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ABSTRACT
͋·Γͩ͜ΘΓ͗ͯ͢Α͘ͳ͍͕ɺڌΓॴͱͯ͠ϊʔτΛ͓ͭͬͯ͘͘ɻ

1 CLASSICAL PICTURE
Rees (1988); Phinney (1989)ͷඳ૾Λཧ͓ͯ͘͠ɻ࠷؆୯ͳ
߹Λѻ͏ͷͰඞཁʹͳΕޙࠓ update͍͚ͯ͠Α͍ɻD2
ͷ AP θϛͷϊʔτΛߟࢀʹ͓ͯ͠Γɺ͜ΕLodato & Rossi
(2011)ʹґΔͱ͜Ζ͕େ͖͍ɻ

࣭ྔM∗ɺܘ R∗ͷ߃͕์ઢيಓͰ࣭ྔMBHͷSMBH
ʹۙͮ͘߹Λ͑ߟΔɻ͜ͷ߃͕ைࣚഁյ͞ΕΔͨΊʹɺ
SMBH͕ٴ΅͢ைࣚྗ͕߃ͷࣗݾॏྗʹଧͪউͭඞཁ͕͋Δ:

GMBHR∗
R3 >

GM∗
R2∗
, (1)

ΑΓɺ

R < RT ≡ R∗

(
MBH
M∗

)1/3
≃ 6.96 × 1012 cm R∗,0M−1/3

∗,0 M1/3
BH,6, (2)

͕݅ͱͳΔɻ͜͜Ͱ RT ͰைࣚܘΛఆٛͨ͠ɻҰํͰ߃
͕ BHʹࠐ͍ٵ·Εͳ͍ͨΊʹ RT > Rs ͕՝͞ΕΔ͜ͱ͔Βɺ
BH࣭ྔʹ্ݶ

MBH < 1.12 × 108 M⊙ R3/2
∗,0 M−1/2

∗,0 , (3)

͕ͭ͘ɻ͜͜Ͱ Schwarzschildܘͱൺֱ͕ͨ͠ɺISCOͳͲ
ͱൺֱͯ͠ಉఔͷ͕݅ಘΒΕΔɻҎԼͰ؆୯ͷͨΊɺ
์ઢͷ pericenter͕ைࣚܘͱҰக͢Δ߹ΛͣΔɻ

ைࣚഁյޙͷσϒϦͷৼΔ͍Λ͑ߟΔɻσϒϦͷӡಈ
ͱͯ͠ࢠʑͷཻݸ ballistic ʹѻ͑Δ (ͳͥʁ͓ͦΒ͘ॏྗ͕ѹ
ྗޯΑΓେ͖͍Μ͕ͩɺ֬ೝ͍ͯ͠ͳ͍)ɻഁյલͷσϒ
ϦΤωϧΪʔ͕ 0ͱͯ͠Α͍͕ɺഁյޙͷΤωϧΪʔ߃
ͷ SMBHʹ͍ۙ෦ͱԕ͍෦ͷॏྗΤωϧΪʔ΄Ͳͷҧ͍
͕͋ΔͷͰ෯ͱͯ͠1

∆ε =

(
−GMBH

RT

)
−
(
− GMBH

RT ± R∗

)
≃ ±GMBH

R2
T

R∗ , (4)

ͷ͕ΓΛͭ࣋ɻ͞ΒʹɺԾఆͱͯ͠σϒϦͷΤωϧΪʔ
Ұఆͱ͢Δͱ

dM
dε

≃ M∗/2
∆ε

(5)

ͱۙࣅͰ͖ΔɻഁյޙͷσϒϦ֤ΤωϧΪʔʹରԠͨ͠ Ke-
pler ӡಈΛ͍ߦɺ͔ͭ RT ʹͬͯ͘Δؒ࣌ Kepler time

1 ഁյલ ε = v2/2 − GMBH/RT = 0 ͔Βഁյޙ ∆ε = v2/2 −
GMBH/(RT ± R∗) ͷΤωϧΪʔ෯Λͯͬ࣋͢Δͱ͍ͯ͑ߟΔɻ

t = 2πGMBH/(−2ε)3/2 Ͱ༩͑ΒΕΔͷͰ fallback rate

'Mfb =
dM
dε

dε
dt
= 'Mpeak

(
t

tfb

)−5/3
, (6)

tfb =
2πGMBH
(2|∆ε |)3/2

≃ 40.9 day R3/2
∗,0 M−1

∗,0 M1/2
BH,6 , (7)

'Mpeak =
M∗
3tfb

≃ 1.89 × 1026 g s−1 R−3/2
∗,0 M2

∗,0M−1/2
BH,6 (8)

≃ 1.34 × 102 'MEdd η−1R−3/2
∗,0 M2

∗,0M−3/2
BH,6 , (9)

where the Eddington luminosity and accretion rate are defined by

LEdd =
4πGMBHmpc

σT
≃ 1.26 × 1038 erg s−1MBH0 , (10)

'MEdd =
LEdd
ηc2 ≃ 1.40 × 1018 g s−1 η−1

−1 MBH0 , (11)

respectively. The fallback rate becomes the Eddington one at

tEdd ≃ 18.9 tfb η
3/5
−1 R−9/10

∗,0 M6/5
∗,0 M−9/10

BH,6 , (12)

≃ 2.11 yr η3/5−1 R3/5
∗,0 M1/5

∗,0 M−2/5
BH,6 , (13)

UP TO HERE

REFERENCES
Lodato G., Rossi E. M., 2011, MNRAS, 410, 359
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APPENDIX A: COSMOLOGY
Α͘Θ͔ΒΜ͚Ͳ͜͜ʹ·ͱΊ͓ͯ͘ɻ

A1 Distance
The luminosity distance is given by

dL(z) =
c(1 + z)

H0

∫ z

0

dz′√
Ωrad(1 + z′)4 +Ωm(1 + z′)3 +ΩΛ

, (A1)

where H0 ≃ 70 km s−1 Mpc−1 is the Hubble constant and we have to
be careful about the unit. In actual numerical simulation, we have to
give a initial condition (the lower part of the integral, which should
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Fig. 2. Summary of the main properties of the ROSAT events. The figures show the 
rise to the highest observed state of NGC 5905 during the RASS and an image of the 
host galaxy.

(Bade et al., 1996; Komossa and Bade, 1999; see also Li et al., 
2002), RXJ1242-1119 (Komossa and Greiner, 1999), RXJ1624+7554 
(Grupe et al., 1999), and RXJ1420+5334 (Greiner et al., 2000). 
Among these, NGC 5905 and RXJ1242-1119 are the best-covered 
events in terms of their long-term X-ray lightcurves, spanning time 
intervals of more than a decade, with amplitudes of decline larger 
than a factor of 1000 (Komossa et al., 2004; Halpern et al., 2004;
Komossa, 2005).

NGC 5905 was first noticed due to its luminous, soft (kT =
0.06 keV) X-ray emission with peak luminosity in the soft X-ray 
band of Lx,peak = 7 × 1042 erg/s during the RASS. It remained 
bright for at least ∼5 days (the time interval its position was re-
peatedly scanned during the RASS) increasing in luminosity to the 
observed peak. X-rays then declined on the timescale of months 
to years (Fig. 3). Within the errors, the X-rays came from the cen-
ter of this nearby barred spiral galaxy (z = 0.011; Fig. 2). While 
the X-ray spectrum was initially very soft, it had hardened signif-
icantly (!x = −2.4) 3 years later, when re-observed with ROSAT. 
The decline of its X-ray lightcurve is well consistent with the 
predicted t−5/3 law, as first reported based on its ROSAT obser-
vations (Komossa and Bade, 1999) and confirmed with Chandra
(Halpern et al., 2004). All observations of this event are in very 
good agreement with tidal disruption theory (Bade et al., 1996;
Komossa and Bade, 1999).

Whenever enough data exist, the ROSAT events, and most of 
the more recent soft X-ray TDEs (next section), follow a similar 
trend in spectral and lightcurve evolution as NGC 5905, providing 
independent evidence that the same mechanism was at work in all 
cases.

2.2. New soft X-ray TDEs and Swift follow-ups

More recently, similar X-ray events have been detected with 
Chandra and XMM-Newton, based on dedicated searches or seren-
dipitous discoveries. The XMM-Newton slew survey has been 
used to identify new bright TDEs based on a comparison with 
the ROSAT data base, and a few events have been found so 
far (Esquej et al., 2007, 2008; Saxton et al., 2012b). Among 
these, SDSSJ120136.02+300305.5 has the best-covered first-year 
lightcurve (Saxton et al., 2012b), based on follow-ups with XMM-
Newton and Swift. Overall, the X-rays continue fading after high-
state. Additional large-amplitude variability is apparent on the 
timescale of weeks (Fig. 4). The X-ray spectrum of SDSSJ120136.02+
300305.5, observed with XMM-Newton weeks and months after 
high-state is very soft (no photons detected beyond 2–3 keV), but 

Fig. 3. Joint X-ray lightcurve of the ROSAT TDEs, all shifted to the same peak time. 
The decline is consistent with a t−5/3 law (dashed lined). This point was first made 
based on the ROSAT data of NGC 5905 (Komossa and Bade, 1999), and later for the 
overall luminosity evolution of the sources displayed above (e.g., Fig. 1 of Komossa, 
2004). RXJ1242-1119 shows a further drop in X-rays at late times (not shown here), 
deviating from the early phase decline law, implying a total amplitude of decline of 
a factor ∼1000 (Komossa, 2005).

is not well fit with black-body emission. It is consistent with a 
broken powerlaw or a Bremsstrahlung-like spectral shape.

A few TDEs were identified in clusters of galaxies (Cappelluti 
et al., 2009; Maksym et al., 2010, 2013; Donato et al., 2014). The 
most likely counterpart of the source WINGS J1348 in Abell 1795 
is a dwarf galaxy, and the disrupting black hole is of relatively low 
mass, MBH < 106M⊙ (Maksym et al., 2013, 2014a; Donato et al., 
2014). A second candidate TDE hosted by a dwarf galaxy was re-
ported by Maksym et al. (2014b).

Other events emerged through systematic searches of the XMM-
Newton data base (Lin et al., 2011, submitted for publication) and 
new searches of the ROSAT data base (Khabibullin and Sazonov, 
2014; Maksym et al., 2014b). The events cover X-ray luminosi-
ties in the range (1042–several 1044) erg/s, and arise in relatively 
nearby galaxies (z = 0.03–0.2) which are optically quiescent (i.e., 
they lack the characteristic optical narrow emission lines of AGN). 
The Swift mission has been essential in providing rapid follow-ups 
of several of these events, confirming the fading X-rays, and pro-
viding tight constraints on the luminosity evolution.

Overall, the salient properties of the soft X-ray TDEs detected 
with ROSAT, XMM-Newton and Chandra can be summarized as fol-
lows:

• Peak luminosities are large, up to several 1044 erg/s in the soft 
X-ray band.

• Amplitudes of decline reach factors up to 1000–6000 (the 
ROSAT events), more than a decade after the observed high-
states.

• X-ray spectra are very soft during the high-states (kTBB ∼
0.04–0.1 keV), followed by a spectral hardening on the time 
scale of years.

• Host galaxies show essentially no evidence for permanent ac-
tivity as it is seen in AGN. Years after the flare (and before, 
when data exist), the galaxies are optically inactive, radio in-
active, and X-ray inactive.

• X-ray lightcurves decline on the timescale of months–years, 
and are overall consistent with the law L ∝ t−5/3 predicted by 
the fall-back model of tidal disruption theory.

X-ray TDEs (1990s~)

Komossa15

In galactic centers (not AGN)

LX,peak ⇠ 1044erg/s (⇠ LEdd)

kBT ⇠ 0.1keV

L / t�5/3



OPTICAL TDEs (2010s~)

Bogdanović et al. (2004), and has been recently studied with
CLOUDY caclulations (Gaskell & Rojas Lobos 2014; Strubbe
& Murray 2015; Saxton et al. 2016) and full radiative transfer
calculations (Roth et al. 2016).

6.5. Bolometric Luminosity

Shown in Figure 13 is the time evolution of the UV–optical
integrated luminosity of iPTF16axa from the blackbody model.
Also shown in this plot are the UV/optical integrated
luminosities of ASASSN-14ae, ASASSN-14li, ASASSN-15oi,
PS1-10jh, PS1-11af, TDE1, TDE2, D1-9, and D3-13.

In Figure 13, all of the TDE candidates except iPTF16fnl
follow a power-law decline with a decline rate more or less
consistent with t−5/3. It is also interesting that, based on our
blackbody fit, all of these TDEs except iPTF16fnl are confined
to a small range of luminosities, with the peak luminosities
ranging from log(L [erg s−1])=43.4–44.4. We must caution,
however, that a substantial fraction of the total radiated energy,
especially if originally emitted at FUV and EUV wavelengths,
may be missing in our observations, as was demonstrated by
van Velzen et al. (2016b) in the case of PTF09ge based on
infrared light echo observations.

6.6. Photospheric Radius

Figure 14 shows the evolution of blackbody radius for
iPTF16axa and other optically bright TDE candidates. The
blackbody radius of iPTF16axa decreased steadily from
4×1014 to 2×1014 cm as the luminosity decreases with
time. The blackbody radius of PS1-10jh is derived assuming a
t−5/3 decay in luminosity and constant temperature. Since the

tidal radius is weakly dependent on the black hole mass
(R MT BH

1 3µ ), Figure 14 shows that the derived radii are at least
10 times farther away from the RT for all the TDE candidates.
Due to the non-varying temperature evolution of TDE

emission, the photospheric radius must decline at late times in
order to match the fading light curve. The physical meaning of
this decline remains unclear. One explanation is that the density

Figure 13. Comparison of the evolution of the integrated UV–optical
luminosity inferred from SED fitting. The y-axis on the right hand side is the
mass accretion rate assuming an efficiency of 0.1. The x-axis shows the time
elapsed since peak (t0) for PTF09ge, PS1-10jh, and iPTF16fnl and the time
elapsed since discovery for the ASASSN TDEs and iPTF16axa (MJD
57537.4). The two crosses in purple are derived from pre-peak g-band data
of iPTF16fnl assuming a blackbody temperature of 2×104 K. It is worth
noting that all of the UV and optically detected TDE candidates discussed here
follow a t−5/3 power-law decay except iPTF16fnl. These TDE candidates span
a narrow range in the peak luminosity log(L [erg s−1])=43.4–44.4.

Figure 14. Comparison of the evolution of the blackbody radius (Rbb) inferred
from SED fitting. The dots in the figure represent Rbb derived from the SED
some time after discovery for iPTF16axa and the ASASSN objects. The pink
shaded area shows the uncertainties of Rbb for iPTF16axa. The blackbody radii
derived are on the order of a few tenstimes the tidal radius.

Figure 15. Comparison of the evolution of the photosphere radius inferred
from emission linewidths. The triangles mark the linewidths of He IIλ4686
lines, while the dots mark the linewidths of Hα emission. The y-axis on the
right hand side shows the photospheric radii in units of the gravitational radius
rg=GM/c2. Throughout the monitoring period, the FWHM of Hα and
He IIλ4686 evolve in a similar trend. The fact that theHe IIλ4686 line is not
wider than Hα disfavors the scenario of a stratified BLR region that is virially
bound.
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subtracted before measuring the lines. ASASSN-14ae did not
develop He IIλ4686 until later epochs.

Throughout the spectroscopic epochs, the Hα line was
readily detected in iPTF16axa except for the last epoch.
iPTF16axa did not show significant Hα suppression as was
observed in PS1-10jh and PTF09ge. From Figure 12, the
spectroscopic signatures of TDE candidates can be divided into
two groups based on the presence/absence of Hα emission.
The sources that show both He IIλ4686 and Hα emission
appear to have similar He II/Hα ratios, with the exception of
iPTF16fnl near peak, which shows a high He IIλ4686-to-Hα
ratio that rapidly evolves to the lower ratio observed in the
other sources.

The nebular He IIλ4686 to Hα line ratio can be expressed as

L
L

n n h

n n j j h

He 4686
H

He
, 5

II e

p e

4686
eff

4686

H
eff

H H H

l
a

a n
a n

= l l

l b a b l b

++( )
( )

( )
( )

( )

where n(He++) is the density of He++, np is the proton density, ne
is the electron density, and effal is the effective recombination
coefficient. For a typical T=104K nebular gas, 4686

effal = 3.57×
10−13 cm3 s−1, H

effa
b
= 3.02×10−14 cm3 s−1, and jHα/jHβ is 2.87

(Osterbrock p80). Substituting in these values, the He IIλ4686 to
Hα line ratio can be expressed as 3.98 n(He++)/np for an electron
density of 102 cm−3 in case B recombination. Assuming the solar
helium abundance Ye=0.2485 (Serenelli & Basu 2010), the
number abundance of helium n(He++)/np is ≈0.08. This results in
a line ratio of 0.32( n

n
He

He,:
), which is denoted by the dotted line in

Figure 12.
It is noticed that the nebular arguments, while still commonly

used in the literature, are not valid for most of the TDE spectra.
Figure 12 demonstrates that all measurements of the helium-to-
hydrogen line ratio in TDEs, with the exception of the early
epochs of ASASSN-14ae, display a helium enhancement
compared to the nebular prediction assuming solar abundance.
While stellar composition may be affecting these ratios in some
events, this pattern also suggests that nebular arguments along
the lines of Equation (5) may break down for TDEs. A likely
explanation is that high gas densities (>1010 cm−3) are leading
to the suppression of the Balmer lines as these transitions
become optically thick. This possibility was first suggested by

Table 2
Emission Line Fit

Date He II FWHM L(He II) Hα FWHM L(Hα)
(103 km s−1) (1040 erg s−1) (103 km s−1) (1040 erg s−1)

2016 Jun 04 5.8±0.3 12.5±0.8 8.8±0.3 7.6±0.3
2016 Jun 10 9.2±0.3 15.1±0.6 11.2±0.4 8.3±0.4
2016 Jun 13 9.5±0.4 12.8±0.7 9.5±0.9 6.8±0.8
2016 Jul 06 8.6±0.4 9.1±0.6 8.1±0.3 6.0±0.3
2016 Sep 12 12.6±4.2 7.0±2.6 19.5±2.4 11.2±1.5

Figure 11. Comparison of the evolution of the blackbody temperature inferred
from SED fitting. The blackbody temperatures of the UV/optical TDE
candidates remain constant on the order of a few 104 K over time except
ASASSN-15oi.

Figure 12. Comparison of the evolution of the helium-to-hydrogen line ratio
inferred from spectral fitting. The x-axis shows the time elapsed since peak (t0)
for PTF09ge, PS1-10jh, and iPTF16fnl, and time elapsed since discovery for
the ASASSN TDEs and iPTF16axa (MJD 57537.4). The dotted line shows the
expected helium-to-hydrogen ratio in a nebular environment assuming the solar
abundance of He/H. It is noticed that nebular arguments may not be valid for
TDE candidates despite being frequently used in the literature.
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this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, the NIR light curves are expected
to have a broad peak, rising after a few days and lasting a week or more
in the rest frame. The relatively modest redshift and intensive study of
GRB 130603B made it a prime candidate for searching for such a kilonova.

We imaged of the location of the burst with the NASA/ESA Hubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second ,30 d after the burst (epoch 2). On each occa-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm) and the NIR F160W filter (1.6mm) (full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). The HST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in the NIR in epoch 1 (we note
that this source was also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.

At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB . 28.25 mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB 5 25.73 6 0.20 mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIR magnitude in epoch 1 to be up
to ,0.3 mag brighter.

To assess the significance of this result, it is important to establish
whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about ,10 h, requiring a late-time power-law decay
rate of a < 2.7 (where F / t2a describes the flux). The NIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter, which evolves from R606 2 H160 < 1.7 6 0.15 mag at about
14 h to greater than R606 2 H160 < 2.5 mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, although here the lumino-
sity is considerably fainter and the emission is redder. The ubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.

The next generation of gravitational-wave detectors (Advanced LIGO
and Advanced VIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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Figure 2.1: Schematic picture of a observer and binary system.

envelope inflows to the primary via Lagrange point, so-called ”Roche lobe over flow”. When

the gas inflows the primary, they bring angular momentum and circulates around the BHs.

This system is called as accretion disk, which we discuss in the next section.

2.2 Accretion Disk

Generally, the accreting gas has angular momentum and starts to circulate before reaching

the central BH. The resulting system is called an accretion disk. The accretion disk systems

have been extensively studies since 1960’s, and even now, the accretion disk is one of the

main research field in astrophysics. In this section, we review the basic theoretical aspects

of the accretion disk theory.

2.2.1 Standard Disk

In this subsection, we discuss the standard disk, which is the basic system and gives inspira-

tion to discuss the disk system. The Keplerian rotating gas feels friction due to the velocity

gradient along to the radial direction. By the viscosity, the angular momentum of the gas is

transported to the outer radius, and the gas accretes to the inner radius. In the following,

we only consider disks which is stationary and axial symmetric in the cylindrical coordinate

(R,ϕ, z). In particular, when the following assumptions hold, the disk structure is described

analytically (Shakura & Sunyaev, 1973).

injection 

Observer

this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, the NIR light curves are expected
to have a broad peak, rising after a few days and lasting a week or more
in the rest frame. The relatively modest redshift and intensive study of
GRB 130603B made it a prime candidate for searching for such a kilonova.

We imaged of the location of the burst with the NASA/ESA Hubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second ,30 d after the burst (epoch 2). On each occa-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm) and the NIR F160W filter (1.6mm) (full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). The HST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in the NIR in epoch 1 (we note
that this source was also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.

At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB . 28.25 mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB 5 25.73 6 0.20 mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIR magnitude in epoch 1 to be up
to ,0.3 mag brighter.

To assess the significance of this result, it is important to establish
whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about ,10 h, requiring a late-time power-law decay
rate of a < 2.7 (where F / t2a describes the flux). The NIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter, which evolves from R606 2 H160 < 1.7 6 0.15 mag at about
14 h to greater than R606 2 H160 < 2.5 mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, although here the lumino-
sity is considerably fainter and the emission is redder. The ubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.

The next generation of gravitational-wave detectors (Advanced LIGO
and Advanced VIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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Figure 2.1: Schematic picture of a observer and binary system.

envelope inflows to the primary via Lagrange point, so-called ”Roche lobe over flow”. When

the gas inflows the primary, they bring angular momentum and circulates around the BHs.

This system is called as accretion disk, which we discuss in the next section.

2.2 Accretion Disk

Generally, the accreting gas has angular momentum and starts to circulate before reaching

the central BH. The resulting system is called an accretion disk. The accretion disk systems

have been extensively studies since 1960’s, and even now, the accretion disk is one of the

main research field in astrophysics. In this section, we review the basic theoretical aspects

of the accretion disk theory.

2.2.1 Standard Disk

In this subsection, we discuss the standard disk, which is the basic system and gives inspira-

tion to discuss the disk system. The Keplerian rotating gas feels friction due to the velocity

gradient along to the radial direction. By the viscosity, the angular momentum of the gas is

transported to the outer radius, and the gas accretes to the inner radius. In the following,

we only consider disks which is stationary and axial symmetric in the cylindrical coordinate

(R,ϕ, z). In particular, when the following assumptions hold, the disk structure is described

analytically (Shakura & Sunyaev, 1973).
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this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, the NIR light curves are expected
to have a broad peak, rising after a few days and lasting a week or more
in the rest frame. The relatively modest redshift and intensive study of
GRB 130603B made it a prime candidate for searching for such a kilonova.

We imaged of the location of the burst with the NASA/ESA Hubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second ,30 d after the burst (epoch 2). On each occa-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm) and the NIR F160W filter (1.6mm) (full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). The HST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in the NIR in epoch 1 (we note
that this source was also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.

At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB . 28.25 mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB 5 25.73 6 0.20 mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIR magnitude in epoch 1 to be up
to ,0.3 mag brighter.

To assess the significance of this result, it is important to establish
whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about ,10 h, requiring a late-time power-law decay
rate of a < 2.7 (where F / t2a describes the flux). The NIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter, which evolves from R606 2 H160 < 1.7 6 0.15 mag at about
14 h to greater than R606 2 H160 < 2.5 mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, although here the lumino-
sity is considerably fainter and the emission is redder. The ubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.

The next generation of gravitational-wave detectors (Advanced LIGO
and Advanced VIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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Figure 2.1: Schematic picture of a observer and binary system.

envelope inflows to the primary via Lagrange point, so-called ”Roche lobe over flow”. When

the gas inflows the primary, they bring angular momentum and circulates around the BHs.

This system is called as accretion disk, which we discuss in the next section.

2.2 Accretion Disk

Generally, the accreting gas has angular momentum and starts to circulate before reaching

the central BH. The resulting system is called an accretion disk. The accretion disk systems

have been extensively studies since 1960’s, and even now, the accretion disk is one of the

main research field in astrophysics. In this section, we review the basic theoretical aspects

of the accretion disk theory.

2.2.1 Standard Disk

In this subsection, we discuss the standard disk, which is the basic system and gives inspira-

tion to discuss the disk system. The Keplerian rotating gas feels friction due to the velocity

gradient along to the radial direction. By the viscosity, the angular momentum of the gas is

transported to the outer radius, and the gas accretes to the inner radius. In the following,

we only consider disks which is stationary and axial symmetric in the cylindrical coordinate

(R,ϕ, z). In particular, when the following assumptions hold, the disk structure is described

analytically (Shakura & Sunyaev, 1973).
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Observer

this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, the NIR light curves are expected
to have a broad peak, rising after a few days and lasting a week or more
in the rest frame. The relatively modest redshift and intensive study of
GRB 130603B made it a prime candidate for searching for such a kilonova.

We imaged of the location of the burst with the NASA/ESA Hubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second ,30 d after the burst (epoch 2). On each occa-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm) and the NIR F160W filter (1.6mm) (full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). The HST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in the NIR in epoch 1 (we note
that this source was also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.

At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB . 28.25 mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB 5 25.73 6 0.20 mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIR magnitude in epoch 1 to be up
to ,0.3 mag brighter.
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tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
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lines steeply after about ,10 h, requiring a late-time power-law decay
rate of a < 2.7 (where F / t2a describes the flux). The NIR flux, on the
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shock theory25, for such a large colour change to be a consequence of
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produced by underlying type Ic supernovae, although here the lumino-
sity is considerably fainter and the emission is redder. The ubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.

The next generation of gravitational-wave detectors (Advanced LIGO
and Advanced VIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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envelope inflows to the primary via Lagrange point, so-called ”Roche lobe over flow”. When

the gas inflows the primary, they bring angular momentum and circulates around the BHs.

This system is called as accretion disk, which we discuss in the next section.

2.2 Accretion Disk

Generally, the accreting gas has angular momentum and starts to circulate before reaching

the central BH. The resulting system is called an accretion disk. The accretion disk systems

have been extensively studies since 1960’s, and even now, the accretion disk is one of the

main research field in astrophysics. In this section, we review the basic theoretical aspects

of the accretion disk theory.

2.2.1 Standard Disk

In this subsection, we discuss the standard disk, which is the basic system and gives inspira-

tion to discuss the disk system. The Keplerian rotating gas feels friction due to the velocity

gradient along to the radial direction. By the viscosity, the angular momentum of the gas is

transported to the outer radius, and the gas accretes to the inner radius. In the following,

we only consider disks which is stationary and axial symmetric in the cylindrical coordinate

(R,ϕ, z). In particular, when the following assumptions hold, the disk structure is described

analytically (Shakura & Sunyaev, 1973).
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2.1.1 Metzger & Stone 2016

Τϯϕϩʔϓͱͯ͠ԁ൫෩Λ͍ͯ͑ߟΔMetzger & Stone (2016)
ͷϞσϧͷ͍ͨ͠؍͍֓ͯͭʹࢠࠎɻ2͜ͷϞσϧͰԁ൫Λͭ
͘Δܘ 2 RT Ͱ΄ͱΜͲͷσϒϦ͕ԁ൫ͱͯ߱͠ணͤͣʹΞ
τϑϩʔͱͯ͠์ग़͞ΕΔ͜ͱͰΤϯϕϩʔϓͷׂΛՌͨ
͢ͱ͑ߟΔɻ࣮ࡍʹσϒϦͷΤωϧΪʔଟ͘ͱ

Edebri ≃ ∆ε(M∗/2) ≃ 1.91 × 1050 erg R−1
∗,0M5/3

∗,0 M1/3
BH,6 , (17)

Ͱ͋ΔɻҰํͰԁ൫Λͭ͘ΔͨΊʹҾ͖ൈ͘ΤωϧΪʔ

Ecirc ≃ GMBH(M∗/2)
2RT

≃ 9.58 × 1051 erg R−1
∗,0M4/3

∗,0 M2/3
BH,6 , (18)

∼ 102 Edebris , (19)

ͱͳΔɻΑͬͯɺ࣭ྔʹͯ͠࠷Ͱ fin ∼ 10−2 ΄ͲΛԁ൫ͱ
ͯ߱͠ணͤ͞ΕΓͷେ෦ͷσϒϦΞτϑϩʔͱͯ͠
์ग़͞ΕΔɻ͜Ε inverse energy crisisղܾ͍ͯ͠Δ͜ͱʹ
ͳΔɻΞτϑϩʔͷΤωϧΪʔอଘଇ

GMBH
2RT

&Macc ≃ 1
2

&Moutv2 , (20)

where &Macc = fin &Mfb and &Mout = (1 − fin) &Mfb,͔Β

v ≃
√

GMBH
RT

fin
1 − fin

(21)

≃ 1.38 × 104 km s−1 f 1/2
in,−1R−1/2

∗,0 M1/6
∗,0 M1/3

BH,6 , (22)

ͱͳΔɻ3
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APPENDIX A: COSMOLOGY
Α͘Θ͔ΒΜ͚Ͳ͜͜ʹ·ͱΊ͓ͯ͘ɻ

A1 Distance
The luminosity distance is given by

dL(z) =
c(1 + z)

H0

∫ z

0

dz′√
Ωrad(1 + z′)4 +Ωm(1 + z′)3 +ΩΛ

, (A1)

where H0 ≃ 70 km s−1 Mpc−1 is the Hubble constant and we have to
be careful about the unit. In actual numerical simulation, we have to
give a initial condition (the lower part of the integral, which should

2 ʹ͘ݹ staticΤϯϕϩʔϓΛͨ͑ߟLoeb & Ulmer (1997)ؾʹͳΔɻ
3 ͜͜Ͱ fin = 0.1 Λ༻͍͍ͯΔ͜ͱʹҙ͢Δɻ?ͷ݁ՌΛආ͚Δͨ
Ίʹ fin ∼ 10−2 ͱ͢Ε v ≃ 3000 km s−1 ͱͳͬͯ mass limit Λճආ
Ͱ͖ͦ͏͕ͩɺͦ͏͢Δͱ͓ͦΒ߱͘ண͕ Eddington rate Λ͑Δ
timescale ͕͘ͳͬͯ͠·͍ energetic ͕આ໌Ͱ͖ͳ͍ɻ

not be set to 0 because numerical computation time). It is useful to
notice the fact that for small z ≪ 1, the distance is given by

dL(z) ≃
c(1 + z)

H0

z√
Ωrad(1 + z)4 +Ωm(1 + z)3 +ΩΛ

. (A2)
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by estimating the ejected mass



Our method

1. Spherical ejecta
2. Thermal emission

Two radii

① Diffusion radius: Rd ② Color radius: Rc

τ = c/v τeff = 1
(t_diff=t_dyn) (Last photon absorption)

Assumptions  

2 Matsumoto & Piran

events (Piran et al. 2015; Stone & Metzger 2016; Lu & Ku-
mar 2018).

These properties of optical TDEs are inconsistent with
the classical picture where soft X-rays from an accretion
disk is expected to dominate the emission. Instead, it was
proposed that the emission is reprocessed by surrounding
matter. Strubbe & Quataert (2009); Lodato & Rossi (2011)
proposed an outflow launched from small radii (probably a
super-Eddington disk wind) radiating away its thermal en-
ergy. Later on others (Metzger & Stone 2016; Roth et al.
2016; Roth & Kasen 2018; Dai et al. 2018; Lu & Bonnerot
2020; Piro & Lu 2020) proposed an outflow (either a super-
Eddington disk wind or the result of shocks in stream-stream
or stream-disk collisions) expands, remains optically thick,
and reprocesses the ionizing continuum from the inner accre-
tion disk. We denote this as the “reprocessing-outflow”mod-
els. Since the fallback rate is much larger than the Eddington
rate, super-Eddington emission (Loeb & Ulmer 1997; Krolik
& Piran 2012) and an outflow from the disk (e.g., Blandford
& Begelman 1999) are naturally expected. The expanding
material surrounds the system and reprocesses the soft X-
rays emitting photons in optical/UV band if thermalization
is e�cient (Roth et al. 2016; Roth & Kasen 2018). Metzger
& Stone (2016) have suggested that the outflow carries out a
significant fraction of the infalling mass, reducing the mass
accreted by the BH and hence the energy generation rate.
Alternatively, the outflow can carry out the excess energy
in the form of kinetic energy. This could have resolved the
“inverse energy crisis” (Piran et al. 2015; Stone & Metzger
2016; Lu & Kumar 2018).

An alternative model (Piran et al. 2015; Krolik et al.
2016) suggests that the observed optical emission is gener-
ated by interactions between the bound stellar debris taking
place around the apocenter. This model follows the simu-
lations of Shiokawa et al. (2015) who have shown that the
fallback stream passes the pericenter without forming a disk
and it collides with the debris at near the apocenter. Heated
by shocks, the interacting part powers the observed optical
emission (see also Svirski et al. 2017; Ryu et al. 2020). In this
case the accretion onto the BH is delayed and it is possibly
ine�cient.

In this work we focus on the former scenario in which
we expect an outflow from the system that accompanies the
reprocessing process. Following recent works by Shen et al.
(2015); Piro & Lu (2020), we analyze the condition within
the emitting region and estimate the ejecta mass involved in
the optical TDEs. We then impose the condition that this
mass cannot exceed the disrupted stellar mass, which is of
order of a solar mass. We organize this paper as follows. In
§2, we develop the method to estimate the ejecta mass of
optical transients in a general quasi-spherical optically thick
situation using the observed luminosity and temperature. In
§3, we apply this method to supernovae (SNe) and confirm
that we can estimate the ejecta mass with a good accuracy.
In §4, we calculate the ejecta mass of available optical TDEs
by assuming that the emission is powered by spherically ex-
panding wind. We summarize our result in §5.

2 METHOD

We construct a framework to estimate ejecta mass of optical
transients assuming that (i) they expand quasi-spherically
and (ii) they are optically thick. The observed photons are
thermal and di↵use out of the ejecta. In the context of opti-
cal TDEs this situation may arise within the “reprocessing-
outflow”model. We note that our framework is relevant not
only to explosive phenomena like SNe and other transients
(Piro & Lu 2020; Uno & Maeda 2020), but also to quasi-
steady-state configurations as was discussed in Shen et al.
(2015) for the ultraluminous X-ray source M101 X-1.

We begin defining two critical radii that determine the
observables (e.g., Nakar & Sari 2010; Shen et al. 2015). The
first is the di↵usion radius, Rd, (denoted photon trapping
radius, Rtrap, by Shen et al. 2015) above which the photon
di↵usion time is shorter than the dynamical time and pho-
tons can freely escape from the ejecta. Using the total optical
depth we write this condition as

⌧(Rd) ⌘
π 1

Rd

(es + a)⇢dR =
c
vd

, (1)

where es and a are the Thomson and absorption opacities,
⇢ is the density, c is the speed of light, and vd is the ejecta
velocity at Rd.

The color radius, Rc, (denoted thermalization radius,
Rth, by Shen et al. 2015) is the location where the photons’
last absorption occurs (namely, photons are in thermal equi-
librium with the gas within Rc). This radius is defined by
the e↵ective optical depth as (Rybicki & Lightman 1979):

⌧e�(Rc) ⌘
π 1

Rc

p
a(es + a)⇢dR = 1 . (2)

Photons with di↵erent energies will have di↵erent e↵ective
optical depths. We define the color radius as the radius corre-
sponding to the observed color temperature (see Shen et al.
2015, for a detailed discussion).

The system has two di↵erent physical situations de-
pending on Rd > Rc or Rc > Rd. In the former case, photons
are trapped within the ejecta and advected up to Rd. The ob-
served luminosity is given by the di↵usion luminosity there.
The photons are out of thermal equilibrium beyond Rc and
they cool adiabatically up to Rd. The observed color tem-
perature is given by the photon temperature at Rd (which
deviates from the gas temperature) as long as the Comp-
tonization is negligible. When Rc > Rd, photons di↵use out
from Rd but they are still thermally coupled to the gas. The
observed color temperature is determined by the radiation
temperature at Rc, which is the same as the gas tempera-
ture. Fig. 1 depicts a schematic picture of the system we
consider for the cases of Rd > Rc and Rd < Rc.

Using the observed luminosity L, temperature T , and
the outflow velocity (in case it is available) we can estimate
the conditions at R = max(Rd, Rc) and using them we calcu-
late the mass outflow rate passing through this radius:

€M = 4⇡R2⇢

✓
v � dR

dt

◆
, (3)

where v is the ejecta velocity at R. The last term dR/dt arises
because the radii Rd and Rc move in both the Eulerian and
Lagrangian (mass) coordinates. Usually, as the ejecta ex-
pand, these radii recede in the mass coordinate. Integrating
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events (Piran et al. 2015; Stone & Metzger 2016; Lu & Ku-
mar 2018).

These properties of optical TDEs are inconsistent with
the classical picture where soft X-rays from an accretion
disk is expected to dominate the emission. Instead, it was
proposed that the emission is reprocessed by surrounding
matter. Strubbe & Quataert (2009); Lodato & Rossi (2011)
proposed an outflow launched from small radii (probably a
super-Eddington disk wind) radiating away its thermal en-
ergy. Later on others (Metzger & Stone 2016; Roth et al.
2016; Roth & Kasen 2018; Dai et al. 2018; Lu & Bonnerot
2020; Piro & Lu 2020) proposed an outflow (either a super-
Eddington disk wind or the result of shocks in stream-stream
or stream-disk collisions) expands, remains optically thick,
and reprocesses the ionizing continuum from the inner accre-
tion disk. We denote this as the “reprocessing-outflow”mod-
els. Since the fallback rate is much larger than the Eddington
rate, super-Eddington emission (Loeb & Ulmer 1997; Krolik
& Piran 2012) and an outflow from the disk (e.g., Blandford
& Begelman 1999) are naturally expected. The expanding
material surrounds the system and reprocesses the soft X-
rays emitting photons in optical/UV band if thermalization
is e�cient (Roth et al. 2016; Roth & Kasen 2018). Metzger
& Stone (2016) have suggested that the outflow carries out a
significant fraction of the infalling mass, reducing the mass
accreted by the BH and hence the energy generation rate.
Alternatively, the outflow can carry out the excess energy
in the form of kinetic energy. This could have resolved the
“inverse energy crisis” (Piran et al. 2015; Stone & Metzger
2016; Lu & Kumar 2018).

An alternative model (Piran et al. 2015; Krolik et al.
2016) suggests that the observed optical emission is gener-
ated by interactions between the bound stellar debris taking
place around the apocenter. This model follows the simu-
lations of Shiokawa et al. (2015) who have shown that the
fallback stream passes the pericenter without forming a disk
and it collides with the debris at near the apocenter. Heated
by shocks, the interacting part powers the observed optical
emission (see also Svirski et al. 2017; Ryu et al. 2020). In this
case the accretion onto the BH is delayed and it is possibly
ine�cient.

In this work we focus on the former scenario in which
we expect an outflow from the system that accompanies the
reprocessing process. Following recent works by Shen et al.
(2015); Piro & Lu (2020), we analyze the condition within
the emitting region and estimate the ejecta mass involved in
the optical TDEs. We then impose the condition that this
mass cannot exceed the disrupted stellar mass, which is of
order of a solar mass. We organize this paper as follows. In
§2, we develop the method to estimate the ejecta mass of
optical transients in a general quasi-spherical optically thick
situation using the observed luminosity and temperature. In
§3, we apply this method to supernovae (SNe) and confirm
that we can estimate the ejecta mass with a good accuracy.
In §4, we calculate the ejecta mass of available optical TDEs
by assuming that the emission is powered by spherically ex-
panding wind. We summarize our result in §5.

2 METHOD

We construct a framework to estimate ejecta mass of optical
transients assuming that (i) they expand quasi-spherically
and (ii) they are optically thick. The observed photons are
thermal and di↵use out of the ejecta. In the context of opti-
cal TDEs this situation may arise within the “reprocessing-
outflow”model. We note that our framework is relevant not
only to explosive phenomena like SNe and other transients
(Piro & Lu 2020; Uno & Maeda 2020), but also to quasi-
steady-state configurations as was discussed in Shen et al.
(2015) for the ultraluminous X-ray source M101 X-1.

We begin defining two critical radii that determine the
observables (e.g., Nakar & Sari 2010; Shen et al. 2015). The
first is the di↵usion radius, Rd, (denoted photon trapping
radius, Rtrap, by Shen et al. 2015) above which the photon
di↵usion time is shorter than the dynamical time and pho-
tons can freely escape from the ejecta. Using the total optical
depth we write this condition as

⌧(Rd) ⌘
π 1

Rd

(es + a)⇢dR =
c
vd

, (1)

where es and a are the Thomson and absorption opacities,
⇢ is the density, c is the speed of light, and vd is the ejecta
velocity at Rd.

The color radius, Rc, (denoted thermalization radius,
Rth, by Shen et al. 2015) is the location where the photons’
last absorption occurs (namely, photons are in thermal equi-
librium with the gas within Rc). This radius is defined by
the e↵ective optical depth as (Rybicki & Lightman 1979):

⌧e�(Rc) ⌘
π 1

Rc

p
a(es + a)⇢dR = 1 . (2)

Photons with di↵erent energies will have di↵erent e↵ective
optical depths. We define the color radius as the radius corre-
sponding to the observed color temperature (see Shen et al.
2015, for a detailed discussion).

The system has two di↵erent physical situations de-
pending on Rd > Rc or Rc > Rd. In the former case, photons
are trapped within the ejecta and advected up to Rd. The ob-
served luminosity is given by the di↵usion luminosity there.
The photons are out of thermal equilibrium beyond Rc and
they cool adiabatically up to Rd. The observed color tem-
perature is given by the photon temperature at Rd (which
deviates from the gas temperature) as long as the Comp-
tonization is negligible. When Rc > Rd, photons di↵use out
from Rd but they are still thermally coupled to the gas. The
observed color temperature is determined by the radiation
temperature at Rc, which is the same as the gas tempera-
ture. Fig. 1 depicts a schematic picture of the system we
consider for the cases of Rd > Rc and Rd < Rc.

Using the observed luminosity L, temperature T , and
the outflow velocity (in case it is available) we can estimate
the conditions at R = max(Rd, Rc) and using them we calcu-
late the mass outflow rate passing through this radius:

€M = 4⇡R2⇢

✓
v � dR

dt

◆
, (3)

where v is the ejecta velocity at R. The last term dR/dt arises
because the radii Rd and Rc move in both the Eulerian and
Lagrangian (mass) coordinates. Usually, as the ejecta ex-
pand, these radii recede in the mass coordinate. Integrating
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Figure 1. A schematic picture of system at two time t1 < t2 for
the two di↵erent cases. (Top) Rd > Rc, photons are out of thermal
equilibrium with the gas beyond the color radius (Rc, solid curve)
but they are trapped within the ejecta up to the di↵usion radius
(Rd, dotted curve). Photons escape from the regions beyond Rd

(marked by yellow color). (Bottom) Rc > Rd, photons di↵use out
of the ejecta beyond Rd, but they are still in thermal equilibrium
with the gas up to Rc. Outside of Rc (also marked yellow color),
the photons decouple from the gas. As time progresses, both radii
Rd and Rc shrink in the Lagrangian (mass) coordinate. Integrating
over time the mass outflow rate €M at Rd and Rc, we estimate the
ejecta mass that crossed Rd, Mej(> Rd) for the first case and the
mass that crossed Rc, Mej(> Rc) for the second.

the mass outflow rate over time we calculate the total ejecta
mass above this radius.

To determine Rd and Rc we use the simplified forms of
Eqs. (1) and (2). For the absorption opacity, we adopt the

(bound-free) Kramers opacity a = 0⇢T
�7/2
g , where 0 is a

constant that depends on the composition and Tg is the gas
temperature. Since the absorption opacity is always smaller
than the Thomson opacity (a ⌧ es), and as long as the
density profile is steeper than ⇢ / r�1, we can approximate
the optical depths in Eqs. (1) and (2) and obtain:

⌧(Rd) ' es⇢dRd = vd/c , (4)

⌧e�(Rc) '
p
esa⇢cRc = 1 , (5)

where ⇢d and ⇢c are the density at Rd and Rc, respectively.
For solar abundance, we use es = 0.35 cm

2
g
�1 and 0 =

2⇥10
24 for ⇢ and Tg measured in cgs units. When we analyze

type Ic SNe in §3, whose ejecta are hydrogen and helium free,
we use es = 0.07 cm

2
g
�1 and 0 = 1 ⇥ 10

25.
The mass outflow rate (Eq. 3) depends on whether Rd >

Rc or Rc > Rd. In the former case, the observed luminosity
and color temperature are determined at Rd. The bolometric
luminosity is given by the di↵usion approximation at Rd:

L = �
4⇡R2

d
ac

3es⇢d

dT4

dR
'

4⇡R2

d
avdT4

3
, (6)

where a is the radiation constant and we used Eq. (4). Solv-
ing this equation for Rd, we obtain

Rd '
✓

3c
24⇡�SB

◆1/2
L1/2T�2v

�1/2
d

, (7)

where �SB = ac/4 is the Stefan-Boltzmann constant. Com-
bining this equation with Eq. (4), we estimate ⇢d:
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2
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Combined together, the mass outflow rate at Rd is given by
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d ln vd
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, (10)

where we use the convention of Qx = Q/10
x (in cgs units).

We turn to the case of Rc > Rd, in which photons couple
with the gas up to Rc and the observed photon temperature
equals to the gas temperatures at Rc, T = Tg. We can still

use the di↵usion approximation at Rc
1 and the bolometric

luminosity is given by

L = �4⇡R2
c ac

3es⇢c
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⇠ 4⇡RcacT4

3es⇢c
. (11)

Combining this equation with Eq. (5), we estimate Rc and
⇢c:

⇢c =
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Rc =

✓
3

32es

212⇡30�
3

SB

◆1/5
L3/5T�17/10 . (13)

Finally, the mass outflow rate at Rc is given by
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where vc is the ejecta velocity at Rc.
When Rd > Rc, the e↵ective optical depth at Rd is

smaller than unity ⌧e�(Rd) < 1(= ⌧e�(Rc)) because the op-
tical depth is a decreasing function of radius. With Eqs. (7)
and (8) and taking into account the fact that the gas and
photon temperatures are di↵erent at Rd, we estimate the
e↵ective optical depth by

⌧e�(Rd) '
✓
2

4⇡2
0

c5�SB
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◆1/4
L�1/4T�3/4v�5/4

d
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◆�7/12

, (16)

where the last factor appears when we evaluate the gas
temperature at Rd.

2 Therefore, the condition ⌧e�(Rd) < 1

is rewritten as a condition for the velocity (see also Shen
et al. 2015):

vd > vcrit ⌘
✓
2

4⇡2
0

c5�SB
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◆1/5
L�1/5T�3/5 (17)
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4
.

1 When ⌧e� (Rc) = 1, we have ⌧(Rc) = (es/a)1/2 > 1.
2 Note that the photon and gas temperatures evolve as T / ⇢1/3

and Tg / ⇢2/3, respectively, beyond Rc.
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Figure 1. A schematic picture of system at two time t1 < t2 for
the two di↵erent cases. (Top) Rd > Rc, photons are out of thermal
equilibrium with the gas beyond the color radius (Rc, solid curve)
but they are trapped within the ejecta up to the di↵usion radius
(Rd, dotted curve). Photons escape from the regions beyond Rd

(marked by yellow color). (Bottom) Rc > Rd, photons di↵use out
of the ejecta beyond Rd, but they are still in thermal equilibrium
with the gas up to Rc. Outside of Rc (also marked yellow color),
the photons decouple from the gas. As time progresses, both radii
Rd and Rc shrink in the Lagrangian (mass) coordinate. Integrating
over time the mass outflow rate €M at Rd and Rc, we estimate the
ejecta mass that crossed Rd, Mej(> Rd) for the first case and the
mass that crossed Rc, Mej(> Rc) for the second.

the mass outflow rate over time we calculate the total ejecta
mass above this radius.

To determine Rd and Rc we use the simplified forms of
Eqs. (1) and (2). For the absorption opacity, we adopt the

(bound-free) Kramers opacity a = 0⇢T
�7/2
g , where 0 is a

constant that depends on the composition and Tg is the gas
temperature. Since the absorption opacity is always smaller
than the Thomson opacity (a ⌧ es), and as long as the
density profile is steeper than ⇢ / r�1, we can approximate
the optical depths in Eqs. (1) and (2) and obtain:

⌧(Rd) ' es⇢dRd = vd/c , (4)
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esa⇢cRc = 1 , (5)

where ⇢d and ⇢c are the density at Rd and Rc, respectively.
For solar abundance, we use es = 0.35 cm

2
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�1 and 0 =
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24 for ⇢ and Tg measured in cgs units. When we analyze

type Ic SNe in §3, whose ejecta are hydrogen and helium free,
we use es = 0.07 cm
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�1 and 0 = 1 ⇥ 10

25.
The mass outflow rate (Eq. 3) depends on whether Rd >

Rc or Rc > Rd. In the former case, the observed luminosity
and color temperature are determined at Rd. The bolometric
luminosity is given by the di↵usion approximation at Rd:
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where a is the radiation constant and we used Eq. (4). Solv-
ing this equation for Rd, we obtain
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where �SB = ac/4 is the Stefan-Boltzmann constant. Com-
bining this equation with Eq. (4), we estimate ⇢d:
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where we use the convention of Qx = Q/10
x (in cgs units).

We turn to the case of Rc > Rd, in which photons couple
with the gas up to Rc and the observed photon temperature
equals to the gas temperatures at Rc, T = Tg. We can still

use the di↵usion approximation at Rc
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where vc is the ejecta velocity at Rc.
When Rd > Rc, the e↵ective optical depth at Rd is

smaller than unity ⌧e�(Rd) < 1(= ⌧e�(Rc)) because the op-
tical depth is a decreasing function of radius. With Eqs. (7)
and (8) and taking into account the fact that the gas and
photon temperatures are di↵erent at Rd, we estimate the
e↵ective optical depth by
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where the last factor appears when we evaluate the gas
temperature at Rd.

2 Therefore, the condition ⌧e�(Rd) < 1

is rewritten as a condition for the velocity (see also Shen
et al. 2015):
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and Tg / ⇢2/3, respectively, beyond Rc.
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Figure 3. (Left) A comparison of ejecta mass estimated by our method Mej with those obtained by hydrodynamical modelling, Mej,Hy (Taddia et al. 2018).
The red and magenta points show the type Ic and broad-line Ic (Ic-BL) SNe, respectively. The black dashed line shows the best fit to the points: log Mej =
0.98log Mej,Hy − 0.24. (Middle) Same as for the left-hand panel but for the kinetic energy. (Right) The distribution of the ratios, Mej/Mej,Hy and Ekin/Ekin,Hy. The
mean and standard deviation of the distributions in log space are −0.24 and 0.24 for the mass ratio, and −0.11 and 0.56 for the energy ratio, respectively.

Figure 4. Density profile of SN 2004fe in the velocity coordinate recon-
structed by correcting the expansion effect (ρt3). The profile is described by
a broken-power-law function consistent with Chevalier & Soker (1989) and
Matzner & McKee (1999). The inner part has a slope ρ ∝ v−1.5 and the outer
part has a similar power-law index to that expected for Sakurai’s solution:
ρ ∝ v−5.26 (Sakurai 1960).

vesc(Rc) ≃
(

212π3σ 3
SBκ0G

5M5
BH

33κ2
es

)1/10

L−3/10T 17/20

≃ 1900 km s−1 M
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where we use MBH,6.5 = MBH/(106.5 M⊙). The resulting typical
escape velocities are vesc ∼ 103 km s−1. Plugging equations (28) and
(29) into equations (9) and (14), we find the corresponding mass
outflow rates:
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32πc5
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esσ
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SBGMBH
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Ṁc ≃
(
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Figure 5. Same as Fig. 2 but for optical TDEs ASASSN-14as (red), 14li
(blue), and 15oi (magenta) for a fixed velocity of v = 104 km s−1. The
observables are taken from Holoien et al. (2014, 2016a,b). The shaded
regions in the bottom three panels denote the error range calculated when
the observational statistical errors in upper two panels are taken into account.
The ejecta mass exceeds M⊙ (black dashed line), as early as 5–30 d after the
discovery. As noticed by Piro & Lu 2020, Rd is larger than the blackbody
radius Rbb ≡ (L/4πσ SBT4)1/2, which is commonly used to estimate the size
of ejecta (see e.g. Hung et al. 2017). This is not inconsistent because in the
situation we consider Rbb has nothing to do with the emission process (see
also Nakar & Sari 2010).
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Figure 5. Same as Fig. 2 but for optical TDEs ASASSN-14as (red), 14li
(blue), and 15oi (magenta) for a fixed velocity of E = 104 km s�1. The
observables are taken from Hung et al. 2017. The ejecta mass exceeds M�
(black dashed line), as early as 5-30 days after the discovery.

is reprocessed at a larger radius to optical/UV emission (Strubbe
& Quataert 2009; Lodato & Rossi 2011; Metzger & Stone 2016)
we apply this method to optical TDEs. Unlike SNe the outflow is
not expanding homologously and it is in a quasi-steady state. As a
results the velocities here are unknown. While observations show
line broadening corresponding to E ⇠ 104 km s�1 (e.g., Arcavi et al.
2014), it is not clear that this reflects an outflow velocity (Roth et al.
2016; Roth & Kasen 2018; Roth et al. 2020). Hence we assume
di�erent ejecta velocities and explore the dependence of the results
on the adopted velocity. As we expect a quasi-steady state outflow,
the assumption of a constant velocity is reasonable. Alternatively
we use the escape velocity following hydrodynamic modeling by
Shen et al. (2016).

We find ejecta mass less than solar only for ejecta velocities
less than a few hundred km s�1. The corresponding ejecta kinetic
energy is smaller than 1049 erg, which is well below the expected
value (⇠ 1052�53 erg) if the ejecta is launched from the compact
disk that dissipates e�ciently the infalling mass. This is also well
below the energy needed to resolve the inverse energy crisis. For
larger velocities comparable to those inferred from the line width,
or implied by the escape velocity, E ' 3 ⇥ 103 � 104 km s�1, the
ejected mass is significantly larger than a solar. Note that even if
we reduce the nominal values of the ejecta mass shown in Fig. 6
by a factor of 10 the ejected mass would still be typically larger
than M� . These results cast some doubt on the overall picture of the
“reprocessed-disk-emission” model and in particular on its version

in which the excess energy escapes from the system as a kinetic
energy of the outflow. We find that in this case the resulting wind
would be either too massive or if it is not massive it will not carry
su�cient energy to provide the missing “energy sink”.

There are several caveats in our results. The first is the assump-
tion of spherical geometry. Clearly the configuration is not spherical
and one can imagine that deviations from sphericity could lead to a
modification of the model described here. However, we expect that
only large deviations such as a formation of a jet would be able to
change our conclusions significantly.

A second caveat is the assumption that the emission is ther-
malized and is well described by a single temperature black-body.
While this is natural if the emission is indeed reprocessed by opti-
cally thick matter, lacking a detailed measurement of the spectrum
it is still unclear. Moreover, the temperature is usually determined
only by using multi-band photometric fitting. If the true temperature
is larger by a factor of 3 and the luminosity is fixed the ejecta mass
decreases by a factor of ⇠ 3 � 10 (see Eqs. 9 and 14). However, if
the luminosity is also changed to reflect the higher temperature the
mass estimate remains valid.

To conclude, we presented here a simple generic method to
estimate the outflow from quasi-spherical optical transients. The
method is valid for events that are optically thick and when the lu-
minosity and temperature have been measured as a function of time.
To test the method we have applied it to SNe finding an encourag-
ing agreement with more detailed calculations. When applying it
to optical TDEs, we find that if indeed the observed emission is
thermal and it arises from a compact accretion disk then the result-
ing mass of the outflow is too large. This poses a problem for the
“reprocessed-disk-emission” model. This problem does not arise
in the alternative “outer shocks” model in which an outflow is not
expected. In this “outer shocks” model shocks arising from self
crossing of the bound stellar debris taking place around the apocen-
ter produce the observed optical emission. With numerous on-going
and forthcoming observational campaigns aiming at exploring the
transient universe it will be interesting to analyze in future work
other optical transients using this method.
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Figure 3. (Left) A comparison of ejecta mass estimated by our method Mej with those obtained by hydrodynamical modelling, Mej,Hy (Taddia et al. 2018).
The red and magenta points show the type Ic and broad-line Ic (Ic-BL) SNe, respectively. The black dashed line shows the best fit to the points: log Mej =
0.98log Mej,Hy − 0.24. (Middle) Same as for the left-hand panel but for the kinetic energy. (Right) The distribution of the ratios, Mej/Mej,Hy and Ekin/Ekin,Hy. The
mean and standard deviation of the distributions in log space are −0.24 and 0.24 for the mass ratio, and −0.11 and 0.56 for the energy ratio, respectively.

Figure 4. Density profile of SN 2004fe in the velocity coordinate recon-
structed by correcting the expansion effect (ρt3). The profile is described by
a broken-power-law function consistent with Chevalier & Soker (1989) and
Matzner & McKee (1999). The inner part has a slope ρ ∝ v−1.5 and the outer
part has a similar power-law index to that expected for Sakurai’s solution:
ρ ∝ v−5.26 (Sakurai 1960).

vesc(Rc) ≃
(

212π3σ 3
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BH
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)1/10

L−3/10T 17/20

≃ 1900 km s−1 M
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−3/10
44 T

17/20
4 , (29)

where we use MBH,6.5 = MBH/(106.5 M⊙). The resulting typical
escape velocities are vesc ∼ 103 km s−1. Plugging equations (28) and
(29) into equations (9) and (14), we find the corresponding mass
outflow rates:

Ṁd ≃
(

32πc5
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esσ
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SBGMBH

)1/3

L2/3T −8/3

≃ 2.9 M⊙ day−1 M
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≃ 1.9 × 10−1 M⊙ day−1 M
1/2
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−1/4
4 . (31)

Figure 5. Same as Fig. 2 but for optical TDEs ASASSN-14as (red), 14li
(blue), and 15oi (magenta) for a fixed velocity of v = 104 km s−1. The
observables are taken from Holoien et al. (2014, 2016a,b). The shaded
regions in the bottom three panels denote the error range calculated when
the observational statistical errors in upper two panels are taken into account.
The ejecta mass exceeds M⊙ (black dashed line), as early as 5–30 d after the
discovery. As noticed by Piro & Lu 2020, Rd is larger than the blackbody
radius Rbb ≡ (L/4πσ SBT4)1/2, which is commonly used to estimate the size
of ejecta (see e.g. Hung et al. 2017). This is not inconsistent because in the
situation we consider Rbb has nothing to do with the emission process (see
also Nakar & Sari 2010).
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Figure 5. Same as Fig. 2 but for optical TDEs ASASSN-14as (red), 14li
(blue), and 15oi (magenta) for a fixed velocity of E = 104 km s�1. The
observables are taken from Hung et al. 2017. The ejecta mass exceeds M�
(black dashed line), as early as 5-30 days after the discovery.

is reprocessed at a larger radius to optical/UV emission (Strubbe
& Quataert 2009; Lodato & Rossi 2011; Metzger & Stone 2016)
we apply this method to optical TDEs. Unlike SNe the outflow is
not expanding homologously and it is in a quasi-steady state. As a
results the velocities here are unknown. While observations show
line broadening corresponding to E ⇠ 104 km s�1 (e.g., Arcavi et al.
2014), it is not clear that this reflects an outflow velocity (Roth et al.
2016; Roth & Kasen 2018; Roth et al. 2020). Hence we assume
di�erent ejecta velocities and explore the dependence of the results
on the adopted velocity. As we expect a quasi-steady state outflow,
the assumption of a constant velocity is reasonable. Alternatively
we use the escape velocity following hydrodynamic modeling by
Shen et al. (2016).

We find ejecta mass less than solar only for ejecta velocities
less than a few hundred km s�1. The corresponding ejecta kinetic
energy is smaller than 1049 erg, which is well below the expected
value (⇠ 1052�53 erg) if the ejecta is launched from the compact
disk that dissipates e�ciently the infalling mass. This is also well
below the energy needed to resolve the inverse energy crisis. For
larger velocities comparable to those inferred from the line width,
or implied by the escape velocity, E ' 3 ⇥ 103 � 104 km s�1, the
ejected mass is significantly larger than a solar. Note that even if
we reduce the nominal values of the ejecta mass shown in Fig. 6
by a factor of 10 the ejected mass would still be typically larger
than M� . These results cast some doubt on the overall picture of the
“reprocessed-disk-emission” model and in particular on its version

in which the excess energy escapes from the system as a kinetic
energy of the outflow. We find that in this case the resulting wind
would be either too massive or if it is not massive it will not carry
su�cient energy to provide the missing “energy sink”.

There are several caveats in our results. The first is the assump-
tion of spherical geometry. Clearly the configuration is not spherical
and one can imagine that deviations from sphericity could lead to a
modification of the model described here. However, we expect that
only large deviations such as a formation of a jet would be able to
change our conclusions significantly.

A second caveat is the assumption that the emission is ther-
malized and is well described by a single temperature black-body.
While this is natural if the emission is indeed reprocessed by opti-
cally thick matter, lacking a detailed measurement of the spectrum
it is still unclear. Moreover, the temperature is usually determined
only by using multi-band photometric fitting. If the true temperature
is larger by a factor of 3 and the luminosity is fixed the ejecta mass
decreases by a factor of ⇠ 3 � 10 (see Eqs. 9 and 14). However, if
the luminosity is also changed to reflect the higher temperature the
mass estimate remains valid.

To conclude, we presented here a simple generic method to
estimate the outflow from quasi-spherical optical transients. The
method is valid for events that are optically thick and when the lu-
minosity and temperature have been measured as a function of time.
To test the method we have applied it to SNe finding an encourag-
ing agreement with more detailed calculations. When applying it
to optical TDEs, we find that if indeed the observed emission is
thermal and it arises from a compact accretion disk then the result-
ing mass of the outflow is too large. This poses a problem for the
“reprocessed-disk-emission” model. This problem does not arise
in the alternative “outer shocks” model in which an outflow is not
expected. In this “outer shocks” model shocks arising from self
crossing of the bound stellar debris taking place around the apocen-
ter produce the observed optical emission. With numerous on-going
and forthcoming observational campaigns aiming at exploring the
transient universe it will be interesting to analyze in future work
other optical transients using this method.
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Figure 6. Estimated ejecta mass of observed optical TDEs for different ejecta velocities. The grey dashed lines show the kinetic energy at each velocity. As a
reference, the black dashed line denotes M⊙. Typical TDE debris should be below this line. For each event, the ejecta mass has a peak at the critical velocity
vcrit ≃ 3 × 103–104 km s−1 (equation 17). When v < vcrit (v > vcrit), the colour radius is larger (smaller) than the diffusion radius, Rd < Rc (Rc < Rd). For the
ejecta mass to be sufficiently small, the velocity should be smaller than v ∼ 102−3 km s−1. The grey shaded regions show velocities excluded by the observations
of line widths v ! 104 km s−1 or lower than the escape velocity vesc ≃ 103 km s−1.

Figure 7. The ejecta mass and the kinetic energy calculated by setting the
velocity to the escape velocity at Rd or Rc, v = vesc(R).

Fig. 7 depicts the estimated ejecta mass and kinetic energy for v =
vesc(R) adopting the BH mass listed in Hung et al. (2017) or 106.5 M⊙
when it is not available. The resulting ejecta mass is larger than a
solar mass.

Finally, we comment on the results by Piro & Lu (2020). These
authors updated the formalism of Metzger & Stone (2016). Assuming
density and temperature profiles, they reproduced a TDE light
curve with ejecta mass of Mej = 0.5 M⊙. However, they obtained
a luminosity of ∼ 1043 erg s−1 and temperature ∼ 105 K (see their
fig. 5), which are inconsistent with those observed for typical TDEs:
∼ 1044 erg s−1 and ≃ 3 × 104 K. Using such a low luminosity and

high temperature, we also obtain an ejecta mass that is less than a
solar mass.

5 SU M M A RY

We present here a new method, based on earlier ideas of Shen et al.
(2015) and Piro & Lu (2020), to estimate the ejecta mass of optical
transients that involve a quasi-spherically expanding outflow and
have a thermal spectrum. To test the method, we calculated the ejecta
mass of type Ic SNe and confirmed that it gives a reasonable estimate
with an accuracy of a factor of 2. Interestingly, for a well-observed
SN we can also explore the velocity and density structure of the ejecta
and we find a density profile consistent with the expected structure
(Sakurai 1960; Chevalier & Soker 1989; Matzner & McKee 1999).

Assuming the ‘reprocessing-outflow’ model in which TDEs are
powered by a compact source (accretion disc) whose soft X-ray
emission is reprocessed at a larger radius to optical/UV emission
(Metzger & Stone 2016; Roth et al. 2016; Dai et al. 2018; Roth &
Kasen 2018; Lu & Bonnerot 2020; Piro & Lu 2020), we apply this
method to optical TDEs. Unlike SNe, the outflow is not expanding
homologously and it is in a quasi-steady state. As a result, the
velocities are unknown. While observations show line broadening
corresponding to v ∼ 104 km s−1 (e.g. Arcavi et al. 2014), it is
not clear that this reflects the outflow velocity (Roth et al. 2016;
Roth & Kasen 2018). Hence, we assume different ejecta velocities
and explore the dependence of the results on the adopted velocity.
As we expect a quasi-steady state outflow, the assumption of a con-
stant velocity is reasonable. Alternatively following hydrodynamic
modelling by Shen et al. (2016), we use the escape velocity.

We find reasonable ejecta masses (less than solar) only for ejecta
velocities less than about 1000 km s−1. The corresponding ejecta
kinetic energy is smaller than 1049 erg, which is well below the
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Radio: Observations2 Matsumoto & Piran

forms by the infalling bound stellar material. Such a disk
accretes at super-Eddington rate and can launch a strong
outflow (Strubbe & Quataert 2009; Metzger & Stone 2016).
The third possibility involves relativistic jets that have been
detected in some TDEs and can also produce radio emissions
(Giannios & Metzger 2011).
In this work, we analyze the currently observed ra-

dio TDEs1 as well as all currently available radio upper-
limits and infer the outflow properties and CNM den-
sity for different outflow models. So far radio TDEs have
been analyzed by the equipartition method (Chevalier 1998;
Barniol Duran et al. 2013) that can be used when the
spectral peak is observed (Barniol Duran & Piran 2013;
Zauderer et al. 2013; Alexander et al. 2016; Krolik et al.
2016; Eftekhari et al. 2018; Anderson et al. 2020; Stein et al.
2021; Cendes et al. 2021b,a) or by both analytical and numer-
ical modeling for bright events such as Sw1644 (Berger et al.
2012; Metzger et al. 2012; Mimica et al. 2015). We develop
a general framework that enables us to constrain properties
of the outflow and the surrounding matter from more limited
radio data (e.g. without observation of the spectral peak) and
even in cases where only upper limits are available.
The paper is organized as follows. In §2, we formulate

our method describing synchrotron formulae and dynamics
of outflows. In §3 we apply the method to different sources
of outflows and derive constraints on the outflow’s properties
and density profile from the observed radio data. We con-
sider spherical outflow resulting from super-Eddington winds
(§3.1), wedge-shape unbound debris (§3.2), and conical out-
flow (§3.3) corresponding to Newtonian jets. We discuss the
late Newtonian phase of relativistic jets in §4 and obtain lim-
its on the allowed jet energy. We summarize and discuss the
implications of our results in §5.

2 METHOD

2.1 Synchrotron emission

We describe the method to calculate the synchrotron flux
based on Piran et al. (2013); Ricci et al. (2021). The CNM
surrounding the BH in the TDEs is much denser than
the interstellar medium around short gamma-ray bursts (!
1 cm−3) and the synchrotron self-absorption (SSA) effect be-
comes important which shapes the observed spectrum. As
most detected TDEs are at relatively small redshifts, we ne-
glect the redshift effect in the following equations which can
be easily restored. We consider an outflow traveling at a ve-
locity v in the CNM with the number density of n at the shock
front. The amplified magnetic field is given by an argument
in which a fraction εB of the post-shock thermal energy is
transferred to the magnetic field energy:

B = (8πεBmpnv
2)1/2 (1)

≃ 6.5× 10−4 G ε1/2B,−2n
1/2
0 v9,

where mp is the proton mass. We use the notation Qx =
Q/10x in cgs units unless otherwise specified. A fraction εe
of energy is also used to accelerate relativistic electrons in a

1 Recently Horesh et al. (2021) reported detection of multiple ra-
dio flares for ASASSN-15oi. We defer analyzing this event in an-
other place.

Figure 1. Radio light curves and upper limits of TDEs. The col-
ored data points are detected events at frequency of ν ≃ 5GHz and
gray down triangles are upper limits. The squares (circles) mean
the observations at which the spectral peak is (not) detected. On-
axis jetted TDEs, Sw J1644+57, Sw J2058+05, and Sw J1112-82,
whose radio luminosity is much larger ∼ 1040−42 erg s−1, are not
shown (see figure 1 in Alexander et al. 2020 for these events).

power-law distribution. The minimum Lorentz factor of elec-
trons and the corresponding synchrotron frequency are given
by

γm = max

[
2,

mp

4mec2
ε̄ev

2

]
≃ max

[
2, 0.051 ε̄e,−1v

2
9

]
, (2)

νm = γ2
m

eB
2πmec

(3)

≃
{
7.2× 103 Hz ε1/2B,−2n

1/2
0 v9 : v < vDN,

4.7Hz ε̄2e,−1ε
1/2
B,−2n

1/2
0 v59 : vDN < v,

respectively, where me is the electron mass, c is the speed of
light, e is the elementary charge, and we define ε̄e ≡ 4εe(p−
2)/(p−1) with the electron distribution’s power-law index p.
When the outflow’s velocity is lower than the critical value

v < vDN =

(
8me

mpε̄e

)1/2

c ≃ 6.3× 104 km s−1 ε̄−1/2
e,−1 , (4)

the Lorentz factor is fixed to γm = 2. We call this
regime as the deep-Newtonian phase (Huang & Cheng 2003;
Sironi & Giannios 2013). Hereafter we normalize the velocity
by 109 cm s−1 regardless of each phase while an outflow with
this velocity is in the deep-Newtonian phase. The spectral
power from an electron with the Lorentz factor γm is given
by

Pνm ≃
4
3σTcγ

2
m

B2

8π

νm
(5)

≃ 2.5× 10−25erg s−1 Hz−1 ε1/2B,−2n
1/2
0 v9,

where σT is the Thomson cross section. Noting that the num-
ber of radiating electrons is reduced by a factor of (v/vDN)

2

in the deep-Newtonian phase, we calculate the flux density
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ABSTRACT

Radio flares from tidal disruption events (TDEs) are generally interpreted as synchrotron emission arising from the
interaction of an outflow with the surrounding circumnuclear medium (CNM). We generalize the common equipartition
analysis to be applicable in cases lacking a clear spectral peak or even with just an upper limit. We show that, for
detected events, there is a lower limit on the combination of the outflow’s velocity v and solid angle Ω, ≃ vΩa (with
a ≃ 0.5) that constrains the outflow’s properties. Considering several possible outflow components accompanying
TDEs, we find that: Isotropic outflows such as disk winds with v ∼ 104 km s−1 and Ω = 4π can easily produces the
observed flares; The bow shock of the unbound debris has a wedge-like geometry and it must be thick with Ω ! 1 and
a fraction of its mass (! 0.01M⊙), has to move at v ! 2 × 104 km s−1; Conical Newtonian outflows such as jets can
also be a radio source but both their velocity and the CNM density should be larger than those of isotropic winds
by a factor of ∼ (Ω/4π)−0.5. Our limits on the CNM densities are typically 30-100 times larger than those found by
previous analysis that ignored non-relativistic electrons that do not emit synchrotron radiation. We show that unless
v and Ω are known radio observation alone cannot determine the CNM density. We also find that late (a few years
after the TDE) radio upper-limits rule out energetic, ∼ 1051−52 erg, relativistic jets like the one observed in TDE Sw
J1644+57, implying that such jets are rare.

Key words: transients: tidal disruption events

1 INTRODUCTION

A star that approaches a supermassive black hole (BH) close
enough will be torn apart leading to a tidal disruption event
(TDE) (Hills 1975; Rees 1988). After the disruption, about
half of the stellar debris is bound and falls back to the BH.
If the debris forms an accretion disk rapidly, we observe the
event as a bright X-ray flare at the galactic center. Actually,
the first events considered to be TDEs were discovered in
the X-ray band (see Komossa 2015; Saxton et al. 2020, for
reviews). Recently, more TDEs have been detected in opti-
cal/UV bands (van Velzen et al. 2020).
Some TDEs also produce radio flares (see Alexander et al.

2020, for a review). The first-discovered radio emis-
sion was from a peculiar TDE, Sw J1644+57 (hereafter
Sw1644), which launched a relativistic jet (Bloom et al.
2011; Burrows et al. 2011; Levan et al. 2011; Zauderer et al.
2011). While jetted TDEs make very bright radio flares
L ∼ 1040−42 erg s−1, their fraction of the whole TDE pop-
ulation is small. On the other hand, radio emissions have
been observed also from optical/UV TDEs. The prototype

⋆ E-mail: tatsuya.matsumoto@mail.huji.ac.il
† JSPS Research Fellow
‡ E-mail: tsvi.piran@mail.huji.ac.il

of those is the radio flare of the optical TDE, ASASSN14-
li (Alexander et al. 2016; van Velzen et al. 2016). This flare
was detected ∼ 100 days after the discovery in the optical
band and its luminosity is ∼ 103 times smaller than those of
jetted TDEs. Some optical TDEs show similar radio flares to
that of ASASSN-14li as shown in Fig. 1.

A natural interpretation of the radio emission is that it
arises from the interaction of an outflow launched by the TDE
with the circumnuclear medium (CNM) surrounding the BH.
This produces a blast wave and at the shock front, the mag-
netic field is amplified and electrons are accelerated to a rela-
tivistic energy, which produces synchrotron emission. There-
fore, the radio detection and even upper limits are useful to
constrain the outflow properties and CNM density around
galactic centers.

The origin of outflows causing the radio flares is still de-
bated while the number of radio TDEs increases and we
have more data to address this question. Several channels can
launch outflows from TDEs and each one of them can poten-
tially produce the observed radio. An unavoidable outflow is
the unbound stellar debris which is launched at the moment of
disruption (Krolik et al. 2016; Yalinewich et al. 2019). While
it is confined to the stellar orbital plane, a significant mass
≃ 0.5M⊙ is ejected at a high velocity ∼ 104 km s−1. The
second potential source arises if a compact accretion disk

c⃝ 2020 The Authors
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also be a radio source but both their velocity and the CNM density should be larger than those of isotropic winds
by a factor of ∼ (Ω/4π)−0.5. Our limits on the CNM densities are typically 30-100 times larger than those found by
previous analysis that ignored non-relativistic electrons that do not emit synchrotron radiation. We show that unless
v and Ω are known radio observation alone cannot determine the CNM density. We also find that late (a few years
after the TDE) radio upper-limits rule out energetic, ∼ 1051−52 erg, relativistic jets like the one observed in TDE Sw
J1644+57, implying that such jets are rare.

Key words: transients: tidal disruption events

1 INTRODUCTION

A star that approaches a supermassive black hole (BH) close
enough will be torn apart leading to a tidal disruption event
(TDE) (Hills 1975; Rees 1988). After the disruption, about
half of the stellar debris is bound and falls back to the BH.
If the debris forms an accretion disk rapidly, we observe the
event as a bright X-ray flare at the galactic center. Actually,
the first events considered to be TDEs were discovered in
the X-ray band (see Komossa 2015; Saxton et al. 2020, for
reviews). Recently, more TDEs have been detected in opti-
cal/UV bands (van Velzen et al. 2020).
Some TDEs also produce radio flares (see Alexander et al.

2020, for a review). The first-discovered radio emis-
sion was from a peculiar TDE, Sw J1644+57 (hereafter
Sw1644), which launched a relativistic jet (Bloom et al.
2011; Burrows et al. 2011; Levan et al. 2011; Zauderer et al.
2011). While jetted TDEs make very bright radio flares
L ∼ 1040−42 erg s−1, their fraction of the whole TDE pop-
ulation is small. On the other hand, radio emissions have
been observed also from optical/UV TDEs. The prototype

⋆ E-mail: tatsuya.matsumoto@mail.huji.ac.il
† JSPS Research Fellow
‡ E-mail: tsvi.piran@mail.huji.ac.il

of those is the radio flare of the optical TDE, ASASSN14-
li (Alexander et al. 2016; van Velzen et al. 2016). This flare
was detected ∼ 100 days after the discovery in the optical
band and its luminosity is ∼ 103 times smaller than those of
jetted TDEs. Some optical TDEs show similar radio flares to
that of ASASSN-14li as shown in Fig. 1.

A natural interpretation of the radio emission is that it
arises from the interaction of an outflow launched by the TDE
with the circumnuclear medium (CNM) surrounding the BH.
This produces a blast wave and at the shock front, the mag-
netic field is amplified and electrons are accelerated to a rela-
tivistic energy, which produces synchrotron emission. There-
fore, the radio detection and even upper limits are useful to
constrain the outflow properties and CNM density around
galactic centers.

The origin of outflows causing the radio flares is still de-
bated while the number of radio TDEs increases and we
have more data to address this question. Several channels can
launch outflows from TDEs and each one of them can poten-
tially produce the observed radio. An unavoidable outflow is
the unbound stellar debris which is launched at the moment of
disruption (Krolik et al. 2016; Yalinewich et al. 2019). While
it is confined to the stellar orbital plane, a significant mass
≃ 0.5M⊙ is ejected at a high velocity ∼ 104 km s−1. The
second potential source arises if a compact accretion disk

c⃝ 2020 The Authors
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at νm

Fνm =
Ne min

[(
v

vDN

)2
, 1

]
Pνm

4πd2L
(6)

≃
{
0.63µJy ε̄e,−1ε

1/2
B,−2n

3/2
0 v39R

3
17

(
Ω
4π

)
d−2
L,27 : v < vDN,

25µJy ε1/2B,−2n
3/2
0 v9R

3
17

(
Ω
4π

)
d−2
L,27 : vDN < v,

where Ne and dL are the total number of electrons and the
luminosity distance, respectively.
Examination of the Milky Way galactic center

(Baganoff et al. 2003; Gillessen et al. 2019) as well as
the analyses of radio TDEs (e.g. Alexander et al. 2016;
Krolik et al. 2016) suggest that the CNM density in the
galactic nuclear region has a power-law like profile, n ∝ R−k

(k < 3), where R is the distance from the BH. As we are not
considering here the light curves but only the emission at
some given moments of time we do not specify the density
profile in this work but use instead only the density at the
shock radius. We estimate the number of electrons by

Ne ≃ ΩnR3, (7)

where Ω is the solid angle subtended by the outflow. As long
as the density profile is shallow enough k < 3, this estimate
is accurate up to a numerical factor.2

The SSA frequency, which is typically larger than νm for
our parameters, is given by

νa ≃
(
(p− 1)π

3
2 3

p+1
2

4

enRmin
[(

v
vDN

)2
, 1

]

γ5
mB

) 2
p+4

νm (8)

≃
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2
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2(p+4)
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9 R
2

p+4
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Here in the second line we use p = 2.5. We emphasize that
hereafter when we estimate the numerical values we adopt
p = 2.5 and write the results with parentheses like ()p=2.5.
Equations for general p are given in Appendix A. For νa > νm,
the synchrotron spectrum is given by

Fν =

⎧
⎪⎪⎨

⎪⎪⎩

Fνm(νa/νm)
1−p
2 (νm/νa)

5/2(ν/νm)2 : ν < νm,

Fνm(νa/νm)
1−p
2 (ν/νa)

5/2 : νm < ν < νa,

Fνm(ν/νm)
1−p
2 : νa < ν.

(9)

In particular the spectral peak is given by at νa

Fνa = Fνm(νa/νm)
1−p
2 (10)

≃

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(
5.4× 10−3 µJy

)
p=2.5

ε̄
5

p+4
e,−1ε

2p+3
2(p+4)

B,−2

n
2p+13
2(p+4)
0 v

2p+13
p+4

9 R
2p+13
p+4

17

(
Ω
4π

)
d−2
L,27 : v < vDN,

(
1.3× 10−3 µJy

)
p=2.5

ε̄
5(p−1)
p+4

e,−1 ε
2p+3

2(p+4)

B,−2

n
2p+13
2(p+4)
0 v

12p−7
p+4

9 R
2p+13
p+4

17

(
Ω
4π

)
d−2
L,27 : vDN < v,

and the flux density in νa < ν and νm < ν < νa, which are

2 This numerical factor is 1/(3− k) for n ∝ R−k.

the relevant regimes in our study, are given by

Fν>νa = Fνa(ν/νa)
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respectively, where ν3GHz = ν/3GHz. Note that the flux den-
sity for νm < ν < νa (Eq. 12) has a common dependence on
the parameters for the both regimes.

2.2 Radio constraints

We constrain the outflow’s properties such as velocity v and
solid angle Ω and the CNM density n by using the radio
observations. As we describe in detail below, the radius of
the outflow is approximately estimated by R ≃ vt. Here t
is the time measured since the outflow launch. Therefore,
the synchrotron flux is determined by three key parameters
of v, Ω, and n. By substituting R = vt to Eqs. (11) and
(12) and setting the flux smaller than the upper limit Fν at
frequency ν, we constrain the combinations of the parameters
for optically thin and the deep-Newtonian phase (v < vDN),

n
p+5
4

0 v
p+11

2
9 Ω !

(
3.2× 108

)
p=2.5

ε̄−1
e,−1ε

− p+1
4

B,−2 t−3
yr ν

p−1
2

3GHzd
2
L,27F30µJy,

(13)

for optically thin and v > vDN case,

n
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4

0 v
5p+3

2
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)
p=2.5

ε̄1−p
e,−1ε
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4
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3GHzd
2
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(14)

and for the optically thick case,

n−1/4
0 v3/29 Ω ! 4.6× 10−3 ε1/4B,−2t

−2
yr ν

−5/2
3GHzd

2
L,27F30µJy, (15)

where tyr = t/yr and F30µJy = Fν/30µJy. In particular, the
velocity is constrained by

v !
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1/6
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(16)

corresponding to Eqs. (13), (14), and (15), respectively. Fig.
2 depicts an example demonstrating how a radio upper-limit
constrains the density and velocity space for a given Ω.
The spectrum peaks at νa and this implies that regard-

less of the external density, a minimal velocity is required to
realize a given flux for a given Ω. The minimal velocity is
obtained by equating the observed flux (upper limit) and fre-
quency with Fνa and νa (Eqs. 8 and 10), or equivalently given
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There have been numerous suggestions that dimmer and softer
transients, for example low-luminosity GRBs (llGRBs), are regular
GRBs observed off-axis (e.g. Nakamura 1998; Eichler & Levinson
1999; Woosley, Eastman & Schmidt 1999; Ioka & Nakamura 2001;
Yamazaki, Yonetoku & Nakamura 2003; Waxman 2004). Similar
suggestions (Goldstein et al. 2017; Murguia-Berthier et al. 2017;
Ioka & Nakamura 2018) were made shortly following the detection
of the very weak short GRB (sGRB) 170817A (Goldstein et al.
2017; Savchenko et al. 2017; Abbott et al. 2017b). However, these
suggestions did not take into account the compactness problem
(Kasliwal et al. 2017). In an earlier paper (Matsumoto, Nakar &
Piran 2019), we have shown that compactness when combined with
other conditions imposed by the afterglow observations (Mooley
et al. 2018) rules out the possibility that the observed γ -rays in sGRB
170817A arose from a regular sGRB jet viewed off-axis (cf. Eichler
2017). We concluded that another γ -ray emission mechanism is
needed, e.g. shock breakout of a cocoon (Kasliwal et al. 2017;
Beloborodov, Lundman & Levin 2018; Bromberg et al. 2018;
Gottlieb et al. 2018; Kathirgamaraju, Barniol Duran & Giannios
2018; Lazzati et al. 2018; Nakar et al. 2018; Pozanenko et al. 2018).

Motivated by this example, we derive here the general compact-
ness condition for an arbitrary γ -ray source for a general viewing
angle. Our work generalizes Lithwick & Sari (2001) that derived
general compactness conditions for an on-axis observer. In addition
to the common condition that requires that the photons with the
highest energy can escape from the source without pair production,
we consider other processes that can dominate the γ -ray opacity:
the Compton opacity of pairs produced by annihilation of the high-
energy photons and the Compton opacity of the electrons in the
outflow. At times, e.g. for sGRB 170817A, those latter conditions
are more important than the first one that is more commonly
considered. To do that we derive the optical depth to the different
opacity sources as a function of the Lorentz factor and the viewing
angle for the source.

We organize this paper as follows. In Section 2.1, we review the
process that determines the γ -rays opacity at a source. Next, we
derive in Section 2.2, an expression of the optical depth for given
observables (peak luminosity, temporal variability, and spectra) as
well as the source Lorentz factor and viewing angle. Using this
expression we obtain, in Section 2.3, limits on the Lorentz factor of
the source and on its viewing angle. We apply the general argument
in Section 3 to typical GRBs, to the low-luminosity sGRBs 170817A
and 150101B, and to several low-luminosity long GRBs (llGRBs).
We summarize our results in Section 4.

2 C O M PAC T N E S S

2.1 Opacity sources of γ -rays

We begin by recapitulating the essence of the three processes that
determines the opacity at the source. The first two arise from
pairs produced via two-photon pair production of the high-energy
photons. As such they depend on the observed spectrum. The third
source of opacity arises from the electrons that exist within the
source. While it does not depend on the spectrum its significance
depends on whether the outflow is baryonic or not. Following
Lithwick & Sari (2001), we denote these cases as limits A, B,
and C.

In the following we relate the observables in the observer frame,
denoted by Q to those at the source rest frame, denoted by Q′. The
source is moving with a Lorentz factor " (β ≡

√
1 − 1/"2) and

the radiation field is roughly isotropic in the source local frame. The

Figure 1. Schematic picture of a γ -ray emitting region and an observer.
Over this region, the luminosity and Lorentz factor are uniform.

energy of the photons, ϵ, as seen in the different frames is related
via the Doppler factor:

δD(θ,") ≡ 1
"(1 − β cos θ )

, (1)

such that

ϵ = δD(θ, ")ϵ′ . (2)

The angle θ is measured from the centre of the γ -ray emitting
region (see below and Fig. 1).1 We ignore redshift effects that can
be trivially added later (see Section 2.3).

2.1.1 Limit A : pair production

The most common limit, denoted following Lithwick & Sari
(2001) limit A, arises by demanding that the highest energy
photon observed with energy ϵmax escapes from the source without
annihilating with other photons. A naive interpretation is simply
ϵmax/δD(θ , ") ≤ mec2. However, this assumes that the spectrum has
an unrealistic sharp cut-off at ϵmax (e.g. in typical GRBs the number
of photons above ϵmax should drop by ∼10 orders of magnitude
before the source becomes optically thin to ϵmax photons under this
assumption). There is no reason to assume such a coincidence since
ϵmax depends on the detector. Either the flux above ϵmax is too low
to be detected or it is just the upper limit of the detector’s window.
A priori it is not reasonable to assume that the spectrum breaks
just at this energy. It is most natural to extrapolate the observed
spectrum to higher energies. The assumption that the spectrum can
be extrapolated upwards is reasonable in the case that the upper part
of the spectrum is a power law and can be considered as conservative
when considering an exponential cut-off. Note that by extrapolating
one assumes only that photons more energetic than ϵmax are present
at the source, not that they escape from it (namely the source does
not have to be optically thin to photons with ϵ > ϵmax). To estimate
the optical depth for pair production of a photon with ϵmax we define
ϵth, A(ϵmax) the minimal energy of the photons with which an ϵmax

photon can annihilate:

ϵth,A(ϵmax) =
[
δD(θ,")mec

2
]2

ϵmax
; limit A . (3)

1This definition of θ is different from the definition used by Matsumoto
et al. (2019), where 'θobs is measured from the edge of the γ -ray emission
region and not from its centre.
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by the intersection of the velocity limits at the optically thin
and thick regimes (Eqs. 16). For the deep-Newtonian phase
(v < vDN), the minimal velocity and the corresponding den-
sity are given by

veq ≃

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(
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)
p=2.5

ε̄
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2p+13
e,−1 ε

1
2p+13
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−1
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2(p+6)
2p+13
L,27 F

p+6
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30µJy Ω− p+6
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(
9.2× 103 km s−1

)
p=2.5

ε̄
1−p
4p+9
e,−1 ε

1
4p+9
B,−2

t
− 2p+13

4p+9
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− 2p+13
4p+9

3GHz d
2(p+6)
4p+9

L,27 F
p+6
4p+9
30µJyΩ

− p+6
4p+9 : v > vDN.

(17)

neq ≃

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(
6.8× 104 cm−3

)
p=2.5

ε̄
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4
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L,27 F
− 2(p+8)

2p+13
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2(p+8)
2p+13 : v < vDN,

(
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)
p=2.5

ε̄
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e,−1 ε
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4p+9
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t
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3GHz d
− 20p

4p+9
L,27 F

− 10p
4p+9

30µJy Ω
10p

4p+9 : v > vDN,

(18)

respectively. At Req ≡ veqt and neq the upper limit corre-
sponds to the spectral peak at νa. Hence in particular for the
case of veq < vDN the radiusReq is comparable to the equipar-
tition radius (e.g. Chevalier 1998; Barniol Duran et al. 2013).
Strictly speaking, our “equipartition” radius minimizes the
total energy in the emitting site (including all electrons’ en-
ergy). Note we allow for a general relations εB ≪ εe (see
also Chevalier 1998) while the literal equipartition is re-
alized with εB = (6/11)εe at the equiaprtition radius of
Barniol Duran et al. (2013). This of course results in that our
total energy is slightly larger, but the radius remains practi-
cally unchanged.
There is more important difference between our method

and the usual application of the equipartition method
(Chevalier 1998; Barniol Duran et al. 2013). The equiparti-
tion method is applicable only when the spectral peak is ob-
served. On the other hand, our formulation can be applied to
any observations.
Additionally the density neq that we find is typically 30-

100 times larger than the one obtained by the equipartition
method. This is because we take into account the fact that
only a fraction (v/vDN)

2 ≃ 1 − 3% of the electrons partic-
ipates in the power-law distribution in the deep-Newtonian
phase, that is usually not considered in the simple version of
the equipartition calculations.

2.3 Outflow model

Consider an outflow launched into a solid angle Ω. Generally,
the outflow is ejected with a range of velocities and we denote
the mass moving at larger velocity than v as Mej(> v) and
its corresponding kinetic energy as Ekin(> v). At a given
moment, the shock velocity of the outflow v is determined by
the energy conservation (Piran et al. 2013):

Ekin(> v) =
[
Mej(> v) +M(R)

]
v2/2, (19)

where the swept-up CNM mass is approximated as in Eq. (7):

M(R) ≃ ΩmpnR
3. (20)

The shock radius is reasonably given by R ≃ vt.
As a simple example, we consider an outflow characterized

Figure 2. Example of the constraint on the density and velocity
space by a typical radio upper-limit of Fν = 30µJy at ν = 3GHz
for z = 0.072 (dL = 1027 cm) and t = 3yr. Red and blue lines
represent the boundaries of the excluded (gray) region imposed by
the optically thin (ν > νa) and thick (ν < νa) regimes, respectively.
The adopted parameters are ε̄e = 0.1, εB = 0.01, p = 2.5, and
Ω = 4π. The intersection of two lines (star) gives the minimal
velocity veq corresponding to the equipartition radius Req(= veqt).
The thick-black-solid curve denotes the trajectory of shock velocity
given by solving Eq. (19) for Mej = 0.5M⊙ and vin = 104 km s−1.
The thin-black-solid curves show trajectories with the same vin
but 30 times larger and smaller Ekin (or equivalently Mej). The
black dash-dotted curves represent trajectories with the same Ekin

but 3 times higher and lower vin. For large density, these curves
with the same Ekin approach to the black-dotted line v ∝ n−1/5,
which corresponds to decelerating jets. Within the outflow model,
any density profile intersecting the trajectory within the ruled-
out region for n− ≤ n ≤ n+ is excluded. The density profile of
Sgr A* (orange line, n ≃ 10 cm−3(R/1018 cm)−1, Baganoff et al.
2003; Gillessen et al. 2019) is allowed by the model.

by a single initial velocity vin with mass Mej, kinetic energy
Ekin = Mejv

2
in/2, and angle Ω = 4π. Fig. 2 depicts trajec-

tories of velocity obtained by solving Eq. (19) for different
densities at the shock front. For small CNM density, the out-
flow is still traveling with its initial velocity (free expansion).
When the swept-up CNM mass is larger than the outflow’s
mass, its velocity decreases. The trajectory asymptotes to a
line, v ∝ n−1/5 which is obtained by neglecting the outflow
mass (Mej → 0). As we will see in §4, this line represents
the trajectory of decelerating jets and its normalization is
determined only by the outflow’s kinetic energy.
When the outflow velocity is larger than the minimal ve-

locity veq corresponding to a given upper limit on Fν , the
trajectory intersects the excluded region for n− < n < n+.
Here we define n+ and n− as the densities at the intersections
with the optically thick and thin boundaries, respectively (see
Fig. 2). We find that for most cases, the density n+ is much
larger than the relevant CNM-density range. Hence we only
consider the branch of n < n−, where n− gives an upper
limit on the density. As long as we consider the density limit
in the optically thin regime n−, the outflow velocity does not
change significantly from the initial value vin. Therefore the
limiting density depends on εB, vin and Ω as

n− ∝ ε
− p+1

p+5
B v

− 2(p+11)
p+5

in Ω− 4
p+5 ≃ ε−0.47

B v−3.6
in Ω−0.53, (21)
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Figure 3. Limits or required CNM density by the radio observa-
tions for the case of a spherical outflow (Ω = 4π, Mej = 0.5M⊙,
and vin = 104 km s−1). Down-triangles, circles, and squares rep-
resent the upper limits on the density by radio limits, required
density by radio TDEs without spectral peak, and density ob-
tained by the equipartition method, respectively. Upper limits
at large radius correspond to the radio limits at late time. The
dashed lines show the locations where the enclosed masses are
M(R) = 10−3 − 10−1 M⊙. If the outflow mass is larger than
M(R), it does not decelerate significantly. The black line represents
the density profile of Sgr A* (Baganoff et al. 2003; Gillessen et al.
2019). In the upper right shaded region, the free-free absorption
reduces the observed flux (assumed the virial temperature for
MBH = 106.5 M⊙) at ν = 1GHz.

The densities that we find here are 30-100 times larger
than those obtained by previous works based on the equipar-
tition method (Alexander et al. 2016; Krolik et al. 2016;
Anderson et al. 2020; Stein et al. 2021; Cendes et al. 2021a),
because these works considered only the number of relativistic
electrons, which is typically smaller by a factor of (v/vDN)

2

than the total electron density in the deep-Newtonian phase.4

Accordingly their estimates of outflow’s mass and kinetic en-
ergy are smaller than ours by the similar factor. The number
density obtained by Yalinewich et al. (2019) for ASASSN-14li
(after correcting the difference of solid angle) is also slightly
(∼ 3 times) smaller than ours because they assumed the frac-
tion of accelerated electrons 10%.
We carry out similar calculations for radio-detected TDEs

without a spectral peak. Assuming an initial velocity vin =
104 km s−1 we find that the wind velocity does not vary dur-
ing the observations. The outflow mass is hence bounded
by the swept-up mass and can be small such as Mej !
M(R) ≃ 0.03M⊙ and the minimal energy becomes Ekin !
3×1049 ergMej,−1.5v

2
in,9. Some of the radio-detected TDEs re-

quire densities larger than those of radio upper-limits TDEs.
This suggests that either not every TDE is accompanied by
a disk wind or the CNM profiles vary significantly among
galaxies.

4 For ASASSN-14li, our density is further 10 times larger than
that given by Alexander et al. (2016).

3.2 Wedge geometry - Unbound debris

3.2.1 Dynamics of unbound debris

About half of the stellar mass torn apart in a TDE is ejected
as unbound debris. The interaction of the debris with the
CNM should produce radio emission. We turn, now, to con-
strain the debris properties and the CNM density using the
radio observations.
We consider a disruption event of a star with mass M∗ and

radius R∗ by a BH with mass MBH. After the disruption, the
stellar debris has a flat distribution over specific energy within
a characteristic energy of ∆ϵ ≡ (GMBHR∗/R

2
T)Ξ, where G

is the gravitational constant and RT ≡ R∗(MBH/M∗)
1/3 is

the tidal radius. Ξ is a numerical factor derived by Ryu et al.
(2020) in order to include corrections arising due to the inter-
nal stellar structure and relativistic effects. This correction
is less than a factor of 2 for typical values and it becomes
Ξ ≃ 1.3 for a star with M⊙ and BH with MBH = 106.5 M⊙.
The corresponding typical velocity is

V =
√
2∆ε ≃ 8600 km s−1 R−1/2

∗,0 M1/3
∗,0 M1/6

BH,6.5(Ξ/1.3)
1/2 ,

(22)

where we normalize the radius and mass by solar values. As
a zeroth order approximation we could consider outflow with
mass Mej ≃ 0.5M⊙ and an opening angle of Ω ∼ 0.1 (as dis-
cussed later) with this velocity. However, Ryu et al. (2020)
also found the detailed specific-energy distribution. This dis-
tribution has a tail beyond ∆ϵ whose shape can be approx-
imated by an exponential. Since the small fraction of fast
unbound debris can contribute to or even dominate a radio
flare (Krolik et al. 2016; Yalinewich et al. 2019), we take this
structure into account and adopt the following distribution

dM
dϵ

=
αM∗

2(α+ 1)∆ϵ

{
1 : ϵ < ∆ϵ ,

exp
[
− α

(
ϵ−∆ϵ
∆ϵ

)]
: ϵ > ∆ϵ ,

(23)

where the slope of the exponential tail α ! 3 depends on
the type of the disrupted star (Ryu et al. 2020) and we use
α = 3 as a fiducial value. The normalization is determined
so that the total unbound mass for ϵ > 0 becomes M∗/2.
With a relation ϵ = v2/2, the debris mass and kinetic energy
distributions over velocity are given by dMej/dv = v(dM/dϵ)
and dEkin/dv = (v2/2)(dMej/dv), respectively. Fig. 4 depicts
the cumulative mass and kinetic energy profiles of the debris,
Mej(> v) and Ekin(> v). The total kinetic energy is given

by Ekin ≃ 2.6 × 1050 ergR∗,0M
5/3
∗,0 M1/3

BH,6.5 for α = 3. Only a

small fraction of debris has a larger velocity v ! 104 km s−1.
The dynamics of the unbound debris is determined by us-

ing Eq. (19) and the mass and energy distributions. The de-
bris expands in a wedge geometry like a fan (constant ra-
tio of the width to radius H/R, Strubbe & Quataert 2009;
Yalinewich et al. 2019) producing a bow shock with a typi-
cal solid angle of Ω ∼ 0.1 (Yalinewich et al. 2019). At first,
the faster and less massive debris travels ahead of the whole
debris and its bow shock dominates the radio emission. As it
decelerates, more massive debris dominates. At a given mo-
ment, the emission mainly comes from the bow shock formed
by the debris which just begins to decelerate. The shock ve-
locity is comparable to the debris velocity.
Fig. 5 depicts the debris velocity as a function of the density

at the shock front. The energy and mass profiles are calcu-
lated by the distribution given by Eq. (23) (see also Fig. 4).
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Figure 6. The same as Fig. 3 but for the case of unbound debris
(Ω = 0.1, M∗ = M⊙, and MBH = 106.5 M⊙). The dashed lines
show the locations where the enclosed masses are M(R) = 10−3 −
10−1 M⊙ (see Eq. 20).

mass, it does not decelerate. In this case we can simply fol-
low the analysis in §3.1 using the assumed opening angle
Ω instead of 4π and obtain constraints on the velocity or
density. However, we cannot simply scale the relations from
the spherical analysis because in that case we are usually in
the deep-Newtonian regime. Due to the smaller Ω, the re-
quired velocities in jets are much higher than those required
for a spherical outflow and typically they are not in this deep-
Newtonian regime. We denote the minimal velocity, density
constraint, and corresponding velocity for the spherical out-
flow (Ω = 4π and in the deep-Newtonian phase, see Table
C1) with a superscript 4π (v4πeq , n

4π
− , and v4π− respectively).

As seen in Eq. (17), veq scales as

veq = vDN

(
vDN

v4πeq

)− 2p+13
4p+9

(
Ω
4π

)− p+6
4p+9

. (24)

The density limit scales with Ω and vin(> vDN) as

n− = n4π
−

(
vDN

v4π−

)− 2(p+11)
p+5

(
vin
vDN

)− 2(5p+3)
p+5

(
Ω
4π

)− 4
p+5

. (25)

As the limits for jets arise from these scaling laws of the
spherical limits we do not list them in a different column in
Table C1.
Alexander et al. (2016) considered a Newtonian jetted out-

flow as a radio source of ASASSN-14li. Adopting Ω ≃ 0.3
(θ ≃ 0.33 rad ≃ 13◦) they find that the jet velocity should
be veq ∼ 0.1 c (six times larger than the limit on a spher-
ical freely-expanding outflow), which is consistent with our
estimate (see the scaling in Eq. 17 with the velocity v4πeq ≃
6000−7000 km s−1). In addition, because of the smaller solid
angle the limits on the CNM density become ≃ 7 times larger
than those obtained for a spherical outflow (see also Eq. 21).
If the assumed effective solid angle is too narrow the im-

plied jet velocity becomes relativistic v ∼ c. In this case
the analysis does not apply as the emission is beamed. For
ASASSN-14li, this minimal solid angle is roughly Ω ! 0.003
or θ ! 0.033 rad ≃ 1.3◦.

Finally, we note that depending on the jet’s mass and the
external density it may decelerate significantly while prop-
agating in the CNM. If the distribution Mej(> v) and the
external density profile are given one can calculate the hy-
drodynamic evolution and the corresponding emission in a
similar manner to those calculated in §3.2.

4 RELATIVISTIC JET

A small fraction of TDEs detected as a bright hard X-ray
source (Bloom et al. 2011; Burrows et al. 2011; Cenko et al.
2012; Brown et al. 2015) are interpreted as launching rel-
ativistic jets, so-called “jetted TDEs” (see De Colle & Lu
2020, for a review). Sw1644 is a well-observed prototype
of this group. Its huge isotropic-equivalent X-ray luminos-
ity ∼ 1047 erg s−1 lasting for ∼ 106 s and the radio data
strongly suggest that a relativistic jet is launched in this event
(Bloom et al. 2011; Burrows et al. 2011; Zauderer et al. 2011;
Berger et al. 2012; Zauderer et al. 2013).
Such jets behave differently from Newtonian ones and we

discuss them separately in this section. Initially a relativis-
tic jet has a narrow opening angle and as its radiation is
beamed, only observers within the small opening angle can
detect its emission. As it sweeps up the CNM and decelerates,
the emission becomes less beamed and can be observed from
wider angles. We focus on this late phase during which we
can observe the jet regardless of its direction. Since at early
time we observe jetted TDEs only when the jets point toward
us, the fraction of jetted TDEs among total number of TDEs
is poorly constrained (! 3× 10−3, De Colle & Lu 2020). Ra-
dio upper-limits at late time are useful to constrain the event
rate as well as the energy of jets pointing away from us that
possibly accompany TDEs.
At late time an initially relativistic jet slows down and

becomes Newtonian. Even if it is not completely spherical
its emission would not be beamed. Energy conservation (Eq.
19), enables us to estimate the decelerated jet’s velocity at
this phase

v ≃
(

2Ej

Ωmpnt3

)1/5

≃ 2.0× 105 km s−1 E1/5
j,51n

−1/5
0 t−3/5

yr

(
Ω
4π

)−1/5

,

(26)

where we neglected the jet mass and approximated R ≃ vt.
Depending on the initial properties of the jet and the external
density profile the decelerating jet may remain non-spherical
for a long time (Irwin et al. 2019, see also Fig. B1 in Appendix
B). To take this into account we assume that the blast wave
subtends a solid angle Ω into which all the jet’s energy is
dissipated. The exact value of Ω depends on the details of
the hydrodynamic evolution and the sideways propagation of
the jet. However, as we show below, the resulting flux and
limit on the energy depend weakly on Ω. Hence, the exact
determination of Ω is unimportant. The fact that the outflow
remains jetted for a long time may imply that it also remains
relativistic for a longer period, making it easier to hide a
powerful jet that is pointing in a different directions even
years after it was launched.
An estimate of the energy at which the jet becomes non-

relativistic is given by setting v ∼ c in Eq. (26):

Ej,rel ≃ Ωmpnc
5t3/2 ≃ 8.0× 1054 erg n0t

3
10yr

(
Ω
4π

)
. (27)
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(26):5

Ej,eq ≃

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(
4.2× 1047 erg

)
p=2.5

[
ε̄−11
e,−1ε

−2(p+1)
B,−2

F 3p+14
30µJy d2(3p+14)

L,27

(
Ω
4π

)−(p+1)
] 1

2p+13
ν−1
p,3GHz : v < vDN,

(
1.0× 1049 erg

)
p=2.5

[
ε̄11(1−p)
e,−1 ε2(1−2p)

B,−2 ν18p−53
p,3GHz

t22(p−2)
10yr F 5(6−p)

30µJy d10(6−p)
L,27

(
Ω
4π

)9p−21
] 1

4p+9
: v > vDN.

(30)

Based on the radio observations, the jet energy
of Sw1644 has been estimated by many authors
(Berger et al. 2012; Metzger et al. 2012; Zauderer et al.
2013; Barniol Duran & Piran 2013; Mimica et al. 2015;
Eftekhari et al. 2018; De Colle & Lu 2020; Cendes et al.
2021b). At late time ! 300 days, the outflow decelerates to
the Newtonian phase and our method can be applied. By
using Eq. (30) we estimate the jet energy Ej,eq ∼ 1052 erg,
which is consistent with the other estimates at this
stage (Barniol Duran & Piran 2013; De Colle & Lu 2020;
Cendes et al. 2021b).
For TDEs with radio upper-limits, we calculate the upper

limits on the jet energy assuming an Sgr A* like profile (Eq.
29). Fig. 9 depicts the allowed jet energy for each upper limit
(see also Table C1). At t ! a few years we can assume that a
jet with reasonable energy became Newtonian. We find that
typical upper limits are in the range 1050−52 erg for events
with late observations. Among those, an energetic jet similar
to Sw1644 is excluded in events observed more than a few
years after the TDE, regardless of the opening angle. For
events with early observations we obtain limits in the range
1047−49 erg. However, in these cases we cannot rule out much
more energetic jets that point away from us and are still in the
relativistic regime (Eq. 27). Note that these values are for Sgr
A* like density distribution. The limits will be stronger if the
surrounding density is larger, for example like the one inferred
for ASASSN-14li (Alexander et al. 2016; Krolik et al. 2016).
van Velzen et al. (2013) constrained the jet energy for sev-

eral TDEs with radio upper-limits to be Ej < 1052 erg by
converting the on-axis light curve for Sw1644 (Metzger et al.
2012; Berger et al. 2012) to off-axis ones. But this estimate ig-
nored the sideways expansion and is invalid for the late phase
when the observations were carried out. Generozov et al.
(2017) derived upper limits on the jet energy based on numer-
ical simulation (Mimica et al. 2015). Remarkably, their con-
straints Ej " 1053 erg are ≃ 20 − 60 times weaker than ours
for the same parameter values. We find that the scaling of
their light curves are consistent with ours but the peak time
and peak luminosity (when the jet becomes optically thin,
ν ≃ νa) are about 4 and 10 times shorter and dimmer than
our estimates, respectively. In Appendix B we provide a spe-
cific detailed calculation for the limit on RXJ1624+7554 as
an example so that our method can be directly compared to
theirs. In this case our upper limit of Ej " 7×1050 erg is about
30 times smaller than the one obtained by Generozov et al.
(2017). Comparison of our hydrodynamics simulations (see

5 Since our fiducial parameter values correspond to the deep-
Newtonian phase (veq < vDN), there is a gap in the values of Ej,eq

for two cases. Additionally these values are much smaller than Ej

in Eq. (29) because we are using the minimal velocity to derive
Eq. (30).

Figure 9. Jet energy allowed by radio null detection assuming a
CNM density similar to the Sgr A* profile. At the time of obser-
vations the outflow is assumed to have a solid angle Ω = 4π (blue)
or 1 (turquoise - conservatively corresponding to the half-opening
angle of ≃ 0.57 rad ≃ 33◦, see Fig. B1). Limits obtained more than
a few years after the TDE rule out jets with energy Ej ∼ 1052 erg
similar to Sw1644. For limits at early time (" 0.1 yr), we cannot
reject jets with Ej ! 1051−52 erg (Eq. 27) because such jets are
still relativistic and may beam their radiation away from our line
of sight.

Fig. B1) to theirs shows consistency, suggesting that the
difference originates in the calculations of the synchrotron
emission. In spite of some joint efforts we could not iden-
tify the origin of this discrepancy. Note that Mimica et al.
(2015) find a jet energy of ≃ 5 × 1053 erg for Sw1644,
which is larger by a similar factor than our and other es-
timates (Barniol Duran & Piran 2013; De Colle & Lu 2020;
Cendes et al. 2021b) of Ej ∼ 1052 erg.

5 SUMMARY

We analyzed the radio observations and upper limits of TDEs
within a model in which the radio emission arises due to
the interaction of an outflow with the CNM leading to syn-
chrotron emission from the shocked material. Within this
model we constrained the outflow properties and the CNM
density in the galactic nuclear regions. Our analysis system-
atically constrains the combination vΩa, where a ≃ 0.5, at
the observation epoch and the CNM density n depending
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Summary
Optical
• We found TDE ejecta mass more than 3-10 Msun for velocity of ~10000km/s.

• This is unreasonable for TDEs whose typical ejecta mass should be < Msun.

• Reprocessed emission model is unlikely unless the reprocessing material is 
(marginally) bounded to BHs.

Radio
• Given an outflow model, we can constrain the density.

• Disk wind: Possible radio source. Not all TDEs launch winds or CNM profiles 
vary among galaxies.

• Unbound debris: Difficult to reproduce observations due to small Ω, Radio 
TDEs are deep penetration events (Ω~1)?

• Jet: Upper limits constrain jet energy and Sw1644 like energetic jet is rare. 
We still need late time followups.


