
仮定するパラメータ log Lx＊ (= 43.6, 44.1), p (= 0, 4)と ηjet (= 0.1) の全ての組み合わせについて
フィッティングを行った。各々の場合において、ROSATで観測した場合に検出されるであろ
うTDEsの数 NTDE の計算を行った。その結果、赤方偏移進化の仮定によらず、Eddington 光度
場合においてROSATの結果を上手く説明できることがわかった。また、Kolmogorov 
Smironov test (KS-test) より、以上のいずれの結果も90%の信頼度において棄却されなかっ
た。最終的な発生頻度の光度依存性の結果については、表[3]、と図[5]にまとめられてい
る。

Results

光度依存性を調べるために、最尤法を用いた。光度関数には、Schechter function を元に、
相対論的なジェットを出すTDEsの割合 fjet とビーミング効果を考慮した [式1,2]。また、ジェッ
トに使われるエネルギーの割合ηjet についても考慮している。サンプル数が少ないため文献[9]を
参考にして γ = -1.24, λ = -0.4, k = 0.8 と固定した。赤方偏移の依存性として、(1+z)p だけ進化する
ことを考えた。log Lx＊ に関しては Eddington 光度の場合と、sub Eddington 光度の場合で二
通りの場合 (log Lx＊ = 44.1, 43.6) を考えた。また、ROSAT全天サーベイの結果 [文献9]と一致す
るようにパラメータに制限を与えた。ROSATの結果は、0.2-2.4 keV における検出限界 1x1012 
erg s-1 cm-２で3天体のTDEsを検出している。ただし、我々のサンプルのうち水素中密度で NH > 
1022 cm-2 の吸収を受けたTDEsの割合 (2/3) を考慮して、9天体検出するパラメータを妥当な結
果だとした。検出数の計算には、ROSATの短時間サーベイでは、MAXIと異なりピーク光度を捉
えられない。そこで、式[3]のように光度毎にPoisson確率で重み付けられた式で計算を行う。 
 上記の計算では、TDE のスペクトルモデルとして黒体放射と冪成分を考慮することで、ROSAT 
における光度を SMBH 質量毎に仮定した [図3]。まず、べき成分が全光度に占める割合は、
AGN での結果 [文献10, 図4] を元にした。これより log Lx＊ が Eddigton 光度と sub 
Eddington 光度毎に求められる。そして、残りの光度を黒体放射が占めるとして黒体放射温度
を計算した。ただし、このとき放射領域の半径は、潮汐破壊がおこる半径とした。

Analysis

TDEsの典型的な変動の時間スケールである数ヶ月に着目して、MAXIのデータを30/90日毎に
分け、高銀緯 (|b|>10°) で突発的な変動を起こしているイベントを13天体検出した [図1]。観測
期間は、2012/09/23-2012/10/15で、使用帯域は 4-10 keV である。その結果、上記の探査
から2つのTDEs、Swift J1644+57 と Swift J2058+05を検出した。また、2nd MAXI catalog
に載っている NGC 4845 のTDEの突発的な変動も検出した。天体情報については、表 [1] にま
とめてある。上記の3天体は、TDEsで予測されている冪乗 (L ∝ t-5/3) の減光を示すことを確認し
た [図2]。そして、今回検出された残り10天体と 2nd MAXI catalog の500天体 [文献8] から
変動が大きく (5倍以上の光度変動)かつ-5/3の冪乗の減光を示す天体を探したが、 
同様の特徴を示す天体は確認されなかった。

Sample

今回我々が得た研究成果は以下のとおりである。 
- MAXI のデータを用いて、TDEsの典型的な時間スケールである数ヶ月に着目して突発的な
変動を示す天体を探査した。その結果12天体検出された。そのうちの2天体がTDEsであっ
た。また、2nd MAXI catalog からは、TDEが１例報告されているため、全てで3例の
TDEsを観測できた。 

- ROSATの結果をもとに、物理パラメータに制限を与えた。その結果、ジェットを伴うTDEs
の割合として、fjet = 0.2-1.1%、また、sub Eddington 光度と比較して、Eddington 光度の
場合の方が ROSAT  の結果と一致するという示唆を得た。 

- 既に研究されている活動銀河核のX線光度関数や、質量密度の赤方偏移進化 [文献5]と比較
して、TDEsの影響は、極めて小さいということが示唆された。

Summary

MAXI を用いた超巨大ブラックホールによる 
星潮汐破壊現象のX線光度関数の見積もり

川室太希、上田佳宏、志達めぐみ、堀貴郁 (京大)、河合誠之 (東工大)、MAXIチーム
我々は、MAXIを用いて潮汐破壊現象 (Tidal Disruption Events; TDEs) の検出を行い、その発生頻度の光度依存性について調べた。MAXIの約3年間の観測により、相対論的なジェットの存在
が報告されている2天体 (Swift J1644+57; [文献1], Swift J2058+05; [文献2]) とそうでない1天体 (NGC 4845; [文献3]) の検出を確認した。観測されたTDEsの光度依存性は、次の２つの条
件を考慮することで説明することができた。条件の一つ目は、TDEsを起こすことのできるブラックホール質量には上限 (~ 108Msun) が存在すること、そして二つ目に、相対論的なジェットを
伴うTDEsが発生する割合とそのジェットのビーミング効果である。また、我々の結果はROSAT  All-Sky Surveyによる結果 [文献4] を十分に説明できる結果となっている。以上から、全TDEs
の約0.2-1.1%程度がジェットを伴うことが示唆された。また、活動銀河核のX線光度関数や、超巨大ブラックホール(Supermassive Black Holes; SMBHs) 質量の赤方偏移進化 [文献5] に対す
るTDEsの影響を見積もると、その影響は極めて低いことが示唆された。 

Abstract

銀河中心に存在するとされている SMBH に質量降着がほとんど起きていない場合には、その
SMBHの性質を観測的に研究することは難しい。しかし、SMBHに星が近づくとその潮汐力に
よって破壊され、UV/X線で急増光することが知られている。つまり、TDEsを研究することは
活動性の低いSMBHの性質を調べる上で極めて重要である。TDEsは、いつどこで起こるか予測
できないため、MAXIを用いたX線サーベイが有効な手段の一つになる。そのTDEsの発生頻度は、
理論的に 10-5 -10-4 galaxy-1 yr-1 と予測されている [文献6]。また、TDEsの発生頻度には
SMBHの質量の依存性があるとも報告されており [文献7]、Eddington光度を仮定するとその依
存性が光度にも現れると考えられる。そこで、今回我々は、 TDEsの発生頻度の光度依存性につ
いてMAXIのデータを用いて調べた。

Introduction
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Fig. 2.— The X-ray (3-10 keV) light curves of three TDEs (left to right) during their flares. The light curves colored with blue are used
to fit the power law model, while the gray dashed line is not used and plotted for the purpose of a visualization. The nT in each figure is

the best fit power law index represented as (t− tD)n
T
, and the errors in a 90% confidence interval are also expressed.

On the basis of the light curve which is quite useful
to identify TDEs, we aim at completely finding TDEs
having never been identified. Hence, we made the light
curves of 10 days, 30 days and 90 days bins for different
energy bands of 3–4 keV, 4–10 keV and 3–10 keV. The
light curve is created with the the same image fitting as
described in Section 3 but for the positions of all sources
being fixed. Based on the light curve of Crab nebula
in 3-10 keV, we estimate the representative systematic
error. This Crab light curve is made from the data satis-
fying the condition that when the 3◦ × 3◦ square region
around the Crab is divided to the 1◦ × 1◦, the minimal
count and maximal one among the 9 regions are more
than 6 and 11 counts in one day, respectively. This em-
pirical procedure can avoid a large uncertainty due to a
poor statistic. As a result, we have confirmed that the
addition of the systematic error of 10% to the statistical
error can account for the 1 Crab flux within the 1σ error.
In the following, we analyze the light curve including the
systematic error.
In order to identify TDEs from among the 2nd MAXI

sources (Hiroi et al. 2013) and the unidentified transient
ones of our work, first it is important to investigate the
natures of already identified TDEs. The large amplitude
and the power law decline of which index is −5/3 are
expected as typical TDE natures. In the whole period in
our analysis, NGC 4845 is known to have caused TDE
(Niko"lajuk & Walter 2013). The 30 days averaged high-
est flux is 3.4 mCrab with the sD of 6.8 in 4–10 keV band.
Hence, we extract the representative natures of TDEs
from the three events (Swift J1644+57, Swift J2058+05,
and NGC 4845).
First, we investigated how large the TDEs show the

amplitude based on the 30 or 90 days averaged light
curves in 4-10 keV band. From the comparison of high-
est flux in a light curve with the second highest one,
Swift J1644+57, Swift J2058+05, and NGC 4845 show
the variability by factors of 16.3 (7.7), 8.2 (2.4) and 1.4
(6.8) with 30 days averaged fluxes (90 days ones), respec-
tively. Here, due to the difficulty deriving fluxes in faint
states, the flux of 5×10−12 erg s−1 cm−2 which is the
limiting flux measured in the 2nd MAXI catalog (Hiroi
et al. 2013) is used when the derived flux is below the
flux limit. As a result, the variable factor of 5 is applied
to the search for TDE candidates. The 17 and 14 objects
showing the corresponding amplitude are detected from
30 days light curves and 90 days ones. The reason why
we do not compare the highest flux with the preceding
one is that this is not able to exclude highly variable

sources, such as X-ray binary systems and cataclysmic
variables.
Second, an alternative key is to test whether a light

curve follows the (t − tD)−5/3 power law decline after
the peak flux at tp, where t and tD are the time dura-
tion and the disruption time, respectively. The fitting
to a light curve strongly depends on the time taken to
achieve the peak flux from the tidal disruption, namely
∆t = tp − tD. By referring to the papers (Burrows et
al. 2011; Cenko et al. 2012; Niko"lajuk & Walter 2013),
approximately 20 days (for NGC 4845) and 80 days (for
Swift J1644+57 and Swift J2058+05) are appropriate to
explain the light curve with ≃ −5/3 power law. Accord-
ingly, fixing the tp and the tD at the above ones and the
first day in the bin showing highest flux, respectively, we
confirmed that the light curves of the 10 days bin follow
the power law, as is shown in Figures 2. When fitting
the power law model, where the free parameters are the
power law index and the normalization, we choose to use
the 9 bins, corresponding to 90 days. The resultant in-
dexes of nT are −1.94+0.39

−0.48, −1.92+0.58
−0.73 and −2.00+1.14

−1.25
for Swift J1644+57 and Swift J2058+05, and NGC 4845,
respectively. Here, the Chi-squared method gives the
goodness of the fit and the errors at 90% confidence.
Although we performed the same light curve fitting for
the TDE candidates, this approach leaves none of them
showing predicted power law index in a 90% confidence
interval.

5. LUMINOSITY FUNCTION OF TIDAL
DISRUPTION EVENT

5.1. TDE Sample

Table 2 lists the TDE sample used to study the lumi-
nosity function. The MAXI survey in our analysis covers
the high fraction of the sky ∼ 83%, while the limit flux
in the 4–10 keV band is simply chosen to be 2 mCrab
corresponding to ∼ 3 × 10−11 erg s−1 cm−2 based on
the information of detected transient events. The total
exposure of MAXI survey is 37 months.
The spectral model needed to calculate the luminos-

ity is estimated based on the Hardness Ratio (hereafter
HR) defined as (H − S)/(H + S), where H is the ob-
served flux (having units of Crab) in the 4–10 keV band
and S in the 3–4 keV band. The HRs for Swift J1644+57,
and Swift J2058+05, and NGC 4845 are computed at ,
0.18 (±0.12), and 0.19 (±0.15), and 0.08 (±0.13) from
each of the 30 days averaged highest fluxes. The 1σ er-
rors are attached at the values. These HRs correspond
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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.

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.
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TABLE 3
Best-fit parameters

logLx∗ fjet φ0Γ0,lz p-valuelz φ0Γ0,hz p-valuehz
[1] [2] [3] [4] [5] [6]

43 0.02 (< 0.07) 1.4+2.3
−1.0 × 10−6 0.45 9.2+26.5

−8.3 × 10−5 0.43

44 0.08 (< 0.20) 5.1+8.4
−3.7 × 10−8 0.28 5.4+15.6

−4.9 × 10−7 0.32

Note. — Col. [1]: The energy fraction used to produce the relativistic jet with
respect to the disk luminosity.; Col. [2]: The ratio of TDEs coinciding with the
relativistic jet.; Col. [3]: The normalization factor in defined in the luminosity function
in the units of Mpc−3 logL−1

x yr−1 for low-z TDEs.; Col. [4]: The probability of getting
the result.; Col. [5]: The same as Col. [5] but for high-z TDEs. Col. [6]: The same as
Col. [6] but for high-z TDEs.

addition to that, the simple assumption that the flaring
luminosity is proportional to the SMBH mass transforms
the above equation into

φ(L,L∗)Γ(L,L∗)dL = φ0Γ0

( L

L∗

)γ+λ
e−( L

L∗ )k dL

L∗
, (7)

where λ is 7/2a− 1 and Γ0 is the normalization factor of
the TDE occurrence rate. In this analysis, by adopting
a = 4.9, which value is estimated for the blue luminosity
of galaxies by Marconi & Hunt (2003), γ is derived to
be ∼ −0.3. Because TDEs can be divided into 2 types
according to the presence or absence of the relativistic
jet, we should consider the fraction fjet of the TDEs ac-
companied by the jet with respect to all TDEs and the
beaming effect. Moreover, the fraction of energy used to
produce the relativistic jet in comparison with the lumi-
nosity emitted in the TDEs without the relativistic jet,
ηjet, is also taken into consideration. As a result, the
luminosity function for a given the Doppler factor δ can
be modeled as

dΦmodel

d logLx
d logLx = (1− fjet)φ(Lx, Lx∗)Γ(Lx, Lx∗)dLx

+fjetφ(Lx, ηjetL
′
x∗)Γ(Lx, ηjetL

′
x∗)dLx, (8)

where L′
x∗ depend on their intrinsic parameters and the

Doppler factor, namely δ4Lx∗.
The above ML method cannot determine the normal-

ization of the luminosity function. We calculate it so that
the predicted number from the function equals to the de-
tected number of the TDEs. The error attached to the
normalization with the 90% confidence level is estimated
from equations (9) and (12) in Gehrels (1986).
The fixed parameters for the calculations are deter-

mined as follows. The redshift bin is split into two bins,
the local one (z < 1) and the distant one (1 < z < 1.5).
The luminosity range is from logLx = 41 erg s−1 to 48
erg s−1. As a representative value, we fix the Lorentz fac-
tor at 10 based on the SED analysis of Swift J1644+57
by Burrows et al. (2011).

5.3. Apparent Luminosity Function

In order to confirm whether the fitting results obtained
from the different assumed parameters are in good agree-
ment with the consequence from the ROSAT All-Sky
Survey (RASS; Donley et al. 2002), we calculate the pos-
sible detected TDE number in the RASS from our TDE
luminosity functions. The RASS data are obtained in
a scanning mode while MAXI can continuously survey
the entire sky. Thus, to take the different design be-
tween two observations into account, we follow the same

idea of Milosavljević et al. (2006) and use the following
equation to derive the apparent luminosity function of
TDE,

dΦ′(Lx)

dLx
=

∫ Mmax

Mmin

dMBH

∫ ∞

tpeak

dtφ(MBH) Γ(MBH)e−Γ(MBH)t

×δ[ω−1
bolLbol(MBH, t)− Lx], (9)

where ωbol is the bolometric correction factor and δ(x)
is the Dirac δ-function. By assuming that the bolo-
metric luminosity is related to the Eddington luminos-
ity, Lbol ∼ LEdd ∝ MBH, dΦ(Lx)/d logLx turns into
dΦ(MBH)/d logMBH. ω is fixed at 4 by assuming the
following facts. The emitted entire luminosity compara-
ble to the Eddington luminosity comes from the accretion
disk and the corona, and the latter one will dominate the
hard X-ray luminosity, here the 4–10 keV band. More-
over, the energy fraction ηjet is 0.3, which is assumed in
order to reproduce the observed SED of Swift J1644+57.
Unless otherwise noted, the minimum SMBH mass in-
volved in calculations is taken to be 104M⊙ while the
maximum one 108M⊙. The characteristic mass MBH∗ is
estimated to be ∼ 105.5M⊙ and 106.5M⊙ for the charac-
teristic luminosity of logLx∗ =43 and 44, respectively.
The possible detected TDE number, NTDE, can be cal-

culated with

NTDE =

∫ Lmax

Lmin

∫ zmax

zmin

Lx
Φ′(Lx)
dLx

dV (z, Lx)
dz

dzd logLx,(10)

where dV/dz is evaluated based on the results of Donley
et al. (2002). They detected total five large-amplitude X-
ray outbursts by combining the RASS and the pointed
ROSAT observations. Their survey covering ∼ 9% of the
sky is complete to the flux limit of 2 × 10−12 erg cm−2

s−1. With the completeness taken into account, the three
of five events were able to be detected.
While Milosavljević et al. (2006) take it consideration

the time evolution depending on the SMBH mass in de-
tail when calculating Lbol, in accordance with our as-
sumption so far, namely the luminosity being propor-
tional to the SMBH mass, we compute equation (9) on
the basis of

Lbol = 1.26× 1038
(MBH

M⊙

)( t

tpeak

)−5/3
. (11)

We assume that tpeak is a constant of 0.02 yr in our
analysis. This is predicted in the case of MBH = 106M⊙
(Li et al. 2002). The adoption of tpeak = 80 days ∼ 0.2
yr on the basis of the light curve analysis has a less effect
on NTDE.

参照文献 [1] Burrows+11, [2] Cenko+12, [3] Nikolajuk & Walter+13, [4] Donley+02, 
[5] Ueda+14, [6] Magorrian & Tremaine+99, [7] Wang & Merritt+04, [8] Hiroi+13, [9] 
Milosavljevic+06, [10] Vasudevan+07. 
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有意度マップ [図1]

・発生頻度の光度依存性

・活動銀河核のX線光度関数への寄与

上記の結果から光度関数を式[3]より計算し、X線光度関数 [文献5] と比較すると図[6]のよ
うになった。結果より、近傍、遠方の両方において、TDE の影響は極めて小さいことがわ
かる。ただし、遠方の場合においては、log Lx ~ 47 でのみ制限をつけているので、より低
光度側では外挿にしかすぎないので注意する必要がある。

[式2] ジェットを伴わないTDEを表す第一項とジェッ
トを伴うTDEを表す第二項で構成されている。

[式1] Schechter function に発生頻度の質量依
存性を掛けたもの。ただし、ここでは、質量と
光度が比例すると仮定して単位変換されている。

[式3] ROSATのような短時間の全天走査で観測される
場合の光度関数の計算式 (δ = デルタ関数)
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5.4. Maximum Likelihood Fitting

Due to the small sample in low-z (z < 1), fixing the
cutoff luminosity Lx∗ at 1043 erg s−1 and 1044 erg s−1,
and ηjet at 1 and 0.1, we calculate equation (2). Eventu-
ally, φ0Γ0 and fjet are left as the free parameters. The KS
test for the distribution of Lx can accept all results from
ML fits of the four combinations of Lx∗ and ηjet within
the 90% confidence level. Having the only one sample of
Swift J2058+05 in the high redshift bin (1 < z < 1.5),
we only calculate the normalization factor with the best
fit parameters of fjet derived in the low redshift (z < 1)
fixed. This is the same idea as the Pure Density Evolu-
tion. The resultant p-values fall in the 90% confidence
interval.
In order to confirm whether the results from the differ-

ent assumed parameters are consistent with the ROSAT
TDEs (Donley et al. 2002), we calculate equation (10)
in each of patterns. When comparing the two results of
ROAST and MAXI, we should take it into consideration
that the RASS result based on the soft X-ray band would
miss obscured TDEs, while the effect will decrease in the
hard X-ray observation conducted with MAXI. Indeed,
the follow-up observations of our TDEs with Swift and
XMM-Newton indicate that two of them (Swift J1644+57
and NGC 4845; Burrows et al. 2011; Niko#lajuk & Walter
2013) are obscured with the hydrogen column density of
NH > 1022 cm−2. These results can give the obscuration
fraction of ∼ 70%, and will correct the number of TDEs
to be detected by the RASS to 9 if all TDEs are not
obscured.
From equation (10), the assumption of ηjet = 1 gives

NTDE = 1.5+2.4
−0.9 and 1.7+2.6

−1.0 for the redshift ranging from
0 to 1.5 separately for the cutoff luminosity of logLx∗ =
43 and 44, while those of ηjet = 0.1 NTDE = 25.1+61.8

−19.5

and 11.3+21.9
−7.2 . These results suggest that ηjet = 0.1 is

well fitted to the previous results (Donley et al. 2002)
in spite of logLx∗. Hence, we only consider the results
under the ηjet = 0.1 from here. The best fit parameters
of fjet are derived to be 2 (< 7)% and 8 (< 20)% for each
of cutoff luminosity of logLx = 43 and 44. The attached
errors to fjet are calculated so that the |Lbest − ∆L| =
1. The significant difference of the normalization φ0Γ0
between the two different redshift ranges appears only
for the case of logLx∗ = 43. The best fit parameters are
summarized in Table 3.
In Figure 3 displaying the best-fitted luminosity func-

tions, the solid lines represent the luminosity functions
integrated over all solid angle:

Π(Φmodel) =

∫
dΦmodel

d logLx

dΩ

4π
. (12)

On the other hand, the data points are plotted by uti-
lizing the ”Nobj/Nmodel” estimator (Miyaji et al. 2001).
The estimator is defined as

Π(Φobj) = Π(Φmodel)× Ndata

Nmodel
(13)

Ndata is the number of events detected within a given
luminosity range while Nmodel is the predicted number
from the luminosity function in the same range. The
center of the luminosity in a bin is determined as the
intermediate value between logLmin and logLmax in the
bin.
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Fig. 3.— The luminosity functions derived under the assumption
of ηjet = 0.1. The red data points show the TDEs in the low
redshift (z < 1), and the blue one in the high redshift (1 < z < 1.5).
The black solid line and the magenta one represent the luminosity
functions consisting of the functions of TDEs without jet (orange
dot line) and the one for TDEs with jet (gray dashed line).

Taking φ0 = 0.02 h−3 Mpc−3, where h is defined as
H0/100 km s−1 (Blanton et al. 2001) and corresponds
to 0.7 in our analysis, we can estimate the luminosity
dependence of the TDE rate in units of galaxy−1 yr−1,

Γlz = 2.4+3.9
−1.0 × 10−5

( Lx

1043

)−0.3
(logLx∗ = 43), (14)

and

Γlz = 1.7+2.9
−1.3 × 10−6

( Lx

1043

)−0.3
(logLx∗ = 44). (15)

In Table 4, the TDE occurrence frequencies
(1/Mpc3/yr) computed for the different luminosity
ranges are listed. The attached errors are calculated by
only considering the normalization uncertainties.

5.5. Contribution of TDE to X-ray Luminosity
Function

We investigate the effect of TDEs on the X-ray lumi-
nosity function based on the above results by calculating
equation (9). Figure 4 shows the results at different as-
sumed cutoff luminosity of logLx∗. With only the nor-
malization error taken into consideration, the acceptable
luminosity function for the 90% confidence interval are
also expressed. In order to compare the previous study
of the hard X-ray luminosity function, we over-plotted
the data points estimated by Ueda et al. (2014). We

[表1]

[図2]

[表3]

検出

[図5]

TDE w/o Jet
TDE w Jet

[1]天体名, [2]赤方偏移, [3]4-10 keVにおけるピーク光度,  
[4]Bulk Lorentz factor ,[5] Doppler factor. (a)解析に用いた値。

[1] X線光度 (4-10 keV) に対してジェットに使われるエネルギーの割合, [2]全TDEsに対するジェットを伴う
TDEsの割合, [3]式 [1] で定義されるパラメータ, [4]KS-test より p = 2でのフィット結果が起こりうる確率 (光
度/赤方偏移の方向毎), [5]p = 4の場合の[2],  [6]p = 4の場合の[3], [7]p = 4の場合の[4]。 

[図6]
Flux ∝ tnT
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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
Our Sample of Tidal Disruption Events

Name z logL4−10keV Γ δ
[1] [2] [3] [4] [5]

Swift J164449.3+573451 0.354 46.6 10 16
Swift J2058.4+0516 1.1853 47.5 > 2 (10a) (16a)

NGC 4845 0.004110 42.3 - -

Note. — Col. [1]: Name of the TDE; Col. [2]: redshift; Col. [3]:
Luminosity (erg s−1) in the 4–10 keV band; Col. [4]: The Bulk Lorentz
factor; Col. [5]: The Doppler factor.
aThe value used in analysis.
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Fig. 2.— The X-ray (3-10 keV) light curves of three TDEs (left to right) during their flares. The light curves colored with blue are used
to fit the power law model, while the gray dashed line is not used and plotted for the purpose of a visualization. The nT in each figure is

the best fit power law index represented as (t− tD)n
T
, and the errors in a 90% confidence interval are also expressed.

cay light curves is consistent with a power law profile as
(t − tD)−5/3, where t is time and tD is the onset time
of the TDE. We note that the time of the flux peak, tp,
is delayed from tD by approximately 20 days for NGC
4845 or 80 days for Swift J1644+57 and Swift J2058+05
(Niko!lajuk & Walter 2013; Burrows et al. 2011; Cenko et
al. 2012). Hence, we set the first day of the bin showing
the highest flux as tp, and estimate tD by correcting for
these offsets. We confirm that the 10-days light curves
follow power law profiles, as shown in Figure 2.3. A
power-law fit to the light curve over 90 days after the

peak flux is found to be acceptable in terms of a χ2

test, yielding the best-fit index of −1.94+0.39
−0.48, −1.92+0.58

−0.73,

and −2.00+1.14
−1.25 for Swift J1644+57, Swift J2058+05, and

NGC 4845, respectively. The errors denote statistical
ones at 90% confidence limits, and they are all consis-
tent with −5/3.
Accordingly, we apply the above two conditions to the

light curves of all MAXI sources (in total **). First, we
find 17 (14) objects satisty the criterion that the ratio be-
tween the highest and second highest flux bins is larger
than 5 in the 30 (90) day light curve. For these candi-
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of TDEs per unit volume in terms of L as

φ(L∗;L)dL = φ0ξ0
( L

L∗

)γ+λ
e−( L

L∗ )k dL

L∗
, (5)

where λ is 7/(2a)− 1 and ξ0 is the TDE occurrence rate
normalized at L = L∗. By adopting a = 4.9, which is es-
timated from the blue luminosity of galaxies by Marconi
& Hunt (2003), λ is derived to be ≈ −0.3.
Finally, we consider two types of TDEs, those with and

without relativistic jets. We introduce (1) the fraction of
TDEs with jets among all TDEs, fjet, and (2) the fraction
of the jet intrinsic luminosity (that would be observed
without beaming) in the total intrinsic lumonosity, ηjet.
We also incorporate a possible redshift dependence of
the TDE XLF with an evolution factor of (1 + z)p that
is multipiled to the local XLF. Thus, the TDE XLF for
a given Doppler factor δ (or θ) is formulated as

dΦ(logLx, z, θ)

d logLX
d logLX = (1 + z)p{(1− fjet)φ(LX∗;Lx)

+fjetφ(L
′
x∗;Lx)}dLx, (6)

where L′
x∗ = δ4Lx∗/ηjet is a shifted characteristic lumi-

nosity as observed through jet emission.

3.3. 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 dimen-
sional Kolmogorov-Smirnov test (hereafter KS test; e.g.,
Press et al. 1992) seperately for the redshift distribution
and for the luminosity distribution between the observed
data and best-fit model. The p-value, the chance of get-
ting observed data set, is evaluated from the D-value
assuming 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(logLXi , zi, θi)∫ ∫ ∫

N(logLX, z, θ)dzd logLXdΩ/2π
, (7)

where the subscript index i refers to each TDE and the
term N(logLx, z, θ)dzd logLxdΩ/2π represents the dif-
ferential number of observable TDEs with the (isotropic)
luminosity of logLx, the redshift z, and the viewing an-
gle θ, expected from the survey (note that θ is related to
the solid angle as dΩ = 2πd(cos(θ))). The total stera-
dian 2π comes from the assumption of bimodal jet. It is
calculated as

N(logLx, z, θ)

=
dΦ(logLx, z, θ)

d logLx

d2L(z)

1 + z
c
dτ

dz
A
(Lobs

x

d2L

) ∆T

1 + z
, (8)

where dL is the luminosity distance, c the light velocity,
dτ/dz the differential look back time, A the survey area
at the flux limit of Lobs

x /4πd2L, and ∆T the survey time
at the observer’s frame. The observed luminosity Lobs

x
depends on Lx and θ. The factor 1/(1 + z) comes from
the time dilation at z.
Since our sample size of TDEs is very small (three),

we fix the following parameters of the XLF model, which
cannot be constrained from the data. We assume the

characteristic luminosity of either logLX∗ = 44.1 or
logLX∗ = 44.6, As mentioned above, the Lorentz fac-
tor is always fixed at Γ = 10. The index of the redshift
evolution is assumed to be either p = 0 (no evolution
case), 2 (moderate evolution case) or 4 (strong evolution
case). The last case assumes that the occurrence rate of
TDEs could be proportional to the star-formation rate
density, which is ∝ (1 + z)4 (e.g., Pérez-González et al.
2005). Eventually, only φ0ξ0 and fjet are left as free pa-
rameters.

Fig. 3.— Assumed spectral model of TDE at Tbb = 7× 105 K.
The total spectrum (black solid line) is composed of a balck body
component (red solid line) and power law one (blue solid line). The
vertical axis is arbitrary units.

The minimization is carried out by using the MINUIT
software package. We choose the luminosity and redshift
ranges to be logLx = 41–48 and z = 0–1.5, respectively.
Table 2 summarizes the best-fit results for the case of
ηjet = 0.1. We find that the one-dimentional KS tests
for the z distribution and for the LX one do not reject
any of these results at > 90% confidence level. Here we
skip the results for ηjet = 1.0 because they are found to
be incompatible with the ROSAT results (see next sub-
section). The upper limits on fjet are attached in the
parenthesis, corresponding to a confidence level of 90%
when the L-value is increased by 2.7 from its minimum.
Since the ML method cannot directly determine the

normalization (φ0ξ0) of the luminosity function, we cal-
culate it so that the predicted number from the function
equals to the detected number of the TDEs. The errors
at 90% confidence level attached to the normalization are
based on equations (9) and (12) in Gehrels (1986).
Figure 4 displays the XLF results obtained for the case

of ηjet = 0.1. The solid curves plot the best-fit XLFs
at z = 0.75 integrated over the entire solid angle (i.e.,
θ = 0− π),

Π(logLx, z = 0.75) =

∫
dΦ(logLx, z = 0.75, θ)

d logLx

dΩ

4π
.(9)

The data points are plotted by the “Nobj/Nmodel”
method (Miyaji et al. 2001); they are calculated as

Π(logLx, z = 0.75)× Ndata

Nmodel
, (10)

where Ndata is the number of observed events in each
luminosity bin and Nmodel is its model prediction. The
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of TDEs per unit volume in terms of L as

φ(L∗;L)dL = φ0ξ0
( L
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e−( L
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, (5)

where λ is 7/(2a)− 1 and ξ0 is the TDE occurrence rate
normalized at L = L∗. By adopting a = 4.9, which is es-
timated from the blue luminosity of galaxies by Marconi
& Hunt (2003), λ is derived to be ≈ −0.3.
Finally, we consider two types of TDEs, those with and

without relativistic jets. We introduce (1) the fraction of
TDEs with jets among all TDEs, fjet, and (2) the fraction
of the jet intrinsic luminosity (that would be observed
without beaming) in the total intrinsic lumonosity, ηjet.
We also incorporate a possible redshift dependence of
the TDE XLF with an evolution factor of (1 + z)p that
is multipiled to the local XLF. Thus, the TDE XLF for
a given Doppler factor δ (or θ) is formulated as
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d logLX
d logLX = (1 + z)p{(1− fjet)φ(LX∗;Lx)

+fjetφ(L
′
x∗;Lx)}dLx, (6)

where L′
x∗ = δ4Lx∗/ηjet is a shifted characteristic lumi-

nosity as observed through jet emission.

3.3. 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 dimen-
sional Kolmogorov-Smirnov test (hereafter KS test; e.g.,
Press et al. 1992) seperately for the redshift distribution
and for the luminosity distribution between the observed
data and best-fit model. The p-value, the chance of get-
ting observed data set, is evaluated from the D-value
assuming 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(logLXi , zi, θi)∫ ∫ ∫

N(logLX, z, θ)dzd logLXdΩ/2π
, (7)

where the subscript index i refers to each TDE and the
term N(logLx, z, θ)dzd logLxdΩ/2π represents the dif-
ferential number of observable TDEs with the (isotropic)
luminosity of logLx, the redshift z, and the viewing an-
gle θ, expected from the survey (note that θ is related to
the solid angle as dΩ = 2πd(cos(θ))). The total stera-
dian 2π comes from the assumption of bimodal jet. It is
calculated as

N(logLx, z, θ)

=
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d logLx
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where dL is the luminosity distance, c the light velocity,
dτ/dz the differential look back time, A the survey area
at the flux limit of Lobs

x /4πd2L, and ∆T the survey time
at the observer’s frame. The observed luminosity Lobs

x
depends on Lx and θ. The factor 1/(1 + z) comes from
the time dilation at z.
Since our sample size of TDEs is very small (three),

we fix the following parameters of the XLF model, which
cannot be constrained from the data. We assume the

characteristic luminosity of either logLX∗ = 44.1 or
logLX∗ = 44.6, As mentioned above, the Lorentz fac-
tor is always fixed at Γ = 10. The index of the redshift
evolution is assumed to be either p = 0 (no evolution
case), 2 (moderate evolution case) or 4 (strong evolution
case). The last case assumes that the occurrence rate of
TDEs could be proportional to the star-formation rate
density, which is ∝ (1 + z)4 (e.g., Pérez-González et al.
2005). Eventually, only φ0ξ0 and fjet are left as free pa-
rameters.

Fig. 3.— Assumed spectral model of TDE at Tbb = 7× 105 K.
The total spectrum (black solid line) is composed of a balck body
component (red solid line) and power law one (blue solid line). The
vertical axis is arbitrary units.

The minimization is carried out by using the MINUIT
software package. We choose the luminosity and redshift
ranges to be logLx = 41–48 and z = 0–1.5, respectively.
Table 2 summarizes the best-fit results for the case of
ηjet = 0.1. We find that the one-dimentional KS tests
for the z distribution and for the LX one do not reject
any of these results at > 90% confidence level. Here we
skip the results for ηjet = 1.0 because they are found to
be incompatible with the ROSAT results (see next sub-
section). The upper limits on fjet are attached in the
parenthesis, corresponding to a confidence level of 90%
when the L-value is increased by 2.7 from its minimum.
Since the ML method cannot directly determine the

normalization (φ0ξ0) of the luminosity function, we cal-
culate it so that the predicted number from the function
equals to the detected number of the TDEs. The errors
at 90% confidence level attached to the normalization are
based on equations (9) and (12) in Gehrels (1986).
Figure 4 displays the XLF results obtained for the case

of ηjet = 0.1. The solid curves plot the best-fit XLFs
at z = 0.75 integrated over the entire solid angle (i.e.,
θ = 0− π),

Π(logLx, z = 0.75) =

∫
dΦ(logLx, z = 0.75, θ)

d logLx

dΩ

4π
.(9)

The data points are plotted by the “Nobj/Nmodel”
method (Miyaji et al. 2001); they are calculated as

Π(logLx, z = 0.75)× Ndata

Nmodel
, (10)

where Ndata is the number of observed events in each
luminosity bin and Nmodel is its model prediction. The
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of TDEs per unit volume in terms of L as

φ(L∗;L)dL = φ0ξ0
( L

L∗

)γ+λ
e−( L

L∗ )k dL

L∗
, (5)

where λ is 7/(2a)− 1 and ξ0 is the TDE occurrence rate
normalized at L = L∗. By adopting a = 4.9, which is es-
timated from the blue luminosity of galaxies by Marconi
& Hunt (2003), λ is derived to be ≈ −0.3.
Finally, we consider two types of TDEs, those with and

without relativistic jets. We introduce (1) the fraction of
TDEs with jets among all TDEs, fjet, and (2) the fraction
of the jet intrinsic luminosity (that would be observed
without beaming) in the total intrinsic lumonosity, ηjet.
We also incorporate a possible redshift dependence of
the TDE XLF with an evolution factor of (1 + z)p that
is multipiled to the local XLF. Thus, the TDE XLF for
a given Doppler factor δ (or θ) is formulated as

dΦ(logLx, z, θ)

d logLX
d logLX = (1 + z)p{(1− fjet)φ(LX∗;Lx)

+fjetφ(L
′
x∗;Lx)}dLx, (6)

where L′
x∗ = δ4Lx∗/ηjet is a shifted characteristic lumi-

nosity as observed through jet emission.

3.3. 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 dimen-
sional Kolmogorov-Smirnov test (hereafter KS test; e.g.,
Press et al. 1992) seperately for the redshift distribution
and for the luminosity distribution between the observed
data and best-fit model. The p-value, the chance of get-
ting observed data set, is evaluated from the D-value
assuming 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(logLXi , zi, θi)∫ ∫ ∫

N(logLX, z, θ)dzd logLXdΩ/2π
, (7)

where the subscript index i refers to each TDE and the
term N(logLx, z, θ)dzd logLxdΩ/2π represents the dif-
ferential number of observable TDEs with the (isotropic)
luminosity of logLx, the redshift z, and the viewing an-
gle θ, expected from the survey (note that θ is related to
the solid angle as dΩ = 2πd(cos(θ))). The total stera-
dian 2π comes from the assumption of bimodal jet. It is
calculated as

N(logLx, z, θ)

=
dΦ(logLx, z, θ)

d logLx

d2L(z)

1 + z
c
dτ

dz
A
(Lobs

x

d2L

) ∆T

1 + z
, (8)

where dL is the luminosity distance, c the light velocity,
dτ/dz the differential look back time, A the survey area
at the flux limit of Lobs

x /4πd2L, and ∆T the survey time
at the observer’s frame. The observed luminosity Lobs

x
depends on Lx and θ. The factor 1/(1 + z) comes from
the time dilation at z.
Since our sample size of TDEs is very small (three),

we fix the following parameters of the XLF model, which
cannot be constrained from the data. We assume the

characteristic luminosity of either logLX∗ = 44.1 or
logLX∗ = 44.6, As mentioned above, the Lorentz fac-
tor is always fixed at Γ = 10. The index of the redshift
evolution is assumed to be either p = 0 (no evolution
case), 2 (moderate evolution case) or 4 (strong evolution
case). The last case assumes that the occurrence rate of
TDEs could be proportional to the star-formation rate
density, which is ∝ (1 + z)4 (e.g., Pérez-González et al.
2005). Eventually, only φ0ξ0 and fjet are left as free pa-
rameters.

Fig. 3.— Assumed spectral model of TDE at Tbb = 7× 105 K.
The total spectrum (black solid line) is composed of a balck body
component (red solid line) and power law one (blue solid line). The
vertical axis is arbitrary units.

The minimization is carried out by using the MINUIT
software package. We choose the luminosity and redshift
ranges to be logLx = 41–48 and z = 0–1.5, respectively.
Table 2 summarizes the best-fit results for the case of
ηjet = 0.1. We find that the one-dimentional KS tests
for the z distribution and for the LX one do not reject
any of these results at > 90% confidence level. Here we
skip the results for ηjet = 1.0 because they are found to
be incompatible with the ROSAT results (see next sub-
section). The upper limits on fjet are attached in the
parenthesis, corresponding to a confidence level of 90%
when the L-value is increased by 2.7 from its minimum.
Since the ML method cannot directly determine the

normalization (φ0ξ0) of the luminosity function, we cal-
culate it so that the predicted number from the function
equals to the detected number of the TDEs. The errors
at 90% confidence level attached to the normalization are
based on equations (9) and (12) in Gehrels (1986).
Figure 4 displays the XLF results obtained for the case

of ηjet = 0.1. The solid curves plot the best-fit XLFs
at z = 0.75 integrated over the entire solid angle (i.e.,
θ = 0− π),

Π(logLx, z = 0.75) =

∫
dΦ(logLx, z = 0.75, θ)

d logLx

dΩ

4π
.(9)

The data points are plotted by the “Nobj/Nmodel”
method (Miyaji et al. 2001); they are calculated as

Π(logLx, z = 0.75)× Ndata

Nmodel
, (10)

where Ndata is the number of observed events in each
luminosity bin and Nmodel is its model prediction. The

黒体放射温度 7x105 K
におけるTDE のスペク
トルモデル。赤が、黒体
放射、青が光子指数 2 
の冪成分を表す。縦軸は、
任意単位である。
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TABLE 2
Best-fit parameters

p = 2 p = 4

ηjet fjet φ0ξ0 p-value (L-dist/z-dist) fjet φ0ξ0 p-value (L-dist/z-dist)
[1] [2] [3] [4] [5] [6] [7]

0.10 0.005 (< 0.052) 1.8+2.1
−1.1 × 10−8 0.20/0.20 0.002(< 0.020) 1.7+2.1

−1.1 × 10−8 0.11/0.10

Note. — Col. [1]: The fraction of energy used to launch jet; Col. [2]: The fraction of the TDEs with a relativistic jet in the
case of p = 2; Col. [3]: The normalization factor defined in the luminosity function in the units of Mpc−3 logL−1

x yr−1 in the case
of p = 2; Col. [4]: The probability of getting the result for the redshift and X-ray luminosity distributions in the case of p = 2; Col.
[5]: The same as Col. [2] but for p = 4; Col. [6]: The same as Col. [3] but for p = 4; Col. [7]: The same as Col. [4] but for p = 4.

error bars reflect the Poissonian 1σ errors in Ndata based
on the formula of REF. If no event is detected, we plot
the 90% upper limit by setting Ndata = 2.3 (Gehrels
1986).
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Fig. 4.— The best-fit XLF at z = 0.75 derived from the as-
sumption of ηjet = 0.1 for each combination of the characteristic
luminosity Lx∗ and evolution index p (upper panel: logLx∗ = 43,
lower panel: logLx∗ = 44, blue: p = 4, and red: p = 0). The solid
lines represent the total XLF consisting of that of TDE without
jets (orange dotted lines) and of with jets (gray dashed line).

Taking φ0 = 0.02 h−3 Mpc−3 (Blanton et al. 2001),
where h ≡ H0/(100km s−1) = 0.7 in our paper, we can
derive the specific TDE rate in units of galaxy−1 yr−1 as
a function of luminosity;

ξ = 2.4+2.9
−1.5 × 10−5

(
Lx

1043

)−0.3

(logLx∗ = 43.6, p = 4), (11)

(12)

In Table 3, the TDE occurrence rates per unit volume
(Mpc−3yr−1) computed for different luminosity ranges
are listed. The attached errors are calculated by only
considering the uncertainty in the normalization.

3.4. Comparison with ROSAT Results

We check the consistency of our results with the previ-
ous studies based on the ROSAT All-Sky Survey (RASS;
Donley et al. 2002). Here we must take into account
the different survey conditions of TDEs between MAXI
and ROSAT. Since MAXI is continously monitoring the
entire sky, we can derive the whole light curve of each
TDE and hence its “peak” luminosity LX. By cotrast,
the detection of TDEs reported by ROSAT is based on
two snapshot observations, the first one in the scanning
mode during the RASS and the later one in the pointing
mode. Thus, in the case of ROSAT, it is impossible to
accurately estimate the “peak” luminosity of each TDE
because of the uncertainty in its peak flux time due to
the scarce observations.
To compare our MAXI results with the ROSAT one,

we need to convert the XLF of TDE obtained above into
an “instantaneous” XLF, which gives the probability of
detecting TDEs with an observed luminosity in a single
epoch. Following Milosavljević et al. (2006), we formulate
the instantaneous XLF as

dΦ′(LX, z, θ)

dLX
=

∫ Mmax

Mmin

dMBH

∫ ∞

tpeak

dtφ(MBH) ξ(MBH)e−ξ(MBH)t

×δD[ω−1
bolδ

4ηjetLbol(MBH, t)− LX], (13)

where ωbol is the bolometric correction factor from the
4–10 keV band and δD(x) is the Dirac δ-function. Equa-
tion 13 takes into account the Poisson weighted prob-
ability along the luminosity decay. By assuming that
the bolometric luminosity is related to the Eddington
luminosity, Lbol ∝ MBH, dΦ(LX)/d logLX can be con-
verted into dΦ(MBH)/d logMBH. The ωbol is fixed at
100, based on the spectral energy distribution of Swift
J1644+57 (REF). Unless otherwise noted, the minimum
and maximum SMBH masses are set 104M⊙ and 108M⊙,
respectively.
The possible detected TDE number, NTDE, can be cal-

culated as

NTDE =

∫ Lmax

Lmin

∫ zmax

zmin

∫ θ=0

θ=π

LX
Φ′(LX, z, θ)

dLX

dV (z, LX)
dz

dzd logLX
dΩ
4π

,(14)

where dV/dz is evaluated based on the ROSAT re-
sults of Donley et al. (2002). They detected five large-
amplitude X-ray outbursts by combining the RASS and
pointed ROSAT observations. Their survey covers ≈ 9%
of the sky, which is complete to the flux limit of 2×10−12
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Figure 11. Effect of varying the SMBH mass on the SEDs generated. The
red dot–dashed lines show the model fit with mass increased by a factor of
3, and the blue dashed lines show the fit with the mass decreased by the
same factor; other conventions are the same as in Fig. 2. For NGC 3873,
increasing the mass decreases κ2−10 keV by 8 per cent and decreasing the
mass increases it by 40 per cent. For Mrk 478, increasing the mass reduces
κ2−10 keV by 35 per cent and decreasing themass increases it by 107 per cent.
These two objects show particularly large changes; the average variations
were significantly lower.

version of GBH accretion. McHardy et al. (2006) discuss the im-
portance of X-ray emission in this regard, since it emerges from
very close to the BH. They specifically discuss the topic of a univer-
sal relation between BH mass and ‘break time-scale’ (time-scale at
which power spectral density steepens) across BH masses ranging
fromstellar to supermassive. The reviewofRemillard&McClintock
(2006) discusses the three-state picture for GBH accretion, identi-
fying the ‘hard’ state (formerly known as the low/hard state), the
thermal state (formerly the ‘high/soft’ state) and the steep power-
law (SPL) state (formerly the ‘very high’ state), along with the
preponderance for quasi-periodic oscillations in the thermal/SPL
states. The Eddington ratio Lbol/LEdd is a useful separator of these
states, and there is a progression from low-to-high Eddington ratios
as these sources undergo transitions between the hard, thermal and
SPL states. The latter is often observed close to the Eddington limit.
In this section, we discuss our results in the context of the emergent
unified pictures of accretion on all mass scales.

5.1 Bolometric correction as a function of Eddington ratio

We present the bolometric corrections for AGN plotted against the
Eddington ratio in Fig. 12, top panel, with the outlier PG1011−040
(X-ray weak) removed. The Eddington ratio can be understood as
the luminosity scaled by themass of the central BH, and presented in
this form there appears to be a distinct step change in bolometric cor-
rection at an Eddington ratio of ∼0.1. We confirm previous results
which highlight the tendency for NLS1s to have high Eddington ra-
tios (Pounds, Done &Osborne 1995). If accretion states in AGN are
qualitatively similar to those in GBH binaries, the X-ray bolometric
corrections could be a useful diagnostic of the accretion state in a
BH and the step-up in bolometric corrections above∼0.1 Eddington
could be indicative of AGN undergoing a transition between such
accretion states.
Wang, Watarai & Mineshige (2004a) present the variation of

L2–10 keV/Lbol (i.e. 1/κ2–10 keV) against the Eddington ratio for a
sample of AGN. Their results agree qualitatively with ours; how-
ever, their bolometric luminosities are not always calculated from
the SED continuum, as some of them are estimated using Lbol ≈

9λLλ(5100Å) (Kaspi et al. 2000). For those objects where bolomet-
ric luminosities are integrated from themultiwavelength continuum,
they use values from Woo & Urry (2002) and Grupe et al. (2004),

Figure 12. Upper panel: 2–10 keV bolometric correction against Eddington
ratio for the AGN in the sample. The blue empty squares represent NLS1s,
the black empty circles represent radio-loud AGN and the dark red points
with error bars are binned results. Lower panel: bolometric corrections for
the GBH GX 339−4 (red triangles) superimposed on binned AGN results.
Individual AGN data points are removed for clarity. The grey-shaded region
shows the interquartile range calculated from Monte Carlo realizations of
the model fits, and the grey line shows the median. The possible problems
due to the inclusion of Lbol on both axes are addressed in Section 5.1.4.

who do not consistently integrate over the same ranges (the former
integrate from IR to X-rays, whereas the latter integrate from optical
to X-rays as we do here). It is therefore possible that our approach
of constructing SEDs afresh and integrating over the same energy
range in each case may provide a window on some of the intricacies

C⃝ 2007 The Authors. Journal compilation C⃝ 2007 RAS, MNRAS 381, 1235–1251

文献[10] より、
Eddington ratio と、
全光度に対して、2-10 
keV 帯域の光度が占め
る割合。

[図3]

[図4]

また、SMBH の質量密度の赤方偏移進化
について下式[4]を元に計算した結果が、図
[7] になる。この結果は、AGN で供給され
る質量 (~ 3x105 Msun Mpc-3) と比較して
小さい (< 5x102 Msun Mpc-3 )。
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TABLE 3
Frequency of TDE occurrence at

different luminosity ranges

LogLx
a Ṅp=0 Ṅp=4

[1] [2] [3]

41-42 1.8+2.3
−1.2 × 10−6 1.8+2.2

−1.1 × 10−6

42-43 4.2+5.1
−2.6 × 10−7 4.0+4.9

−2.5 × 10−7

43-44 8.6+10.6
−5.5 × 10−8 8.3+10.1

−5.2 × 10−8

44-45 1.1+1.3
−0.7 × 10−8 1.0+1.3

−0.7 × 10−8

45-46 3.9+4.8
−2.5 × 10−11 1.4+1.7

−0.9 × 10−11

46-47 7.8+9.6
−5.0 × 10−12 2.8+3.5

−1.8 × 10−12

47-48 1.3+1.5
−0.8 × 10−12 4.6+5.6

−2.9 × 10−13

Note. — Col. [1]: The luminosity range;
Col. [2]: The frequency of the TDE occur-
rence (1/Mpc3/yr) in the corresponding lumi-
nosity range for logLx∗ = 43 and p = 2; Col.
[3]: The same as Col. [2] but for p = 4;

erg cm−2 s−1 (0.2–2.4 keV). If this flux limit is imposed,
three out of the five TDEs are left as a complete sample.
We assume that the bolometric luminosity reaches the

Eddington limit at the time of the flux peak tpeak as

Lbol(MBH, t) = 1.26× 1038
(MBH

M⊙

)( t

tpeak

)−5/3
. (15)

The tpeak is derived from equation of Li et al. (2002)
according to the black hole mass.
When comparing the ROSAT and MAXI results, we

should take into account the fact that the RASS per-
formed in the soft X-ray band below 2 keV would easily
miss obscured TDEs unlike the case of MAXI. Indeed,
the follow-up observations of our 3 TDEs with Swift and
XMM-Newton indicate that two of them (Swift J1644+57
and NGC 4845; Burrows et al. 2011; Niko!lajuk & Walter
2013) are obscured with column densities of NH > 1022

cm−2. From this result, we estimate the obscuration frac-
tion to be ∼ 2/3, and accordingly, increase the number of
TDEs detected with the RASS by a factor of 3 (namely
9) to be compared with NTDE.
We calculate NTDE from equation (14) for each pa-

rameter set. In all the cases of logLX∗ = 44.6, we obtain
NTDE < 7, which is inconsistent with the ROSAT result.
By contrast, all the results with logLX∗ = 43.6, give
acceptable ranges of NTDE; 4.4+5.4

−2.8(p = 0, ηjet = 0.1),

4.4+5.4
−2.8(p = 0, ηjet = 1.0), 5.4+6.6

−3.4(p = 4, ηjet = 0.1),

and 5.3+6.5
−3.4(p = 4, ηjet = 1.0). These results suggest that

logLX∗ = 43.6 is favored to explain the previous ROSAT
results (Donley et al. 2002), regardless of the choice of
ηjet.

3.5. Contribution of TDE to X-ray Luminosity
Function

We investigate the effect of TDEs on the X-ray lumi-
nosity function based on the above results by calculat-
ing equation (13). Figure 5 shows the results at differ-
ent assumed characteristic luminosity of logLX∗ and the
density evolution index p. With only the normalization
error taken into consideration, the acceptable luminos-
ity function within the 90% confidence interval are also
expressed. In order to compare the previous study of
the hard X-ray luminosity function, we over-plotted the

data points estimated by Ueda et al. (2014). The redshift
ranges are the same between the calculated apparent lu-
minosity function and the data. The plotted results of
Ueda et al. (2014) are based on the soft-band (0.5–2 keV)
selected sources and show their X-ray luminosity function
in the 2–10 keV band.
Our results in the low redshift (0.002 < z < 0.2) sug-

gests that the TDE luminosity function affects the hard
X-ray luminosity function in the high luminosity range
LX ∼ 1045 erg s−1, although the contribution becomes
smaller toward the opposite side. On the other hand,
TDEs in high redshift (1.0 < z < 1.2) seems to repro-
duce the hard X-ray luminosity function around the low
luminosity. The low redshift result is constrained over
the wide luminosity range logLX = 41–48, while that of
high redshift only for logLX > 47 due to the sensitivity
limit of MAXI. Hence, we should regard the lower lu-
minosity region in high redshift as just an extrapolation
from the low redshift consequence. For this purpose, the
region which is not constrained by the MAXI survey is
shown with the dashed lines in Figure 5.

4. APPLICATION OF LUMINOSITY FUNCTION

4.1. Mass Accretion History

The derived TDE luminosity function can estimate the
TDE contribution to the total SMBH mass density on
the basis of the argument by Soltan (1982). Following
an usual method calculating the contribution (e.g., Mar-
coni et al. 2004; Shankar et al. 2004), the mass-to-energy
conversion factor ϵ provides

Lbol = ϵc2Ṁacc, (16)

and
ṀBH = (1− ϵ)Ṁacc, (17)

where c, Ṁacc and ṀBH are the light speed, the accretion
rate, and the growth rate of SMBHs, respectively. We
formulate the SMBH mass density equation as

ρ(z) =
∫ z
zs
dz dt

dz

∫ Lmax

Lmin
d logLdΦX(L,z)

d logL

× 1−ϵ
ϵc2

∫∞
tpeak

Lpeak

(
t

tpeak

)−5/3
dt, (18)

where zs and Lpeak mean the redshift from which the
calculation starts and the peak bolometric luminosity.

[式4] zs から z までに供給される単位体積辺りの質量。放射効
率 ε= 0.1 を仮定し、tpeak は、TDE のピーク時刻を表す。
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TABLE 2
Best-fit parameters

p = 0 p = 4

ηjet fjet φ0ξ0 p-value (L-dist/z-dist) fjet φ0ξ0 p-value (L-dist/z-dist)
[1] [2] [3] [4] [5] [6] [7]

0.10 0.011 (< 0.106) 1.8+2.2
−1.2 × 10−8 0.28/0.36 0.002(< 0.020) 1.7+2.1

−1.1 × 10−8 0.11/0.10

Note. — Col. [1]: The fraction of energy used to launch jet; Col. [2]: The fraction of the TDEs with a relativistic jet in the
case of p = 2; Col. [3]: The normalization factor defined in the luminosity function in the units of Mpc−3 logL−1

x yr−1 in the case
of p = 2; Col. [4]: The probability of getting the result for the redshift and X-ray luminosity distributions in the case of p = 2; Col.
[5]: The same as Col. [2] but for p = 4; Col. [6]: The same as Col. [3] but for p = 4; Col. [7]: The same as Col. [4] but for p = 4.

error bars reflect the Poissonian 1σ errors in Ndata based
on the formula of REF. If no event is detected, we plot
the 90% upper limit by setting Ndata = 2.3 (Gehrels
1986).
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Fig. 4.— The best-fit XLF at z = 0.75 derived from the as-
sumption of ηjet = 0.1 for each combination of the characteristic
luminosity Lx∗ and evolution index p (upper panel: logLx∗ = 43,
lower panel: logLx∗ = 44, blue: p = 4, and red: p = 0). The solid
lines represent the total XLF consisting of that of TDE without
jets (orange dotted lines) and of with jets (gray dashed line).

Taking φ0 = 0.02 h−3 Mpc−3 (Blanton et al. 2001),
where h ≡ H0/(100km s−1) = 0.7 in our paper, we can
derive the specific TDE rate in units of galaxy−1 yr−1 as
a function of luminosity;

ξ = 2.4+2.9
−1.5 × 10−5

(
Lx

1043

)−0.3

(logLx∗ = 43.6, p = 4), (11)

(12)

In Table 3, the TDE occurrence rates per unit volume
(Mpc−3yr−1) computed for different luminosity ranges
are listed. The attached errors are calculated by only
considering the uncertainty in the normalization.

3.4. Comparison with ROSAT Results

We check the consistency of our results with the previ-
ous studies based on the ROSAT All-Sky Survey (RASS;
Donley et al. 2002). Here we must take into account
the different survey conditions of TDEs between MAXI
and ROSAT. Since MAXI is continously monitoring the
entire sky, we can derive the whole light curve of each
TDE and hence its “peak” luminosity LX. By cotrast,
the detection of TDEs reported by ROSAT is based on
two snapshot observations, the first one in the scanning
mode during the RASS and the later one in the pointing
mode. Thus, in the case of ROSAT, it is impossible to
accurately estimate the “peak” luminosity of each TDE
because of the uncertainty in its peak flux time due to
the scarce observations.
To compare our MAXI results with the ROSAT one,

we need to convert the XLF of TDE obtained above into
an “instantaneous” XLF, which gives the probability of
detecting TDEs with an observed luminosity in a single
epoch. Following Milosavljević et al. (2006), we formulate
the instantaneous XLF as

dΦ′(LX, z, θ)

dLX
=

∫ Mmax

Mmin

dMBH

∫ ∞

tpeak

dtφ(MBH) ξ(MBH)e−ξ(MBH)t

×δD[ω−1
bolδ

4ηjetLbol(MBH, t)− LX], (13)

where ωbol is the bolometric correction factor from the
4–10 keV band and δD(x) is the Dirac δ-function. Equa-
tion 13 takes into account the Poisson weighted prob-
ability along the luminosity decay. By assuming that
the bolometric luminosity is related to the Eddington
luminosity, Lbol ∝ MBH, dΦ(LX)/d logLX can be con-
verted into dΦ(MBH)/d logMBH. The ωbol is fixed at
100, based on the spectral energy distribution of Swift
J1644+57 (REF). Unless otherwise noted, the minimum
and maximum SMBH masses are set 104M⊙ and 108M⊙,
respectively.
The possible detected TDE number, NTDE, can be cal-

culated as

NTDE =

∫ Lmax

Lmin

∫ zmax

zmin

∫ θ=0

θ=π

LX
Φ′(LX, z, θ)

dLX

dV (z, LX)
dz

dzd logLX
dΩ
4π

,(14)

where dV/dz is evaluated based on the ROSAT re-
sults of Donley et al. (2002). They detected five large-
amplitude X-ray outbursts by combining the RASS and
pointed ROSAT observations. Their survey covers ≈ 9%
of the sky, which is complete to the flux limit of 2×10−12
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TABLE 2
Best-fit parameters

p = 0 p = 4

ηjet fjet φ0ξ0 p-value (L-dist/z-dist) fjet φ0ξ0 p-value (L-dist/z-dist)
[1] [2] [3] [4] [5] [6] [7]

0.10 0.011 (< 0.106) 1.8+2.2
−1.2 × 10−8 0.28/0.36 0.002(< 0.020) 1.7+2.1

−1.1 × 10−8 0.11/0.10

Note. — Col. [1]: The fraction of energy used to launch jet; Col. [2]: The fraction of the TDEs with a relativistic jet in the
case of p = 2; Col. [3]: The normalization factor defined in the luminosity function in the units of Mpc−3 logL−1

x yr−1 in the case
of p = 2; Col. [4]: The probability of getting the result for the redshift and X-ray luminosity distributions in the case of p = 2; Col.
[5]: The same as Col. [2] but for p = 4; Col. [6]: The same as Col. [3] but for p = 4; Col. [7]: The same as Col. [4] but for p = 4.

error bars reflect the Poissonian 1σ errors in Ndata based
on the formula of REF. If no event is detected, we plot
the 90% upper limit by setting Ndata = 2.3 (Gehrels
1986).
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Fig. 4.— The best-fit XLF at z = 0.75 derived from the as-
sumption of ηjet = 0.1 for each combination of the characteristic
luminosity Lx∗ and evolution index p (upper panel: logLx∗ = 43,
lower panel: logLx∗ = 44, blue: p = 4, and red: p = 0). The solid
lines represent the total XLF consisting of that of TDE without
jets (orange dotted lines) and of with jets (gray dashed line).

Taking φ0 = 0.02 h−3 Mpc−3 (Blanton et al. 2001),
where h ≡ H0/(100km s−1) = 0.7 in our paper, we can
derive the specific TDE rate in units of galaxy−1 yr−1 as
a function of luminosity;

ξ = 2.4+2.9
−1.5 × 10−5

(
Lx

1043

)−0.3

(logLx∗ = 43.6, p = 4), (11)

(12)

In Table 3, the TDE occurrence rates per unit volume
(Mpc−3yr−1) computed for different luminosity ranges
are listed. The attached errors are calculated by only
considering the uncertainty in the normalization.

3.4. Comparison with ROSAT Results
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dΦ′(LX, z, θ)

dLX
=

∫ Mmax

Mmin

dMBH

∫ ∞

tpeak

dtφ(MBH) ξ(MBH)e−ξ(MBH)t

×δD[ω−1
bolδ

4ηjetLbol(MBH, t)− LX], (13)

where ωbol is the bolometric correction factor from the
4–10 keV band and δD(x) is the Dirac δ-function. Equa-
tion 13 takes into account the Poisson weighted prob-
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verted into dΦ(MBH)/d logMBH. The ωbol is fixed at
100, based on the spectral energy distribution of Swift
J1644+57 (REF). Unless otherwise noted, the minimum
and maximum SMBH masses are set 104M⊙ and 108M⊙,
respectively.
The possible detected TDE number, NTDE, can be cal-

culated as

NTDE =

∫ Lmax

Lmin

∫ zmax

zmin

∫ θ=0

θ=π

LX
Φ′(LX, z, θ)

dLX

dV (z, LX)
dz

dzd logLX
dΩ
4π

,(14)

where dV/dz is evaluated based on the ROSAT re-
sults of Donley et al. (2002). They detected five large-
amplitude X-ray outbursts by combining the RASS and
pointed ROSAT observations. Their survey covers ≈ 9%
of the sky, which is complete to the flux limit of 2×10−12
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Fig. 5.— The luminosity functions from equation (13). The
upper figure and the lower one shows the results in low-z (0.002 <
z < 0.2) and (1.0 < z < 1.2). The solid lines and shaded regions
are colored according to the notations of the figure. In two figures,
the hard X-ray (2–10 keV) luminosity functions estimated by Ueda
et al. (2014) are over-plotted in accordance with the redshift related
to our TDEs. The 1σ errors are attached to their data points.

In equation (18), we assume that all bounded debris ac-
cretes onto a SMBH without taking any time if a TDE
occurs. This assumption is considered to be reasonable
if the time taken for the most of the mass to fall onto the
SMBH is short in comparison with the cosmological time
scale. In fact, the most of the mass, can rapidly accrete
onto the SMBH if the power law decay of the light curve
reflects the mass accretion rate. The integration of the
last term becomes 3/2× LXωboltpeak.
The mass-to-energy conversion factor being observa-

tionally not well constrained, we use the theoretically
estimated one by Li et al. (2002). The factor is eas-
ily derived by assuming that the kinematic energy on a
tidal radius orbit is promptly released and results in the
SMBH mass dependent equation of

ϵ ∼ 0.025
( MBH

107M⊙

)2/3
, (19)

where a companion star related to TDEs is assumed to
be a solar type one.
Figure 6 shows the cumulative total SMBH mass den-

sities (1/Mpc3) from the redshift 1.5. The integration
range of logLX is limited to 41–48. ¿From the calcu-
lations, we find that the maximum density is at most
∼ 4 × 103M⊙ Mpc−3 for the case of logLX∗ = 43 and
p = 4. This value indicates that the effect on the total
mass density evolution by TDEs is much less than that
of Active Galactic Nuclei (AGN; Ueda et al. 2014).
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Fig. 6.— The contribution of TDEs to the total SMBH mass
density. Each line is colored in accordance with the notation in the
figures.

4.2. Prospect of TDE Detection Number

In this subsection, we estimate the number of TDEs
to be detected in the future based on the derived lu-
minosity function. In the near future, the Spectrum-
Roentgen-Gamma/eROSITA will be launched and per-
form the highest sensitive all-sky survey covering the en-
ergy range of 0.2–12 keV (Merloni et al. 2012). The
eROSITA is planed to complete one all-sky survey every
6 months and totally 8 scans. The eROSITA does not
continuously observe the all-sky unlike MAXI. Hence, to
predict the detection number, we refer to Khabibullin
et al. (2014) who predict the number applying some cri-
teria to the search for TDEs. The first criterion is the
flux amplitude by a factor of above 10 in successive two
scans, and the second one is the softness judged from the
spectrum and the hardness ratio. They estimate the to-
tal detectable number assuming that the eROSITA can
detect the TDEs from its trigger until the subsequent
flux followed by t−5/3 is below the flux limit (see Fig-
ure 1 in Khabibullin et al. 2014). The equation for-
mulated by Khabibullin et al. (2014) predicts the de-
tection number for MBH = 106M⊙, 106.5M⊙ and 107M⊙
to be 650, 1240 and 1150 based on the constant TDE
rate of 5 × 10−6 Mpc−3 yr−1. Here, if we adopt the
rate ∼ 1 × 10−7 Mpc−3 yr−1 derived with logLX∗ = 43
in logLX = 43–44, corresponding to the Eddington lu-
minosity of MBH ∼ 106M⊙, the eROSITA would iden-
tify ∼ 10 events per one all-sky scan, while the similar
calculation for MBH = 107M⊙ expects no TDE detec-
tion. Even if the case of logLX∗ = 44 and p = 0 is
considered, the number becomes at most ∼ 1. The as-
sumption of the low Eddington ratio would increase the
chance of detecting the higher mass SMBH TDEs. In-
deed, Ulmer (1999) suggests that not all of TDEs with
MBH = 107M⊙ achieve the Eddington luminosity. This
effect is not taken into consideration when we formulate
the luminosity function.

5. DISCUSSION

We roughly confirm whether our results are consistent
with the previous studies, although our analysis based on
the hard X-ray band can not be directly compared with
the many of previous consequences conducted with the
soft X-ray band (< 2 keV) of ROSAT and XMM-Newton.
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z < 0.2) and (1.0 < z < 1.2). The solid lines and shaded regions
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sities (1/Mpc3) from the redshift 1.5. The integration
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lations, we find that the maximum density is at most
∼ 4 × 103M⊙ Mpc−3 for the case of logLX∗ = 43 and
p = 4. This value indicates that the effect on the total
mass density evolution by TDEs is much less than that
of Active Galactic Nuclei (AGN; Ueda et al. 2014).
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4.2. Prospect of TDE Detection Number

In this subsection, we estimate the number of TDEs
to be detected in the future based on the derived lu-
minosity function. In the near future, the Spectrum-
Roentgen-Gamma/eROSITA will be launched and per-
form the highest sensitive all-sky survey covering the en-
ergy range of 0.2–12 keV (Merloni et al. 2012). The
eROSITA is planed to complete one all-sky survey every
6 months and totally 8 scans. The eROSITA does not
continuously observe the all-sky unlike MAXI. Hence, to
predict the detection number, we refer to Khabibullin
et al. (2014) who predict the number applying some cri-
teria to the search for TDEs. The first criterion is the
flux amplitude by a factor of above 10 in successive two
scans, and the second one is the softness judged from the
spectrum and the hardness ratio. They estimate the to-
tal detectable number assuming that the eROSITA can
detect the TDEs from its trigger until the subsequent
flux followed by t−5/3 is below the flux limit (see Fig-
ure 1 in Khabibullin et al. 2014). The equation for-
mulated by Khabibullin et al. (2014) predicts the de-
tection number for MBH = 106M⊙, 106.5M⊙ and 107M⊙
to be 650, 1240 and 1150 based on the constant TDE
rate of 5 × 10−6 Mpc−3 yr−1. Here, if we adopt the
rate ∼ 1 × 10−7 Mpc−3 yr−1 derived with logLX∗ = 43
in logLX = 43–44, corresponding to the Eddington lu-
minosity of MBH ∼ 106M⊙, the eROSITA would iden-
tify ∼ 10 events per one all-sky scan, while the similar
calculation for MBH = 107M⊙ expects no TDE detec-
tion. Even if the case of logLX∗ = 44 and p = 0 is
considered, the number becomes at most ∼ 1. The as-
sumption of the low Eddington ratio would increase the
chance of detecting the higher mass SMBH TDEs. In-
deed, Ulmer (1999) suggests that not all of TDEs with
MBH = 107M⊙ achieve the Eddington luminosity. This
effect is not taken into consideration when we formulate
the luminosity function.

5. DISCUSSION

We roughly confirm whether our results are consistent
with the previous studies, although our analysis based on
the hard X-ray band can not be directly compared with
the many of previous consequences conducted with the
soft X-ray band (< 2 keV) of ROSAT and XMM-Newton.
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z < 0.2) and (1.0 < z < 1.2). The solid lines and shaded regions
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et al. (2014) are over-plotted in accordance with the redshift related
to our TDEs. The 1σ errors are attached to their data points.

In equation (18), we assume that all bounded debris ac-
cretes onto a SMBH without taking any time if a TDE
occurs. This assumption is considered to be reasonable
if the time taken for the most of the mass to fall onto the
SMBH is short in comparison with the cosmological time
scale. In fact, the most of the mass, can rapidly accrete
onto the SMBH if the power law decay of the light curve
reflects the mass accretion rate. The integration of the
last term becomes 3/2× LXωboltpeak.
The mass-to-energy conversion factor being observa-

tionally not well constrained, we use the theoretically
estimated one by Li et al. (2002). The factor is eas-
ily derived by assuming that the kinematic energy on a
tidal radius orbit is promptly released and results in the
SMBH mass dependent equation of

ϵ ∼ 0.025
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where a companion star related to TDEs is assumed to
be a solar type one.
Figure 6 shows the cumulative total SMBH mass den-

sities (1/Mpc3) from the redshift 1.5. The integration
range of logLX is limited to 41–48. ¿From the calcu-
lations, we find that the maximum density is at most
∼ 4 × 103M⊙ Mpc−3 for the case of logLX∗ = 43 and
p = 4. This value indicates that the effect on the total
mass density evolution by TDEs is much less than that
of Active Galactic Nuclei (AGN; Ueda et al. 2014).

 0

 0.001

 0.002

 0.003

 0.004

 0.005

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

ρ(
z)

/1
05  M

o• [
1/

M
pc

3 ]

z

p = 4

 0

 0.001

 0.002

 0.003

 0.004

 0.005

 0  0.2  0.4  0.6  0.8  1  1.2  1.4

ρ(
z)

/1
05  M

o• [
1/

M
pc

3 ]

z

p = 4
p = 0

Fig. 6.— The contribution of TDEs to the total SMBH mass
density. Each line is colored in accordance with the notation in the
figures.

4.2. Prospect of TDE Detection Number

In this subsection, we estimate the number of TDEs
to be detected in the future based on the derived lu-
minosity function. In the near future, the Spectrum-
Roentgen-Gamma/eROSITA will be launched and per-
form the highest sensitive all-sky survey covering the en-
ergy range of 0.2–12 keV (Merloni et al. 2012). The
eROSITA is planed to complete one all-sky survey every
6 months and totally 8 scans. The eROSITA does not
continuously observe the all-sky unlike MAXI. Hence, to
predict the detection number, we refer to Khabibullin
et al. (2014) who predict the number applying some cri-
teria to the search for TDEs. The first criterion is the
flux amplitude by a factor of above 10 in successive two
scans, and the second one is the softness judged from the
spectrum and the hardness ratio. They estimate the to-
tal detectable number assuming that the eROSITA can
detect the TDEs from its trigger until the subsequent
flux followed by t−5/3 is below the flux limit (see Fig-
ure 1 in Khabibullin et al. 2014). The equation for-
mulated by Khabibullin et al. (2014) predicts the de-
tection number for MBH = 106M⊙, 106.5M⊙ and 107M⊙
to be 650, 1240 and 1150 based on the constant TDE
rate of 5 × 10−6 Mpc−3 yr−1. Here, if we adopt the
rate ∼ 1 × 10−7 Mpc−3 yr−1 derived with logLX∗ = 43
in logLX = 43–44, corresponding to the Eddington lu-
minosity of MBH ∼ 106M⊙, the eROSITA would iden-
tify ∼ 10 events per one all-sky scan, while the similar
calculation for MBH = 107M⊙ expects no TDE detec-
tion. Even if the case of logLX∗ = 44 and p = 0 is
considered, the number becomes at most ∼ 1. The as-
sumption of the low Eddington ratio would increase the
chance of detecting the higher mass SMBH TDEs. In-
deed, Ulmer (1999) suggests that not all of TDEs with
MBH = 107M⊙ achieve the Eddington luminosity. This
effect is not taken into consideration when we formulate
the luminosity function.

5. DISCUSSION

We roughly confirm whether our results are consistent
with the previous studies, although our analysis based on
the hard X-ray band can not be directly compared with
the many of previous consequences conducted with the
soft X-ray band (< 2 keV) of ROSAT and XMM-Newton.
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