solar mass. 

‣ The luminosity suddenly rises and follows power-law decay, of 
which index is ~ -5/3 (Phinney 1989).
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‣ Effect on the SMBH mass growth history.  
‣ Prediction of TDE number detected by a given 

observatory in the future.

‣ Derivation of TDE Luminosity function (= LF, 
Mpc-3log L-1yr-1), where L is “peak” luminosity.

From the LF, we can know ..
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‣ All-sky survey with MAXI is highly useful to detect transient TDEs 
‣ We analyzed the all-sky data obtained every 30/90 days to search for 

transient events, such as TDEs (2009/09-2012/10). 
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Fig. 1.— Left figure shows the significant map in a region where Swift J1644+58 (left upper source) was detected. On the other hand, the

right map is created in the same region with the data obtained during the 37 month. The brighter color indicates the higher significance
according to the scale bar on the top of each figure.

TABLE 1
Transient Events Detected with MAXI

MAXI Name R.A. Decl. f4−10keV Significance Counterpart Type
[1] [2] [3] [4] [5] [6] [7]

2MAXIt J0745−504 116.451 -50.496 5.159 6.070 HD 63008 Star
2MAXIt J1108−829 167.064 -82.914 2.882 6.702 Swift J1112.2-8238
2MAXIt J1159+238 179.814 23.876 2.656 5.774
2MAXIt J1507−217 226.882 -21.743 8.592 10.352 GRB 091120 Gamma-Ray Burst
2MAXIt J1517+067 229.350 6.793 1.795 5.790
2MAXIt J1604−185 241.002 -18.521 5.655 7.747 GSC 06204-00812 Rotationally variable Star
2MAXIt J1645+576 251.379 57.604 3.180 8.834 Swift J164449.3+573451 Tidal Disruption Event
2MAXIt J1807+132 271.806 13.269 2.725 5.678
2MAXIt J1944+022 296.170 2.203 2.447 6.117 Swift J1943.4+0228 CV
2MAXIt J2058+053 314.578 5.377 3.387 6.390 Swift J2058.4+0516 Tidal Disruption Event
2MAXIt J2153−578 328.259 -57.893 1.879 6.479
2MAXIt J2234−525 338.625 -52.548 9.033 6.022
2MAXIt J2313+030 348.455 3.037 4.089 6.013 SZ Psc RSCVn

Note. — Col. [1]: MAXI Name; Col. [2]: Right ascension in units of degree; Col. [3]: Declination in units of degree; Col.
[4]: Average flux (erg s−1 cm−2) over a time interval in 4-10 keV band in units of mCrab; Col. [5]: Detection significance;
Col. [6]: Name of counterpart; Col. [7]: Type of the counterpart.

fitting procedure are implemented. Because the sun light
penetrating from the back of the GSCs sometimes causes
the transient like fake events, we exclude the events on
the basis of the image data and the spectra obtained by
MAXI on-demand process.
Table 1 summarizes the events with their detection sig-

nificance being sD ≥ 5.5, where sD is defined as ”(best-fit
flux in 4-10 keV)/(its 1σ statistical error)”. The param-
eters derived in the span when the detection significance
is highest among all spans are listed. To find the possible
counterparts of our transient events, we have checked X-
ray source catalogs, transient source catalogs and the pa-
pers related to Gamma-ray Bursts and TDEs: Palermo
Swift BAT X-ray catalog (Cusumano et al. 2010), Fermi
2nd LAT Catalog (Nolan et al. 2012), ROSAT Bright
Source Catalog (Voges et al. 1999), Swift BAT 70-month
Catalog (Baumgartner et al. 2013), Swift Transient Mon-
itor Catalog (Krimm et al. 2013), First XMM-Newton
Sky Slew Survey Catalog (Saxton et al. 2008), INTE-
GRAL General Reference Catalog (version 36), and the

papers of Cenko et al. (2012), Zauderer et al. (2013) and
Serino et al. (2014). The counterpart for a given tran-
sient event is determined to be the source located within
the circular positional error consisting of the statistical
one and the systematic one, σpos = (σ2

stat + σ2
sys)

1/2.
Here, the systematic error is chosen to be 0◦.05 accord-
ing to the previous studies (Hiroi et al. 2011; Hiroi et
al. 2013). When cross-correlating the transient events
with the sources listed in the reference catalogs, we adopt
the 3σpos error corresponding to 99% confidence, while
the errors attached to the sources in the catalogs are ig-
nored. This is because the errors of the transient sources
are large compared with those of the other sources. As
a result, we have confirmed two TDEs to be detected
(Swift J1644+57 and Swift J2058+05) in our analysis.
The more detailed information concerned with the tran-
sient events is given in the Appendix.

4. LIGHT CURVE ANALYSIS
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Fig. 1.— Left figure shows the significant map in a region where Swift J1644+58 (left upper source) was detected. On the other hand, the
right map is created in the same region with the data obtained during the 37 month. The brighter color indicates the higher significance
according to the scale bar on the top of each figure.
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the basis of the image data and the spectra obtained by
MAXI on-demand process.
Table 1 summarizes the events with their detection sig-

nificance being sD ≥ 5.5, where sD is defined as ”(best-fit
flux in 4-10 keV)/(its 1σ statistical error)”. The param-
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Detection of TDEs with MAXI
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Fig. 1.— Left figure shows the significant map in a region where Swift J1644+58 (left upper source) was detected. On the other hand, the

right map is created in the same region with the data obtained during the 37 month. The brighter color indicates the higher significance
according to the scale bar on the top of each figure.
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Fig. 1.— Left figure shows the significant map in a region where Swift J1644+58 (left upper source) was detected. On the other hand, the
right map is created in the same region with the data obtained during the 37 month. The brighter color indicates the higher significance
according to the scale bar on the top of each figure.
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‣ All-sky survey with MAXI is highly useful to detect transient TDEs 
‣ We analyzed the all-sky data obtained every 30/90 days to search for 

transient events, such as TDEs (2009/09-2012/10).  
‣ We adopted the two criteria of “1) high amplitude” and “2) -5/3 power-

law decay of light curve” to identify TDEs.

(Swift J1644+57)
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X-ray Survey for TDEs

7

Four TDE candidates are found (2009/09-2012/10)
Publications of the Astronomical Society of Japan, (2016), Vol. 00, No. 0 5
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Fig. 2. X-ray (3–10 keV) light curves of four TDEs during their flares. Only blue regions are used to be fit with a power-law decay model. The best-fit power-law
index (n) is indicated in each panel with errors at 90% confidence level.
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Fig. 3. X-ray (3–10 keV) light curves of the three TDEs with relativistic jets around their peak luminosities in 1 day bins. For Swift J1644+57 no MAXI data
were obtained around MJD ∼55660.

luminosity conversion between different energy bands, we need
to assume model spectra of TDEs. According to the previous
studies on TDEs observed in the X-ray band (e.g., Esquej et al.
2007; Burrows et al. 2011; Nikołajuk & Walter 2013), we can
approximate that the X-ray spectra of TDEs without jets are
composed of blackbody radiation and a power law, which orig-
inate from the optically thick disk and its Comptonized com-
ponent by hot corona, respectively. For TDEs with jets, a rela-
tivistically beamed power law is added to the above spectrum.
A representative spectrum is shown in Figure 4, where the pho-
ton indices of the two power-law components are assumed to be
2. Modelling the decay profile of the lightcurve of a TDE with
(t/tp)

−5/3, we can relate an observed, instantaneous luminos-
ity at t in a given energy band calculated by assuming isotropic

emission, Lobs
X,ins(t), to its corresponding peak luminosity Lobs

X ,
as

Lobs
X,ins(t) = Lobs

X

(
t
tp

)−5/3

(t≥ tp). (1)

We define Lx as the “intrinsic” peak luminosity of the
Comptonized power-law component in the rest-frame 4–10 keV
band. It can be converted into the “observed” peak luminosity
by

Lobs
X = CLX, (2)

where C (C0 or C1; see below) is the conversion factor that
depends on the shape of the spectrum, redshift, and viewing
angle with respect to the jet axis (for TDEs with jets).

Publications of the Astronomical Society of Japan, (2016), Vol. 00, No. 0 5
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Fig. 3. X-ray (3–10 keV) light curves of the three TDEs with relativistic jets around their peak luminosities in 1 day bins. For Swift J1644+57 no MAXI data
were obtained around MJD ∼55660.
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ponent by hot corona, respectively. For TDEs with jets, a rela-
tivistically beamed power law is added to the above spectrum.
A representative spectrum is shown in Figure 4, where the pho-
ton indices of the two power-law components are assumed to be
2. Modelling the decay profile of the lightcurve of a TDE with
(t/tp)

−5/3, we can relate an observed, instantaneous luminos-
ity at t in a given energy band calculated by assuming isotropic

emission, Lobs
X,ins(t), to its corresponding peak luminosity Lobs

X ,
as

Lobs
X,ins(t) = Lobs

X

(
t
tp

)−5/3

(t≥ tp). (1)

We define Lx as the “intrinsic” peak luminosity of the
Comptonized power-law component in the rest-frame 4–10 keV
band. It can be converted into the “observed” peak luminosity
by

Lobs
X = CLX, (2)

where C (C0 or C1; see below) is the conversion factor that
depends on the shape of the spectrum, redshift, and viewing
angle with respect to the jet axis (for TDEs with jets).
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studies on TDEs observed in the X-ray band (e.g., Esquej et al.
2007; Burrows et al. 2011; Nikołajuk & Walter 2013), we can
approximate that the X-ray spectra of TDEs without jets are
composed of blackbody radiation and a power law, which orig-
inate from the optically thick disk and its Comptonized com-
ponent by hot corona, respectively. For TDEs with jets, a rela-
tivistically beamed power law is added to the above spectrum.
A representative spectrum is shown in Figure 4, where the pho-
ton indices of the two power-law components are assumed to be
2. Modelling the decay profile of the lightcurve of a TDE with
(t/tp)

−5/3, we can relate an observed, instantaneous luminos-
ity at t in a given energy band calculated by assuming isotropic

emission, Lobs
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as
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We define Lx as the “intrinsic” peak luminosity of the
Comptonized power-law component in the rest-frame 4–10 keV
band. It can be converted into the “observed” peak luminosity
by

Lobs
X = CLX, (2)

where C (C0 or C1; see below) is the conversion factor that
depends on the shape of the spectrum, redshift, and viewing
angle with respect to the jet axis (for TDEs with jets).
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luminosity conversion between different energy bands, we need
to assume model spectra of TDEs. According to the previous
studies on TDEs observed in the X-ray band (e.g., Esquej et al.
2007; Burrows et al. 2011; Nikołajuk & Walter 2013), we can
approximate that the X-ray spectra of TDEs without jets are
composed of blackbody radiation and a power law, which orig-
inate from the optically thick disk and its Comptonized com-
ponent by hot corona, respectively. For TDEs with jets, a rela-
tivistically beamed power law is added to the above spectrum.
A representative spectrum is shown in Figure 4, where the pho-
ton indices of the two power-law components are assumed to be
2. Modelling the decay profile of the lightcurve of a TDE with
(t/tp)

−5/3, we can relate an observed, instantaneous luminos-
ity at t in a given energy band calculated by assuming isotropic

emission, Lobs
X,ins(t), to its corresponding peak luminosity Lobs

X ,
as

Lobs
X,ins(t) = Lobs

X

(
t
tp

)−5/3

(t≥ tp). (1)

We define Lx as the “intrinsic” peak luminosity of the
Comptonized power-law component in the rest-frame 4–10 keV
band. It can be converted into the “observed” peak luminosity
by

Lobs
X = CLX, (2)

where C (C0 or C1; see below) is the conversion factor that
depends on the shape of the spectrum, redshift, and viewing
angle with respect to the jet axis (for TDEs with jets).
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we find 17 (14) objects satisfy the criterion that the ra-
tio between the highest and second highest flux bins is
larger than 5 in the 30 (90) day light curve. For these
candidates, we then perform the same light-curve fitting
with a power law profile as described above. The time
delay from the TDE onset to the observed flux peak is
set to be either 20 days or 80 days. As a result, we find
that none of them show a decaying index consistent with
−5/3. Thus, we conclude that MAXI detected only the
3 TDEs identified above during the first 37 months of its
operation as long as TDEs share similar characteristics
in the X-ray light curve to those of the known events.

3. X-RAY LUMINOSITY FUNCTION OF TIDAL
DISRUPTION EVENTS

3.1. TDE Sample

We regard that the 3 identified TDEs listed in Table 1
constitutes a complete sample from the MAXI survey
for 37 months, and we utilize them to derive the XLF.
When integrated for 30 days, the MAXI survey covers
all the high Galactic latitude (|b| > 10◦) region, which
corresponds to 83% of the entire sky. As described in the
previous section, we search for TDEs based on 30 days or
90 days binned light curves. Thus, the sensitivity limit
for the 30-days averaged peak flux of TDEs to which
our survey is complete is determined by that for 30-days
integrated data of MAXI/GSC, which is 2.5 mCrab, or
3 × 10−11 erg s−1 cm−2 (4–10 keV). For simplicity, we
ignore the dependence of the sensitivity on sky positions
(Hiroi et al. 2013), whose effects are much smaller than
the statistical uncertainties in the XLF parameters.
In this paper, we define the observed X-ray luminosity

of a TDE, Lobs
x , as that in the rest-frame 4–10 keV band

averaged over 30 days starting from the peak flux time.
The luminosity is calculated by assuming isotropic emis-
sion, even though this is not the case for beamed TDEs
such as Swift J1644+57 and Swift J2058+05. It is neces-
sary to assume a spectrum to derive the luminosity from
the observed count rate of MAXI/GSC. Because we use
the relatively hard energy band (4–10 keV), we ignore
the effect by intrinsic absorption for simplicity, which
is estimated to be NH ∼ 7 × 1022 cm−2 for NGC 4845
(Niko"lajuk & Walter 2013) and NH ∼ 1× 1022 cm−2 for
Swift J1644+57 (Burrows et al. 2011). We adopt a power
law photon index of 2.0, which is consistent with the pre-
vious studies (Burrows et al. 2011; Cenko et al. 2012;
Niko"lajuk & Walter 2013). In this case, the K-correction
factor is always unity. Indeed, for all the TDEs, the
hardness ratio between the 4–10 keV and 3–4 keV count
rates obtained from the MAXI data is consistent with
the assumed photon index within uncertainties. The cal-
culated luminosity of each TDE is listed in Table 1. Its
systematic error due to the uncertainty in the peak-flux
time within the bin size of the MAXI light curve has
negligible effects on our conclusions.

3.2. Formulation of TDE X-ray Luminosity Function

In our paper an X-ray luminosity Lx always refers to an
“Eddington limited” luminosity, while Lobs

x an observed
one. Hence, the jet luminosity is taken into consideration
in Lobs

x , while not in Lx. For TDEs with relativistic jets,
we need to convert the intrinsic luminosity (i.e., that
would be observed without beaming) into the observed

one. The Doppler factor, δ, is represented as

δ =
1

Γ −
√

Γ2 − 1 cos θ
, (1)

where Γ is the Lorentz factor and θ is the viewing angle
with respect to the jet axis. The observed luminosity
from jets increases from the intrinsic one by a factor of
δ4, and the intrinsic frequency shifts toward the higher
frequency by δ. Here, the frequency shift does not af-
fect our analysis under the assumption of a photon index
of 2 for the X-ray spectra. For simplicity, we assume
Γ = 10, which is suggested from the analysis of the spec-
trum energy distribution (SED) of Swift J1644+57 by
Burrows et al. (2011). Then, θ can be estimated if δ is
constrained from the observations, as listed in Table 1
for Swift J1644+57.
We define the XLF of TDEs so that

dΦ(logLx, z)

d logLx
(Lx, z) (2)

represents the TDE occurrence rate per unit co-moving
volume per logLx per unit rest-frame time, as a function
of Lx, and z, in units of Mpc−3 dex−1 yr−1. The same
formulation can be applied for TDEs without jets, where
θ is a dummy parameter and δ = 1. Note that this
function has an additional dimension of per unit time
compared with the “instantaneous” XLF of TDEs and
the XLF of AGN (see subsection 3.6), which represents
the number density of TDEs and AGN, respectively, ob-
served in a single epoch.
In our work, we make simple assumptions for mod-

elling the shape of the TDE XLF. First, we write the
TDE occurrence rate per unit volume as a function of
SMBH mass. It should be proportional to the product of
the SMBH mass function (i.e., comoving number density
of SMBHs) and a specific TDE rate in a single SMBH.
The local SMBH mass function can be derived from the
local luminosity function of galaxies by using the Faber-
Jackson relation between the galaxy luminosity and the
SMBH mass, Lgal ∝ Mk

BH (e.g., Ferrarese 2002; Milosavl-
jević et al. 2006). It has a form of the Schechter function
represented as

ψ(MBH∗;MBH)dMBH = ψ0

( MBH

MBH∗

)γ
e−(

MBH
MBH∗

)k dMBH

MBH∗
.

Here, γ = k(α + 1) − 1, where α is a parameter of the
galaxy luminosity function defined as Ψ(Lgal∗;Lgal)dL =
Ψ0(Lgal/Lgal∗)αe−Lgal/Lgal∗dLgal/Lgal∗. The subscript ∗
indicates the characteristic parameter. Unless otherwise
noted, we adopt k = 0.8, log(MBH∗/M⊙) = 8.5, and
α = −1.3 according to the results obtained by Marconi
& Hunt (2003) and Blanton et al. (2001).
We refer to the dependence of the specific TDE rate

on SMBH mass derived by Stone & Metzger (2014),

ξ ∝ Mλ
BH, (3)

where λ is chosen to be −0.4. They estimate it with the
largest sample to date under the assumption that the
surface brightness of a galaxy reflects the TDE rates.
To represent the TDE occurrence rate as a function of

luminosity, we further make an assumption that the in-
trinsic luminosity L of a TDE (i.e., that free from beam-
ing effects) is proportional to the SMBH mass, or equiv-
alently, a constant fraction of the Eddington luminosity,

‣ LF is first based on SMBH mass function (Mpc-3MBH
-1)

Model of TDE LF

(γ = -1.24, k = 0.8) 
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we find 17 (14) objects satisfy the criterion that the ra-
tio between the highest and second highest flux bins is
larger than 5 in the 30 (90) day light curve. For these
candidates, we then perform the same light-curve fitting
with a power law profile as described above. The time
delay from the TDE onset to the observed flux peak is
set to be either 20 days or 80 days. As a result, we find
that none of them show a decaying index consistent with
−5/3. Thus, we conclude that MAXI detected only the
3 TDEs identified above during the first 37 months of its
operation as long as TDEs share similar characteristics
in the X-ray light curve to those of the known events.

3. X-RAY LUMINOSITY FUNCTION OF TIDAL
DISRUPTION EVENTS

3.1. TDE Sample

We regard that the 3 identified TDEs listed in Table 1
constitutes a complete sample from the MAXI survey
for 37 months, and we utilize them to derive the XLF.
When integrated for 30 days, the MAXI survey covers
all the high Galactic latitude (|b| > 10◦) region, which
corresponds to 83% of the entire sky. As described in the
previous section, we search for TDEs based on 30 days or
90 days binned light curves. Thus, the sensitivity limit
for the 30-days averaged peak flux of TDEs to which
our survey is complete is determined by that for 30-days
integrated data of MAXI/GSC, which is 2.5 mCrab, or
3 × 10−11 erg s−1 cm−2 (4–10 keV). For simplicity, we
ignore the dependence of the sensitivity on sky positions
(Hiroi et al. 2013), whose effects are much smaller than
the statistical uncertainties in the XLF parameters.
In this paper, we define the observed X-ray luminosity

of a TDE, Lobs
x , as that in the rest-frame 4–10 keV band

averaged over 30 days starting from the peak flux time.
The luminosity is calculated by assuming isotropic emis-
sion, even though this is not the case for beamed TDEs
such as Swift J1644+57 and Swift J2058+05. It is neces-
sary to assume a spectrum to derive the luminosity from
the observed count rate of MAXI/GSC. Because we use
the relatively hard energy band (4–10 keV), we ignore
the effect by intrinsic absorption for simplicity, which
is estimated to be NH ∼ 7 × 1022 cm−2 for NGC 4845
(Niko"lajuk & Walter 2013) and NH ∼ 1× 1022 cm−2 for
Swift J1644+57 (Burrows et al. 2011). We adopt a power
law photon index of 2.0, which is consistent with the pre-
vious studies (Burrows et al. 2011; Cenko et al. 2012;
Niko"lajuk & Walter 2013). In this case, the K-correction
factor is always unity. Indeed, for all the TDEs, the
hardness ratio between the 4–10 keV and 3–4 keV count
rates obtained from the MAXI data is consistent with
the assumed photon index within uncertainties. The cal-
culated luminosity of each TDE is listed in Table 1. Its
systematic error due to the uncertainty in the peak-flux
time within the bin size of the MAXI light curve has
negligible effects on our conclusions.

3.2. Formulation of TDE X-ray Luminosity Function

In our paper an X-ray luminosity Lx always refers to an
“Eddington limited” luminosity, while Lobs

x an observed
one. Hence, the jet luminosity is taken into consideration
in Lobs

x , while not in Lx. For TDEs with relativistic jets,
we need to convert the intrinsic luminosity (i.e., that
would be observed without beaming) into the observed

one. The Doppler factor, δ, is represented as

δ =
1

Γ −
√

Γ2 − 1 cos θ
, (1)

where Γ is the Lorentz factor and θ is the viewing angle
with respect to the jet axis. The observed luminosity
from jets increases from the intrinsic one by a factor of
δ4, and the intrinsic frequency shifts toward the higher
frequency by δ. Here, the frequency shift does not af-
fect our analysis under the assumption of a photon index
of 2 for the X-ray spectra. For simplicity, we assume
Γ = 10, which is suggested from the analysis of the spec-
trum energy distribution (SED) of Swift J1644+57 by
Burrows et al. (2011). Then, θ can be estimated if δ is
constrained from the observations, as listed in Table 1
for Swift J1644+57.
We define the XLF of TDEs so that

dΦ(logLx, z)

d logLx
(Lx, z) (2)

represents the TDE occurrence rate per unit co-moving
volume per logLx per unit rest-frame time, as a function
of Lx, and z, in units of Mpc−3 dex−1 yr−1. The same
formulation can be applied for TDEs without jets, where
θ is a dummy parameter and δ = 1. Note that this
function has an additional dimension of per unit time
compared with the “instantaneous” XLF of TDEs and
the XLF of AGN (see subsection 3.6), which represents
the number density of TDEs and AGN, respectively, ob-
served in a single epoch.
In our work, we make simple assumptions for mod-

elling the shape of the TDE XLF. First, we write the
TDE occurrence rate per unit volume as a function of
SMBH mass. It should be proportional to the product of
the SMBH mass function (i.e., comoving number density
of SMBHs) and a specific TDE rate in a single SMBH.
The local SMBH mass function can be derived from the
local luminosity function of galaxies by using the Faber-
Jackson relation between the galaxy luminosity and the
SMBH mass, Lgal ∝ Mk

BH (e.g., Ferrarese 2002; Milosavl-
jević et al. 2006). It has a form of the Schechter function
represented as

ψ(MBH∗;MBH)dMBH
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( MBH
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MBH
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Here, γ = k(α + 1) − 1, where α is a parameter of the
galaxy luminosity function defined as Ψ(Lgal∗;Lgal)dL =
Ψ0(Lgal/Lgal∗)αe−Lgal/Lgal∗dLgal/Lgal∗. The subscript ∗
indicates the characteristic parameter. Unless otherwise
noted, we adopt k = 0.8, log(MBH∗/M⊙) = 8.5, and
α = −1.3 according to the results obtained by Marconi
& Hunt (2003) and Blanton et al. (2001).
We refer to the dependence of the specific TDE rate

on SMBH mass derived by Stone & Metzger (2014),

ξ ∝ Mλ
BH, (4)

where λ is chosen to be −0.4. They estimate it with the
largest sample to date under the assumption that the
surface brightness of a galaxy reflects the TDE rates.
To represent the TDE occurrence rate as a function of

luminosity, we further make an assumption that the in-
trinsic luminosity L of a TDE (i.e., that free from beam-
ing effects) is proportional to the SMBH mass, or equiv-
alently, a constant fraction of the Eddington luminosity,
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we find 17 (14) objects satisfy the criterion that the ra-
tio between the highest and second highest flux bins is
larger than 5 in the 30 (90) day light curve. For these
candidates, we then perform the same light-curve fitting
with a power law profile as described above. The time
delay from the TDE onset to the observed flux peak is
set to be either 20 days or 80 days. As a result, we find
that none of them show a decaying index consistent with
−5/3. Thus, we conclude that MAXI detected only the
3 TDEs identified above during the first 37 months of its
operation as long as TDEs share similar characteristics
in the X-ray light curve to those of the known events.

3. X-RAY LUMINOSITY FUNCTION OF TIDAL
DISRUPTION EVENTS

3.1. TDE Sample

We regard that the 3 identified TDEs listed in Table 1
constitutes a complete sample from the MAXI survey
for 37 months, and we utilize them to derive the XLF.
When integrated for 30 days, the MAXI survey covers
all the high Galactic latitude (|b| > 10◦) region, which
corresponds to 83% of the entire sky. As described in the
previous section, we search for TDEs based on 30 days or
90 days binned light curves. Thus, the sensitivity limit
for the 30-days averaged peak flux of TDEs to which
our survey is complete is determined by that for 30-days
integrated data of MAXI/GSC, which is 2.5 mCrab, or
3 × 10−11 erg s−1 cm−2 (4–10 keV). For simplicity, we
ignore the dependence of the sensitivity on sky positions
(Hiroi et al. 2013), whose effects are much smaller than
the statistical uncertainties in the XLF parameters.
In this paper, we define the observed X-ray luminosity

of a TDE, Lobs
x , as that in the rest-frame 4–10 keV band

averaged over 30 days starting from the peak flux time.
The luminosity is calculated by assuming isotropic emis-
sion, even though this is not the case for beamed TDEs
such as Swift J1644+57 and Swift J2058+05. It is neces-
sary to assume a spectrum to derive the luminosity from
the observed count rate of MAXI/GSC. Because we use
the relatively hard energy band (4–10 keV), we ignore
the effect by intrinsic absorption for simplicity, which
is estimated to be NH ∼ 7 × 1022 cm−2 for NGC 4845
(Niko"lajuk & Walter 2013) and NH ∼ 1× 1022 cm−2 for
Swift J1644+57 (Burrows et al. 2011). We adopt a power
law photon index of 2.0, which is consistent with the pre-
vious studies (Burrows et al. 2011; Cenko et al. 2012;
Niko"lajuk & Walter 2013). In this case, the K-correction
factor is always unity. Indeed, for all the TDEs, the
hardness ratio between the 4–10 keV and 3–4 keV count
rates obtained from the MAXI data is consistent with
the assumed photon index within uncertainties. The cal-
culated luminosity of each TDE is listed in Table 1. Its
systematic error due to the uncertainty in the peak-flux
time within the bin size of the MAXI light curve has
negligible effects on our conclusions.

3.2. Formulation of TDE X-ray Luminosity Function

In our paper an X-ray luminosity Lx always refers to an
“Eddington limited” luminosity, while Lobs

x an observed
one. Hence, the jet luminosity is taken into consideration
in Lobs

x , while not in Lx. For TDEs with relativistic jets,
we need to convert the intrinsic luminosity (i.e., that
would be observed without beaming) into the observed

one. The Doppler factor, δ, is represented as

δ =
1

Γ −
√

Γ2 − 1 cos θ
, (1)

where Γ is the Lorentz factor and θ is the viewing angle
with respect to the jet axis. The observed luminosity
from jets increases from the intrinsic one by a factor of
δ4, and the intrinsic frequency shifts toward the higher
frequency by δ. Here, the frequency shift does not af-
fect our analysis under the assumption of a photon index
of 2 for the X-ray spectra. For simplicity, we assume
Γ = 10, which is suggested from the analysis of the spec-
trum energy distribution (SED) of Swift J1644+57 by
Burrows et al. (2011). Then, θ can be estimated if δ is
constrained from the observations, as listed in Table 1
for Swift J1644+57.
We define the XLF of TDEs so that

dΦ(logLx, z)
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(Lx, z) (2)

represents the TDE occurrence rate per unit co-moving
volume per logLx per unit rest-frame time, as a function
of Lx, and z, in units of Mpc−3 dex−1 yr−1. The same
formulation can be applied for TDEs without jets, where
θ is a dummy parameter and δ = 1. Note that this
function has an additional dimension of per unit time
compared with the “instantaneous” XLF of TDEs and
the XLF of AGN (see subsection 3.6), which represents
the number density of TDEs and AGN, respectively, ob-
served in a single epoch.
In our work, we make simple assumptions for mod-

elling the shape of the TDE XLF. First, we write the
TDE occurrence rate per unit volume as a function of
SMBH mass. It should be proportional to the product of
the SMBH mass function (i.e., comoving number density
of SMBHs) and a specific TDE rate in a single SMBH.
The local SMBH mass function can be derived from the
local luminosity function of galaxies by using the Faber-
Jackson relation between the galaxy luminosity and the
SMBH mass, Lgal ∝ Mk

BH (e.g., Ferrarese 2002; Milosavl-
jević et al. 2006). It has a form of the Schechter function
represented as
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Here, γ = k(α + 1) − 1, where α is a parameter of the
galaxy luminosity function defined as Ψ(Lgal∗;Lgal)dL =
Ψ0(Lgal/Lgal∗)αe−Lgal/Lgal∗dLgal/Lgal∗. The subscript ∗
indicates the characteristic parameter. Unless otherwise
noted, we adopt k = 0.8, log(MBH∗/M⊙) = 8.5, and
α = −1.3 according to the results obtained by Marconi
& Hunt (2003) and Blanton et al. (2001).
We refer to the dependence of the specific TDE rate

on SMBH mass derived by Stone & Metzger (2014),

ξ ∝ Mλ
BH, (3)

where λ is chosen to be −0.4. They estimate it with the
largest sample to date under the assumption that the
surface brightness of a galaxy reflects the TDE rates.
To represent the TDE occurrence rate as a function of

luminosity, we further make an assumption that the in-
trinsic luminosity L of a TDE (i.e., that free from beam-
ing effects) is proportional to the SMBH mass, or equiv-
alently, a constant fraction of the Eddington luminosity,

‣ LF is first based on SMBH mass function (Mpc-3MBH
-1)

‣ The BH mass dependence of the TDE rate (yr-1; Stone+14).

Model of TDE LF

(γ = -1.24, k = 0.8) 

(λ = -0.4) 
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we find 17 (14) objects satisfy the criterion that the ra-
tio between the highest and second highest flux bins is
larger than 5 in the 30 (90) day light curve. For these
candidates, we then perform the same light-curve fitting
with a power law profile as described above. The time
delay from the TDE onset to the observed flux peak is
set to be either 20 days or 80 days. As a result, we find
that none of them show a decaying index consistent with
−5/3. Thus, we conclude that MAXI detected only the
3 TDEs identified above during the first 37 months of its
operation as long as TDEs share similar characteristics
in the X-ray light curve to those of the known events.

3. X-RAY LUMINOSITY FUNCTION OF TIDAL
DISRUPTION EVENTS

3.1. TDE Sample

We regard that the 3 identified TDEs listed in Table 1
constitutes a complete sample from the MAXI survey
for 37 months, and we utilize them to derive the XLF.
When integrated for 30 days, the MAXI survey covers
all the high Galactic latitude (|b| > 10◦) region, which
corresponds to 83% of the entire sky. As described in the
previous section, we search for TDEs based on 30 days or
90 days binned light curves. Thus, the sensitivity limit
for the 30-days averaged peak flux of TDEs to which
our survey is complete is determined by that for 30-days
integrated data of MAXI/GSC, which is 2.5 mCrab, or
3 × 10−11 erg s−1 cm−2 (4–10 keV). For simplicity, we
ignore the dependence of the sensitivity on sky positions
(Hiroi et al. 2013), whose effects are much smaller than
the statistical uncertainties in the XLF parameters.
In this paper, we define the observed X-ray luminosity

of a TDE, Lobs
x , as that in the rest-frame 4–10 keV band

averaged over 30 days starting from the peak flux time.
The luminosity is calculated by assuming isotropic emis-
sion, even though this is not the case for beamed TDEs
such as Swift J1644+57 and Swift J2058+05. It is neces-
sary to assume a spectrum to derive the luminosity from
the observed count rate of MAXI/GSC. Because we use
the relatively hard energy band (4–10 keV), we ignore
the effect by intrinsic absorption for simplicity, which
is estimated to be NH ∼ 7 × 1022 cm−2 for NGC 4845
(Niko"lajuk & Walter 2013) and NH ∼ 1× 1022 cm−2 for
Swift J1644+57 (Burrows et al. 2011). We adopt a power
law photon index of 2.0, which is consistent with the pre-
vious studies (Burrows et al. 2011; Cenko et al. 2012;
Niko"lajuk & Walter 2013). In this case, the K-correction
factor is always unity. Indeed, for all the TDEs, the
hardness ratio between the 4–10 keV and 3–4 keV count
rates obtained from the MAXI data is consistent with
the assumed photon index within uncertainties. The cal-
culated luminosity of each TDE is listed in Table 1. Its
systematic error due to the uncertainty in the peak-flux
time within the bin size of the MAXI light curve has
negligible effects on our conclusions.

3.2. Formulation of TDE X-ray Luminosity Function

In our paper an X-ray luminosity Lx always refers to an
“Eddington limited” luminosity, while Lobs

x an observed
one. Hence, the jet luminosity is taken into consideration
in Lobs

x , while not in Lx. For TDEs with relativistic jets,
we need to convert the intrinsic luminosity (i.e., that
would be observed without beaming) into the observed

one. The Doppler factor, δ, is represented as

δ =
1

Γ −
√

Γ2 − 1 cos θ
, (1)

where Γ is the Lorentz factor and θ is the viewing angle
with respect to the jet axis. The observed luminosity
from jets increases from the intrinsic one by a factor of
δ4, and the intrinsic frequency shifts toward the higher
frequency by δ. Here, the frequency shift does not af-
fect our analysis under the assumption of a photon index
of 2 for the X-ray spectra. For simplicity, we assume
Γ = 10, which is suggested from the analysis of the spec-
trum energy distribution (SED) of Swift J1644+57 by
Burrows et al. (2011). Then, θ can be estimated if δ is
constrained from the observations, as listed in Table 1
for Swift J1644+57.
We define the XLF of TDEs so that

dΦ(logLx, z)

d logLx
(Lx, z) (2)

represents the TDE occurrence rate per unit co-moving
volume per logLx per unit rest-frame time, as a function
of Lx, and z, in units of Mpc−3 dex−1 yr−1. The same
formulation can be applied for TDEs without jets, where
θ is a dummy parameter and δ = 1. Note that this
function has an additional dimension of per unit time
compared with the “instantaneous” XLF of TDEs and
the XLF of AGN (see subsection 3.6), which represents
the number density of TDEs and AGN, respectively, ob-
served in a single epoch.
In our work, we make simple assumptions for mod-

elling the shape of the TDE XLF. First, we write the
TDE occurrence rate per unit volume as a function of
SMBH mass. It should be proportional to the product of
the SMBH mass function (i.e., comoving number density
of SMBHs) and a specific TDE rate in a single SMBH.
The local SMBH mass function can be derived from the
local luminosity function of galaxies by using the Faber-
Jackson relation between the galaxy luminosity and the
SMBH mass, Lgal ∝ Mk

BH (e.g., Ferrarese 2002; Milosavl-
jević et al. 2006). It has a form of the Schechter function
represented as

ψ(MBH∗;MBH)dMBH

= ψ0

( MBH

MBH∗

)γ
e−(

MBH
MBH∗

)k dMBH

MBH∗
. (3)

Here, γ = k(α + 1) − 1, where α is a parameter of the
galaxy luminosity function defined as Ψ(Lgal∗;Lgal)dL =
Ψ0(Lgal/Lgal∗)αe−Lgal/Lgal∗dLgal/Lgal∗. The subscript ∗
indicates the characteristic parameter. Unless otherwise
noted, we adopt k = 0.8, log(MBH∗/M⊙) = 8.5, and
α = −1.3 according to the results obtained by Marconi
& Hunt (2003) and Blanton et al. (2001).
We refer to the dependence of the specific TDE rate

on SMBH mass derived by Stone & Metzger (2014),

ξ ∝ Mλ
BH, (4)

where λ is chosen to be −0.4. They estimate it with the
largest sample to date under the assumption that the
surface brightness of a galaxy reflects the TDE rates.
To represent the TDE occurrence rate as a function of

luminosity, we further make an assumption that the in-
trinsic luminosity L of a TDE (i.e., that free from beam-
ing effects) is proportional to the SMBH mass, or equiv-
alently, a constant fraction of the Eddington luminosity,
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we find 17 (14) objects satisfy the criterion that the ra-
tio between the highest and second highest flux bins is
larger than 5 in the 30 (90) day light curve. For these
candidates, we then perform the same light-curve fitting
with a power law profile as described above. The time
delay from the TDE onset to the observed flux peak is
set to be either 20 days or 80 days. As a result, we find
that none of them show a decaying index consistent with
−5/3. Thus, we conclude that MAXI detected only the
3 TDEs identified above during the first 37 months of its
operation as long as TDEs share similar characteristics
in the X-ray light curve to those of the known events.

3. X-RAY LUMINOSITY FUNCTION OF TIDAL
DISRUPTION EVENTS

3.1. TDE Sample

We regard that the 3 identified TDEs listed in Table 1
constitutes a complete sample from the MAXI survey
for 37 months, and we utilize them to derive the XLF.
When integrated for 30 days, the MAXI survey covers
all the high Galactic latitude (|b| > 10◦) region, which
corresponds to 83% of the entire sky. As described in the
previous section, we search for TDEs based on 30 days or
90 days binned light curves. Thus, the sensitivity limit
for the 30-days averaged peak flux of TDEs to which
our survey is complete is determined by that for 30-days
integrated data of MAXI/GSC, which is 2.5 mCrab, or
3 × 10−11 erg s−1 cm−2 (4–10 keV). For simplicity, we
ignore the dependence of the sensitivity on sky positions
(Hiroi et al. 2013), whose effects are much smaller than
the statistical uncertainties in the XLF parameters.
In this paper, we define the observed X-ray luminosity

of a TDE, Lobs
x , as that in the rest-frame 4–10 keV band

averaged over 30 days starting from the peak flux time.
The luminosity is calculated by assuming isotropic emis-
sion, even though this is not the case for beamed TDEs
such as Swift J1644+57 and Swift J2058+05. It is neces-
sary to assume a spectrum to derive the luminosity from
the observed count rate of MAXI/GSC. Because we use
the relatively hard energy band (4–10 keV), we ignore
the effect by intrinsic absorption for simplicity, which
is estimated to be NH ∼ 7 × 1022 cm−2 for NGC 4845
(Niko"lajuk & Walter 2013) and NH ∼ 1× 1022 cm−2 for
Swift J1644+57 (Burrows et al. 2011). We adopt a power
law photon index of 2.0, which is consistent with the pre-
vious studies (Burrows et al. 2011; Cenko et al. 2012;
Niko"lajuk & Walter 2013). In this case, the K-correction
factor is always unity. Indeed, for all the TDEs, the
hardness ratio between the 4–10 keV and 3–4 keV count
rates obtained from the MAXI data is consistent with
the assumed photon index within uncertainties. The cal-
culated luminosity of each TDE is listed in Table 1. Its
systematic error due to the uncertainty in the peak-flux
time within the bin size of the MAXI light curve has
negligible effects on our conclusions.

3.2. Formulation of TDE X-ray Luminosity Function

In our paper an X-ray luminosity Lx always refers to an
“Eddington limited” luminosity, while Lobs

x an observed
one. Hence, the jet luminosity is taken into consideration
in Lobs

x , while not in Lx. For TDEs with relativistic jets,
we need to convert the intrinsic luminosity (i.e., that
would be observed without beaming) into the observed

one. The Doppler factor, δ, is represented as

δ =
1

Γ −
√

Γ2 − 1 cos θ
, (1)

where Γ is the Lorentz factor and θ is the viewing angle
with respect to the jet axis. The observed luminosity
from jets increases from the intrinsic one by a factor of
δ4, and the intrinsic frequency shifts toward the higher
frequency by δ. Here, the frequency shift does not af-
fect our analysis under the assumption of a photon index
of 2 for the X-ray spectra. For simplicity, we assume
Γ = 10, which is suggested from the analysis of the spec-
trum energy distribution (SED) of Swift J1644+57 by
Burrows et al. (2011). Then, θ can be estimated if δ is
constrained from the observations, as listed in Table 1
for Swift J1644+57.
We define the XLF of TDEs so that

dΦ(logLx, z)

d logLx
(Lx, z) (2)

represents the TDE occurrence rate per unit co-moving
volume per logLx per unit rest-frame time, as a function
of Lx, and z, in units of Mpc−3 dex−1 yr−1. The same
formulation can be applied for TDEs without jets, where
θ is a dummy parameter and δ = 1. Note that this
function has an additional dimension of per unit time
compared with the “instantaneous” XLF of TDEs and
the XLF of AGN (see subsection 3.6), which represents
the number density of TDEs and AGN, respectively, ob-
served in a single epoch.
In our work, we make simple assumptions for mod-

elling the shape of the TDE XLF. First, we write the
TDE occurrence rate per unit volume as a function of
SMBH mass. It should be proportional to the product of
the SMBH mass function (i.e., comoving number density
of SMBHs) and a specific TDE rate in a single SMBH.
The local SMBH mass function can be derived from the
local luminosity function of galaxies by using the Faber-
Jackson relation between the galaxy luminosity and the
SMBH mass, Lgal ∝ Mk

BH (e.g., Ferrarese 2002; Milosavl-
jević et al. 2006). It has a form of the Schechter function
represented as

ψ(MBH∗;MBH)dMBH = ψ0

( MBH

MBH∗

)γ
e−(

MBH
MBH∗

)k dMBH

MBH∗
.

Here, γ = k(α + 1) − 1, where α is a parameter of the
galaxy luminosity function defined as Ψ(Lgal∗;Lgal)dL =
Ψ0(Lgal/Lgal∗)αe−Lgal/Lgal∗dLgal/Lgal∗. The subscript ∗
indicates the characteristic parameter. Unless otherwise
noted, we adopt k = 0.8, log(MBH∗/M⊙) = 8.5, and
α = −1.3 according to the results obtained by Marconi
& Hunt (2003) and Blanton et al. (2001).
We refer to the dependence of the specific TDE rate

on SMBH mass derived by Stone & Metzger (2014),

ξ ∝ Mλ
BH, (3)

where λ is chosen to be −0.4. They estimate it with the
largest sample to date under the assumption that the
surface brightness of a galaxy reflects the TDE rates.
To represent the TDE occurrence rate as a function of

luminosity, we further make an assumption that the in-
trinsic luminosity L of a TDE (i.e., that free from beam-
ing effects) is proportional to the SMBH mass, or equiv-
alently, a constant fraction of the Eddington luminosity,

‣ LF is first based on SMBH mass function (Mpc-3MBH
-1)

‣ Assume that the “peak” luminosity is proportional to the 
Eddington luminosity.  →  LF (Mpc-3yr-1L-1)

Redshift evolution is also considered.

‣ The BH mass dependence of the TDE rate (yr-1; Stone+14).

Model of TDE LF
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observed in a single epoch.
In our work, we make simple assumptions for modelling the

shape of the TDE XLF. First, we write the TDE occurrence rate
per unit volume as a function of SMBH mass. It should be
proportional to the product of the SMBH mass function (i.e.,
comoving number density of SMBHs) and a specific TDE rate
in a single SMBH. The local SMBH mass function can be de-
rived from the local luminosity function of galaxies by using the
Faber-Jackson relation between the galaxy luminosity and the
SMBH mass, Lgal ∝Mk

BH (e.g., Ferrarese 2002; Milosavljević
et al. 2006). It has a form of the Schechter function represented
as

ψ(MBH∗;MBH)dMBH

= ψ0

(
MBH

MBH∗

)γ

e
−(

MBH
MBH∗

)k dMBH

MBH∗
. (6)

Here, γ = k(α + 1) − 1, where α is a parameter of the
galaxy luminosity function defined as Ψ(Lgal∗; Lgal)dL =

Ψ0(Lgal/Lgal∗)
αe−Lgal/Lgal∗dLgal/Lgal∗. The subscript ∗ in-

dicates the characteristic parameter. Unless otherwise noted,
we adopt k = 0.8, Ψ0 = 0.007, log(MBH∗/M⊙) = 8.4, and
α=−1.3 according to the results obtained by Marconi & Hunt
(2003) and Blanton et al. (2001), where M⊙ is the solar mass.
We refer to the dependence of the specific TDE rate on SMBH
mass derived by Stone & Metzger (2014),

ξ ∝Mλ
BH, (7)

where λ is chosen to be −0.4.
To represent the TDE occurrence rate as a function of lumi-

nosity, we further make an assumption that the peak luminosity
L of a TDE (i.e., that free from the jet luminosity) is propor-
tional to the SMBH mass, or equivalently, a constant fraction of
the Eddington luminosity, λEdd. Then, by converting MBH into
L in the product of ψ(MBH∗;MBH) and ξ, we can express the
occurrence rate of TDEs per unit volume in terms of L as

φ(L∗;L)dL= ψ0ξ0
(

L
L∗

)γ+λ

e−( L
L∗

)k dL
L∗

. (8)

We incorporate a redshift dependence of the TDE XLF with an
evolution factor of (1+ z)p that is multiplied to the local XLF.
Thus, the TDE XLF is formulated as

dΦ(Lx,z)

dLx
dLx = (1+ z)pφ(Lx∗;Lx)dLx. (9)

dΦ(Lx,z)

dLx
dL= (1+ z)pψ0ξ0

(
Lx

Lx∗

)γ+λ

e−( Lx
Lx∗

)k dLx

Lx∗
. (10)

3.4 Mass Function of Stars Disrupted by SMBHs

A TDE occurs only when the tidal disruption radius, RTDE =

R∗(MBH/M∗)
1/3, where M∗ and R∗ are the mass and ra-

dius of the star, is larger than the Schwarzschild radius, RSch

(≡ 2GMBH/c
2, where G is the gravitational constant.). For a

given star, there is an upper boundary for the mass of a SMBH
that can cause a TDE. Hence, the mass function of stars should
be incorporated in calculating the actual TDE XLF. We approx-
imate it by the shape of an initial mass function (IMF) with an
upper star mass boundary M∗,max, considering that very mas-
sive stars are already dead due to their short life time. Here
we employ the IMF derived by Kroupa (2001), which utilizes
a larger sample than that by Salpeter (1955) and is similar to
that by Chabrier (2003). The normalized stellar mass function
is continuously composed of next three equations;

P (M∗)dlogM∗ ∝

M0.7
∗ (M∗,min ≤M∗ < 0.08M⊙) (11)

M−0.3
∗ (0.08M⊙ ≤M∗ < 0.5M⊙) (12)

M−1.3
∗ (0.5M⊙ ≤M∗ ≤M∗,max), (13)

and satisfies
∫ M∗,max

M∗,min

P (M∗)dlogM∗ = 1, (14)

where we set M∗,min = 0.01M⊙ and M∗,max = 1.0M⊙. We
confirm that the choice of M∗,max does not significantly affect
our conclusions (Section 3.7).

3.5 Maximum Likelihood Fit

We adopt the unbinned maximum likelihood (ML) method to
constrain the XLF parameters. While the ML fit gives the
best-fit parameters, the goodness of the fit cannot be evaluated.
Hence, we perform one dimensional Kolmogorov-Smirnov test
(hereafter KS test; e.g., Press et al. 1992) separately for the red-
shift distribution and for the luminosity distribution between the
observed data and best-fit model. The p-value, the chance of
getting observed data set, is evaluated from the D-value assum-
ing the one-sided KS test statistic. The D-value is chosen to
be the maximum value among the absolute distances between
an empirical cumulative distribution function and a theoretical
one.

We define the likelihood function as

L=−2
∑

i

ln

∫ ∫ ∫
N(Lx,L

obs
xi ,zi,M∗,θ)dLxdlogM∗dΩ/2π∫ ∫ ∫ ∫ ∫

N(Lx,Lobs
x ,z,M∗,θ)dLxdLobs

x dzdlogM∗dΩ/2π
,(15)

where the subscript index i refers to each TDE and the term
N(Lx, L

obs
x , z,M∗, θ)dLxdL

obs
x dzd logM∗dΩ/2π represents

the differential number of observable TDEs with the intrin-
sic peak luminosity Lx, the observed one Lobs

x , the redshift z,
the mass of the star M∗, and the viewing angle θ, expected
from the survey (note that θ is related to the solid angle as
dΩ = 2πd(cos(θ))). By considering that the fraction of TDEs
with jets among all TDEs is fjet, the differential number is cal-
culated as

N(Lx,L
obs
x ,z,θ,M∗)

(γ = -1.24, k = 0.8) 

(λ = -0.4) 
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we find 17 (14) objects satisfy the criterion that the ra-
tio between the highest and second highest flux bins is
larger than 5 in the 30 (90) day light curve. For these
candidates, we then perform the same light-curve fitting
with a power law profile as described above. The time
delay from the TDE onset to the observed flux peak is
set to be either 20 days or 80 days. As a result, we find
that none of them show a decaying index consistent with
−5/3. Thus, we conclude that MAXI detected only the
3 TDEs identified above during the first 37 months of its
operation as long as TDEs share similar characteristics
in the X-ray light curve to those of the known events.

3. X-RAY LUMINOSITY FUNCTION OF TIDAL
DISRUPTION EVENTS

3.1. TDE Sample

We regard that the 3 identified TDEs listed in Table 1
constitutes a complete sample from the MAXI survey
for 37 months, and we utilize them to derive the XLF.
When integrated for 30 days, the MAXI survey covers
all the high Galactic latitude (|b| > 10◦) region, which
corresponds to 83% of the entire sky. As described in the
previous section, we search for TDEs based on 30 days or
90 days binned light curves. Thus, the sensitivity limit
for the 30-days averaged peak flux of TDEs to which
our survey is complete is determined by that for 30-days
integrated data of MAXI/GSC, which is 2.5 mCrab, or
3 × 10−11 erg s−1 cm−2 (4–10 keV). For simplicity, we
ignore the dependence of the sensitivity on sky positions
(Hiroi et al. 2013), whose effects are much smaller than
the statistical uncertainties in the XLF parameters.
In this paper, we define the observed X-ray luminosity

of a TDE, Lobs
x , as that in the rest-frame 4–10 keV band

averaged over 30 days starting from the peak flux time.
The luminosity is calculated by assuming isotropic emis-
sion, even though this is not the case for beamed TDEs
such as Swift J1644+57 and Swift J2058+05. It is neces-
sary to assume a spectrum to derive the luminosity from
the observed count rate of MAXI/GSC. Because we use
the relatively hard energy band (4–10 keV), we ignore
the effect by intrinsic absorption for simplicity, which
is estimated to be NH ∼ 7 × 1022 cm−2 for NGC 4845
(Niko"lajuk & Walter 2013) and NH ∼ 1× 1022 cm−2 for
Swift J1644+57 (Burrows et al. 2011). We adopt a power
law photon index of 2.0, which is consistent with the pre-
vious studies (Burrows et al. 2011; Cenko et al. 2012;
Niko"lajuk & Walter 2013). In this case, the K-correction
factor is always unity. Indeed, for all the TDEs, the
hardness ratio between the 4–10 keV and 3–4 keV count
rates obtained from the MAXI data is consistent with
the assumed photon index within uncertainties. The cal-
culated luminosity of each TDE is listed in Table 1. Its
systematic error due to the uncertainty in the peak-flux
time within the bin size of the MAXI light curve has
negligible effects on our conclusions.

3.2. Formulation of TDE X-ray Luminosity Function

In our paper an X-ray luminosity Lx always refers to an
“Eddington limited” luminosity, while Lobs

x an observed
one. Hence, the jet luminosity is taken into consideration
in Lobs

x , while not in Lx. For TDEs with relativistic jets,
we need to convert the intrinsic luminosity (i.e., that
would be observed without beaming) into the observed

one. The Doppler factor, δ, is represented as

δ =
1

Γ −
√

Γ2 − 1 cos θ
, (1)

where Γ is the Lorentz factor and θ is the viewing angle
with respect to the jet axis. The observed luminosity
from jets increases from the intrinsic one by a factor of
δ4, and the intrinsic frequency shifts toward the higher
frequency by δ. Here, the frequency shift does not af-
fect our analysis under the assumption of a photon index
of 2 for the X-ray spectra. For simplicity, we assume
Γ = 10, which is suggested from the analysis of the spec-
trum energy distribution (SED) of Swift J1644+57 by
Burrows et al. (2011). Then, θ can be estimated if δ is
constrained from the observations, as listed in Table 1
for Swift J1644+57.
We define the XLF of TDEs so that

dΦ(logLx, z)

d logLx
(Lx, z) (2)

represents the TDE occurrence rate per unit co-moving
volume per logLx per unit rest-frame time, as a function
of Lx, and z, in units of Mpc−3 dex−1 yr−1. The same
formulation can be applied for TDEs without jets, where
θ is a dummy parameter and δ = 1. Note that this
function has an additional dimension of per unit time
compared with the “instantaneous” XLF of TDEs and
the XLF of AGN (see subsection 3.6), which represents
the number density of TDEs and AGN, respectively, ob-
served in a single epoch.
In our work, we make simple assumptions for mod-

elling the shape of the TDE XLF. First, we write the
TDE occurrence rate per unit volume as a function of
SMBH mass. It should be proportional to the product of
the SMBH mass function (i.e., comoving number density
of SMBHs) and a specific TDE rate in a single SMBH.
The local SMBH mass function can be derived from the
local luminosity function of galaxies by using the Faber-
Jackson relation between the galaxy luminosity and the
SMBH mass, Lgal ∝ Mk

BH (e.g., Ferrarese 2002; Milosavl-
jević et al. 2006). It has a form of the Schechter function
represented as

ψ(MBH∗;MBH)dMBH

= ψ0

( MBH

MBH∗

)γ
e−(

MBH
MBH∗

)k dMBH

MBH∗
. (3)

Here, γ = k(α + 1) − 1, where α is a parameter of the
galaxy luminosity function defined as Ψ(Lgal∗;Lgal)dL =
Ψ0(Lgal/Lgal∗)αe−Lgal/Lgal∗dLgal/Lgal∗. The subscript ∗
indicates the characteristic parameter. Unless otherwise
noted, we adopt k = 0.8, log(MBH∗/M⊙) = 8.5, and
α = −1.3 according to the results obtained by Marconi
& Hunt (2003) and Blanton et al. (2001).
We refer to the dependence of the specific TDE rate

on SMBH mass derived by Stone & Metzger (2014),

ξ ∝ Mλ
BH, (4)

where λ is chosen to be −0.4. They estimate it with the
largest sample to date under the assumption that the
surface brightness of a galaxy reflects the TDE rates.
To represent the TDE occurrence rate as a function of

luminosity, we further make an assumption that the in-
trinsic luminosity L of a TDE (i.e., that free from beam-
ing effects) is proportional to the SMBH mass, or equiv-
alently, a constant fraction of the Eddington luminosity,
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we find 17 (14) objects satisfy the criterion that the ra-
tio between the highest and second highest flux bins is
larger than 5 in the 30 (90) day light curve. For these
candidates, we then perform the same light-curve fitting
with a power law profile as described above. The time
delay from the TDE onset to the observed flux peak is
set to be either 20 days or 80 days. As a result, we find
that none of them show a decaying index consistent with
−5/3. Thus, we conclude that MAXI detected only the
3 TDEs identified above during the first 37 months of its
operation as long as TDEs share similar characteristics
in the X-ray light curve to those of the known events.

3. X-RAY LUMINOSITY FUNCTION OF TIDAL
DISRUPTION EVENTS

3.1. TDE Sample

We regard that the 3 identified TDEs listed in Table 1
constitutes a complete sample from the MAXI survey
for 37 months, and we utilize them to derive the XLF.
When integrated for 30 days, the MAXI survey covers
all the high Galactic latitude (|b| > 10◦) region, which
corresponds to 83% of the entire sky. As described in the
previous section, we search for TDEs based on 30 days or
90 days binned light curves. Thus, the sensitivity limit
for the 30-days averaged peak flux of TDEs to which
our survey is complete is determined by that for 30-days
integrated data of MAXI/GSC, which is 2.5 mCrab, or
3 × 10−11 erg s−1 cm−2 (4–10 keV). For simplicity, we
ignore the dependence of the sensitivity on sky positions
(Hiroi et al. 2013), whose effects are much smaller than
the statistical uncertainties in the XLF parameters.
In this paper, we define the observed X-ray luminosity

of a TDE, Lobs
x , as that in the rest-frame 4–10 keV band

averaged over 30 days starting from the peak flux time.
The luminosity is calculated by assuming isotropic emis-
sion, even though this is not the case for beamed TDEs
such as Swift J1644+57 and Swift J2058+05. It is neces-
sary to assume a spectrum to derive the luminosity from
the observed count rate of MAXI/GSC. Because we use
the relatively hard energy band (4–10 keV), we ignore
the effect by intrinsic absorption for simplicity, which
is estimated to be NH ∼ 7 × 1022 cm−2 for NGC 4845
(Niko"lajuk & Walter 2013) and NH ∼ 1× 1022 cm−2 for
Swift J1644+57 (Burrows et al. 2011). We adopt a power
law photon index of 2.0, which is consistent with the pre-
vious studies (Burrows et al. 2011; Cenko et al. 2012;
Niko"lajuk & Walter 2013). In this case, the K-correction
factor is always unity. Indeed, for all the TDEs, the
hardness ratio between the 4–10 keV and 3–4 keV count
rates obtained from the MAXI data is consistent with
the assumed photon index within uncertainties. The cal-
culated luminosity of each TDE is listed in Table 1. Its
systematic error due to the uncertainty in the peak-flux
time within the bin size of the MAXI light curve has
negligible effects on our conclusions.

3.2. Formulation of TDE X-ray Luminosity Function

In our paper an X-ray luminosity Lx always refers to an
“Eddington limited” luminosity, while Lobs

x an observed
one. Hence, the jet luminosity is taken into consideration
in Lobs

x , while not in Lx. For TDEs with relativistic jets,
we need to convert the intrinsic luminosity (i.e., that
would be observed without beaming) into the observed

one. The Doppler factor, δ, is represented as

δ =
1

Γ −
√

Γ2 − 1 cos θ
, (1)

where Γ is the Lorentz factor and θ is the viewing angle
with respect to the jet axis. The observed luminosity
from jets increases from the intrinsic one by a factor of
δ4, and the intrinsic frequency shifts toward the higher
frequency by δ. Here, the frequency shift does not af-
fect our analysis under the assumption of a photon index
of 2 for the X-ray spectra. For simplicity, we assume
Γ = 10, which is suggested from the analysis of the spec-
trum energy distribution (SED) of Swift J1644+57 by
Burrows et al. (2011). Then, θ can be estimated if δ is
constrained from the observations, as listed in Table 1
for Swift J1644+57.
We define the XLF of TDEs so that

dΦ(logLx, z)

d logLx
(Lx, z) (2)

represents the TDE occurrence rate per unit co-moving
volume per logLx per unit rest-frame time, as a function
of Lx, and z, in units of Mpc−3 dex−1 yr−1. The same
formulation can be applied for TDEs without jets, where
θ is a dummy parameter and δ = 1. Note that this
function has an additional dimension of per unit time
compared with the “instantaneous” XLF of TDEs and
the XLF of AGN (see subsection 3.6), which represents
the number density of TDEs and AGN, respectively, ob-
served in a single epoch.
In our work, we make simple assumptions for mod-

elling the shape of the TDE XLF. First, we write the
TDE occurrence rate per unit volume as a function of
SMBH mass. It should be proportional to the product of
the SMBH mass function (i.e., comoving number density
of SMBHs) and a specific TDE rate in a single SMBH.
The local SMBH mass function can be derived from the
local luminosity function of galaxies by using the Faber-
Jackson relation between the galaxy luminosity and the
SMBH mass, Lgal ∝ Mk

BH (e.g., Ferrarese 2002; Milosavl-
jević et al. 2006). It has a form of the Schechter function
represented as

ψ(MBH∗;MBH)dMBH = ψ0

( MBH

MBH∗

)γ
e−(

MBH
MBH∗

)k dMBH

MBH∗
.

Here, γ = k(α + 1) − 1, where α is a parameter of the
galaxy luminosity function defined as Ψ(Lgal∗;Lgal)dL =
Ψ0(Lgal/Lgal∗)αe−Lgal/Lgal∗dLgal/Lgal∗. The subscript ∗
indicates the characteristic parameter. Unless otherwise
noted, we adopt k = 0.8, log(MBH∗/M⊙) = 8.5, and
α = −1.3 according to the results obtained by Marconi
& Hunt (2003) and Blanton et al. (2001).
We refer to the dependence of the specific TDE rate

on SMBH mass derived by Stone & Metzger (2014),

ξ ∝ Mλ
BH, (3)

where λ is chosen to be −0.4. They estimate it with the
largest sample to date under the assumption that the
surface brightness of a galaxy reflects the TDE rates.
To represent the TDE occurrence rate as a function of

luminosity, we further make an assumption that the in-
trinsic luminosity L of a TDE (i.e., that free from beam-
ing effects) is proportional to the SMBH mass, or equiv-
alently, a constant fraction of the Eddington luminosity,

‣ LF is first based on SMBH mass function (Mpc-3MBH
-1)

‣ Assume that the “peak” luminosity is proportional to the 
Eddington luminosity.  →  LF (Mpc-3yr-1L-1)

Redshift evolution is also considered.

‣ The BH mass dependence of the TDE rate (yr-1; Stone+14).

Model of TDE LF

‣ Only TDE rate (         ) and the fraction (fjet) are free pars.
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observed in a single epoch.
In our work, we make simple assumptions for modelling the

shape of the TDE XLF. First, we write the TDE occurrence rate
per unit volume as a function of SMBH mass. It should be
proportional to the product of the SMBH mass function (i.e.,
comoving number density of SMBHs) and a specific TDE rate
in a single SMBH. The local SMBH mass function can be de-
rived from the local luminosity function of galaxies by using the
Faber-Jackson relation between the galaxy luminosity and the
SMBH mass, Lgal ∝Mk

BH (e.g., Ferrarese 2002; Milosavljević
et al. 2006). It has a form of the Schechter function represented
as

ψ(MBH∗;MBH)dMBH

= ψ0

(
MBH

MBH∗

)γ

e
−(

MBH
MBH∗

)k dMBH

MBH∗
. (6)

Here, γ = k(α + 1) − 1, where α is a parameter of the
galaxy luminosity function defined as Ψ(Lgal∗; Lgal)dL =

Ψ0(Lgal/Lgal∗)
αe−Lgal/Lgal∗dLgal/Lgal∗. The subscript ∗ in-

dicates the characteristic parameter. Unless otherwise noted,
we adopt k = 0.8, Ψ0 = 0.007, log(MBH∗/M⊙) = 8.4, and
α=−1.3 according to the results obtained by Marconi & Hunt
(2003) and Blanton et al. (2001), where M⊙ is the solar mass.
We refer to the dependence of the specific TDE rate on SMBH
mass derived by Stone & Metzger (2014),

ξ ∝Mλ
BH, (7)

where λ is chosen to be −0.4.
To represent the TDE occurrence rate as a function of lumi-

nosity, we further make an assumption that the peak luminosity
L of a TDE (i.e., that free from the jet luminosity) is propor-
tional to the SMBH mass, or equivalently, a constant fraction of
the Eddington luminosity, λEdd. Then, by converting MBH into
L in the product of ψ(MBH∗;MBH) and ξ, we can express the
occurrence rate of TDEs per unit volume in terms of L as

φ(L∗;L)dL= ψ0ξ0
(

L
L∗

)γ+λ

e−( L
L∗

)k dL
L∗

. (8)

We incorporate a redshift dependence of the TDE XLF with an
evolution factor of (1+ z)p that is multiplied to the local XLF.
Thus, the TDE XLF is formulated as

dΦ(Lx,z)

dLx
dLx = (1+ z)pφ(Lx∗;Lx)dLx. (9)

dΦ(Lx,z)

dLx
dL= (1+ z)pψ0ξ0

(
Lx

Lx∗

)γ+λ

e−( Lx
Lx∗

)k dLx

Lx∗
. (10)

3.4 Mass Function of Stars Disrupted by SMBHs

A TDE occurs only when the tidal disruption radius, RTDE =

R∗(MBH/M∗)
1/3, where M∗ and R∗ are the mass and ra-

dius of the star, is larger than the Schwarzschild radius, RSch

(≡ 2GMBH/c
2, where G is the gravitational constant.). For a

given star, there is an upper boundary for the mass of a SMBH
that can cause a TDE. Hence, the mass function of stars should
be incorporated in calculating the actual TDE XLF. We approx-
imate it by the shape of an initial mass function (IMF) with an
upper star mass boundary M∗,max, considering that very mas-
sive stars are already dead due to their short life time. Here
we employ the IMF derived by Kroupa (2001), which utilizes
a larger sample than that by Salpeter (1955) and is similar to
that by Chabrier (2003). The normalized stellar mass function
is continuously composed of next three equations;

P (M∗)dlogM∗ ∝

M0.7
∗ (M∗,min ≤M∗ < 0.08M⊙) (11)

M−0.3
∗ (0.08M⊙ ≤M∗ < 0.5M⊙) (12)

M−1.3
∗ (0.5M⊙ ≤M∗ ≤M∗,max), (13)

and satisfies
∫ M∗,max

M∗,min

P (M∗)dlogM∗ = 1, (14)

where we set M∗,min = 0.01M⊙ and M∗,max = 1.0M⊙. We
confirm that the choice of M∗,max does not significantly affect
our conclusions (Section 3.7).

3.5 Maximum Likelihood Fit

We adopt the unbinned maximum likelihood (ML) method to
constrain the XLF parameters. While the ML fit gives the
best-fit parameters, the goodness of the fit cannot be evaluated.
Hence, we perform one dimensional Kolmogorov-Smirnov test
(hereafter KS test; e.g., Press et al. 1992) separately for the red-
shift distribution and for the luminosity distribution between the
observed data and best-fit model. The p-value, the chance of
getting observed data set, is evaluated from the D-value assum-
ing the one-sided KS test statistic. The D-value is chosen to
be the maximum value among the absolute distances between
an empirical cumulative distribution function and a theoretical
one.

We define the likelihood function as

L=−2
∑

i

ln

∫ ∫ ∫
N(Lx,L

obs
xi ,zi,M∗,θ)dLxdlogM∗dΩ/2π∫ ∫ ∫ ∫ ∫

N(Lx,Lobs
x ,z,M∗,θ)dLxdLobs

x dzdlogM∗dΩ/2π
,(15)

where the subscript index i refers to each TDE and the term
N(Lx, L

obs
x , z,M∗, θ)dLxdL

obs
x dzd logM∗dΩ/2π represents

the differential number of observable TDEs with the intrin-
sic peak luminosity Lx, the observed one Lobs

x , the redshift z,
the mass of the star M∗, and the viewing angle θ, expected
from the survey (note that θ is related to the solid angle as
dΩ = 2πd(cos(θ))). By considering that the fraction of TDEs
with jets among all TDEs is fjet, the differential number is cal-
culated as

N(Lx,L
obs
x ,z,θ,M∗)
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shape of the TDE XLF. First, we write the TDE occurrence rate
per unit volume as a function of SMBH mass. It should be
proportional to the product of the SMBH mass function (i.e.,
comoving number density of SMBHs) and a specific TDE rate
in a single SMBH. The local SMBH mass function can be de-
rived from the local luminosity function of galaxies by using the
Faber-Jackson relation between the galaxy luminosity and the
SMBH mass, Lgal ∝Mk

BH (e.g., Ferrarese 2002; Milosavljević
et al. 2006). It has a form of the Schechter function represented
as
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αe−Lgal/Lgal∗dLgal/Lgal∗. The subscript ∗ in-

dicates the characteristic parameter. Unless otherwise noted,
we adopt k = 0.8, Ψ0 = 0.007, log(MBH∗/M⊙) = 8.4, and
α=−1.3 according to the results obtained by Marconi & Hunt
(2003) and Blanton et al. (2001), where M⊙ is the solar mass.
We refer to the dependence of the specific TDE rate on SMBH
mass derived by Stone & Metzger (2014),

ξ ∝Mλ
BH, (7)

where λ is chosen to be −0.4.
To represent the TDE occurrence rate as a function of lumi-

nosity, we further make an assumption that the peak luminosity
L of a TDE (i.e., that free from the jet luminosity) is propor-
tional to the SMBH mass, or equivalently, a constant fraction of
the Eddington luminosity, λEdd. Then, by converting MBH into
L in the product of ψ(MBH∗;MBH) and ξ, we can express the
occurrence rate of TDEs per unit volume in terms of L as

φ(L∗;L)dL= ψ0ξ0
(

L
L∗

)γ+λ

e−( L
L∗

)k dL
L∗

. (8)

We incorporate a redshift dependence of the TDE XLF with an
evolution factor of (1+ z)p that is multiplied to the local XLF.
Thus, the TDE XLF is formulated as

dΦ(Lx,z)

dLx
dLx = (1+ z)pφ(Lx∗;Lx)dLx. (9)
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dLx
dL= (1+ z)pψ0ξ0

(
Lx

Lx∗

)γ+λ

e−( Lx
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3.4 Mass Function of Stars Disrupted by SMBHs

A TDE occurs only when the tidal disruption radius, RTDE =

R∗(MBH/M∗)
1/3, where M∗ and R∗ are the mass and ra-

dius of the star, is larger than the Schwarzschild radius, RSch

(≡ 2GMBH/c
2, where G is the gravitational constant.). For a

given star, there is an upper boundary for the mass of a SMBH
that can cause a TDE. Hence, the mass function of stars should
be incorporated in calculating the actual TDE XLF. We approx-
imate it by the shape of an initial mass function (IMF) with an
upper star mass boundary M∗,max, considering that very mas-
sive stars are already dead due to their short life time. Here
we employ the IMF derived by Kroupa (2001), which utilizes
a larger sample than that by Salpeter (1955) and is similar to
that by Chabrier (2003). The normalized stellar mass function
is continuously composed of next three equations;

P (M∗)dlogM∗ ∝

M0.7
∗ (M∗,min ≤M∗ < 0.08M⊙) (11)

M−0.3
∗ (0.08M⊙ ≤M∗ < 0.5M⊙) (12)

M−1.3
∗ (0.5M⊙ ≤M∗ ≤M∗,max), (13)

and satisfies
∫ M∗,max

M∗,min

P (M∗)dlogM∗ = 1, (14)

where we set M∗,min = 0.01M⊙ and M∗,max = 1.0M⊙. We
confirm that the choice of M∗,max does not significantly affect
our conclusions (Section 3.7).

3.5 Maximum Likelihood Fit

We adopt the unbinned maximum likelihood (ML) method to
constrain the XLF parameters. While the ML fit gives the
best-fit parameters, the goodness of the fit cannot be evaluated.
Hence, we perform one dimensional Kolmogorov-Smirnov test
(hereafter KS test; e.g., Press et al. 1992) separately for the red-
shift distribution and for the luminosity distribution between the
observed data and best-fit model. The p-value, the chance of
getting observed data set, is evaluated from the D-value assum-
ing the one-sided KS test statistic. The D-value is chosen to
be the maximum value among the absolute distances between
an empirical cumulative distribution function and a theoretical
one.

We define the likelihood function as

L=−2
∑

i

ln

∫ ∫ ∫
N(Lx,L

obs
xi ,zi,M∗,θ)dLxdlogM∗dΩ/2π∫ ∫ ∫ ∫ ∫

N(Lx,Lobs
x ,z,M∗,θ)dLxdLobs

x dzdlogM∗dΩ/2π
,(15)

where the subscript index i refers to each TDE and the term
N(Lx, L

obs
x , z,M∗, θ)dLxdL

obs
x dzd logM∗dΩ/2π represents

the differential number of observable TDEs with the intrin-
sic peak luminosity Lx, the observed one Lobs

x , the redshift z,
the mass of the star M∗, and the viewing angle θ, expected
from the survey (note that θ is related to the solid angle as
dΩ = 2πd(cos(θ))). By considering that the fraction of TDEs
with jets among all TDEs is fjet, the differential number is cal-
culated as

N(Lx,L
obs
x ,z,θ,M∗)

(γ = -1.24, k = 0.8) 

(λ = -0.4) 

‣ We considered two LFs of TDEs w/ jets and those w/o jets 
using the fraction of TDEs w/ jets, fjet. 
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where Ndata is the number of observed events in each lumi-
nosity bin and Nmodel is that predicted by a model. The error
bars reflect the 90% confidence level in Ndata based on the for-
mula of Gehrels (1986). If no event is detected, we plot the 90%
upper limit by setting Ndata = 2.3 (Gehrels 1986).
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Fig. 5. The best-fit XLF as a function of “observed” peak luminosity at z =

0.75 for two evolution indices (left figure: p=4, right figure: p=0). The solid
lines represent the total XLF consisting of that of TDEs without jets (dotted
line) and that of TDEs with jets (dot-dashed line).

Table 4 lists the TDE occurrence rates per unit volume
(Mpc−3 yr−1) in different luminosity ranges predicted from our
best-fit TDE XLFs. The attached errors are calculated by only
considering the uncertainty in the normalization of the TDE
XLF.

3.6 Comparison with ROSAT Results

We check the consistency of our results with a previous study
based on the ROSAT All-Sky Survey (RASS; Donley et al.
2002). Here, we must take into account the different TDE sur-
vey conditions between MAXI and ROSAT. Because MAXI is
continuously monitoring the entire sky, we can derive the whole
light curve of each TDE and hence its “peak” luminosity. By
contrast, the detection of TDEs reported by the ROSAT survey
was based on two snapshot observations, the one in the scan-
ning mode during the RASS and the other in the pointing mode.
Thus, in the case of ROSAT, it is impossible to accurately esti-
mate the “peak” luminosity of each TDE because of the uncer-
tainty in its peak flux time due to the scarce observations.

Table 4. Frequency of TDE occurrence at different luminosity
ranges

logLobs
x Ṅp=0 Ṅp=4

[1] [2] [3]
40-41 1.2+1.2

−0.7 × 10−5 1.1+1.1
−0.6 × 10−5

41-42 4.0+4.0
−2.3 × 10−6 3.8+3.8

−2.2 × 10−6

42-43 9.0+9.0
−5.1 × 10−7 8.6+8.6

−4.8 × 10−7

43-44 1.2+1.2
−0.7 × 10−7 1.1+1.1

−0.6 × 10−7

44-45 1.1+1.1
−0.6 × 10−9 4.8+4.7

−2.7 × 10−10

45-46 1.8+1.8
−1.0 × 10−10 3.8+3.8

−2.2 × 10−11

46-47 3.1+3.1
−1.8 × 10−11 6.6+6.6

−3.7 × 10−12

47-48 2.6+2.5
−1.4 × 10−12 5.4+5.4

−3.1 × 10−13

Notes.
Col. [1]: The luminosity range.
Col. [2]: The frequency of the TDE occurrence (Mpc−3yr−1)
in the corresponding luminosity range for logLx∗ = 44.6 and p= 0.
Col. [3]: The same as Col. [2] but for p= 4.

To compare our MAXI results with the ROSAT one, we need
to convert the XLF of TDEs given as a function of “peak lu-
minosity” into an “instantaneous” XLF, which gives the proba-
bility of detecting TDEs with an instantaneous luminosity in a
single epoch. Following Milosavljević et al. (2006), for a given
instantaneous luminosity of L′obs

x,ins, we formulate the instanta-
neous XLF as

dΦ′(L′obs
x,ins,z)

d logL′obs
x,ins

= ln(10) L′obs
x,ins

∫ Ω=2π

Ω=0

dΩ

2π

∫ Lx,max

Lx,min

dLx

∫ ∞

tp

dt

∫ M∗,max

M∗,min

dlogM∗

×
dΦ(Lx,z)

dLx
P (M∗)

×
{
(1− fjet)δD

(
L′obs

x,ins −Lobs
x,ins(C0,Lx, t)

)
e−(1+z)p(1−fjet)ξ(Lx)t

+fjetδD

(
L′obs

x,ins −Lobs
x,ins(C1,Lx, t)

)
e−(1+z)p fjet ξ(Lx)t

}
. (18)

The above equation takes into account the Poisson weighted
probability along the luminosity decay. The peak time tp is
chosen to be 0.1 yr, corresponding to the averaged value of our
sample.

To perform this calculation, we need C0 and C1, the conver-
sion factors from an intrinsic luminosity to an observed lumi-
nosity in the the ROSAT band (0.2–2.4 keV). Since the black-
body component can be dominant in this energy band, the term
of ωbb in equations (3) and (4) must be estimated. We follow
our assumption that the rest of the non-beamed bolometric lumi-
nosity from which the Comptonization component is subtracted
is dominated by a blackbody component with a single temper-
ature. Accordingly, we estimate the effective temperature by
assuming that the emitting area of the blackbody component is
∼ π(3RSch)

2. The color temperature is assumed to be identical
to the effective one. As a result, ωbb is derived as a function of
Lx and z. We obtain ωpow =2.71 for a power-law photon index
of 2.0.

TDE Hard X-ray LF

12

‣ Fitted the data (z, Lx) with the “Maximum Likelihood” method. 
‣ Our calc. does not depend on jet detection by considering all possible Lx 

variation due to presence or absence of the jets and the inc. angles.

‣ Fraction of TDE w/ jet (fjet) ~ 1% 
‣ TDE rate (        ) ~ 2×10-8 [log Lobs

x
-1Mpc-3yr-1]

fjet

Π
 [l

og
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] at z = 0.75TDEs w/o jets

TDEs w/ jets

Beaming effect
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per unit volume as a function of SMBH mass. It should be
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galaxy luminosity function defined as Ψ(Lgal∗; Lgal)dL =
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dicates the characteristic parameter. Unless otherwise noted,
we adopt k = 0.8, Ψ0 = 0.007, log(MBH∗/M⊙) = 8.4, and
α=−1.3 according to the results obtained by Marconi & Hunt
(2003) and Blanton et al. (2001), where M⊙ is the solar mass.
We refer to the dependence of the specific TDE rate on SMBH
mass derived by Stone & Metzger (2014),

ξ ∝Mλ
BH, (7)

where λ is chosen to be −0.4.
To represent the TDE occurrence rate as a function of lumi-

nosity, we further make an assumption that the peak luminosity
L of a TDE (i.e., that free from the jet luminosity) is propor-
tional to the SMBH mass, or equivalently, a constant fraction of
the Eddington luminosity, λEdd. Then, by converting MBH into
L in the product of ψ(MBH∗;MBH) and ξ, we can express the
occurrence rate of TDEs per unit volume in terms of L as

φ(L∗;L)dL= ψ0ξ0
(

L
L∗
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e−( L
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We incorporate a redshift dependence of the TDE XLF with an
evolution factor of (1+ z)p that is multiplied to the local XLF.
Thus, the TDE XLF is formulated as
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dLx
dLx = (1+ z)pφ(Lx∗;Lx)dLx. (9)
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3.4 Mass Function of Stars Disrupted by SMBHs

A TDE occurs only when the tidal disruption radius, RTDE =

R∗(MBH/M∗)
1/3, where M∗ and R∗ are the mass and ra-

dius of the star, is larger than the Schwarzschild radius, RSch

(≡ 2GMBH/c
2, where G is the gravitational constant.). For a

given star, there is an upper boundary for the mass of a SMBH
that can cause a TDE. Hence, the mass function of stars should
be incorporated in calculating the actual TDE XLF. We approx-
imate it by the shape of an initial mass function (IMF) with an
upper star mass boundary M∗,max, considering that very mas-
sive stars are already dead due to their short life time. Here
we employ the IMF derived by Kroupa (2001), which utilizes
a larger sample than that by Salpeter (1955) and is similar to
that by Chabrier (2003). The normalized stellar mass function
is continuously composed of next three equations;

P (M∗)dlogM∗ ∝

M0.7
∗ (M∗,min ≤M∗ < 0.08M⊙) (11)

M−0.3
∗ (0.08M⊙ ≤M∗ < 0.5M⊙) (12)

M−1.3
∗ (0.5M⊙ ≤M∗ ≤M∗,max), (13)

and satisfies
∫ M∗,max

M∗,min

P (M∗)dlogM∗ = 1, (14)

where we set M∗,min = 0.01M⊙ and M∗,max = 1.0M⊙. We
confirm that the choice of M∗,max does not significantly affect
our conclusions (Section 3.7).

3.5 Maximum Likelihood Fit

We adopt the unbinned maximum likelihood (ML) method to
constrain the XLF parameters. While the ML fit gives the
best-fit parameters, the goodness of the fit cannot be evaluated.
Hence, we perform one dimensional Kolmogorov-Smirnov test
(hereafter KS test; e.g., Press et al. 1992) separately for the red-
shift distribution and for the luminosity distribution between the
observed data and best-fit model. The p-value, the chance of
getting observed data set, is evaluated from the D-value assum-
ing the one-sided KS test statistic. The D-value is chosen to
be the maximum value among the absolute distances between
an empirical cumulative distribution function and a theoretical
one.

We define the likelihood function as

L=−2
∑

i

ln

∫ ∫ ∫
N(Lx,L

obs
xi ,zi,M∗,θ)dLxdlogM∗dΩ/2π∫ ∫ ∫ ∫ ∫

N(Lx,Lobs
x ,z,M∗,θ)dLxdLobs

x dzdlogM∗dΩ/2π
,(15)

where the subscript index i refers to each TDE and the term
N(Lx, L

obs
x , z,M∗, θ)dLxdL

obs
x dzd logM∗dΩ/2π represents

the differential number of observable TDEs with the intrin-
sic peak luminosity Lx, the observed one Lobs

x , the redshift z,
the mass of the star M∗, and the viewing angle θ, expected
from the survey (note that θ is related to the solid angle as
dΩ = 2πd(cos(θ))). By considering that the fraction of TDEs
with jets among all TDEs is fjet, the differential number is cal-
culated as

N(Lx,L
obs
x ,z,θ,M∗)

log Lxobs [erg s-1]
42 43 44 45 46 47 48 49
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‣ SMBH mass density calculated by accumulating the accreted  
mass by AGNs (e.g., Ueda+14). 

AGNs: Δρ ~ 3e+5 Msun/Mpc3

Mass accreted by TDEs =   LF (Mpc-3 yr-1 L-1)×Acc. Mass×Time×dL∫
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‣ Contribution of TDEs to the SMBH mass density is much smaller 
than that of AGN.

z 1.2 1.50.80.40.0
3e+5

5e+5

7e+5

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

TDEs: Δρ ~ 7e+2 Msun/Mpc3 

AGNs: Δρ ~ 3e+5 Msun/Mpc3

‣ SMBH mass density calculated by accumulating the accreted  
mass by AGNs (e.g., Ueda+14). 
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1. All-sky monitor with MAXI has detected 4 TDE 
candidates in the 37-months since 2009.  

!

2. We derived the hard TDE X-ray luminosity 
function for the first time. 

!

3. TDEs do not strongly contribute to the total 
SMBH mass density evolution since z ~ 1.5.  


